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Table 3. 104 protein sequence data from five vertebrate species (data from Hovergen) 
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8 

9 

11 

12 

15 

Protein 

Alcohol dehydrogenase-1 (Adh-1) 

Acetvlcholine gamma-subunit 

Acetylcholine receptor alpha-subunit 

Sernm albumin 

Estimate (a) of • Number of amino Accession number* 
ganmia 

parameter 

0.588 

0.811 

acids used 

112 FAJ\;100007 

106 FAJ\;100008 

1139 453 F AM000037 

0. 994 354 lFAJ\1000084 

0.938 228 ~ FAM000l 11 

0.718 301 FAJ\;1000135 

0.886 508 F AM000 152a 

1307 500 ~ FAM000152b 

0.409 456 lFAl\1000152e 

4.916 • 596 ~ FAM000l92 

l Cu-Zn superoxide dismutase (SOD l) l 0.853 • 150 F AM000256 

proglucagon 1.358 • 131 ~ FAM000286 

19 . Bone morphog;enetic protein-4 (Bl'vfP-4) 

21 Tissue inhibitor of metalloproteinase-3 I 0.512 .,,_ 209 FAM000330b 
(TIMP-3) 

25 . Poly (ADP-ribose) synthetase 0.634 990 FAM000356 

0.039 309 FAJ\;1000362 

27 jPreprosomatostatin r 0.398 . 115 FAJ\;1000371 

656 FAM000385 

176 l_FAJ\1000533 

31 Glutamine synthetase 0.46 368 ~ FAM000534 

33 jJypelJAactivinreceptor l 0.286 . 513 FAlv100056la 

34 

35 

Alpha-enolase (2-phospho-D-glycerate 
hydrolase) 

CvclinDI 

I 0.252 • 434 F AM000627 
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39 j Cardiac troponin j 0.74 • 162 FAJv1000868a 

43 . Hepatocyte growth factor-like protein 1.243 692 FAM001247c 

44 Vimentin (intermediate filament) 0.365 455 FAJv1001327a 

748 FAJv1001328b 

380 FAM001355 

408 lFAJ\1001369a 

49 Thyroid hormone receptor beta subunit 

50 Very low density lipoprotein receptor I O 398 
(vTDLR) .............. .... .. < 

0.192 368 j FA.MOO 1369b 

401 FAM001396 

52 ! Cyclin-dependent kinase (CDC2) ! 0.422 296 FAM001432b 

53 Neural cell-adhesion molecule (N-CAM) 

54 

716 ~ FAMOOi444 

Neural cell surface protein F 991 l.FA1\1001446a 

55 Focal adhesion kinase (F AK) 0.182 !051 j FAM001463 

56 . Protein-tyrosine (src) kinase (CSK) 0.224 450 FAM001467 

57 Neural receptor protein-tyrosine kinase 0.508 797 FAJv100147lb 
(trkB) 

58 j Im;ulin-like growth factor I receptor j 0.434 • 1301 FAJv100147le 

64 jWilmstumorprotein j 0.35 • 375 FAJv1001607 

68 . Collagenase-3 (matrix metalloproteinase-13) 1.02 378 FAM00163lc 

313 FAJv1001679a 

315 FAi\!1001730 

529 FAM001987 

353 lFAJ\1002490 

74 Syndecan-3 (Syn-3) 2.598 317 j FAM002852 

1.097 285 FAJv1002890b 

0.375 410 FAM003058b 
receptor 
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80 j Conductin/axin (AXIN) j 0.667 • 818 FAM006148 

84 . Alpha globin ] .277 142 Fi\~1000215T 

88 bcl x F'0 ulai:ir of 0 ell d·'aih O "64 • 200 J _f11\l\!1Q9()5()(:)~ r 89 I~~~;~-i"(~54)lp;~t~~~ <C [ o:;~2···· 437 lF1\M000514+ 

90 Glutarnine synthetase 0.471 368 l FAM000534a+ 

• 96 Nucleolin l.793 605 l FAM001318T 

• 99 ! Nuckolar phosphoprotein B23 (1'.'PMl) ! 1022 • 285 FAM001359T 

I : ~~l~;~,ci::~~d i occll cycle co mro•I rn~:::::::::::+:::::::::::::::::::~:r::::::::::::::::-i ;;~~~: !~~: 
! 102 Protein tyrosine phosphatase (PTPase-alpha) 0.280 • 778 j FAM001447+ 

r--·1~r--: ~~~~:~~;;~~~~i;;~~~;;~l~:~;::t~~~ ~::~~: ~~~ ::~~:~~:~~~ 
*Gene family names from the Hovergen database (pbiLuniv-lyonl.fr/search/query.html). 
tEntries 81--104 from Hovergen 1996 Release. 
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Abstract 

Genomic data are rapidly resolving the tree of living species calibrated to time, the timetree of life, which will provide a 
framework for research in diverse fields of science. Previous analyses of taxonomically restricted timetrees have found 
a decline in the rate of diversification in many groups of organisms, often attributed to ecological interactions among 
species. Here, we have synthesized a global timetree of life from 2,274 studies representing 50,632 species and examined 
the pattern and rate of diversification as well as the timing of speciation. We found that species diversity has been mostly 
expanding overall and in many smaller groups of species, and that the rate of diversification in eukaryotes has been 
mostly constant. We also identified, and avoided, potential biases that may have influenced previous analyses of diver­
sification induding low levels of taxon sampling, small dade size, and the indusion of stem branches in dade analyses. We 
found consistency in time~to-spedation among plants and animals, ~, 2 My, as measured by intervals of crown and stem 
species times. Together, this dock-like change at different levels suggests that speciation and diversification are processes 
dominated by random events and that adaptive change is largely a separate process. 

Key words: biodiversity, diversification, spedation, timetree, tree of life. 

Introduction 
The evolutionary timetree of life (TTOL) is needed for under­
standing and exploring the origin and diversity of life (Hedges 
and Kumar 2009; Nei 2013). For this reason, scientists have 
been leveraging the genomics revolution and major statistical 
advances in molecular dating techniques to generate diver­
gence times between populations and species. Collectively, 
tens of thousands of species have been timed, and new di­
vergence time estimates are appearing in hundreds of publi­
cations each year (supplementary fig. 51, Supplementary 
N\ateri;;I online). A global symhesis of these results will 
allow direct comparison of the TTOL with the fossil record 
and Earth hismry and provide new opportunities for discov­
ery of patterns and processes that operated in the past. The 
TTOL is also essential for studying the multidimensional 
nature of biodiversity and predicting how anthropogenic 
changes in our environment will impact the distribution 
and composition of biodiversity in the future (Hoffmann 
et aL 20-W). A robust TTOL wiil provide a framework for 
research in diverse fields of science and medicine and a stirn· 
ulus for science education. Data now exist for building a 
synthetic species-level TrOL of substantial size from the 
growing knowledge (supp!ememary fig. St Supplementary 
Nt,terial online). 

There are challenges in synthesizing a global TTOL The 
most common approach for constructing a large timetree 
using a sequence alignment or super alignment is possible 
(Smith and O'Meara 2012; Tan,ura er al. 2012), but not 
generally practical because of data matrix sparseness. 

For example, genes appropriate for closely related species 
are unalignable at higher levels, and those appropriate for 
higher levels are too conserved for resolving relationships of 
species. Disproportionate attention to some species, such as 
model organisms and groups of general interest {e.g., mam­
mals and birds), aiso results in an uneven distribution of 
knowledge. In addition, computational limits are reached 
for Bayesian timing methods involving more than a few hun­
dred species (Battisruzzi et al. 20'! 1; Jetz £I a!. 2012). 

Here, we have taken an approach to build a global TTOL by 
means of a data"driven synthesis of published timetrees into a 
large hierarchy. We have synthesized timetrees and related 
information in 2,274 molecular studies, which we collected 
and curated in a knowledgebase (Hedges et aL 2006) (supple­
mern:a,y Material,; and 1V,ethods, Supplernentary l\/':aterial 
online). We mapped timetrees and divergence data from 
those studies on a robust and conservative guidetree based 
on community consensus (National Center for Biotechnology 
!nforrnatim 2013) and used those times to resolve poly­
tomies and derive nodal times in the TTOL (supplementaiy 
fig. S2, Supplernentaiy Material online). We present rhis syn­
thesis here, for use by the community, and explore how it 
bears on evolutiona1y hypotheses and mechanisms of speci­
ation and diversification. 

Resuks 

Our TTOL contains 50,632 species (fig. 1 ). Nearly all ( ~99.5%) 
of the 1.9 million described species of living organisms are 

The Author 2015. Published by Oxford University Pres~ on behalf of the Society for Molecu!ar Biology and Evolution. 
This is an Open Access article distributed under ,he terms of the Creative Commons Attribution Non-Commercial License 
(http://cre:1tlvec,:J1T1mor.:'!.org/:ice:1s2s/by~n,:_!4J:/), tvhkh pern1lts nonpcomn!ercial repuse, distributions and reproduction in any 
rrtedium, proY.ded the ori~nai work is properly dred. For cornn1erd .. 1I repuse, please contact joun10Js.fJemiissions({~t)t!p . .::orn 
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F.c~ ,. (2 columns} A t;metree of 50,632 species synthesized from times of divergence published in 2,274 studies Evolutior.ar; history is compressed into 

a narrow strip and then arranged in a spiral with one end in the midcHe and the other on the outside. Therefore, tirne progresses across the width of the 
strip at all places, rather than along the spiral. Time is shown in billions of ye;;rs on a log scale and indi,~1red throughom by bands of gray. Ma.ior 
taxonomic groups are labeled and the different color ranges correspond to the main taxonomic divisions of our tree. 

eukaryores (Cost:ei!o et at 2.013), and the proportion is similar 
(99.7%) in our TTOL (fig. 1). The naturally unbalanced shape 
of the TTOL, for example, with more eukaiyote than prokary­
ote species, aUowed us to present it in a unique spiral format 
to accommodate its large size . .A "timeline" can be envisioned 
for each species in theTTOL, based on its sequence of branch­
ing events back in time to the origin of life. For example, 
a timeline from humans {fig~ 2} captures evolurionary 
events that have received the most queries (74%) by 
users of the TimeTree know!edgebase (Hedges et at 2006) 
(supplementary ;\,bterials and Methods, Supplementary 
Nt,terial online). 

836 

Linnaean taxonomic ranks exhibir temporal inconsisten• 
des (fig. 3) as has been suggested in smaller surveys (Hedges 
and Ku mar 2009; A vise ar:d Liu 2011 ). For example, a class 
(higher rank) of angiosperm averages younger than an order 
(lower rank) of fungus, and an order of animal averages youn• 
ger than a genus (low rank) of basidiomycete fungus. Ranks 
for prokaryotes are a!! older than the corresponding ranks of 
eukaryotes, with a genus of eubacteria averaging 
715.7 ± 139.4 lVia compared with 12.6 ± 1.2 Ma for a genus 
of eukaryotes (fig. 3 and supp!ementaiy ,"v\aterials and 
Methods, Supplemer:taty Material on!ine). These inconsisten­
cies will cause difficulties in any scientific study comparing 
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Chimpanzees. 6.7 :t 0.2 (64)~ 

GrnH121s,8.9 ± 0.2 {47)~ ... ~ 
Orangutans, 15.8 :±. 0.2 M~J~ 

Gibbons, 20.2 ± 0.2 {42J~ 

OW monkeys, 293 ± o.i'fs1)'.it 
NW r,;;_wikeys, 43 0 ,t 0.2 (42)~ 

~f I~itlT\;i~, 
L::1mcY:.iatherians, 102 ± 0.2 {54)~ r(' 
Xenarthrans, 107±0.2(32)'1t%~ 

)< 

Marsupials, 158 ± 0.2 (29) _,,_~ ~ 

Monotrernes, 171 _± 0 2 (27} ,. 

Amphibidn,, 350 ,; O.l (23) rtlf. 6' 
Lungfishes, 373 ± 0.2 (121 / 

Coeiacanths, 413 ± 0.2 {16) ~ 

--- Ray-firmed fishes, 403 ± 0.2 (23)""-~ 

Jawless fishes, 595 ± 0.2 {SJ~ 

fonacates, 684,t 0.2 (8:~ 

SCALE CHANGES 

last un•versoi commor. ancestor 

Fi,:;. 2, (1 column) A timeline from the perspi:Ctive of humans, showing 

divergences w;th o~her groups of organisms. In each c:ise, mean :Jc st.an­

dard error (among studies) is shown, with number of studies in paren­
theses. Also shown are the times for the origin of life, eukaryotes, and 
last universal common ancestor (Hedges and K,m1ar 2:J09). 

IvfBE 

different types of organisms, where Lirmaean rank is assumed 
to have a temporal equivalence. 

The iarge TTOL afforded us the opportunity to examine pat­
terns of lineage splitting across the diversity of eukaryotes (we 
omit prokaryotes in our TTOL analyses because they have an 
arbitrary species definition). Under models of "expansion," 
diversity will continue to expand, either at: an increasing di­
versification rate (hyper-expansion), the same rate {constant 
expansion), or decreasing rate (hypo-expansion). Saturation, 
on rhe other hand, refers to a drop in rate to zero as diversity 
reaches a plateau (equilibrium), possibly because of density­
dependent biotic factors such as species interactions (J\Aorlon 
1014). Most recent analyses, but not all (Venditti et at 2010; 
Jeo et al. 2012), have suggested that hypo-expansion is the 
predominant pattern in the tree of life, although there has 
been considerable debate as to the importance of timescales, 
biotic or abiotic factors, and potential biases in the analyses 
(Sepkoski 1984; Benton 2009; Morion et at 2010; Rabosky 
et al. 2012; Come!! 2013; Rabosky 2013). 

Instead, we find that constant: expansion and hyper­
expansion are the dominant patterns of lineage diversification 
in the TTOL (fi& 4a). Our result was statistically significant 
irrespective of the method used, including diversification rate 
tests and simulations, a coalescent approach (not conducted 
for the TTOL), gamma l:ests, a dade age-size relationship (see 
Materials and Methods), and branch length distribution anal­
ysis (supplementary Materials and Methods, Supplernentary 
t'v\aterial oniine). The rate of diversification did not decrease 
over the history of eukaryotes (f:g. 4). The same results were 
retrieved with another method (supplementary fig. S3, 
Supplemer:ta.ry 1V,aterial onlir:.e); we did not interpret the 
data before 1,000 Ma because only 37 lineages were present 
at this time, also explaining the large confidence intervals for 
this period. The obServed diversific.ation closely matched a 
simulated pure birth-death (BD) model, increasing slightly 
during the last 200 My (fig. 4a and b). The terminal drop in 
rate at ~ 1 Ma is a normal characteristic of diversification plots 
(Etienne and Rosindel! 2012) related to the taxonomic level 
selected for the study, in this case species. This "taxonomic 
bias" ( rate drop) occurs at different tim;_,;; (Hedges and Kumar 
2009) when genera, families, or other raxa are selected for 
study, because lower level clades (in this case, populations 
destined ro become species) are omitted. 

The TTOL was partitioned into 58 diverse Linnaean clades 
(Acrinoprerygii, Afrotheria, Amazona, Ambystoma, 
Amphibia, Amphibolurinae, Amphisbaenia. angiosperms, 
Anguirnorpha, Anofis, Anseriforrnes, birds, Boidae, 
Balitog/ossa, Canidae, Cetardiodactyla, Chamaeleo, 
Chondrichthyes, Ciconiiforrnes, Columbifmrnes, Cracidae, 
Cuculidae, Eleutherodactylus, Erinaceidae, Falco, Feliformia, 
Gymnophiona, gymnosperms, Hylarana, Hyloidea, 1-fynobius, 
Hypero/ius, lguanidae, Kinyongia, Lacertidae, i.io/aemus, mam­
mals, Megapodiidae, Metatheria. Moniliformopses, 
Musophagidae, Palaeognathae, Pelobatoidea, Perissodacty!a, 
Phaeophyceae, Phasianidae, /Jlethodon, Podicipedidae, 

837 
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idiomycetes 

ANIMALS 

Cnidarians 

Arthropods 

Molluscs 

CHORDATES 

Cartilaginous fishes 

Ray-finned fishes 

TETRAPODS 

AMPHIBIANS 

Frogs 

Salamanders 

SQUAMATES 

BIRDS 

Galloanserae 

Neoaves 

MAMMALS 

Marsupial 

Placentals 

f;ch 3. (1 column) Temporal relarjonships of Linnaean ranks of eukary .. 
otes, showing mode and 95% confidence inte,vals. Pmkaryotes are not 
shown bec.ause of large differences in scale (supplema,t.ary 1V,,;t.erials 
and !Viethods, Supp1£rnentary Ma,erial onlme). 

Primates, Ranoidea, Squamata, Suncus, Thamnophis, 
Tupaiidae, Ursidae, Vanmus, Xenarthra, and Xenopus) for co­
alescence and gamma tests encompassing 44,958 total spt.>cies 
(supplemenr.aiy Materials and N\ethods, Supplementary 
Mat<E'rial onlirw), The clades were chosen to represent taxo­
nomic diversity and a range of clade size, dade age, and tax­
onomic sampling. Species sampling levels were high, with a 
median clade size of 66% of known species and 84% of the 
dades having 40% or more of known species. Among the 10 
largest dades (Actinopterygii, Amphibia, angiosperms, birds, 
Ciconiiformes, Hyloidea, mammals, Monilifonnopses, 
Ranoidea, Squamata), only one (angiosperms) showed 
hypo-expansion using the coalescent method, while rhe 
others were exclusively hyper-expanding. Low levels of sam­
pling are known to bias toward hypo-expansion (Cusimano 
and Renner 2010; fV\oen ;ind AM,rlon 2014), and the same 
dade (angiosperms) was also the most poorly sampled (5%). 
Also, there was no support in those dades for a decline in 
diversification rate using the gamma test. Although some 
methods can account for incomplete random sampling, 
the nonrandom sampling typically used by systematists 

838 

IvfBE 

2000 1500 tooo 500 0 
Tlrne{Ma) 

Ft::.. 4. (1 column) Patterns of lineage diversification. (a) Cumularjve 
lineages-through-time (LTT) curve for eukaryotes (50,455 sp.), in black, 
showing the number of lineages through time (unsmoothed dashed; 
smoothed, solid) and variance (red 500 replicates). (b) Same UT curve 
(black line), but compared with a simulated consr.ant-expansion LTT 

curve (t, (speciation rate)= 0.073 and p. (extinction rate)= 0.070) 

shown as± 99% confidence intervals (red). (c) Diversification rate 
plot of same data showing only significant changes in rate as deter• 
mined ;n maximum-likelihood tests; variance (red, 500 replicates} 
shown as :l:. 99% intervals. 

(e.g., selecting for deeply branching lineages) is not accounted 
for by current methods and will bias results in favor of hypo­
expansion (Cusimano and Renner 1010). 

Focusing on the 48 smaller dades (e.g., genera and families) 
of tetrapods, we found that these likewise favored the ex­
panding models (84% of dades showing significant results) 
rather than the saturation model {see Materials and 
1\Mthods). Of those, most (87%) were either expanding or 
hyper-expanding, with only 13% hypo-expanding. Concerning 
the gamma test, 67% of these smaller dades did not show a 
decline in diversification rate through time, as was true for 
eukaryotes as a whole ( fig. 4: garn ma statistic::: 136.4, P = 1 ). 

Hyper-expanding clades were significantly larger (fig. 5a; 
xPleasechecktrpcziurn, 831 vs, 9·1 species; P < 0.05) and older 
(fig. 5b; xPieas,ocheckupezium, 104 vs. 57 Ma; P < 0.001) than 

other dades (see Niaterials and Methods). We also found 
that TTOL branch-length distribution fits an exponential dis­
tribution significantly better than other models {see Materials 
and Methods), agreeing with an earlier study (Venditti a aL 
20'!0) using a small data set and approach. 

Diversification by expansion predicts a significant correla­
tion between dade age and clade size (see Materials and 
Methods). Therefore, 1,ve evaluate the expansion hypothesis 
in two densely sampled groups: Mammals (5,363 species) and 
birds (9,879 species). We also tested the effect of stern versus 
crown age (fig. Sc) on dade sizes (supplemenrary l\/\ateria!s 
and 1'\f,ethods, Supplementary fvlaterial online); stem age 
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(c) 
s~ 

Stem branch Crov-m age 

0.1 10 100 cu 10 100 
C:ruwn age 

rlG. 5. {'I column) Diversification analyses of major Linnaean dades in the timetree of life. (a-b) Results of coalescent ana!y::.es testing models of 
diversification. Of 48 tetrapod dades, 37 showed significant modd selected and they were used in these analyses. (a) Effect of clade size (number of 
described species). (b) Effect of clade age. (c) Diagram illustrating difference between stem and crown age for bNo dades. (d-e) Relationship of stem 
branch and crown age in mammals (d; r2 = 0.07) and birds (," r2 = 0.04). · 

includes the time elapsed on the branch ieading to the crown. 
We examined 1,990 dades in two separate analyses: Families 
(153 and 1B nonnested dades for birds and mammals, re­
spectively) and genera (i, 115 and 609 nonnested c:iades for 
birds and mammals, respectively). in each case, the relation­
ship was highly significant for crown age (r = 0.43-0.47, 
P < 0.001) but nonsignificant or weakly significant 
(r:;: 0.02--0.09, P :c 0.01---0.82) using stem age (see Materials 
and N\ethods). These results demonstrate a significant rela­
tionship between dade age and dade size in major groups of 
vertebrates, and provide an explanation why this was not 
observed in past studies, as they used stem ages (crown 
age+ stern branch time). 

Our results show that it is best to avoid stem branch time, 
because the length of any (stem) branch in the tree should 
not be related m the time depth of the descendant node 
(crown age; fig. Sd and e). Therefore, the use of stem branch 
time will im:roduce large statistical noise and make the test 
extremely conservative. For example, when considering every 
node in a timet:ree of species, the rneffo:ient of variation of 
stem branch length relative to crown age is over 200% in the 
best sampled groups. mammals (208%) and birds (224%). 
That noise is further weighted by the pull of the present: 
(Nee et a!. ·1994), which, we determined, adds 40'% time 
(median) to crown age at any given node (if stern age is 
used instead of crown age), in separate analyses of birds .. 
mammals, and ail eukaryotes. This is because the pull of the 
present creates longer internal branches deeper in a tree, as 
more lineages are pruned by extinction. Therefore, the use of 
stem branches in diversification analyses adds noise (variance) 
and gives increased weight to that noise. We believe that the 
stronger signal of constant expansion in our results, com­
pared with earlier studies that have supported hypo-expan­
sion and saturation, is in part because we have identified and 
avoided some biases (e.g., sampling effort, clade size, and stem 
age) that can impact diversification analyses. 

The rate of formation of new species is the primary input into 
the diversification of life over time. This process starts as two 

or more lineages split from an existing species at a node in the 
tree. To learn more about the timing ofspeciation, we assem­
bled a separate data set of studies containing timetrees that 
included populations and species of eukaryotes (supplemen­
tary 1\1\aterials and A/iethods, Supplernern:a,y N'iatedal oniine). 
Considering a standard model of speciation based on geo­
graphic isolation, in the absence of gene flow (Sousa and Hey 
20 L3 ), we estimated the time required for speciation to occur. 
For a given species, the time-to-speciation (TTS), after isola­
tion, must fall between the crown and the stem age of the 
species (fig. 6a). All lineages younger than the crown age of a 
species lead to populations that are still capable of interbreed­
ing and, therefore, must be younger than the TTS. On the 
other hand, the stem age is the time when a species joins its 
closest relative and, therefore, it must be older than the TTS. 
A sampling omission of either a population or species could 
lower the crown age estimate or raise the stem age estimate, 
but the resulting interval vvoukl stiii contain the TTS. 
Although coalescence of alleles may lead to overestimates 
of time (Nei and Kumar :.woo), those times were interpreted 
as population and species splits, not allelic splits, in the pub­
lished studies reporting them. Also, calibrations can amelio­
rate the effect of allelic coalescence because they are usually 
based on population and species divergences, not coalescence 
events. ·we conducted a simulation to test this approach 
(supplementary f1/;aterials and ;v\ethods, Supplementaiy 
Material online) finding that the true TTS is estimated pre­
cisely with a mode because of skewness of the statistical 
distribution and it is robust to undersarnpling of lineages, 
either younger (populations) or older (species). We also 
found that the true TTS was not affected by the addition 
of -W~i noise (intervals that do not include the TTS) and only 
weakly affected (2.5%) by adding a large amount (SO%) 
of noise. 

Analyses of three disparate taxonomic groups (vertebrates, 
arthropods, and plants) with greatly varying generation times 
and life histories produced similar TTS of ~2 My (fig. 6b). For 
comparison, divergence times among closely related species 
of prokaryotes, which are defined in practical terms (Cohan 
200?.), are about 50-100 times older (.supplementary 
fv\z,terials and Method!'-, Supplementary /\,iater:al online). 

839 



Motif Exhibit 1148, Page 2931 of 3341

Case No.: IPR2023-00207 
U.S. Patent No. 10,039,306

Hedges et al. · dmlO 1093/rnolbev/rmv037 

(a) r===([[[[[[~'::- ~L 1 

r'lc~ l 2 -,:__ ____ .J 

~1-3 
.J 

,--J-7 

Time-to-speciation ,..--.. ....... - Population 
divergences 

Speciation intervals ;,;,,,(:f:f 1:1i· :l.li.~~.~l.\i.[:.: ...... //./·\, 

......... ,.,:,:,::::: :tft®l'::::::::;JtAL:i;'.~~n.,.·. \ 
~ Time (Ma) 

0.08 

0.06 

0.0 
20 15 10 

Time(Ma) 

Population divergences 

0.5 

0.0 

0.5 

0.0 

0.4 

0.0 

IvfBE 

f;ch 6. (2 columns) Estimation of time-m-speciation. (a) Analytical design showing expected results. intervals between stem age and uown age of seven 

species contain time-to-speciation (dashed line represents the modal ume-to-speciation). Divergences among populations, and corresponding histo­
gram, are in rr-,d (b) Colored histograms of observed time.-to·speciation, showing modes (vertical lines) and confidence intervals (bars) in vertebrates 

(N = 213, 21 /Via, 1]4-2.55 MJ.), arthropods (N = 85, 2.2 ;\l\a, 1.57-3.07 Ma), and plants (N = 55, 2.7 Ma, 237-3.63 Ma). Black curves to the right J.re 
histograms of population divergences. 

The observed similarity of TTS in diverse groups of multi­
ceiiular eukaryotes suggests a model of speciation that 
places importance on the time that two populations are iso­
!ared (fig. ?). If speciation is an outcome of the buildup of 
genie incompatibilities (Gls) between isolated populations 
{Coyne and Orr 2004; l\/\atute ei: at 2010); then the continu­
ous fixation of seienively neutral rrrntations in two popula­
tions (Zuckerkandi and Pauling ·1%5; Kimura ·i%8) will 
accumulate with time and eventually le.ad to a number, or 
fraction, of Gls (here, "S-value") that will cause postzygotic 
reproductive isolation (fig. i'c). In essence, speciation-in rhe 
strictest sense----can be defined as this specific moment in 
time, a "point of no return," because reproductive incompat­
ibility and isolation are inevitable at that point. The diverging 
lineages will remain independem forever or until they 
become extinct. If they do come back into contact: (fig. la), 
they might hybridize briefly but would then undergo rein­
forcement, leading to prezygotic reproductive isolation. We 
focus here on the major model, geographic isolation, but time 
constraints should be similar with ecological speciation, and 
other models exist (Coyne ar:d Orr 2004). 

A speciation dock has been suggested previously (Coyne 
and Orr ·1989), where G!s buildup linearly over time in post•· 
zygotic reproductive isolation. However, current evidence 
indicates a fuster-than•·linear ("snowball") rate of buildup of 
Gls in postzygotic reproductive isolation (i\i\arnte er al. 2010). 
The snowball pattern of increase in Gls is not a problem for a 
speciation dock as long as the time of attainment of the 
S•·value is similar in different species. Our evidence from the 
TTS analysis (fig. 7b) suggests this to be the case. 

Relatively few populations will remain isolated until the 
point of no return because environments often change 
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rapidly in the short term, raising and iowering barriers to 

gene flow (fig. 7a). This is amplified by a preponderance of 
low incline landscapes (Strahler 1952), resulting in a greater 
impact of climate and sea level change. Therefore, the buildup 
of Gs will be reset many times before a successful speciation 
even.t occurs {fig. 7c). This resetting, which results in failed 
isolates, may explain "barcode gaps" (Pui!!andre eE at 2011}, 
which we interpret as prespeciation loss of potential lineages. 
We estimate that branches between nodes in well-sampled 
( > 20% coverage) groups of the TTOL are, on average, 4-5 
1Viy long using a slope merhod (4.92 ± 0.32 1Viy) and a coa­
lescent method (4.21 ± 0.76 My) (supplementary At,aterials 
and Merhods, Suppleme:,tary Material online). This indicates 
that branch time is longer than TTS, and includes a significant 
"lag time," referring m any time along a branch that is not part 
of a successful spedaticm event, such as the resetting of the 
speciation dock by reversal of the buildup of Gis. The high 
variance of branch length in trees (fig, Sd and e) may reflect 
the stochastic nature of environmental change and isolation 
of populations, com:ributing t:o a "diversification dock" 
(fig. 4). This is consistent with the absence of a strong corre­
lation ber.vveen reproductive isolation and diversification rare 
in some taxa (Rabosky and iV,atute 2013). 

In relating this speciation model to a phylogeny (fig. kl), it 
is evident that the split of two lineages in a tree is not the 
speciation event but rarher the momenr of isolation of two or 
more populations that will remain isolated until the point of 
no return. For example_. if we assume a TTS of 2 My, then two 
populations that only recently became species would have 
split ~2 Ma (fig. 7d, species 1-2). Yet, much deeper in a tree, 
where branches may be tens of millions of years long, the TTS 
is a relatively small fraction of total branch time, which makes 
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FK.. 7. (1 column) Summary model of speciation. (a) Biogeographic 
history showing the contact and isolation of areas occupied by the 
two populations. (b) Phylogenetic lineages showing times of indepen-· 
dence (two lineages) and times of interbre,0 ding (one lineage), (c) Genie 
incompatibilities bel:\veen the r,,vo populations, showing how they 
accrue at a time•·dept,ndent rate during geographic isolation, reset to 

zero during contac;: (interbreeding), increase to the S-value (the number 
of Gls that will cause speciation, the point of no return), and continue 
increasing beyond the S-value despite later contact of the newly formed 
species. (d) Hypothetical phylogeny, with numbered species, i!iustrating 
parameters of speciation in (a--c) to splits and branches in-~ tree. 

a splitring event more-or-less equivalent to the speciation 
event. Furthermore, branch splitting leading to eventual spe­
cies formation can happen simultaneously, in many lineages, 
as long as the resulting populations remain isolated until the 
point of no return (fig. 7d, species S-9). 

Oisc:ussfon 
These results have implications for patterns of species diver­
sification and the interpretation of tirnetrees. ff adaptation is 
largely decoupled from speciation, we should not expect it to 

be a driver of spedation as is frequently assumed. Also, we 
should not expect to see major diversification rate increases 
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following mass extinction events, even though large adaptive 
changes wok place at those times. That expectation is realized 
in our analyses (fig. 4) where we see constant splitting 
through time across the two major Phanerozoic extinction 
events (251 and 66 1V1a). Likewise, our diversification analyses 
of smaller groups, such as birds and mammals (supplemen­
tary fig. 54, Supplementary tv\3.terioJ online), and past studies 
of those groups (Bininda-Emonds et at 20{)}; Meredith et al. 
201'1; jetz et at 2012) have not found rate increases immedi-­
ateiy following the end-Cretaceous mass extinction event 
(66 Ma). Rate decreases from the extinction events them­
selves are not expected because of the inability to detect, in 
trees, a large proportion of species extinctions that occurred 
(Nee and fvby 1997). 

The consistency in TTS among groups found here suggests 
that the time-·based acquisition of G!s, and not adaptive 
change, is driving reproductive isolation, almost in a neutral 
process. By implication, geographically isolated populations, 
even if morphologically different and diagnosable, are not 
expected to be species until they have reached the point of 
no return. This is because some differentiation and adaptive 
change should occur in isolation, and many isoiat:es wiii be 
ephemeral (Rosenblum et at 20'!2), merging with other iso­
lates or disappearing and never becoming species that enter 
the tree of life. More population data are needed before it is 
possible to identify the point of 110 return with precision. 
Nonetheless, these data suggest that, in most cases, described 
species separated by only tens of thousand, of years are not 
reai species. The Linnaean rank of subspecies, which has 
dedined in use for decades, might be appropriate for such 
diagnosable isolates that have not yet reached the point of no 
return. Oversplitting of species by taxonomists may explain 
t:he sharp peak in diversification (hyper-expansion) in t:he iast 
10 My of eukaryote history (fig. 4b). On the other hand, it 
could also result frorn stat:istical (small sample) artifacts that 
were published in many different studies (summarized in the 
TTOL). Therefore, further analysis of rhat unusual rate spike is 
warranted. 

in summary, the diversification oflife as a whole is expand­
ing at a constant rate and only in some small dades ( <500 
species) is there evidence of decline or saturation in diversi­
fication rate. We believe t:hese results can be explained as 
many different groups of organisms undergoing expansion 
and comraction through time, with those patterns caprnred 
in different stages (expanding, slowing. or in equilibrium). 
If true, the predominant patt:ern of expansion in large 
dades is expected from the law of large numbers, where 
such smaller, random events would average to a constant 
rate. Constant expansion also follows from random environ-­
mental changes leading to isolation and speciarion. Rate con­
stancy is consistent with the fossil record (Benton 2009) and 
does not deny the importance of biotic facmrs in evolution 
(Ricldefs ?.007), but it suggests an uncoupling of speciation 
and adaptation. Cases where the phenotype has changed 
little (e.g., cryptic species) or gre.atly during the TTS are inter­
preted here as evidence of uncoupling. The lineage splitting 
seen in trees probably reflects, in most instances, random 
environmental events leading to isolation of populations, 
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and potentially many in a short time. However, the relatively 
long TTS (N2 iV,y), a process resulting from random genetic 
events, will limit the number of isolates that eventually 
become species. Under this model, diversification is the prod­
uct of those two random processes, abiotic and genetic, and 
rate increases (bursts of speciation) are more likely to be as­
sociated with long-term changes in the physical environment 
(e.g., climate, sea level) c.ausing extended isolation rather than 
with short-term ecological interactions. However, reductions 
in extinction rate could also explain increases in diversifica­
tion rate. Adaptive change that charac'terizes the phenotypic 
diversity of life would appear to be a separate process from 
speciation. Although a full understanding of these processes 
remains a d1allenge, determining how speciarion and 
adaptation are temporaiiy related would be an important 
"next step." 

Materials and Methods 
Detailed methods are described in supplementary Materials 
and Method:;, Supplementary Material online. 

We synthesized the corpus of scientific literarnre where the 
primary research on the TTOL is published We first identified 
and collected all peer-reviewed publications in molecular evcJ.· 
lution and phylogenetics that reported estimates of time of 
divergence among species. These included phylogenetic trees 
scaled to time (timetrees) and occasionally tables of 
time estimates and regular text. We assembled timetree 
data from 2,274 studies (http:i/www.timetree.mg/referer:ce_ 
list.php ) that have been published between 1987 and 
April 2013, as well as two tirnetrees estimated herein 
(supplernenrary table 51, Supplementary N\aterial online). 
Most (96%) of nodal times used were published in the last 
decade. 

We used a hierarchical average linkage method of estimating 
divergence times (T5) of dade pairs to build a Super Timetree, 
along with a procedure for testing and updaring topological 
partitions to ensure the highest degree of consistency with 
individual timetrees in every study. For the TTOL, uncertainty 
derived from individual studies is available for each node 
(supplementary table S2, Supp!ementary i'vhrerial online). 
Branch time modes of different Linnaean categories were es­
timated (supplementary table 53, 5upplementaiy lV\aterial 
online)a 

All diversification analyses were performed in R (http://wvvw. 
r-pmject.org/) 1,vith the APE package (P;:tradis et al. 2013). 
The gamma statistic was employed to detect decrease in 
speciation rate over the history of the tree. To test if diversi­
fa:ation is saturated or expanding, we used a coalescent 
method as well as the relationship between the ages of dif­
ferent dades and their sizes (numbers of species). The 
number and location of shifts in diversification rates were 
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also tested. We also estimated among-study uncertainty 
in both the lineages•through-time (LTT) curve and rate test 
by producing 500 replicates of the TTOL, sampling actual 
study times at each node randomly. These replicates were 
then used in the analysis of rate shifts to estimate and test rate 
change. Results of all diversification analyses were summa­
rized (supplememary tables 54-510, Supplementaiy 
Material online). 

The gamma statistic (Pybus and Harvey 2000) was employed 
on 59 dades (all eukaryotes plus 58 dades listed in supple­
mentary table S5, Suppiementar,,1 fl/iaterial online) to detect 
decrease in spedarion rate over 1:he history of the tree (LASER 
package; Rabosky and Schliep 20:3). These 58 groups were 
chosen to have an overviev; of the diversification processes on 
a diversity of clades across life, in terms of size, sampling effort 
(above 5%; median 66%, with 84% of the dades having more 
than 40% coverage), and dade age. Included in the 58 clades 
are 10 nonnested groups over the major Linnaean groups, 
which allowed us to draw conclusions about high-level and 
low-level dades. We further selected 10 nonnested dades 
from within each of the four well-sampled groups of tetra­
pods (amphibians, birds, mammals, and squamates). We also 
analyzed separately the Eukaryote clade because all the other 
groups are nested within this one. 

A negative gamma value reveals a concentration of 
branching times near the root, meaning a decelerated diver­
sification. Incomplete lineage sampling can affect the resuit of 
this test because some tips will be pruned, thus lengthening 
the branch length in the more recent past (Nee et al. 1994). 
An incomplete sampling could therefore lead to an erroneous 
detection of slowdown. To avoid this bias, the Monte Carlo 
constant rate test (11,',CCR test) (Pybus and Harvey 2000) was 
also peiformed on dades with a significant negative gamma 
value (LASER package). Here, the critical value for rejecting a 
constant rate (a~ 0.05) was calculated by examining the 
distribution of gamma for simulated trees with the same in­
complete lineage sampling proportion as the observed tree. 
We conducted 5,000 ,'v'\ont:e Carlo simulations for each 
MCCR test. If the MCCR test finds that the detection of 
slowdown is erroneous, then there is no support for decline 
in speciation rate for this clade. 

To test if diversification is saturated or expanding, we used a 
coalescent method (fv\orion et a!. 20:0) on 58 dades 
(supplementary rahle SS, Supplen1entaiy Material online). 
We defined two sets of models: Saturated diversity (models 
1 and 2) and expanded diversity (models 3, 4a, 4b, 4c, 4d, 5, 
and 6). As recommended by the author of the method, we 
first selected the model with the lowest second-order Akaike's 
Information Criterion in each subset (saturated vs. expanding 
models). We then evaluated the relative probability of these 
two models based of their Akaike weights. The relative prob­
abilities of two models (I and k) were calculated as wiW,1wk and 
___ !:!d,____ with wl (the model's I Akaike weight) as 
wJ+wk; 
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This method can account for missing species. We therefixe 
used the number of described species (supplementary table 
55, 5upp!ernentary Mater!,;! online) as the number of tips of 
the phylogenies (N0). V✓hen neither of the two relative prob­
abiiities obtained exceeded 0.6, we did not draw a conclusion 
on this specific dade (referred as "nonsignificant:" in supple­
mrntaiy table S5, Supplementary 1\\aterial online) and the 
mean A. (between the best expanding and saturating 
model) was used (suppl€mentary tabl€ St;, Supplem€ntary 
Material oniine). Statistical tests were performed (supplemen­
tary table S6, Supplementary lviateria! oniine) to compare the 
four models, saturated (sat), hyper-expanding (exp+), ex­
panding (exp), and hypo-expanding (exp-·), at the same 
time {Kruskall-Waliis rank-sum rest) and by pair (Wilcoxon 
rank-sum test). Another test was performed (Hest) to com­
pare the means (described number of species and crown age) 
between the dades under hyper-expansion and the others 
(saturated, hypo-expanding, and expanding). We confirmed 
for ail dades that the BD polytomy resolution did not change 
the results, although a different model was selected for 3 of 
the 58 clades (5%). This method was computationally unfea­
sible with the entire TTOL 

To test, in another way, for expansion (hyper-, constant-, and 
hypo-) versus saturation of the diversification curve, we 
evaluated the relationship between the ages of different 
dades and their sizes (numbers of species) (Comell 2013). 
Under the saturated diversity model, no relationship should 
be observed, in contrast to a positive relationship under 
models of expanding diversity. For this test, we chose the 
two best sampled groups, birds and mammals, and per­
formed comparative analyses on dades (all nonnested) of 
genera (1,115 and 609 for birds and mammals respectively) 
and families ( ·153 and 1 ·13 for birds and mammals, respec­
tively), accounting for phylogeny (phylogenetic generalized 
linear models) with the CAPER package (Orme et al. 2013). 
in one set of analyses, we used stem age and in another set, 
crown age (supp!emenr.a;y table S7, Supplementaiy Material 
online) was used. 

The TREEPAR package {Snd!er 2013) was used to estimate 
the number of changes in diversification rate under a BD 
model and to obtain estimates of the corresponding diversi­
fa:ation rate (A---11) and the extinction fraction (µ!1c). To 
analyze our eukaryote timetree, as well as the individual com­
ponent timetrees of birds and mammals, we used the greedy 
approach, as described in Stadler (20'! 1). We estimated rates 
in 0.1 My steps between 2 and 70 Ma and in 10 lViy steps 
between 2 and 3,500 N\y for eukaryotes. The BD shift model 
(without mass extinction) was used and we obtained maxi­
mum-likelihood rate estimates for the different dar.a sets for 
zero, one, tt..vo, three, four, five, six, and seven rate shifts. 
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The likelihood ratio test was L1Sed to select the best model 
in each case at the 99% level. 

For the TTOL, we estimated node time uncertainty in both 
the LTT cwve and rate test by producing 500 replicates of the 
TTOL, sampling a time bett..veen the confidence intervals at 
each node under a uniform distribution. These replicates were 
then used in the TREEPAR analysis to estimate and test rate 
change, with the uncerr..ainty shown in figure 4 and the 
significant shifts by time interval (20 My) shown in suppie-­
mentary table S8, Supplementary ;\l\aterial oniine. 

Our diversification results for birds are similar to an earlier 
analysis (letz et aL 2012), with a strong increase in diversifica­
tion from ~45 Ma to the presenL The marnrnal results are 
also generally similar to past mammal analyses in showing the 
absence of any rate increase immediately after t:he end­
Cretaceous extinctions (Binir:da-Emonds et a!. 2007; 
Meredith €t al. 2011). We did not find a sharp mid­
Cenozoic increase in rate that was found in one other anaiysis 
(Stadler 2011 ), although we determined that the cause of that 
rate increase was from a polytomy in the mammal timetree 
used in that study (Stadier 201-1 ); otherwise our results are 
comparable. 

For the bird tree (supplementary fig. S4o, Supplementary 
1\1aterial oniine), the models with zero, one, two, three, four, 
and five rate shifts are rejected in favor of a model with six 
rate shifts (P < 0.05) (supplemenrary table S9, Supplen,emaiy 
iv\ateria! online). A model with six rate shif-..s is not rejected in 
favor of a model with seven rare shifts (P = 0.091 ). The 6 shifr.s 
are detected at 1, 3.4, 14.4, 48.2, 73.3, and 84.4 Ma 
(supplementary table 510, Supplementa;y .IV!aterial online). 
The parameters obtained for the 6 shifts model betvveen 
73.3 and 48.2 Ma (1c---µ == 0.04058 and iL/)" = 0.0395) were 
used w plot t:he confidence inter;al of the null distribution 
(supplementary fig. S4a, Supplernentaiy !V\aterial online). 

For the mammal tree (supplementary fig. S4/J, 
Supplementary Material online), the models with zero, one, 
two, or three rate shifts are rejected in favor of a model with 
four rate shifts (P < 0.05) (supplernentary table 59, 
Supplementary Material on!ine). A model wirh four rare 
shifts is not rejected in favor of a model with five rate shifts 
(P = 0.123). The 4 shifts are detected, at 2.1, 9.6, 42A and 105 
Ma (supplementary table 510, Supplementary tvtiterial 
online). The parameters obtained for the 4 shifts model be­
tween 105 and 42.4 Ma (A.-fJ.- = 0.05186 and fJ./}, = 0.3528) 
were used to plot the confidence interval of the null distri­
bution (s,;pplerne:H;uy fig. S4b, Suppl;;,mentary tvtiterial 
online). 

For the eukaryote tree (fig. 4), the models with zero, one, 
two, thre-e, four, and five rate shifts are rejected in favor of a 
model vvith six rate shifts (P < 0.05) (supp!emennry table S9, 
Supp!emer:tary Material on line). A model with six rate shifts is 
not rejected in favor of a model with seven rate shifts 
(P == 0.055). Six shifts are thus det:ected at 1, 11. 21, 121. 14, 1 
and ·151 Ma (supplementary table 510, Supplementary 
Mat?.rial online). The pararneters obtained fiJr the 6 
shifts model between 2,100 and 15l J\,\a (A---µcc0.00307 
and rl!X = 0.9581) were used to plot the confidence interval 
of the null distribution (fig. 4). 
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In addition, we used the BAMMtools package (Rabosky 
7.014) in order w detect the diversification rate differences 
across lineages. The function "setBAMMpriors" was used to 
generate a prior block that matched die "scale" (e.g., depth of 
the tree) of our data. Both the speciation and the extinction 
rare were aiiowed to vary rhrough time and across lineages, 
and 50,000,000 generations of MCMC simulation were per­
formed. The sampling fraction (0.02635422) was specified by 
setting the "globa!Samplinghaction" parameter. A bumin of 
O.S was applied and a diversification rare plot was obrained 
with the function "plotRateThroughTime" (supplementary 
fig. S3, Supplementary Material online). 

In addition to our species-level TTOL data collection de­
scribed above, we collected a separate data set on TTS 
from published molecular timetrees that included timed 
nodes among populations and closely relared species of 
three major groups: Vertebrates, arthropods, and plants 
(supplememary tables Sl 1-Sn, Supplementary ;V1aterial 
on line). To test the rob11stness of our approach for estimating 
TTS, we used simulations. /1, BD tree was simulated using the 
function "sim.bd.taxa" (TreeSim in R). 

Supplementary Material 
Supplementary figures s·i-54, tables S:-513, and Materials 
and Me.:hods are available at Molecular Biology and 
Evoiution on line {http:/ /W\Yw.mbe.oxfordjoumals.org/). 
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Celeste Holz-Schietinger, PhD 
Principal Scientist, Impossible Foods 

Redwood City, CA 
celeste.holz(a)impossiblefoods.com 

the Flavor Depati:rn('ni: at 1rnpo,;s;ble 
I~OCJ(~~~~- 'T'ec:b:r1ic:;:1l ~~kills ici.c:lude en,z·,;·r,·;r);,cw.v fla-;xor '-~ht::r11ist:ry., ~~e:nscJry ,,,.,,,r_:1,u.:, Epid and ptutei:n L~iccht::r11i:::~try., 

protein pi.,D :,n;i\yt;cal chemiq1y, metabolic pathways :,nd srnaH rnoleci.,k identificatic,n. 

Education 

Ph.D. Biochemistry, University of California at Santa Barbara 

from the Biomolecular Science a.1:1d Engineering Program 

B.S. J\;folecular Biology & Evolution, minor in Chemistry, 
The Evergreen State College, Olympia, WA 

Research 

Principal Scientist, Impossibk Foods, Dr: Pat Brmnz 

Senior Scientist, l,;~Dossible Poods, Dr. Peg Scott, Dr. Chris Dazis 

Scientist, Impossible Foods; Dr: Chris Davis 

2007.2012 

2001- 2005 

2015- Currc:nt 

2013-2015 

2012-20!3 

111 R&D scientist and flavor department leader at Impossible Foods, directing flavor technology research and 
flavor product integratiorL 

111 l,fanage a team of scientists to understand the fundamental biology and chemistry of flavor perception and 
flavor creation. \Ve identify the catalysis and precursors that create aroma compounds, determine hmv 
aroma compounds create part,cular flavors profiles, and rhen how to recreate these flavors in products. 

111 Lead chemist on the identification, characterization :md m:mipulation of biologicil flavor catalysis, including 
heme-proteins, microbes, and enzymes. 

111 Support off flavor identification and removal in products a.1:1d feedstock ,vith product developers, protein 
biochemist and process engineers. 

111 Flavor product integration, leading effrlrts for creating meat replicas from plants that taste and smell like 
animal based meats, working closely with m;inufacturing to scale the process, ;ind m;i.rketing to meet 
consumers desires. 

• Previous roles also included but not limited to sensory panel leader, lipid group leader, a.1:1d product 
developer creating nut-base cheese (l<:ite Hill Cheese). 

Enzymology Research Associate, UC Santa Barbara, Dr: Norbert Reich 2007-2012 

• Researched the underlying chemical mechanisms that regulate hov; the genetic code is translated to creates 
phenotypic variation in human cells; particularly, understanding the developmental enzymes (1JN1vfT3B and 
I)NMT3A) and their modulators. 

111 Identified the mech;inisms and structural changes that occurred wirh mutated forms of DNMT3A, highly 
assoe1ated with diseased states that change gene expression. 

Celeste Holz-Schietinger • celeste.holz@impossiblefoods.com • 
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• Particular specialty was the development and execution of kinetic and biophysical assays to characterize the 
enzymology :md regplation of the de ttovo DNl\ methyltransferase (DNMT3A). 

• Mentored and lead 6 undergraduate researchers. 

Biochemistry Visiting Associate, Sta1zji1rd Unit'l'rsity, D1: Pat Br02Nz (co!!.ahoration 2008-201 O) 06-1 ! /2009 

• Global ident,fication of RJ"-JA associ3ted with developmental enzymes (DNMT3B and DNMT3A) through 
celluhr different,ation 3rn:l correlated ro gene expression and DNA methylarion p3ttems. Developed RNJ\ 
library constmction protocols fix next generation sequencing, and became skilled 111 m1eroarray, hES cell 
culture, and fluorescence microscopy. 

Scientist in Endocrinology, U.S. G:ological Surv~y 05-09/2006 

• Conducted research on the stress response of translocation on the desert tortoise, though EUSA-based 
assays, leading team of 5 interns. 

Molecular Biology NSF Fellow, Univerri:y of Georgia. Dr. Travis Cl.enn 05..()9/2005 

111 Conducted independent research on pair bonding in alligators and determining mutation rates by carryi,_'1g out 
ABI Prism sequencing for SNP and microsatellites, multiplexed PCR, and sequence analyzes for genotyping. 

Genetics Research Assistant, Evergreen State Col/.q;e, Dr. Erik Thusen 2004--2005 

81 Independent research on the population genetics of moon jellies, gaining experience in genomic DNA 
purification, PCR for species identification, :md phylogenetic analyzes. 

Developmental Biology Research Assistant, Evergreen State Dt: Donal.d Morisato 2003-2004 

81 Investigated the molecular mechanisms of generating the anterior-posterior a.xis in Drosophila, by carrying 
out lac z staining, in situ hybridization, and genetic crosses. 

Environmental Science Research Assistant, Padfic Crt.'Ji Community School, Dt: ngerin Peare: 2000-2001 

111 Independent research on the E. coli levels in the \Willamette River, Portland, OR. Data collected results in 
ne,v city testing and regulations on the city water treatment facilities. 

Teaching/Mentoring Experience 

Research Mentor for Undergraduate Students, UC Santa Barbara 2008--2011 

111 Lead undergraduate students in research pro1ects; taught techniques and guided experiments. 

Teaching Assistant for epigenetics, development'll & biology laboratory, UCJB, intmJ1itten!!f 2007-2010 

• Prepared lectures, gave lectures, and instructed laboratory sections. 

Teaching Assistant, Santa Barbara Cify Col!~ge. 2006 - 2007 

• 1~folecuJ.3r biology, botany and general biology laboratories. 

Scientific Computing Specialist, Evergreen State Col/.egt} 2003-2006 

81 Taught and helped students with science software - including biological modeling, statistics, phylogenetic, 
mathematical, and graphical programs. 

Celeste Holz-Scbietinger • celeste.hoiz(il;impossiblefoods.com• p. 2 
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Publications 

Holz-Schietinger, C., 1Vfatje, D.M., Reich, N.O. Mutations in DNA methyltransferase (DNMT3A) 
observed in Acute Myeloid Leukemia patients disrupt methylation of clustered CpG sites. J. Biol. 287: 
30941-30951 (2012). 

Holz-Schietinger, C., and Reich, N.O. RNA modulation of the human de novo rnethyltransferase 3A 
(DNMT3A). Nucleic Acids Res. 40: 8550-8557 (2012). 

I-Iolz-Schietinger, C., Matje, D.M., Flexer Harrison, M. and Reich, N.O. DNA oligomerization controls the 
mechanism of de now DNA methylation . .J. Bio,!. Chem. 28(J, 41479--41488 (2011). 

Holz-Schieti:nger, C. & Reich, N.O. The inherent process1vity of the human de nova methyltransferase 3A 
(DN,v1T3A) is enhanced by DN1VfT3L J. Biol. Che,111. 285, 29091---29100 (2010). 

Holz-Schietinger, C., Matje, D.M. and Re1eh, N.O. De 110110 DNA. rnethyltransferase DNMT3A: regulation 
of oligomeric state and mechanism of action in response to physiological pH changes. Biochimica 
/"Jcta (BR---J). 1850:1131-1139 (201 

Purdy~ JvUVL, Holz-Schietinger, C. & Reich, NO. Identification of a second DNA binding site in human 
DNA methyltransforase 3A substrate inhibition and domain deletion. Arch. Biochem. 498, 13-
22 (2010). 

Lance, S., Tuberville, T., Dueck, L, Holz-Schietinger, C., Trosclair, P., Elsey, R., Glenn, T. Multi-year 
multiple p;iternity ;ind mate fidelity in the American alligator, .-'-11.1J(1r!·r:rwmlsstwt;f)t,?tHiS. lvfolecular 
2009. 18, 4508-4520 (2009). 

Awards /Fellowships 

• 2010-2011 Philip & Aida Siff Fellowship for excellent undergraduate student mentoring 

• 2010, 2011 Best gnduate presentation fr'Jr USCB BMSE ;ind J\;1CDB departments 

• 2009 Honorable 1Vfention NSF Graduate Research FellO\vship 

• 2007-2008 Amgen Fellowship 

• 2005 NFS Undergraduate Research Fellowship 

• 2005 Evergreen foundation grant (research fondin2,~ 

• 2002-2004 Evergreen State College foundation scholarship for academic excellence 

• 2001-2002 USA.A All-Amencan Scholar, Philip S. Wilder Award for Academic Distinction, National 
Deans List 

Training Courses /Research Conferences 

• 14th Weurman Flavour Research Symposmm, (2014) Cambridge, UK 

• FKS Flavor Reaction Course, (2014), University of Missouri St Louis 

• American Oil Chemistry Society (AOCS) conference, Lecithin Functions in Technology and Nutrition 
Course, (2013) AOCS Montreal QC, Canada 

• Enzymes, Coenzymes & J\;ietabolic Pathways Gordon conference, (2011, 2010) Waterville Valley, NH 

Celeste Holz-Scbietinger • celeste.hoiz(il;impossiblefoods.com• p. 3 
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Signal intensity (r\lD = Not detected (signal to Fold Increase or 

noise of 50, "signal of> 20,000)) Novel 

Compound ((LegH + Ribose + References 
Ribose + LegH + Ribose Cysteine) - (LegH))/ legH 
Cy;;teine + Cysteine (Ribose + Cysteine} 

Song et al. (2012, J. Chromatog. A, 1254:lEi-24); Kerth et al. (2013, 

Furan, 2-·methyl·- ND r\lD 162,329 Novel 
White Paper: Product Quality, Texas A&IVl University Dept of Animal 

Sciences); Moon et al. (2006, Food Res. Int., 39:294-308); 

www.thegoodscentscompanv.com 
Song et al. (2012, J. Chrornatog. A, 1254:115-24); Moon et al. (2006, Food 

Res. Int., 39:294-308); Brewer (2006, "The Chemistry of Beef Flavor --

Furan, 2-pentyl- ND ~JD 3,574,602 Novel 
Executive Summary/' National Cattlemen's Beef Association, #12814); 

Karahadian &. Lindsay (1989, J. An,er. Oil Chen,. Soc., 66:1302-8); Leduc et 

al. (2012, .J. Sci. Food Agl"ic, 92:2S60-8); 

www.thegoodscentscomr;anv.com 
Mottram (1998, Food Chern., 62:415-24); Macleod (1994, The flavour of 

bis(2-methyl-3-furyl) disulfide* ND ND 1,215,514 Novel 
beef in "The falvour of Meat and Meat Products," ed Shahidi); Moon et al. 

(2006, Food Res. Int., 39:294-308); Song et al. (2012, J. Chromatog. A, 

1254:115--24); www.thegoodscentscon1panv.com 
Brewer (2006, "The Chemistry of Beef Flavor - Executive Surnrnary," 

Pyrazine, 2,5-dimethyl- ND ND 224,117 Novel National Cattlemen's Beef Association, #12814); Morita et a!. (2003, J. Sci. 

Food Agric., 83:289-97); www.thegoodscentscompanv.com 
Song et al. (2012, J. Chrornatog. A, 1254:115-24); Brewer {2006, "The 

Pyrazine, methyl- 1049328 ND 12,559,346 Novel 
Chemistry of Beef Flavor --- Executive Summary," r\lational Cattlemen's 

Beef Association, #12814); Morita et al. (2003, J. Sci. Food Agric., 83:289-

97) 
Van Ba et al. {2012, "Principle of rneat aroma flavors and future 

Pyrazine, 2-ethyl-5-methyl- 40894 ND 87,684 Novel prospect," Ch 7 in Latest Research into Quality Control, In Tech Open 

Access 
.. 

-""' " 

Song et al. (2012, J. Chromatog. A, 1254:lEi-24); Mottram (1998, Food 

2-1\Jlet hyl-J-furanthiol ND r\lD 793,456 Novel Chem., 62:4Ei-24); Moon et al. (2006, Food Res. Int., 39:294-308); 

www.thegoodscentscompanv.com; 
Song et al. (2012, J. Chromatog. A, 1254:lEi-24); McGorrin et al, (2001, 

Special Publication - Royal Soc. Chem., 274:67-84); Kerth et al. (2013, 

2-Acetylthiazole ND 153,183 435,715,305 2851 White Paper: Product Quality, Texas A&IVl University Dept of Animal 

Sciences); Karahadian & Lindsay (1989, J. Amer. Oil Chern. Soc., 66:1302-

8)· www.thegoodscentscornpanv.corrr 
Dihydro-3-(2H)-thiophenone ND ND 1,168,S94 Novel www.thegoodscentscon,pany.com; 
Thiophene, 3-rnethyl- r\lD 1,127,036 2,650,365 2 Shibamoto (1980, J. Agric. Food Chem., 28:237-43) 
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3-Thiophenernethanol ND ND 430,476 Novel Chen et al. (2000, J Agric. and Food Chern., 48:3512-5) 
Thiophene, 2,3--dihydro-5-methyl- ND ~JD 11,799,570 Novel Elmore et al. (1999, J. Agric. Food Chem., 47:1519-25) 

Shibamoto (1980, J. Agric. Food Chem., 28:237--43); Madeod (1994, The 

Thiophene ND 2,422,423 215,295,040 89 flavour of beef in "The falvour of Meat and Meat products" ed Shahidi); 

www.thegoodscentscompanv.co rn 
3(21-1)-Thiophenone, dihydro-2-rnethyl- ~JD ND 204,409 Novel www.thegoodscentscornpany.corn 

5-M ethyl-2-th io pheneca rboxa I dehyde ND ND 3,046,036 Novel 
Shibamoto (1980, J. Agric. Food Chem., 28:237--43); 

www.thegoodscentscompanv.co rn; 

3-M ethyl-2-th io pheneca r box a I dehyde ~JD ND 557,464 Novel 
Shibarnoto (1980, J. Agric. Food Chern., 28:237-43); 

www.thegoodscentscornpanv.co rn 
Ethan one, 1-(4,5-di hydro-2-thiazolyi)- ND ND 1,304,816 Novel www.thegoodscentscornpany.co rn; 
Thiazole ~ ND ~JD HI O'.lc ens Novel Shibamoto i1980 .I. Agric Food Chem 28:L37-<i-31 

Van Ba et ai. {2012, "Principle of rneat aroma flavors and future 

prospect," Ch 7 in Latest Research into Quality Control, lnTech Open 

Dimethyl sulfide ND ND 1,601,935 Novel 
~\ccess Publisher); Kerth et al. (2013, White Paper: Product Quality, Texas 

.l\&.M University Dept of Animal Sciences); Grigorakis et al. (2003, 

Aquaculture, 225:109-19); Leduc et al. (2012, J. Sci. Food Agric., 92:2560-

8l· www.thegoodscentscon,oanv.com 

Rochet &. Chaintreau (20(Ei, J, Agric. Food Chem., :.i3:9578-85); 

2,4--Hexadienal, (E,E)- ND ~JD 9,495,304 Novel 
Karahadian &. Lindsay (1989, J. An,er. Oil Chem. Soc., 66:1302-8); 

Grigorakis et al. (2003, Aquaculture, 225:109--19); 

www.thegoodscentscomnanv.com· 

Benza ldehyde, 4-ethyl- ~~D ND 24,320,418 ~~ovel 
Morita et al. (2003, J. Sci. Food Agric., 83:289-97); 

www.thegoodscentscompanv.com 
Van Ba et al. (2012, "Principle of meat aroma flavors and future 

prospect," Ch 7 in Latest Research into Ouality Control, lnTech Open 

Decanal ND ~JD 26,163 Novel 
Access Publisher); Morita et al. (2003, .!. Sci. Food Agric., 83:289--97); 

Moon et al. (2006, Food Res. Int., 39:294-308); Song et al. (2012, J. 

Chrornatog. A, 1254:115-24); Leduc et al. (2012, J. Sci. Food Agric., 

92:2560-81· www.thegoodscentscornoanv.com 
Moon et al. (2006, Food Res. Int., 39:294-308); Rochet & Chaintreau 

(2005, J. Agric. Food Chen,., 53:9578-85); Van Ba et al. (2012, "Principle of 

Undecanal ND r\lD 81.3,152 Novel meat arnrna flavors and future prospect," Ch 7 in Latest Research into 

Quality Control, In Tech Open Access Publisher); Morita et al. {2003, J. Sci. 

Food Agric. 83:289-97i 

2(3H)-Furanone, 5-ethyldihydro- ND ND 72,377,175 Novel Song et al. (2012, J. Chrornatog. A, 1254:115-24) 
I"''"',,-· ,, ~ ND ~JD ~1 '.lhn 1 Q'l Novel !Song et al. (2012 .!. - A, 12S4:l15--24l 
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Moon et al. {2006, Food Res. Int., 39:294-308); Song et al. (2012, J. 

Chromatog. A, 1254:115-24); Van Ba et al. (2012, "Principle of meat 

2--0ctanone ND ND 1,242,778 Novel 
aroma flavors and future prospect," Ch 7 in Latest Research into Quality 

Control, in Tech Open Access Publisher); l<arahadian & Lindsay (1989, .I. 

Amer. Oil Chem. Soc., 66:1302--8); Grigorakis et al. (2003, Aquaculture, 

225:109-191 

3--Nonanone ND r·m 650,546 Novel 
Leduc et al. (2012, J Sci. Food Agric., 92:2560-8); 

www.thegoodscentscompanv.com 
Karahadian & Lindsay (1989, J. Amer. Oil Chem. Soc., 66:1302-8); 

3,5-0ctadien-2-one, (E,E)- ND ND 537,770 Novel Grigorakis et al. (2003, Aquaculture, 225:109-19); Leduc et al. (2012, J. Sci. 
Food Agric. a·;.--,ccn ~;; WWW.the •anv.com 

p-Cresol ND ND 536,008 Novel 
Kerth et al. {2013, White Paper: Product Quality, Texas A&M University 

Dept of Animal Sciences) 

fv1oon et al. (2006, Food Res. Int., 39:294-308}: Song et al. (2012, .!. 

Chromatog. A, 1254:115-24); Brewer (2006, "The Chemistry of Beef 

Hexanoic acid ND r·m 14,935 Novel Flavm - Executive Summary,'' National Cattlemen's Beef Association, 

#12814); Karahadian & Lindsay (1989, J. Amer. Oil Chern. Soc., 66:1302-

8)· Selli et al. (2009. Food Chem. 114:317-22) 

Hexadecanoic acid ND r·m 1,959,921 Novel 
Song et al. (2012, J. Chromatog. A, 1254:lEi-24); 

www.thegoodscentscompanv.com; 
* in addition to being categorized as an 0- and N-containing heterocyclic, bis(2-methyl-3-furyl) disulfide also can be categorized as a sulfide and as a S-containing heterocyclic compound. 
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Keith R. Cadwallader 

Ojfice/Laboratm:y: 
Department of Food Science 

and i-foman Nutrition 
University of Illinois at Urbana-Champaign 
102 Agricultural Bioprocess Laboratory 
1302 West Pennsylvania Avenue, Urbana, IL 
Phone: 217-333-5803: e-mail: cadwlldr@.illinois.edu 

Education 
University of Florida, Gainesville, FL 
University of Florida 
University of Georgia, Athens, GA 

Professional Experience 

Fall, 1990 
Summer. 1987 
Spring, 1985 

I-Jome: 
4005 Tumberry Dr. 
Champaign, IL 61822 

(7ampus: 
102 ABL. MC-640 

Ph.D. Food Science (Chem minor) 
M.S. Food Science 
B .S. Food Science 

2007-present. Professor of Food Chemistry, Department of Food Science & Human Nutrition, University 
of Illinois. Research Interests: Chemistry and analysis of food flavor. Food flavor (aroma) 
characterization and flavor quality determination. Use of instrumental and sensory methods to identify 
and quantify character-impact flavor compounds in foods/agricultural/industrial materials. Development 
of process flavors. Recovery of flavor constituents from food processing by-products. Measurement and 
prediction of flavor diffusion, release and binding. Development of methods to stabilize labile flavors. 
1999-2007. Associate Professor of Food Chemistry, University of Illinois. 
1996-1999. Associate Professor of Food Science, Food Science & Technology, Mississippi State Univ. 
1994-1996. Assistant Professor of Food Science, Mississippi State University 
1991-1994. Assistant Professor of Food Science, Dept. Food Science, Louisiana State University. 
1985-1990. Pre-doctoral Research Fellow, Dept. Food Science & Human Nutrition, Univ. Florida. 

Current Appointment { UIUC) 
Research -- 60°1i; Teaching --- 40% 

Awards/Honors 
• 2016 College of ACES Senior Faculty Award for Excellence in Research, University of Illinois, 
• 2010 Elected Fellmv, Agricultural and Food Chemistry Division of the American Chemical Society. 
• Co-recipient, 2008 Donald A. Holt Achievement Award, Illinois Council on Food and Agricultural 

Research, presented to the Illinois Center for Soy Foods leadership team. 
• 2007 Stephen S. Chang Avvard for Excellence in Lipid or Flavor Science, Institute of Food 

Technologists. 
• Co-recipient, 2007 College of ACES Tean1 Award for Excellence, University of Illinois, presented to 

the Illinois Center for Soy Foods leadership team 
81 Co-recipient, 2005 Bor S. Luh International Award, Institute of Food Technologists 
81 UIUC Incomplete list of teachers rated as exceHent (Spr00, Fall00, Fall0l, Spr03, Spr04, Spr05, 

Fall05; Spr06; Spr08; Sprl0: Falll2; Falll4) 
• ] 996 Alpha Zeta Outstanding Teaching Award 
• ] 985-1990 FMC Corp. Research Fellowship Recipient 
• ] 984 U. Georgia Food Science Depaitment Faculty Scholarship Recipient 

Professional Memberships 
Institute of Food Technologists & IFT, Chicago Section 
American Chemical Society & ACS, Division of Agricultural and Food Chemistry 
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Teaching Interests and Experience 
Teaching interests include food analysis, food chemistry, flavor chemistry and analysis, and sensory 
evaluation of foods. Courses taught are listed beknv 

University l?f lllinois 

FSHN 4 l 8 Food Analysis: 2 h lecture: 6 h lab. Principles and application of the chemical, physical, and 
instmmental methods used to detem1ine the constituents of foods; special considerations applicable to the 
analysis of certain foods. 

FSHN 519 Flavor Chemistrv and Analvsis: 2 h lecture.· 6 h lab. a graduate level course that involves the 
discussion/demonstration of the chemistry, manufacture/delivery and analysis (sensory, instrumental, and 
physical) of fi.)od flavor. 

Jl,,fississippi State University 

FST 4114/6114 Anafvsis of'F'ood Products: 2 h. lecture; 6 h lab. Principles, methods and techniques for 
quantitative, physical, chemical, and/or biological analysis of food products and ingredients. 

FST 4241/624 l Apolied Food Chemistrv: 2 h lab. Basic laboratory experiments to provide understanding of 
the function and interactions of chemical components of food. 

FST 8163 Flavor and Food Acceptance: 2 h Lecture; j h demonstratwn. 111eory and application of sensory 
evaluation and analy1ical chemistry techniques for the analysis of food flavor. 

Louisiana State Universi(v 

FDSC 4050 Food Composition and Analwns: 2 h. lecture; 6 h Lab. Principles, methods and techniques for 
quantitative, physical, chemical, and/or biological analysis of food products and ingredients. 

FDSC 7040 Flavor and Colors of Foods: 2 h lecture: 3 lab. Methods of chemical, physical, and instrumental 
analysis of food colors and flavors; natural and synthetic flavorings and colorants. 

Research Publications 

Books E'dited (5) 

Cadwallader, K.R. and Chang, S.K.C. (Eds.) 2010. Chemistry, Texture and Flavor ofSoy. ACS Symposium 
Series 1059, American Chemical Society, Washington, DC. 

Cadwallader, K.R., Drake, M.A. and McGorrin, RJ. (Eds.) 2007. Flavor cif Dairy Products. ACS 
Sy1nposi1m1 Series 971, American Chemical Society, Washington, DC. 

Cadwallader, KR and Weene:n, H. (Eds.). 2003. F'reshness and Shel/Life a/Foods. ACS Symposium Series 
836, American Chemical Society, Washington, DC. 

Rouseff, RL. and Cadwallader, K.R (Eds). 2001 Headspace Anazysis of Foods and Flavor: Theory and 
Practice. Kluwer Academic/Plennum Publishers, New York 
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Shahidi, F. and Cadwallader, K.R. (Eds.). 1997. flavor and Lipid Chemistly ofSeajoods. ACS Symposium 
Series 674. American Chemical Society, Washington, DC. 

Patent Applications (1) 

Cadvvallader, K.R. and Fang, M.-C. 2014. Stabilized compositions and methods of manufacture. US 
Patent Application US 20 l 4/0275543 A 1 

Book Chapters (57) 

Cadwallader, K.R. 2016. Flavor challenges in functional beverages. Chapter 3. in Handbook of 
Functional Beverages and Human Health. Alasalvar, C. and Shahidi, F. (Eds.), CRC Press, pp. 27-34. 

Yin, Y., Cadwallader, KR. and Fang, M.-C. 2015. A novel method for the stabilization of the potent 
odorant 2-acety-1-pyrroline. In Flavour Science: Proceedings of the XIV Weurman Flavour Research 
,",)'mposium, Taylor, AJ. and Mottram, D.S (Eds.), Context Products Ltd, Leicestershire, UK, pp. 571-
574. 

Burnside. E. and Cadwallader, KR. 2014. Aroma components of commercial and self-prepared mm 
ethers. In Current Topics in F'lavor Chemistly and Biology: Proceedings of the 9th vVartburg S)'mposium 
on Flavor Chemistry & Biology, T Hofinann, W. Krautwurst, D., and Schieberle, P (Eds.), Eigenverlag 
Deutsche Forschungsanstalt fur Lebensmittelchemie, Freising, Gennany, pp. 244-249. 

Moran, L., Yin, Y. Cadwallader, K.R. and Padua, G.W. 2014. Testing tools and physical, chemical, and 
microbiological characterization of microencapsulated systems. In Aiicroencapsulation in the Food 
Industly A Practical Implementation Guide. Gaonkar, A., Vasisht, N, Khare, A. and Sobel, R. (Eds.). 
Academic Press/Elsevier Inc., Oxford, UK, pp. 323-352. 

Lorjaroenphon, Y., Hausch, BJ. and Cadwallader, K.R. 2014. Fonnation and stability of 2,3-dehydro-
1,8-cineol in a model carbonated beverage system. In Flavor Science. Proceedings jl·om the )(]JJ 

Weurman flavour Research Symposium, Elsevier, Inc. Oxfi.)rd, UK. 

Fang, M. and Cadwallader, K.R. 2012. Improved sy11thesis of deuterium-labeled alkyl pyrazines for use in 
stable isotope dilution analysis. In Recent Advances in the Analysis of Food, and Flavor. Mussinan, C. et 
al. (Eds.). ACS Symposium Series 1098, American Chemical Society, Washington, DC, pp. 57-69. 

Lahne, J. and Cadwallader, K.R. 2012. Streamlined analysis of potent odorants in distilled alcoholic 
beverages. In Chemistly and Flavor of.Alcoholic Beverages. Qian, M. et al., (Eds.). ACS Symposium 
Series ] l04, American Chemical Society, Washington, DC, pp. 37-53. 

Cadwallader, K.R., Potts, D., Brisske-BeVier, Land Mirarefi, S. 2011. Contribution of volatile sulfur 
compounds to the characteristic aroma of roasted garlic. ln Volatile Su(lur Compounci, in Food. Qian, 
IVLC., Fan, X. and Mal1attanatawee, K. (Eds.). ACS Symposium Series 1068, American Chemical 
Society, Washington, DC, pp. 137-] 51. 

.3 
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Genthner, L.R. and Cadwallader, K.R. 201 l. Structure-odor relationships of selected esters with (Z,Z)-
3,6-nonadiene backbone structures. In Advances and Challenges in Flavor Chemistry & Biology: 
Proceedings of the 9th Wartburg Symposium on Flavor Chemistry & Biology, T. Hofmann, W. l\iieyerhof, 
P. Schieberle, Eds., Eigenverlag Deutsche Forschungsanstalt fur Lebensmittekhemie, Garching, 
Gem1any, pp. 123-128. 

Kim, H.K. and Cadwallader, K.R. 2011. Instrumental analysis of seafood flavor. In Handbook of Seafood 
Quality, Safety and Health Applications. Alasalvar, C., Shahidi, F., Miyashita, K. and Wanasundara, U. 
(Eds.). Blackwell Publishing Ltd, UK, pp. 50-67. 

Cadwallader, K.R., Moore, J.J., Zhang, Z. and Schmidt, SJ. 2010. Comparison of spray drying and 
Refractance Window 1

M drying technologies for the encapsulation of orange oil. ln Recent Advances in 
Food and F'lavor Chemistry: F'cwd flavors and Encapsulation, Health Bene.fits, Analytical lvfethod~, and 
lvfolecular Biology of Functional Foods. Ho C.-T., IVfussinan, CJ., Shahidi, F. and Tratras Contis, E. 
(Eds). The Royal Society of Chemistry, Cambridge, UK, pp. 246-254. 

Sun, C., Cadwallader, K.R. and Kim, H. 2010. Comparison of key aroma components between soymilks 
prepared by cold and hot grinding methods. In Chemistry, Texture and flavor of Soy. Cadwallader, K.R. 
and Chang, S.K.C. (Eds.). ACS Symposiwn Series 1059, American Chemical Society, Washington, DC, pp. 
361-373. 

Suppavo:rasatit, Land Cadwallader, K.R. 2010. Flavor-soy protein interactions. In Chemistry, Texture and 
Flavor ol Soy. Cadvvallader, K.R and Chang, S.K.C. (Eds.) ACS Symposium Se1ies 1059, Ame1ican 
Chemical Society, Washington, DC, pp. 339-359. 

Cadwallader, K.R., Tamainoto, L.C. and Sajuti, S.C. 2010. Aroma components of fresh ai1d stored 
pomegranate (Punica granatum L.) juice. In flavors in Noncarbonated Beverages. Da Costa, N.C. and 
Cannon, R.J. (Eds.). ACS Symposium Series 1036. American Chemical Society, Washington, DC, pp. 
93-lOl. 

Liu, G.-L. and Cad-vvallader, K.R. 2010. Aroma-impact components of "Carlos" muscadine grape juice. Jn 
Flavor and Health Benefits of Small Fruits. Qian, M.C. and Rimando, A.M. (Eds.). ACS Symposium 
Series 1035, American Chemical Society, Washington, DC, pp. 63-77. 

Cadwallader, K.R. and Singh, T. 2009. Flavours and off-flavours in milk and dairy products. In Advanced 
Dai1y Chemistry-Volume 3. Lactose, VVater, Salts and A1inor Constituents. McS-vveeny, P .L.H. and Fox, 
P.F. (Eds) Springer Science+Business Media, LLC, New York, pp. 631-690. 

Cadwallader, KR and Puangpraphant, S. 2008. Volatile compounds in tree nuts. In Tree Nut s: 
Composition, Phy1ochemicals, and Health Effects. Alasalvar, C. and Shahidi, F. (Eds.) Taylor and 
Francis, LLC, Boca Raton, FL, pp. 109-125. 

Singh, T. and Cadwallader, K.R. 2008. Cheese. In Dairy Processing and Quali(v Assurance. Chai1dan, 
R.C., Kila:ra, A. and Shah, N. (Eds.), \:\,Tiley-Blackwell, Danvers, MA, pp. 273-308. 

Lorjaroenphon, Y., Cadwallader, K.R., Kim, H. and Lee, S-Y. 2008. Evaluation of key odorants in 
chipotle pepper by quantitative analysis, calculation of odor activity values and omission studies. In 
Recent Highlights in Flavor Chemistry and Biology: Proceedings of the Warburg Symposium on 
Flavor Chemistry & Biology, Hofmairn, T., Meyerho±: W. and Schiebe:rle, P. (Eds.). Deutche 
Forsdmngsanstalt for Lebensmittelchemie, Garching, Germany, pp. 191-200. 
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Zhou, Q. and Cadwallader, K.R. 2008. Measurement of flavor-soy protein interactions in lmv-moisture 
solid food systems by inverse gas chromatography. Ch. 4. In Food F'!avor: Chemistry, Sensory 
Evaluation and Biological Activity. Tamura, i-l, Ebeler, S.E., Kubota, K. and Takeoka, G.R (Eds.) ACS 
Symposium Series 988. American Chemical Society, Washington, DC., pp. 45-54. 

Cadwallader, K.R. 2007. \:\,rood smoke fiavor. ln Handbook ofMeat, Poultry & Seafood Quality. Nollet, 
L.IVLL. (Ed.) and Boylsten, T., Chen, F. Coggins, P.C., Gloria, M.B., Hyldig, G., Kerth, C.R., McKee, 
LH., Hui, Y.H. (Assoc. Eds.), Blackwell Publishing, Inc., Lancaster, PA, pp. 201-210. 

Cadwallader, K.R. 2007. 1vieasuring cheese flavour. In improving the Flavour of Cheese. Weimer. B. 
(Ed.), Woodhead Publishing Ltd., Cambridge, UK, pp. 401-412. 

Cadwallader, KR., Singh, T.K. and Jerrell, J.P. 2007. Streamlined analysis of short-, medium- and long­
chain free fatty acids in Dairy Products. In Flavor of Dairy Products. Cadwallader, KR, Drake, M.A. and 
McGon-in, R.J (Eds). ACS Symposium Series 971, American Chemical Society, Washington, DC. pp. J 11-
122. 

Drake, M.A., Cadwallader, K.R., Carunchia \Vbetstine, M.E. 2007. Establishing links between sensory and 
instrumental analyses of dairy flavors: Example Cheddar cheese. In flavor of Dairy Products. Cadwallader, 
K.R., Drake, M.A. and l\ikGorrin, R.l (Eds.) ACS Symposium Series, Ame1ican Chemical Society, 
Washington, DC.,pp. 51-77. 

Singh, T.K., Cadwallader, K.R. and Drake, M.A. 2007. Flavor of dairy products. In Handbook ofF'ood 
Products Afam1facturing: Health, lvfeat, A1ilk, Poult1y, 5iel?lood, and Vegetables. Hui, Y.H. (Ed.), John 
Wiley & Sons, Inc, Hoboken, NJ, pp. 715-748. 

Drake, M.A, Miracle, RE., Caudle, A.D. and Cadwallader, K.R. 2007. Relating sensory and instrumental 
analyses. In Sensory-Directed Flavor Analysis. Marsili, R. (Ed.), CRC Press/Taylor & Francis Group, 
LLC, Boca Raton, FL, pp. 23-54. 

Cadwallader, KR., Gnadt, T.A. and Jasso, L 2007. Aroma components of chipotle peppers. In Chemistiy 
and Flavor ofHispanic Foods. Tunick, M. and Gonzales de Mejia, E. (Eds), ACS Symposium Series 946, 
American Chemical Society, Washi11E:,:rton, DC, pp. 57-66. 

Lecona-Uribe, S., Loarca-Pina, G., Arcila-Lozano, C. and Cadwallader, K.R. 2007. Chemical 
characterization of Lippa graveolens Kunth and its comparison to Origanum vulgare and Origanum 
laevigatum herrenhausen. In Chemistry and Flavor of lfo~oanic Foods. Tunick M. and Gonzales de 
Mejia, E. (Eds), ACS Symposium Series 946, American Chemical Society, Washi11E:,:rton, DC, pp. 45-56. 

Lozano, P.R., Cadwallader, K.R. and Gonzales de Mejia, E. 2007. Identification of characteristic aroma 
components of Mate (flex paraguariensis) tea. In Chemistly and Flavor of Hispanic Foods. Tunick, M. 
and Gonzales de l\iiejia, E. (Eds), ACS Symposium Series 946, American Chemical Society, Washington, 
DC, 143-152. 

Cadwallader, K.R., Drake, M.A., Carw1chia-Whetstine, M.E. and Singh, T.J. 2006. Characterisation of 
Cheddar cheese flavour by sensory directed instrumental analysis and model studies. In Flavour Science: 
Recent Trends. Bredie, W.P. and Peterson, IVLA. (Eds.), Developments in Food Science 43, Elsevier, Nevv 
York, pp. 157-160. 
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Jarunrattanasri, A., Cadwallader, K.R., Theerakulkait, C. 2005. Aroma and amino acid composition of 
hydrolyzed vegetable protein from rice bran. In Process and Reaction Flavors, Weerasinghe, D.K. (Ed.), 
ACS Symposium Series 905, American Chemical Society, Washington, DC, pp. 83-97. 

Cadwallader, K.R., Benitez, D., Pojjanapimol, S., Syriyaphan, 0. and Singh, T. 2005. Characteristic 
aroma components of the cilantro mimics. In. Natural Flavors and Fragrances, Frey, C. and Rousefl: R. 
(Eds.), ACS Symposium Series 908, American Chemical Society, Washington, DC, pp. 117-128. 

Cadwallader, K.R. 2005. Flavor and volatile metabolism in produce. Chapter 6. In Produce Degradation: 
Pathways and Prevention, Lamikanra, 0., Imam, S.H. and Ukuku, D.O. (Eds.), CRC Press LLC, Boca 
Raton, FL, pp 155-189. 

Pojjanapimol, S., Chaiseri, S. and Cadwallader, K. 2004. Beat-induced changes in aroma components of 
holy basil (Ocimum sanctum L.). Ch. l 5. In Handbook ol Flavor Characterization: Sensm:y ana~ysis, 
chemistry. and physiology, Diebler, K.D. and Delwiche, J. (Eds), Marcel Dekker, Inc., New York pp. 
217-230. 

Singh, T.K. and Cadwallader, KR. 2004. Ways of measuring shelf-life and spoilage. Ch. 9. In 
Understanding and 1\1easuring the 5,'helf-l{fe of F'ood, Steele, R. (Ed.). CRC Press LLC, Boca Raton, FL, 
pp. 165-183. 

Cadwallader, K.R., Lopez, J.R., Menke, S.D. and Surakamkul, R. 2003. Aroma components of wines 
from Chardonel - A French-American hybrid grape. ln Nutraceutical Beverages. Chemistly, Nutrition, 
and Health I~Yfects, Shahidi, F. and Weerasinghe, D.K. (Eds.), ACS Symposium Series 871. American 
Chemical Society, Washington, DC, Chapter 27. 

Karaglil-Yiiceer, Y., Drake, M.A. and Cadwallader, K.R. 2002. Aroma characterization of fresh and 
stored nonfat dry milk. In Freshness and SnelfLije ofFoocl.,. Cadwallader, K.R. and Weenen, H. (Eds.), 
ACS Symposium Series 836, American Chemical Society, Washington, DC, pp. 108-123. 

Singh, T.K. and Cadwallader, K.R. 2002. TI1e shelf life of foods: An overview In Freshness and ShelfL~fe 
of Food~'. Cadwallader, KR. and Weenen, H. (Eds.), ACS Symposium Series 836. American Chemical 
Society, Washington, DC, pp. 2-21. 

Cadwallader, KR. 2001. Flavor chemistry of saffron. In Carorenoid-derived Aroma Compounds. 
Winterhalter, P. and Rouseff, R.L. (Eds.). ACS Symposium Series 802, American Chemical Society, 
Washington, DC, pp. 220-239. 

Cadwallader, K.R. and Heo, J. 2001. Aroma of roasted sesame oil: Characterization by direct them1al 
desorption-gas chromatography-olfactometry and sample dilution analysis. In Gas Chromatography­
Olfhctometry. The State of rhe Art. Leland, J.V.; Schieberle, P., Buettner, A.; Acree, T.E. (Eds.). ACS 
Symposium Series 782; American Chemical Society, Washington, DC, pp. 187-202. 

Cadwallader, K.R. and Shahidi, F. 2001. Identification of potent odorants in seal blubber oil by direct thermal 
desorption-gas chromatography-olfactometry. 1n Omega-3 Fatty Acicl.,. Chemist1:v, Nutrition, and Health 
Effects. Shahidi, F. and Finley, J.W. (Eds.) ACS Syrnposium Series 788; American Chemical Society, 
Washington, DC, pp. 221-234. 
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Rousefl: R. and Cadwallader K 2001. Headspace techniques in fi.)ods, fragrances and flavors. In Headspace 
Analysis cf F'ood)' and flavor: 77tewy and Practice. Rousetr: R.L. and Cadwallader, KR., (Eds.). Advances 
in Experimental Medicine and Biology, Volume 488, Kluwer Academic/Plennum Publishers, New York, pp. 
1-8. 

Webb, T.E. and Cadwallader, KR 2001. Aroma components of an oil-based grill ±favoring by direct thermal 
desorption-gas chromatogrnphy-olfactometry and sample dilution analysis. In Headspace Ana(vsis of Foods 
and Flavor: Themy and Practice. Rouseff RL. and Cadwallader, KR, (Eds.). Kluwer Academic/Plennum 
Publishers, New York pp. 143-150. 

Cadwallader, KR. 2000. Flavor recovery from crustacean processing by-products. ln Seafood in Health 
and Nutrition. Transformation in Fisheries and Aquaculture.· Global Perspectives. Shahidi, F. (Ed.). 
Science Tech Publishing Co., St. John's, Canada, Ch. 12, pp. 159-l 68. 

Cadwallader, KR 2000. Enzymes and flavor biogenesis in fish. In Seafood Enzymes. Haard. N.F. and 
Simpson, B.K. (Eds.) Marcel Dekker, Inc., New York, pp. 365-383. 

Cadwallader, KR., Surakamkul, R., Yang, S.-P., and Webb, T. 1999. Character-impact aroma 
components of coriander (Coriandrum sativum) herb. In Flavor and Chemistly of Ethnic F'oods. Shahidi, 
F. and Ho, C.-T. (Eds). Plenum Publishing Corporation, Neyv York. 

Cadwallader, K.R. and Baek, H.H. 1998. Aroma-impact components in cooked tailmeat of freshwater 
crayfish (Procambarus cfarkii). In Food Flavors: Formation, Analysis and Packaging In:fluences. Contis, 
E.T., Ho, C.T.; Mussinan, C.J., Parliment, T.H., Shahidi, F., Spanier, A.M. (Eds.), Elsevier Science B.V., 
Amsterdam. 

Cadwallader, K.R. and Howard, C.L. 1998. Analysis of aroma-components of light-activated milk ln 
Flavor Analysis. Developments in lrnlatwn and Characterization. Mussinan, CJ. and Morello, M.J. 
(Eds.). ACS Symposium Series 705. American Chemical Society, Washington, DC, pp. 343-358. 

Cadwallader, KR and MacLeod, AJ. 1998. Instrnmental methods for analyzing the flavor of muscle 
foods. Ch. 16. In Flavor ol Meat. 1vfeat Products. and Seafoods, Ed. Shahidi, F. (Ed.). Blackie 
Academic & Professional, New York. 

Baek, H.H. and Cadwallader, KR. 1997. Character-impact aroma components of crustaceans. In Flavor 
and Lipid Chemistly of5iel?loods, Shahidi, F. and Cadwallader, K.R. (Eds.). ACS Symposium Series. 674. 
American Chemical Society, Washington, DC, pp. 85-94. 

Weng, H.-J, Cad-vvaHader, KR., Baek, H.H, D'Abrnmo, L.R.D, and Sulhvan, J.A. 1997 Manipulating 
the flavor of freshwater crustacea using postharvest seawater acclimation. In Flavor and Lipid Chenustly 
ofSeafiJods, Shahidi, F. and Cadwallader, K.R (Eds.). ACS Symposium Series. 674. American Chemical 
Society, Washington, DC, pp. 120-] 30. 

Cha, Y.J, Lee, G.H., Cadwallader, KR. 1997. Aroma-active compounds in salt-fennented anchovy In 
Flavor and Lipid Chemist1:v of Seafooci,, Shahidi, F. and Cadwallader, K.R. (Eds.). ACS Symposium 
Series. 674. American Chemical Society, Washington, DC, pp. 131-147. 

Shahidi, F. and Cadwallader, KR 1997. Flavor and lipid chemistry of seafoods: An overview. In Flavor and 
Lipid Chemistry of Seafbods. Shahidi, F. and Cadwallader, KR (Eds.). ACS Symposium Series 674. 
American Chemical Society, Wm,hington, DC, pp. 1-8. 
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Cadwallader, K.R., Baek, H.H., and Cai, M. 1997. Characterization of saffron flavor by aroma extract 
dilution analysis. In ,SJJices: flavor Chemistry and Antioxidant Properties., Risch, SJ. and Ho, C.-T. 
(Eds). ACS Symposium Series 660. American Chemical Society, Washington, DC, pp. 66-79. 

Braddock, R.J. and Cadwallader, KR 1995. Bioconversion of citrns d-limonene. In Fruit flavors: 
Biogenesis, Characterization, and Authentication, Rousen: R.L. and Leahy, M.M. (Eds.). ACS Symposium 
Series 596. American Chemical Society, Washington, DC, pp. 142-147. 

Cadvvallader, K.R, Baek, H.H., Chung, H.Y., and Moody, M.W. 1994. Contribution of lipid-derived 
components to the fiavor of alligator meat. ln Lipid~' in Food Flavors, Ho, C.T and Haiiman, T.G. (Eds) 
ACS Syrnposium Series No. 558. American Chemical Society, Washington, DC, pp. 186-195. 

Cadwallader, K.R. and Braddock, RJ. 1992. Enzymatic hydration of (4R)-(+)-limonene to (4R)-(+)-a­
terpineol. In Developments in Food Science: Food Science and Human Nutrition, Volume 29, Charalambous, 
G. (Ed.) Elsevier, Neyv York, pp. 571-584. 

Journal Articles (96) 

Erten, E.S and Cadwallader, KR. 20! 7. Identification of predominant aroma components of raw, 
dry roasted and oil roasted alrnonds. Food Chem. 217:244-253 

Kelly, L. and Cadwallader, K.R 2016. Identification and quantitation of potent odorants in 
speam1int oil. J. Agric. Food Chem. (ubmitted). 

Donovan J, Cadwallader K, Lee Y, 2016. Volatile retention and morphological properties of 
microencapsulated tributyrin varied by wall material and drying method. J. Food Sci. 81: E643-
E650. 

Suteebut, N., Chanthachum, S., Intarapichet, K., Cadwallader, K.R. and Miller, M.J. 2016. 
Factors affecting conjugated linoleic acid production by Lactobacillus plantarum GSI 303. 
Intern. Food Res. J. 23: 1739-1746. 

Erten, E.S and Cadwallader, K.R. 2017. Identification of predominant aroma components of raw, 
dry roasted and oil roasted almonds. Food Chem. 217:244-253. 

Lapsongphon, N., Yongsawatdigul, l and Cadwallader, K.R. 2015. Identification and 
characterization of the aroma-impact components of Thai fish sauce J. Agric. Food Chem. 65: 
2628-2638. 

Thompson-\:\,ritrick, K.A., Rouseff, R.L., Cadwallader, K.R., Duncan, S.E., EigeL W.N., Tanko, J.M. and 
()'Keefe, S.F. 2015. Comparison of two extraction techniques, solid-phase microextraction versus 
continuous liquid-liquid extraction/solvent-assisted t1avor evaporation, for the analysis of flavor 
compounds in gueuze lambic beer. J. Food Sci. 80: C57J -C576. 

Tinchan, P., Loi:jaroenphon, Y., Cadwallader, K.R. and Chaiseri, S. 2015. Changes in the profile of 
volatiles of canned coconut milk during storage. J. Food Sci. 80: C49-C54. 
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Lorjaroenphon, Y. and Cadwallader, KR. 2015. Typical odorants of cola-flavored carbonated beverages -
Part I. Identification of potent odorants by aroma extract dilution analysis. J. Agric. Food Chem. 63: 769-
775. 

Lm::jaroenphon, Y. and Cadwallader, K.R. 2015 Typical odorants of cola-flavored carbonated beverages -
Part II. Characterization of potent odorants by quantitative analysis and sensory studies of aroma 
reconstitution and omission models. J. Agric. Food Chem. 63: 776-786 

Bausch, RH., Lorjaroenphon, Y. and Cadwallader, KR 2015. Flavor chemistry of lemon-lime 
carbonated beverages. J. Agric. Food Chem. 63: 112-119. 

Kiatbenjakul, P., Intarapichet, K-O. and Cadwallader, KR. 2015 Characterization of potent odorants in 
male giant water bug (Lethocerus indicus Lep. and Serv.), an important edible insect of Southeast Asia. 
Food Chem. 168: 639-647 

Buttara, M., Intarapichet, KA). and Cadwallader, K.R. 2014. Characterization of potent odorants in Thai 
chempedak fmit (Artocmpus integer Merr.), an exotic fmit of Southeast Asia. Food Research 
International 66: 388-395 

Fang, M. and Cadwallader, KR. 2014. Stabilization of the potent odorant 2-acetyl-l-pyrroline and 
structural analogs by complexation with zinc halides. J. Agric. Food Chern. 62: 8808-8813. 

Yang, X, Lorjaroenphon, Y., Cadwallader, K.R., Wang, X., Zhang, Y., Lee, J. 2014. Analysis ofparticle­
bome odorants emitted from concentrated animal feeding operations. Sci. Total Environment 490, 322-
333. 

Kiatbenjakul, P., lntarapichet, K-0. and Cadwallader, K.R. 2014. lndentification of potent sulfor­
containing odorants in scent glands of edible giant water bug, Lethcerus indicus (Lep. and Serv.). Flavour 
Frangrance J. 29(2): 107-1 B. 

Fang, M. and Cadwallader, KR 2013. Convenient synthesis of stable deuterium labeled alkyl pyrazines 
for use in stable isotope dilution assays. J. Agric. Food Chem. 61: 3580-3588. 

Kim, H., Cadwallader, K.R., Kido, H, Watanabe, Y. 2013. Effect of addition of commercial rosemary 
extracts on potent odorants in cooked beef. Meat Sci. 94: 170-176. 

Lee, H., Kim, H., Cadwallader, K.R., Feng, H. and Martin, S.E. 2013. Sonication in combination with 
heat and low pressure as an alternative pasteurization treatment --- Effect on Escherichia coli Kl2 
inactivation and quality of apple cider. Ultrasonics Sonochemistry 20(4): 1131-1138. 

Lapsongphon, N., Cadwallader, K.R., Rodtong, S., and Yongsmvatdigul, J. 2013. Characterization of 
protein hydrolysis and odor-active compounds of fish sauce inoculated vvith Virgibacillus sp. SK37 under 
reduced salt content. J. Agric. Food Chem. 61. 6604-6613. 

Suppavorasatit, I., Lee, S.-Y. and Cadwallader, K.R. 2013. Effect of enzymatic protein deamidation on 
protein solubility and flavor binding properties of soymilk. J. Food Sci. 78: C l-C7. 

Suppavorasatit, l. and Cadwallader, KR 2012. Effect of enzymatic dearnidation of soy protein by potein­
glutaminase on the flavor-binding properties of the protein under aqueous conditions. J. Agric. Food 
Chem. 60: 7817-7823. 
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Kaewka, K., Theerakulkait, C. and Cadwallader, KR. 2011.Effect of drying and proline addition on 
aroma volatile compounds of acid-hydrolyzed rice bran protein concentration. International J. Food Sci. 
Technol. 46: 1654-1660. 

Lafond, S., Jerrell, JP., Artz, W.E. and Cad-vvallader, K.R 2011 Fom1ation of 4-hydroxy-2-(E)-nonenal 
in a com-soy oil blend: A controlled heating study using a French fried potato model. J. Am. Oil Chem. 
Soc. 88: 763-772. 

Suppavorasatit, I., Gonzales de Mejia, E. and Cadv,iallader, KR 20] 1. Optimization of the enzymatic 
deamidation of soy protein by protein-glutaminase and its effect on the functional properties of the 
protein. J. Agric. Food Chem. 59: 11621-11628. 

Lee, J.-W., TI1omas, L.C., Jerrell, J., Feng, H., Cadwallader, K.R and Schmidt, SJ 2010. Investigation of 
thennal decomposition as the kinetic process that causes the loss of crystalline structure in sucrose using a 
chemical analysis apprQ.ach (Part. H) J. Agric. Food Chem. 59: 702-712. 

Kaewka, K, Theerakulkait, C. and Cadwallader, K.R. 2009. Eflect of preparation conditions on 
composition and sensory aroma characteristics of acid hydrolyzed rice bran protein concentrate. J. Cereal 
Sci. 50: 56-60. 

Kim, H., Cadwallader, KR, Jeong, E.-J. and Cha, Y.-J. 2009. Effect of refrigerated and thennal storage 
on the volatile profile of commercial aseptic Korean soymilk. J. Food Sci. Nutr. 14: 76-85. 

Watcharananun, W, Cadwallader, KR., Huangrak, K Kim, H. and Lorjaroenphon, Y. 2009. 
Identification of predominant odorants in Tiiai desserts flavored by smoking with "tian op'', a traditional 
Thai scented candle. J. Agric. Food Chem. 57: 996-1005. 

Radadia, A., Masel, RI., Shannon, M.A., Jerrell, J.P and Cadwallader, KR. 2008. Micromachined GC 
columns for fast separation of organophosphonate and organosulfor compounds. Anal. Chem. 80: 4087-
4094. 

Song, H., Cadwallader, K.R., and Singh, TK. 2008. Odour-active compounds in Jinhua ham. Flavour 
Fragr. J 23: 1-6. 

Stetzer, A.J., Cadwallader, K., Singh, T.K., McKeith, F.K and Brewer, M.S. 2008. Effect of 
enhancement and ageing on flavor and volatile compounds in various beef muscles.J. Meat Sci. 79: 13-
19. 

Rotsatchakul, P, Chaiseri, S. and Cadwallader, KR 2008. Identification of characteristic aroma 
components of Thai fried chili paste. J. Agric. Food Chem. 56: 528-536. 

Song, H. and Cadwallader, KR. 2007. Aroma components of American country ham. J. Food Sci. 73: 
C29-C35. 

Lozano, PR., Miracle, E.R., Krause, A.J, Drake M.A. and Cadwallader, KR 2007. Effect of cold 
storage and packaging material on the major aroma components of sweet cream butter. J. Agric. Food 
Chem. 55: 7840-7846. 

Janmrattanasri, A, Theerakulkait, C. and Cadwallader, K.R 2007. Aroma components of acid­
hydrolyzed vegetable protein made by partial hydrolysis of rice bran protein. J. Agric. Food Chem. 55: 
3044-3050. 
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Lozano, P.R., Drake, M.A., Benitez, D. and Cadwallader, K.R. 2007. Instrumental and sensory 
characterization of heat-induced odorants in aseptically packaged soy milk. J. Agric. Food Chem. 55: 
3018-3050. 

NL Z., Jerrell, J.P., Cad-vvaHader, K.R. and MaseL RI. 2007. Metal-organic frameworks as adsorbents for 
trapping and preconcentration of organic phosphonates. Anal. Chern. 79: 1290-1293. 

Ugarte-Romero, E., Feng, H., Martin, S., Cadwallader, KR. and Robinson, S. 2006. Inactivation of 
Escherichia coli \vith power ultrasound in apply cider. J. Food Sci. 71(2): El02-108. 

Zhou, Q., Lee, S.-Y. and Cadwallader, K.R 2006. Inverse gas chromatographic evaluation of the 
infiuence of soy protein on the binding of selected butter flavor compounds in a wheat soda cracker 
system. J. Agric. Food Chem. 54: 5516-5520. 

Zhou, Q and Cadwallader, K.R. 2006. Effect of flavor compound chemical structure and environmental 
relative humidity on the binding of volatile flavor compounds to dehydrated Soy protein isolates. J. Agric. 
Food Chem. 54: 1838-1843. 

Bohn DIV1, Cadvvallader KR, and Schmidt SJ. 2005. Development and validation of a dynamic vapor 
sorption-fast gas chromatography-flame ionization detection method for rapid analysis of volatile release 
from glassy mat1ices. J. Agric. Food Chem. 53: 3149-3155. 

Bohn DM, Cadwallader Kl~ and Schmidt SJ. 2005. Use of DSC, DVS-DSC, and DVS-fast GC-FID to 
evaluate the physicochemical changes that occur in artificial cherry Durarome(F.) upon humidification. J Food 
Sci. 70(2): El 09-l 6. 

Canrnchia-Whetstine, M.E., Cadwallader, KR. and Drake, MA 2005. Characterization of aroma compounds 
responsible forrosey/floral flavor in Cheddar cheese. J. Agric. Food Chern. 53: 3126-3132. 

Singh, T.K., Yow1g, N.D., Drake, KR. and Cadwallader, K.R. 2005. Production and sensory characterization 
ofa bitter peptide from beta-casein. J. Agric. Food Chem. 53: 1185-1189. 

Alasalvar, C., Odabasi, AZ., Demir, N., Balaban, M.O., Shahidi, F. and Cadwallader, K.R. 2004. Volatiles 
and ±favor of five Turkish hazelnut varieties as evaluated by descriptive sensory analysis, electronic nose, and 
dynamic headspace analysisigas chromatography-mass spectrometry. J. Food Sci. 69:99-106. 

Avsar, Y.K, Karagul-Yuceer, Y., Drake, M.A., Singh, T.K, Yoon, Y. and Cadwallader, KR 2004. 
Characte1ization of nutty flavor in Cheddar cheese. J. Dairy Sci. 87: 1999-20 l 0. 

Brisske, L.K., Lee, S.-Y., Klein, B.P., Cadwallader, K.R. 2004. Development of a prototype high-energy, 
nutrient dense food product for emergency relief. J. Food Sci. 69(9): S361-S367. 

Zhou, Q and Cadwallader, KR 2004. inverse gas chromatographic method for measurement of 
interactions between soy protein isolate and selected flavor compounds under controlled relative 
humidity. J. Agric. Food Chem. 52: 6271-6277. 

Zhou, Q., Guthrie, B. and Cadvvallader, K.R. 2004. Development of a system for measurement of 
pem1eability of aroma compounds through multilayer polymer films by coupling dynamic vapor sorption 
with purge-and-trap/fast gas chromatography Packaging TeclmoL Sci. l 7: 175-185. 
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Singh, T.K., Drake, M.A. and Cadwallader, K.R. 2003. Flavor of Cheddar cheese: A chemical and 
sensory perspective. Comprehensive Reviews in Food Science and Food Safety (CRFSFS) 2: 139-162. 

Karagul-Yuceer, Y., Vlahovich, KN., Drake, MA and Cad-vvallader, KR. 2003. Characteristic aroma 
components of rennet casein. J. Agric. Food Chem. 51: 6797-6801. 

Karagul-Yuceer, Y., Drake, M.A. and Cadwallader, K.R. 2004. Evaluation of the character-impact odorants 
in skim milk powder by sensory studies on model mixtures. J. Sensory Stud. 19: 1-] 4. 

Kiatsrichatt, S., Brewer, M.S., Cadwallader, KR and Artz, W.E 2003. Pan frying stability ofNuSun oil, a 
mid-oleic sunfloweroil. J. Am. Oil. Chem. Soc. 80(5): 479-483. 

Alasalvar, C., Shahidi, F. and Cadwallader, K.R. 2003. Comparision of natural and roasted Turkish 
Tombul hazelnut (Corylus avellana L.) volatiles and t1avor by DHA/GC/MS and descriptive sensory 
analysis. J Agric. Food Chem. 51( 17): 5067-5072. 

Drake, M.A., Karagul-Yuceer, Y., Cadwallader, KR., Civille, G.V., and Tong, P.S. 2003. Detem1ination of 
the sensory attributes of dried milk powders and dairy ingredients. J. Sensory Studies 18(3): 199-216. 

Karagul-Yuceer, Y., Drake, M.A. and Cadvvallader, K.R. 2003. Aroma-active components ofliquid Cheddar 
whey. J. Food Science 68(4): 1215-1219. 

Drake, M.A., Gerard, P.D., \:\,rright, S., Cadwallader, KR., and Civille, G.V. 2002. Cross validation of a 
sensory 1.:mguage for Cheddar cheese. J. Sensory Studies 17: 215-227. 

Karagul-Yuceer, Y., Cadwallader, K.R. and Drake, l\ii.A. 2002. Volatile flavor components of stored nonfat 
dry milk. J. Agric. Food Chem. 50(2): 305-312. 

Wu, Y.-F.G. and Cadwallader, K.R. 2002. Characterization of the aroma of a meat-like process ±favoring 
from soybean-based enzyme-hydrolyzed vegetable protein. J. Agric. Food Chem. 50(]0): 2900-2907. 

Zhou, Q., Wintersteen, C.L. and Cad-vvallader, KR 2002. Identification and quantification of aroma-active 
components that contribute to the distinct malty flavor of buckwheat honey. J. Agric. Food Chem. 50(7): 
2016-2021. 

Baek, H.H., Kim, C.J., Ahn, B.A., Nam, H.S., Cadwallader, K.R. 2001. Aroma extract dilution analysis of 
a beeflike process t1avor from extruded enzyme-hydrolyzed soybean protein. J. Agric. Food Chem. 49(2): 
790-793. 

Drake, M.A., Mcinvale, S.C., Gerard, P.D., Cadwallader, K.R. and Civille, G.V. 2001. Development of a 
descriptive language for Cheddar cheese. J. Food Sci. 66(9): ] 422-1427. 

Lee, G.H., Suriyaphan, 0., Cadwallader, K.R 2001. Aroma components of cooked tail meat of Ame1ican 
lobster (Homarus americanus). J. Agric. Food Chem. 49(9): 4324-4332. 

Karagul-Yuceer, Y., Drake, M.A. and Cadwallader, K.R. 2001. Aroma-active components of nonfat dried 
milk. J. Agric. Food Chem. 49(6): 2948-2953. 

Suriyaphan, 0., Drake, M.A., Chen, X.Q., Cadwallader, K.R. 2001. Characteristic aroma components of 
British Farn1house Cheddar cheese. J. Agric. Food Chem. 49(3): 1382-1387. 
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Suriyaphan, 0 ., Cadwallader, KR, Drake, M.A. 2001. Lecithin associated flavors m fermented dairy 
products. J. Food Sci. 66(4): 517-523. 

Suriyaphan, 0., Drake, M.A., Cad-vvallader, KR 2001. Lipid oxidation of deoiled soy lecithin by lactic acid 
bacteria. Lebensm.-\:\,riss. u.-Technol. 34: 462-468. 

Yoo, S.K, Day, D.F., and Cadwallader, KR. 2001. Bioconversion of a- and f3-pinene by Pseudomonas sp. 
strain PIN. Process Biochem. 36: 925-932. 

Wu, Y.-F, Baek, H.H. and Cadwallader, K.R. 2000. Development of a meatlike process flavoring from 
soybean-based enzyme-hydrolyzed vegetable protein. J. food Sci. 65: 1220-1227. 

Kim, D.S., Baek, H.H., Alm, C.B., Byun, D.S., Jung, KJ., Lee, H.G., Cadwallader, KR, Kim, H.R. 2000. 
Development and characterization of a flavoring agent from oyster cooker effiuent. J. Agric. Food Chem. 48: 
4839-4843. 

Bergman, CJ., Delgado, J.T., Bryant R, Grimm, C., Cadwallader, KR and \Vebb, BD. 2000. A rapid gas 
chromatographic technique for quantifying 2-acetyl-l-pyrroline and hexanal in rice (Oryza sativa, L.). Cereal 
Chem. 77(4): 454-458. 

Baek, I-LH. and Cadwallader, KR 1999. Contribution of free and glycosidically bound volatile compounds 
to the aromaofnrnscadinejuice. J. Food Sci. 64: 441-444. 

Baek, H.H. and Cadwallader, K.R. 1999. Optimization of the enzyrnatic hydrolysis of crab processing by­
products using FlavourzymerM_ Food Sci. Biotechnol. 8: 43-46. 

Drake, IVLA. Karagiil-Yilceer, Chen, X.Q., and Cadwallader, KR 1999. Characterization of desirable and 
undesirable lactobacilli from cheese in fomented milk. Lebensm-Wiss. u.-Tedmol. 32: 433-439 

Suriyaphan, 0., Drake, M.A., Cadwallader, KR 1999. Identification of volatile off-flavors in reduced-fat 
Cheddar cheese containing lecithin. Lebensm-Wiss. u.-Technol. 32: 250-254. 

Baek, H.H and Cadwallader, K.R. 1998. Roasted chicory aroma evaluation by gas chromatographyimass 
spectrometry/olfactornet:ry. J. Food Sci. 63: 234-2.37 

Cha, Y.J., Kim, H., and Cadwallader, KR 1998. Aroma-active compounds in Kimchi during fermentation. J. 
Agric. Food Chem. 46: 1944-1953. 

Cha, Y.J. and Cadwallader, KR. 1998. Aroma-active compounds in skipjack tuna sauce. J. Agric. Food 
Chem. 46: 1123-1128. 

Tan, Q., Day, D.F., and Cadwallader, KR. 1998. Bioconversion of (R)-(+)-limonene by P. digitatum (NRRL 
1202). Process Biochem. 33: 29-37. 

Baek, H.H, Cadwallader, KR, Marroquin, E., and Silva, J.L. 1997. Identification of predominant aroma 
compounds in muscadine grape juice. J. Food Sci. 62: 249-252. 

Baek, H.H. and Cadwallader, KR 1997. Aroma volatiles in cooked alligator meat. J. Food Sci. 62: 321-
325. 
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Baek, H.H. and Cadwallader, K.R. 1996. Volatile compounds in flavor concentrates produced from 
crayfish-processing byproducts vvith and without protease treatment. J. Agric. Food Chem. 44: 3262-
3267. 

Andrews, L.S., Cadwallader, K.R., Grodner, RM., and Chung, H.Y. 1995. Microbial and sensory quality of 
ground ginger as affected by ganuna irradiation. J. Food Sci. 60: 829-832. 

Baek, H.H. and Cadwallader, KR 1995. Enzymatic hydrolysis of crayfish processing by-products. J. Food 
Sci. 60: 929-935. 

Cadwallader, K.R., Tan, Q., Chen, F., and Meyers, S.P. 1995. Evaluation of the aroma of cooked spiny 
lobster tail meat by aroma extract dilution analysis. J. Agric. Food Chem. 43: 2432-2437. 

Cha, Y.J. and Cadwallader, K.R. 1995. Volatile components in salt-fem1ented fish and shrimp pastes. J. Food 
Sci. 60: 19-24. 

Chung, HY., Chen, F., and Cadwallader, K.R. 1995. Cooked blue crab claw meat aroma compared with 
iwnp meat. J. Food Sci. 60: 289-291, 299. 

Cadwallader, K.R. and Xu, Y. 1994. Analysis of volatile components in fresh grapefruit juice by purge and 
trapigas chromatography. J. Agric. Food Chem. 42: 782-784. 

Chw1g, H. Y. and Cadwallader, K.R. 1994. Aroma extract dilution analysis of blue crab claw meat volatiles. J. 
Agric. Food Chem. 42: 2867-2870. 

Kim, H.R, Baek, HJ-L Cadwallader, K.R, Meyers, S.P., and Godber, J.S. l 994. Improved flavor 
extractibility from crab waste using the hepatopancreatic enzyme of crawfish, Procambarus clark:ii. J. Food 
Sci. 59: 91-96. 

Cha, Y.J., Cadwallader, K.R., and Baek, H.H. 1993. Volatile flavor components in snow crab cooker effluent 
and effluent concentrate. J. Food Sci. 58: 525-530. 

Chung, HY. and Cadvvallader, KR 1993. Volatile components in blue crab ( Cal!inectes sapidus) meat and 
processing by-product. J. Food Sci. 58: 1203-1207, 1211. 

Braddock, R.J. and Cadwallader, K.R. 1992. Citms by-products manufacture for food use. Food Technol. 
46(2): 105-110. 

Cadwalladec KR.. Braddock, R.J and Parish, M.E. 1992. Isolation of a-terpineol dehydrat1,se from 
Pseudomonas gladioli. J. Food Sci. 57: 241-244, 248. 

Cadwallader, K.R., Braddock, R.J., Parish, IVI.E. and Higgins, D.P. 1989. Bioconversion of (+)-limonene by 
Pseudomonas gladioli. J. Food Sci. 54: l 24]-l 245. 

Braddock, R.J., Temelli, F and Cadwallader, KR 1986. Citrus essential oils - a dossier for materials safety 
data sheets. Food Technol. 40( 11): 114-116. 
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Other Publications (UTUC, 2000-present) 

Cadwallader, KR., Hansch, B. and Yin, Y. 2015. Quest for stability of 2-acetyl-1-pyrroline: The key 
odorant in aromatic rice and pandan. Proceedings: FlAC 20] 5 "Innovative ASEAN food research towards 
the world:' Bangkok, 111ailand, June 18-19, pp. 560-567. 

Cadvvallader, K.R., Klein, H.P., Khanna, P., Chen, D., Nash, IVL, Puzey, IVL and Sullivan, C.L. 2005. 
Around the World with Soy. Illinois Center for Soy Foods, University of Illinois, University Board of 
Tmstees, Urbana, IL. 

Singh, T.K., Cadwallader, K.R., and Drake, M.A. 2005. Cheddar cheese flavour. Cheesev..,orks Volume 9, 
number 4. (A publication of the Australian Cheese Technology Program.) 

Cadwallader, K.R., Klein, H.P., Sullivan, C.L., Nash, M., Khanna, P. and Weingartner, K.E. 2004. Soy jar 
the Last A1inute Chef Ulinois Center for Soy Foods, University of illinois, University Board of Trustees, 
Urbana. IL. 

Klein, B.P., Cadwallader, K.R., Chen, D., Khanna, P., Sullivan, C.L. and Weingartner, K.E. 2003. Baking 
with ,"'i'oy. Illinois Center fi.)r Soy Foods, University of Illinois, University Board of Trustees, Urbana, IL. 

Klein, B.P, Cadwallader, KR., Chen, D., Khanna, P., Sullivan, C.L. and Weingartner, KE. 2002. 
Textured Vegetable Protein in the American Kitchen. Illinois Center for Soy Foods, University of IHinois, 
University Board of Tmstees, Urbana., 1L. 

Klein, B.P., Cadwallader, K.R., Chen, D., Khanna, P. and Weingartner, K.E. 2002. To/it in the American 
Kitchen. Ulinois Center for Soy Foods, University of Illinois, University Board ofTmstees, Urbana, IL. 

Miller, G.Y., Robeit M.J., Maghirang, R.G., Riskowski, GL, Heber, A.J, and Cadwallader, K.R. 
Characterization of odor and gas emitting potential from mechanically ventilated deep and shallow pit 
svvine finishing buildings in Illinois. In Livestock Environment VI: Proceedings of the 6th International 
Symposium (21-23 II.fay 2001, Louisville, Kentucky, USA), Stowell, R.R., Bucklin, R. and Bottcher, 
R.W., Eds., May 21,200], pp. 664-670, ASAE Publication Number 701P0201. 

Invited Talks 

Cadwallader, KR., Yin, Y ., Hausch, B. and Chen, F. 2016. Assuring accuracy in the quantitation 
of the unstable odornnt 2-acetyl- l-pyrroline in arornatic rice. ACS Symposium: Flavor Stabilizv: 
Chemical Chmixes m Flavor lvfo!ecules, Food-Flavor Afatrix Interactions, ];Javor 
Encapsulation. 2521:d Americal Chemical Society J'vieeting. Philadelphia, PA, August 21-25. 

Cadwallader, KR. 2016. Occurrence, formation and stabilization of the potent odorant 2-acetyl­
l-pyrroline. l'Vleeting of the Illinois Heartland Local Section of the Arnerican Chemical Society,, 
Bloomington, IL, May 16, 2016. 

Jckes, C. and Cadwallader, K.R. 2016. Characterizing aroma components of rum. ACS 
Symposium: Flavor Chemistry of Alcoholic Beverages. 251 st American Chemical Society 
Meeting, San Diego, CA, March 13-17. 
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Cadwallader, K.R., Hausch, 13. and Yin, Y. Quest for stability of 2-acetyl-1-pyrroline: TI1e key odorant in 
aromatic rice and pandan. l ih Food Innovation Asia Conference 2015, Bangkok, Thailand, June 18-19. 

Ickes, C. and Cadwallader, KR 2015. Understanding the effects of ethanol-flavor interactions on flavor 
perception in alcoholic beverages. ACS Symposium: Challenges in Applied Flavor Sciences. ACS 
National Meeting, Boston, MA, August 16-20, AGFD paper no. 297. 

Pang, X., Wu, J. and Cadwallader, KR. 2014. Identification of predominant contributors to off-odors 
fonned in thennally processed melon juice. ACS Symposium: Chemical Changes During Processing. 
248th American Chemical Society Meeting, San Francisco, CA, August 10-14. AGFD paper no. 177. 

Cadwallader, K.R. and Lapsongphon, N. 2012. Identification of key odorants in fish sauce. US-Korea 
Conference (UKC) 2012, Los Angeles, August 8-11. 

Fang, l\ii. and Cad\vallader, K.R. 201]. Convenient synthesis of stable deuterium labeled alkyl pyrazines 
for use in stable isotope dilution assays. ACS Symposium: Recent Advances in Ana~ysis of Food Flavors. 
242nd American Chemical Society Meeting, Denver, CO, August 28 - September J, 201 l, AGFD paper 
no. 11. 

Hausch, B. and Cadwallader, K.R. 2010. Flavor chemistry oflemon-lime flavored carbonated beverages. 
ACS Symposium: Symposium Honoring Prof Terry E. Acree on the Occasion of His 70th Year. 240th 

ACS National Meeting, Boston, MA, August 22-26, AGFD paper no. 40. 

Lahne, J. and Cadwallader, K.R. 2010. Streamlined analysis of potent odornnts in distilled alcoholic 
beverages. ACS Symposium: flavor Chemistry of Alcoholic Beverages. 240th ACS National Meeting, 
Boston, MA, August 22-26, AG-FD paper no. 106. 

Cadvvallader, K.R. and Kim, H. 2010. Flavor chemistry of fish sauce. ACS Symposium: Fermented 
Foods. 239th ACS National Meeting, San Francisco, CA March 21-25, AGFD paper no. 112. 

Cadvvallader, K.R. 2010. Flavor chemistry of tree nuts. !FT Symposium: Nuts: Phytochemicals, Health 
I~Yfects and Flavor. IFT Annual Meeting and Food Expo, Chicago, IL, July 17-20, paper no. 054-05. 

Lozano, P.R. and Cadwallader, KR 2009. Effect of deamidation on binding of flavor compounds by 
dehydrated soy protein isolates. ACS Symposium: Food Proteins and Food-based Protein Chemistry 
23th ACS National Meeting, Finley, J ., organizer, Salt Lake City, UT, March 22-26. 

Cadvvallader, K.R. 2008. Sensory evaluation of aroma models fi.)r flavor characterization. Symposium in 
Honor of Ronald Buttery G. Kenneth Recipient of the 2008 S'pencer Award for Outstanding Achievement 
in Agricultural and Food Chemistry, Kansas City Section, American Chemical Society, Kansas City, 
MO, Oct 27. 

Cadvvallader, K.R. 2008. AGFD and 100 years of chemical research on grains and legumes. ACS 
Symposium: AGFD 100th Anniversary Symposium, Brine, C. and Tunick, M.H., organizers, 236th ACS 
National Meeting, Philadelphia, PA, August 17-21. 

Liu, Y and Cadwallader, K.R. 2008. Aroma components of "Carlos" muscadine (Vitis rotundtfblia Michx) 
grape juice. ACS Symposium: Flavor and Health Benefits of Small Fruits, Rimando, A.M. and Qian, 
M.C., organizers, 236th ACS National Meeting, Philadelphia, PA, August 17-21. 
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Lozano, P.R. and Cadwallader, KR. 2008. Flavor binding by soy proteins. ACS Symposium: Chemistry, 
Texture and Flavor of Soy, Cadwallader, K.R. and Chang, S. K. C. Chang, organizers, 236th ACS 
National Meeting, Philadelphia, PA, August 17-21. 

\Vatcharananun, W., Cadwallader, KR. and Huangrak, K. 2008. Predominant odorants in Thai desserts 
f1avored by smoking with tian op, a traditional ]11ai scented candle. ACS Symposium: Recent 
developments in .flavor chemistly, Cadwallader, KR, organizer, 235th ACS National Meeting, New 
Orleans, LA, Ap1il 6-10. 

Cadwallader, KR. Lozano, P.R. and Kim, H. 2007. Challenges in the isolation and identification of key 
aroma components of complex functional foods. ACS Syrnposium: Food Bwactlves and Nutraceutlcafs: 
Production, Chemistry, Analysis and Health Elfects.· ,):vmposium Honoring Fereidoon Shahidi, Rimando, 
AJ\L organizer. 234th ACS National Meeting, Boston, IVIA, August 19-23, AGFD Paper 92. 

Cook, S, Cadwallader, KR and Kim, H. 2007. Identification of key them1ally-derived odorants in cooked 
chicken liver. ACS Symposium: Thermal Generation olFlavors and Off-flavors, Ho, C.-T., Raghavan, S., 
McGorrin, RJ., organizers. 234th ACS National Meeting, August 19-23. AGFD Paper 206. 

Cadvvallader, KR., Lorjaroenphon, Y., Kim, H. and Lee, S-Y. 2007. Evaluation of key odorants in 
chipotle pepper by quantitative analysis, calculation of odor-activity values and omission studies. 8th 

Wartburg Symposium on Flavor Chemistry & Biology, Eisenach, Gennany, Febrnary 28 - 1v1arch 2. 

Cadwallader, K.R. 2007. Protein-based functional beverages and flavoring considerations. ln IFT 
Symposium: Functional Beverages and Human Health. Annual Meeting of the Institute of Food 
Technologists, Chicago, TL, July 28 - August l, Session-Paper 174-02. 

Cadwallader, K.R. 2006. Chemical and sensory characterization of food aroma: An academic approach. 
Meeting of the Society of Flavor Chemists, Chicago, IL, October 19. 

Cadwallader, K.R 2006. Flavor chemistry of fish and shellfish. ACS Symposium: Molecular Cuisine. 
(Tunick, M.H., Risch, SJ. and Johnson, S.C., organizers). 232nd ACS National Meeting, San Frnncisco, CA, 
September l 0-] 4, AGFD paper 61. 

Cadwallader, K.R. and Zhou, Q. 2006. Characteristic aroma components of tree nuts. ACS Symposiwn: 
Nutrition and Sensory Quality of Nuts. (Pattee, HE.; Shahidi, F.; Yu, L., organizers). 331st ACS National 
I\foeting, Atlanta, GA, March 26 -- March 30, AGFD paper 40. 

Cadwallader, KR. 2006. Modem techniques to characterize complex food flavor systems. International 
Symposium on Functional Food~, ATAM (Nutrition Society of Mexico) and Institute of Food Technologists, 
Mexico City, Mexico, August 17. 

Rotsachakul, P., Cadwallader, KR. and Chaiseri, S. 2005. Comparison of DHS and solvent extraction-SAFE 
for GCO-dilution analysis of key aroma components of Thai fried chili paste. ACS Symposium: Aroma­
active Compounds in Food~ and Reaction Flavors: Formation, A1easurement and Stability. (Ho, C.-T., 
Weerasinghe, D.K. and Cadwallader, KR, organizers). 330111 ACS National Meeting, Washington, DC, 
August 28 --- September 1, AGFD paper 9. 

Cadvvallader, KR., Bordignon, J.R., Wang, P. and Sugiharto, R. 2005. Identification of odorants responsible 
for off-flavor of com gluten meal. ACS Sy1nposi1m1: Grain-based Products: Health and Flavor, and Safety 
Aspects (Cad-vvallader, KR, Schieberle, P. and Morello, M.L organizers). 330th ACS National Meeting, 
Washington, DC, August 28 --- September 1, AGFD paper 167. 

[7 



Motif Exhibit 1148, Page 2963 of 3341

Case No.: IPR2023-00207 
U.S. Patent No. 10,039,306

Keith R. Cadwallader Supporting [)ocumentarion 

Cadwallader, K.R., Drake, M.A., Carw1chia-\Vhetstine, M.E. and Singh, T.J. 2005. Characterisation of 
Cheddar cheese flavour by sensory directed instrumental analysis and model studies. l 1th Weurman Flavour 
Research Symposium, Roskilde, Denmark, June 2 l -24. 

Gnadt, TA., Jasso, L. and Cadwallader, K.R. 2005. Characteristic aroma components of chipotle peppers. 
ACS Symposium: Chemistry and Flavor o(Hispanic Foods (de M~jia, E. and Tunick, M.H., organizers). 
229th ACS National Meeting, San Diego, CA, I\farch l 3-17. 

Lozano, P .R, Nicolalde, C.L. and Cadwallader, K.R 2005. Identification of characteristic aroma components 
of mate (flex paraguariensis) tea. ACS Symposium: Chemistry and F7avor of His]'Janic Food,· (de Mejia, E. 
and Tunick, M.H., organizers). 229th ACS National Meeting, San Diego, CA, March 13-17. 

Lecona-Uribe, S., Loarca-Pina, G., Arcila-Lozano, C.C. and Cadwallader, K.R. 2005. Chemical composition 
of essential oil from Mexican oregano. ACS Sy1nposium: Chemistry and Flavor of Hispanic Food\· (de 
Mejia, E. and Tunick, M.H., organizers). 229rJ, ACS National Meeting, San Diego, CA, March 13-17. 

Cadwallader, K.R Importance of sainple preparation technique on the composition of aroma extracts from 
fresh herbs. ACS Sympsosium: Challenges in Herb Research ·· Chemical Analysis and Quality (Ho, C.T. 
and Hwang, L.S., organizers). 22fh ACS National Meeting, Anaheim, CA, March 28-April l, 2004. 

Cadwallader, K.R., Jarunrattana<,ri, A. and Theerakulkait, C. 2003. Aroma components of HVP made from 
rice bran protein. ACS Symposium: Processed~eactwn Flavors, Ingredients and Intermediate Reactions. 
(Weerasinghe, D.K. and Sucan, M.K., organizers). 226h ACS National Meeting, New York, 1'.Y, September 
7-1 l. 

Cadvvallader, K.R and Pojjanapimol, S. 2003. Characteristic aroma components of the cilantro mimics. ACS 
Symposium: Natural Fkrvor and Fragrance Ingredients: c-:hemistry; Production and Application. (Frey, C. 
and Rouseff, R.L., organizers). 2261 ACS National Meeting, New York, NY, September 7-11. 

Cadwallader, K.R. Relating Cheddar cheese flavor to chemical components. !FT Symposium: F'!avor 
Chemistly of Dairy Products. (Drake, M.A, organizer). Annual Meeting of the Institute of Food 
Technologists, Chicago, IL, July 12-16, #52-5. 

Cadwallader, K.R., Pojjanapimol, S. ai1d Chaiseri, S. 2002. Heat-induced chai1ges in holy basil aroma 
components. ACS Symposium: Challenges in the Characterization ofFlavor Compound. (Deibler, K.D. and 
Delwiche, J., organizers). 224th ACS National Meeting, Boston, MA, August 18-22. 

Cadwallader, K.R., Zhou, Q. and Huda, M.S. 2002. Measuring flavor release from microencapsulants under 
controlled environmental conditions. ACS Symposium: Controlled Release Systems Ji.Jr Food~. (Shefer, S. 
and Yildiz, M.E., orgai1izers). 2231

d ACS National Meeting, Orlando, FL, April 7-11. 

Cadwallader, K.R, Brehart, D.M., Schmidt, SJ. and liuda, M.S. 2002. Volatile release from a sucrose 
encapsulated flavoring. IFT Symposium: Use of Carbohydrates fr;r Encapsulation and S'ustained Release. 
(Obanni, M. and Asquith, T.N., organizers). Annual Meeting of the Institute of Food Technologists, 
Anaheim, CA, Jw1e 15-19, #67-1. 

Cadwallader, K.R., Lopez, J.R. and Menke, S.D. 2001. Aroma components of vvines from Chardonel, a 
French-American hybrid grape vaiiety ACS Symposium: Chemi.wy and Flavor of Nutritional Beverages. 
(Shahidi, F. and Weerasinghe, D., organizers). 222nd ACS National Meeting, Chicago, IL, August 26-3 l. 
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Guthrie, B. and Cadvvallader, KR. 2001. Measuring flavor retention m dry food systems. IFT 
Symposium: Developments in the Analysis cf Complex Flavor ,s:vstems. (Cadvvallader, KR. and 
McGorrin, RJ., organizers). Annual IVfeeting of the Institute of Food Technologies, Nev,/ Orleans, LA, 
June 23-27. #76-2. 

Cadwalladec K.R. 2001. Use of SPME Technology to Evaluate Antioxidant Effectiveness. Symposium: 
Antioxidant Analysis, (Engeseth, NJ., organizer). 92nd AOCS Annual Meeting and Expo, Minneapolis, MN, 
May 13-16. 

Karagul-Yuceer,Y., Drake, M.A. and Cadwallader, KR 2001. Aroma characterization of fresh and stored 
nonfat dry milk. ACS Symposium. Freshness and Shelf-life of Foods. (\:\Teenen, H. and Cadwallader, K.R., 
organizers). 222nd ACS National Meeting, Chicago, IL, August 26-30. 

Cadvvallader, KR 2000. Flavor Chemistry of Saffron. Symposium: Carotenoid-Derived Aroma 
c:ompounds. (Winterhalter, P. and Rouseff, R., organizers). 219th ACS National Meeting, San Francisco, CA, 
March 26-30, paper #46 AGFD. 

Cadwallader, KR. 1999. Sample dilution analysis fix identification of aroma-impact components of edible 
oils. ACS Symposium: Advances in Gas Chromatography/O(factometly. (Leland, J., Acree, T.E., 
organizers). 2 l 8th ACS National l\iieeting, Nevv Orleans, LA, August 22-26. 

Cadwallader, KR. and Shahidi, F. 1999. Identification of potent odorants in seal blubber oil by direct them1al 
desorption-gas chromatography-olfactometry. ACS Symposiwn: Chemistry and Nutrition of HighZv 
Unsaturated Fc1tty Acids. (Shahidi, F. and Finley, J .W., organizers). 217th ACS National Meeting, Anaheim, 
CA March 21-25. 

Cadwallader, KR. and Hmvard, C.L. 1997. Analysis of aroma-active compounds in light-activated milk. 
ACS Symposium: Challenges m the isolation and Characterization of Flavor Compounds. (Mussinan, CJ. 
and Morello, F., organizers). 214th National Meeting of the American Chemical Society, Las Vegas, NV, 
September 7-11. 

Baek, H.-H. and Cadwallader, K.R 1996. Character-impact aroma compounds of crustacea. ACS 
Sy111posium: Fkrvor and Lipid Chemistry o_(Seafbods. (Shahidi, F. and Cadwallader, K.R., organizers). 21th 
National Meeting of the American Chemical Society, Orlando, FL, August 25-29. 

Cha, Y.J., Lee, G.H. and Cadwallader, K.R. 1996. Aroma-active compounds in salt-fermented anchovy. 
ACS Symposium: Flavor and Lipid Chemistry r~f 5,'eafhod\·. (Shahidi, F. and Cadwallader, KR., 
organizers). 2lihNational 1v1eeting of the American Chemical Society, Orlando, FL, August 25-29. 

Wang, H.-J., Cadwallader, K.R., Baek. H.H., D'Abrnmo, L.R. and Sullivan, J.A. 1996. Manipulating the 
flavor of crnstacea using postharvest seawater acclimation. ACS Symposium: Flavor and Lipid Chemistry 
of Seafoods. (Shahidi, F. and Cadwallader, K.R., organizers). 21th National Meeting of the Ame1ican 
Chemical Society, Orlando, FL, August 25-29. 

Cadwallader, K.R. and Howard, C.L. 1996. Characterization of saffron fiavor by aroma extract dilution 
analysis. ACS Symposium: Spices: flavor Chemistry and Antioxidant Properties. (Risch, S.J. and Ho, C.T., 
organizers). 211 th National IV1eeting of the A1nerican Chemical Society, New Orleans, LA, March 24-28. 

Cadwallader, KR., Baek, H.H., Chung, H.Y. and Moody, M.W. 1993. Contribution of lipid-derived 
components to the flavor of alligator meat. ACS Symposium: Lipids and Food Flavors. (Ho, C.T. and 
Hoffman, T.G., organizers). 205th National Meeting of the American Chemical Society, Denver, CO. 
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Braddock, R.J. and Cadwallader, K.R. 1993. Bioconversion of citrus d-limonene. Symposium paper 
presented at the 206th National IV1eeting of the American Chemical Society, Chicago, IL. 

Braddock, R.J. and Cadwallader, K.R. 1991. Citrns by-products manufacture for food use. Symposium paper 
presented at the 52nd Annual Meeting of the Institute of Food Technologists, Dallas, TX, June 1-5. 

Volunteered Abstracts 

Kelley, Land CadwalladeL K.R. 2016. ldentification and quantitation of potent odorants in spearmint 
oils.11 th Wartburg Syposium on Flavor Chemistry & Biology, Eisenach, Germany, June 21-24. 

IVkKenna, S. and Cadwallader, K.R. 2016. Identification and characte1ization of mint lactones: Trace­
kvel odor-important compounds in peppennint oil. lFT Annual 1v1eeting and Food Expo, Chicago, IL, 
July 17-19, paperno. PO2-020 

Ickes, C., Lee, S. and Cadwallader, K.R. Novel creation of mm flavor lexicon through the use ofweb­
based material. IFT Annual Meeting and Food Expo, Chicago, IL, July 17-19, paper no. P03-l l l 

Yu, L., Thomas, L., Yin, L, Jerrell, .L Cadwallader, K. and Schmidt, S. 2015. Impact on sucrose crystal 
composition and chemistry on its them1al behavior. lFT Annual Meeting and Food Expo, Chicago, IL, 
July 11-14, paper no. 046-093. 

Yu, L., Thomas, L., Yin, L, Jerrell, J., Cadvvallader, K. and Schmidt, S. 2015. Impact on sucrose crystal 
composition and chemistry on its them1al behavior. IFT Annual Meeting and Food Expo, Chicago, IL, 
July 11-14, paper 046-093. 

Cadvvallader, K.R. and Fang, IVL-C. 2014. A novel and attractive method for the stabilization of the potent 
odorant 2-acetyl-1-pyrroline. 14th Weurman Flavor Research Symposium, Cambridge, UK, September 
l 5- l 9. 

Donovan, J.D., Cadwallader, K.R. and Lee, Y. 2014. Improvement of protein microcapsule strncture and 
core retention through the use of inulin. IFT Annual Meeting and Food Expo, New Orleans, LA, June 20-
25, paper 181-01. 

Erten, E. and Cadwallader, K.R. 2014. Characterization of aroma components ofraw, dry roasted, and oil 
roasted almonds using solvent assisted flavor evaporation (SAFE) and aroma extract dilution analysis 
(AEDA). IFT Annual Meeting and Food Expo, New Orleans, LA, June 20-25, paper 206-26. 

Lu, Y., Lee, J., TI10mas, L., Jerrell, J., Cadwallader, K.R. and Schmidt, SJ. 2014. Investigating the 
them1al decomposition differences between beet and cane sugars using HPLC. IFT Annual IVfoeting and 
Food Expo, New Orleans, LA, June 20-25, paper 050-07. 

Rosales, E., Cadwallader, K.R. and Engeseth, N. 2014. Effoct of ultrasonic application on fatty acid 
composition and aroma compounds of dark chocolate. IFT Annual Meeting and Food Expo, New 
Orleans, LA, June 20-25, paper 206-94. 

Burnsides, E. and Cadwallader, K. 2012 Comparison of aroma compounds in rums and mm 
ethers. IFT Annual Meeting and Food Expo, Las Vegas, NV, paper no. 193-28. 
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Su, C., Padua, G. and Cadwallader, K. 2012. Zein applications in flavor encapsulation. IFT 
Annual Meeting and Food Expo, Las Vegas, NV, paper no. 228-23. 

Cadwallader, K.R., Rausch, B. and Lorjaroenphon, Y. 2011. Identification, characterization and 
relative aroma impact of 2,3-dehydro-1,8-cineol in lemon-lime flavored carbonated beverages. 
13th Weurman Flavor Research Symposium, Zaragoza, SPAIN, September 26-30. 

Suppavorasatit, I., de Mejia, E. and Cadwallader, K.R. 2011. Effect of enzyrnatic deamidation of 
soy protein isolate by protein-glutaminase on the functional properties of the protein. IFT Annual 
Meeting and Food Expo, New Orleans, LA, June 11-14, paper no. 236-57. 

Lapsongphon, N., Yongsawatdigul, J. and Cadwallader, KR. 2011. Aroma characterization of 
premium fish sauce. !FT Annual Meeting and Food Expo, New Orleans, LA, June 11-14, paper 
no. 236-61. 

Tinchan, P., Chaiseri, S. and Cadwallader, K.R 2011. Quantification of 8-lactones in canned 
coconut milk by stable isotope dilution assay-GC-MS. IFT Annual Meeting and Food Expo, 
New Orleans, LA, June 11-14, paper no. 236-64. 

Lorj aroenphon, Y. and Cadwallader, K.R. 2011. Identification of potent odorants in cola flavored 
carbonated beverages. IFT Annual Meeting and Food Expo, New Orleans, LA, June 11-14, paper 
no. 236-73. 

Gao, Y, Cadwallader, K.R and Schmidt, SJ. 2011 Investigating the chemical and physical 
stability of glass encapsulated spray-d1ied flavors stored below their glass transition 
temperatures. IFT Annual Meeting and Food Expo, New Orleans, LA, June 11-14, paper no. 
290-18 

Lee, H, Kim, H, Cadwallader, K.R and Feng, H. 2011. Analysis of aroma compounds of apple 
cider treated by thermal-pasteurization, manosonication, thermosonication, and 
manothermosoiication. IFT Annual Meeting and Food Expo, New Orleans, LA, June 11-14, 
paper no. 293-14. 

Cadwallader, KR. 2010. Potent odorants in soymilk as affected by processing and storage. 
Nutraceutical.s·, Ingredients, C'hallenges, Formulations, Flavours and Health Effects. 
International Conference, Exhibition and Short Course on Nutraceuticals and Functional Foods, 
Denpasar, Bali, Indonesia, October 11 -- 12, paper no. 92. 

Genthner, E.R. and Cadwallader, K.R. 2010. Characterizing aroma components of fresh-cut 
watermelon. 9t11 Wartburg Syrnp. on Flavor Chemistry & Biology, Eisenach, Germany, April 13-16. 

He, Y , Garces, M , Toshkov, S , Kim, H., Cadwallader, KR, Engeseth, N, Parker, T. and Jackson, M. 
2010. Impact of irradiation processing on papaya nectar flavor. lFT Annual Meeting and Food Expo, 
Chicago, IL July 17-20, paper no. 188-11 

Kim, H. and Cadwallader, K.R. 2010. Comparison of key odorants between commercial aseptic Korean 
and American soy milks. IFT Annual IV1eeting and Food Expo, Chicago, IL, July 17-20, 188-05 
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Tinchan, P., Chaiseri, S. and Cadwallader, K.R. 2010. Changes in the volatile profile of canned coconut 
milk during storage. IFT Annual Il.foeting and Food Expo, Chicago, IL, July 17-20, 188-14. 

Cadwallader, KR 2009. Flavor challenges in functional and nutraceutical beverages. International 
Conference and Exhibition on Nutraceuticals and Functional Foods 2009, International Society for 
Nutraceutica!s & Functional Foods, San Francisco, CA, October 31-November 4, paper 87. 

Lafond, S., Cadwallader, K. and Artz, W. 2009. The fom1ation of 4-HNE in frying oils: A 
controlled study using a French fry model. 110th AOCS Annual Meeting & Expo, Orlando, FL, May 
3-6. 

Choi, I.-S., Kirn, H. and Cadwallader, K.R. 2009. Cornparison of the arorna components between 
dairy and soy yogurt. Annual Meeting of the Institute of Food Technologists, Anaheim, CA, June 6-9, 
#024-02. 

Lorjaroenphon, Y ., Moy, M., Rosales, E. and Cadwallader, K.R. 2009. ldentification of the key aroma 
components of fresh and baked Bartlett pear. Annual Meeting of the Institute of Food Technologists, 
Anaheim, CA, June 6-9, #057-15. 

Lozano, P.R. and Cadwallader, K.R. 2009. Effoct of nonenzymatic deamidation of soy protein isolate on the 
binding of selected flavor compounds. Annual Meeting of the Institute of Food Technologists, Anaheim, CA, 
June 6-9, #024-12 

Lozano. P. and Cadvvallader. K. 2008. Binding interactions of selected sulfur compounds with soy protein 
isolate under controlled relative humidity. Annual Meeting of the Institute of Food Technologists, New 
Orleans, LA, June 28 - July l, #006-12. 

Carrasco Hernandez, G. and Cadwallader, K.R. 2008. Headspace reduction by different terpenoids of the 
main volatile sulfur compounds responsible for garlic breath. Annual Meeting of the Institute of Food 
Technologists, New Orleans, LA, June 28 - July l, #006-24. 

Waimaleongora-Elk, P, Herrera Corredor, J., Prinyawiwatkul., W., Suvanich, V. and Cadwallader, K. 
Sensory attributes driving acceptance and purchase intent of watermelon juice containing no added sugar. 
Annual Meeting ofthe Institute of Food Technologists, New Orleans, LA, June 28 --July l, #138-12 

Cadwallader, K.R. and Puangpraphant, S. 2008. Changes in the aroma components of pecans during roasting. 
12th Weunnan Flavour Research Symposium, Interlaken, Switzerland, July 1-4 

Kim, H., Cadwallader, K.R. and Kido, H. 2008. Effect of commercial rosemary extract powders on 
formation of lipid-derived odorants in cooked pork sausages during cold storage. 235th ACS National 
Meeting, Nevv Orleans, LA, April 6-10. 

Carrasco, G. and Cadwallader, K.R. 2007. Mechanism of action of rnenthone in an1ehorating oral cavity 
malodor caused by consumption of garlic. 234th ACS National Meeting, Boston, :MA, August 19-23. 

Lozano, P.R., Miracle, E.R., Krause, A.J. and Drake, M.A. 2007. Effect of cold storage and packaging 
material on the major aroma components of svveet cream butter. 234th ACS National Meeting, Boston, MA, 
August ] 9-23. 
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G-nadt, TA., Lee, S.-Y. and Cadwallader, K.R 2007. Effects of commercial masking agents and lactones 
on soymilk aroma and flavor. Annual IV1eeting of the Institute of Food Technologists, Chicago, IL, July 
28 -August 2, #4-224. 

Hong, L., Sajuti, S.C. and Cadwallader, KR 2007. Identification of characteristic aroma components of 
Pomegranate (Punica granatum). Annual Meeting of the lnstitute of Food Technologists, Chicago, 1L, 
July 28 - August 2, #3-187 

IVfosca, C, Esgro, S. and Cadwallader, KR 2007. Flavor Characterization of unrefined shea butters. 
American Oil Chemists' Society's (AOCS) 98th Annual Meeting and Expo, Quebec City, QC, Canada, 
May 13-16. 

Andrae, L.M., Cadwallader, K.R and Engeseth, NJ. 2006. Flavor changes of stored dark chocolate by 
dynamic headspace sorption - gas chromatography/mass spectrometry Annual l\iieeting of the Institute of 
Food Technologists, Orlando, FL, June 24-28, #39F-12. 

Lozano, P. and Cadwallader, K.R and Drake, M.A. 2006. lnstrnmental and sensory characterization of 
heat-induced odorants in aseptic packaged soymilk. Annual Meeting of the Institute of Food 
Technologists, Orlando, FL, June 24-28, #39F-12. 

Gnadt, T.A., Jasso, L. and Cadvvallader, K.R 2005. Comparison of direct solvent extraction and dynamic 
headspace sampling for the analysis of characteristic aroma components of chipotle pepper. Annual 
Meeting of the Institute of Food Technologists, New Orleans, LA, July 16-20, # l 7D-34. 

Klein, B.P., Khanna, P., Cadvvallader, KR and Endres, J.IVL 2005. Reducing fat in school lunches by 
using soy-enhanced entrees. Annual Meeting of the Institute of Food Technologists, New Orleans, LA, 
July 16-20, #70E-27. 

Nowak, M.C., Singh, T.K. and Cadwallader, K.R. 2005. Identification of potent odorants in commercial 
hickory and mesquite liquid smoke. Annual Meeting of the Institute of Food Technologists, New Orleans, 
LA, July 16-20, # l 7D-36. 

Song, H. and Cadwallader, KR 2005. Aroma components of American country-style ham. Annual Meeting 
of the Institute of Food Technologists, New Orleans, LA, July 16-20, #17D-35 

Yu, X., Song, Y.S. and Cadwallader, K.R. 2005. Identification of the characteristic aroma components of 
commercial dried California bay leaves (Laurus nobilis L} Annual Meeting of the Institute of Food 
Technologists, New Orleans, LA July 16-20, #J7D-19. 

Zhou, Q. and Cadwallader, K.R. 2005. Application of IG-C for measurement of binding of volatile flavor 
compounds by soy proteins in low-moisture food systems. 229th ACS National Meeting, San Diego, CA, 
March 13-17. 

Bohn, D.1\1. Cadwallader, K.R. and Schmidt SJ. 2004. Kinetic analysis of benzaldehyde release in 
a1tificial cherry Durarome(R,1 upon humidification using dynamic vapor sorption-fast gas chromatography­
flame ionization detection. Annual Meeting of the Institute of Food Technologists, Las Vegas, NV, July 
12-16, #l 14B-27. 

Lopez, J.R., Cadwallader K.R and Menke, S.D. 2004. Menke Aroma-impact components of Illinois 
Frontenac wine. Annual Meeting of the Institute of Food Technologists. Las Vegas, NV, July 12-16, 
#83D-3. 
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Singh, T.K., Young, N.D., Drake, M.A., Cadwallader, KR. 2004. Production of a bitter peptide from 
casein and its sensory characterization. Annual Meeting of the Institute of Food Technologists, Las 
Vegas, NV, July 12-16, #17B-17. 

Ugarte-Romero, E.E. Feng, H, Martin, S.E. and Cadwallader, K.R. 2004. Power ultrasound as an 
alternative for apple cider pasteurization. Annual Meeting of the Institute of Food Technologists, Las 
Vegas, NV, July 12-16, #32-10. 

Yoon, Y., Carunchia-\Vhetstine, IVLE, Friedeck, KG., Drake, l\ii.A. and Cadwallader, KR 2004. 
Characterization of aroma-active compounds in fresh sweet cherry cultivars. Annual Meeting of the 
Institute of Food Technologists, Las Vegas, NV, July 12-16, #114B-3. 

Zhou, Q. and Cadvvallader, KR 2004. Investigation of flavor-soy protein interactions under controlled 
relative humidity by inverse gas chromatography (TGC). Annual Meeting of the Institute of Food 
Technologists, Las Vegas, NV, July 12-16, # 114B-2. 

Brisske, L.K, Lee, S.Y ., Klein, B.P. and Cadwallader, K.R. 2003 Consumer ratings of energy bars: Should 
the bar be raised? Annual Meeting of the Institute of Food Technologists, Chicago, IL, July 12-16, # l 2-2. 

Bohn, DJVL Cadwallader, KR and Schmidt SJ. 2003. Measurement of volatile release from an amorphous 
carbohydrate matiix as a fonction of relative humidity using dy11an1ic vapor sorption technology. Annual 
Meeting of the Institute of food Technologists, Chicago, 1L, July 12-16, # 12-2. 

Singh, T.K, Drake, M.A. and Cadwallader, K.R. 2003. Characterization of aroma components of Muenster 
cheese by aroma extrnct dilution and headspace dilution analyses. Annual Meeting of the Institute of Food 
Technologists, Chicago, TL, July l 2-16, #71-3. 

Suriyaphan, 0., Zhou, Q. and Cadwallader, K.R 2003. Identification of key aroma components of Piper betel 
L. leaf. Annual Meeting of the Institute of Food Technologists, Chicago, 1L, July 12-16, #45C-16. 

Drake, M.A., Karagul-Yuceer, Y., Civille, G.V., Cadwallader, K.R. and Tong, P.S. 2002. Development of 
a descriptive sensory language for milk powders. Annual Meeting of the Institute of Food Technologists, 
Anaheim, CA, June 15-19, #100D-2. 

Karagul-Yuceer, Y., Drake, M.A. and Cadwallader, KR. 2002. Evaluation of the character-impact 
odorants in nonfat dried milk by sensory studies on model mixtures. Annual Meeting of the Institute of 
Food Technologists, Anaheim, CA June 15-19, #12-JO. 

Karagul-Yuceer, Y, Vlahovich, K, Drake, 1\1.A. and Cadwallader, KR 2002. Compounds responsible 
for musky off-odor of rennet casein. Annual Meeting of the Institute of Food Technologists, Anaheim, 
CA, June 15-19, #lSB-12. 

Karagul-Yuceer, Y, Cad\vallader, KR and Drake, IVLA. 2002. Odor-active compounds of liquid whey. 
Annual Meeting of the Institute of Food Technologists, Anaheim, CA June 15-19, #6JB-4. 

Pojjanapimol, S., Chaiseri, S. and Cadwallader, K.R. 2002. Aroma components of distilled essential oil of 
Holy basil. Annual Meeting of the Institute of Food Technologists, Anaheim, CA, June 15-19, #6lB-12. 

Zhou, Q., Cadwallader, KR and Guthrie, B.D. 2002. Simultaneous measurement of pem1eability of 
aroma compound mixtures through polymer packaging films. Annual Meeting of the Institute of Food 
Technologists, Anaheim, CA, June 15-19, #lO0B-8. 
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Benitez, D. and Cadwallader K.R. 2001. Aroma-active components of Vietnamese coriander (Po!ygonum 
odoratum). Annual Meeting of the Institute of Food Technologists, New Orleans, LA, June 23-27, #88A-
14. 

Benitez, D., Kappes, S. and Cadwallader, K.R. 2001. Aroma of dried peaches. Annual Meeting of the 
lnstitute of Food Technologists, New Orleans, LA, June 23-27, #44C-34. 

Chen, D , Andrae, L., Suriyaphan, 0 , Weingmtner, K. and Cadv,iallader, K. 2001 . Characteristic aroma 
components of vegetable soybean (edamame). Annual Meeting of the Institute of Food Technologists, 
New· Orleans, LA, June 23-27, #88A-l 7. 

Drake, M.A., Gerard, P.D., Wright, S., Cadwallader, K.R. and Civille. G.V. 2001. Cross validation of a 
sensory language for Cheddar cheese. Annual Meeting of the Institute of Food Technologists, New 
Orleans, LA, June 23-27, #73G-19. 

Grady, J, Klein, B.P. and Cadwallader, KR. 2001. Bitterness and astringency thresholds for soy 
isoflavones. Annual Meeting of the Institute of Food Technologists, New Orleans, LA, June 23-27, #98-2. 

Karagul-Yuceer, Y, Cadwallader, K.R. and Drake, M.A. 2001. Identification of volatile off-flavor 
compounds of nonfat dried milks. Annual Meeting of the Institute of Food Technologists, Nevv Orleans, 
LA, June 23-27, #88A-3. 

Suvanich, V., Maciel-Pedrote, I., Cadwallader, K.R., Moser, E.B., "fllongthai, C. and Prinyawiwatkul, W. 
2001. Aroma indices of Southeast Asian fish sauces. Annual Meeting of the Institute of Food 
Technologists, New Orleans, LA, June 23-27, #73F-l6. 

Suvanich, V, Maciel-Pedrote, l., Cadvvallader, K.R., Moser, E.B., Thongthai, C. and PrinyawiwatkuL W. 
2001. Developnebt if fish sauces quantitative descriptive sensory aroma profile. Annual Meeting of the 
Institute of Food Technologists, New Orleans, LA, June 23-27, #73G-34. 

Zhou, X., Winterstein, C. and Cadwallader, K.R. 2001. Aroma of buckwheat honey. Annual Meeting of 
the Institute of Food Technologists, New· Orleans, LA, June 23-27, #88A-12. 

Zhu, L., Robbins, K. and Cadwallader, K.R. 2001. Effects of soy protein isolate on headspace aroma 
components of cooked ground beef patties. Annual Meeting of the Institute of Food Technologists, New 
Orleans, LA, June 23-27, #88A-l8. 

Drake, M.A., Mdngvale, S.C., Cadwallader, K.R. and Civille, G.V. 2000. Development of a descriptive 
language for Cheddar cheese. Book of Abstracts, Annual 1vieeting of the Institute of Food Technologists, 
Dallas, TX, June 10-14, #11-3. 

Suriyaphan, 0., Cadwallader, KR. and Drake, l\ii.A. 2000. Lipid oxidation of deoiled soy lecithin in 
fermented milk systems. Book of Abstracts, Annual l\iieeting of the Institute of Food Technologists, Dallas, 
TX, June 10-14, #14B-32. 

Cadwallader, K.R. and Ihongthai, C. 2000. Comparison of aroma-active headspace components of three 
types of fish sauces. Book of Abstracts, Annual Meeting of the Institute of Food Technologists, Dallas, TX, 
June l0-]4, #36-3. 
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Cheri, X.Q., Drake, M.A. and Cadwallader, K.R. 2000. Characteristic aroma components of English 
Fam1house Cheddar Cheeses. Book of Abstracts, Annual IV1eeting of the Institute of Food Technologists, 
Dallas, TX, June 10-14, #78C-4. 

Karagul, Y ., Drake, M.A. and Cadwallader, K.R 2000. Aroma-active components of nonfat dry milk 
powders. Book of Abstracts, Annual Meeting of the Institute of Food Technologists, Dallas, TX, June 10-14, 
#78C-6. 

Cadvvallader, K.R and Jung, J. l 999. Evaluation of wam1ed-over flavor in chicken wings by sensory and 
instrnmental methods. 6(/h Annual 1vieeting of the Institute of Food Technologists, Chicago, IL #50A-13, p. 
122. 

Wu, Y.F., Baek, H.H. and Cadwallader, K.R. 1999. Development of a meat-like process flavoring from 
soybean-based hydrolyzed vegetable protein. 60th Annual IVfeeting of the Institute of Food Technologists, 
Chicago, IL, #50A-9, p.121 

Suriyaphan, 0., Cadwallader, KR and Drake, M.A. 1999. Lecithin associated off-flavors in fem1ented dairy 
products------A model study. 60th Annual Meeting of the Institute of Food Technologists, Chicago, IL, #17-2, p. 
31. 

Cadwallader, KR and Suriyaphan, 0. 1998. Aroma-impact components of loroco. 59th Annual Meeting of 
the Institute of Food Technologists, Atlanta, GA, #45-2, p. 97. 

Surakamkul, R and Cadwallader, K.R. l 998. Release of glycosidically-bound aroma compounds during 
fennentation of muscadine juice. 59th Annual Meeting of the Institute of Food Technologists, Atlanta, GA, 
#72-18, p. 180. 

Suriyaphan, 0., Drake, M.A., and Cadwallader, KR. 1998. Identification of volatile off-flavors in reduced fat 
cheeses containing lecithin. 59th Amrnal Meeting of the Institute of Food Technologists, Atlanta, GA, #72-31, 
p. 183. 

Baek, H.H. and Cadwallader, K.R. 1997. Free and glycosidically bound volatile aroma compounds in 
rnuscadine grape juice. 58th Annual Meeting of the Institute of Food Technologists, Orlando, FL, #23D-6, 
p.63. 

Cai, M. and Cadwallader, K.R. 1997. (Z)-3-Nonenal and (Z,Z)-3,6-nonadienal: Character-impact aroma 
compounds in watennelon. 58th Annual Meeting of the Institute of Food Technologists, Orlando, FL, #23D-
9, p.64. 

Cha, Y.J., Kim, H., and Cadwallader, K.R 1997. Aroma-active compounds in Kirn.chi during aging. 58th 
Annual Meeting of the Institute of Food Technologists, Orlando, FL, #230-13, p.65. 

Baek, H.H, Kim, C.J., Ahn, HS., Nam, H.S., and Cadwallader, KR 1997. Aroma extract dilution analysis 
of beef-like process flavor from extrnded en2:y111atically hydrolyzed soybean protein. 58th Annual Meeting of 
the Institute of Food Technologists, Orlando, FL, #23D-24, p.67. 

Fu, S.G., Baek, H.H., and Cadwallader, K.R. 1997. Comparison of aroma-active compounds extracted from 
blue crab meat with processing by-products hydrolysate using aroma extract dilution analysis. 58th Annual 
Meeting of the Institute of Food Technologists, Orlando, FL, #2JD-25, p.67. 
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Aryana, K.J., Cadwallader, K.R., and Haque, Z.U. 1996. Isolation of flavor volatiles in lowfat Cheddar 
cheese by vacuum simult:111eous distillation-solvent extraction. 73rcl Annual Meeting of the Southern Branch, 
American Dairy Science Association, Febmary 3-7. 

Baek, H.H. and Cadwallader, K.R. 1996. Evaluation of the enzymatic hydrolysis of defatted soybean meal by 
response surface methodology. 57th Annual Meeting of the institute of Food Technologists, New Orleans, 
LA, #53A-16, p.120. 

Baek, H.H, Cadwallader, KR, Marroquin, E., and Silva, J.L. ] 996. Gas chromatography/olfactometric 
analysis of muscadine grape aroma. 57th Annual Meeting of the Institute of Food Technologists, Nevv 
Orleans, LA, #34-7, p.74. 

Cadwallader, K.R. 1996. Potent odorants in hickory and mesquite smokes and liquid smoke extracts. 57th 
Annual Meeting of the Institute of Food Technologists, New Orleans, LA, #34-6, p. 74. 

Cadwallader, K.R, Baek, H.H., Chang-Lee, G.-H. 1996. Aroma extract dilution analysis of cooked 
freshwater prawn. 57th Annual Meeting of the Institute: of Food Technologists, New Orleans, LA, #80D-20, 
p.197. 

Cha, YJ., Kim, E.L Baek, FU-I., and Cadvvallader, KR 1996. Development of a flavoring agent from sea 
mussel. 57th Annual Meeting of the Institute of Food Technologists, New Orleans, LA, #80D-22, p.197. 

Kim, H.R., Ahn, C.B., Jw1g, K.J., Baek, H.H., Cadwallader, K.R. 1996. Characterization and utilization of 
waste water from oyster processing plants as flavoring agents. 57th Annual Meeting of the Institute of Food 
Technologists, Nev,/ Orleans, LA, #80D-2 l, p.197. 

Aryana, K.J ., Cadwallader, K. R., and Haque, Z. LT. 1996. Development of rnethodo logy for measuring+ f1avo r 
volatiles in Cheddar cheese made with and without fat replacers. International Conference on Food Science 
and Technology of The Fine Particle: Society, Chicago, IL, August 24-26. 

Cha, Y.J., Baek, H.H., and Cadwallader, K.R 1995. Volatile flavor components in oyster hydrolysate 
produced with protease. 56th Annual Meeting of the Institute of Food Technologists, Anaheim, CA, #54E-16, 
p.166. 

Conner, T.M., McGregor, J.U ., and Cadwallader, K.R. 1995. Identifying flavor components in light-activated 
milk. J. Dairy Sci. 48(supplement 1): 317. 

Baek, H.H. and Cadvvallader, KR 1994. Comparison of volatile compounds in f1avor concentrates produced 
from crawfish processing by-products with and without protease treatment. 55th Annual Meeting of the 
institute of Food Technologists, June 25-29, Atlanta, GA, #79C-5, p.244. 

Cadwallader, K.R., Tan, Q., Chen, F, and Meyers, S.P. 1994 Identification of character-impact aroma 
compounds in spiny lobster (Panulirus argus) tail meat. 55th Annual Meeting of the Institute of Food 
Technologists, June 25-29, Atlanta, GA, #7-7, pl3. 

Chung, H.Y. and Cadwallader, K.R 1994. Comparison of the aroma of three ditforent extracts prepared from 
blue crab (Callinetes sapidus) processing by-product. 55th Annual Meeting of the Institute of Food 
Technologists, June 25-29, Atlanta, GA, #79C-7, p.244. 
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Chw1g, H.Y., Chen, F., and Cadwallader, K.R. 1994. Evaluation of aroma of blue crab (Callinetes sapidus) 
claw and lump meats. 55th Annual IV1eeting of the Institute of Food Technologists, June 25-29, Atlanta, GA, 
#79C-6, p.244. 

Tan, Q. and Cadwallader, K.R. 1994. Biotransfom1ation of fi-pinene by Asperg,flus cellulosae. 55th Annual 
Meeting of the Institute of Food Technologists, June 25-29, Atlanta, GA, #24C-7, p.67. 

Andrews, L.S. and Cadv,dlader, K.R 1993. Microbial and sensory quality of ground ginger as affected by 
gamma irradiation. 54th Annual Meeting of the Institute of Food Technologists, July 10-14, Chicago, TL, 
Technical Program: Book of Abstracts, #817, p.206. 

Baek, H.H. and Cadwallader, K.R. 1993. Identification of characteristic volatile flavor components of roasted 
chicory by aroma ex.trnct dilution analysis. 54th Annual Meeting of the Institute of Food Technologists, July 
J0-14, Chicago, IL, Technical Program: Book of Abstrncts, #506, p.129. 

Cha, Y.J. and Cadvvallader, KR 1993. Volatile flavor components in Korean fonnented fish paste. 54th 
Annual Meeting of the Institute of Food Technologists, July 10-14, Chicago, lL, Technical Program: Book of 
Abstracts, #5 l 0, p.130. 

Cha, Y.L Baek, I-LH., and Cadwallader, K.R. ] 993. Comparison of UHS and SDE for the analysis of volatile 
compounds in fom1ented shrimp paste. 54th Annual Meeting of the Institute of Food Technologists, July 10-
14, Chicago, IL, Technical Program: Book of Abstracts, #511, p.131. 

Chung, H.Y. and Cadwallader, K.R 1993. Aroma extract dilution analysis of freshly picked cooked blue crab 
meat. 54th Annual Meeting of the Institute of Food Technologists, July l 0-14, Chicago, IL, Technical 
Program: Book of Abstracts, #563, p.144. 

Chw1g, HY., Chou, C.-C., and Cadwallader, K.R. 1993. Changes in the volatile flavor constituents of 
coconut during roasting. 54th Annual Meeting of the Institute of Food Technologists, July 10-14, Chicago, 
IL, Technical Program: Book of Abstracts, #504, p. 129. 

Yoo, S.K. and Cadwallader, K.R l 993. Bioconversion of a- and .B-pinene. 54th Annual l\iieeting of the 
institute of Food Technologists, July 10-14, Chicago, IL, Technical Progran1: Book of Abstracts, #5 J 6, p.132. 

Baek, H.H. and Cadwallader, KR 1992. Enzyrnatic hydrolysis of crawfish waste for bioflavor production. 
Ninth International Biotechnology Symposium and Exposition, August 16-21, Crystal City, VA, Book of 
Abstracts, #472. 

Baek, H.H., Pike, M.M., Bidner, T.D., Moody, 1\1.W., and Cadwallader, K.R. 1992. Evaluation of the off-­
odor associated with wild alligator. 53rd Annual Meeting of the Institute of Food Technologists, June 20-24, 
New Orleans, LA. Book of Programs and Abstracts, #359, p.93. 

Cha, YJ., Baek, H.H., and Cadwallader, K.R. 1992. Volatile flavor components in concentrated sno\v crnb 
extracts. 53rd Annual IVfeeting of the Institute of Food Technologists, June 20-24, New Orleans, LA, Book 
of Abstracts, #357, p.92. 

Chung, H.Y. and Cadvvallader, K.R. 1992. Comparison of volatile compounds in freshly picked crabmeat and 
crab processing vvaste. 53rd Annual IV1eeting of the Institute of Food Technologists, June 20-24, New 
Orleans, LA, Book of Abstracts, #358, p.93. 
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Kim, H.R., Baek, H.H., Cadwallader, KR, Meyers, S.P., and Godber, J.S. 1992. Improved flavor 
extractibility from crab wa.-;te using the hepatopancreatic enzyme of crawfish, Procambarus clarkii. 53rd 
Annual Meeting of the Institute of Food Technologists, June 20-24, New Orleans, LA, Book of Abstracts, 
#360, p.93. 

Cadwallader, K.R. and Braddock, R.J. 1990. Enzymatic hydration of limonene to a-terpineol. 51st .Annual 
Meeting of the Institute of Food Technologists, Jw1e 16-20, Anaheim, CA, Book of Programs and Abstracts, 
#354, p.170. 

Cadwalladec KR. 1988. Bioconversion of (+)-Jimonene. 49th Annual Meeting of the Institute of Food 
Technologists, June l 9-22, New Orleans, LA, Book of Programs and Abstracts, #293. 

Students/Postdoctoral/Visitinr Scholar Researchers Supervised (1991-1999) 

Visiting Scientists 
Yong-Jun Cha (LSU, MSU) - Chang Won National University 
Hetty Voermans (LSU) - University ofWegeningen, The Netherlands 

Postdoctoral Researchers 
Hyung-Hee Baek (l\iiSU) 

Graduate Students Completed (LSU/Jl,,fSU) 

MS Students 
Sun-Kyun Yoo (LSU) 
Min Cai (MSU) 
Hsin-Jen (Connie) Weng (MSU) 
Shi-Guei (Scott) Fu (MSU) 
Shin-Pei (Peggy) Yang (MSU) 
Yi-Fang (Grace) Wu (MSU) 
Leyla Y uksel (MSU) 
JiHyun Jung (MSU) 
Min-Sheng Su (MSU) 
Gwo-Yuh Li (MSU) 
Jeong Heo (MSU) 

Ph.D. Students 
Hyung-Hee Baek (LSU) 
Hau Yin Chung (LSU) 
Gyu-Hee (Chang) Lee (MSU) 
Ranee Surakarnkul (MSU) 
Yonca Karagul-Yuceer (MSU) 

Students/Postdoctoral/Visiting Scholar Researchers Supervised (UlUC, 2000-present) 

Visiting Scholars 
Byung Hak Ahn (2006-2007) - Korea Food Research Institute, South Korea 
Supeeraya Arsa (2013-20 l 4) - Kasetsart University, Bangkok Thailand 
Mantana Buttara (2011-present) - Suranaree Univeristy of Technology, Thailand 
Dong Chen (2015-present)- China Agricultural University, Beijing, China 
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Rongrong Chen (2016-present) - Ever Maple Food Science and Technology Co., Ltd., China 
Arpom Jarunratt:111asri (2003-2004) --- Naresuan -University, Thailand 
Young-Suk Kim (2015-present) - Ewha Womans University 
Patthamawadi Kiatbenjaku. (2009-2011, 2012) - Suranaree University of Technology, Thailand 
Fareeya Kulapichitr (2016-present) --- Chulalongkorn University, Thailand 
Sasinee Kunyaboon (2016-present) - Suranaree University of Technology, Thailand 
Nawapom Lapsongphon (2010-20 l l) - Suranaree University of Technology, Thailand 
Yuping Liu (2014-2015) - Beijing Technology and Business University, China 
Yaowapa Lorjaroenphone (2006-2007) - Kasetsart University, Thailand 
Xueli Pang (2013-2014) - China Agricultural University, Beijing, China 
Sompoche Pojjanapimol (2003-2004) - Kasetsart University, D1ailand 
Primseri Rotsachakul (2004-2005) -- Kasetsart University, Thailand 
Huanlu Song (2005-2006) -- Beijing Technology and Business -University, Beijing, China 
Patcharapom Tinchan (20l0-2012) - Kasetsart University, Thailand 
Ji hong Wu (2011-2012) - China Agricultural University, Beijing, China 

Postdoctoral Researchers (UJUCJ 
Masud Huda (2002-2003) 
Orasa Suriyaphan (200 l, 2003) 
Tanoj Singh (200 l -2005) 
Hun Kim (2005-2012) 

Graduate Students Completed (UlUCJ 
Daniel Benitez (MS 2003) 
Laura Brisske (MS 2003) 
Erin Burnside (MS 2012) 
Gabriela Carrasco (MS 2007) 
Shondra Cook (MS 2007) 
Edibe Erten (Ph.D. 2016) 
Ming Chih Fang (Ph.D.2013) 
Samantha Gardiner (MS 2015) 
Elizabeth Genthner (MS 2010; Ph.D. 2014) 
Theresa Gnadt (MS 2007) 
Julia Gregg (Nonthesis MS, CHEFS Program, 2009) 
Bethany Hausch (MS 2010) 
Lauren Kelley (MS) 
Sean Lafond (l\iiS 2009) 
Jacob Lahne (MS 2010) 
Yaowapa Lorjaroenphone (Ph.D 2012) 
Patricio Lozano (MS 2005 & Ph.D. 2009) 
Samantha McKenna (IVIS, 2016) 
Joshua Moore (MS 2006) 
Linda Moran (MS 2013) 
Ana Carolina 1v1osca (MS 2007) 
Jason Niermann (Nonthesis MS, CHEFS Program 2001) 
Sirima Puangpraphant (MS 2007) 
Bethany Richardson (MS 2013) 
Inthawoot Suppavorasatit (PhD. 2012) 
Chenxing Sun (3+2 program, Nonthesis MS) 
Qiaoxuan Zhou (MS 2001 & Ph.D. 2005) 
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Current Ciraduate Students (2016) 
Courtney Beckett (MS) 
Chelsea Ickes (Ph.D) 
Fen2-Jia Chen (MS, 3+ l) 
Bethany Hausch (Ph.D.) 
Nagiat Hwasa (Ph.D.) 
Jing (Jenny) Jin (MS, 3+ l) 
Tiandan Wu (MS) 
Wenqi Zhu (Ph.D.) 
Yun Yin (Ph.D.) 

Undergraduate Student Researchers 
Kelsey Choquette (2012-2013) 
Diniene Chreaton, Rap n (200 l) 

Supporting [)ocumentarion 

Ashley Davis, Rap II (ACES) (2001) & UIUC Ronald E. 1v1cNair Summer Research Program (2004) 
Y aozheng Cfess) Liu (2013-present) 
Rosemary Nash (2011-2012) 
Mary Nowak (2004-2005) 
.lieun Oh (2013) 
Abigail Pishevar (2014-2015) 
David Potts (2008-20 l 0) 
Stephar1ie Sajuti (2005-2007) 
Dylan Troth (2015-present) 
Katrina Vlahovich (200 l -2002) 

Involvement in Professional Organizations (2000-present) 

Leadership 

Chair and Progrnm Chair for the Division of Agricultural and Food Chemistry (AGFD) of the Ame1ican 
Chemical Society, 2003-2005. Responsibilities include organizing AGFD technical progrnms for two ACS 
National Meetings (fall 2004 and spiing 2005 meetings). 

Editorial Board 

Flavour and Frangrance Journal 

Associate Editor 

.loumal of Food Science·· F'ood Chemistry 

Symposia Organized 

Cadwallader, K.R. and Shahidi, F. 2017. ACS Symposium: Chemistry of Clean Ingredients. Washington, 
DC, August 20-24. 

Cadwallader, KR. and Chang, S.K.C. 2008. ACS Symposium: Chemistry, Texture and Favor cif Soy, 
Philadelphia, PA, August 17-21. 
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Cadwallader, K.R. 2008. ACS Symposium: Recent Developments in Flavor Chemistly. 235th ACS 
National Meeting, New Orleans, LA, April 6-10. 

Ho, C.-T., \Veerasinghe, D.K. and Cadwallader, K.R. 2005. ACS Symposium: Aroma-active Compounds in 
Foocl., and Reaction Favors: formation, measurement and stability. 330th ACS National Meeting, 
Washington, DC, August 28 -- September 1. 

Cadwallader, K.R., P. Schieberle and M.J. IVforello. 2005. ACS Symposium: Grain-based Products: Health 
and Flavor. and Safety Aspects. 330th ACS National Meeting, Washington, DC, August 28 - September]. 

Cadwallader, K.R. Obesity Management. Role of Soy Foods. University of lllinois, Champaign, IL, May 
25-26, 2005. 

Cadwallader, KR., Drake, M.A. and McGorrin, R.J. 2004. ACS Symposium: Chemistry and Flavor 
c?fDairy Products. 2281h ACS National :Meeting, Philadelphia, PA, AU.§,rust 22-26. 

Weenen, H. and Cadwallader, K.R (organizers). 2001 ACS Symposium: Freshness and Shelf-life r~l 
Foods. 222nd ACS National 1v1eeting, Chicago, IL, August 26-30. 

Cadwallader, K.R. and McGorrin, R.J. (organizers). 2001. 1FT Symposium: Developments in the Analysis 
of Complex flavor ,s:vstems. Annual Meeting of the Institute of Food Technologies, New Orleans, LA, 
June 23-27. 

Rouseff, R.L. and Cadwallader, K.R. 1998. ACS Symposium: Head~pace Analysis o,lFoods and Flavors. 
214th ACS National Meeting, Boston, MA, August 23-27. 

Shahidi, F. and Cadwallader, K.R. 1996. ACS Symposium: flavor and Lipid Chemistry of Seafoods. 
21 ih National I\1feeting of the American Chemical Society, Orlando, FL, August 25-29. 

Workshops/Short courses (organized) 

A Place.for Soy in a Better ,';'chool Lunch Program. University of Illinois, Urbana, IL, March 12, 
2003. 

Traditional and Emerging Afethods for the Afanujhcrure and Analysis of Food Flavorings. Faculty of 
Agriculture Industry, King Mongkut's Institute of Technology Ladkraband (KMITL), Bangkok, Thailand, 
July 29, 2002 

Soy Flavor Workshop. ICSF Workshop (Klein, BP. et al. coorganizers). Illinois Center for Soy Foods, 
University of lllinois, Urbana, IL, April, 2002/2003. 

1'Vorkshopsl...Short courses (lecturer) 

Nutraceuticals. Ingredients, Challenges, F'ormulations, Flavours and Health E/fects. 
International Society for Nutraceutical and Functional Foods. Denpasar, Bali, Indonesia, October 
11 --- 12. 

Flavor Chemistry. (course co-taught with Drs. Chi-Tang Ho and Soo-Yeun Lee), Taiwan 
National University, lvfay 10-19, 2008. 
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Keith R. Cadwallader Supporting [)ocumentarion 

Flavor Research Workshop. ACS Short Course (Acree, T.E., course director), American Chemical 
Society, Boston, MA, August 17 - l 8, 2007. 

Flavor Research VVorkshop. ACS Short Course (Acree, T.E. and Deibler, K., organizers), American 
Chemical Society, August 25-26, 2005. 

Cadwallader, KR Flavoring soy products: masking and creating. Preconference AOAC Short Course. 
S'oyjoods: Ingredients, Preparation, and Utilization. Koseoglu, S. and Shahidi, F. (organizers), Cincinnati, 
OFf, May 9, 2005. 

Cadwallader, K.R. 2004. Aroma and flavor aspects of soy beverages. Preconference Shortcourse: 
Functional Beverages, Koseoglu, S and Shahidi, F. (organizers), Worldnutra: International 
Conference and Exhibition on Nutraceutacals and Functional Foods, San Francisco, CA, Nov 8, 
2004 

flavor Research f!Vorkshop. ACS Short Course (Acree, T.E., organizer), American Chemical 
Society, Boston, MA, August 16-17, 2002; New York, NY, September 7-11, 2003. 

Cheese F1avor and Texture: Sensmy and instrumental Analysis. SDFRC Short Course (Drake, M.A, 
course director), Southeast Dairy Foods Research Center, North Carolina State University, Raleigh, NC, 
August 7-9, 2002. 

Proposal Reviewer/Panel Participation (2010-present) 

Panelist/Reviewer (2015) - Office of Scientific Quality Review (OSQR)-USDA-ARS, NP 306 Panel 14: 
Fw1ctional Foods (2015) 

Panelist1Revievver (2015) - Office of Scientific Quality Review (OSQR)-USDA-ARS, NP 107 
Panel 14: Grain Engineering (2014) 

Panelist/Reviewer (2014) - Office of Scientific Quality Review (OSQR)-USDA-ARS, NP 107 Panel 5: food 
Chemistry Analysis (2014) 

Panelist/Reviewer (2013) - 2012/20]3 King Abdulaziz City for Science and Technology (KACST) 
Research Proposal Competition 
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MATERIALS CONSIDERED 

• U.S. Application Serial No. 14/797,006, Fraser, R. BrmNn, PO, Karr, J. and Holz­

Schietinger, C., 2014, Publication No. US 2015/0351435 

• Hsieh, F-h and Huff, H.E. 2012. l'vleat analog compositions and process. U.S. Patent 

Application No. US 2012/0093994 ("the '994 application") 

• Offi.ce Action Mailed June 6, 2016 and draft Response to same 

• Declaration Under 37 CFR §1.!32 of Celeste Holz-Schietinger, Ph.D. 

• Calkins, C.R. and Hodgen, J.M. A fresh look at meat flavor. Meat Sci. 2007, 63-80. 

• Proulx, A.K. and Reddy, M.B. Iron bioavailability of hemoglobin from soy root nodules 

using caco-2 cell culture model. J. Agric. Food Chem. 2006, 54, 1518-1522. 

• Belitz, H.-D., Grosch, W., and Schieberle, P. Food Chemistry, ya revised edition. 

Springer-Verlag, Berlin (2006), p. 368. 

• Tang, W., Jiang, D., Yuan, P. and Ho, C.-T. (2013) Flavor chemistry of 2-methyl-3-

furanthiol, an intense meaty aroma compound. J. Sulfur Chem. 34: 38-47. 

• Chaudhari, N. and Roper, S.D. (2010). The cell biology of taste. J. Cell Biol. 190(3): 285-

296. 

• Shahidi, F., Rubin, L.J., D'Souza, L.A., Teranishi, Rand Buttery, RG. 1986. Meat 

flavor volatiles: A review· of the composition, techniques of analysis, and sensory 

evaluation. CRC Crit. Rev. Food Sci. Nutr. 24: 142-243. 

• Cadvvallader, K.R. and MacLeod, A.J. 1998. Instrumental methods for analyzing the flavor 

of muscle foods. Ch. 16. In Flavor ofMeat, lvieat Products, and Seafoods, 2nd Ed. Shahidi, 

F. (Ed.). Blackie Academic & Professional, New York, pp. 

• Jublot, L., Rosing, E.A.E, Blom, L. v.d, Desclaux, G., Martins, S.LF.S., Batenburg, A.M. 
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and Smit, G. 2010. Quantitation of sulphur aroma compounds in Maillard model reaction 

systems of different composition. In Expression qf 1\;Jultidisciplinary Flavour Science. 

Proceedings of the 12th Weurman Symposium. Blank, I., Wilst, M, and Yeretzian, 

C. (Eds.). Winterthur: Zurich University of Applied Sciences. 

• Spence, C. 2015. Multisensory flavor perception. Cell 161: 24-35. 
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2249 Caiier Avenue 
Saint Paul, J\IIN 55108 

I)evin Ci Peterson 

Experience: Aug/16 
Professor 

Food Science & Technology 

Director of the Flavor Research & 

Education Center 

,June/12-Aug/16 
Professor 

Food Science & Nutrition 

Director of the Flavor Research & 

Education Center 

Aug/09 ---- June/12 
Associate Professor 

Food Science & Nutrition 

Director of the Flavor Research & 

Education Center 

July/07 - Aug/09 
Associate Professor/Food Science 

March/01 - June/07 
Assistant Professor/Food Science 

Dec/99 - Feb./01 
Research Assistant 

July/99 - Dec./99 
Research Flavor Scientist 
(Internship) 

Sept/94 - July/99 
Research Assistant 

June/94 -Aug./94 
Information Technician 

May -Aug./92&93 
QC Technician 

PHONE: (65J) 308 3546 
E-MAIL. devin.g.pe1erson@gmail.com 

The Ohio State University Coiumbus, OH 

The University of Minnesota St. Paul, MN 

The University of Minnesota St. PauL MN 

The Pennsylvania State University University Park, PA 

The Pennsylvania State University University Park, PA 

University of Minnesota St. Paul, MN 

Givaudan Flavors Cincinnati, OH 

University of Minnesota St. Paul, MN 

The Canadian Wheat Board Winnipeg, MB 

Coca-Cda Bottling Company Winnipeg, MB 
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Education: 1997 - 2001 
PhD/Food Science 
(Dean's List) 

1994 - 1997 
MS/Food Science 
(Dean's List) 

1990 --· 1994 
BS/Food Science 
(Dean's List) 

University of Minnesota St. Paul, MN 

University of Minnesota St. Paul, MN 

University of Manitoba Winnipeg, MB 

Awards: Flavor and Extract Manufacturers Association - Exce!lence in Flavor Science Award 
Waters Centers of Innovation Award 

2015 
2012 
2008 
2004 
2000 

Pan-American Nutrition, Food Science and Technology Award 
Presidential Early Career Award for Scientist and Engineers (PECASE) 
John Brandt Memorial Foundation Scholarship; National 
M. E. Franks Scholarship; National 
IFT Grad. Fellowship-Soc. of Flavor Chemists Memorial; National 
AACC Graduate Fellowship; National 
IFT Scholarship; Minnesota 
Triticus Award; Departmental 
The Canadian Wheat Board Scholarship: National 

Peer Reviewed Publications (italics is corresponding author): 

1998, 1999 & 2000 
1998i99 & 2000/01 

1997/98 
1997 & 2000 

1996 
1994 

Raithore, S. and Peterson, D.G. 2016. Delivery of taste and aroma components in sugar-free 
chewing gum: mass balance analysis. Chemosensmy Perception. Accepted. 

2. Paravisini, L. and Petenwn, D.G. 2016. Characterization of Browning Fom1ation in Orange 
Juice during Storage. ACS Symposium Proceedings, Browned Flavors: Analysis, Formation, 
& Physiology. Accepted 

3. Kokkinidou, S. Peterson, DJ,. 2016. Identification of compounds that contribute to 
trigeminal bum in aqueous ethanol solutions. Food Chem. 211. 757-762 
http:/ /w\v,,v.sciencedirect.com/science/anide/pii/S03088 l 46 I 6308068 

4. Bin, Q. and Peterson, D.G. 2016. Identification of Bitter Compounds in Whole Wheat Bread 
Crumb. Food Chem. 203: 8-15, 
http://w-,v\v.sciencedirect.com/science/article/pii/S03088 l 461630 l l 82 

5. Yeo, L., Thompson, D. and Peterson, D.G. 2016. Inclusion Complexation of Flavor 
Compounds by Dispersed High-Amylase Maize Starch (HAJvIS) in an Aqueous Model System. 
Food Chem. 199: 393---400. 
http./h.vw,;v.sciencedirect.co1n/science/article/pii/S03088146153Cl33 20 

6. Yucel, U. and Peterson, D.G. 2015. Effect of Protein-Lipid-Salt Interactions on Sodium 
Availability in the Mouth and Consequent Perception of Saltiness: In Solutions . .I. Agric. Food 
Chem, 63: 7487-7493. 
Impact Factor: 3. l http://pubs.acs.org/doi/abs/10. l 021/acs iafc 5b023 l l 

7. Yucel, tJ. and Peterson, D.G. 2015. Effect ofProtein---Lipid---Salt Interactions on Sodium 
Availability in the Mouth and Consequent Perception of Saltiness: As Affected by Hydration in 
Pmvders. J. Agric. Food Chem., 63: 7494---7498. 
http-/ /nubs.acs.org/doi/abs/10 .1021/acs.iafc. Sb02312 
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8. Forero, D.P, Orrego, C.E. Peterson, D.G. and Osoria, C. 2015. Chemical and sensory 
comparison of fresh and dried luio (Solanum quitoense Lam.) fruit aroma. Food Chemistry, 
169: 85-91. http://wwwsciencedirect.com/science/artic1e/pii/S03088 l 461401 I 595 

9. Kokkinidou, S. and Peterson, D. G. 2015. Characterization of compounds that influence 
alcohol trigeminal burn in spirits. Weunnan Symposium Proceedings Flavour Science 
Proceedings of the XIV Weurman Flavour Research Symposium, Andrew Taylor and Donald 
Mottram (Eds), pg 31-37. 

10. Ronningen, I. and Peterson, D.G. 2015. Application of untargeted LC/MS techniques 
(Flavoromics) to identify changes related to freshness of food, in The Chemical Sensory 
Informatics of Food: Measurement, Analysis, Integration. Eds. Guthrie, et al.; ACS 
Symposium Series; American Chemical Society: Washington, DC, Vol. 1191, pg 269-277. 
http://nubs.acs.org/doi/pdf1l0. l 021/bk--2015-1191.ch0 19 

11 Zhang, L, Xia, Y. and Peterson, D.G. 2014. Identification of bitter modulating Maillard­
catechin reaction products. J. Agric. Food Chem. 62, 10092-10100. 
http:/ /rmbs.acs org/doj/abs/l 0.1021 /jf502040e 

12. Kararnetsi, K, Kokkinidou, S., Ronningen, Land Peterson, D.G. 2014. Identification of Bitter 
Peptides in Aged Cheddar Cheese. J. Agric. Food Chem. 62, 8034-8041. 
bttp://nubs.acs.org/doi/abs/ l 0. l 02 l/if5020654 

13. Troise, A. D. Fiore, A. Colantuono, A. Kokkinidou, S., Peterson, D.G. and Fogliano, V. 2014. 
E±Tect of olive mill wastewater phenol compounds on reactive carbonyl species and Maillard 
reaction end-products in ultrahigh-temperature-treated milk. J. Agric. Food Chem. 62, 
10092-10100. http://nubs.acs.orq/doi/abs/l 0.102l/jf501919v 

14. Kokkinidou, S. and Peterson, D.G. 2014. Control of Maillard-type Off-FiavorDevelopmentin 
Ultra High Temperature Processed Bovine Milk By Phenolic Chemistry. J. Agric. Food Chem. 
62, 8023-8033. http://pubs.acs.org/doi/abs/10. 1021 /jf5019 l 9v 

15. Lui, X, Jiang, D. and Petenwn, D.G. 2014. Identification of Bitter Peptides in Whey Protein 
Hydrolysate. J. Agric. Food Chem. 62, 5719-5725. 
http://nubs.acs.org/doi/abs/10. l 021/if4019728_ 

16. Kokkinidou, S. and Peter.wm, D.G. 2013. Response Surface Methodology as Optimization 
Strategy for Reduction of Reactive Carbonyl Species in Heat-processed Foods by Means of 
Phenolic Chemistry. Food and Function. 4(7): 1093-1104. 
http .//vubs.rsc.org/ en/ content/arti cl elanding/2013/fo/ cJ fo6003 2g 

17. Jiang, D. and Peterson, D.G. 2013. Identification of Bitter Compounds in Whole Wheat Bread. 
Food Chem. 141; 1345-1353. 
http://w\v\v.sciencedirect.com/science/anicle/pii/S03088146 I 3003233 

18. Moskowitz, M., Bing, Q., Elias, R. and Peterson, D.G. 2012. Influence of endogenous ferulic 
acid in whole wheat flour on bread crust aroma. J. Agric. Food Chern. 60: 11245-11252. 
http:/ /nubs.acs.orq/doi/abs/10. I 02 l/jfl03750v 

19. Fermzzi, M.G., Peterson, n.G., Singh, R.P. Schwartz, S.J. and Freedman, A-f. 2012. 
Nutritional Translation Blended With Food Science: 21st Century Applications. Adv. Nutr 3: 
813---819. 
http:/ /advances.nutrition.on:dccmtent/3/6/813 

20. Bin, Q., Jiang, D. Cho, I.H., Peterson, D. G. 2012. Chemical markers for bitterness in wheat 
bread. 2012. Flavour Fragr. J. 27, 454---458. 
http-//onhnelibrarv. 1Nilev .com/doi/10 l 002/Jlj .3124/abstract 
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21. Peterson, D.G. 2012. Refining Maillard-type flavor chemistry: Phenolic reaction pathways, in 
Advances and Challenges in Flavor Chemistry & Biology. Plenary Lecture, 9th Wartburg 
Symposium Proceedings on Flavor Chemistry & Biology, Eisenach, Germany, pp 155-160 

22. Bin, Q. Peterson, D.G. and Elias, RJ 2012. Influence of phenolic compounds on the 
mechanisms of pyrazinium radical generation in the Maillard reaction. J. Agric. Food Chern. 
60 (21), pp 5482-5490. 
bttp://nubs.acs.org/doi/foll/l 0.102 l /jfJO 10838 

23 Jiang, D. Huang, Y. and Peterson, D.G. 2012. Application of Two-Dimensional Orthogonal 
Reversed-Phase Liquid Chromatography for Taste Compound Analysis. In Recent Advances 
in the Analysis of Food and Flavors; Toth, S, et al.; ACS Symposium Series; American 
Chemical Society: Washington, DC. httn://pubs.acs.on:./doi!abs/10 102Vbk<'.-012-1098 chO 10 

24. Moskowitz, M. and Peterson, D. G. 2011. Hydroxycinnamic acid-Maillard reactions in simple 
aqueous model systems. in Controlling Maillard Pathways. Washington, D.C . American 
Chemical Society Symposium Proceedings 1042, pp 53-62. 
http://rmbs.acs org/doj/abs/l 0.1021/bk-2010-1042.ch006 

25. Holt, A., Potineni, R. and Peterson, D.G. 2011. Flavor ingredient interactions in confections. 
Accepted. 12th Weum1an Symposium Proceedings, Interlaken, s,vvitzerland. Pg 139-J.l.2. 
bttps://home.zhaw.ch/·-vere/pdf/Teil37 - Expression of Ivlultidisciplinarv.pdf 

26. Cho, I. H. and Peterson, D.G. Chemistry of bread aroma: A review. 2010. Food Sci. 
Biotechnol. 19, 575-582. 
http.//link.springer.coin/artide/10 l 007/s 10068-010-0081-3 

27. Jiang, D. and Peterson, D.G. 2010. Role of hydroxycinnamic acids on food flavor: a brief 
overview. Phytochem. Rev. 9: 187---193 
http-/ /link. springer.com/artide/10.1007 /s 11101-009-9159-z 

28. Jiang, D. , Chiaro, C., l\faddali, P, Prabhu, S.K. and Peterson, D. G. 2009. Identification of 
hydroxycinnamic acid-Maillard reaction products in low-moisture baking model systems. J. 
Agric. Food Chem. 57, 9932-9943. 
http://nubs.acs.org/doi/full/l 0.1021 /jf\l00932h 

29. Poti neni, R. V. and Peterson, D. CJ. 2008. Mechanisms of flavor rel ease in chewfog gum: 
Cinnamaldehyde. J. Agric. Food Chem 56, 3260 3267. 
http://rmbs.acsorg/doj/ful l/10.102 l/if0727847 

30. Potineni, RV and Peterson, D.G. 2008. Influence of flavor solvent on flavor release and 
perception in sugar-free chewing gum. J. Agric. Food Chem 56, 325.J 3259. 
bttp://nubs.acs.org/doi/foll/l 0.102 l /if072783e 

31. Tapanapunnitikul, 0., Chaiseri, S., Peterson, D., IJ-wmpson, D. 2008. Water solubility of 
flavor compounds influences formation of flavor inclusion complexes from dispersed high­
arnylose maize starch. J. Agric. Food Chem 56, 220-226. 
Impact Factor 3.1. httv: 1/pubs,acs.orwdofilii!li!O. l02h/V71619o 

32. Ghosh, S, Peterson, D.G., .1.N Coupland. 2008. Temporal Aroma Release Profile of Solid 
and Liquid Droplet Emulsions. Food Biophysics. 3:335-343 
http:! /pubs.acs.org/doi/ful!/ l O l 02 l/if07 l 6190 

33. Jiang, D. and Peterson, D.G. 2008. Hydroxycinnamic acid-Maillard reactions: Insights into 
flavor development of whole grain foods. 12th Weurman Symposium Proceedings, Interlaken, 
Switzerland, pg 297-300. httns:/!home zha1,v.ch/··vere/pdf1/Teil76 •· Exnression of 
Multidisciplinarv .pdf 
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34. Peterson, D.G. and Noda, Y. 2008. Role of Phenolic Reactions on l'vfaillard Reaction 
Flavours. Wartburg Flavor Symposium. 8th Wartburg Symposium Proceedings on Flavor 
Chemistry & Biology, Febmary 28 - March 2, 2007, Eisenach, Germany. 

35. Vunta H, Davis :F, Palempa!li UD, Bhat D, Arner RJ, Thompson JT, Peterson DG, Reddy CC, 
Prabhu KS. 2007. The Anti-inflammatory Effects of Selenium Are Mediated through 15-
Deoxy-1112,14-prostaglandin J2 in Macrophages. J. Biol. Chem. V. 282, No. 25, pp. l 7964-
17973. Impact Factor 4.651. ht.tp://v.·w\v.ibc.org/contem/282/25/17964 

36. Ghosh, G., Peterson, D.G. and Coupland, J.N. 2007. Aroma Release from Solid Droplet 
Emulsions: Effect of Lipid Type. JAOCS. 84: 1001---1014. 
http://link.sprinu.er.com/article/l O 1007/sl l 746-007-1135-4 

37. Noda, Y. and Peterson, D.G. 2007. Stmcture-reactivity relationships of fiavan-3-ols on 
product generation in aqueous glucose/glycine model systems. J. Agric. Food Chem. 55. 3686-
3691. hU.p://pubs.acs org/doi/ful t/10 1021/d~')63423e 

38. Totlani, V.M. and Peterson, D.G. 2007. Influence of Epicatechin Reactions on the 
Mechanisms of Maillard Product Formation in Low Moisture Model Systems. J. Ag. Fd. Chem. 
55· 414-420. 
http://nubs.acs.org/doi/full/l 0.1021 /jf061752 l_ 

39. Totlani, V.M. and Peterson, D.G. 2006. Epicatechin carbonyl-trapping reactions in aqueous 
Maillard systems: Identification and structural elucidation. J. Agric. Food Chem. 54: 7311-
7318. http://pubs.acs.org/doi/fuU/10.1021 /jf0612A4r 

40. Schwambach, S.L and Peterson, D.&~ 2006. Reduction of stale flavor development in low­
heat skim milk powder via epicatechin addition. J. Ag. Fd. Chem. 54: 502-508. 
l1tt{J,0 />j)UbS.{}(;S,{)rg/(t()/,/{Jbs/ 1 O. l O 2 ]/if05 l 9? 6-l 

41 Ghosh, G., Peterson, D.G. and Coupland, J.N. 2006. Effects of droplet crystallization and 
melting on the aroma release properties of a model oil-in-water emulsion. J. Ag. :Fd. Chem. 54; 
1829-1837. 
http:/ /nubs.acs.orq/doi/abs/10. I 02 l/jf052262w 

42. Peterson, D.G., Colahan-Sederstrom, P.M. and Potineni, R.V. 2006. Effect of processing 
technology and phenolic chernistry on ultra-high temperature Bovine milk flavor quality. in 
Chemistry and Flavor of Dairy Products, Symposium Proceedings, 228th ACS National 
Meeting, Philadelphia, PA, August 22-26, 2004. 
http.//vubs.acs.org/doi/abs/l 0.1021 /jf0487248 

43. Dubost, NJ., Beelman, R.B., Peterson, D.G., and Royse, DJ. 2006. Identification and 
quantification of ergothioneine in cultivated mushrooms by liquid chromatography-mass 
spectroscopy. Int. J. Med. Mushr. 8:215-222. 
http://ww-,v.dl.be£c'.e1lhouse.com/iournals/708ae68d64b l 7c5L67fa6af25 l 5135b9,62e00b04 l 4f6 
d4ec.html 

44. Totlani, V.M. and Peterson, D.Ci. 2005. Reactivity of epicatechin in aqueous glycine and 
glucose Maillard reaction models: quenching of C2, C3 and C.1-sugar fragments. J. Ag. Fd. 
Chem. 53: 4130-4135. 
Impact Factor 3.1. http://nubs.ac:s.orn/doi/full/l0. l021/jrn50044x 

45. Colahan-Sederstrom, P.M. and Peterson, D.G. 2005. Inhibition of key aroma compound 
generated during ultra-high temperature processing of bovine milk via epicatechin addition. J. 
Ag. Fd. Chem. 53: 389-402. 
http-/ /nubs.acs.org/doi/foll/10.102 l /jtn4B7248 

46. Potineni, RV. and Peterson, D.Ci. 2005. Influence of thermal processing conditions on flavor 
stability in fluid milk: benzaldehyde. J. Dairy Sci. 88: 1-6. 
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http://vv\v,v.sciencedirect.com/science/article/pii/S0022030205726552 
47. Morawicki, RO, Beelman, R.H, Peterson, D.G. 2005. Recovery and purification of 10-oxo­

trans-8-decenoic acid enzymatically produced using a crude homogenate of Agaricus bi,sporus. 
J. Food Sci. 70(8): C490-494. 
Irnpact factor: 1.775. http.//onlindibrarv.wikv.crnn/doi/10.1111/j.1365-
2621.2005 .tb 11506.x/abstract 

48. Morawicki, RO, Beelman, R.B., Peterson, D.G. and Demirci, A 2005. Biosynthesis of l­
octen-3-ol and 10-oxo-trans-8-decenoic acid using a crude homogenate of Agaricus bisporus: 
Reaction Scale Up. J. Food Sci. 70(5):367-371. 
http://onlinelibrnrv.vvilev.com/doi/l 0.1111/i. l 365-262 l .2005.tb09978.x/abstract 

49. Gallaher, J.J, Peterson, D.G., Roberts, RF. and Coupland, JN. 2005. Effect of composition 
and antioxidants on the oxidative stability of fluid milk supplemented with an omega-3 oil rich 
emulsion. International Dairy Journal. 15. 333-341. 
http:/ /w\v,,v .sciencedi rect.com/science/anicle/pii/S095869460400216X 

50. Morawicki, R.O., Beelman, R,B., Peterson, D.G. and Ziegler, G. 2005. Biosynthesis of l­
octen-3-ol and 10-oxo-trans-8-decenoic acid using a mushroorn homogenate. Optimization of 
the reaction, part I: kinetic factors. Process Biochemistry. 40: 131-137. 
bttp:/ /www.sciencedirect.com/science/article/pii/S0032959203004618 

51. Peterson, D.G. and V.A. Totlani. 2005. Influence offlavonoids on the thermal generation of 
aroma compounds. in Phenolics in Foods and Natural Health Products, Nevv York, ACS 
Symposium Series #909, September 7-11, 2003, pg 143-160. 
http://nubs.acs orq/doi/abs/10. 1021/bk-2005-0909.chO 13 

52. Schober, AL. and Peterson, D. G. 2004. Flavor release and perception in hard candy: 
Influence of flavor compound-compound interactions. J. Ag. Fd. Chem. 52: 2623-2627. 
http://pubs.acs.orgidoi/ful!/l O l 02 l/if0353133 

53. Schober, A.L. and Peterson, D.G. 2004. Flavor release and perception in hard candy: 
Influence of flavor compound-flavor solvent interactions. J. Ag. Fd. Chem. 52: 2628-2631. 
http://nubs.acs.org/doi/full/l 0.1021 /jf035428? 

54. Nattress, L.A, Ziegler, G.R., Hollender, Rand D.G. Peterson. 2003 The irnpact of hazelnut 
paste on the sensory properties and shelf life of dark chocolate. J. Sensory Studies. 19: 133-
148. lmpactfactor3.l http://cmlinelibrarv.wiley.com/doi/l0.l 1 l l/i.I745-
459X.2004. tbOO 141.x/abstract 

55. Peterson, D.G. and Reineccius, G.A. 2003. Characterization of the volatile compounds which 
constitute fresh sweet cream butter aroma. Flavour Frag . .I. 18(3):215-220. 
http:/ /onlinelibrarv .wilev .com/doi/10 1002/ffJ. I I 92/abstract 

56. Peterson, D.G. and Reineccius, G.A. 2002. Biological pathways for the formation of oxygen­
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0136428 - 1 -

BACKGROUND OF THE INVENTION 

l. Field of the Invention 

This invention pertains to the field of flavorants and 
particularly pertains to flavorants which impart cooked meat 
flavor to foodstuffs. More specifically, the present invention 
is concerned with the preparation of meat flavorants having 
increased flavor and aromatic intensity and which more closely 
resemble the natural flavor and aroma of cooked meat. 

2. Description of Related Art 

The desirability of providing flavoring agents which 
closely simulate the flavor and aromatic characteristics of 
cooked meat has long been recognized. Such flavoring agents may, 
for example, be employed with non-meat sources of protein so as 
to make them more palatable and as meat-like as possible. So, 
too, they may also be employed with meat-containing or meat-based 
foods or vegetable-type foodstuffs such as condensed soups, dried 
meats, packaged gravies, casseroles, etc., in order to supplement 
or enhance these foods whose organoleptic properties may have 
been affected by their processing. 

Various expedients have been suggested in the prior art 
in attempts to provide flavoring agents having the organoleptic 
profile of cooked meat. Thus, for example, U.S. Patent No. 
2,934,437 describes the preparation of a meat-like flavor by the 
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reaction of a mixture of monosaccharide and a source of amino 

acid. U.S. Patent No. 3,394,015 describes the preparation of a 

meat-like flavorant from the reaction of a proteinaceous 

substance with a sulfur-containing compound in the absence of a 

monosaccharide. U.S. Patent No. 3,532,514 describes the 

preparation of a meat-like flavorant from a mixture of an amino 

acid source, a mono-, di-, tri-, or polysaccharide and an animal 

or vegetable fat. U.S. Patent No. 3,394,017 describes the 

preparation of a meat-like flavorant by reacting thiamine with a 

sulfur-containing polypeptide or an amino acid mixture derived 

therefrom and thereafter adding aldehydes and ketones to the 

product. 
• 

These and similar techniques may suffer from a number of 

disadvantages. Firstly, these meat flavorants may possess only a 

small fraction of the total flavor and aromatic notes possessed 

by natural cooked meat. This is attributable, in part, to the 

particular reactive ingredients employed to produce the 

flavorants which can provide only a limited number of the 

required chemical precursors -- such as various aldehydes and 

ketones which are necessary to obtain the full organoleptic 

profile of cooked meat. 

Moreover, the addition of separately prepared aldehydes 

and/or ketones to the flavorants in an effort to enhance the 

organoleptic profile of the flavorant produced is generally 

uneconomical. 
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Still further, the intensity or strength of these 

flavorants may be relatively weak so that a considerable amount 

of such flavorants would be required to obtain a perceptible 

flavoring effect upon a foodstuff. This, of course, may be 

economically undesirable. It would be far more advantageous to 

employ as little flavorant as possible and still obtain the 

desired flavoring effect. 

SUMMARY OF THE INVENTION 

Applicants have discovered a process for preparing 

flavorants for imparting a cooked meat flavor to foodstuffs which -avoids substantially all 0£ the disadvantages that may be 

associated with the prior art flavorants discussed above. 

The process of the present invention economically and 
desirably utilizes a lipid material, and more specifically an 

oxidized lipid material, to provide a wide range of chemical 

precursors which facilitate the preparation of flavorants having 

the characteristic species which more closely resemble that of 

natural cooked meat. Still further, the flavorants produced by 

this process are enhanced and intensified so that a relatively 

small amount of these flavorants is needed to obtain a desired 

flavoring effect upon a foodstuff. 
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More particularly, applicants have found that superior 

meat flavorants may be obtained by reacting at elevated 

temperatures a sulfur-containing compound and an oxidized lipid 

material, such as oxidized triglycerides and/or oxidized 

unsaturated fatty acid components thereof. The lipid material 

may be separately oxidized prior to being combined with the 

sulfur-containing compound or, alternatively, may be oxidized 

during the reaction step itself after having been combined with 

the sulfur-containing compound. 

The oxidation of the lipid material leads to the 

formation of a wide range of various hydroperoxides which in turn 

form a broad range of fatty unsaturated aldehydes and ketones . 
• 

These carbonyl compounds then react with the sulfur-containing 

compound(s) to form heterocyclic ring structures which greatly 

enhance and intensify the characteristic meat flavor and aroma in 

the flavorants. Moreover, by virtue of employing an oxidized 

lipid material in the process of the present invention, the 

unsaturated aldehydes and ketones which are formed are endogenous 

to the starting lipid material and therefore need not be 

separately added from some other source. 

In a preferred embodiment of the present invention, a 

source of ~mine acid is additionally reacted with the sulfur­

containing compound(s) and the oxidized lipid material to even 

further enhance the flavorants produced. In this embodiment, the 

fatty aldehydes and ketones derived from the oxidized lipid 
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material undergo non-enzymatic browning reactions with the amino 

acid source to provide an even broader organoleptic profile to 

the flavorant. As a source of amino acid, enzymatically treated 

meat hydrolysates are especially preferred. It is noted that in 

the context of the present invention, the term "meat" also 

includes fish. 

The ability to produce an acceptable flavorant at all, 

much less, a flavorant which has an even broader organoleptic 

profile and increased intensity when employing an oxidized lipid 

material is quite unexpected and co~trary to what would be 

predicted by those skilled in the art. Thus, it has long been 

recognized that lipid oxidation is a major cause of deterioration 
• 

in meat1 particularly of its organoleptic qualities, resulting in 

off-flavors and rancidity. Generally, steps are taken to inhibit 

such undesirable lipid oxidation through the use of metal 

chelators (~, polyphosphates, citric acid, ascorbic acid and 

EDTA}, phenolic antioxidants (propyl gallate, BHA and BHT), 

tocopherols, vacuum packaging, etc. Still, some oxidation 

nevertheless takes place during the cooking of the meat. 

Yet, in the process of the present invention, rather 

than avoiding lipid oxidation, steps are actually taken to ensure 

that oxidized lipids are indeed present in order to form the 

novel flavorants discovered by applicants. These oxidized lipid 

materials, typically thought of as being the cause of rancidity, 

are actually utilized in the process of the present invention to 
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produce flavorants having more intensity and an organoleptic 

profile more closely resembling that of cooked meat. These 

oxidation products provide the broad spectrum of precursor 

compounds -- unsaturated aldehydes and ketones -- needed to 

provide the desirable flavorants of the present invention. 

Hence, instead of providing a limited number of aldehydes and 

ketones from other sources, as may be taught by the prior art and 

which are inherently restricted in their scope and range, 

applicants are able to provide, in situ, a much broader range of 

such precursor compounds. 

The process of the present invention is carried out in 

such a manner that at the end of the process, the reaction 
• 

product has a peroxide value of substantially zero. In other 

words, essentially all of the oxidation products are utilized in 

the process to produce a flavorant of exceptional intensity and 

character. 

The meat flavorants of the present invention offer the 

additional advantages of exhibiting shelf stability for over one 

year at room temperature and do not require refrigeration. Still 

further, the intensity of the flavorants are four to five times 

greater than freshly cooked meat on a dry solids basis. 
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DETAILED DESCRIPTION OF THE INVENTION 

The process for preparing the flavorants of the present 

invention for imparting a cooked meat flavor to foodstuffs 

comprises combining a lipid material and a sulfur-containing 

compound to form a mixture and then reacting the mixture to form 

the flavorant wherein either before or during the reaction step, 

the lipid material is oxidized by being contacted with an 

oxidizing agent. In a preferred embodiment, the reaction mixture 

also contains a source of amino acid. 

The lipid material that is employed in the present 

invention includes triglycerides, unsaturated fatty acids or a 

combination thereof and may be obtained from a variety of 

different sources. For example, the triglycerides include, but 

are not limited to, animal fats such as chicken fat, lard, butter 

£at, bee£ tallow and the like: and hydrogenated animal oils 

prepared from, £or example, oils derived from fowl, beef, pork, 

fish and the like. These triglycerides may be employed alone or 

in combination with one another. The unsaturated fatty acids 

that may be employed may be derived from the triglycerides 

themselves by means of enzymatic breakdown employing lipases 

which are well known in the art. The formation of free fatty 

acids derived from triglycerides offers a wide range of precursor 

compounds for subsequent oxidation which in turn will react with 

the sulfur-containing compound to form the ultimate flavorant 

product. 
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The fatty acids are desirably straight or branch chained 

acids having from 11 to 24 carbon atoms and at least one 

unsaturated linkage in the chain. Such fatty acids include, but 

are not limited to, oleic acid, linoleic acid, linolenic acid, 

arachidonic acid and the like. 

The lipid material is preferably derived from a source 

which is most closely related to the type of flavorant desired. 

Thus, where it is desired to produce a chicken flavorant, the 

triglyceride source that is most preferred is chicken fat. 

Similarly, in the preparation of a pork flavorant, it will be 

most desirable to employ pork fat as the source of the lipid 

material. • 
The lipid material, be it a triglyceride, an unsaturated 

fatty acid, or a combination thereof, may then be oxidized and 

combined with a sulfur-containing compound or, alternatively, may 

first be combined with the sulfur-containing compound and then be 

oxidized during the reaction step itself. 

The lipid material may be oxidized by being contacted 

with an oxidizing agent which includes, but is not limited to, 

contact with gaseous materials such as oxygen, air, ozone, and 

the like, or solid and liquid oxidizing materials such as 

hydrogen peroxide, ferrous sulfate, and the like. Oxidizing 

gases are generally employed in a manner such that the amount of 

oxygen available is in the range of from about .015 to .15 

lbs/hour and preferably from about .02 to .06 lbs/hour per 
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kilogram of unoxidized lipid material. Non-gaseous oxidizing 

agents are generally employed in an amount from about 0.1 to 1.0% 

by weight based on the weight of the lipid material. The 

oxidation of the lipid material is carried out at a temperature 

of about 50° to 120°C for a period of from about 0.5 to 6.0 

hours. Preferably, it is carried out at a temperature of 80° to 

l00°C and for a period of from about 1.0 to 2.0 hours. 

Regardless of how the lipid material is oxidized or what 

oxidizing agent is employed to do so, and whether the lipid 

material is oxidized prior to being combined with the sulfur­

containing compound or after, the lipid material is oxidized to 

the extent that it has a peroxide value in the range of from 
• 

about 5 to 150 rnilliequivalents per kilogram of lipid material. 

Preferably, the lipid material is oxidized to a peroxide value of 

7 to 10 rnilliequivalents per kilogram of lipid material. 

"Peroxide value" is a conventional term which is well known to 

those skilled in the art for measuring the degree of oxidation of 

a material, particularly, lipids. The peroxide value may be 

determined by the American Oil Chemists' Society Method No. 

28.023 as set forth at page 489 of the Official Methods of 

Analyses of the AOAC (1975), published by the Association of 

Official Analytical Chemists. Oxidation of the lipid material to 

the extent recited in the foregoing ranges is required in order 

to provide the necessary precursors which facilitate the 

production of the flavorants of the present invention which have 

increased intensity and a broader organoleptic profile. 
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As a result of the oxidation of the lipid material, 

hydroperoxides are formed. These hydroperoxides are generally 

unstable and decompose to form a wide range of fatty, unsaturated 

aldehydes and ketones. 

From about 1 to about 10 parts by weight and preferably, 

from about 2 to about 5 parts of a sulfur-containing compound are 

employed per part by weight of lipid material regardless of 

whether the lipid material is initially oxidized or oxidized as 

part of the reaction step. 

Suitable sulfur-containing compounds include, but are 

not limited to, sulfur-containing amino acids, which liberate 

hydrogen sulfide, lower flkyl mercaptans, or lower alkyl sulfides 

or disulfides, or may include inorganic sulfur compounds, or 

hydrogen sulfide itself. Such inorganic sulfur compounds may 

include the sulfides or hydrosulfides of alkali or alkaline earth 

metals or ammonium. In the context of the present invention, 

where a sulfur-containing compound is referred to, it is 

understood that any one or more of the above-noted sulfur­

containing compounds may be employed at any one time to react 

with the oxidized lipid material. 

Specific examples of some sulfur-containing compounds 

are cysteine, cystine, thiamine, methionine, glutathione, 

2-amino-ethane sulfonic acid or their salts, and the like. 

Sulfur compounds may also be derived from plants of the Allium or 

Cruciferae species. 
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The mixture of the sulfur-containing compound and the 

lipid material is then reacted to form the flavorants of the 

present invention. The reaction is carried out at elevated 

temperatures, normally, at a temperature in the range of from 

about 80° to about 120°C and, more preferably, in the range of 

from about 85° to about 100°C for a period of about .s to 2.5 

hours and preferably, from about 1.0 to 2.0 hours. The reaction 

is carried out until the peroxide value of the reacted mixture is 

essentially zero milliequivalents per kilogram of lipid material. 

Provided that an oxidizing agent is brought into contact 

with the reaction mixture, the reaction conditions are such that 

in the embodiment where an unoxidized lipid material is combined • 
with a sulfur-containing compound, the lipid material is oxidized 

during the reaction to form the required oxidation products. As 

the lipid material is oxidized and is forming oxidation products 

in situ, such oxidation products are immediately and simultan­

eously reacted with the sulfur-containing compound to form the 

desired flavorants. The lipid material may be oxidized in situ 

by simply bubbling an oxidizing gas such as air or oxygen through 

the reaction system as it is being heated. Alternatively, an 

edible liquid or solid oxidizing agent such as hydrogen peroxide 

or ferrous.sulfate may be added to the mixture of unoxidized 

lipid material and the sulfur-containing compound and then the 

mixture heated to the reaction conditions, which conditions are 

essentially the same for oxidizing the lipid material. 
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The essential difference between a reaction system 

containing an unoxidized lipid material and one containing a 

lipid material that has been pre-oxidized is the presence of an 

oxidizing agent during the reaction of the mixture for the former 

embodiment. Either way, the sulfur-containing compound reacts 

with the oxidation products of the lipid material to form 

heterocyclic ring compounds such as thiophenes, thiazoles, 

thiazolines, thialdine, trithianes and the like which are 

primarily responsible for the great enhancement and intensifi­

cation of the characteristic flavor of cooked meat found in the 

flavorants of the present invention. 

In addition to the two main ingredients of a sulfur-
• 

containing compound and an oxidized lipid material (be it formed 

prior to combination with the sulfur compound or formed in situ 

during reaction therewith), in order to even further enhance and 

intensify the flavorants produced in the present invention, 'it is 

most desirable to add an amino acid source to the reaction 

mixture. As a source of amino acid, one may employ a single 

amino acid which is specifically associated with the desired 

flavorant or a mixture of various amino acids. Protein 

hydrolysates may also be employed and animal protein hydrolysates 

are especiplly preferred. Hydrolysates are well known and 

readily obtainable from a variety of proteinaceous materials. 

Vegetable protein hydrolysates, for example, may be obtained from 

wheat germ, corn gluten, soy protein, linseed protein, peanut 

press cake, yeast and the like. 
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As with the lipid material, the preferred meat protein 

hydrolysate is advantageously also derived from the animal 

associated with the desired flavorant. Thus, hydrolyzed chicken 

meat, for example, would desirably be employed to produce a 

chicken flavorant. The utilization of fish protein to form fish 

protein hydrolysates for the production of fish flavorants is 

also contemplated. 

The meat is preferably proteolytically hydrolyzed with 

any protein-splitting enzyme including exopeptidases, endopepti­

dases, or enzymes which exhibit both of these types of activity. 

In addition to proteases, i.e., protein-splitting enzymes, 

lipases, enzymes which split lipids, may also be employed. As 
• 

meats contain some fat at least, the fat present may be employed 

as a source of the required lipid material which will be oxidized 

during the reaction step after being combined with the 

sulfur-containing compound. Protein hydrolysis of meat by means 

of proteases does not affect the fat content thereof. The nature 

of the fat contained in the meat may be left unchanged and 

employed as such with the hydrolyzed meat in conjunction with the 

sulfur-containing compound to be subsequently oxidized. As an 

alternative, however, the fat may be cleaved by means of lipases 

to form un~aturated fatty acids which may also serve as the 

required lipid material. 

The amount of proteolytic enzyme material employed is 

typically in the range of from about 0.001% to 2.0% by weight of 

the meat employed, with 0.05 to 1.5% being preferred. 
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The meat is hydrolyzed for a period which is generally 

in the range of from about 1 to 8 hours and preferably from about 

2 to 6 hours. The temperature employed for hydrolysis depends 

upon the particular enzyme employed but is usually in the range 

of from about 45° to 65°C. At the end of the hydrolysis period, 

the enzymes are deactivated by heating the hydrolysis mixture at 

a temperature of approximately 100°c for 5 to 15 minutes. 

The addition to the reaction mixture of a protease 

treated meat and, desirably, a meat that has been treated with 

lipase as well, greatly enhances the flavors that are produced. 

In this preferred embodiment, where a source of amino acid is 

added to the reaction mixture, the fatty aldehydes and ketones 
• 

resulting from the oxidized lipid material, in addition to 

reacting with the sulfur-containing compounds, also undergo 

non-enzymatic browning reactions with the amino acids and 

peptides derived from the hydrolyzed meat. These additional 

reactions provide for an even broader organoleptic profile of the 

meat flavorants produced. 

The amount of amino acid source employed is in the range 

of from about Oto about 90 parts by weight per part of oxidized 

lipid material employed and is preferably in the range of from 

about SO tp 70 parts by weight. 

It is noted that no water is added to the reaction 

mixture of the present invention. In the embodiment in which a 

protein hydrolysate is employed some water may be present, 
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originating from the hydrolysis of the meat. Accordingly, the 

reaction is essentially carried out in a fatty medium. 

Additionally, it is also noted that in the process of the present 

invention, no saccharides are added to the reaction mixture. 

Applicants have found that the presence of mono-, di-, or 

polysaccharides in the reaction mixture can detract from the 

organoleptic quality of the resulting flavor. Hence, saccharides 

should not be added to the reaction mixture of this invention, 

although small amounts may be present in the ingredients used 

themselves. 

The reaction is carried out until the peroxide value of 

the mixture is substantially near zero which is an indication 

that essentially all of the lipid oxidation products have reacted 

with the sulfur-containing compound(s), alone or in combination 

with the optional amino acid source. As is readily apparent, the 

amount of sulfur-containing compound and optional amino acid 

source present in the reaction mixture should be at least enough 

to chemically react with essentially all of the oxidation 

products of the oxidized lipid materials. 

After the reaction has taken place, the flavorant may be 

used as is, or alternatively, be blended with suitable solvents, 

thickenersJ extenders or carriers such as hydrolyzed plant 

proteins, malto-dextrins, starches, etc. If desired, flavor 

potentiators or enhancers such as spices, condiments, monosodium 

glutamate, 5'-nucleotides and the like may also be combined with 
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the resulting flavorant. Alternatively, some of these additives 

may also be combined with the mixture prior to the reaction step. 

If there is any water present in the reaction product, 

it may be removed by drying the flavorant material by any 

conventional means such as by spray-drying, vacuum-drying, or 

freeze-drying. 

Factors which may affect the nature and quality of the 

flavorants produced include the nature and relative amounts of 

the lipid material, sulfur-containing compounds and, when 

employed, the amino acid source, as well as the reaction time and 

the temperature of the reaction mixture. 

The flavorants ff the present invention may be 

incorporated in soups and soup mixes, casserole dishes, canned 

and frozen vegetables, animal or pet foods, sauces, gravies, 

stews, simulated meat products, meat spreads and dips, bakery 

products, replacements for beef, pork, fish, and chicken 

extracts, and the like. 

The amount of a particular flavorant employed will be 

dependent, of course, upon the specific application. Generally, 

however, an amount of 0.1 to 4.0% by weight of a flavorant 

produced by the present invention and preferably, about 0.5 to 

1.0% by weight is usually enough to impart a cooked meat flavor 

to the foodstuff having the intensity, flavor and aroma 

characteristics that would normally be associated with freshly 

cooked meat. For example, the addition of about 0.5 to 1.0 parts 
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by weight of a chicken flavorant prepared by the process of the 

present invention added to a vegetable protein material such as 

texturized soy protein would impart an organoleptic profile to 

the soy protein material of freshly cooked chicken. 

Having described the basic concepts of this invention 

the following Examples are set forth to illustrate the same in 

which the parts and percentages are by weight. These Examples 

are not 1 however, to be construed as limiting the invention in 

any manner. 

EXAMPLE l 

This Example is illustrative of an embodiment of the 

present invention in which the lipid material is oxidized prior 

to being combined with the sulfur-containing compound. 

A flavoring agent having the characteristic flavor and 

aroma of cooked chicken is prepared from the following 

constituents: 

Chicken fat 

Hydrolyzed chicken meat 

L~Cysteine HCl 

Linoleic acid 

30.00 parts 

64.75 

s.oo 

0.25 
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The hydrolyzed chicken meat is prepared by blending 99.0 

parts of chicken meat with l part of protease and heating the 

mixture at 50°C for 5 hours. After hydrolysis is complete, the 

enzyme is inactivated by heating the mixture at 100°C for 10 

minutes. 

The chicken fat is first oxidized by heating the fat to 

100°C and contacting it with 0.2 standard cubic meter/hr of 

oxygen until a peroxide value of 10 meq/kg is reached. The 

remaining ingredients are then added to the oxidized fat and 

reacted at 100°C for 2 hours. The reaction is complete and the 

flavorant produced at the end of 2 hours at which time the 

peroxide value is zero. 

25 parts of the flavorant is then blended with 64.5 

parts of hydrolyzed corn protein, 10 parts of rnalto-dextrin and 

0.5 parts of a 50/50% mixture of sodium inosinate and sodium 

guanylate. The resulting paste is then vacuum-dried to a solids 

content of 98%. 

The resulting flavorant has the characteristic flavor 

and aroma of boiled chicken. Compared to a similar flavorant 

prepared without the use of oxidized fat, the oxidized flavorant 

of this Example has a richer, more full-bodied rnouthfeel. The 

flavorant of this Example also has a stronger, more intense 

brothy profile, similar to stewed chicken or chicken stock and a 

noticeable increase in fat flavor. 
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EXAMPLE 2 

This Example illustrates the embodiment of the present 

invention wherein the lipid material employed is endogenous to 

the animal protein hydrolysate employed and is oxidized during 

the reaction step. 

A flavorant having the characteristic flavor and aroma 

of cooked pork is prepared employing the following constituents: 

Hydrolyzed pork meat 

L-Cysteine HCl 

Thiamine HCl 
• 

Onion concentrate (65% total solids) 

Linoleic acid 

92.25 parts 

4.00 

2.00 

1.50 

0.25 

The pork meat, containing 80% fat, is first hydrolyzed 

with 0.5% protease by weight for 8 hours at 50°C. At the end of 

the hydrolysis reaction, the enzyme is inactivated by heating the 

mixture for 15 minutes at 100°c. 

The hydrolyzed pork meat containing the fat is then 

combined with the remaining ingredients to form a mixture. The 

mixture is.then brought to a temperature of 100°C and maintained 

at that temperature for 2 hours while simultaneously, 0.2 

standard cubic meter/hr of air is bubbled through the medium in 

order to oxidize the fat contained within the hydrolyzed pork 
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meat. At the end of this time period, the flavorant is produced 

having a peroxide value of zero. 

After cooling, the flavorant is blended with the same 

carriers and additives as set forth in Example 1 and then vacuum­

dried to a 98% total solids content. 

The resulting flavorant has the flavor and aroma of 

freshly cooked pork meat. The flavorant has little roast 

character and instead exhibits a well-cooked meaty character. 

The flavorant exhibits a brothy character, a meaty, full-bodied 

profile and a volati1e pleasant aroma. 

EXAMPLE 3 
(tOMPARISON EXAMPLE) 

The process of Example 1 is repeated with the only 

exception being that the chicken fat is not oxidized at all. 

Thus, the peroxide value of the unoxidized chicken fat is only 

1 meq/kg. The remaining constituents and process steps set forth 

in Example l are repeated in this Example. 

The resulting flavorant produced in this Example, which 

is not in accordance with this invention, does not have the 

intensity, aroma and flavor characteristics as that of the 

flavorant produced in Example l. The flavorant of this compari­

son Example exhibits a much weaker profile, a lesser intensity 

and lacks the meaty, brothy, fatty full-bodied flavor of the 

flavorant produced in Example 1. 
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EXAMPLE 4 
(COMPARISON EXAMPLE) 

0136428 

The process of Example 2 is repeated with the only 

exception being that the fat contained within the hydrolyzed pork 

meat is not subjected to oxidation conditions during the reaction 

step such that the fat is not oxidized. The remaining constit­

uents and process steps are employed as discussed in Example 2. 

The resulting pork flavorant produced in this Example 

which is not in accordance with this invention lacks the 

intensity and specificity of the flavorant produced in Example 2. 

Moreover, the flavorant also lacks the brothy, meaty character 

and the fatty flavor of ~he flavorant of Example 2. A taste 

panel comparing the flavorants of Example 2 and this Example 

indicated a preference for the Example 2 flavorant, the flavorant 

produced in accordance with the present invention, at a 95% 

confidence level. 

EXAMPLE 5 

A flavorant having the flavor and aroma of cooked liver 

is prepared employing the following constituents: 
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Hydrolyzed beef liver 

L-Cysteine HCl 

Thiamine HCl 

- 22 -

Onion concentrate (65% total solids) 

Beef fat 

0136428 

72.0 parts 

3.5 

1.5 

3.0 

20.0 

The beef liver is first hydrolyzed in the same manner as 

set forth in Example 1. The hydrolyzed beef liver is then 

combined with the remaining ingredients and the mixture brought 

to a temperature of 100°C and maintained at that temperature for 

2 hours while 0.2 standard cubic meter/hour of ozone is bubbled 

through the reaction medium. At the end of the reaction period, 
• 

the flavorant is blended with the same carriers and additives as 

set forth in Example 1. 

The flavorant produced has the characteristic flavor and 

aroma of cooked liver. The flavorant has an earthy, fatty profile 

which is both intense and aromatic.. 1. 7 to 1. 8 grams of the 

flavorant produced in this Example can replace at least 2.0 grams 

of a flavorant prepared without oxidation of the lipids and still 

achieve the same impact and intensity. 
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EXAMPLE 6 

Example 5 is repeated with the exception that instead of 

employing beef liver, ground beef is substituted therefor. 

The resulting flavorant has an excellent cooked beef, 

brothy and fatty flavor and an intense aroma. 

A taste panel, when comparing the flavorant of this 

Example with that prepared without oxidation of the lipid 

materials, found the present flavorant to be more meaty, broth­

like and flavorful and to have an increased aroma intensity. 

EXAMPLE 7 

Example 6 is repeated with the only exception being that 

the beef fat is oxidized prior to being combined with the 

remaining ingredients. Thus, the beef fat is contacted with 0.2 

standard cubic meter/hr of oxygen for 4 hours at l00°C to oxidize 

it to have a peroxide value of 10 meq/kg. Inasmuch as the fat is 

already oxidized, no further air or oxygen is bubbled through the 

mixture during the reaction. 

When the peroxide value of the reacted mixture is near 

zero, the reaction is complete and the flavorant produced. 

The flavorant produced in this Example and that of 

Example 6 are indistinguishable from one another. This points 

out the interchangeability of oxidizing the lipid material either 

before or during the reaction step. 
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EXAMPLE 8 

This Example is illustrative of the embodiment in which 

no amino acid source (meat hydrolysate) is employed. It also 

demonstrates the preparation of the flavorant without the 

presence of any water. 

A flavorant is prepared having the characteristic flavor 

and aroma of cooked chicken employing the following constituents: 

Chicken fat 

L-Cysteine HCl 

97.0 parts 

3.0 

The chicken fat and L-cysteine HCl are combined and 

heated to a temperature of 120°C for a period of½ hour while 

simultaneously bubbling 0.1 standard cubic meter/hr of air 

through the medium. At the end of that period, 10 parts of the 

flavorant produced are blended with 70 parts hydrolyzed corn 

protein, 19.5 parts malto-dextrin and 0.5 parts of a 50/50% 

mixture of sodium inosinate and sodium guanylate. 

The resulting flavorant has the characteristic flavor 

and aroma of cooked chicken. 
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EXAMPLE 9 

This Example is illustrative of the embodiment in which 

a fish flavorant is produced. The particular species of fish 

employed is dependent upon the particular flavor to be produced. 

A flavorant having the characteristic flavor and aroma 

of fish is prepared employing the following constituents: 

Hydrolyzed fish 

Cod liver oil 

L-Cysteine HCl 

Linoleic acid 
• 

72.2 parts 

25.0 

2.s 

0.3 

The fish is first hydrolyzed by means of a fungal 

protease which is employed in an amount of 1% by weight of the 

fish treated. The hydrolysis is carried out for 6 hours at 50°C. 

At the end of the hydrolysis treatment, the temperature is raised 

to 100°C and maintained at that temperature for 15 minutes to 

inactivate the enzyme. 

The hydrolyzed fish is then combined with the remaining 

ingredients and heated to a temperature of 100°c for l½ hours 

while simultaneously bubbling air through the system at a rate of 

0.15 standard cubic meter/hr. 23 parts by weight of the reaction 

product is then blended with 60 parts of hydrolyzed corn protein, 
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16.2 parts malt dextrin and 0.8 parts of a 50/50% mixture of 

sodium inosinate and sodium guanylate and dried in vacuum to a 

total solids content of 98% by weight. 

The fish flavorant produced has a boiled fish flavor and 

aroma and is well suited to applications such as chowder where a 

boiled fish flavor is desired. 
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Claims 

1. A process for preparing a flavorant for imparting a cooked 

meat or fish flavor to foodstuffs which comprises com­

bining a lipid material being at least one of a tryglyce­

ride arrl an unsaturated fatty acid with a sulfur-containing 

compound to form a mixture and reacting the mixture by hea­

ting to form the flavorant wherein before or during the 

reaction step, the lipid material is oxidized by being con­

tacted with an oxidizing agent. 

2. The process of claim 1, wherein the lipid material is 
oxidized to a peroxide value in the range of from about 5 

to 150 milliequivalents per kilogram of lipid material. 

3. The process of claim 1 or claim 2, wherein from about 1 

to about 10 parts by weight of the sulfur-containing com­

pound is mixed with 1 part by weight of the oxidized lipid 

material. 

4. The process of any preceding claim, wherein the lipid 

material is an animal fat, a hydrogenated animal oil or a 

straight or branched chain fatty acid having from 11 to 24 
carbon atoms and having at least one unsaturated linkage 

in the chain. 

5. The process of any preceding claim, wherein the sulfur­

containing compound is at least one of a sulfur-containing 

amino acid, a lower alkyl mercaptan, a lower alkyl sulfide, 
a lower alkyl disulfide, hydrogen sulfide and a sulfide or 
hydrosulfide of an alkali or alkaline earth metal or ammo­

nium. 

6. The process of any preceding claim, wherein the reaction 

mixture contains an amino acid source. 
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7. The process of claim 6, wherein the reaction mixture con­
tains up to 90 parts by weight of the amino acid source per 
part by weight of the oxidized lipid material. 

8. The process of any preceding claim, wherein the mixture 
is reacted by heating at a temperature of 80° to 120°c for 
a period of from 0.5 to 2.5 hours. 

9. The process of any preceding claim, wherein the mixture 
is reacted until the peroxide value is substantially zero. 

10. The flavorant obtained by the process of any preceding 
claim. 
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METHODS AND C.OMPOSfflONS FOR AFFECTING THE FLAVOR ,AND AROMA 
PROF!LE OF CONSUMABLES 

Description not available for EP2943072 {A2) 
Description of corresponding document: W02014110532 {A2) 

A high quality text as facsimHe in your desired language may be available 
amongst the following family members: 

AU2{J'l4W5114 (AH CJ\2697600 j'AH GN'HJ5D5D414 {A) ~!P2DH:i:fi02857 {A} 
V402D1411t1532 {A2) AU201420:d21 tA:1} CA2897602 {A1 l CN105t150426 (A) 
JP.'.i.:1J·l6500716 {A} \l\l020141 'Hl539 1'A1) 

The EPO does oot accept any responsibility for the accuracy of data and information 
originating fiom other authorities than the EPO; in particular, the EPO does not 
guarantee that they are complete, up-ta-date or fit for specific purposes. 

fVETHOOS A.NO COMPDSff!ONS FOR /\FFECT!NG THE FLA.\/OR /\ND AROMA 
PROFILE OF CONSU!\4ABLES 

CROSS-REFERENCE TO RELATED APPUCt\TK)NS 

This appkrntion daims prtomy to U.S. Application Serial No. 'l 3/H<"U ,2,·1-1, Med Ju!y -12, 
20'13, US. ApplirnUnn Serla! Nn. 6-U:900,634, med Novernber 25, 20'13, and to U.S . 
.App!katinn Serial No. G ·'l ltf..i •i JVi G, Med .Jarnmry ·1 ·t , 20'1 :1, and is related to the 
fo!k::iv1,•ing ro--pending patent appfo .. :ations: Appficatlon Serial No PCT/US ·QJ45560; 
,,\.ppfa:atkm Soria! No PCT/US ·12/4f}5S2; !\ppHcaHon Snria~ No. fH,876/H6, fi!Hd 
September -1-1 , 2[Vi 3; and App!icatioo Serial No_ 6'1 ff f..i ·1,s-·13, fil-ed January 'l ·1, 2(H 3, all 
of \\•tikh an~ incorporatnd tw:iniin by n-Jfemm:e _ 

This inventiffl relates to fr>l"Xl produd.s and nmra particularly, to fot:,<d products that 
indude a highly conjugated hetenxydk. ring G)lTlplexed to iron such as a herne-­
cofador and one or rnt.lfB flavor precursor rnolocules. 

BACKGROUND 

Fcx.xl Is any substanm that is either eaten or dmnk by any ariirnt.11, irn::.kaiing humans, 

htips:/i\vorkhvide.e&pacenetco.m/publicatio:nDefails/description?CC=EP&NR=2943072A ... 1 l/17/2017 
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for nutrition m pleasure. !tis usually of plant or cmirna! oriqln, and can contain essenUa! 
nutrjents, such as carbo!lydmtes, tats, proteins, vitamins, m minerals. The substance is 
ingested by an organism and assirnifa::Jted by the organism's cells in an effort to produce 
HtKWfff, rnalntaln Hfo, or stlmu!atu 9mwU1. 

Food l:ypicaUy has its origin in a photosynl:hi:ttlc nr9anisrn, srn:h as a plant Sonm fncd is 
obtained dired!y frorn plants, but even anirna!s that are used as food sources are 
raised by fee{:Hng then1 food which is trplca!!y derived frorn plants. 

In rnost cases, the plant or animal food source is fractionated into a variety of dm'ernnt 
portlc-ns, de-pending upon the purpose- or the foa,1 _ Often, rnrt.ai n pc-rlions of the plant, 
sud~ as the soods or in..iits, am rnom highly prlzed by hurnans than others and these 
are sdednd for human u:msurnptkm, vi&o oRmr less dnsirab!n flflfllt:lcns, sud1 as Um 
stalks of grasses, are fypk:aHy used for feeding an\mais. 

Current plant-based meat substttutes have largely fai!e:zi to cause a shifl: to a vegetarian 
diet. Meal: subsW:ul:n compusltlons nnJ l:yplcaUy nxtn.1-ded soy/grain mhdures 1o:vhidi 
k'Kf~ely tail to replicate the expern:mce ot u:}:Jking and eating rrmat. Crn11mon hrnitations 
of plant-based nmat subsutute pmduds are a texture and rnc.1Jth-fee! that are rnora 
!lOfnogenous than that of equivalent rneat pmdtds. Frnthennom, as these products 
rnust largely be s.okl pre-cooked, >,;.'l:'lth artmda! flavors and amrnas prn -lncorpornted, 
tt:my fni! tu ri:tpkatu lhe mumas, llavors, and u!Jinr kuy foalurns, such as lDxh.inJ and 
mouth- feel, assi ... ')dated with o:xm1n9 or ox"4;ed meat As a result, these products 
apprm! !arGe!y tu a !lmttnd crir:isumnr ba~:;r~ l:hat h ak.:fady cormniUrnj to 
\tegetarianisrnNeganisrn, but tmve failed to appe:a1 to the !arger consumer segrnent 
accustnnind In eating rnoaL n \Vnu!d be useful ln tmvi) irnpmvod p!anl:-bai:%}d rneal: 
subsfitui.es whid1 be-tier replicate the an.1mas and fiavms of moot, particu1arty during 
andfm afier cooking. 

Pmi.'ided hernln am methods and cornposttions rm modulating the ftavnr and/or aronm 
prnfik~ of consmnab!n fncd prrnJurls, indudinLJ anbml~ nr m:m-aninia! (ftU., p!anl:} basi:td 
fooo products. or mixtures of animal- and non-anirnal~hased food products. in some 
nrntx:w:frntmts., trin mn1hmb and comp:::t:;ltlnns nnJ usnfu! for rmJdu!aHnu HKl fla'l;:'tX 
and/m amrna profile of a consumable fw.Jd prooud during and/or afl.er the c.00:,Wng 
prnniss. !n son-Kl HrntH:idlmonts, l:hi:t nml:huds and <:nrnposifams mn usnd In gnm-)raln 
one m mom chmTfrrni compounds that modulate the flavcir and/or amrn.a profile of the 
oonsurnab!e foc.sJ pmdud durlnq and/or after the cooking pmcess. 

As provided herein .. and \>Vtlhoul: beinq bound by theory, certain charm:::terlsUc rneaty: 
ik1vnrs anrYor ammas {H.n., tx-mfy, bacony, uniaml, savory, hbudy, brofriy, nmv}\ 
rnetamc, boumon- like; see Tab!:es 2, 7, and tl), including one or more specmc 
r:ht-Jt"fliciii (Xllilf)t}t~nJj~; fl~~i(}(}aJf;;{j \\:~tilil ttw:~- ~1{J~lK~~ {Sf~f} T~it,it~~; 3~ B, f]~ :t2~ ~14~ ·ft)~ {lf ·l7t 
are believed to be produced drning the moking process of a consumable fot.ld product 
by chi:trriica! n:mdJon o'f unn or morH ik1vrn prm:ursnr mokicuks or crnnposWnns 
catalyzed by the pmsence- of .a highly r:cmju~1ated hetem-cydk: ring co,mp1e1:ed to an imn 
ion {e.g., a henm rnolety; or a porphy:rin; a porphy:rinogen; a conin; a cmrinold; a 
cMrnin; a 

baderim::horophy!l; a c11rphin; a chlomphymn; a bacteriod1k.'1rin; cir an isobactmioch!orin 
moiety cornplexe:zi to an hTH1 \on}, Such h}gh!y con_jugated heterocycyilc rnc.wties 

htips:/i\vorkhvide.e&pacenetco.m/pubbcatio:nDefails/description?CC=EP&NR=2943072A ... 1 l/17/2017 
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/nc!ude hetenx:yclic amrnat!c rings composed of one or rnore (2, 3., or 4 more} pyrrol=e, 
pyrmle--!ike, arn::l/or pyrrdine subunits. The highly -CJ}njutv-ted heterocyc!k ring 
complexed to an lron uJn is referred to herein as an iron complex .. In sorne 
Hmbcdimenh, Um henn1 mok'lty can be a henm cofodor such as a tnrrn1 moiety bnund 
to a protein; a henw rnoiety bound to a ncm-pmteinacoous polymer; a heme moiety 
t)(~.lf)tJ f:{) !ti S()!kj SU{)f}(]ft~ (}f fl i"lf~f11f] fll{)k-rt~f ~1r}{::a.r)~iU!{JifHj irl ti hf)(}S(MI}(7). lt1 S.s)fl1f~ 

ern.bc-dirnents, the flavors and/or t'non-ms am not generated in Um absence of fue iron 
cornpiex {e.g., 1n the absem::e of a ferrous cNmin} or are not generated in the absence 
or a hmne--cofador (e-.~1-, in the absenrn of a hen-1e--mntaining protein). Acwrdingly, as 
described herein, the iron mrnp!exes such as isolated eh!orln-/ron complexes m herne­
mfa-r:tors {e.g., henw- c·ontaining proteins) can be used to generate rneaty fo .. lvors 
andicr amn1as in a \:'Btiety of foz."1d products, stH..:h as drning the moking process. 

Cornbining cme ar morn iron complexes such as a heme-cofactor (B{l, a heme­
crmtain1n9 pmkjn, indudlng, for nxampi!H a p!ant-dHdvod hi:Hno pminin such as a plant 
!eghenmgh:1rnn (legH}}, ~vith one m morn flavor pmcursor rnolecules or comp:ositions 
(see, e..q., Table ·1 or Table t3) can generate or pmvide a range of savrny and rneaty 
an::1rrias and tastes (sf.le, et1, Table-s. 2, l, andior ·1-1) in .a cru1.¼ed rnnsurnabk-l fond 
product F!avm pmcursm rnoleniles or rnn1posmons can be added to the una..x:J,;ed 
food product in purified forrn and/or can be derived ti'om ingredients in the rn1coc1ked 
o:.msurrn.1ble foc.s{l pmd ud U-mt contain and/or are enriched with one fff rrnJffi of the 
padku~ar navor prncursors or cornposilkms, §ndudk:tt for nxamp!o, yHast ftdrnc( 
vegetable oH, com oH, soybean oil, palm ftun dl, palrn kemel oil, saffa:y;,,.,,.er oi~, flaxseed 
oil, rh:n tinm o¾!, coU:nnsHod oil, oJhH) nil, cannta-dl, sunf!m-w-;r oit con:mut oJ, rm:mgn 
oil, or an a!9al oil. The resultant flavor and/or rm.1rria profile can be nmdu!atru.i by fue 
typf} and comxmtr:ation of Rm fiavor pri:Krnsors, Um pH uftrie rnmclkm, UK~ kmgth of 
cooking, the type and amount of iron mmp!ex (e.g., a herne wkKtor such as a heme-­
containing protein), the ternperatum of the reaction, and the amount of woater act:tvH:y in 
the product, mnt':)ng other tfjdors. 

One cw nl{)re fh..1vm pren .. ffsor mde-c1.1los or crnnpositions can be added akmg \:Vith a 
iron carnplex (e.g., ferrous ch!orq::ihymn or a heme cofactor such as a henw-containing 
prok}in), ln an unrnoktd food product, bnfnnl am:Urn· during tho o:sokin~J prnniss, tu 
give the cooked consumable fix .. "1d product a par!ku!ar rneafy taste and srnel!, ror 
nxampk~, t!"ln tm~tH and smell Gf bHd, han:m, p-nrk, lanib, o,r chk:k(-m_ Consurnabk~ food 
products can be animal Cff non-animal based (e.g , plant} food pn.xlUcts, or 
cornbinat!ons of an anirrn.11 and nDJH1nirnal based food product Ftx exarnp!e, a plant 
basru.1 veggie burger man animal-- t~1secd burger, such as a chkken burger, can be 
rnodffffid ¼V!th the crnnposlUons and methods of the present disclosure to msu!t ln a 
btn'i18f hav§ng a conked flavor and/Dr aroma pmMe that is mom meat like, e.g., t~f-­
mm, !mnb-Hke, prn'k-l!k.e, turkey- ilke, duck-like, deer-like, yak-like, mson-Hke or other 
ffoslrab!o meat flavor. 

Food products for nsf1 in Um pr~Js(-ml: disdusu1n im:ludH lhusn that havo an irnn­
crnnptex {e.fL a herne cofactor such as a he:rne-rnnta1ning protein}, and one or room 
ik1vnr pH:wrnsor mnkicuks indudod thr~rdn. Thf} imn--c0,n-1plbx su-cll as a hHnio cofadrn· 
(e.g., a hmTie--rnntaining pm!:einJ and the one or morn fh.tvm prnc11rsnr mdt1ci..des ran 
be hcmoqenous!y or heteroqenoously included in the flmd prodrn::ts. A herne protein 
can be isdated and prnifi:ed prim to inclusion in the kiod pmdud:. Non-faniting 
exmnp!es of a1nsurnab!e food products wnk:h a'm lndude an iron complex such as a 
henm.,cofactnr (e.g., a herne--containinp protein) and one or mom fa.ivor precursor 
molecules include anirnal-bas,ed or non-an1nml (e.g., plant-based}, Cff combinatrons of 

htips:/i\vorkhvide .. e&pacenetco.m/pubbcatio:nDefails/description?CC=EP&NR=2943072A. ... 1 l/17/2017 
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anlrna!-based and non-animal-based, food pn:Jducts in the fonn of hot doq:s, burners, 
ground meat, sausages, steaks, Mets, masts, broosh, thighs, \Vings, rnootba!!s, 
rneatJoof, t,~mn, strips, fingers, nuggets, cutlets, c:w z·:ubes. 

Consumable food products for use in the present dscJosum can be flavor am.imve 
nxnpusifa:::ns, ftfL fnr addHlon h1 anuU-ier o:msumahk~ fnnd product bi:tfnnJ, durlng,. or 
after its c.ookkig process. A tlavor additive composition can indude .an iron rnmp!ex 
such as a heme-cofactor {e.g., a herne-containing protein), and one m more flavor 
precursors. A fiavor additive composition can §nchx:le a herne protein, e -!:L an isdated 
and punned heme protein; such a ftavz.Y addmve compo-smon can be used to nmdu!ate 
the tlavor and/or amnm prc@e of a cs::1nsrnTmhl€ food product that u:xnprjses ru1e or 
n1om fiavor precursor rn£i,!ecu!es or n:xnpostions. A navor additive cornposition am 
inch.Ek} onn or mnff~ fiavnr precursrx nutocules ur cnrnposifa:ms; such a llavor additive 
composition can be usoo to rnodu late the flavor and/or arorna profile of a .cor1stnTmb!e 
food product Umt comprb·ns Um hnmn prol:dn, fa.9 , an isob.ted and pwifo:~d honm 
prtJtein~ 

.A fa.'NDf addit\te compositbn rnn be in the k}m\ of but not hn1ited to, soup or stew 
bases, t:'l.1UWCffl, e.g., powder or cubes, flavor packets, or season~ng packets Cff 

shakers. Such flavor rn::k:Mive crunpnsWons can t10 use,,1 to moouwte the tlavor and/or 
aronm pmfi!e for a variety of consunmble fQ'),1 products, and can be added to a 
rxmsurnabb !bed pmduct tKifrwn, fkning, or aihx crnl:.\\ng uf tb-1 consurnabk~ frnJd 
product 

In srnne :ernbodirmmts., a flavor additive compositioo such as one including an iron 
rnmpkrt {*~ g, fmrnus dlklcrin or a tu-1rrir1 prntdn) and nm: or mon) finvrn p-rncursors can 
!J.-e reacted {e.g., in vitro} wrth heating to genewate a parHrn!ar fh::n,•or andior an.1Ina 
profile of interest and the msuliant product rnh-1:um can be added to the crn1sun1ab!e 
food product of intems( wi1ich rnn then be eaten as--is or can be additiru1ally moditled, 
e.g .. , by additional c:nokin9_ !n srnne embod!rnents, the iron cornp!ex can be mmoil&J 
fmm the resultant prodtd n1h:.tum ooforn adding the product mixture to the rnnsurnab!e 
fond product or interest For example, the iron cornpIDx can be removed fmm the 
product rnildrnu using dw0;rrmtngraphk lrn:hniqu1c1s such as coJumn chrnrnalogmphy, 
e.g., a column cru1taining heme or iron--e.hk:rrin. 

In srnne ernbodiments., the imn complex sud1 as a heme--mractor, e.9., a herne­
protein, and the one or nmm flai.,-m precursor flavor adcHthtB cornposrnons can be soy­
froo, wheaPi"ee, yeast--fme, f\,1SG--froo, and free ot protein hydrntysis products, and rnn 
taste nwaty, hlghty: sr.rWJI)", and withnut off odors or flavors. 

In one aspect, this document features a focd pn:Jduct that !ndudes an lmn rnrnplex 
sud1 as a tmnin rnoidy, nr a prnphyrin, a prnphJ--rino{r-m, a u:mln, a rxmino\11, a chk::rin, 
a bacterkx:homphyi!, a corphin, a d1lomphynin, a bactertochk:w'in, or an 
isobadtirhKh!ofln moldy crnnpkxnd to an in:m k:sn and unn or mnrH fa1vrn prm:ursor 
rno!ern!es sB!:ectoo frmn the 9mup rs::msisUng of g@uo-1s,f\ fructose, noose, ambinose, 
gkmos1c1--G--phnsphak~, fructose t1-phosphatH, frudosH 1 .G-diphospha1H, inosil:ol, 
rna!bse, sucmse, mafi:odextrin, g!:ycoJen, nuclenhde ~bound sugars, mo!asses, a 
phosphoHpk!, a leclth!n, lnosine, 1nos1ne monophnsphate (!f'ii'1P;, guanosine 
n1om.,1phosphats {CiMP}, pyrnzine, adennslne rnonophosphate (AfAP), ladk acid, 
succinic acld, gwcc.ik add., thian1ine, crnatne, pymphosphate, vegetable oi!, algal oH, 
mm oil, s.nybean oil, pa!m fruit oil, pa!m keme! 0H, safi!nwBr on, !'l.axseed ni!, rice bran 
of, cottonsBed oil, sunflm-ver oil, canrna oil, olive oil, a fi'ee fatty acid, cysteine, 

htips:/i\vorkhvide.e&pacenetco.m/pubbcatio:nDefails/description?CC=EP&NR=2943072A. ... 1 l/17/2017 



Motif Exhibit 1148, Page 3038 of 3341

Case No.: IPR2023-00207 
U.S. Patent No. 10,039,306

E!)pacenet - Description Page5 of46 

rnethicnine, isok:mdne, l=ern::ine, lysine, phenylalanine, threonine, tr~n::stnphan, valine., 
arginine, histidine, alanine, asparagine, aspartate, glutamate, 9titamine, ;~!ydne-, 
pmline, serine, tyrosine, glutathione, an amino acid derhral:ive, a pmtein hydmlysate, a 
rnaU ft:dract, a yoast uidrad, and a pqlk}'l'Kl. Thn tH-1rnH moiety <:nn tn a tmrm:1-
containing protein, a herne n1etiety bound to a non-pepUdic po!yrner: or a heme moiety 
buund ln a so!id supprnt The h(-;Hm-u:mtnk:1bg pmtein can tm a plant, rnaniniafa-m, a 
y:e.ast or rnarnentous fong( nr bactrnia! henm--eontakiing protein The kmd pnxlrn:-1 c:an 
include h-vo to one hundred, tv,m to fifty flavor prncurs.fxs, t.vo to forty flavor pmcursms, 
btiD to 1.hirly-tive- flavor precursors, !:\~u to ten fa.1vor precm-sors, or tvo to six ffa1vor 
precursors. ln some ernbooiments, the one fff nmm flavor precursor molecules am 
selected fr{1m the group rnnsis1ing of gh.Koss, 1ioos.e, cysteine, a cysteine derivative, 
thiarnine, alanhm., methionine, lysine, a lysine oorivatve, 9Mmnic add, a g!utamk add 
ffodvak•iH, !MP, GMP, lac-Hr arid,. maH:rnJo:,drin, cnJaHm:~, a!anim:-;, mgininn, aspan1uine, 
aspmiate, 9Jutarnic add, g!utamine, 9iycine, histidine, iscieucine, !euci~m., metMonine, 
phrn-rylnhminn, proHnf\ thruoninn, tryptnphnn, tyrosine, va!inn, ~inoldr add, and 
mixtures thereof. The hem&-o.Jntaining protein can be a non..:syrnbroUc herr10,9iobin or a 
leqhenmqlornn {e.g., a plant leqhemoqlobin such as one fnxn soybean, aifam1., lupin, 
pea, n."Jw pea, or lupin). The heme--cont.aining protein can include an amino acid 
sequence having at least BG%, sequer1rn ldenHty tn a pofypeptide set frnih in SEO lD 
NOs: f--2tt The herne--containin9 protein can be is.D!ated and purified, The boo product 
further can im:::lude a f0i:.xi-grade oH, a seasrn1lnq agent, a flavoring agent, a protein, a 
protein cnnrnntmk, an nrrn.i!sff:nr, a gnWng agrw:1t, or a fib:-H". Tim focd product can tx~ a 
meat substitute, a soup base, stew, base, snad; rood, boumon po\-'tder, bouillon cube, a 
ik1vnr packot_ or a fruzt-m food pnHiud:. /\ny of Hin food pn::duds can ho frm-} uf anknn! 
products. The rt')fKl product can be sealed ~vithin a packet or shaker. 

This docmnen1 also features a rne-1.hod for pn-:ldw:ing a fklvor ccmpound. The rnethod 
rnn im:1ude combin~ng an iron complex (e.g., a heme moiety, a porphyrin, a 
pmphyrinogen, .a cnnin, a corrinoid, a ch!orin, a bacterim::horophyH, a c11rphin, a 
ch!mophvmn, a bacterkx:h!orln, or an isobadmiochk::,rin cnmplexed to an imn} and one 
m mnrn navor pmcms-or rnn!e,cules to form a mixl:ure, the- one or mom tbvnr pre-cursor 
rnoier:u!es se1eded frorn the group consisting of 9hxcose, fructose, ambinose, ribose 
9 bcosn-6-ptiosp!"late, frm::h1Sfl n~rtiosphatn, l'n.idn~m ·1, 5-diphosphatn. kmsilnt. 
maltose, sucrose., malkxJ:exl:lin, g!y,cogen, nucleotide~ootmd sugars, roo!asses, a 
f.Jh(}Sf,)h{}~i r}i~J> fl h~:-{Jtltii·1 ~ jf}{~)ifH~:- ~ ii·1t}~~~flf~ fl]{){!(}f,)f"l{}SJ)t)E!t(~ {i ~~p }~ tl UflfltJsinr~ 

rnonaphosphate {G!'v1P}, pymzine, adeno-sine monophosphate (AMP), !adk acid, 
sucrlnk ach:( q~yrnUc add, thiamine, crnatlne, pymphosphate, veqetable oil, a!qal oH, 
com oi( soybean oil, pa!m fruit {Ji!, pakn kernel oH, saftki:wer of!, flaxseed nil, rjce, brnn 
oH., wtlnnse{:,:d oil, canola oil, c.iwe oH, sunflower oll, flaxseed oil, coconut oil, rnango oll, 
a free hdty acid, cystehe, methionine, isoieudne, !eucine, lysine, phenylalanine, 
threonine, trvptophan, valine, arginine, histidine., alanine, asparaqlne, aspa.rt.ate, 
n!utamal:n, g!utarnino, 9tydne, prnlino, sHrJrm,. tyrnsirm, ulutal:hfone, an amino acid 
derivative., a protein hydmiysate, a rna!l: extract, a yeast extract, and a peptone; and 
k-mting Um nli:dmH tu form onH nr mnH:} t1avrn· eornpmmds snkictrn1 frurn Um w1mp 
consisting of phenyiacettlldehyde, !--O:Cten-3- one, 2--n-hiepfylfuran, 
2-lhitrptmr1Htart}oxa!dfl!·iyt1r1, 3--lhinphf;m:-irarboxaldohydn, butyn:lad1in(~, 2-uridm:erin!, 
pymzine, rne-1.hy!--, h..irfural, 2--dernnone, pyrmle, l--oc1en--:1-- ol, 2--acetylthiazcile, (E}--2-­
rn::terml, decrmal, benzaldehyde, {E}-2-nonenal, pyrazine, ·1- hexanol, ··i-neptarml, 
din-1el:hy! tfisultide, 2--nmmnone, 2--penh.'UK'1:ne, 2--hepl:anone, 2,3-- butmwdi:orm, heptana1, 
nonana( 2-rn:.:tanone., "l-rn.:tanol, 3-ethylcydopentanone, 3-octen-2- nne, {E,E; 
--2,-4--heptadien.al, {Z}-2--heptenal, 2--heptanone, 8-mefuyl--, (Z)--4--hepl:ena!, {E,ZJ 
~2,6-nonadlena!, 3-methy!-2-butenal, 2~penl:yl-furan, fuiazo!e, (E, E)-2,4~ derndiena!,, 
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hexanoic add, l-ethyl-5-mel:hykyclopentene, (E,E}-2,4-rn:madienal, (Z)-2-decenal, 
d ihrdm-5--penty1--2{3HJ-ti.iranone, trnns--3--n£Jnerl-2--one, (E,E}-:J ,ti--octadien--2-- one-, {ZJ 
-2-octen-l-o!, 5-ettry1d1hydro..2(3H)-furanone, 2-butenal, l-penten-3-ol, (E}..2- hexenal, 
forrnk add, hnptyl nsl:er, 2-{Wffityl-tMoptinnH, (Z}-2-rn:mnnal, 2-hexyl-lhiophem),. {E}-2-
decenal, 2-ethyl-S-mel:hyi-pyrazine, 3-et!iyl-2,5-dlmefuyl-pynmne, 2-ethy\ ·i- hexanol, 
thinptmno, 2-rnn-Hr:,,1l:furnn. pyridine, butana!,. 2 +~thyl-furan, 3--rnetriyl-butana!, 
tr'i!:::hk::iron1eth.ane, 2-methyl--buhmal, nmthacrolein, 2--rnethyi--pn::ipanal, pmpanal, 
acetahiehyde, 2-pmpyl .. Juran, dihydn}--5-pmpyl-2(:JHJ- furanone, ·t,3-hexa-diene., 4-
decyne, pent.anal, ·®--propanol, heptanoic add, tfimethyl--e-thanethici,, 'l-butanol, l­
penten-3-cme, dimethyl sulfide, 2-et'1yl furan, 2-pentyl-thiophene, 2-propenal, 
2--l:ridecen-- l--01, 4--odene, 2--methyl thfa..1zn!e,, methyl --pyrnzlne, 2--tm!:anone, 2-pentyl­
tumn, 2- methyi-prnparm!, bufyroladone,, 3-rnethy!-butarml, rnethyj-thiiranf\ 2-hexyt­
fun-m ... butnnal,, 2-rrmlhyl-bukmal,. 2-n1nlhyUt1ran, furan, rn:l:mml, 2-hqikmat '1-rn:kno, 
fonn1c add het,1tyl ester, 3-pentyl.furnin, and 4-penten-2-zme. The heme rncrel:y can be 
ti t·}f:t11f;- rtJrth~1j nir}g JJr{Jt~-;:ir1 ~ ~i f1t~~lJt-} rrs(Jk:~ty: tJ{)ur1fi !:fl r1 f}()f1-r:~t-}fJlltli{: r:~()!yrn~1r~. fJr fi t1r~rtlft 
moiety bound to a solid support The rnethoct can tndude combinin9 z:ysteine, ribose, 
lm:::tic m.:Jd, lysine, and/or thit'n11ine >,;.'l:'lth the heme""'cm1tain1ng pmteln. 

ln another aspect, tNs document features a rnethod for pn:::.sJm:Jng a flavor cornpt.1Und. 
The rnethod induoos u:Jrnbining an iron compk-rx, such as a heme---rnntaining protein, 
and m1e or ffKffe rla·w.)I· precursor molecules to fom1 a rnixtum, the one or rnom flavor 
prHnwsur mo!on.dns snlm:kd frnm mo grnup consisting of glm:J)SH, fn,idnsn, ribusn, 
arabinos:e, g!rn:::ose-6-phosphate, fndos-e 6-phosphate, fructose '.] ,6-d1phosphate, 
inosik>!, malkisn, srn::mi:%}, mnltrnkwMn, glycogrni, rn.ldmJl:idf}-botmd suuars, mu!assHs, 
a phnsphoEpid, a !edthin, \nosine, if'iiiP, G!\W, pyrazine, Ak'!P, lactic acid, sucdnic acid, 
9lyc.olk add, lhinrninf\ nnatinn, pynlcphosphatn, Vf}Ut1tahfo1 oil, algal nil, com oil, 
soybean off, palm fruit oil, palm kernel nil, safikJwer oil, flaxseed oil, ~irn bran oil, 
cottrn1seed cil, olive oil, stmfhJ-iNer o!L, rnnola d!, flaxseed oH, coconut of, rnango oH, a 
koo tatty acid, mel:hkmine, cys!:eine, isoleucine, leucine, lysine, pheny:!alanine, 
threonine, trvptophan, vallne, arginine, histidine., alanine, asparaqlne, aspartate, 
9lutamate, glutarr!he, glycine, proline, s-erine, tyrosine, g!utathtone, an amino acid 
derivative., a prntein hydro!ysate, a rna!l: extract, a yeast extract, and a peptone; and 
k-mtlng Um nli:dmH to form onn or moH:} flavrn· cornpmmds snl: l'urth in Tables :1, H .. or 9. 
For example, l:he fla\i'Dr precursors can tnciude cysteine, a sugar, and one or more 
nlhtw prm:ursors. 

This docwnent also features a method for ln1partnq a rneat mm tlavnr (e.g., bee'fHke, 
chic.ken Mm, pork--Hke, lamh--Hke-, ~urkey--hke, duck--like-, deer--Mm, or bison--hke} to a food 
product The rnethod indud=es rontadinq the food product ¼V!th a flavor\ng composttrn1, 
the tlavoring rnmposihon oJrnpfising i) an iron c11n-iplex, such as a hmne moiety (e,9., a 
heme""'cm1tain1ng pmteln;; and li) one or more flavor prm:::msor rnolecules selected from 
tt"ttJ t1rt)ljf) C()n~;~sting {)f [~{U{J)S(·}~ frut:lf}Sf?-~ rjt)t}~i(~,~ {Iriit}irt()Sf~~ ithJ(JJS(-J§- fjf}ffi~JfH"lil3~ 

l'n..1ctns.e 6-phosphate, fructose -1, 6-d\phosphate, inositol, maltose, srn:::rose, 
nli:dtrnk~)drin, qlycotym, nuciiofafod:mund sugars, rnolnss~Js ... a phnsphulipid, a lodthin, 
inosine, if>iP, G!MP, pymzine, A!\4P, lactic acid, succink acid, g!ycoHc add, thiamine, 
unatJnn, pymphosphatn, vr~notabk~ oll, a_!t:;a! oil, nxn oil, soybnan oJ. palm fruit ni!, 
palrn kernel {Ji!, saftbner oil, fa.Ms.Bed oil, fi:ce bmn oil, cottonseed al, olive oil, 
s1..mrlmver oil, eanola ml, flaxseed mt, cocrn1ut oH, mango nil, a frne ratty add, cysteine, 
rnethionine, isole-udne, k-JlR:ine, lysine, phenylalanine, threonine, tr}-<ptophan, valine-, 
arginine, his.Mine, alanine, aspt'ffag1ne, aspartate, qlutrnnate, glutt1n1ine, glyclne, 
pn::iline, srnine, tymsine, glutathione., an arnino acid dedvative, a protein hydru!ysate, a 
maU exirnct, a yeast extract, and a peptone; wherein after heating the food pn:duct and 
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the fh.worlnq cornposition toqether, a rneat !lke flavor (e.g., beef-like., cNcken Hke, ptirk­
like, larnb-- frke, !:tirkey.-hke, dudc!ike, deer--hke, c-r tison-Hke) is imparted to the f0,s.id 
product !n srnne embooirnents, the imn complex is rernoved fmm the rocd pn...--w:iuct 
Th(~ fawrnintJ crmipositJon frnUier om k:idmki a seasoning aqent, a !1avorlnq ngenl:, a 
protein, a protein concentrate, ar an emulslfier. The fiavrninq mrnpositkm can be 
snalnd ~,uHhin a p.ackd or shaker. 

!n another aspect, tNs document features a rnethod of maklng a food pn.xh1ct 

The nmthcd !ndudes cornbininq an tsrnatoo heme-containing protein and one m mom 
tl:Svm precursor rnoternle:s to tomi a rnixture, fue. one c-r more f!a\.>ur pmnxsor 
mo!ern!es s:Blerted frmn the ~1roup consisUng of giucos,f\ fructose, nbose, ambinose, 
n kmosi:ts- pJmsphak}, !'nidnsn 6-phospJ1aln, frudosn ·1, fi-di phusphatff. inosHo!, 
rna!bse, sucmse, rnafi:odextrin, g!yo:}Jen, nudenhde-bound sugars, n1L,,!asses, a 
phospto!ipkl, a kmlhin .. inosinn, tMP ... GfAP, py-razinH, AMP, bdk add, sucdnk acid, 
g!yco!i:c add, thtamine, crnatine, pyrophosphate, sunftmver oil, coconut oil, rnnola oil, 
fla~-seed cd, rnanqo oH, a free fatty add, cystelne, rnethionlne, isoleudne, ieudne, 
lysine, phenylalanine, threonine, tryptophan, vafine, arginine, histidine, alanine, 
aspamqlne, aspartate, g!utan1ate, q!utamine, qlycine, prciine, serine, tynJ"Sine, 
glutathione, an arnino rn::k:l derivative, .a protein hydrotysate, a man extract, a yeast 
extract, and a peptone; and heating the rnbd:um. 

Un!ess othen'ilse defined, all tedmlca! and scientific temis used herein have the same 
rntmning as crnTinxm!y tiridersh1ud by onH of onHnary skrn in l:hn mt lo vAikh lhis 
invention pertains. AW'c;ough rnethods and materials sirnilar or equivaient to those 
dnsnibod h-H:rnin rnn ho usod to prad:in~ Um kiv(-mtiun, sutabkt md:huds and n1ateriah 
are de-s.cribed b6!rn\'. AH publications, patent applications, patents, and nfuer mfemnrns 
mentic.•ned herein arn incorpomted by mfemm:e in thelr entirety !n ease nf conflict, the 
present specifirntion, inckKhng defmmons, will c11ntrol. ~n additkin, the nmtmials, 
rnethods, and exarrip!es am mustmtive on!y and not intended to be !lrnitin9. 

The details of one fff more mnboo1ments of the invention are set forth in the 
accornpanying drwNings and l:hn dnsuiption tn)!mv. cmw:ir RialnfffS, objnd.s,. and 
advantages of the invention \:Vll1 be apparent rrorn the description and drawings, and 
frrnn tt:m dairns. Th(~ inonl "comprjsing" in the claims may bn mp!arnd tN "consisting 
essentially of or wtth "consisting of," according to standard practice in patent !aw. 

DESCR!PflON OF THE DRAWINGS 

FlG. 2 i:s a bar graph uf the bix~fnmss ral:ing nf HK~ mnal: rophca ~Nitti or wiU-ioul: the 
!Magic fihx, both samples in triplicate with ··t ~{~ 'lNV legH protein. Tasters mtru.i beefiness 
on a scak~ from ·t-7, wlh "l brihig m:~t tx:idy nt aE and 7 tn1in9 oxadly !*o ground bnd. 

DETA.!LED DFSCfUPTlON 

This dornrnent is based on methods and materials for rnodulating the taste anctlor 
amnm profHe of food pmduds. As desuibed herein, a:nnpositions containing nne m 
mom fla·wJI· precursors and one or more highly conjugated hetemcydic rings 
mrnptexed to an iron fmterred to herein as an iron complex) can be usru.1 to modulate 
the taste and/or amrna profile of kmd products- Srn:.h iron compklxes lndude heme 
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raoie1ies or other highly cnnjuqa1ed heterocylic rings rompk:nmd to an iron km (mfeffed 
to as an iron complex}. "Heme" refers to a prnsthe-1.ic ~vuup botmd to in.in (Fe <2+>-or 
Fe <3+>} in the center of a port1hyrin ring Thus, an iro,n cornpl:ex rnn be a henw 
rnoii)ty, or a pnrphyrb, porphyrhuxJ(-m, conin, conlnuid, chltxin, tmdrnirnJiorophyU, 
corphJn, chlomphy!En, b.acterbchlorin, or iS-dJaderiochbrin moiety complexed tn imn 
lon. Tim hrnno moldy Hmt can tin usrnJ l:o mndu!ntn tho tastH and/or rnnrna pmfik~ ol' 
food produds can be a herne wh~ctor stich as a henw--uJ:ntaining protein; a heme 
rnoie1y t:ound to a noivpeptldk:: poNmer or other mrn::rorncim::u!e such as a Hposorne, a 
µDlrethylene g!yc~, a 

c.arbchydrate, a po!ysacchmide, a cydooexkin, a polyethyle-nirnine, a polyacryiate, m 
-derivatives thereof~ a sldemphore F.e ., an iron che!atng mrnpoondt or a hense mdety 
bound ln a so!id suppoit (tl.Q., beads) n:impo&-){] ol' a ckurnnhxJraphy n:isin, n~lkdo~m, 
Qrnphlte, charcoal, or diatrrmaceous earth. 

In son1e embodiments, the iron crnnp!:exes cataiyze some reactions and prodrn::.e flavor 
precursors v;tlhout heatlng or cookin~1- In sonm emboc!jments, the iron crnnplex 
destabilizes upon heating or cooking and releases the iron, H.fL the pmtein §5 
denatured, so flavor precursors can be genernted. 

SuRable flavor pmcursors include sugars, sugar ak:oho!s, suqar derivafa,'es, offs {e.p., 
\i'Hgd:nNn oils), !'n-::i) fatty adds, alphrd·iydroxy adds, dlcmboxylk adds ... amino adds 
and deiivatives thereof, nrn::.h::NJsJdes, nucleotides, vitan1ins, peptides, protein hydm 
~;~~:iI§tf~s~. fr~:JrtitJ.1:=;.~ fJhtlSJJf"Kliir:~iti~;~ !{73cjth:~r1~ }1r1fi (;tt1*lrli-c fll:s:J!(~{:JJ~(~s .. t1~)r}-- hr11iUr}t~ 
exampies of sud1 flavor precursors are provided in T ab!e ·1 _ 

Sugars, sugar alcohols, sugar ackis, and sugar derivabves: glucose, frrn::tose, rib1se, 
sucrose, ambinose, gkKose-fi-phosphate,fn1ctose-6-phosphate, fructose 
'l ,!3-diphosphak}, inosfai,. maH:osn_ molasses, rnattrnlaxlfin .. g1yo:}Qrnt .. gabdnsH, 
lactose, ritllto!, q!uconic acid and glurnronic acid, amyh:1se, amyl0,:,edin, or :K'/iose 

Oi!s coconut oil, rnango (~!, sunfiowBr oil, cottonseed al, samower oi!, rice bran oil, 
coma butter, pa!rn fruit oH, pairn ol( soybean uH, canola oi!, corn oH, sesame oH, \Vt1!nut 
oil, flaxseed, jo_iotra oil, castor, grapesfmd ci!, peanu1. oil, olive ci!, alga! off, oil rrom 
bacteria or fungi 

Fme fatty acids: caprylic add, rnpric acid, !aurk acid, mynsUc acid, paln1muc acid, 
palrnilnk~k add .. skmrk:, oklc add,. !inok~k add,. alpha Enokmic add, ganinia llno1*1nk 
acid, arnchldic add, arachkionic add, behenic add, or erudc acid 

l\mino acids and derivatives thereof: qrsteine, cystne., a cysteine suWoxide, amdn, 
sn!om:Kystdnn, mn!hkmine, lsoleudrm, k:udrm, lyslrm, ptwmy!alanlnn, thrrn:minn, 
tryp1.cphan, 5--hydroxy'tryptophan, va!ine, arginine, hisbdine, a@anine, asparagine, 
as.pmtate, qhJtarnate, g!utarnlne, g!ydne, pm-Une, s.e.rlne, or tyrosine Nudoosides and 
Nudeobdes: innsine, inosine rnonophnsphate {!r/!P), 
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rrn:mcphosophate (AMP) 

Vitamlns: thiamine, vitan1in C, VUarnin D, Vitamin B6, or Vitamin E 

Adds: acetc acid, a!pha hydroxy adds such as lactic ack.i c:w gty co!h":: acid, mz:arboxylic 
adds such as citri:c acid, dk:arboxy!ic acids such as succinic:: add or tart.ark:. ac:k:l 

Peptdes and protein hydmiysates: q!utathrone, V~".Jetable pmteln hydro!ysates, suy 
pn::itein hydrotysatss, yeast protein hydm!ysates, alga! pmtein hydrolysatess, meat 
protein hydrolysates 

Ex1mcts: a malt e:;d:ract, a yeast extract, and a peptone 

In son1e embodiments, one fla\i'ur precursor or crnnbinations of n,~u to one hundred 
fh.1\itor procur::,,vrs, hvo to ninety, R¾'O to eightt, tv,fo to seventy, hNo to sixty, or hvo to fifty 
tli:ntor precursors am used. For example, cnmbinatbns of t\;-<,,•o ki forty flavor pmnffsors, 
tv~so to thirty-five ftavz.Y precursors, t:INo to ten flavor pmcursms, or R¾U to six fiavm 
precursors can be used \Vith the one or morn imn complexes (e.g., heme co-factors 
such as a hen1ec-mnta1nin9 pmtelns). Fm examp!e, the one or mom flavor precursors 
can bt:i nkico~m,. ribuse, cystoino, a cysinino tfo:rhlatha-::, lh§amk:m, !ysim:, a !vsim,} 
derivaHve, g!utamic add, a g!utarnic acid derivative, a!an\ne, rnethionine, !r\ilP, GMP, 
~$:§Ctic }j(jfi~ }lfl{j fll~Xb.UltS tflf?-fl~(}f {)Ill~ [~h.iCt)~~f} ruuj t:\tStf}~t1(~:~ c·~fstf}~f!f} flfl}J rit:(}Sf)~ 

cy-steine, glucose or ribose, and thiamine; qrsteine, glucose or ribose, W&P, and GMP; 
orskibf\ tJlucnso or rltx~-s'(~, and ladk add). Fm niarnp!n, HK~ 0,ne or rnrn:o fo:-1'/fX 

precursors can be alanine, arginine, asparagine, aspartate, cys!:eine, glutamic acid, 
g!utan1ine, glycine, tlistidlne, lsoleudne, leudne, lysine, methionine, pheny!ak-mine, 
prciline, thrnnnine, ~f)•pbphan, tyrosine, vaUne, Q!umse, rihose, n1a!tode:drin, thiamine, 
n,,tP, GMP, lacfa: acid, and cmatine. 

,~c. us.Bd herein, the temi "heme nmtain1ng protein" can be used interchangeably 1N~h 
"hmm~ n>ntaininn pct1imptkk:" or "hen1e pmtnin" rn· 'lifmm prtypi)pfalb" and lndudris 
any IXiypepbde that rnn covalently m noncovalently bind a heme moiety !n smne 
mntx:w:frntmts., trin tw:1n¥$-COnl:ainin9 po!ypepfaki ls a 9lobin and rnn lndudH a n!ohin 
fold, vvhich crnnprises a series ot seven to nine alpha helices Globin type proteins can 
be of any class {KP-, dass i, c!ass n, or dass W}, and in sorne ernbodinmnts, can 
transport or store OXY!:Jert For example, a hmne---rnntaininq protein can be a nt'1fl.­

syrnbiotlc type of herrwqlobin or a !eqhen1oqlobin. A heme-containing polypepfa:le can 
be a mononmr, i.e., a single palypepUde chain, or can b--e a dimer, a himer, telrnnmr, 
and/nr hiqher order o!lgorners. The Hfe-Ume of the oxypenated Fe2 <+>state ot a herne­
u:mtaining prntnin um tm sirnffar to l:hat oJ myog!ohin tx can ntn-ind il: by ·to%., 20%, 
:Jfftb> 50%>, "10ff%. or more under conditions in which the heme-pmteinc.containinq 
crmsurnabb is rnnnafarlun-1d,. strnnd, tmndk:d or pH:}pnnxi kw t~misumpfam. Tim Hfo­
Hme of the tmoxygenatoo Fe <2+>state or a heme-crn1ta.ining protein can be sirnHm to 
that uf rnyog!oNn or can i)XCtl{·ld E: by ·HJ%;, 2H''thn, 3(?X,) 50%}, 'IQ:[?%) or rnun:-} under 
ct:mdWons §n ~vhic!l the heme-protein-- containing consumab!e is n1anutm::tured, stored, 
harn:Bed m prepared for rnnsun1pUon 

Non- !imttinq examples of herne-contalnin9 pol~/peptides can include an am::!n:::.sglobln, a 
cytog!obin, a g!obin E, a g!ooin X, a glbbin Y< a hmnog!cbin, a myoJlobin, an 
erythmcruorin, a beta hernogiobin, an alpha hernog!obin, a pmtogiobin, a cyanc~lobin, 
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a cyt~1!obin, a histogbbin, a neurogloblns, a chlomcruorin, a truncated henmgbbin 
(etL HbN or HbO}, a tn..mrnted 2/2 gbbin, a hern{1g!obin :; {e.g., GU:tJt a cvtochrorne, 
ctr t..l pero.;-<jtiase~ 

Herne.--containing pmteins that rnn oo used in the composWOns and k1t."1d pn:xiucts 
&:r:;crlbm1 !'lnrnJn um tm from mammals (n.g., !:'anns anknab surh as co~vs, goats, 
sheep, pigs, ox, or mbbibJ, birds, plants, a!gae, fungi (e.g., yeast or rnarnentous kmgi), 
cmates, or bacteria. For example, a heme-wnti1lnlng protein can be frnm a n1Bn1rnal 
such as a fann anin1ai {e g_, a r.:mv, gnat, shoop, pig, oi:, m rabbit) Of a bird sud1 as .a 
turkey or thicken. Herne--et.1ntalninq proteins can t:se frm-ri a plant such as NlcoUana 
tab.acum or Nirnbana sylves!ns {tobm:ui}; Zea mays (wm), ArabidJpsis tha!iana, a 
!egume such as rnydne rnax (soybean}, Ocer arietinum {garb1mzo or chick pea), 
Pisuni sal:ivuni {pna; vmiHtJns such as nardm1 :n:MlS or su~p-ir snap ;:mas, Phasno!us 
vu\garis varieties of cornmon beans such as green beans, black beans, navy beans, 
rH)f!i11~~ll t~(-}fit1~\. ()f Jirit~] t~f}fifi~i~ \nt1nti lJnt1tii:CJ.i~t1t;1 V1lfi7Ji:i{$S {(JJVl r}f~t:f)}~ \ti(_Jnti riirH~lh~l 
(fiiung beans), lupinus a!bus (lupin), or Medic.ago sativa (a[atfa}; Brnsska napus 
(canc.ia); TrMcurn sps {~vheat., inducting wheat berries, and speR); Gossyplum hirsuturn 
{cotlc-n); Oryza saliva (rk:et Zizania sps. {vvi!d rice): He!ianU-ms anrn.ms (sunflower); 
Beta 1lulgaris (suqarbeet.}; 

Penniserum g!aurnm {pearl rnmet); r::::nEH1or,so(fo:.Hn sp (qu~nrn.1); Sesarnum sp 
(1:%}s-an1n); Unum usilatlssimum (flax); or Hordmim vu!umn {timfoy). Htmm-"conl:aining 
proteins can be isolated fmm ttmgl such as Saccharornyces cerevisi:ae, Pichia pastrnis, 
Ma9napt}ffho ory:z1m, Fusariuni urmnifmrmnn, Aspnrnmus rn-yzm-;, TrkhrKk1rma n:%isoi, 
!\4yceliopthera therrnophi!e, K!uyvera 1:adis, or Fusmiurn oxyspomm. Heme-crn1taining 
prok}ins n:m be bu!atnd from tmdrnla sud1 }5 F.sdmrirhia coli,. BadHus subtilb, 
Badl!us lkheniform§S, BadHus rnegateriurn, Synechocistis sp., Aquifox ae--oHcus, 
fVethylacmiphi!um infemorrnn, or therrnophmc bacteria such as Thern1ophlius The 
sequences and stmdum of numerous heow--containing proteins are knrnt,m. See for 
examp!e, Roody, et ah, NucJek: Acids Resernch, 2008, Vci. 3i\ Database lssue D30T­
D3·1 :J and the Heme f-.•rotein Database available on fue. w1xld wide- web at 
hti:p :l/hernepmteininfo/henle .php. Fm example, a non-symbiotic hemoglobin rnn be 
fn:lcrn a planf snbdmi from tho gn:mp consisting of snyboan, qJrnukid soyhm'm, atfa!fa, 
golden flax, black bean, bh.tck eyed pea, nz,mhem, gmbanzo, rnoong bean, cmvpeas, 
pinto tmans, pod peas, rpinoa_ stNanm, sunfkl\t.•tff, \:Vhrmt bf}Hins, spelt, barkiy, wild 
rj.ce ~ t1r rice_ 

Any ot the heme--containJng proteins desuihed herein that can be used for pmdudng 
food products can hm-e at least 70{;{i (eq, at least 75%,, 80%, 35%, 90'%,, 95%, 9P%\ 
9W%o, @H%,), Of ·-100%} sequence iden1.i1.y to the- amino ackl sequence of the 
corresponding Vliklc-type herne-containing protein or fragments thereof that rnntain a 
tmnm-binding rnolif Fm uxarnpk~, a hHnio-containing pinl:oin r:an tm\,t~ al: !mlS:t 70% 
sequence identify to an arnino acid sequence set rorth in FH3. ·-i, including a non­
syrnhiulic hiffnng!ohin sudi as that frnm \/lgna radiatn (SEQ !D NO: !}, Hnrdrnnn 
vu!pam (SEQ !D NOS), Zea mays (SEO !D NO: B}, Oryza s-al:iva subsp. japon\rn 
(ricti} (SEQ m NO: ·14}, nri\rabidupsb thaUana (SF(:t ID NO: ·JS}. a Hd!'s nak~ n!obin l 
sur:h .as. tl'mt froni f:;,-futhy!addiPhi!um intemon..1in (SEQ !D N0:2), a tlavohe-rnopmtein 
sud1 as that fmm Aqut!'ex aooHcus (SEO !D N0:3;, a !eghen1t1g!obin such as thal: frorn 
Glycine max (SEQ !D N0:4 }, Pisun-1 sativum (SEO ff} NO HJ}, Df Vigna ungu1cuk1ta 
(SEQ !D 
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Fus.arlrnn grarnine.arurn (SEQ !D NO: H), a tnmcated hernog!obin fflJffi Ch!arnydomonas 
rn<M-;W'USli (SEO !D NOD}, T dnihynmna py1tfnrm1s {SEQ !D NO ·t 0, gn:iHp ! kum:alnd}. 
Par.arnecium cm.u..iatum {SEQ ID NO: ! ·1 , group I truncated), a herm."1Q!obin frons 

.Asper;~mus niger (SEQ lD NO: ··12), nr a rn.mnrm..1!itm rnynglnbin protein such .as the Bas 
tmm.Js (SEQ !D NO: ··13; rnyog!obin, Sus SCRlfa (SEQ m NO: ·19) frl'ft.lgloblR, Equus 
rnha!h .. 1s (SEO !D NO 2UJ myciglobin, a harne -.protein fmm Nk:otitma banthamitma 
{SEQ !D N0:2''! ), Ba.d!!us subtms (SEQ !D N0:22}, Corynebaderlurn g!utarnlcmn {SEQ 

N0:.23;, Sym-ichrnysl:is PCC6B0:3 (SEQ !D NO:24}, Synndmcoccus sp. PCC 7335 
(SEO !D N0:25), or Nnstoc commune (SEQ m N0:26}. 

The percent identity bel1\%en twu amino add sequences can be detenninoo as foHow--s. 
First Rio amino add srn:FKHKHS an-; aH~JfK~d using lhe BLAST 2 SeqtKmn~s. (B'L?sHq) 
pm~1mm from the starn::l--alm12 verskm of BLASTZ mntaining BLASTP ver:Sbn 2Ll ·14. 
This s!arn:!---alone vrn--sion of BlASTZ can be obtalned from Flsh & Richardson's v~seb 
site (e,tJ, \:%Vl'tiJt.cmnib!astt} or the LLS. govemn1ants Nabona! Center tor 

Biotrn:hnoltJ~JY lnlbnnaUon \t.•tib siH {1·,N%V'·N.nrbi .. n!m.nih.gnv). !ns:lrucUons exp!ainin-9 ho\>%:' 
to use the 5t2seq pmgmm can be found in the readme file m::companying BU\STZ 
s-12soq ptffl:orms a comparison bd1;,vs:-)nn two mnhio add srnjt.mnrtlS using U-~e 81./'=i..STP 
algorithm. To cornparn n.vo amino acid sequences, the options of tVi 2seq are set as 
fo!bws: -i is set tn a 'fi!i:t containing Hin first arnino add sHqumin-1 to be cornparrnl {e.fJ., 
C:\saq! .txt): -.i is set to a Ma containing the secorn::l amino acid sequence ~D be 
roffiparnd (e.g., C:\seq2J.:;,,1); -pis set to blastp; ---o is set to any desired file name {e.g., 
C:\ou!:ptttxt); and a!! other opb::ms are !eft at their det.auM s.Btl:inf~- For mmrnple, the 
fo!!mvlng cornrnand can be use:d to qenerate rm output me containing a rnrnparlson 
b--eh:voon &'\i'O amino acid sequences: C:\fH2seq --i c\sBql .txt--j c:\seq2Jxt -·P b!astp --o 
c:\nutputtxt !f the t\No mmparoo sequences share hornok:~y, then the desigrmtoo 
outptit fi!n ~Nm pn~)ent l:k~s(~ rHgiuns of hrnno!ngy as aligned st.iqm)ncns. ffthri tv,lf) 
crnnpared sequences do not sham hon1L"1!0QV, then the designated output file v1,,@ not 
presen l: a!igrmd ~mquririces. 

Slrnl!ar pn:::.'{.'.edures can be fo!lrnNlng for nudeic add sequern:::es exrupt that b!astn ls 
used. 

Once aligned, l:he number ol rnatches b de!:mrninoo by counUng the number ot 
posltons \,vhern an k:lenfa:.a! arnlno add re-..stdue ls presented in both sequences. The 
pmu-ml: kfonuty b rkirnn1btd by dlv\dbLJ mo mmA~er uf rnakhHs by ttw:i kmtJlh of Um 
ru!l~l&ngth polypeptide amino acid sequence foI!mved h".l mU!tipiying the resulting value 
ht H1U. B: b noted Uml tt:m pnrrnnt kkmlity vahm is roun&xl to lfo) nfmfflSl kmlh. For 
ex.ample, 78-n, liU2, ltt-13, and 78-M is rotmded down to ?EU, '>Nt1iie ?8'15, ?8.t6, 
7H H, 78.'H\ and 78..·rn b rrnmded up to 7fL2. U also ls rn:fed that mo ifmgth vakm 1;,vm 
always be an integer_ 

n v,,•m be appreciated th.at a number Gt nucleic adds rnn encode a pntypaptide having a 
particular amino acid sequence_ The de:generacy of the genetk: code is \,\:'ell knmvn 1n 
the art; La., for many amino adds, Umm is morn than nne nudeohde triplet that s.mves 
as the codon for the arnino ackt For example, fJ .. xlons in the coding sequence for a 
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given enzynm can be mrn:!med such that c,pttrn.1! expre-..ssion in a partlcular species 
(et1-, bactmi:a or fun;~us) is obtained, using appmpriate codon bias tables for that 
species. Ht:H1w-containin9 proteins can be extracted from the source fftatmia! (e.g., 
o~:trm:kKl frnrn mi1n1a! lhsuf}, nr pkm( fungal, a!9a!, or tmctrn·la! hiornass ... or froni UK~ 
culture supernatant for secrnteri proteins) or from a combination of source rnaterialS 
ft~-9-, rnultipki plant spri-dns}. h~gh,}rnq_iobin is rtmdily avai!abln as an unused by~ 
prmiud: nt con1n1{¼.id:y !egume crops {e.g., soybean, alfalfa, or pea) The amount of 
!eghenm-g!obln ~n the fGc.."its of these crops in the Unlted States exceeds the rnyogbbh1 
content of .al! the red rne.at consurne-d in the Linited States. 

ln son1e emtxxhn1lli1ts, e:dnicts of heme--mntaining proteins inducte one or more non-­
hernec.-containing proteins frorn the source material (e.g., other animal, p!ant. fun9a!, 
a!gal, or bm:kffbi! prnkibs} nr frnrn a n:imblnation of suurcn matrnials (H.9., dirn:-H:ont 
anirnal, p!ant, fungi, a.!gae, or bacteria). 

ln son1e embodimlli1h, heme-containh1g proteins are isolated and prnified ttom other 
ooffi{X-'nents of the source rnaterial {Rq, other anirnal, ptant, fungal, a~aL. m bacterlat 
prciteins). As used hemin, the tenn "isolated and plnifie{r indicates that the pmparatkm 
tJf h£H1·~e--eorrtah1h1t1 prottdr1 is at iei1st 6[r}~ pure,. EL!1~) grei:iter tht.1n: 65~~~} 70%> ~ 7·5~~{~~ 
SD;%, 85%\ 9tf%, Sfa%, or 9ff\~ pum \'\M!lout being bnund by t!lsory, bdating and 
purifying protelns can a!lm.-v the food products l:o be made \Mlth gmater consistency and 
9ronkff nmtnlJ O\N-H" U-~n prnp-edk:s uf lfo) fond prnfiud as tmWi:mted rnatnda! b 
eEminated. Proteins can oo sepaml:oo on the tmsis of the~r rnciecular \:Veight, for 
nxampk~, hy slzn nxdusk::n chrrnnatrnJn!phy, u!k:afill:rafa:m through rni:¼llhr:anes ... or 
den~ty centifu9atlon. In sonm embl'.)fHments, the proteins can be separated based cm 
tt:mir Slfffacn chart?\ for oxarnpk\ ht ls.rn)!ot:lrk prodpttatlor:1, anion t~xcllrn1tF} 
c!lmn1atography, or cation exchange d-immatography. Proteins a!so can be separated 
on the basis of thelr solublM.y, for exarnple, by ammanlum sulfate preclpltaUon. 
isoeledric predpit.atk"m, surfactants, detergents or solvent eiirndion. Proh-ttns also c.an 
be separated by thelr affintty to another mo!ernie, 1Js1ng, for exarnp!e, hydrophoblc 
intsmdkm d-immatography, re-adive dyes, m hydm}:;yapaMe .A:Wni'ty r:hrcmabgrnphy 
a!so can indude using anfibtxlies hav1n9 specific binding affinity for the herne­
crmtaining prn!Hln, nid<i:tl NTA for His~ tautPd n:-:,:cornHnant prnl:dns, ~odins to bind ln 
sugar rno\eties on a 9lycq::in.Jteln, or other rnolocule.s whkh spedfirnUy binds the 
prutdn. Hornn-nmtaininu pn:iHlns abu rnn ho rocombinantly prrnluced using 
polypeptide expression techniques {e.g., hetemh::~ous expression techniques using 
bacteria! rnHs, Insect cells, fungal ce!!s srn::h as yeast, plant ceUs such as tobacco, 
SO)'Dfilln, m 

AmbidopsJs, or mamrna!ian cells}. !n son-m c:ases, standard polypeptide synthefils 
techniques (e.g.,, liquid-phase pdy:peptide synthesis technlques or solid-phase 

i:::i{}jypeptide syntlmsis techniques) can be used to produce herne-contatnJng proteins 
synHiH!kaltf. In sornr~ ca~ms,. in vil:rn transuiptk:sn..:irans!atlor:1 l:odniiquns om tm w:;ml lD 
produce heme----e.onl:aining proteins. 

lhe pmtein used in the o::msumable may be sa!ub!e in a solution. !n some 
mnbcdlrnents., the isolated and purmed protelns are soluble in sn!ution at qmater than 
:'j_ --1n, -is, 20, 25, sn, ·-100, ·i5n, 200, or 2tiGg/L. 

!n snme embodimlli1ts, the-isolated and purdrod protein is substantia!!y in its m.1thte ldd 
and \,vater soluble ln s.ome embooirnents, the isolated and ptu-lfled protein is more than 
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50, fiG., 70, 80, or 90% ln its nafrve fold. !n sorne ernbru:Hrnents, the lsn!atoo and purlfie-d 
protein is Hl{)re than :'iO, 60, lU, 80, or ncn~~ \,Vatsr soluble.. 

/\s descrihs:-n1 tmrdn,. diHnrnnt combbafams of !'!avur prm:ursors can be used v~,ith one 
or more iro,n cornpl:exes {e.g., a ferrc.1us c:hlrnin .. a chlorin-1rnn cornp!ex, c:w a herne­
cofactor such as a herne-cot1talnlng protein m heme bound to a non-peptidk po!yrner 
such as polyethylene glycol or to a solid support) to produrn different tlavor and amma 
profi!-es \>Vhen the fi:avnr prncurscws and imn cmnplexes are heated toqether (e.q., 
during cooking} The rasuU.ant !lavor arn::lk---ir amrna proti!e can be n1ojulatoo by U-m type 
and ccnc:entn.1Uon of the flavor precursors., the pH of the reaction, the k:mgth of cnokit~L 
1ht~ lype and arrmunt or imn complex {H.fJ .... a ht":W¥$-Cufactor such as t·mnm-cnntainin9 
protein, henm bound to non-peptk:Hc IX1fymer m macmrnolecu!e, or heme bound to a 
s.l:J!id support;, tht} klmprnntun:1 nl' thn H:mdkin_ and Um arnount of wnlnr acthdiy b U-m 
pHxiuct, among other factors. !n embodirnents in \·vhich a herne n1etiety is bound to a 
solid support sudi as CHU ulosi:t or a d"in:Ynatn-grnphy n-i-sin ,. graphfo-1, charcoal, or 
diatcm1ac.m}us earth, the S-<::llid siJpprni: (e.~1-, beads} can be incubated 1.:vHh sugars 
and/or one rn mom other flavor prect.ff\mrs to generate flavms, and then the solid 
support vith attached hen-le moiety rnn be n-l--USfili, Le., incubated a-gain with su1,.v:1rs 
cmdfm one or rnore ot'1er flavrn precursors to generate flavors. 

Table 2 provides non-Ernil:in9 exmnp!es of flavor types that can be genemted by 
nxnbining onH or rnnH:} flavor prrn:urs-ms and om$ ur rnGrH !"lnnin co-l'adrns {H.fL hrn11H­
containing pn.1telns). See also Tab!es 7 and/or ·1-·1, 

TABLE 2 

h"nage avaffable on "01igina! doo.m1enf' 
yeasty goatr 

Flavor and amma prornes are created by different che;11k.:ai c:t..•rnpounds fom1:ed by 
dmmirn! n:mcUons ix~l:Vi/HHn trm tw:in¥$ n:lo-fm:l:m (i).9_, hrnne~n:mtainkig prnlnin} and 
navor prnr.urs:ms. Gas chmmatography-mass spectrometry {GCMS} can be used to 
sepamte and identlfy the different chernirni compounds W'!thin a test sarnp!e .. Fm 
m::amp!e. volahle dwmicab can be isolated from the head space after heatin9 a twme-­
oontaining protein and one or rnom flavor precursms 

Table 3 pmvldes non-Hmltlng examples of crnripounds that can be produced .. See also 
Tabk-is B, fl. 12, arn::l/nr -14. 

!maqe available nn "Orl:glna! dc.'{'.ument" 
bsnzaidehyde 2--hexyi-lhk>phene l--pentsn--3--one 
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'1-pentanol {E}-2-decena! {E}-2-octen-!-ol tn:ms-2-(2-pentenyUfurnn 4-ethyf­
bsnzah::lehyde 2,4--dirnethyi-- ·1 --heptene 1,3--bis{!J-

dlmethy1 trlsu!flde 2-ethy!-5 -tnethy!-pyrazlne 4-,7-dimethy!-t.mdecane 

2-nnnanone pyrnzine acetophenone 

2-pentanone) ,3,5-cyr.!oheptauiene hidecane 

thiophosphorarnkje, s-

2-octanone thiophene pentane 
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2-butarnme 2-methy1-furan 3-ethy!-pentane odana! pyridine 2,3 ,4-trirnethyl-pentane 

4--methyl-.S--
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(F,E}-2,4-rticadkma! prupana! methyl r:Umrnmk~ htixarn:ic add mnthti-thiinnm 
isothiazcie 

·1 --et!lyt-5 -rnethyk:ydopentene ar:etah:iehyde 3 ,3 --dirneth14--!le:i::: ane {E,EJ 
-2,4-nonadlenal 2-propenal 4-methyUmptane 

Page 15 of46 

(Z)-2-decern.112-pmpy!-fumn 2,4-dlmet'1y!-heptane dihydra-5-propyi-2(3H)- dlhydm-5-
wmlyl-2{3hPun--1m:lcrm fumrn:mo 2, 3 A-hhm-rthvt-htip1nni:t kans-3 -nom:m-.2-orn:-i 
dihydro..3 -{2H)-thiophenone 2 -meth1i-heptane 

(E .E)-3, 5-odadien-2 -one 2,2, tHrlrnethyl-decane 2-rnethyk1 -furanth\ol 

3.:J'-dithiobis[2--nwthyf-- oxadiazole--3--

In sonm embodiments, an lmn coffip!ex (e.g., a ferrous ch!rnin or a hen1e-rnfactor such 
as a henKH:nntainin9 pn~kin} tfo:~:;crihnd txHnin is heatnd in lh(,1 pH:}9-mu~ ol' urrn.md 
chicken, to increase specific volatile flavor and odorrmt crnnponents fypica!!y elevated 
in tonf. For oi:mnp!n, pmpanal, butmm!, 2~-:ihy!-hffan, hqJianal, nckmat. kans-2-{2-
pentenyl)furnn, {Z)-2-heptenal, fE)-2-{};;::.tenal, pyrrcie, 2,4-dodecadlena!, ·"!-octanal. (Z) 
-2-denc:ma!, rn· 2-nmk-Knna! can tm inneas:m1 in tb-1 pn:f;tmn~: of Um htmW-;-umti\n§nn 
protein, vlhich ran impart a mme beefy !'fa1vor ta fue. c.hic¼:EHl. 

1n son1e emtxxlin1lli1ts, an imn complex (e.g., a fermus cMorin or a heme--uJfactor such 
as a herne-containing pm1ein) described herein is heated in the pre-..sence of cysteine 
and g@ucose or other cornblnations ol fh'lVDf pn.3{1.irsnrs to pmvkfu a diffemnt pr{1H!e ol 
\iD!atile ooonmts than w'hen any subset of the fume components am used individually. 

Vok1rne flavor mrnponents that are increased under thesB conditions indude but are 
nnt hmitrn1 tn l'un:m, ncdurm, ttfrazule, fud'urai, htinzaklnhyde, 
2-pyridlnec.arboxaldehyde, S- rnethy!-2-thiophenecarboxaldehyde, 3 -fftethyi-2-
thlophenecartmxaMehyde, 3- thiophenemethano! and decanoL See, e.g., Tables 8 and 
9. Under these conditions, c.ysteine and 9lurnse abne or in the presence Gt iron salts 
such as femlus glurnnate 
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sulfurnus odor and replaced lt vdth fltwors lnc!uding but not Hmtted to chicken broth, 
bumt rriushronm, molasses, and bmad. 

ln sonR~ Hmbrnfarn-mfs, an imn complex {e.g._ a fonrn.is dJrnin ma fKffm-H:ofador such 
as a herne-contain\ng protein) descrlbed herein is heatru.i in the presence of cysteine 
and rjixt:%} tn pn:widi~ a diflbn:ml profik~ of vokfHo odon-mts. Hlmtlng in tht} prnsnnrn nf 
ribose crnated some additional crnTtpounds as comp.are--d to when .a herne---eant.aining 
protein and gh..irose W'&rE{ heatec! togetheL See T ab!es 8 and 9. 

!n sonm embodiments, an lmn coffip!ex (e.g., a ferrous ch!mophH!in or a henm­
mfar:tor such as a herne--aJntaining protein) ctesujbed hemin can be heated in the 
presence of thiamine and a struar to affect the fnnnatioo of 5-Thiazo!eethand, 
4-nmthy!- kinm, :1_3-dilhiohis[2-nmthy!-funm, and/or 4-fAdhy!thiazuk~. Thnse 
compounds am krn1w11 to be present in rneat and have beefy, rne:att taste notes. 

In son1e embodiments, an imn complex (e.g., a ferrous ch!orin or a hen1e-mfactor such 
as a herne-containinq pmtein) described herein nm be heated in the pre-..sence of a 
nudet~tide such as innsine monophosµhate andim guarn:;sine munophnsphate to 
crn1tm! the fmrnatlcn of Havm compounds such as (E}--4-octene, 2-ethyHtu-an, 
2-pentanone, 2,3-- butanedione, 2--methyl--thiazole, rnethyi--pymzirm, kk:ler . .ane, (E)--2-­
odena!, 2- 1hiopetmmrboxaWehyde, and/or 3-fhiopenernr!:)oxa!dehyde .. These 
rxJmpt::unds an~ known to ho pn~)ent in nmat and havH a bnn!\1, mrnity, hultrny, and or 
savory flavur nz,,tes _ 

!n srnne ernbodirnents., an imn crnnplm: {e.g , a ferrous chk:w'in or a herne-cofador such 
as a henKH:ontaininq pn~kin} tfo:~:;crihnd hHrn.in GRl ho tnat(,Jd in t!"ln pn1si:ffH:e or 
lysine, a sug:ar such as ribt.'1.cse, and cysteine to control the tc-rmafaJn of tlavor 
rnrnpc.·tmds such as dimethyl trisu!fide, nrn1r-wial, 2-penfy! thicphene, 2-nonenal furfum!, 
·1--{Jctanol, 2-- nrnwnal, thiazde, 2--arntym1iazcie, phenylarntaldehyde, and/or 
2-acety!thim:ole_ These mrnpoonds are knmvn to be present ~n n1eat and s.mne hmm a 
b--eefy, meaty, and cw savory flavor. 

!n sonm Hmbrnfarn-mts, an imn complex {e.g._ a fonrn.is dJrnin ma hmm-H:ofador such 
as a herne-contain\ng pmtein) descrlbed herein can be heated in the presence of lactic 
add, a stigar such as ribnso, and cystdni:t h1 conl:rn1 lhrt fonnatkm of Um navur 
compounds normnal, thiazole, 2-m:ety1thiazole, and/or 8-rnethyl '1-tmdecene .. Thes.e 
compnunds am krm\vn to be present in rneat and have beefy, savori, brrn,\i:ned, brnm::fy, 
and nm!ty not~s-

in so,me emtxxhn1ei1ts, an imn complex (e.g., a ferrous cMarin or a heme--uJfactor such 
as a hmne-containing pm1ein) described hernln can be heated in the presence of 
amino adds, su9rn's such as QktcosH, ritios1c1. and rnnJlnrfo::drin_ !actk add, thk--1minH, 
H\,tP, GfiiP, creatine, and salts such as potassium dlkxfde and sodium ch!rnide, to 
rxmtm! 1hf1 fnrmafa:::n nf flavm rnrnprn.mds such as l,3-his(!)-dinml:hy!Hltr:A)-benzmm, 
2-methyl 3--- furanthiol, and/or b1s{2-methyl-4 ,5-dihydm-3-fLiryl} disulflde. Thes.e 
nxnp-ounds mn known tn be prnsont in rnmit and tmvf1 txmfy nuk~s .. Srm also 1 atMt ·14. 

in srnne ernbodirnents., a partk:::u!m type of heme-containing pmteln Is chosen to contm! 
the fcnnatic-n of ffa1vor co,mprn.mds. See, for exarnp!B, the- results of Table H, \.i-'!:'t1k:h 
shmvs that the add!l!on of different types of henm-proteins (LeqH, Bt>ffIB\( B_ rnyoglobin, 
ax A. aeolicus) in tlavor mactic-n n1hdums containing one or mum fa.ivor precursor 
mrnp,Jtinds results in many of the same key rneat flavors, inducting but not !tn1ited to 
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pentanone, 3 -nmthy! tm1ana!, 2-rnethy! butanal, 2-heptena!, l-Dctene, nonana!, 
2-pmpena!, 2--decenal, 2-nonanone, 2-mJancme, 2-tridecen-!--o!, 2--octm1one, 2-.odena!, 
4- rneth':A-2-heptanone, cdanai, 2-undecenai, butymlactone, !-octen-3---0ne, 
3-meihyl!·mpt-:A acd:ak~, and 2-pnntyi-l:hk:l'plifmt~. Umso rnm:-m-:mt:Hs b flavor cornprnmds 
rnn change the overall taste pmfi!e. 

in snme emtxxhn1lli1ts, an imn complex {e.;J, a fermus cMorin or a heme--uJfactor such 
as a herne-containing protein) described herein and one or mom flavor prnrnrsors can 
he reacted {e.g., in vitro} wrth heating to 9enmate a parHrn!ar fh:n,•or andior aroma 
profile of interest and the resultant flavor aodmve a11npositk:m can be added to the 
mnsumab!e fci(J-d pn:x:lud {JI interest, ~vhich mn then be eaten as-{s or can be 
addrnona!ly mndffierI, e.g., by additional n:xmln&l 

In srnne ernbodirnents .. any tmdes1mble flavors can be minimtz:ed by dooziorizing '>Nith 
act\vatnd dmrcod ur by n-1rnnvh1,n enzyrnes swll as l1pnxt1innasHs {LOX)c which can 
be present in trace amounts when using preparations nf plant proteins, and which can 
convert unsaturated triacyiqlycerides (such as Hnoielc acid Cff Hno!enk:. add) lnto smaUer 
and rnore vol:aBe molecules LO)( are naturally present in legurrn:-Js such as peas, 
soybeans. and peanuts, as ~veil as rice, potatoes, and o!htes. \Nhen !equme flours am 
fractionated into separate protein fradions, LOX can ad as undesirable "tirne--b-umbs" 
that can cause undesln1b!e flavors on aging or storage_ Cornpositrn1s containinq plant 
proteins (n.g, frnrn gnxmd plant ser~ds) rnn bo subjm:tHd to purifirnliun tu n:ffnovn LOX 
using, tor example, an affinity resin that binds to LOX and rernoves n from the pmtein 
sarnpkt ThH affinity rnsin can bi~ Hnu!oic add, Hnokmk: add, skKffk add, ok~k acid,. 
pmpyi gaHate, or epiga!ioccatechin gaffate attached to a solid supprni such as a bead 
nr rus\n. Son, (~-iL VV020'Bt387D3. ln addition, rk~ponding t:m tt:m protein cnrnpommt 
of the food pro-dud, certain combinations of antioxidants and/or LOX inhibdors can be 
used as effecUve aqents to rninimize off- flavor or off-odor generation esi}e:ciaffy: in the 
presence of fats and oils. Such cilinpnunds can indude, for exarnp!e, one {Jr more of tl­
Cftrotene~ a-tocoiit1:ert)( caffEic cu:irj)' pr~~}ti gaHate~ or epifJaUocatechh1 gaiiate. 

!n srnne ernboctirnents .. specific flavor compounds, such as those described in Tf'lb!e.s 3, 
B, fl. 12, 14, 16, ur Hom bi) isulahxi and purmed froni Um ifavnr mMHhi'o compusWnn. 
These isolated and purified compounds can be used as an ingredient to create flavors 
usdul tn t:hi) food and fragranrn industry. 

A tlavnr t¾.idH:tve crnnpusWon can be in the fom'\ of but not !irnited to, soop or stmv 
bases, bt'"l':Ji!bn, et_1 , pov,N.ier or cubes, tlmmr packets, or seasrming packets or 
shakers. Such fiavor addmve cm-nposmons can be used to rrn:dufa.1te the flavor and/rn· 
an::irna pmMe for a variety of kiC-d products, and can be added to a cnnsum.ab!e !'m.'¥::l 
product before, durin9, or after mok.inq of the food product 

Ft'.}fKl Pn::ducts 

Food pn.xlUcts containlng one or more flavor precursors and one or rnom hense­
u:mtaining protnins can bn usi:fd as a base for fnrrndal:in9 a vmlHly uf addiliuna! fnod 
prmiuds. including meat substitutes, soup bases, stew bases, snack foods, boumon 
powders. bod!!on cubes, flavor packets, or frnzen food products. Meat substitutes can 
bs forrriulated, for example, as hot dogs, burgers, ground me.at, sausages, steaks, 
fHets, roasts, breasts, thighs, 'tldnqs, meatballs, meatlm1f, barnn, strips, fingers, 
nu;mets, cutlets, or cubes in addition, kx""1d pmducts described herein can be used to 
modulate the taste and/rn' aronm prntHe of other fot.ld prcducts {e -&L rneat replicas, 
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nmat substltutes, tofu, mock duck or other gluten based vegetable pmdm:t, te~iured 
vegel:Bt:fre pmtein such BS texkned soy pml:ein, porn, fish, lamb, or poultry produds 
such as chicken or turkey products) and can be applied to the other fooo product 
bnfnnl or fkning crn:mlng . Lbing Hm frnd prrnJucls des.nfand tu-1n:1in can provkfo n 
pmticufar meaty taste and srneH, for exmnpte, the taste and smell of beef or bacon, to a 
rn:m-m-aat product or tn a poultry pn:tbd:. 

F~)d products descrlbed herein can be packaged ln various way"::;;, lndudlng belnq 
sBaled within individual packets or shakers, sur:h tlmt the- cnnwositbn can be sprinkled 
or spread on top of a fc-od product before or during cc.sokinq. 

Food pn.xlucts described herein can lndude additk:»1af ~ngredients jnc!uding: food­
nradn oils such as canola, uxn, stinfio,MH\ soytman, olhi'H Of ux:onut oi!, snasoning 
agents such as edlble salts (e g., sookm1 m potasslrn11 ch!rnide) or herbs (e.fL 
rosen1ary, thJTHt}, basil, sagi),. or mlnn, !'!mrorjng a9nnb, prok}ins (frg., soy pnAdn 
isolate, wheat g!utin, pea vie.Hin, and/or pea iegurnin}, protein concentmtes (e.g., soy 
p:rt)tei11 

ccn-icentrate}, emuislfiers (e.g., lecithin\ qeHlnq agents (e.g., k-earraqeertt1n or ge!aUn\ 
fib=ers {e.fL bambootuerm inuHnL orminem@s {eg., iodine, zinc, and/or calcium). 

Food pnxkicts tfoscrHmd hemin also nm im:ludn a natural cdorlnG ngonl: such as 
tum1mic or beet julrn, or an mimdal co!orjng agent such as azo dyes, 
tfjp:!"Jtmylrndhmms, xanth:mr~s, quinines, indigo-ids, Maniurn dioxide, rm1 #:..1, nxi #-40,. 
blue #··i . or yelb\,\i #5. 

Fllixl products described he-rein also can indude ffte-Bt shelf !He extenders such BS 
cartx.•n rrn:moxk:le, nttrites, sodkirn rnetablsulflte, Bomba( vitarriin E, rosemary extract, 
groon tea e-iirad, rntschins and other anti-oxidants. 

Fllixl products described herein can be ti'ee of animal products (e.g., animal l1en-m-­
containing pmtelns or other cmirna~ products). 

In son1e embodiments, the rocd pn...--w:iuds can be soy.ftee, \,'s1'maUree, yeasPtee, 
MSG-fff¥'l, amlim fnm of prutdn hydrolysis pn:xhids. and can task~ rnrnJty, Uuh!y 
sm'ory, and 1Nithout off ooors m flavors. Assessnwnt of Food Products 

Fllixl products described he-rein can be Bssesse--d using trained hunmn panelists Tl1=e 
ei{aluations can lnvc.ive eyelng, fooling, chev~'lng, and tasUnq of the product to judge 
µrmiud: appearance. color, intewil:y, texture, flavm, and nmuth fool, etc.. Panelists can 
be seriled sarnples under red or under v.11ite Hght. Sarnpies can be as.signed rnndom 
RtffK~- diuit nurnbers and rol:akd in baHot posWnn tn pnJvrmt Nas. &msrn-y .iudtYni:tnts 
can be scaled for "acceptance" or "!ikeabmty" m use si:Jer.ia! termjnology. For exmnp!e, 
!n11or sca!ns {A l'or nxodbnt. B frx goud, C lhr pm~) Of nurnbm srn!ns rnav ho usnd {i 
=- dislike, 2 =- fair, 3 = ga.');j; 4 = very gooo; S=-excef!ent)_ A sc.aie can be us-ed b rate the 
ovHrnU m:coptabi!Hy or quamy of t!"ln food produd or sptwJk quarny altribatns such 
beeti'ness. texture, and tlavcw Panelists um be encouraged to rinse their mciuths \.i-',dth 
water t:seh.-·veen sarnples, and qlven opportunity to cornment on each sample. 

!n sonm embodiments, a ftx.sJ pm-duct descr\bed herein can be compared to another 
fooo prndud (e-.~1-, moot or rnoot substitute} based upon olfactorneter readings. !n 
vmious ernbrn:liments, the olfadnrneter can be used to assess odor concentration and 
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odor thresholds, odor suprathmsholds \Nlth comparison to a reference gas, he:donic 
scaJe srnms to determine the- degree of appmciafo::m, or rn!a!.ive intensity of odors. 

ln sonR~ Hmbrnfarn-mfs, an offadnrnn~nr a!!ovvs -ttm tra1nh1,n and autnnintk evaluation of 
expmi pane{s. In son1e embodiments, a fo,Jd product described herein causes sirnilar 
or kk-mlka! (:!lf:adnm-al:or n-;mJin9s. !n ~:;nrne mnbndimnnts, thH di"ffi:fft-mn~s bd~-w-:,:nn 
tl:Svors g:enerated using the methods of l:he invt'-ml:kin and n1eat am sumcienUy snia!l to 
be beh}¼V the detectlon thrnshc1d of hurnan percepUnn. 

!n sonm embodiments, vo!atil=e chemk::a!s ldentlfied uslng GCfo1S can be eva!uate:d. for 
exarnple, a human c:an ra1.e the experienrn of smemng the chernirn! r~spnnsible tor a 
certain peak. This jnfommtion cml!d be used to fLuiher refl.ne the proMe of flavcr m1d 
arurna comprn.mds pn:xhicrnJ using a tmrno-cofltdning pinl:oln and one or morn ft:avor 
precursors. 

Chamderisl:i:c. flavor and fra9mnce components are rnnstly produced dming the 
oo-oklng process by chemlcal reacHons mol=ernles indudinq amino adds, fats and 
sugars whd1 me frnmd in plants as ~veH as meat Themfore., in some ernbodiments, a 
food pR~1uct is tested for slrnHarlty to nmat dur!nq or after cookinq. In sonm 
embt~Jiments Murnan ratings, human evaluation, offadorneter madings, or Gc~,~S 
n1easurnments, or cornbinatlons thereof, are used to create an cif adory rnap of the 
food product Sim]miy, an offadory map nf thn frnd pn:~ducl, for (~Xfm}f>!e, a nmat 
mp!ica, rnn oo created. These rnaps can be cornpar:ed to assess hovl! siml!ar the 
nxmed food pnxh.gJ b to rnrmt. 

!n sonm Hmtirnfanents, lh(,1 n!factnry map of trin food pnxlU-d: during or aftm nmk1ng is 
similar l:o m indistjnguishable fmrn Hml: of ca,,-Jked or c0t¥:h1:g moot. ln some 
ernbc.'tlirnents the sirnl!mi(l is suffi.dent to be OO\lond the detection threshrnd of hun1Bn 
perception. The 1.c-od prnducl: mn be created sn its charaderjsfa::s am similar to a foa,,1 
product afier cookinq, but the unmz.1.¼ed fc-od pmduct may have properties that am 
diften-mt frnni fue. predicate f0t~J product prior l:o cooking. 

Thnse rnsu!h wm dmw:mslrak} that thr~ cornpnsmons nl' Um in'li:'HnUon Hitt Jurt1rn1 as 
acceptably equivalent to ma! meal: products. Additiona!fy', these resutts can 
&:mi.unsirate that n:::wnposilinns nrtfm kiv(-mllt:lcn mn p1n!brnid by pandisl nvor ntb-1r 
mmmerda!!y available rneat substitutes. So, in sorne emoodirnents the present 
invention provides for cm1surnab!es that are slgnmmnt!y siml!ar to tradWona! meats and 
am more rneat like than prnviously known me-at a!tematives. 

lhe iffvBnbon wil! be further described in the k1lk1wing e}:;amp!es, \;,'lil1k:h oci not hmil: thB 
scope of the lnventbn described in the daims. 

LXA!\4PLES 

Replica burgers u::mtaining the in9mdients in Table 4 and the- flavor pmcursors cysteine 
(HJ rnM), glutarnic add fHJ rnML q!ucose cm rnM), and thiamine O mr~n WBrn 
prepared. Water \\"as tldded to make up the balance. See, for example, U.S. 
Proi.'islona! AppilcaUon No. 5 ·1 /75 ·1 , 816, filed ... !arn ... miy ·t ··1 , 2{H :t Control burqers ~vern 
prepared as in Table 4 with precursors cysteinB (1G mr~1}, glutan:iic acid {"W n1f'ii'i), 
glucose fl D m!'v1), and thiamine fl rnt,n except LegH \:Vas omitted. 
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Aftm coukjng lhr 5 minukis at ·isn C, thtl rnpHrn burgtlfS \>%:'fffH uvah.Milrnj hy a tralned 
sensor>/ paneL Panelists \,vem s.erved samples under red Eghts and each panelist 
irn1hlldual!y i:WakiatHd tho sarnples S.rnnp!ns Wflff~ assigrnxl a rarn1mn lhff%l-digit 
mffnb:er and rotated in ballot position to prevent bias Panelists were asked to evaluate 
cfxmed rnp!irn bt1rgor sarnples on muWp!n navnr,. aroma, tas:lH, textrn:n and appm1ranu:~ 
atiribtles including but not hrnited to boofrness, bkludy qtm!Hy, savnry quality, and 
overnU acceptabmty using a 7-point scak3 frorn !=-dis:Hke extmrnely, to 7=iike eid:mrnefy_ 

PaneHsts were enrouraged to rinse thelr n1ouths v.1th wuter betwoon sarnptes, and to 
tiU out a srnvey to rncord their evalUahon at each s.arnpkt 

Wtinn n:1plk1i tmrty~rs u:::ntalninu Rio tJ:gH wrnt) u::::rnparrn1 to tho contnt n:ip!ka 
burgers v1,,1thout LegH, the samples containing legH wem rnted si9niflcant!y beefier, 
hlrx~Htir .. mon~ smrory. and nvorall prHfHnnd cnrnparrn1 l:o triost) that did nut inchJde 
LegH_ See Table 5 

'TABL.E 4 

Soy pruklin nmu;ntral1: {SPC) .2.52 

Ba.n1brm fiber O ~ 34 

TABLE5 

!ma&w available on "Orfg tml docurnenf' 
Exarnp!e 2: Rephca burgers with a flavor precursor mixture taste beefy- and bl0:..."'Xiy 

Replica burgers containing a flavor precursor rnixture of glucose, cystelne, thiarnine, 
and &1lutamic acid and -1% LegH pre---eooked 'it.ii\¥ {se--e Table 4) \;,'\i'ere prepared as 
descnboo ln Exarnp!e ·i , and evaluated by a tn.1lned sensory panel after the burgers 
\VtffH cookrn1 l'or 5 minutHs at ·150 C. Cunlrul btxgnrs induded LHLJH and an other 
ingredients except for the flavor precursor rnixture_ Panelists were asked to evaluate 
tt:m smnpbs Gvrnnl! tnpnJ',,ffHT1ent in l:ask and dHsnipUvnly analyzH nach sampki tJSing 
a 5~point scale from !=dislike extrenwty, to 5=Hke extrernely_ Ptme!lsts wem 
Hncouragnd to drnm thdr muuths \l\'Hh v.tal:nr bd?iNHHn sarnplns, and lo rm out a srnvoy 
to re,cord their evaluation of each smnple_ The rnplicate burgers which included legH 
and the flavor precursor rrlidum wwe described as having boumon, grnvy, meaty, 
bloody, savory, and beefy notes on taste, and were pmte-rred iD the- same replica 
burqer with LeqH bu1 no added flavor pmcursor n1lxtum. See, TaMe 6 

TABLE fi 
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RepHca burqers {see Table 4) 'Nem rnoked v.1th dHfemnt precursor rnlxes {see Table 7) 
and ·J'%~ LegH and evakm!:ed by a trained sens.ory panel after the btirgers wem cooked 
for 5 minutes at ·150 C. Contm! burgers contained LegH and aH of the other ingredients 
except tor U-m flavur prenffsors. Pane!§Sts. \\ff.We askoo to Ef'it1!uate each sample and 
descripthice!y analyze of each &.unple. 5-po~nt scale from I=dlslike emrerne!y, to 5=like 
exl:rr~nm!v. ParmHsl:s \:Vi)rt~ mlc0tffagmJ ln rinse lheir rm}uths wdh "\:'akff bd\vnrm 
samples, and to tm out a survey to record their evakmtian of each sample. A. m~irn 
tmr9tH"vAth a pn-;u.u-sor mixture of ·10 mM glucose, '10 niM ritio~m,. ·in mM cysl:dnn, '1 
rnf,1i thiamine, ·1 mr,.,i g!utamic aero, ··1 m~<t Gft~P, anzi LegH i,.,\\11s described as having a 
bacon amrna and taste, and ovem!! rneatlness, savory quality, a very urnarnl quaHty<, a 
brcithy quality, and slight beefy nt.'1:te-s See Table l fm a sumrnary of the flavor 
descnpoon for the varloos cornblnations of fiavor precursors and heme-cm1talning 
protedil. ·li\tJL.E 7 

Flavors tinm-watin1 by addHftxi nf pn~cursors tu LogH O %; 
knage available on "Original docurnenr 

Example 4: Type of sugar rnt':x.iuh'ltes ftavc-r compmmds crnated in the presence ot 
Hen1ef)rotei:r1 

The addition of dlfl:erent sugars to flavor reaction rnixtures containing a hmnepmtein 
a:r1tl t)r~f; csr rrtfHri fi-tft/{Jr l)ft:%(:t~J!~(Jr (XUilf)tJ:t~n{js, rl:-~;utif~fi :ir1 tiist]rH::t ~J~!l\)r(~n:ct-;~; ~t1 U1r~ 
tlavor crnnpounds 9Emerated and the oveml! flavor pmfl!e L~~H hense protein at -Ptb 
pre-coUkHd '>Ni\vi \VHS rnixHd \<%il:h cystdrm {iO rrifA} and 9lucnsn {20 mfvl) at pH Gin 
phosphate buffer to fom1 a flavor reaction mimum and heated to ·150 C for 3 minutes; 
this reaction created fa1vz.Y compounds known to be present in nmat; s.ee Table 8. 
Similarly, a !lavor reaction mixture matle when LsgH heme protein at Y% wt1s rnb:::ed 
with cystelne {··1 Q rnM) and iibose (20 rnM} at pH 5 and heated to -1 sn C rm 3 minutes 
c.mated fo.1vor compounds km1wn to be in meat; s.ee Tab!e 8. 

Thr~ charadrnistlc fiavor and fr:at1rnnu1 rompurnxits WHH~ rnusUy pn:ducrnl during U-m 
cookinq prnces....c. \Mhen the fa1vor precursor n1L"lecules reacted with the heme-pmteirt 
Gas dmxnalogmphy-mass spnd:ronml:ry {GC!MS) is a n1nlhod l:hat romNnm~ tk1 
features of gas-liquid chrnmatogrnphy and mass spectrnmel:ry to separate and identify 
dltl'tm:mt subskmcns V'lil:hin a tmi samplo. Sarnpkis \VfffH H\Ja!uatnd by GCMS ln idrnitffy 
the tlavor compounds 9enerated after heabn9 and a~o evakmtoo k:ir their sensory 
promes. VolaMe chernirnls wem isolated fnxn the head space amund the flavor 
reacfaJns The pn:iNe of fue. volatile chemicals in the heatisparn around ~he flavcw 
reactim1 rnixtums is shmvn in Table 8. in particular, the use of ribose cmated srnne 
addtbona! c.rnnpc-unds as mrnr.iared to glucose, as shmvn in Table 8. 
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Notably, the uv11m! rnixtures of cysteine >,;.'l:'lth dbose or glucose heated in the att:;-ence 
of the L~~H herne--prntein did ncit genemte the same set ot fa.ivor zxnnµrn.1nds. The 
fh.'lvor reaction rnixtures containing LegH aiso wBre eva!Uateri by a b!iraied trained 
snnsory parn-:l. whh:h dns-cribed thr~ srnnp!ns vtH:h rHx?SH as having bndy, savory, 
broth:f and gn.1vy-Uke notes, and the samples Vlfith 9!uctJse as savory, Nrn)dy, metalhc, 
rmv rrn:~at,. and toum0cn-likn. TABLE 6 

Flavor c:ornpounds genemted \Vitti cys1eine, LegH, and either g!ucose or fibose in the 
fh.tvor reaction rnbdme. 

h"nage avaffable on "01ig ina! dooxnenf' 
tich!oromethane .X 

2-rnethy!-furnn Xx: km.m XX pyn1zine XX l:hiophene XX 

l ,3--dirnethy!-benzene X. X octane X octana! X. X thiazo!:e X X. 

2-propena! X 

Exarnp!e 5: Herne-protein in the presence of 1hiarnine aITeds the production of certain 
fh.tvor compounds 

The actdibon of thiamine in a nav-m reaction mixtures with a heuis protein and other 
ffavor prncurscws aITe:cted the forrnaUon of 5--Thhvo!eethanc.i, 4-nmthy!-fumn, 3,3'-
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dithlornsf2-me1hyl-thtazo!€, and 4-rnethylthlazcie. The-..se mrnpoundS am known to be 
present in meat and have b-eet}\ meaty taste notes. 

Flavor rHm::bon rni::durns al pH 6 o::mtaininu Ln{JH {'lShJ, cysktirm ('10 mM;, thfauninn {'1 
n1fii}. either glucnse or ribose {20 rr1r,.{}, and v1rth or without glutamic acid (·10 rn!\<1} \,V&re 
prermri:td and subsoqurnltlV tlHatm1 ln ·150 C l'tx 3 minutns. HiHsH !favor readior:1 
smnptes then vvern evaluated by GCf<AS tm the flavor con1pounds generated and 
evaluated by a trained panel for thelr sensorf pm-files. \lolnNe chemicals were isolated 
from the head spm:e mound the flavor roochons GGMS shrn~ed 4--methy! .. fr. 
thlazo~oothanol, 3,3'-dlthiobisf2-methy!}-fumn, and 4-n1e1.hyithlazole a11npo1.mds wnm 
created by a mt:dtn-e nt LegH with thiamine, a sugar {either glucose or 1ibose}. .and 
cysteine. The s,ame flavor reaction mixi:ums \,Vithoot thiamine did not generate these 
nxnp-ounds; m:klEkma!ly lhm~e conipnunds v.iHnJ nnt 9emxattKl w4mn t·mnm-prnkins 
wBm not present in the flavor rnaciion rnixu.u-es. 

The flavor m.m::tkm sarnp!es also >svern evaluated by a blinded trained sensory panel, 
wtik.:h descrH:::sed the smnples \>V11h the m::ld!t!on of thlarnine as rrnxe complex ln taste 
and rnore beefy, nwaty, and savory. 

Exan1ple G: Heme--prnteins w~th nuch:-mbdes r:ontmb pmikdar tlavm compound 
pmduction. 

The add!Uon ot inns\ne nll'.)nophosphate and guanosine monophz,1:sphate in mixes 1Nith 
tmmn protein and nlfox precursors contn:iUed HK~ fnrrnaton of 'flw-ior -cnrnpounds (E}4-
nctene, 2--ethyl-fumn, 2-i;:8ntanone, 2,3--butm1edione, 2-rnethy!-thiazole,, methyl­
il\rrtizjrifi.:. i:rit1(~{:i~n{$, (E }-.2-tJctfJ~Ttil~ 2;-fJ}~tJ:f~f11~nt-Jf~"ltl)flX:t1k!fih·yilt-} ~ iJnri :1-
thiophenecarboxa!de!lyde. These compounds am knm:vn to be present in meat and 
have a beefy, meaty, buttery, and or savorf flavor notes. 

Reactlons cm1talning heme protein at 'l% (LegH) \,Vith cy-steine cm mM}. and qluc:nse 
(20 mM), ·1 mfv1 !MP and ·J m~,~ GMP, at pH ttO \;,V€m prepared and heated to l50C kx 
3 rnlnutes. Chamcteris1k tlavnr and tmgmnce cornponents v,K~Je nmsUy produced 
during Hm cooking pnJGJss \\•t1Hrn prm:ursors rrnx:bng \·1nnin-prntHin. Umse sarnp!es 
tvere evaluated by Gcr..m for the flavor compounds genernted and evaluated fur the 
snnsrny H)qn1rk-mrn. \lotaU!H chmnicals \WXH isolatHd frorn !fin h-rmd spacti arm.med Um 
navor reaction and identified using GC!MS, creating a profile of the volatile chemicals in 
the headspace around the flai;trn· reaction mlxtum. GCMS shn-iN&::l 4-m:Jene, 2-el.hy1 
furan, 2-pent.anone, 2,3--butanedione, 2--nmthyl-thiaznle, methy1-.pyrazine, tridec:ane, 
2-octena!, 2-thlophenecmboxa!dehyde, 3 -thkJphenecarboxaldehyde compounds v~sern 
created by a mi::dtn-e nt hemepmtein legH wrth !MP, Gf:;.1P, g!ucnse, .and cysteine. The 
same sarnp!es without rn~iP and (3MP dld not generate these cornpomx:ls, additionally 
1hesi:t cornpounds \-~U-KH abo nol CH:}atod wtmn hmne-prninins ViHff: nnl: prnsHnl, iust 
precursor mo!ecules. Sensory evakmtion by blinded trained panelist found the samples 
vA!h the addHbn nf innslrKt nnd wmnosinn as rk~s-c!'itmd as havinu rnonJ -c0,rr1plbxity in 
taste and nmre beeff, meaty, bmthy and savory. Figure 2 shows the abundance of the 
nnve! flavm rnrnpounds tn:falnd \>%:'ith henie pminin at ·i 'th w11s mixofi in n nmdJon at pH 
n, ~vith cysteine {HJ rnfA}, and g!umse {20 mM}, !MP fl mM) and GfVP ('1 m!\'1), and 
detected by solid phase mk:mekimction (SPME) and then detected by GC!\<15. 

The addition of lactic add in rnlxes with heme protein, rlbose, and {)'Steine contmHed 
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R.eadkms containing hrnne pruk:in at Hfu, cysteim-i (H1 rn!M)c and rHJosH {2U rnfo1}, and 
lactic add {lmM}, pH 6.0, v,ern prepared and heated to ·15oc for 3 rninutes. 

Chamderistif: tlavor and fi·a;~mnce cs:nnprnmnts ,,nem rnosHy produced durjng the 
col1klnq process V-Jhem precursors reactlng herne -protein ... These smnples v~'fKe 
evaluated by GCMS for the tla\.-ur compounds gernJrated and ev.abated for the sensory 
experience_ \lolaH!e ct1en1lcals ¼Vere isolated from the hean space around the fa1vor 
mactic-n and identified using GCfAS, creating a pmtile of the g2nemted crunpourn::ls. 
Nonanai, thiazo!e, 2-ae.efytt:hiazoh:\ and 8-nmthy!-l-undecerie rnmpm.mds \,vem created 
t(f ti iI1ixh1r~;) t>f L:t-1i1H ~%:ltfl h"l(:ilc. i~~j~J, rit:(}Sf3 ~ ftnt] C)tStf}~rtf}. Tlit; s~Jrn~1 ~;tlJl~J]l{7;~; v~dtti:f~it 
!actic add did not qenemte these cm1Ix1tmds, adtlitional!y thesB crn111:.scmnds W'Bre nz,"t 
cnmtrnJ in ttm ab9-mu~ ol' tw:irm:qHnl:oins _ 

Sensory eva!uatk:m by bHnded trained paneUs1 found the samples >,,-·vtih the audmon of 
lactic add as described as ooofy·, savory, t:srm\ffled, bready, and having rnally notes. 
The s.arnple \Nlth everytNng but fa.1ctk:. add rated tower in brov,med, bmady and rna!ty 
notes. 

nm addition ol' !ysinn in mi:<es wt!h !"lnnin pnAdn riboso, and cystdtKt uxitrulktd tt:m 
fonnation of fh.'lvor compounds dirnethyl trisulfide, nonanal, 2-penty!-thiQ;:.."',henB, furti..irn!, 
2-nnnonal, i-odanoi, 2-nntKH"ia!, thlazoJn, 2-ardyUNazok, phnnylan-)la!dohydH, 
2-.acety!thiazde. These u1rnpounds am knrn•',m to be present in meat and some have a 
beefy, nma1y, and or savrny fa1\ror. 

Reactlons cm1talning herne protein at '1%, cystelne cm rnM), and rH:::snse {20 rnfv1}, and 
!ysine (!mf\,iJ, at pH a.o, wBre prepared and heateu to '150C for 3 minutes .. These 
samples were evaluated by GC!MS for the flavor cornpounds generated and eva.luated 
for tfin sensory a:q:ierkmc1c1 Chmadm·btk flavor and fragrann] n:mwom:mts W'(MH 

mostly produced duiing the cooting process where prnctirsors could mad '>Nith the 
tmrm-i-prntf]b_ Timi:%} smnpbs wrnn nva!tmled by Gc~,is fnr Um fla'li:'tX u::::rnpounds 
genernted and evaluated tm the sensonr ex.perience. Volatile chernica!s \:Vere 1Solatoo 
from the head space an:::-'l..md the flavor rnacUon. Dirnethy! tnsumde, nonanat, 2-pentvt­
thiophene, forti..iml, 2--m:mBnal, ·1 .. octano!, 2--nonenal, thiazcile, 2-.acety!thiazae, 
phenylarnta!dehyde, 2-.arntylthiazole o..1n1pounds ·•illern emate-j by a mlxrum of LeqH 
\:Vith tactic add, ribose., and cystcine. The srmse samph:-Js 1.:vHhru3 lactic add did not 
generate these compounds, addmona!ly- these compounds were not ueatoo when 
tmrm-i-prntebs 1o:vnff~ nut pmsnnt, Just prm:ursor molm:uk.;s .. Sensory evah.niUon by 
blinded tmined panehst found the samples \,'s@h the addition of !yslne as desGiood as 
roast bnnl'y-, sa>iflfY, and tmJWllf?d. Um mMtion of !ysfrm bumisHd Um roasted 
browned notes. 

Example H --· Havc-r compound production by different Hense-pmteins 

The addition of dtfierent types of henie--pmh:ins (Legh, Barley, B. rnyc~1!obin, or A., 
aenlicus} 1n flavor reaction mlxtums containing one m nmre tlavnr pmrnrsor 
cnrnpounds results in many n!' the same key meat flavors, inducting but ncit !irniteu to 2-­
pentyl-fumn, 2,3-Ekrt:anedkme, Thiophene, 2~mel:hy!-thiazo!e, Pyrazine, Furnn, PymJle, 
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2-nmthy!-fumn and distinct d!fferenrns In the flavor cnrnpoonds, lm:::!uding but not 
limited to 2--pentyfthkiphene, Nonana!, 2--Nonanone, and !--Oden--:1--one. These 
differences in flavor compounds can change the overa!{ taste pmfHe. The different 
typHs uf ht~rnH11n:>kiin 1o:vnff~ LogH, Barkiy, B _ myogloHn, nx A. afnikus u~md at t% 1-,uhu 
in a reaction mixed ;,,,nth cysteine pu mM) and rit.ose {tO rn!\<1} at pH 6- The pm-­
rt~}l(:t]()~n filiXlllff} \\\~JS f1(~6tf;ti "!(} '15{) \~ ~{)r :1 rr~i{"){JiJf)~ tltis. rt}fiC"!i{)f~ Cfftlf{~(i fl:a.\t{)f 

mrnpc-um.i:s km:PNn to be present in meat; soo Table n. The r:harrn::tsristk: tlavor .and 
fragrance crnnponents are rnostly pn.xh.rc.ed durinq the c:onkin9 process \Nhere the 
fh'lVDf prnc11rsnr mnler:ules react \:Vith the heme--pmtsin _ Samples \:Vere ev.abated by 
{JC!\4S to ldentffy the flavor cnrnpounds generated after heating and alsn ei{aluated for 
their sensory prnfites _ 

Voia1fa:~ chf}Inkals ~,umn bo!atrnj fr-oni lhe head spaco arm.md tho navor rHacfa:ms._ 
Table 9 show-s the sins1!arity and differences tn vo!al:He flavor cwnpoonds created by the 
dfffemnt typns nf henio-prol:dns. 

T/\Bl .. E D 

navor c:mnpounds created by different hen1e-prntein wtien heated v.1th rlbn-se and 
cysmine. 

Thiazck} X X .X X 

benzaldehyde XX X X 

2-arnt'f!thim:O!e X X: X X 2-methy1-prop.anai X X: X X frniun.1! X X X: X 

2,3---butanedlone XX XX 

2-pentanone X. X 

µyrazine X X )( X. dh"nethyi trisulfide X X X X 

2-methyl--l:hiazole X XX X pent.anal X .X X X 

2-heptenal X X X methyl-pyrazine X X X X 

'1-octene X X X butanal X X X: X 
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2-prnps:-mal X X .X 

2-nnnanone X X 

2-octanone X X X 

2-urn::lernm.11 X butyrciactone X (-oc1fH1--:1-.one x: 

Su-1N-na! di'ITmmit smnpkts irH:lrn:Mn9 Gi!s (cannla oil or coconut oi!), !'rnn fatty adds (FFA} 
{Hnalek. add (C-"l3:2}, cleic add {Cl8: !}, stemic add (Ct8:0), or myristic acid (Cl 4:U}) 
and phosphc-Upkls (PL} (beef heart polar lipids ex.tract, Bio!ipon95 {from 

Perln1ond}, or NatChallnePC4Q (frnrn Perlmond}) wem tested for their atdHty to produce 
b--eefy flavor in the absence .and in the presents at other precursors. Oi!s, FFAs, and 
Pls \>Vern added to 50 m~,i potassium phosphate buffer (PPB) pH 6J) or a f'ii'1a1Uard 
nmdk::n rnix {MRl'V) rontabing 5-D rnM potassiuni p!"losphatn pH 6.0, S mM C:ystnim:-i, 
·10 mM G!ucose, O."l rnf'>i1 Thiamine, and 0.-1% {wiv) LegHemog!obin .. Upids in 
nxnbinaUnn \:VB:h MR!\-1 \:\:i':re dnst:;nnd to captun) mn unss n-mcfams nf Hpid 
degradation and MlaiUard reaction pro-tiuct10ns \:Vhi!e lipids in phosphate buffer 
frmdion~xl as a !ipkl conlroL The oEs W'HfH &{Mod at :3C.~·o of ltK~ l:nta! -1 mt. volmno of 
solution wt1He FFAs and Pls w-ere added at Yl~ of the total ·1 ml voknnes. AB sarnples 
,,,yem cc.sokec! at ElfC for 3 rnlns, cooled to sere and then analyzed uslng GC!\,ts 
(SFh•1E fiber sampling of hfJadsparn). After a!! samp@Bs were analyzed by GCMS the 
caps were rernoved and sarnples \:Vere srneHed by a trained fltwor sdentist and arornas 
recorded. 

Sarnp!e Nanm Solutbn Additives 
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MRM BeefHeart fv~a1Uard Reaction Mix 'P% Beef Heart Pd:ar Uplds Extrnct 

!\4RM_Biolipon85 Mai!Jard Reaction Mix)% rnolipon95 (emulsifier} 
~ARM_NatCtioHnnPC40 Mail!md Roacfa:lcn !Vix -1~~h NatChu!irmPC:40 (rnrm!sifif}I} 

KPhosfi ___ C-14 PPB, pH 6 ·1% C·14:Q free fatty add 

KPhosn Cano!a PPB pH 6 3'% Cano!a Oil 

KPhosfi __ Coconut PPB, pH 6 3% Coconut mi 

Page27 of46 

Tabln 'l"l contains l:h(~ mnnin tktscriptkms and Tahk~ ·12 contains lhi~ GCMS data froni 
the most interesting s.amp!es analyzed. fvlany of the lipids introduced a ''fatty" amrm.-:.i to 
!MRM !hat \>%:'as ul:hfff\:Vise absent Tim rurnNnabons of Lindek /\dd ur 

NatChn!!nePC:40 ln fvmM produced the greatest abundance of fatty compounds 
sugnesbng that these lipids may improve the flavor perception {JI beet ta!@mv. Unoieic 
Add and NatChnlinePC4D also showed hlgh abundam:::e of emi:tw-rnushmorn arornas. 
The addition of hµids to MRM signt!'irnnt!y §ncmase-d the- ab1mmmce ot "nutty & 
roasted'" aromas Less oosirnbie "green'" aroma ccm1po1,.u1ds \Nern rnost pron1irient in 
sampkis 'l,iHi unsab.u-aktd ffHH fatly adds {Unolidc add or {>ink add) nr ptlospho!§pids 
!n ;wnernl, the addition of lipids signmcant!y increased the number of target beef 

.Amrna desoipl:icins or each sample after it was cooked. 
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!maqe available on "Orl:g!na! dc.'{::i.m1ent" 
KPhosU NatCholinePC4 

K-Phos6 _ Canola fresh, cu:e.urnber 

K-Phosn_ Coconut nothing 

K-Phos6 . .J.jnoefa: Acld Hght ptastk::: 

Table -12 f!\"1RfvtBH 1eeea r 
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Ust of armnatic cm1Ix1tmds found in Goof by GCMS and a ci'mrt showing vthich \~'Bre 
dd,m:tm1 b nmJi Hpid plus ~,mM snrn h!iC 1\/R.t,tN taonp __ !e. 

Compounds in Boof 

2-methyl-- ·t -heptene N N N N 
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l-mJene N N N N 

·i--pentanol N Y' Y Y !-penten--3--a! N ''{ ''( N 

'1-prnpand N N N N 

2. J... dlhydro.-S ,6-dirnetllyi-

Page29of46 

l -4- dioxin N N N N !,7-0dadten<J-d NY N N !h-pyTroh:1-2- rnrbnxakiehyde N N N N 

3 -rnethy1-2-butena! N N ',t Y 

:J. -methy!-2-cydohexen- ) - one N N N N 

2-dernnone Y "'f "·{ N 

(E}-2-decena1 N N N N 

.2--furnnmethann! N N N N 
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6-rnethy!-2-heptanone N N '{ N 

(E}-:2-heptenal Ny·''(''{ 

(Z)-2-heptena! N N N •{ 

(E}--2--hexenal NY y· Y 

2--ethyl--2--hm:enal N N N N 

2-rrn:~thy!-2Amplrnm urn N N N 

2-n-tmptylfm:an !WI N N N 

(E)-2-rn:mena! '{ Y ''{ "'( 

(Z)-2-nonena! N N N '{ 

2--pentanone N Y '{ N 

·1 --pmpoxy--2-pmpanol N N N N 

1 -(acoty!oxy;-2-propanor:m V N N N 

"1 -hydruxy<l-prnpanmm Y N N N 

2-prnps:-ma! N N N Y 

2-1.hic.sphermcrntmxa!dehyde Y 'f "'( Y 

2,~butanedk:me N N NY 

2,3-pentanedione N N N N 

(E,E}-2,4-dec.adiena! N Y Y ''{ 

2 ,4--decadienal N N N ''( 

(E,E}-2 ,4-heptadierm! N 'Y '/ Y 
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2,5--dimethy!pymzine N N N N 

5--me-thyl--2{:JH)--fumnone N N N N dihydm5--panty1--2(3H}-- tiJrnfK}OO N N .,._{ "\'' dihydro--S­
propyl-2(3H}- fi.m:inone N N N N 

3-hexanone N N N N 

3--{Jcten-2-nne- N "{ Y 

3 _:tfiinphixiocarbuia!dehydn N \·· 'Y" Y' 
h11a&w available on "Orfgirml docurnenf' 
ot!"land N N N Y Hl{H }iJynnl-.2-yi)- Hlhnnone N N N N 

·J -(2-fumny!J-eHmnone N N N N ethosuxlmide ·1 ·J t ·1 N N N fc-nnic add., heptyl ester Y \'' 
N N ti_irnn Y N N '{ 

:3-nmthyl-fumn ,,f N N N 

3-pentyl-fi.ffan Y ''{ Y "{ furtural NY Y y· he-ph:mal N ''{ Y "{ heptanoic acid N N NY 

2-methyl-hex-2-ynA-one N N N N hexanoic m::Jd N N N "·{ hydrogen sulfkJ:e N N N N 
rn-aminnphon}1au-;tybm-} N N N N malnic antydrhfo: N N N N niotrmnnlein N N N N 
mel:hanefuiol N N N N methyl ethanoate N N N N methyl isobutyi ketone ··t ·@ ·1 i N N N 
n,..capmtc add vinyl ester N y· N nonanal N Y \'' Y 

3 -rnethy 'l-nonane i liH N N N nonanolc acfa::l ·-i ·1 -1 ·1 N N N rn:::tarmi N Y "{ '{ octane N N N 
''( oc.tancic add N N Ny· {:1xa!ic acid, isobutyl pentyJ 
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ester "'{ N N N p-cresol N N N N pentanal N N N .. { pentanoic acld Y N N y· 
!n1a9e- available on "Orig Ina! document" 
h11a9e- available on "Orfgtm! docurnenf' 
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b sampkis l·mvintJ fatty ur eri:mmv ammas, 2 A--dntadbnat. (EJ:)-2,4-nonmfama!, (E ,E) 
-2,-4--heptadienal, andlor (E,E}--2,4--de-cadiena! vvem dei.nded In Rie 

KPhosO_ BeetHeart, !MRM HootHeart, MFt~A_ 8ioUpcmD5, fiM~M_ NatChohnePC4U, 
KphosG ____ Canola, r~irnv1 Canola, KPhos:5_Jll ek:: Acid., KPhos6 ____ Uno!€k acid and 

!MRM Uno!ek: add samptes. For (E,E)-2,4-decadiena!, the strongest signa! intensity 
\Vas in Um !'v1RlM _ NatChoHnnPC40 sarnpln, fnHo~NHd by tt:m fo1R!\A Urn:lJnic acid, 
KPhos6_Unoleic acid, !\4Rft~ Beefrleari:, !\<1Rfi1_Bio!Upon85, KPoos6_BeefHemi, fiiRr\/~ 
Okik /\dd, and KPhnsfl_(Viok i\dd sarnpkis. Fur {E,F.}-2,4-hi:tptmhmat tb-1 stn:mfftlSt 
signal intensity W'as in the MR\,1_NatCholinePC40 sarnple follmved by the k'!R~<t C.anrna 
smnp!-e. (E,E}-2,4-heptad!EH1al also ¼Vas detm::ted in the 

MRM ___ BloUpon95, rvmivi Bee'fHeart, and ~,mM Uno!eic acid sHn1p!es. Fm (E,E}--2A-
nonadiena!, the strcingest signal intensity W'as in the MR.fi.:,1 Gano!a and r~1Rfv1 Unol9ic 
add sarnp!es. (E,E)-2,4-ncnadiena! also 'tllas detected in the Kphosfi ___ c::anoia, 

MRM_NatCholinePC40, t 01Rk'l_BioUpon95, MRf,,,~ Beefrleari:, and KPhos6_Unolek add 
sarnpk;s_ For 2,4-decmfa-ma!, lh(,1 stronti-ist signal inkmsity v.tas in ttm 

!MRM Unoldc add samplo. 2,.4-donJdinna! alsn \>Vas dHtndrn1 in KPhosfU..im::.Mfrc add, 
MRM Cam)!@, and KPheL<:;6_lHe-k Acid samples. 

ln samples ha\.>ing earthy or rriushrruxn aromas, 3--oden--2-.one, l--orJ:sn--3--one, 3--
rn::tHrmne, andlor !-octen-3-o! wem detected ln the KPhos6 ____ BeefHeart, f,.,1R!\"1 
BHefHemi, Kphos _ Bio.Upon95, MRfv1_ B-ioLiponH5, Kphos _ NatChnhnePC-40, 

!MRM_NatCl·mHnnPC4D, fARM Cann!a, KPhosf.L{Meic Add, MHfA Ok:ic Add, 
KPhosfi_Unrneic add, and MRM Unolek:: acid sampkls For f-octen-3---o!, the strongest 
signal inlrnisity wHs in Um MRM Unoldc acid smnp!n, l'ul!u\vHd by 

MRM NatCllohnePC40, KPhos6 ____ Uno!eK r.K/ct MRrv1 BeefHaart, KPhos6 BeefHeart., 
!'VRM Cano!a, lV1RM_BioUp:m9!\ KPhosb_tHek Acid, and MRfA Oleic Add san1p!es 3 
-odanorm was detected ln the MRl\,i Oielc Add, KPhnsfi ___ Uno!ek.: add, and 

MRM Unolek:: m:Jd sarnplas. Fm t-oden-3-one, the strongest signal lntensRy was 1n the 
MRM UnolHk add and MRM tkH-Jtkiart samples, l'ollo~,NE~d hy ~<PtiosfU .. inokic acid, 
MRM~NatCho!inePC.4U, KPhos6_BoofHeart, MRIV1_Biolipcm95, !MRM rneic Acid, and 
KP!"losfi~O·JH:k Add sampkis. For :1--.odt-m-2---nnfa. tho sknntwst siunal inkmsEy Vias ln 
the KPhostLUncieic acid s:tlfftp!e, fol!mved by MRk'l Uno!ek add, 

f\,iRM _ NatChdineFC4U, KFhosG _ BoofHearl:, K:PhosG _tn eic .Add, fv1RM O!e-ic .Acid, 
MRM BeefHemt f\i'1Rfvt___mnUpon95, MR.M Cano!a, Kphos ___ BioUpon95, and 
Kphos_Na!:C>holine-PC4U. Pymzine was detectezi in the ~ARM Coconut, f/lRr\ii c·ie, 
!\4R\,1 C'l4, and fvtRM ___ BioUpon95 sarnp!es. 
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raost abundant cornpoonds detected, along with p\trazine, rnethyl pymzine, trirnethy! 
µyrazim-.\ and 3--el:hyl-2,5--dirnethylpymzine. 2--acetylthiazde \:%'.§S detected in au 
samples ·t,;ith !\4RM and most aburaiant in samples 1Nith fit1RM Beeffleat, 
lMRM_bidiponU5, !'v1RlM Camia, and fv1RM coconut Tt&vulH tvas nnaktd in samples 
with 1\,mMCoconut, ~<]RM BeefHeat, ~"mM_Biciipon95, MRM (>14. MRM cm. MRM 
Canu!a, !\'1R!'v1 Oink: add and MRfo1 Uno!ek add and !\,1RMJ¼atChciim~PC40. Pyrnzine 
w11s present in the largest arnc-unt in samples vvith MRM--Coconut, tci!Gw'Bd by samp!es 
MRM BeefHeat, Mm~i ____ Bio!ipon95, MR!\,t c·M, MRM Cl8, rv1mv1 C:ancia having roughly 
e-qual amrn.1nt, Mmli Olek add and fv1RM lim:Aeic acid sample had even !e-~~- f<Aethyi--
pyrazine w,as present in MR~{ ___ B!oHpon95 and fv1Rfv1 Cuuvmt 3-et.hyl-2,5- dlrnethyl-
pymzirm and kirnethyl- pymzine, it,<'Bm pm.sent only \<Vithout phosphn!ipids in the fARM_ 

b sampkis l·mvin~J Qffwin, Vf}{¥-riabkl, nr nmss aronias, ·1-k-;ptnnol, Hw:ipkm-3-G!, i­
hexano!, (E}2-heptena!, (Z)-2-hepterm!, fE)-2-hexenai, 2-pent)'!-furan, and/or heptana! 
wnn:~ ddHctH-d in the KF'tiosG~BnnfHm11t. iARM Bftt-iHHmt, Kpk~s~BbUpnn95,. 
!MRM _ rnoUponff:i, Kphos:__ NatChclinePC40, MRM_ Nart:::holinePC4U, Kphos _ c ··14, 
MRM C>14, Kphrn.;~CT8, !'v1Rl\•1 C'18, !'v1RM Cannla, MRM Coconut, Krtios!3~frh~k:l\ckl, 
MRM Oleic Acid, KPhasd_UnolBic. add, arn::l fARM Lirn::4eic add samples. For 2- pentyl--
&1ran., the stmnqest slqnal lntensHy 'tllas ln the KPhos6 ____ BeefHeart sarnple, follmved by 
the KPhosa_Unoleic acid, MR.f<A_BiaUpontX\ ~1iRM Unoleic add, f<AR!\,i Be-e!'Heart, 
MRM O!ek Acld, MRM ___ _NatCho!inePC40, MRM Cancia, 

KPhosfi_[Heic Add, and ~"'i:hos_NatCh(:@1ePC40 sarnp'!es_ For (E)-2-heptena!, the 
stmnnnst signal inlensil:y \:Vas in am MRM BritifHfmr\ MRM Canda,. MRM Olde /\,rid, 
and KPhos6_Una!eic arid samples, fofk)'/led by the KPhos6_j)teic Acid, 

MRM _ BioUponff:i, KPhos5 _ Beefi-leart, ~<tRM Unoleic acid, MRM~NatCho!inePC4G, 
Kphos ___ BioUpon95, and Kphos ___ Na1Cho!inePC4G sarnples. for (Z}-2-heptena!, the 
strongest signal intensity \:Vas in the ~,~Rf:;.1 Undeic acid smnp!e. foiRfv1 Uncileic add also 
was detected in the KPhos6 ____ Unoieic acid sarnpw For heptrnml, the strongest slgna! 
intensity \,vas in the MR~<i Oleic i\dd san1pfe, toffmved by the KPhos6_0iek Acid, MRM 
c--14, MR!\"1 c-rn, MR!\"1 C.ann!a, MRM famfHemi, MRM ___ _NatCho!lnePC40, MRfv1 Unoieic 
acld,. and KPhosfl._BGo!'Homt samples. For, (F.}-2-hntenal, ttm sknngnst signal 
intensity i.:vas in the MRM Linoleic acid sample, fa!lm-voo by the 

!MRMJ.latCholinePC.40, KPhos6 _ Uno'!eic add, and !MRM rneic Acid Stlfftp!es . 

. A forrm..r!ation \:Vas pmparnd {the "magic mix," s.ee Tab!e ·13 r:ontaining the estimated 
cnncentrations of arnino acids, sugars, and other small rno!ecules in beef base-j on 
their values reported in M:smtum_ The magic mix Vu.ls te-,.sted for its ability ~D produce 
b-eefy fawors \n the presence of LegHemQ:Jbbin {LegH} The magic mix and ·1% "ltiv 
LngH \VHfH addnd to tho nmat H::ip!§ca, pH G.D {sm-} Tahk~ 4} and bakmi in a om'#Kfa:m 

aven ror 7 minutes at ·1 &YC .. A ccmtml smnple was prepared by adding 'Ptb wiv LegH to 
tt"ttJ fl]f)}lt {f}fihCfl~ f}H t}_{} flfl{! t~aJjn{t i:n a. C()fl\l~;J(J:kln: ()\l{-Jf~ ~{)r 7 rr~intittJ~i iJl :•15[f't~. 

The raeat mpllca Stu-np!e contalnlng only LegH, was cornparnd to the rnm1t mp!ica 
san1pfe umtaining the rnagic mix and legH by a sensory panel and CiCMS anal'rsis 
Five tasters rated the flavored meat mpHcas for beefiness, bitterness, and levels of 
sav--ory Ua\;'-ors, and off tiavurs. Each pR.~¥-rrtr \;:Vas mted on a 7 pcint srn!e in \Vhich l 
was the highest arnount ofthe spedfied pmpertv (e.g., a standem1 80:20 ground beef 
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would be rated 7 on the beefy srnl=e;. The ~laqlc !VHx flavor was mted one point Mgher 
in booty charader l:han the LegH only sample {FlG. ·t ). 

To ddenTiirn~ w!'lkh dKffrfrcal pnxlU-d:s 1;,vem prmh.KiJd upon boating, a su!ution of 
Magic ~<tix Vl!as prepared with ·1•% vw/v LegH at pH 6.0. The samples 1Nere conked >svith 
shaklnq nt ·t 5('.rC for thrrn-} mlnutm\ t!'lnn Sofa! Phase Mk:m Extradkm (SPfAE) vvas 
periormed tor hve!ve fftinutes at titre ki extract the vcia!He rnmpciuncts abmte the 
headsparn of the madion. A search a.!9orithrri was used to analyze the retenHon tlme 
and ffiass tingmprint infannation of the volatile compt'1unds and assign chem/ml names 
tn peaks. Table '14 shows the compounds id=entmed in both the fotagh::: lV!lx 1- LegH (M\,i, 
avma:ge of Th'>fO samples) and in the LegH alone in butler {legH, avemge or five 
sarnptes) sampKis The crnnpL~w~ds in Table ·14 am listed in order of the retention hme 
(RT., in sornnds), and mtl dt}i:ignatud as ha<ling a zmn prialk mHH {O;, or a srnal! (SL 
rnedium (k'l}, or !arge (l} &\!Brage peak area. Hundreds of compounds were roentmoo 
b{-;h:Vittin the smnpks, many of whidi arH charadmlsfa: nf bm-}fy mnrna, inckiding but 
not !irnited to l,3-bis(lJ-dirnethylethyl}-benzene, 2-rnethy! :J-furnnthici, and Bis 
{2-metlw!--4,5- dlhydro-3-fuf),t) disulfide., v~t,ich lm::mased in the sarnp!es containing the 
Magic fokx and LegH. 

Table l:3 

krn·ltW avaHab!H nn "Orig ha! dncurm-mr' 
\laiine 0.9 

glucose S.G 

crnatlne 'l .0 

Kphos pH G.G m 
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LegH alone {aver~1e of five sarnples) 

RT{s) Name LegH alone 

248 m:etaldehyde L S 

.256.3 cafbt·1n disuHkie LS 

269 .2 rnethanethiol S D 

285 .4 octane M 0 

.2ffl .G acetone L s 

3-19_3 .2--pmpenal M s 

338. ·1 2-rrn:~thy!-funm ~,1 s 

360 .2 3-methy!-furan S 0 

363.? butanone L s 

358.9 2,J -dlhydnJ0-S-rnethyHuran !\4 s 

376.4 2-methyl-butana! L M 

3.S-1 . ·1 3 --rnethy ·t -tmtanal L ~,~ 

390 .G isq;rcipyl alcohol O s 
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399.6 ethanol L M 

408.2 benzene S 0 

4 t4. 4 methyl vinyl ketone M 0 

422.G 2--ethy!--furan S l1 

453 2 pnntnna!/2, 3-butanrntom-i L n 

453.H 2,3-butanedlone l M 

4 72 .. 8 4, 7-dimetl1~1-undocane r~i s 

485.9 2-rnethy!-pentanal li1 U 

SHJ.H trich!orometh.ane fv1 rv 

537.H 2-butena! !\"1 s 

543.8 4-pent:en-2-ooe 1\,1 0 

550.B rnethyl thiciac:etate M 0 

/38 .3 rnethyJ isopropy! disulphide M l1 
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T58.? heptaria! L D 

71:_q .9 ··1 ,3 -diis0;:..")ropoxy-·1 ,3 --<limeth':A- ·1 ,3- S r,_,~ disl!acycJabutane 

7 89. 4 3 -rnethy 'i -2 -buterml M 0 

793.4 4--methyt-2--heptancwie ~AD 

870.9 thiazrne lo 

B79 .2 styrene !M 0 

mm.I ··1 -(rnethy!thlo}-pmpane i-~ D 

895.G rnethyi-pyTazioo MU 

fViO.S thkx:;yanic acid, n1ethy! ester S 0 

H"l8. 6 4-rrn:~thyHhim--:uk~ !\<1 0 

9279 rn:::tarmi L s 

934 .3 tddecane M G 

948.8 trans-2-(2-pentenyi)furan S G 

9:fi'"! .9 ·1 -hydfctK'Y-2-propanone MD 
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'H:l24J 2-n1ethyt-5 ~(rnethylthio}~furnn, SU 

lU58.6 2-butyP-decene M 0 

'H:llfL3 d1rnethy! hisu!fide Ls 

l283.3 pyrm!e r~1 o 

t292J:5 D .. ethenyl--4--metlly!-thiazo!e M 0 

1305.6 (F)-2-nonrma! M 0 

·t44B butyrciactone S s 

MG2.4 pheny!aceta!dehyde ls 
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'145fi. 3 2-arntrtthlazcie l O 

l475A 'l-fHJHEHKl:! MD 

·1487 methyl (rnethy!thio)methyl disu!flde M 0 

l5582 3-{rnethy !thio)-propanenitri!e S 0 

lfi·•i 3. ·1 bis(2-rnethyi-4,5-dlhydn::i<Hury!) distdfroe M 0 

·HJ-'l 5. O ·1 , 'ltl--undecadiene !\·i O 

H39. 7 ester S 0 

'ff4·'! 2 5 -fDrmyl-4-methy!thiazcie !'vi O pentanok: acid, 2,2,4-trimethyl-3-hydrmv~, 

l 7 4 9. 7 isobuty! ester !\<1 0 

tll 4 2 isobutyl ester S 0 

·i /90.9 dodernna! fv1 U 
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'190ti9 3,5-dHerfbutylben:mic add s 0 

l909.6 4-ethoxy-benzoic acid, ethyl esters 0 

20%U3 benzoic add s s 

202fi. 4 4-quinoHnecarboxa!dehyde s G 

E.xamp!e '{2 ~ FerrGt.is Ch!orin Catalyzes Prooudion of ~<teat-like fia\i'Df compounds 

VihuTli:x blender to yjeki 2 L of groon susiJenskm. Arntone (SL) ~vas aiided \Vith mixing 
and the rnatedai \Mas am.:iv.>ed to extract for ·-i hour. The rnatena! \,vas mtered through 
\<\fhatman tilter paµer and l:he acetone vlas mrnovoo an a rotary evapomtor (8rn::hi). fo 
the resk:lual green suspension {500 rnL; 'l,ms added 2 ml of ·1n M Hc·i, causinq the 
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suspension to turn brov~TL To this ¼Vas added lg of FeC! 2.4H 20 in ·-io rnL H 20. The 
sdutkm was shaken then !eft at 4"C far ·rn hours. This suspert..tjon w1E extracted V',A'H1 
diethyl ether {:Jx50mL) to givB a bright green organk phase, the crnnbined organics 
\NHff~ w11stind \\•'Hh saturalrnj sodium dibrhfo: Sftufam,. d1iHd nvor smfaim suffate, rnkm-id 
and evaporated to !eave a black paste(! Jg)_ The peHet \:Vas diss-0lved ln ch!omforrn tor 
fr:acHonali{m. 

Ch!orophy:!! and Ferrous ch!orin crude fractlcns 'Nme stored at -2G"'C. Crude extracts 
were ti'actirn1ated by reverse .. phase high--pressum liquid chrnmat¼:1mphy {RP.- HPLC} 
HPLC conditions are outlined ln Table ·15 Both chionJ:,;,.')tiyil and ferrous mlomph:.Ai were 
eluted from the colmnn 1;:vith a peak retention bne {JI l.G minutes .. Uuted material w·as 
colected from 7.3 - H.O minutes. CoUederI fractions iNere pooled arid sbmd on ice. 
Col!m:bd fradkms 1;,veru n>dmNnHtrnJraphm1 and sho1o:vnd n slngk~ peak v.tlth rdnnl:km 
tirne 7. 6 rninutes _ The desired fractions \,'llBre poolru.i, then "1 O~·'h sunflower oi! \,vas 
midrnl, rm:ithanul 1;,vas rnmovnd nn a mtary Hvaporatm· (Brnlli;. 

HPLC rnndrnons fur purincatlon of chforophyH and ferrous chlrnin from crude ex.tract 

A schrtkm Gf fomnus ch!orophy1i "w1s mixrnl v.tlth the fvkitJic Mix (TaHe '13; to a fina! 
cnncentmtk:m of D .:Xi%> fBrmus ch!rnin, -1 {%- 9tyrnr{:1l, OLXP-i%,) tween-20, 5%~ sunflnwer 
oiL, -JOO rriM NaCl, 20 mM phosphate at pH 6. Leghmnog!obin {G:35%,) at pH 6 In 
phosphate butler {20 mM), iOD mf\:-1 NaCl, \;,i\J'as rnixed with nm f1.:'lagie fAix {Table ·t3), 
lSt~ q!ycerol, and 0.0051t~ t,,,veen-2D. The flavor macHon rnixtures >,;.'\:<ere heated to '15HT 
far 3 minutes; this machon created tlavnr c11n-iprnmds knov',m to be present in meat, 
created by hen1:Qi~k1bin and also created by fernJus chlurin; soo Table '16. 

The charactmistc flavor and frngrnnce rnmponents \,'tere nmsUy pn:duced during the 
cfxmbg pnJcnss \<%iw:iri lhe navor pren.u-sor rnn!ecules n-mdnd with Um henie ~PIO!Hin or 
the ferrous chbmphyi!. Sarnples v.iere evaluated by GC.f>ifi to identify the flavor 
cornpuunds generated after heating_ Volatile chemlca!s were isolated frrnn the 
headspace amund the flavor reactions. The prorne of the volatile chmniCa!s in the 
headsp.arn around the flavor mad.ion rnbrturns that ~%'ere slmliar beu,veen heme-protein 
and ferrous d1lmin are shown in Table ''H} Notabily, many orthe crn1"1pouniis cmated 
by the fermus ch!rnin am lmprntant in the flavor ot meat 

Flavor C.ornpounds created by both Feffous Chk:;rjn and LegH \\1th !\<lagh::. fiiix. 
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2-butenal ti.mm 

3 --rnethyi--2--butena( 2--ethyl--!'urnn 

Preparation of hemin iinked CM Sepharose. 

200 rng of oo\iine hemin (Signm Aldrich) \:Vas loaded into a scinU!latbn viaL A smaH 
rnagndk: sl:k bnr,. BOD acelonfailo, t34 pT '"4-mHlhylrnorpho!inti, and n mu of N­
hydmiysuccinimlde i,.,\\-ere added in th.at order_ The via! was pl.aced in an ice bath and 
chi!!ml l:tmn ·1-18 m9 uf N-(3-dimnthyianiinopropyU-N'-r1th11-carhodEmkk: hydrudi!orlfkt 
v1as added 'With sbmn9, fnllmved by B45 µ\ of Jeflarnine ED90D _ This ·t,n1s stirred '.Vhile 
am:n.inp the black mlki.um to vmnn to arnbient temperature. CMomfmrn (·10 rnl} '>",ms 
added to the mixture fo!lmved by water {4 ml} A tlash!tgM was used to dishngu~sh 
bel\voon organic and aquoous !:ayers since both 'Wern bh.1:i::k and the org:anl:c !ayer was 
pipetted oft and corKentrated to a dark blm::k otl. The nH \;-<1,ms disscilved in a 4: ·i mixture 
of acetonitli!e and ethanol to rnake an appmx:irm.1tefy ·I 0% strenqth soluUon tl"1at wHs 
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2 rnl ot \-'tater s>sve!!ed and equi!lbrated er,.,~ Sephan.1se ~vas equilibrated in a BioRad 
rnbio}'!urnn wttti :3 vulurrn}s of acnlnnilriki .. The resin w11s msusptfflfk~d in 1 rnL 
acetoniftrite and pij:Jetted lnto a sdntmation vial. Thls W'as k11h::r,;ved with 44 micronters 4-
nnJhylnxMphuline, 2:3 rmJ N-tiydruxysucdnirrikfo, and 30 rng nf sofa! tsrp-
d irnethymminopropyi}-N'---ethyl--carbodhmide !lydmcMoride. The mbdme was vortexed 
vigonJusly and then shaken for three hours T n this v.11!te so!ld was added 570 
micmfiters of inky bhu::k 2{H{~ strength hemin crn.1pktd diamine. The black solid was 
vort.exed and shaken for an hour. The slurry stmngw resmnb!ed Turkish roITee. The 
mixtum \;,'\i'as poured into a BioR:ad minirnh.imn and tmeri¾:( \t•-.a:Shed with acetc-rdrHe 
until \Vhat came out no longer resembled espresso, then S\,Vitchoo to deionized \Vater, 
and finaBy 20 m!\A pH n srn:fa.n-n rnrbonak~ buffrff. The black soild \VHS W'ashmi unrn the 
effluent nm demand then resuspended in 2 ml or buffer fur storage until usEt Flavor 
rt}tic"!jc:r·~ 

The flavor reaction ~vas created >,;.'l:'lth heme pmteln {equine myog!oNn -Sigrna} at 0.35'}'~ 
in a phosphate butter (20 rrir~1) at pH n. O vith ·1 OG rnM NaCl , this was mixed \Vith Magic 
Mb:: (Table T3). Another flavor reactkm was created ~vtlh !mrnc.tdized Hmnin at CU5% 
in a phosphate buffer (20 n-1~,n at pH ELU it,dth ,-100 mM NaCl, this w11s rn:ixed with !\-iagic 
fVIx (Table "13:t The flavor reactkm mlxiures wern heated to 15TC for 3 rnlnutes; this 
nmdk::n errn:1kMi flavor compounds kno\>%:'n to bn pnfsHnt in rnoat 

TIK~ charadrnistlc fiavor and fr:at1ranu1 rompurnxits \'l:'HH~ rnusUy pn:ducrnl during the 
cookinq prnces__c. \Mhen the flavor precursor n1L"!ecu!es reacted with the Herne -protein or 
tt:m ininiobillzmi Hnniln.. Smnp!es wom i)V11hmbd by GC!'v1S to kfonWy trin flavor 
cnfftpt"ll.K!ds generated after heating. VnlaWe- chemicals \:Vem isolated from the 
headsparn around the flavor reactions. As can be seen ~n Tab!e ··11, lrmnobi!lzed hen1ln 
catalyzed pmduction of comfxRmds sirni!ar to those ~vhose pmductk1n ~vas catalyzed 
by rnyoqlobtn fme ln so!uUon. Notabfy, the pmfi!es of flavor compounds, measured by 
GCfVS, produced by cooking n1ixtums containing the immubWzed hemin and the hmne-­
~irotei11~ respec:t~vei:t~~ '\:\:'3re \tery siinHar~ 

Flavor compounds pmduced by coc--4Jng rnixtures containing ruther myz,,-gk1bin free in 
so!utrn1 or hemin coupled to a soHd support Flavor compound myoqlobln hemin-linker­
resin 

rnefuyl-pynmne Lrn:V Low 

htips:/i\vorkhvide.e&pacenetco.m/pubbcatio:nDefails/description?CC=EP&NR=2943072A ... 1 l/17/2017 
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2-rndhy!-funm Lnw' rnrnHmn nxah: add, buty! pmpyl f~Skff Lf}\:V Lo~,u pJTazine mmfa.u-ri 
Lmv oxalic add, diaHyl ester mediufft rnedium 

Li L-U LaHO! m-aui ffl 

'1 'i < J{ifrii:i-,r'!,~:; f'J _p•;,,-~H-i-1/l _:~, ><·i,sr, ,.,,.,.,,.,_,·-li:i 'rn •n,,;i-4>i: HS-; n-i_e~"l"rvin""'":,nvk.,,··Gh,'!,:_;~•«·:, rnr,,-l,, ·i·•·i 
'\.; ::•"-·· ll-..-.·~ ... ~ ~ .... ..,,:,.._, :R... l .,.- ... :t -ti:,.., u .. _:f3: .l ~:~ .. $:t ... ~ ... :~ -~ l: l:~ .• "\..3~ ..... ~ ~ :~ l: -t ~ ~"·-• .... ~,h-=.-:i:: l: ~ ~ ) ~ .:.S:l: ~ ~~~ .. :-;,. .• ~-- ~: i:, .. ~~ ~-] ................ .;,:.;, .... '$- h.,-i:: i:, .. ~ ~ .. ~-... ,,, .. ~-tt.l: :;: .. 

n1edilHll 

2,5--dihydn..1--3, 4 --dknethyPumn medium medium 

3 -thiophenecarboxa!dehyde mediurn rnedium 

2-methyl--:1--(rnet!lylihio) turan iarge large ethyi acetate large medium methacn.1lein large 
n1edium rnethyPhHn:me large !arr~ me1.hk::.•na! !arge !ar9e me1.hy1 ak:nhol large rnediurn 

2,J...tmtanedione large medium acetone large ~arge fumn ~arge medium benzakiehyde 
!m1w rmxfa.ini 

dime1hy1 t.Msu!flde vrny !mqe VBf'-/ large 

htips:/i\vorkhvide.e&pacenetco.m/pubbcatio:nDefails/description?CC=EP&NR=2943072A. ... 1 l/17/2017 
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rnethyl vinyl ketone n1ediurn 

Example '! 4. The cornbinatlon of precursors with Heme protein drives flavor macUons. 

Three :st1rnples >,;.'\:<ere et.1n1pamd: precurstx mix a!nne, 1% herne protein alone, and 
precurs.m mix w·iU1 ·V\~ henm. The precursor mix \;,'\i'as made of 9~umse (2:0 mM), ribnse 
(20 m\,i;, ctsteine cm mfo1}, thiarnlne fl mf,,Jt and gluk1n1lc add fl m!M). Reactions 
·~\~l3r~;) rdi a.t: ;iH t). {1~ rir:tl1art:%(! tirtti f1i*titf}tl l{l ·l 5{)~~(:. f t}r :3 rriiriu:lr}s. 1l-1f¥S,{$ tt1~1~t-} ~i~:lrr~J)!{$S 
wwe run in dupErnte. These sarnples \Nere evaluated by GCf'>ifi for the flavor 
cornp-ounds 9ernxakid. Gharacl:-H:rbUc flavor and Irnn ranco cornpnnnnts wr~HJ mostly 
produced during the cooking process v1hern precursors cou!d read ~vith the herne 
-proinin. Tb-1si:t samples WH:fH HvaluakMi by <::SC!\AS for Um fk--1vor compuunds twnnratml 
and evaluated far the sensorf e::q::-.ie-fi:enrn. Volatile cJmrnica!s were isolated fmrn the 
head space around the flavor mactlon. The flavor compounds created ln each sarnp!e 
is indicated §n Table ·1 s. As shovin n-K1st of the m.1vur rnom,cules vtrffe created on vA1en 
the precursors are cornbined wlth the heme pmteln. Table 'l8 

Flavor rno!eudes created by the comb1nation of LegH and precursor rnb;_ 
kna9e avaibtl1n on "Oiiu Ina! drn:unmnt" 
2~nz,,mmone rneziiurn 

htips:/i\vorkhvide.e&pacenetco.m/pubbcatio:nDefails/description?CC=EP&NR=2943072A. ... 1 l/17/2017 
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2-ethyPuran rnediurn 

octanal rnedium 

2-octanone ~ow 

2-n-ody!furan !mv 

OTHEH EMBOD!fv1ENTS 

n is to be tmoorstood that \Vhife the invention has been de&critlBd in c:cmjundion V>"ith 
the detaHed desc!iptrn1 thereof, the fmeqoinq descdptkm is intended to Wustrate and 
not lknil: tho so:l'pt:i nl' thn in,.ffmUon, wNdi is dnfinm1 by llK~ srnpo of lhH ap:pi:trKlrnJ 
daims. Other aspects, advantages, and moctiflcahons am within the scope of the 
fo!irnNing dairns .. 
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METHODS AND COMPOSITIONS FOR AFFECTING THE 
FLAVOR AND AROMA PROFILE OF CONSUMABLES 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority to U.S. Application Serial No. 13/941,211, filed 

July 12, 2013, U.S. Application Serial No. 61/908,634, filed November 25, 2013, and to 

U.S. Application Serial No. 61/751,816, filed January 11, 2013, and is related to the 

5 following co-pending patent applications: Application Serial No. PCT/US12/46560; 

Application Serial No PCT/US12/46552; Application Serial No. 61,876,676, filed 

September 11, 2013; and Application Serial No. 61/751,818, filed January 11, 2013, all 

of which are incorporated herein by reference. 

10 

15 

TECHNICAL FIELD 

This invention relates to food products and more particularly, to food products 

that include a highly conjugated heterocyclic ring complexed to iron such as a heme­

cofactor and one or more flavor precursor molecules. 

BACKGROUND 

Food is any substance that is either eaten or drunk by any animal, including 

humans, for nutrition or pleasure. It is usually of plant or animal origin, and can contain 

essential nutrients, such as carbohydrates, fats, proteins, vitamins, or minerals. The 

substance is ingested by an organism and assimilated by the organism's cells in an effort 

20 to produce energy, maintain life, or stimulate growth. 

Food typically has its origin in a photosynthetic organism, such as a plant. Some 

food is obtained directly from plants, but even animals that are used as food sources are 

raised by feeding them food which is typically derived from plants. 

In most cases, the plant or animal food source is fractionated into a variety of 

25 different portions, depending upon the purpose of the food. Often, certain portions of the 

plant, such as the seeds or fruits, are more highly prized by humans than others and these 

1 
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are selected for human consumption, while other less desirable portions, such as the 

stalks of grasses, are typically used for feeding animals. 

Current plant-based meat substitutes have largely failed to cause a shift to a 

vegetarian diet. Meat substitute compositions are typically extruded soy/grain mixtures 

5 which largely fail to replicate the experience of cooking and eating meat. Common 

limitations of plant-based meat substitute products are a texture and mouth-feel that are 

more homogenous than that of equivalent meat products. Furthermore, as these products 

must largely be sold pre-cooked, with artificial flavors and aromas pre-incorporated, they 

fail to replicate the aromas, flavors, and other key features, such as texture and mouth-

1 o feel, associated with cooking or cooked meat. As a result, these products appeal largely 

to a limited consumer base that is already committed to vegetarianism/veganism, but 

have failed to appeal to the larger consumer segment accustomed to eating meat. It 

would be useful to have improved plant-based meat substitutes which better replicate the 

aromas and flavors of meat, particularly during and/or after cooking. 

15 SUMMARY 

Provided herein are methods and compositions for modulating the flavor and/or 

aroma profile of consumable food products, including animal- or non-animal ( e.g., plant) 

based food products, or mixtures of animal- and non-animal-based food products. In 

some embodiments, the methods and compositions are useful for modulating the flavor 

20 and/or aroma profile of a consumable food product during and/or after the cooking 

process. In some embodiments, the methods and compositions are used to generate one 

or more chemical compounds that modulate the flavor and/or aroma profile of the 

consumable food product during and/or after the cooking process. 

As provided herein, and without being bound by theory, certain characteristic 

25 meaty flavors and/or aromas (e.g., beefy, bacony, umami, savory, bloody, brothy, gravy, 

metallic, bouillon-like; see Tables 2, 7, and 11), including one or more specific chemical 

compounds associated with the same (see Tables 3, 8, 9, 12, 14, 16, or 17), are believed 

to be produced during the cooking process of a consumable food product by chemical 

reaction of one or more flavor precursor molecules or compositions catalyzed by the 

2 
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presence of a highly conjugated heterocyclic ring complexed to an iron ion (e.g., a heme 

moiety; or a porphyrin; a porphyrinogen; a corrin; a corrinoid; a chlorin; a 

bacteriochorophyll; a corphin; a chlorophyllin; a bacteriochlorin; or an isobacteriochlorin 

moiety complexed to an iron ion). Such highly conjugated heterocycylic moieties 

5 include heterocyclic aromatic rings composed of one or more (2, 3, or 4 more) pyrrole, 

pyrrole-like, and/or pyrroline subunits. The highly conjugated heterocyclic ring 

complexed to an iron ion is referred to herein as an iron complex. In some embodiments, 

the heme moiety can be a heme cofactor such as a heme moiety bound to a protein; a 

heme moiety bound to a non-proteinaceous polymer; a heme moiety bound to a solid 

10 support; or a heme moiety encapsulated in a liposome. In some embodiments, the flavors 

and/or aromas are not generated in the absence of the iron complex (e.g., in the absence 

of a ferrous chlorin) or are not generated in the absence of a heme-cofactor ( e.g., in the 

absence of a heme-containing protein). Accordingly, as described herein, the iron 

complexes such as isolated chlorin-iron complexes or heme-cofactors ( e.g., heme-

15 containing proteins) can be used to generate meaty flavors and/or aromas in a variety of 

food products, such as during the cooking process. 

Combining one or more iron complexes such as a heme-cofactor ( e.g., a heme­

containing protein, including, for example a plant-derived heme protein such as a plant 

leghemoglobin (legH) ), with one or more flavor precursor molecules or compositions 

20 (see, e.g., Table 1 or Table 13) can generate or provide a range of savory and meaty 

aromas and tastes (see, e.g., Tables 2, 7, and/or 11) in a cooked consumable food product. 

Flavor precursor molecules or compositions can be added to the uncooked food product 

in purified form and/or can be derived from ingredients in the uncooked consumable food 

product that contain and/or are enriched with one or more of the particular flavor 

25 precursors or compositions, including, for example, yeast extract, vegetable oil, com oil, 

soybean oil, palm fruit oil, palm kernel oil, safflower oil, flaxseed oil, rice bran oil, 

cottonseed oil, olive oil, canola oil, sunflower oil, coconut oil, mango oil, or an algal oil. 

The resultant flavor and/or aroma profile can be modulated by the type and concentration 

of the flavor precursors, the pH of the reaction, the length of cooking, the type and 

30 amount of iron complex (e.g., a heme cofactor such as a heme-containing protein), the 

3 
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temperature of the reaction, and the amount of water activity in the product, among other 

factors. 

One or more flavor precursor molecules or compositions can be added along with 

a iron complex (e.g., ferrous chlorophyllin or a heme cofactor such as a heme-containing 

5 protein), to an uncooked food product, before and/or during the cooking process, to give 

the cooked consumable food product a particular meaty taste and smell, for example, the 

taste and smell of beef, bacon, pork, lamb, or chicken. Consumable food products can be 

animal or non-animal based ( e.g., plant) food products, or combinations of an animal and 

non-animal based food product. For example, a plant based veggie burger or an animal-

10 based burger, such as a chicken burger, can be modified with the compositions and 

methods of the present disclosure to result in a burger having a cooked flavor and/or 

aroma profile that is more meat like, e.g., beef-like, lamb-like, pork-like, turkey-like, 

duck-like, deer-like, yak-like, bison-like or other desirable meat flavor. 

Food products for use in the present disclosure include those that have an iron-

15 complex (e.g., a heme cofactor such as a heme-containing protein), and one or more 

flavor precursor molecules included therein. The iron-complex such as a heme cofactor 

(e.g., a heme-containing protein) and the one or more flavor precursor molecules can be 

homogenously or heterogeneously included in the food products. A heme protein can be 

isolated and purified prior to inclusion in the food product. Non-limiting examples of 

20 consumable food products which can include an iron complex such as a heme-cofactor 

( e.g., a heme-containing protein) and one or more flavor precursor molecules include 

animal-based or non-animal ( e.g., plant-based), or combinations of animal-based and 

non-animal-based, food products in the form of hot dogs, burgers, ground meat, sausages, 

steaks, filets, roasts, breasts, thighs, wings, meatballs, meatloaf, bacon, strips, fingers, 

25 nuggets, cutlets, or cubes. 

Consumable food products for use in the present disclosure can be flavor additive 

compositions, e.g., for addition to another consumable food product before, during, or 

after its cooking process. A flavor additive composition can include an iron complex 

such as a heme-cofactor ( e.g., a heme-containing protein), and one or more flavor 

30 precursors. 
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A flavor additive composition can include a heme protein, e.g., an isolated and 

purified heme protein; such a flavor additive composition can be used to modulate the 

flavor and/or aroma profile of a consumable food product that comprises one or more 

flavor precursor molecules or compositions. A flavor additive composition can include 

5 one or more flavor precursor molecules or compositions; such a flavor additive 

composition can be used to modulate the flavor and/or aroma profile of a consumable 

food product that comprises the heme protein, e.g., an isolated and purified heme protein. 

A flavor additive composition can be in the form, of but not limited to, soup or 

stew bases, bouillon, e.g., powder or cubes, flavor packets, or seasoning packets or 

10 shakers. Such flavor additive compositions can be used to modulate the flavor and/or 

aroma profile for a variety of consumable food products, and can be added to a 

consumable food product before, during, or after cooking of the consumable food 

product. 

In some embodiments, a flavor additive composition such as one including an 

15 iron complex (e.g., ferrous chlorin or a heme protein) and one or more flavor precursors 

can be reacted (e.g., in vitro) with heating to generate a particular flavor and/or aroma 

profile of interest and the resultant product mixture can be added to the consumable food 

product of interest, which can then be eaten as-is or can be additionally modified, e.g., by 

additional cooking. In some embodiments, the iron complex can be removed from the 

20 resultant product mixture before adding the product mixture to the consumable food 

product of interest. For example, the iron complex can be removed from the product 

mixture using chromatographic techniques such as column chromatography, e.g., a 

column containing heme or iron-chlorin. 

In some embodiments, the iron complex such as a heme-cofactor, e.g., a heme-

25 protein, and the one or more flavor precursor flavor additive compositions can be soy­

free, wheat-free, yeast-free, MSG-free, and free of protein hydrolysis products, and can 

taste meaty, highly savory, and without off odors or flavors. 

In one aspect, this document features a food product that includes an iron complex 

such as a heme moiety, or a porphyrin, a porphyrinogen, a corrin, a corrinoid, a chlorin, a 

30 bacteriochorophyll, a corphin, a chlorophyllin, a bacteriochlorin, or an isobacteriochlorin 
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moiety complexed to an iron ion and one or more flavor precursor molecules selected 

from the group consisting of glucose, fructose, ribose, arabinose, glucose-6-phosphate, 

fructose 6-phosphate, fructose 1,6-diphosphate, inositol, maltose, sucrose, maltodextrin, 

glycogen, nucleotide-bound sugars, molasses, a phospholipid, a lecithin, inosine, inosine 

5 monophosphate (IMP), guanosine monophosphate (GMP), pyrazine, adenosine 

monophosphate (AMP), lactic acid, succinic acid, glycolic acid, thiamine, creatine, 

pyrophosphate, vegetable oil, algal oil, com oil, soybean oil, palm fruit oil, palm kernel 

oil, safflower oil, flaxseed oil, rice bran oil, cottonseed oil, sunflower oil, canola oil, olive 

oil, a free fatty acid, cysteine, methionine, isoleucine, leucine, lysine, phenylalanine, 

1 o threonine, tryptophan, valine, arginine, histidine, alanine, asparagine, aspartate, 

glutamate, glutamine, glycine, proline, serine, tyrosine, glutathione, an amino acid 

derivative, a protein hydrolysate, a malt extract, a yeast extract, and a peptone. The heme 

moiety can be a heme-containing protein, a heme moiety bound to a non-peptidic 

polymer; or a heme moiety bound to a solid support. The heme-containing protein can be 

15 a plant, mammalian, a yeast or filamentous fungi, or bacterial heme-containing protein. 

The food product can include two to one hundred, two to fifty flavor precursors, two to 

forty flavor precursors, two to thirty-five flavor precursors, two to ten flavor precursors, 

or two to six flavor precursors. In some embodiments, the one or more flavor precursor 

molecules are selected from the group consisting of glucose, ribose, cysteine, a cysteine 

20 derivative, thiamine, alanine, methionine, lysine, a lysine derivative, glutamic acid, a 

glutamic acid derivative, IMP, GMP, lactic acid, maltodextrin, creatine, alanine, arginine, 

asparagine, aspartate, glutamic acid, glutamine, glycine, histidine, isoleucine, leucine, 

methionine, phenylalanine, proline, threonine, tryptophan, tyrosine, valine, linoleic acid, 

and mixtures thereof. The heme-containing protein can be a non-symbiotic hemoglobin 

25 or a leghemoglobin (e.g., a plant leghemoglobin such as one from soybean, alfalfa, lupin, 

pea, cow pea, or lupin). The heme-containing protein can include an amino acid sequence 

having at least 80% sequence identity to a polypeptide set forth in SEQ ID NOs:1-26. 

The heme-containing protein can be isolated and purified. The food product further can 

include a food-grade oil, a seasoning agent, a flavoring agent, a protein, a protein 

30 concentrate, an emulsifier, a gelling agent, or a fiber. The food product can be a meat 
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substitute, a soup base, stew base, snack food, bouillon powder, bouillon cube, a flavor 

packet, or a frozen food product. Any of the food products can be free of animal 

products. The food product can be sealed within a packet or shaker. 

This document also features a method for producing a flavor compound. The 

5 method can include combining an iron complex (e.g., a heme moiety, a porphyrin, a 

porphyrinogen, a corrin, a corrinoid, a chlorin, a bacteriochorophyll, a corphin, a 

chlorophyllin, a bacteriochlorin, or an isobacteriochlorin complexed to an iron) and one 

or more flavor precursor molecules to form a mixture, the one or more flavor precursor 

molecules selected from the group consisting of glucose, fructose, arabinose, ribose 

10 glucose-6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, inositol, maltose, 

sucrose, maltodextrin, glycogen, nucleotide-bound sugars, molasses, a phospholipid, a 

lecithin, inosine, inosine monophosphate (IMP), guanosine monophosphate (GMP), 

pyrazine, adenosine monophosphate (AMP), lactic acid, succinic acid, glycolic acid, 

thiamine, creatine, pyrophosphate, vegetable oil, algal oil, com oil, soybean oil, palm 

15 fruit oil, palm kernel oil, safflower oil, flaxseed oil, rice bran oil, cottonseed oil, canola 

oil, olive oil, sunflower oil, flaxseed oil, coconut oil, mango oil, a free fatty acid, 

cysteine, methionine, isoleucine, leucine, lysine, phenylalanine, threonine, tryptophan, 

valine, arginine, histidine, alanine, asparagine, aspartate, glutamate, glutamine, glycine, 

praline, serine, tyrosine, glutathione, an amino acid derivative, a protein hydrolysate, a 

20 malt extract, a yeast extract, and a peptone; and heating the mixture to form one or more 

flavor compounds selected from the group consisting of phenylacetaldehyde, 1-octen-3-

one, 2-n-heptylfuran, 2-thiophenecarboxaldehyde, 3-thiophenecarboxaldehyde, 

butyrolactone, 2-undecenal, pyrazine, methyl-, furfural, 2-decanone, pyrrole, 1-octen-3-

ol, 2-acetylthiazole, (E)-2-octenal, decanal, benzaldehyde, (E)-2-nonenal, pyrazine, 1-

25 hexanol, 1-heptanol, dimethyl trisulfide, 2-nonanone, 2-pentanone, 2-heptanone, 2,3-

butanedione, heptanal, nonanal, 2-octanone, 1-octanol, 3-ethylcyclopentanone, 3-octen-2-

one, (E,E)-2,4-heptadienal, (Z)-2-heptenal, 2-heptanone, 6-methyl-, (Z)-4-heptenal, 

(E,Z)-2,6-nonadienal, 3-methyl-2-butenal, 2-pentyl-furan, thiazole, (E, E)-2,4-

decadienal,, hexanoic acid, 1-ethyl-5-methylcyclopentene, (E,E)-2,4-nonadienal, (Z)-2-

30 decenal, dihydro-5-pentyl-2(3H)-furanone, trans-3-nonen-2-one, (E,E)-3,5-octadien-2-
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one, (Z)-2-octen-1-ol, 5-ethyldihydro-2(3H)-furanone, 2-butenal, 1-penten-3-ol, (E)-2-

hexenal, formic acid, heptyl ester, 2-pentyl-thiophene, (Z)-2-nonenal, 2-hexyl-thiophene, 

(E)-2-decenal, 2-ethyl-5-methyl-pyrazine, 3-ethyl-2,5-dimethyl-pyrazine, 2-ethyl-1-

hexanol, thiophene, 2-methyl-furan, pyridine, butanal, 2-ethyl-furan, 3-methyl-butanal, 

5 trichloromethane, 2-methyl-butanal, methacrolein, 2-methyl-propanal, propanal, 

acetaldehyde, 2-propyl-furan, dihydro-5-propyl-2(3H)- furanone, 1,3-hexadiene, 4-

decyne, pentanal, 1-propanol, heptanoic acid, trimethyl-ethanethiol,, 1-butanol, 1-

penten-3-one, dimethyl sulfide, 2-ethyl furan, 2-pentyl-thiophene, 2-propenal, 2-tridecen-

1-ol, 4-octene, 2-methyl thiazole,, methyl-pyrazine, 2-butanone, 2-pentyl-furan, 2-

10 methyl-propanal, butyrolactone,, 3-methyl-butanal, methyl-thiirane, 2-hexyl-furan, 

butanal,, 2-methyl-butanal, 2-methyl-furan, furan, octanal, 2-heptenal, 1-octene, formic 

acid heptyl ester, 3-pentyl-furan, and 4-penten-2-one. The heme moiety can be a heme­

containing protein, a heme moiety bound to a non-peptidic polymer; or a heme moiety 

bound to a solid support. The method can include combining cysteine, ribose, lactic acid, 

15 lysine, and/or thiamine with the heme-containing protein. 

In another aspect, this document features a method for producing a flavor 

compound. The method includes combining an iron complex, such as a heme-containing 

protein, and one or more flavor precursor molecules to form a mixture, the one or more 

flavor precursor molecules selected from the group consisting of glucose, fructose, 

20 ribose, arabinose, glucose-6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, 

inositol, maltose, sucrose, maltodextrin, glycogen, nucleotide-bound sugars, molasses, a 

phospholipid, a lecithin, inosine, IMP, GMP, pyrazine, AMP, lactic acid, succinic acid, 

glycolic acid, thiamine, creatine, pyrophosphate, vegetable oil, algal oil, com oil, soybean 

oil, palm fruit oil, palm kernel oil, safflower oil, flaxseed oil, rice bran oil, cottonseed oil, 

25 olive oil, sunflower oil, canola oil, flaxseed oil, coconut oil, mango oil, a free fatty acid, 

methionine, cysteine, isoleucine, leucine, lysine, phenylalanine, threonine, tryptophan, 

valine, arginine, histidine, alanine, asparagine, aspartate, glutamate, glutamine, glycine, 

proline, serine, tyrosine, glutathione, an amino acid derivative, a protein hydrolysate, a 

malt extract, a yeast extract, and a peptone; and heating the mixture to form one or more 
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flavor compounds set forth in Tables 3, 8, or 9. For example, the flavor precursors can 

include cysteine, a sugar, and one or more other precursors. 

This document also features a method for imparting a meat like flavor (e.g., beef­

like, chicken like, pork-like, lamb-like, turkey-like, duck-like, deer-like, or bison-like) to 

5 a food product. The method includes contacting the food product with a flavoring 

composition, the flavoring composition comprising i) an iron complex, such as a heme 

moiety ( e.g., a heme-containing protein); and ii) one or more flavor precursor molecules 

selected from the group consisting of glucose, fructose, ribose, arabinose, glucose-6-

phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, inositol, maltose, sucrose, 

10 maltodextrin, glycogen, nucleotide-bound sugars, molasses, a phospholipid, a lecithin, 

inosine, IMP, GMP, pyrazine, AMP, lactic acid, succinic acid, glycolic acid, thiamine, 

creatine, pyrophosphate, vegetable oil, algal oil, corn oil, soybean oil, palm fruit oil, palm 

kernel oil, safflower oil, flaxseed oil, rice bran oil, cottonseed oil, olive oil, sunflower oil, 

canola oil, flaxseed oil, coconut oil, mango oil, a free fatty acid, cysteine, methionine, 

15 isoleucine, leucine, lysine, phenylalanine, threonine, tryptophan, valine, arginine, 

histidine, alanine, asparagine, aspartate, glutamate, glutamine, glycine, proline, serine, 

tyrosine, glutathione, an amino acid derivative, a protein hydrolysate, a malt extract, a 

yeast extract, and a peptone; wherein after heating the food product and the flavoring 

composition together, a meat like flavor ( e.g., beef-like, chicken like, pork-like, lamb-

20 like, turkey-like, duck-like, deer-like, or bison-like) is imparted to the food product. In 

some embodiments, the iron complex is removed from the food product. The flavoring 

composition further can include a seasoning agent, a flavoring agent, a protein, a protein 

concentrate, or an emulsifier. The flavoring composition can be sealed within a packet or 

shaker. 

25 In another aspect, this document features a method of making a food product. 

The method includes combining an isolated heme-containing protein and one or more 

flavor precursor molecules to form a mixture, the one or more flavor precursor molecules 

selected from the group consisting of glucose, fructose, ribose, arabinose, glucose-6-

phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, inositol, maltose, sucrose, 

30 maltodextrin, glycogen, nucleotide-bound sugars, molasses, a phospholipid, a lecithin, 
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inosine, IMP, GMP, pyrazine, AMP, lactic acid, succinic acid, glycolic acid, thiamine, 

creatine, pyrophosphate, sunflower oil, coconut oil, canola oil, flaxseed oil, mango oil, a 

free fatty acid, cysteine, methionine, isoleucine, leucine, lysine, phenylalanine, threonine, 

tryptophan, valine, arginine, histidine, alanine, asparagine, aspartate, glutamate, 

5 glutamine, glycine, proline, serine, tyrosine, glutathione, an amino acid derivative, a 

protein hydrolysate, a malt extract, a yeast extract, and a peptone; and heating the 

mixture. 

Unless otherwise defined, all technical and scientific terms used herein have the 

same meaning as commonly understood by one of ordinary skill in the art to which this 

10 invention pertains. Although methods and materials similar or equivalent to those 

described herein can be used to practice the invention, suitable methods and materials are 

described below. All publications, patent applications, patents, and other references 

mentioned herein are incorporated by reference in their entirety. In case of conflict, the 

present specification, including definitions, will control. In addition, the materials, 

15 methods, and examples are illustrative only and not intended to be limiting. 

The details of one or more embodiments of the invention are set forth in the 

accompanying drawings and the description below. Other features, objects, and 

advantages of the invention will be apparent from the description and drawings, and from 

the claims. The word "comprising" in the claims may be replaced by "consisting 

20 essentially of' or with "consisting of," according to standard practice in patent law. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 contains amino acid sequences of exemplary heme-containing proteins. 

FIG. 2 is a bar graph of the beefiness rating of the meat replica with or without the 

Magic Mix, both samples in triplicate with 1 % w/v LegH protein. Tasters rated beefiness 

25 on a scale from 1-7, with 1 being not beefy at all and 7 being exactly like ground beef. 

DETAILED DESCRIPTION 

This document is based on methods and materials for modulating the taste and/or 

aroma profile of food products. As described herein, compositions containing one or 

10 
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more flavor precursors and one or more highly conjugated heterocyclic rings complexed 

to an iron (referred to herein as an iron complex) can be used to modulate the taste and/or 

aroma profile of food products. Such iron complexes include heme moieties or other 

highly conjugated heterocylic rings complexed to an iron ion (referred to as an iron 

5 complex). "Heme" refers to a prosthetic group bound to iron (Fe2+ or Fe3+) in the center 

of a porphyrin ring. Thus, an iron complex can be a heme moiety, or a porphyrin, 

porphyrinogen, corrin, corrinoid, chlorin, bacteriochorophyll, corphin, chlorophyllin, 

bacteriochlorin, or isobacteriochlorin moiety complexed to iron ion. The heme moiety 

that can be used to modulate the taste and/or aroma profile of food products can be a 

10 heme cofactor such as a heme-containing protein; a heme moiety bound to a non-peptidic 

polymer or other macromolecule such as a liposome, a polyethylene glycol, a 

carbohydrate, a polysaccharide, a cyclodextrin, a polyethylenimine, a polyacrylate, or 

derivatives thereof; a siderophore (i.e., an iron chelating compound); or a heme moiety 

bound to a solid support (e.g., beads) composed of a chromatography resin, cellulose, 

15 graphite, charcoal, or diatomaceous earth. 

20 

25 

In some embodiments, the iron complexes catalyze some reactions and produce 

flavor precursors without heating or cooking. In some embodiments, the iron complex 

destabilizes upon heating or cooking and releases the iron, e.g., the protein is denatured, 

so flavor precursors can be generated. 

Suitable flavor precursors include sugars, sugar alcohols, sugar derivatives, oils 

(e.g., vegetable oils), free fatty acids, alpha-hydroxy acids, dicarboxylic acids, amino 

acids and derivatives thereof, nucleosides, nucleotides, vitamins, peptides, protein 

hydrolysates, extracts, phospholipids, lecithin, and organic molecules. Non-limiting 

examples of such flavor precursors are provided in Table 1. 

TABLE 1 

Flavor Precursor Molecules 

Sugars, sugar alcohols, sugar acids, and sugar derivatives: glucose, fructose, 

ribose, sucrose, arabinose, glucose-6-phosphate,fructose-6-phosphate, fructose 

1,6-diphosphate, inositol, maltose, molasses, maltodextrin, glycogen, galactose, 

11 
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lactose, ribitol, gluconic acid and glucuronic acid, amylose, amylopectin, or 

xylose 

Oils: coconut oil, mango oil, sunflower oil, cottonseed oil, safflower oil, rice 

bran oil, cocoa butter, palm fruit oil, palm oil, soybean oil, canola oil, com oil, 

sesame oil, walnut oil, flaxseed, jojoba oil, castor, grapeseed oil, peanut oil, olive 

oil, algal oil, oil from bacteria or fungi 

Free fatty acids: caprylic acid, capric acid, lauric acid, myristic acid, palmititic 

acid, palmitoleic acid, stearic, oleic acid, linoleic acid, alpha linolenic acid, 

gamma linolenic acid, arachidic acid, arachidonic acid, behenic acid, or erucic 

acid 

Amino acids and derivatives thereof: cysteine, cystine, a cysteine sulfoxide, 

allicin, selenocysteine, methionine, isoleucine, leucine, lysine, phenylalanine, 

threonine, tryptophan, 5-hydroxytryptophan, valine, arginine, histidine, alanine, 

asparagine, aspartate, glutamate, glutamine, glycine, proline, serine, or tyrosine 

Nucleosides and Nucleotides: inosine , inosine monophosphate (IMP), 

guanosine, guanoside monophosphate (GMP), adenosine, adenosine 

monophosophate (AMP) 

Vitamins: thiamine, vitamin C, Vitamin D, Vitamin B6, or Vitamin E 

Misc: phospholipid, lecithin, pyrazine, creatine, pyrophosphate 

Acids: acetic acid, alpha hydroxy acids such as lactic acid or glycolic acid, 

tricarboxylic acids such as citric acid, dicarboxylic acids such as succinic acid or 

tartaric acid 

Peptides and protein hydrolysates: glutathione, vegetable protein hydrolysates, 

soy protein hydrolysates, yeast protein hydrolysates, algal protein hydrolysatess, 

meat protein hydrolysates 

Extracts: a malt extract, a yeast extract, and a peptone 

In some embodiments, one flavor precursor or combinations of two to one 

hundred flavor precursors, two to ninety, two to eighty, two to seventy, two to sixty, or 

two to fifty flavor precursors are used. For example, combinations of two to forty flavor 

12 
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precursors, two to thirty-five flavor precursors, two to ten flavor precursors, or two to six 

flavor precursors can be used with the one or more iron complexes (e.g., heme co-factors 

such as a heme-containing proteins). For example, the one or more flavor precursors can 

be glucose, ribose, cysteine, a cysteine derivative, thiamine, lysine, a lysine derivative, 

5 glutamic acid, a glutamic acid derivative, alanine, methionine, IMP, GMP, lactic acid, 

and mixtures thereof ( e.g., glucose and cysteine; cysteine and ribose; cysteine, glucose or 

ribose, and thiamine; cysteine, glucose or ribose, IMP, and GMP; cysteine, glucose or 

ribose, and lactic acid). For example, the one or more flavor precursors can be alanine, 

arginine, asparagine, aspartate, cysteine, glutamic acid, glutamine, glycine, histidine, 

10 isoleucine, leucine, lysine, methionine, phenylalanine, proline, threonine, tryptophan, 

tyrosine, valine, glucose, ribose, maltodextrin, thiamine, IMP, GMP, lactic acid, and 

creatine. 

As used herein, the term "heme containing protein" can be used interchangeably 

with "heme containing polypeptide" or "heme protein" or "heme polypeptide" and 

15 includes any polypeptide that can covalently or noncovalently bind a heme moiety. In 

some embodiments, the heme-containing polypeptide is a globin and can include a globin 

fold, which comprises a series of seven to nine alpha helices. Globin type proteins can be 

of any class (e.g., class I, class II, or class III), and in some embodiments, can transport or 

store oxygen. For example, a heme-containing protein can be a non-symbiotic type of 

20 hemoglobin or a leghemoglobin. A heme-containing polypeptide can be a monomer, i.e., 

a single polypeptide chain, or can be a dimer, a trimer, tetramer, and/or higher order 

oligomers. The life-time of the oxygenated F e2+ state of a heme-containing protein can 

be similar to that of myoglobin or can exceed it by 10%, 20%, 30% 50%, 100% or more 

under conditions in which the heme-protein-containing consumable is manufactured, 

25 stored, handled or prepared for consumption. The life-time of the unoxygenated Fe2+ 

state of a heme-containing protein can be similar to that of myoglobin or can exceed it by 

10%, 20%, 30% 50%, 100% or more under conditions in which the heme-protein­

containing consumable is manufactured, stored, handled or prepared for consumption 

Non-limiting examples of heme-containing polypeptides can include an 

30 androglobin, a cytoglobin, a globin E, a globin X, a globin Y, a hemoglobin, a 

13 
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myoglobin, an erythrocruorin, a beta hemoglobin, an alpha hemoglobin, a protoglobin, a 

cyanoglobin, a cytoglobin, a histoglobin, a neuroglobins, a chlorocruorin, a truncated 

hemoglobin (e.g., HbN or HbO), a truncated 2/2 globin, a hemoglobin 3 (e.g., Glb3), a 

cytochrome, or a peroxidase. 

5 Heme-containing proteins that can be used in the compositions and food products 

described herein can be from mammals (e.g., farms animals such as cows, goats, sheep, 

pigs, ox, or rabbits), birds, plants, algae, fungi (e.g., yeast or filamentous fungi), ciliates, 

or bacteria. For example, a heme-containing protein can be from a mammal such as a 

farm animal (e.g., a cow, goat, sheep, pig, ox, or rabbit) or a bird such as a turkey or 

1 o chicken. Heme-containing proteins can be from a plant such as Nicotiana tabacum or 

Nicotiana sylvestris (tobacco); Zea mays (com), Arabidopsis thaliana, a legume such as 

Glycine max (soybean), Cicer arietinum (garbanzo or chick pea), Pisum sativum (pea) 

varieties such as garden peas or sugar snap peas, Phaseolus vulgaris varieties of common 

beans such as green beans, black beans, navy beans, northern beans, or pinto beans, 

15 Vigna unguiculata varieties (cow peas), Vigna radiata (Mung beans), Lupinus a/bus 

(lupin), or 1Medicago sativa (alfalfa); Brassica napus (canola); Triticum sps. (wheat, 

including wheat berries, and spelt); Gossypium hirsutum (cotton); Oryza sativa (rice); 

Zizania sps. (wild rice); Helianthus annuus (sunflower); Beta vulgaris (sugarbeet); 

Pennisetum glaucum (pearl millet); Chenopodium sp. (quinoa); Sesamum sp. (sesame); 

20 Liman usitatissimum (flax); or Hordeum vulgare (barley). Heme-containing proteins can 

be isolated from fungi such as Saccharomyces cerevisiae, Pichia pastoris, Afagnaporthe 

oryzae, Fusarium graminearum, Aspergillus 01yzae, Trichodenna reesei, _i\1yceliopthera 

thermophile, Kluyvera lactis, or Fusarium oxysporum. Heme-containing proteins can be 

isolated from bacteria such as Escherichia coli, Bacillus subtilis, Bacillus lichenifomzis, 

25 Bacillus megaterium, Synechocistis sp., Aquifex aeolicus, Af ethylacidiphilum inferno rum, 

or thermophilic bacteria such as Thermo phi/us. The sequences and structure of numerous 

heme-containing proteins are known. See for example, Reedy, et al., Nucleic Acids 

Research, 2008, Vol. 36, Database issue D307-D313 and the Heme Protein Database 

available on the world wide web at http://hemeprotein.info/heme.php. 
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For example, a non-symbiotic hemoglobin can be from a plant selected from the 

group consisting of soybean, sprouted soybean, alfalfa, golden flax, black bean, black 

eyed pea, northern, garbanzo, moong bean, cowpeas, pinto beans, pod peas, quinoa, 

sesame, sunflower, wheat berries, spelt, barley, wild rice, or rice. 

5 Any of the heme-containing proteins described herein that can be used for 

producing food products can have at least 70% (e.g., at least 75%, 80%, 85%, 90%, 95%, 

97%, 98%, 99%, or 100%) sequence identity to the amino acid sequence of the 

corresponding wild-type heme-containing protein or fragments thereof that contain a 

heme-binding motif. For example, a heme-containing protein can have at least 70% 

10 sequence identity to an amino acid sequence set forth in FIG. 1, including a non­

symbiotic hemoglobin such as that from Vigna radiata (SEQ ID NO: 1 ), Hordeum vulgare 

(SEQ ID NO:5), Zea mays (SEQ ID NO: 13), 01yza sativa subsp. japonica {rice) (SEQ 

ID NO:14), or Arabidopsis thaliana (SEQ ID NO:15), a Hell's gate globin I such as that 

from Methylacidiphilum infernorum (SEQ ID NO:2), a flavohernoprotein such as that 

15 from Aquifex aeolicus (SEQ ID NO:3), a leghemoglobin such as that from Glycine max 

(SEQ ID NO:4), Pisum sativum (SEQ ID NO:16), or Vigna unguiculata (SEQ ID 

NO: 17), a heme-dependent peroxidase such as from Afagnaporthe 01yzae, (SEQ ID 

NO:6) or Fusarium oxysporum (SEQ ID NO:7), a cytochrome c peroxidase from 

Fusarium graminearum (SEQ ID NO:8), a truncated hemoglobin from Chlamydomonas 

20 moewusii (SEQ ID NO:9), Tetrahymena pyriformis (SEQ ID NO: 10, group I truncated), 

Paramecium caudatum (SEQ ID NO: 11, group I truncated), a hemoglobin from 

Aspergillus niger (SEQ ID NO:12), or a mammalian myoglobin protein such as the Bos 

taurus (SEQ ID NO:18) myoglobin, Sus scrofa (SEQ ID NO:19) myoglobin, Equus 

cabal/us (SEQ ID NO:20) myoglobin, a heme-protein from Nicotiana benthamiana (SEQ 

25 ID NO:21), Bacillus subtilis (SEQ ID NO:22), Corynebacterium glutamicum (SEQ ID 

NO:23), Synechocystis PCC6803 (SEQ ID NO:24), Synechococcus sp. PCC 7335 (SEQ 

ID NO:25), or Nostoc commune (SEQ ID NO:26). 

The percent identity between two amino acid sequences can be determined as 

follows. First, the amino acid sequences are aligned using the BLAST 2 Sequences 

30 (Bl2seq) program from the stand-alone version of BLASTZ containing BLASTP version 

15 
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2.0.14. This stand-alone version ofBLASTZ can be obtained from Fish & Richardson's 

web site (e.g., www.fr.com/blast/) or the U.S. government's National Center for 

Biotechnology Information web site (www.ncbi.nlm.nih.gov). Instructions explaining 

how to use the B12seq program can be found in the readme file accompanying BLASTZ. 

5 B12seq performs a comparison between two amino acid sequences using the BLASTP 

algorithm. To compare two amino acid sequences, the options of B12seq are set as 

follows: -i is set to a file containing the first amino acid sequence to be compared (e.g., 

C:\seq 1.txt); -j is set to a file containing the second amino acid sequence to be compared 

( e.g., C:\seq2.txt); -p is set to blastp; -o is set to any desired file name ( e.g., C:\output.txt); 

10 and all other options are left at their default setting. For example, the following 

command can be used to generate an output file containing a comparison between two 

amino acid sequences: C:\Bl2seq -i c:\seq 1.txt -j c:\seq2.txt -p blastp -o c:\output.txt. If 

the two compared sequences share homology, then the designated output file will present 

those regions of homology as aligned sequences. If the two compared sequences do not 

15 share homology, then the designated output file will not present aligned sequences. 

Similar procedures can be following for nucleic acid sequences except that blastn is used. 

Once aligned, the number of matches is determined by counting the number of 

positions where an identical amino acid residue is presented in both sequences. The 

percent identity is determined by dividing the number of matches by the length of the 

20 full-length polypeptide amino acid sequence followed by multiplying the resulting value 

by 100. It is noted that the percent identity value is rounded to the nearest tenth. For 

example, 78.11, 78.12, 78.13, and 78.14 is rounded down to 78.1, while 78.15, 78.16, 

78.17, 78.18, and 78.19 is rounded up to 78.2. It also is noted that the length value will 

always be an integer. 

25 It will be appreciated that a number of nucleic acids can encode a polypeptide 

having a particular amino acid sequence. The degeneracy of the genetic code is well 

known to the art; i.e., for many amino acids, there is more than one nucleotide triplet that 

serves as the codon for the amino acid. For example, codons in the coding sequence for a 

given enzyme can be modified such that optimal expression in a particular species ( e.g., 

30 bacteria or fungus) is obtained, using appropriate codon bias tables for that species. 

16 
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Heme-containing proteins can be extracted from the source material ( e.g., 

extracted from animal tissue, or plant, fungal, algal, or bacterial biomass, or from the 

culture supernatant for secreted proteins) or from a combination of source materials (e.g., 

multiple plant species). Leghemoglobin is readily available as an unused by-product of 

5 commodity legume crops (e.g., soybean, alfalfa, or pea). The amount ofleghemoglobin 

in the roots of these crops in the United States exceeds the myoglobin content of all the 

red meat consumed in the United States. 

In some embodiments, extracts of heme-containing proteins include one or more 

non-heme-containing proteins from the source material (e.g., other animal, plant, fungal, 

10 algal, or bacterial proteins) or from a combination of source materials ( e.g., different 

animal. plant, fungi, algae, or bacteria). 

In some embodiments, heme-containing proteins are isolated and purified from 

other components of the source material ( e.g., other animal, plant, fungal, algal, or 

bacterial proteins). As used herein, the term "isolated and purified" indicates that the 

15 preparation of heme-containing protein is at least 60% pure, e.g., greater than 65%, 70%, 

75%, 80%, 85%, 90%, 95%, or 99% pure. Without being bound by theory, isolating and 

purifying proteins can allow the food products to be made with greater consistency and 

greater control over the properties of the food product as unwanted material is eliminated. 

Proteins can be separated on the basis of their molecular weight, for example, by size 

20 exclusion chromatography, ultrafiltration through membranes, or density centrifugation. 

In some embodiments, the proteins can be separated based on their surface charge, for 

example, by isoelectric precipitation, anion exchange chromatography, or cation 

exchange chromatography. Proteins also can be separated on the basis of their solubility, 

for example, by ammonium sulfate precipitation, isoelectric precipitation, surfactants, 

25 detergents or solvent extraction. Proteins also can be separated by their affinity to 

another molecule, using, for example, hydrophobic interaction chromatography, reactive 

dyes, or hydroxyapatite. Affinity chromatography also can include using antibodies 

having specific binding affinity for the heme-containing protein, nickel NT A for His­

tagged recombinant proteins, lectins to bind to sugar moieties on a glycoprotein, or other 

30 molecules which specifically binds the protein. 
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Heme-containing proteins also can be recombinantly produced using polypeptide 

expression techniques ( e.g., heterologous expression techniques using bacterial cells, 

insect cells, fungal cells such as yeast, plant cells such as tobacco, soybean, or 

Arabidopsis, or mammalian cells). In some cases, standard polypeptide synthesis 

5 techniques ( e.g., liquid-phase polypeptide synthesis techniques or solid-phase 

polypeptide synthesis techniques) can be used to produce heme-containing proteins 

synthetically. In some cases, in vitro transcription-translation techniques can be used to 

produce heme-containing proteins. 

The protein used in the consumable may be soluble in a solution. In some 

10 embodiments, the isolated and purified proteins are soluble in solution at greater than 5, 

10, 15, 20, 25, 50, 100, 150,200, or 250g/L. 

In some embodiments, the isolated and purified protein is substantially in its 

native fold and water soluble. In some embodiments, the isolated and purified protein is 

more than 50, 60, 70, 80, or 90% in its native fold. In some embodiments, the isolated 

15 and purified protein is more than 50, 60, 70, 80, or 90% water soluble. 

Af odulating Flavor and/or Aroma Profiles 

As described herein, different combinations of flavor precursors can be used with 

one or more iron complexes ( e.g., a ferrous chlorin, a chlorin-iron complex, or a heme-

20 cofactor such as a heme-containing protein or heme bound to a non-peptidic polymer 

such as polyethylene glycol or to a solid support) to produce different flavor and aroma 

profiles when the flavor precursors and iron complexes are heated together ( e.g., during 

cooking). The resultant flavor and/or aroma profile can be modulated by the type and 

concentration of the flavor precursors, the pH of the reaction, the length of cooking, the 

25 type and amount of iron complex ( e.g., a heme-cofactor such as heme-containing protein, 

heme bound to non-peptidic polymer or macromolecule, or heme bound to a solid 

support), the temperature of the reaction, and the amount of water activity in the product, 

among other factors. In embodiments in which a heme moiety is bound to a solid support 

such as cellulose or a chromatography resin, graphite, charcoal, or diatomaceous earth, 

30 the solid support (e.g., beads) can be incubated with sugars and/or one or more other 
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flavor precursors to generate flavors, and then the solid support with attached heme 

moiety can be re-used, i.e., incubated again with sugars and/or one or more other flavor 

precursors to generate flavors. 

Table 2 provides non-limiting examples of flavor types that can be generated by 

5 combining one or more flavor precursors and one or more heme co-factors (e.g., heme­

containing proteins). See also Tables 7 and/or 11. 

TABLE2 

Flavor Types 

beef beef broth 

beef dripping cheesy 

cold-cut deli meat squash 

bacon sharp 

meaty fruity 

brothy floral 

ramen musty 

egg fried food 

malty caramel 

bready barbeque 

sulfur chocolate 

fried chicken sweet 

browned potato 

pretzel french toast 

grassy breadcrust 

bloody mushroom 

broccoli chicken 

brothy cumin 

buttery umami 

metallic raisin 
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yeasty goaty 

vegetable broth 

Flavor and aroma profiles are created by different chemical compounds formed 

by chemical reactions between the heme co-factor (e.g., heme-containing protein) and 

flavor precursors. Gas chromatography-mass spectrometry (GCMS) can be used to 

5 separate and identify the different chemical compounds within a test sample. For 

example, volatile chemicals can be isolated from the head space after heating a heme­

containing protein and one or more flavor precursors. 

10 

Table 3 provides non-limiting examples of compounds that can be produced. See 

also Tables 8, 9, 12, and/or 14. 

phenylacetaldehyde 

1-octen-3-one 
2-n-heptylfuran 
2-thiophenecarboxaldehyde 
3-thiophenecarboxaldehyde 
1-octene 
butyrolactone 
2-undecenal 
propyl-cyclopropane 
methyl-pyrazine 
1-hydroxy-propanone 

acetic acid 
furfural 
2-decanone 

pyrrole 

1-octen-3-ol 
2-acetylthiazole 

(E)-2-octenal 

decanal 

TABLE3 

Compounds Produced 

2-butenal, 2-ethyl-
acetonitrile 

(E)-2-Hexenal 
4-ethyl-phenol, 

3-octanone 
styrene 
furan, 3-pentyl-

formic acid, heptyl ester 
(E)-2-Heptenal 

6-methyl-5-hepten-2-one 
n-caproic acid vinyl ester 
2-ethyl-2-hexenal 
1-hepten-3-ol 
1-ethyl-1-methyl-
cyclopentane 
3-ethyl-2-methyl-1,3-
hexadiene 
2-pentyl-thiophene 

(Z)-2-nonenal 
2-n-octylfuran 

20 

1,3-hexadiene 
4-decyne 
pentanal 
1-propanol 

heptanoic acid 
ethanethiol 
2-methyl-1-heptene 

(E)-4-octene 
2-methyl-2-heptene 
pentanoic acid 
nonanoic acid 
1,3-dimethyl-benzene 

toluene 

1-butanol 

2,3,3-trimethyl-pentane 
isopropyl alcohol 
2,2,4,6,6-pentamethyl-
heptane 
phenol 
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benzaldehyde 2-hexyl-thiophene l-penten-3-one 
(E)-2-Nonenal 4-cyclopentene-1,3-dione dimethyl sulfide 
ovrazine 1-nonanol thiirane 
1-pentanol (E)-2-decenal (E)-2-octen-1-ol 
trans-2-(2-pentenyl)furan 4-ethy 1-benzaldehyde 2,4-dimethyl-1-heptene 

1,3-bis(l, 1-
1-hexanol 1,7-octadien-3-ol dimethylethyl)-benzene 
1-heptanol octanoic acid heptane 
dimethyl trisulfide 2-ethyl-5-methyl-pyrazine 4, 7 -dimethyl-undecane 

3-ethyl-2,5-dimethyl-
2-nonanone pyrazine acetophenone 
2-pentanone 1,3,5-cycloheptatriene tridecane 

thiophosphoramide, s-
2-heptanone 2-ethyl-1-hexanol methyl ester 
2,3-butanedione 4-methyl-octanoic acid 2-methyl-thiazole 

3-(1-methylethoxy )-
heptanal m-aminophenylacetylene propanenitrile, 

2,4-bis(l,1-
nonanal benzene dimethylethyl)-phenol 

3-ethyl-2,2-dimethyl-
2-octanone thiophene pentane 
2-butanone 2-methyl-furan 3-ethyl-pentane 
octanal pyridine 2,3,4-trimethyl-pentane 
1-octanol furan 2,4,6-trimethyl-octane 
3-ethylcyclopentanone butanal 2,6-dimethyl-nonane 
8-methyl-1-undecene 2-ethyl-furan 2-hexyl-furan 

4-methyl-5-
3-octen-2-one carbon disulfide thiazoleethanol 
2,4-Heptadienal, (E,E)- Furan, 2-hexyl-:2 4-penten-2-one 
( Z)-2-heptenal 3-methyl-butanal 4-methylthiazole 
6-methyl-2-heptanone 2-methyl-butanal 2-methyl-3-pentanone 
( Z)-4-heptenal methacro lein 2,3-pentanedione 
(E,Z)-2, 6-nonadienal octane (E)-2-tridecen-1-ol 

2-
3-methyl-2-butenal ethanol thiophenemethanamine 
2-pentyl-furan 2-methyl-propanal (Z)-2-nonenal, 

thiazole acetone methyl thiolacetate 
(E,E)-2, 4-decadienal propanal methyl ethanoate 
hexanoic acid methyl-thiirane isothiazole 
l-ethyl-5-methylcyclopentene acetaldehyde 3,3-dimethyl-hexane 
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(E,E)-2,4-nonadienal 2-propenal 4-methyl-heptane 

(Z)-2-decenal 2-propyl-furan 2,4-dimethyl-heptane 
dihydro-5-propyl-2(3H)-

dihydro-5-pentyl-2(3h)-furanone furanone 2,3,4-trimethyl-heptane 

trans-3-nonen-2-one dihydro-3-(2H)-thiophenone 2-methyl-heptane 
(E,E)-3,5-octadien-2-one 2,2,6-trimethyl-decane 2-methyl-3-furanthiol 

4-amino-1,2,5-
3,3'-dithiobis[2-methyl- oxadiazole-3-

(Z)-2-octen-1-ol furan carbonitrile 
1,2-benzisothiazol-

5-ethyldihydro-2(3h)-furanone 1-heptene 3(2H)-one 
2-butenal 1,3-octadiene 2-acetyl-propen-2-ol, 
l-penten-3-ol 1-nonene 1-decen-3-one 
1-( ethylthio )-2-( methylthio )-buta-1,3-
diene 

In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein is heated in the presence of ground 

chicken, to increase specific volatile flavor and odorant components typically elevated in 

beef. For example, propanal, butanal, 2-ethyl-furan, heptanal, octanal, trans-2-(2-

5 pentenyl)furan, (Z)-2-heptenal, (E)-2-octenal, pyrrole, 2,4-dodecadienal, 1-octanal, (Z)-2-

decenal, or 2-undecenal can be increased in the presence of the heme-containing protein, 

which can impart a more beefy flavor to the chicken. 

In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein is heated in the presence of cysteine 

1 o and glucose or other combinations of flavor precursors to provide a different profile of 

volatile odorants than when any subset of the three components are used individually. 

Volatile flavor components that are increased under these conditions include but are not 

limited to furan, acetone, thiazole, furfural, benzaldehyde, 2-pyridinecarboxaldehyde, 5-

methyl-2-thiophenecarboxaldehyde, 3-methyl-2-thiophenecarboxaldehyde, 3-

15 thiophenemethanol and decanol. See, e.g., Tables 8 and 9. Under these conditions, 

cysteine and glucose alone or in the presence of iron salts such as ferrous glucanate 

produced a sulfurous, odor, but addition of heme-containing proteins reduced the 
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sulfurous odor and replaced it with flavors including but not limited to chicken broth, 

burnt mushroom, molasses, and bread. 

In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein is heated in the presence of cysteine 

5 and ribose to provide a different profile of volatile odorants. Heating in the presence of 

ribose created some additional compounds as compared to when a heme-containing 

protein and glucose were heated together. See Tables 8 and 9. 

In some embodiments, an iron complex ( e.g., a ferrous chlorophillin or a heme­

cofactor such as a heme-containing protein) described herein can be heated in the 

10 presence of thiamine and a sugar to affect the formation of 5-Thiazoleethanol, 4-methyl­

furan, 3,3'-dithiobis[2-methyl-furan, and/or 4-Methylthiazole. These compounds are 

known to be present in meat and have beefy, meaty taste notes. 

In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein can be heated in the presence of a 

15 nucleotide such as inosine monophosphate and/or guanosine monophosphate to control 

the formation of flavor compounds such as (E)-4-octene, 2-ethyl-furan, 2-pentanone, 2,3-

butanedione, 2-methyl-thiazole, methyl-pyrazine, tridecane, (E)-2-octenal, 2-

thiopenecarboxaldehyde, and/or 3-thiopenecarboxaldehyde. These compounds are known 

to be present in meat and have a beefy, meaty, buttery, and or savory flavor notes. 

20 In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein can be heated in the presence of 

lysine, a sugar such as ribose, and cysteine to control the formation of flavor compounds 

such as dimethyl trisulfide, nonanal, 2-pentyl thiophene, 2-nonenal furfural, 1-octanol, 2-

nonenal, thiazole, 2-acetylthiazole, phenylacetaldehyde, and/or 2-acetylthiazole. These 

25 compounds are known to be present in meat and some have a beefy, meaty, and or savory 

flavor. 

In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein can be heated in the presence of 

lactic acid, a sugar such as ribose, and cysteine to control the formation of the flavor 

30 compounds nonanal, thiazole, 2-acetylthiazole, and/or 8-methyl 1-undecene. These 
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compounds are known to be present in meat and have beefy, savory, browned, bready, 

and malty notes. 

In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein can be heated in the presence of 

5 amino acids, sugars such as glucose, ribose, and maltodextrin, lactic acid, thiamine, IMP, 

GMP, creatine, and salts such as potassium chloride and sodium chloride, to control the 

formation of flavor compounds such as 1,3-bis(l,1-dimethylethyl)-benzene, 2-methyl 3-

furanthiol, and/or bis(2-methyl-4,5-dihydro-3-furyl) disulfide. These compounds are 

known to be present in meat and have beefy notes. See also Table 14. 

1 o In some embodiments, a particular type of heme-containing protein is chosen to 

control the formation of flavor compounds. See, for example, the results of Table 9, 

which shows that the addition of different types of heme-proteins (LegH, Barley, B. 

myoglobin, or A. aeolicus) in flavor reaction mixtures containing one or more flavor 

precursor compounds results in many of the same key meat flavors, including but not 

15 limited to pentanone, 3-methyl butanal, 2-methyl butanal, 2-heptenal, 1-octene, nonanal, 

2-propenal, 2-decenal, 2-nonanone, 2-octanone, 2-tridecen-1-ol, 2-octanone, 2-octenal, 4-

methyl-2-heptanone, octanal, 2-undecenal, butyrolactone, 1-octen-3-one, 3-methylheptyl 

acetate, and 2-pentyl-thiophene. These differences in flavor compounds can change the 

overall taste profile. 

20 In some embodiments, an iron complex (e.g., a ferrous chlorin or a heme-cofactor 

such as a heme-containing protein) described herein and one or more flavor precursors 

can be reacted (e.g., in vitro) with heating to generate a particular flavor and/or aroma 

profile of interest and the resultant flavor additive composition can be added to the 

consumable food product of interest, which can then be eaten as-is or can be additionally 

25 modified, e.g., by additional cooking. 

In some embodiments, any undesirable flavors can be minimized by deodorizing 

with activated charcoal or by removing enzymes such as lipoxygenases (LOX), which 

can be present in trace amounts when using preparations of plant proteins, and which can 

convert unsaturated triacylglycerides (such as linoleic acid or linolenic acid) into smaller 

30 and more volatile molecules. LOX are naturally present in legumes such as peas, 
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soybeans, and peanuts, as well as rice, potatoes, and olives. When legume flours are 

fractionated into separate protein fractions, LOX can act as undesirable "time-bombs" 

that can cause undesirable flavors on aging or storage. Compositions containing plant 

proteins (e.g., from ground plant seeds) can be subjected to purification to remove LOX 

5 using, for example, an affinity resin that binds to LOX and removes it from the protein 

sample. The affinity resin can be linoleic acid, linolenic acid, stearic acid, oleic acid, 

propyl gallate, or epigalloccatechin gallate attached to a solid support such as a bead or 

resin. See, e.g., WO2013138793. In addition, depending on the protein component of 

the food product, certain combinations of antioxidants and/or LOX inhibitors can be used 

1 o as effective agents to minimize off-flavor or off-odor generation especially in the 

presence of fats and oils. Such compounds can include, for example, one or more of 13-
carotene, a-tocopherol, caffeic acid, propyl gallate, or epigallocatechin gallate. 

In some embodiments, specific flavor compounds, such as those described in 

Tables 3, 8, 9, 12, 14, 16, or 17 can be isolated and purified from the flavor additive 

15 composition. These isolated and purified compounds can be used as an ingredient to 

create flavors useful to the food and fragrance industry. 

A flavor additive composition can be in the form, of but not limited to, soup or 

stew bases, bouillon, e.g., powder or cubes, flavor packets, or seasoning packets or 

shakers. Such flavor additive compositions can be used to modulate the flavor and/or 

20 aroma profile for a variety of food products, and can be added to a consumable food 

product before, during, or after cooking of the food product. 

Food Products 

Food products containing one or more flavor precursors and one or more heme-

25 containing proteins can be used as a base for formulating a variety of additional food 

products, including meat substitutes, soup bases, stew bases, snack foods, bouillon 

powders, bouillon cubes, flavor packets, or frozen food products. Meat substitutes can be 

formulated, for example, as hot dogs, burgers, ground meat, sausages, steaks, filets, 

roasts, breasts, thighs, wings, meatballs, meatloaf, bacon, strips, fingers, nuggets, cutlets, 

30 or cubes. 

25 
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In addition, food products described herein can be used to modulate the taste 

and/or aroma profile of other food products ( e.g., meat replicas, meat substitutes, tofu, 

mock duck or other gluten based vegetable product, textured vegetable protein such as 

textured soy protein, pork, fish, lamb, or poultry products such as chicken or turkey 

5 products) and can be applied to the other food product before or during cooking. Using 

the food products described herein can provide a particular meaty taste and smell, for 

example, the taste and smell of beef or bacon, to a non-meat product or to a poultry 

product. 

Food products described herein can be packaged in various ways, including being 

1 o sealed within individual packets or shakers, such that the composition can be sprinkled or 

spread on top of a food product before or during cooking. 

Food products described herein can include additional ingredients including food­

grade oils such as canola, com, sunflower, soybean, olive or coconut oil, seasoning 

agents such as edible salts (e.g., sodium or potassium chloride) or herbs (e.g., rosemary, 

15 thyme, basil, sage, or mint), flavoring agents, proteins (e.g., soy protein isolate, wheat 

glutin, pea vicilin, and/or pea legumin), protein concentrates (e.g., soy protein 

concentrate), emulsifiers (e.g., lecithin), gelling agents (e.g., k-carrageenan or gelatin), 

fibers ( e.g., bamboo filer or inulin), or minerals ( e.g., iodine, zinc, and/or calcium). 

Food products described herein also can include a natural coloring agent such as 

20 turmeric or beet juice, or an artificial coloring agent such as azo dyes, triphenylmethanes, 

xanthenes, quinines, indigoids, titanium dioxide, red #3, red #40, blue #1, or yellow #5. 

Food products described herein also can include meat shelf life extenders such as 

carbon monoxide, nitrites, sodium metabisulfite, Bombal, vitamin E, rosemary extract, 

green tea extract, catechins and other anti-oxidants. 

25 Food products described herein can be free of animal products ( e.g., animal heme-

30 

containing proteins or other animal products). 

In some embodiments, the food products can be soy-free, wheat-free, yeast-free, 

MSG-free, and/or free of protein hydrolysis products, and can taste meaty, highly savory, 

and without off odors or flavors. 
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Assessment of Food Products 

Food products described herein can be assessed using trained human panelists. 

The evaluations can involve eyeing, feeling, chewing, and tasting of the product to judge 

product appearance, color, integrity, texture, flavor, and mouth feel, etc. Panelists can be 

5 served samples under red or under white light. Samples can be assigned random three­

digit numbers and rotated in ballot position to prevent bias. Sensory judgments can be 

scaled for "acceptance" or "likeability" or use special terminology. For example, letter 

scales (A for excellent, B for good, C for poor) or number scales may be used (1 = 

dislike, 2 = fair, 3 = good; 4 = very good; 5=excellent). A scale can be used to rate the 

1 o overall acceptability or quality of the food product or specific quality attributes such 

beefiness, texture, and flavor. Panelists can be encouraged to rinse their mouths with 

water between samples, and given opportunity to comment on each sample. 

In some embodiments, a food product described herein can be compared to 

another food product (e.g., meat or meat substitute) based upon olfactometer readings. In 

15 various embodiments, the olfactometer can be used to assess odor concentration and odor 

thresholds, odor suprathresholds with comparison to a reference gas, hedonic scale scores 

to determine the degree of appreciation, or relative intensity of odors. 

In some embodiments, an olfactometer allows the training and automatic 

evaluation of expert panels. In some embodiments, a food product described herein 

20 causes similar or identical olfactometer readings. In some embodiments, the differences 

between flavors generated using the methods of the invention and meat are sufficiently 

small to be below the detection threshold of human perception. 

In some embodiments, volatile chemicals identified using GCMS can be 

evaluated. For example, a human can rate the experience of smelling the chemical 

25 responsible for a certain peak. This information could be used to further refine the profile 

of flavor and aroma compounds produced using a heme-containing protein and one or 

more flavor precursors. 

Characteristic flavor and fragrance components are mostly produced during the 

cooking process by chemical reactions molecules including amino acids, fats and sugars 

30 which are found in plants as well as meat. Therefore, in some embodiments, a food 
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product is tested for similarity to meat during or after cooking. In some embodiments 

human ratings, human evaluation, olfactometer readings, or GCMS measurements, or 

combinations thereof, are used to create an olfactory map of the food product. Similarly, 

an olfactory map of the food product, for example, a meat replica, can be created. These 

5 maps can be compared to assess how similar the cooked food product is to meat. 

In some embodiments, the olfactory map of the food product during or after 

cooking is similar to or indistinguishable from that of cooked or cooking meat. In some 

embodiments the similarity is sufficient to be beyond the detection threshold of human 

perception. The food product can be created so its characteristics are similar to a food 

1 o product after cooking, but the uncooked food product may have properties that are 

different from the predicate food product prior to cooking. 

These results will demonstrate that the compositions of the invention are judged 

as acceptably equivalent to real meat products. Additionally, these results can 

demonstrate that compositions of the invention are preferred by panelist over other 

15 commercially available meat substitutes. So, in some embodiments the present invention 

provides for consumables that are significantly similar to traditional meats and are more 

meat like than previously known meat alternatives. 

20 

The invention will be further described in the following examples, which do not 

limit the scope of the invention described in the claims. 
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EXAMPLES 

Example 1: Addition of heme-protein increases beefy qualities of replica 

burgers 

Replica burgers containing the ingredients in Table 4 and the flavor precursors 

5 cysteine (10 mM), glutamic acid (10 mM), glucose (10 mM), and thiamine (1 mM) were 

prepared. Water was added to make up the balance. See, for example, U.S. Provisional 

Application No. 61/751,816, filed January 11, 2013. Control burgers were prepared as in 

Table 4 with precursors cysteine (10 mM), glutamic acid (10 mM), glucose ( 10 mM), and 

thiamine ( 1 mM) except LegH was omitted. 

10 After cooking for 5 minutes at 150 C, the replica burgers were evaluated by a 

trained sensory panel. Panelists were served samples under red lights and each panelist 

individually evaluated the samples. Samples were assigned a random three-digit number 

and rotated in ballot position to prevent bias. Panelists were asked to evaluate cooked 

replica burger samples on multiple flavor, aroma, taste, texture and appearance attributes 

15 including but not limited to: beefiness, bloody quality, savory quality, and overall 

acceptability using a 7-point scale from 1 =dislike extremely, to 7=like extremely. 

Panelists were encouraged to rinse their mouths with water between samples, and to fill 

out a survey to record their evaluation of each sample. 

When replica burgers containing the LegH were compared to the control replica 

20 burgers without LegH, the samples containing LegH were rated significantly beefier, 

bloodier, more savory, and overall preferred compared to those that did not include 

LegH. See Table 5. 

TABLE4 

25 Replica Burger Ingredients 

Pea vicilin 3.86 

Soy protein concentrate (SPC) 2.52 

Bamboo fiber 0.34 
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NaCl 0.54 

Pea legumin 2 

Soy Protein Isolate (SPI) (Solae, St. Louis, 
4.68 

MO) 

Wheat gluten 4.68 

Coconut oil 15 

Soy lecithin 0.1 

k-carrageenan 1 

LegH 1 

TABLE 5 

Sensory evaluation of replica burger with Heme 

mean 4.67 3.00 5.10 

STDEV 1.22 1.63 0.57 

Example 2: Replica burgers with a flavor precursor mixture taste beefy and 

bloody 

Replica burgers containing a flavor precursor mixture of glucose, cysteine, 

thiamine, and glutamic acid and 1 % LegH pre-cooked w/w (see Table 4) were prepared 

as described in Example 1, and evaluated by a trained sensory panel after the burgers 

10 were cooked for 5 minutes at 150 C. Control burgers included LegH and all other 

ingredients except for the flavor precursor mixture. 
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Panelists were asked to evaluate the samples overall improvement in taste and 

descriptively analyze each sample using a 5-point scale from I =dislike extremely, to 

5=like extremely. Panelists were encouraged to rinse their mouths with water between 

samples, and to fill out a survey to record their evaluation of each sample. The replicate 

5 burgers which included LegH and the flavor precursor mixture were described as having 

10 

bouillon, gravy, meaty, bloody, savory, and beefy notes on taste, and were preferred to 

the same replica burger with LegH but no added flavor precursor mixture. See, Table 6 

TABLE 6 

Improvement of overall taste with precursors added to LegH burgers 

with precursors without precursors 

Average 3.5 1.8 

STDV 0.6 0.5 

Example 3: Replica burgers with flavor precursor mixture resulting in a 

bacon taste 

Replica burgers (see Table 4) were cooked with different precursor mixes (see 

Table 7) and I% LegH and evaluated by a trained sensory panel after the burgers were 

15 cooked for 5 minutes at 150 C. Control burgers contained LegH and all of the other 

ingredients except for the flavor precursors. Panelists were asked to evaluate each 

sample and descriptively analyze of each sample. 5-point scale from I =dislike extremely, 

to 5=like extremely. Panelists were encouraged to rinse their mouths with water between 

samples, and to fill out a survey to record their evaluation of each sample. A replica 

20 burger with a precursor mixture of 10 mM glucose, 10 mM ribose, 10 mM cysteine, 1 

mM thiamine, 1 mM glutamic acid, 1 mM GMP, and LegH was described as having a 

bacon aroma and taste, and overall meatiness, savory quality, a very umami quality, a 

brothy quality, and slight beefy notes. See Table 7 for a summary of the flavor 

description for the various combinations of flavor precursors and heme-containing 

25 protein. 
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(10 mM) 
glucose 
(10 mM) 
glucose 
(10 mM) 
glucose 
(10 mM) 

ribose 
(10 mM) 
ribose 
(10 mM) 
ribose 
(IO mM) 
ribose 
(IO mM) 
ribose 
(IO mM) 
ribose 
(IO mM) 
ribose 
(10 mM) 
ribose 
(10 mM) 
ribose 
(10 mM) 
ribose 
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TABLE 7 

Flavors generated by addition of precursors to LegH (1 % ) 

Precursor (concentration) Flavor Description 
cysteine 
(10 mM) some kind of cold-cut/sliced deli meat 
cysteine bread crust with beef drippings, sweet, grassy, 
(10 mM) IMP (2 mM) umam1 
cysteine lactic acid ( I 
(IO mM) mM) bready, malty, browned, breadcrust 
cysteine 
(10 mM) lysine ( 5 mM) savory, beefy, little grassy, brothy, bread 
cysteine alanine (5 
(10 mM) mM) savory, weak beefy, brothy, little metallic 
cysteine 
(IO mM) I+G(2mM) savory, weak beefy, brothy, sweet 
cysteine 
(10 mM) methionine cooked potato 
cysteine glutamic acid little meaty, pretzel, brothy, savory, sweet, 
(10 mM) (5 mM) chocolate 
cysteine thiamine glutamic acid 
(10 mM) (2 mM) (5 mM) slight beefy, browned, grasssy, 
cysteine thiamine glutamic acid 
(10 mM) (2 mM) (5 mM) IMP (2 mM) bacon, very umami, savory, brothy, slight beef 
cysteine thiamine glutamic acid 
(10 mM) (2mM) (5 mM) beefjerky, bloody, meaty, brothy 
cysteine thiamine glutamic acid lactic acid (1 
(10 mM) (2mM) (5 mM) mM) savory, beefy, bloody, meaty, savory, gravy 

~ 
0 
N 
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glucose 
lOmM 

glucose 
lOmM 

glucose 
lOmM 

glucose 
IOmM 

glucose 
IOmM 

glucose 
lOmM) 

cysteine 
lOmM 

cysteine 
lOmM 

cysteine 
lOmM 

cysteine 
lOmM 

thiamine glutamic acid 
2mM 5mM 

thiamine glutamic acid 
2mM 5mM 

thiamine glutamic acid 
2mM 5mM) 

glutamic acid 
(5 mM) 

1 sine 5 mM 
alanine (5 
mM 

I+G 2mM) 

I+G 2mM 

I+G 2mM 

roast beef 

boiled beef, sweet 

beefv with a sulfurv note 

sweet, mal , umami, meat 

savo , roast beef, grass 

I umami, savory, meaty, sweaty, fermented 
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Example 4: Type of sugar modulates flavor compounds created in the 

presence of Hemeprotein 

The addition of different sugars to flavor reaction mixtures containing a 

hemeprotein and one or more flavor precursor compounds resulted in distinct differences 

5 in the flavor compounds generated and the overall flavor profile. LegH heme protein at 

1 % pre-cooked w/w/ was mixed with cysteine (10 mM) and glucose (20 mM) at pH 6 in 

phosphate buffer to form a flavor reaction mixture and heated to 150 C for 3 minutes; this 

reaction created flavor compounds known to be present in meat; see Table 8. Similarly, a 

flavor reaction mixture made when LegH heme protein at 1 % was mixed with cysteine 

10 (10 mM) and ribose (20 mM) at pH 6 and heated to 150 C for 3 minutes created flavor 

compounds knmvn to be in meat; see Table 8. 

The characteristic flavor and fragrance components were mostly produced during 

the cooking process when the flavor precursor molecules reacted with the heme-protein. 

Gas chromatography-mass spectrometry ( GCMS) is a method that combines the features 

15 of gas-liquid chromatography and mass spectrometry to separate and identify different 

substances within a test sample. Samples were evaluated by GCMS to identify the flavor 

compounds generated after heating and also evaluated for their sensory profiles. Volatile 

chemicals were isolated from the head space around the flavor reactions. The profile of 

the volatile chemicals in the headspace around the flavor reaction mixtures is shown in 

20 Table 8. In particular, the use of ribose created some additional compounds as compared 

to glucose, as shown in Table 8. 

Notably, the control mixtures of cysteine with ribose or glucose heated in the 

absence of the LegH heme-protein did not generate the same set of flavor compounds. 

The flavor reaction mixtures containing LegH also were evaluated by a blinded trained 

25 sensory panel, which described the samples with ribose as having beefy, savory, brothy, 

and gravy-like notes, and the samples with glucose as savory, bloody, metallic, raw meat, 

and bouillon-Like. 
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TABLE 8 

Flavor compounds generated with cysteine, LegH, and either glucose or ribose in 

the flavor reaction mixture. 

LegH 1% 

II m II ~ I 
benza ldehyde X X 

2-but anone X X 

dimet hyl trisulfide X X 

tyl-furan 2-pen X X 

2-met hyl-propanal X X 

thiazo le X X 

butyr olactone X X 

2-ace tylthiazole X X 

penta nal X X 

3-met hyl-butanal X X 

meth yl-thiirane X X 

nal nona X X 

hepta nal X X 

2,3-b utanedione X X 

1,3,5-cycloheptatriene X X 

propy 1-cyclopropane X X 

2-hex yl-furan X X 

butanal X X 

2-met hyl-butanal X X 

2-eth yl-furan X 

2-oct anone X X 

nal propa X X 
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trichloromethane X 

2-methyl-furan X X 

furan X X 

pyrazme X X 

thiophene X X 

1,3-dimethyl-benzene X X 

octane X 

octanal X X 

thiazole X X 

2-pentanone X 

furfural X X 

2-nonanone X X 

(Z)-2-heptenal X X 

(E)-2-heptenal X X 

1-octene X X 

formic acid, heptyl ester X X 

2-pentyl-thiophene X 

l-octen-3-one X X 

3-pentyl-furan X X 

2-propenal X 

(E)-2-tridecen-l-ol X 

benzene X 

(E)-4-octene X 

l -penten-3-one X 

4-penten-2-one X X 

2-methyl-thiazole X 

methyl-pyrazine X 

trans-2-( 2-pentenyl )furan X 

3-ethylcyclopentanone X 
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pyrrole X X 

2-thiophenecarboxaldehyde X 

3-thiophenecarboxaldehyde X 

Example 5: Heme-protein in the presence of thiamine affects the production 

of certain flavor compounds 

The addition of thiamine in a flavor reaction mixtures with a heme protein and 

5 other flavor precursors affected the formation of 5-Thiazoleethanol, 4-methyl-furan, 3,3'­

dithiobis[2-methyl-thiazole, and 4-methylthiazole. These compounds are known to be 

present in meat and have beefy, meaty taste notes. 

Flavor reaction mixtures at pH 6 containing LegH (1 %), cysteine (10 rnM), 

thiamine (1 mM), either glucose or ribose (20 mM), and with or without glutamic acid 

10 (10 mM) were prepared and subsequently heated to 150 C for 3 minutes. These flavor 

reaction samples then were evaluated by GCMS for the flavor compounds generated and 

evaluated by a trained panel for their sensory profiles. Volatile chemicals were isolated 

from the head space around the flavor reactions. GCMS showed 4-methyl-5-

thiazoleethanol, 3,3'-dithiobis[2-methyl]-furan, and 4-methylthiazole compounds were 

15 created by a mixture of LegH with thiamine, a sugar ( either glucose or ribose ), and 

cysteine. The same flavor reaction mixtures without thiamine did not generate these 

compounds; additionally these compounds were not generated when heme-proteins were 

not present in the flavor reaction mixtures. 

The flavor reaction samples also were evaluated by a blinded trained sensory 

20 panel, which described the samples with the addition of thiamine as more complex in 

taste and more beefy, meaty, and savory. 

25 

Example 6: Heme-proteins with nucleotides controls particular flavor 

compound production. 

The addition of inosine monophosphate and guanosine monophosphate in mixes 

with heme protein and other precursors controlled the formation of flavor compounds 

(E)-4-octene, 2-ethyl-furan, 2-pentanone, 2,3-butanedione, 2-methyl-thiazole,, methyl-
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pyrazine, tridecane, (E)-2-octenal, 2-thiophenecarboxaldehyde, and 3-

thiophenecarboxaldehyde. These compounds are known to be present in meat and have a 

beefy, meaty, buttery, and or savory flavor notes. 

Reactions containing heme protein at 1 % (LegH) with cysteine ( 10 mM), and 

5 glucose (20 mM), 1 mM IMP and 1 mM GMP, at pH 6.0 were prepared and heated to 

150C for 3 minutes. Characteristic flavor and fragrance components were mostly 

produced during the cooking process where precursors reacting heme-protein. These 

samples were evaluated by GCMS for the flavor compounds generated and evaluated for 

the sensory experience. Volatile chemicals were isolated from the head space around the 

10 flavor reaction and identified using GCMS, creating a profile of the volatile chemicals in 

the headspace around the flavor reaction mixture. GCMS showed 4-octene, 2-ethyl furan, 

2-pentanone, 2,3-butanedione, 2-methyl-thiazole, methyl-pyrazine, tridecane, 2-octenal, 

2-thiophenecarboxaldehyde, 3-thiophenecarboxaldehyde compounds were created by a 

mixture ofhemeprotein LegH with IMP, GMP, glucose, and cysteine. The same samples 

15 without IMP and GMP did not generate these compounds, additionally these compounds 

were also not created when heme-proteins were not present, just precursor molecules. 

Sensory evaluation by blinded trained panelist found the samples with the addition of 

inosine and guanosine as described as having more complexity in taste and more beefy, 

meaty, brothy and savory. Figure 2 shows the abundance of the novel flavor compounds 

20 created with heme protein at 1 % was mixed in a reaction at pH 6, with cysteine ( 10 mM), 

and glucose (20 mM), IMP (1 mM) and GMP (1 mM), and detected by solid phase 

microextraction (SPME) and then detected by GCMS. 

Example 7: Flavor generation with the addition of a particular organic acid 

25 The addition of lactic acid in mixes with heme protein, ribose, and cysteine 

controlled the formation of the flavor compounds nonanal, thiazole, 2-acetylthiazole, and 

8-methyl-1-undecene. These compounds are known to be present in meat. 

Reactions containing heme protein at 1 %, cysteine (10 mM), and ribose (20 mM), 

and lactic acid (lmM), pH 6.0, were prepared and heated to 150C for 3 minutes. 

30 Characteristic flavor and fragrance components were mostly produced during the cooking 
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process where precursors reacting heme-protein. These samples were evaluated by 

GCMS for the flavor compounds generated and evaluated for the sensory experience. 

Volatile chemicals were isolated from the head space around the flavor reaction and 

identified using GCMS, creating a profile of the generated compounds. Nonanal, 

5 thiazole, 2-acetylthiazole, and 8-methyl-1-undecene compounds were created by a 

mixture of LegH with lactic acid, ribose, and cysteine. The same samples without lactic 

acid did not generate these compounds, additionally these compounds were not created in 

the absence of heme-proteins. 

Sensory evaluation by blinded trained panelist found the samples with the 

10 addition of lactic acid as described as beefy, savory, browned, bready, and having malty 

notes. The sample with everything but lactic acid rated lower in browned, bready and 

malty notes. 

Example 8: Flavor generated with the addition of a particular amino acid. 

15 The addition of lysine in mixes with heme protein ribose, and cysteine controlled 

the formation of flavor compounds dimethyl trisulfide, nonanal, 2-pentyl-thiophene, 

furfural, 2-nonenal, 1-octanol, 2-nonenal, thiazole, 2-acetylthiazole, phenylacetaldehyde, 

2-acetylthiazole. These compounds are known to be present in meat and some have a 

beefy, meaty, and or savory flavor. 

20 Reactions containing heme protein at 1 %, cysteine (10 mM), and ribose (20 mM), 

and lysine (lmM), at pH 6.0, were prepared and heated to 150C for 3 minutes. These 

samples were evaluated by GCMS for the flavor compounds generated and evaluated for 

the sensory experience. Characteristic flavor and fragrance components were mostly 

produced during the cooking process where precursors could react with the heme-protein. 

25 These samples were evaluated by GCMS for the flavor compounds generated and 

evaluated for the sensory experience. Volatile chemicals were isolated from the head 

space around the flavor reaction. Dimethyl trisulfide, nonanal, 2-pentyl-thiophene, 

furfural, 2-nonenal, 1-octanol, 2-nonenal, thiazole, 2-acetylthiazole, phenylacetaldehyde, 

2-acetylthiazole compounds were created by a mixture of LegH with lactic acid, ribose, 

30 and cysteine. The same samples without lactic acid did not generate these compounds, 
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additionally these compounds were not created when heme-proteins were not present, just 

precursor molecules. Sensory evaluation by blinded trained panelist found the samples 

with the addition of lysine as described as roast beefy, savory, and browned. The addition 

of lysine increased the roasted browned notes. 

Example 9 - Flavor compound production by different Heme-proteins 

The addition of different types of heme-proteins (LegH, Barley, B. myoglobin, or 

A. aeolicus) in flavor reaction mixtures containing one or more flavor precursor 

compounds results in many of the same key meat flavors, including but not limited to 2-

10 pentyl-furan, 2,3-Butanedione, Thiophene, 2-methyl-thiazole, Pyrazine, Furan, Pyrrole, 

2-methyl-furan and distinct differences in the flavor compounds, including but not 

limited to 2-pentyl-thiophene, Nonanal, 2-Nonanone, and 1-Octen-3-one. These 

differences in flavor compounds can change the overall taste profile. The different types 

of heme-protein were LegH, Barley, B. myoglobin, or A. aeolicus used at 1 % w/w in a 

15 reaction mixed with cysteine (10 mM) and ribose (10 mM) at pH 6. The pre- reaction 

mixture was heated to 150 C for 3 minutes; this reaction created flavor compounds 

known to be present in meat; see Table 9. The characteristic flavor and fragrance 

components are mostly produced during the cooking process where the flavor precursor 

molecules react with the heme-protein. Samples were evaluated by GCMS to identify the 

20 flavor compounds generated after heating and also evaluated for their sensory profiles. 

25 

Volatile chemicals were isolated from the head space around the flavor reactions. Table 9 

shows the similarity and differences in volatile flavor compounds created by the different 

types of heme-proteins. 

Name 

Furan 

Thiazole 

benzaldehyde 

TABLE 9 

Flavor compounds created by different heme-protein 

when heated with ribose and cysteine. 

LegH Barley B. myoglobin A. aeolicus 

X X X X 

X X X X 

X X X X 

2-acetylthiazole X X X X 
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2-methyl-propanal X X X X 

furfural X X X X 

2,3-butanedione X X X X 

2-pentyl-furan X X X X 

2-pentanone X X 

pyrazme X X X X 

dimethyl trisulfide X X X X 

3-methyl-butanal X X X 

2-methyl-thiazole X X X X 

pentanal X X X X 

1,3,5-cycloheptatriene X X X X 

methacrolein X X X X 

heptanal X X X X 

2-methyl-butanal X X X 

isothiazole X X X X 

thiophene X X X X 

propanal X X X X 

2-heptenal X X X 

methyl-pyrazine X X X X 

1-octene X X X 

butanal X X X X 

2-acetyl-propen-2-ol X X X X 

pyrrole X X X X 

2-methyl-furan X X X X 

nonanal X X X 

2-propenal X X X 

2-decenal X X X 

2-nonanone X X 

2-octanone X X X 

2-tridecen-1-ol, X X 

2-octanone X 

2-octenal X X 

4-methyl-2-heptanone X X 

octanal X X 

2-undecenal X 

butyrolactone X 

1-octen-3-one X 

3-methylheptyl acetate X 
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I 2-pentyl-thiophene X 

Example 10 - Generation of Meat flavors from different lipids 

Several different samples including oils ( canola oil or coconut oil), free fatty acids 

(FFA) (linoleic acid (C18:2), oleic acid (C18: 1), stearic acid (C18:0), or myristic acid 

5 (C14:0)) and phospholipids (PL) (beef heart polar lipids extract, Biolipon95 (from 

Perimond), or NatCholinePC40 (from Perimond)) were tested for their ability to produce 

beefy flavor in the absence and in the presents of other precursors. Oils, FF As, and PLs 

were added to 50 mM potassium phosphate buffer (PPB) pH 6.0 or a Maillard reaction 

mix (MRM) containing 50 mM potassium phosphate pH 6.0, 5 mM Cysteine, 10 mM 

10 Glucose, 0.1 mM Thiamine, and 0.1 % (w/v) LegHemoglobin. Lipids in combination 

with MRM were designed to capture the cross reactions oflipid degradation and Maillard 

reaction productions while lipids in phosphate buffer functioned as a lipid control. The 

oils were added at 3% of the total 1 mL volume of solution while FF As and PLs were 

added at 1 % of the total 1 mL volumes. All samples were cooked at 150°C for 3 mins, 

15 cooled to 50°C and then analyzed using GCMS (SPME fiber sampling ofheadspace). 

After all samples were analyzed by GCMS the caps were removed and samples were 

smelled by a trained flavor scientist and aromas recorded. 

Table 10 

Legend showing components of each sample 

Sample Name Solution Additives 

MRMNone Maillard Reaction Mix None 

MRM Linoelic Acid Maillard Reaction Mix 1 % linoleic acid 
-

MRM Oleic Acid Maillard Reaction Mix 1 % oleic acid 
-

MRM C14 Maillard Reaction Mix 1 % C14:0 free fatty acid 
-

MRM C18 Maillard Reaction Mix 1 % C 18 :0 free fatty acid 
-

MRM Canola Maillard Reaction Mix 3% Canola Oil 
-

MRM Coconut Maillard Reaction Mix 3 % Coconut Oil 
-

MRM Beefl--leart Maillard Reaction Mix 1 % Beef Heart Polar Lipids Extract 
-

MRM _ Biolipon95 Maillard Reaction Mix 1 % Biolipon95 ( emulsifier) 
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MRM NatCholinePC40 Maillard Reaction Mix 1 % NatCholinePC40 ( emulsifier) 
-

KPhos6 Linoelic Acid PPB,pH 6 1 % linoelic acid 

KPhos6 Oleic Acid PPB,pH6 1 % oleic acid 

KPhos6 C14 PPB,pH6 1 % C14:0 free fatty acid 

KPhos6 C18 PPB,pH6 1 % C 18 :0 free fatty acid 

KPhos6 Canola PPBpH6 3% Canola Oil 

KPhos6 Coconut PPB,pH 6 3 % Coconut Oil 

KPhos6 BeefHeart PPB,pH6 1 % Beef Heart Polar Lipids Extract 

KPhos6 _ Biolipon95 PPB,pH6 1 % Biolipon95 ( emulsifier) 

KPhos6 NatCholinePC40 PPB,pH6 1 % NatCholinePC40 ( emulsifier) 

Table 11 contains the aroma descriptions and Table 12 contains the GCMS data 

from the most interesting samples analyzed. Many of the lipids introduced a "fatty" 

aroma to MRM that was otherwise absent. The combinations ofLinoleic Acid or 

5 NatCholinePC40 in MRM produced the greatest abundance of fatty compounds 

suggesting that these lipids may improve the flavor perception of beef tallow. Linoleic 

Acid and NatCholinePC40 also showed high abundance of earthy-mushroom aromas. 

The addition of lipids to MRM significantly increased the abundance of "nutty & 

roasted" aromas. Less desirable "green" aroma compounds were most prominent in 

10 samples with unsaturated free fatty acids (linoleic acid or oleic acid) or phospholipids. In 

general, the addition of lipids significantly increased the number of target beef 

compounds made. 

TABLE 11 

15 Aroma descriptions of each sample after it was cooked. 

Sample Names Aroma Descriptions 
MRM_Only brothy, malty, beef stew 

MRMlJ3eeft-1eart • 
KPhos6_Biolipon95 fatty, fresh 
MRM_Biolipon95 fatty, brothy, hay, malty green 
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• KRho~EUNatChqlih(?PC4 
0 

••MRMJ.Nat¢~olin~RC40 

MRM_C14 rothy, beefy, minty, fre 

••KH8hq-s6[.Qte ghflt~ipi pli~tiiW!~,cy 
••MRM1.Q1$?•• ~~fy ji!tl qµgyrni~t~r 
K-Phos6_Canola fresh, cucumber 

Table 12 

List of aromatic compounds found in Beef by GCMS and a chart showing which 

were detected in each lipid plus MRM sample . 

Compounds in Beef 

( s )-isopropyl lactate 

1-ethyl-5-
methylcyclopentene 

1-heptanol 

1-hepten-3-ol 

1-heptene 

2-methyl-1-heptene 

1-hexanol 

2-ethyl-1-hexanol 

1-nonanol 

1-nonene 

1-octanol 

1-octen-3-ol 

b 
i::i 
0 

~ 
~ 
~ 

N N 
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1-octen-3-one 

1-octene 

1-pentanol N 
1-penten-3-ol N 
1-propanol N 
8-methyl-1-undecene N 
1,3-hexadiene N 
3-ethyl-2-methyl-1,3-
hexadiene 

1,3-octadiene 

1,3,5-cycloheptatriene N 
2,3-dihydro-5,6-dimethyl-
1,4-dioxin N N N 
1, 7-octadien-3-ol N N N 
lh-pyrrole-2-
carboxaldehyde N N N 
2-methyl-lH-pyrrole N N 
2-acetyl-2-thiazoline 

2-acetylthiazole 

2-butanone 

2-butenal N 
2-ethyl-2-butenal N 
3-methyl-2-butenal N 
3-methyl-2-cyclohexen-1-
one 

2-decanone 

(E)-2-decenal 

(Z)-2-decenal 

2-furanmethanol 

2-heptanone 

6-methyl-2-heptanone 

(E)-2-heptenal N 
(Z)-2-heptenal N 
(E)-2-hexenal N 
2-ethyl-2-hexenal 

2-methyl-2-heptene N 
2-n-heptylfuran N 
2-n-octylfuran N 

45 



Motif Exhibit 1148, Page 3126 of 3341

Case No.: IPR2023-00207 
U.S. Patent No. 10,039,306

WO 2014/110532 

2-nonanone 

(E)-2-nonenal 

(Z)-2-nonenal 

2-octanone 

(Z)-2-octen-1-ol 

(E)-2-octenal 

2-pentanone 

1-propoxy-2-propano 1 
1-( acetyloxy)-2-propanone 

1-hydroxy-2-propanone 

2-propenal 

2-thiophenecarboxaldehyde 

2-undecenal 

2,3-butanedione 
2,3-pentanedione 

(E,E)-2,4-decadienal 

2,4-decadienal 

(E,E)-2,4-heptadienal 

(E,E)-2,4-nonadienal 

2,6-dimethylpyrazine 

(E,Z)-2,6-nonadienal 

5-ethyldihydro-2(3H)­
furanone 

5-methyl-2(3H)-furanone 

dihydro-5-pentyl-2(3H)­
furanone 

dihydro-5-propyl-2(3H)­
furanone 

2( 5H)-furanone 

tetrahydro-6-methyl-2H­
pyran-2-one 

3-ethylcyclopentanone 

3-hexanone 

3-methyl-2-
thiophenecarboxaldehyde 

3-octanone 

3-octen-2-one 

3-thiophenecarboxaldehyde 

PCT/US2014/011347 

N N N N 
N N N N 

N N N N 
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(E,E)-3,5-octadien-2-one N N 
dihydro-2-methyl-3(2H)-
furanone N N N 
4-cyanocyclohexene N N N 
4-cyclopentene-1,3-dione N N 
4-decyne N 
(Z)-4-heptenal N 
4-methyloctanoic acid N 
(E)-4-octene N N 
2,3-dihydro-3,5-dihydroxy-
6-methyl-4(H)-pyran-4-one N N N 
6-methyl-5-hepten-2-one N N 
acetaldehyde N N 
acetic acid N N 
acetic acid ethenyl ester N N 
acetoin N N 
acetone N N 
acetonitrile 

benzaldehyde 

4-ethyl-benzaldehyde 

benzene 

benzoic acid, hydrazide N N 
butanal N N 
2-methyl-butanal N N 
3-methyl-butanal N N 
butanoic acid 

butyrolactone 

caprolactam 

carbon disulfide 

1-ethyl-1-methyl-
cyclopentane 

propyl-cyclopropane 

decanal 

dihydro-3-(2H)-thiophenone N 
Dimethyl sulfide N N 
dimethyl sulfone N N 
dimethyl trisulfide N N 
ethanethiol N N 
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ethanol N N N 
1-(1 (H)-pyrrol-2-yl)-
ethanone N N N N 
1-(2-furanyl)-ethanone N N N N 
ethosuximide 

formic acid, heptyl ester 

furan 

2-ethyl-furan 

2-hexyl-furan 

2-methyl-furan 

2-pentyl-furan 

2-propyl-furan 

3-methyl-furan 

3-pentyl-furan 
furfural 

heptanal 

heptanoic acid 

2-methyl-hex-2-yn-4-one 

hexanoic acid 

hydrogen sulfide N N N N 
m-aminophenylacetylene N N N N 
maleic anhydride N N N N 
methacrolein N N N N 
methanethiol N N N N 
methyl ethanoate N N N N 
methyl isobutyl ketone 

n-caproic acid vinyl ester 

nonanal 

3-methyl-nonane 

nonanoic acid 

octanal 

octane 

octanoic acid 

oxalic acid, isobutyl pentyl 
ester 

p-cresol 

pentanal 

pentanoic acid 
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4-ethyl-phenol 

phenylacetaldehyde 

(p-hydroxyphenyl)-
phosphonic acid 

propanal 

2-methyl-propanal 

propanoic acid 

2-methyl-propanoic acid 

propanoic acid, ethenyl ester 

pyrazme 

2-ethyl-5-methyl-pyrazine N N N N 
2-ethyl-6-methyl-pyrazine N N N N 
2,3-dimethyl-pyrazine N N N N 
2,5-dimethyl-pyrazine N N N N 
3-ethyl-2,5-dimethyl-
pyrazme N N N 
ethyl-pyrazine N N N 
methyl-pyrazine N N N 
trimethyl-pyrazine N N 
pyridine 

pyrrole 

styrene 

thiazole 

me thy 1-thiirane 

thiophene 

2-hexyl-thiophene 

2-pentyl-thiophene 

trans-2-(2-pentenyl)furan N 
trans-3-nonen-2-one N 
undecanoic acid N 

Total # of Compounds 
Detected: 54 63 

In samples having fatty or creamy aromas, 2,4-decadienal, (E,E)-2,4-nonadienal, 

(E,E)-2,4-heptadienal, and/or (E,E)-2,4-decadienal were detected in the 

KPhos6 _ Beefl--Ieart, MRM _ Beefl--Ieart, MRM _ BioLipon95, MRM _ NatCholinePC40, 

49 



Motif Exhibit 1148, Page 3130 of 3341

Case No.: IPR2023-00207 
U.S. Patent No. 10,039,306

WO 2014/110532 PCT/US2014/011347 

Kphos6_Canola, MRM_Canola, KPhos6_Oleic Acid, KPhos6_Linoleic acid and 

MRM _ Linoleic acid samples. For (E,E)-2,4-decadienal, the strongest signal intensity 

was in the MRM _ NatCholinePC40 sample, followed by the MRM _ Linoleic acid, 

KPhos6 _ Linoleic acid, MRM _ Beefl-Ieart, MRM _ BioLipon95, KPhos6 _ BeefHeart, 

5 MRM _ Oleic Acid, and KPhos6 _ Oleic Acid samples. For (E,E)-2,4-heptadienal, the 

strongest signal intensity was in the MRM _ NatCholinePC40 sample followed by the 

MRM _ Cano la sample. (E,E)-2,4-heptadienal also was detected in the 

MRM _ BioLipon95, MRM _ Beefl-Ieart, and MRM _ Linoleic acid samples. For (E,E)-2,4-

nonadienal, the strongest signal intensity was in the MRM _ Cano la and MRM _ Linoleic 

10 acid samples. (E,E)-2,4-nonadienal also was detected in the Kphos6 _ Cano la, 

MRM _ NatCholinePC40, MRM _ BioLipon95, MRM _ Beefl-Ieart, and KPhos6 _ Linoleic 

acid samples. For 2,4-decadienal, the strongest signal intensity was in the 

MRM _ Linoleic acid sample. 2,4-decadienal also was detected in KPhos6 _ Linoleic acid, 

MRM _ Canola, and KPhos6 _ Oleic Acid samples. 

15 In samples having earthy or mushroom aromas, 3-octen-2-one, 1-octen-3-one, 3-

octanone, and/or 1-octen-3-ol were detected in the KPhos6 _ Beefl-Ieart, MRM _ Beefl-Ieart, 

Kphos _ BioLipon95, MRM _ BioLipon95, Kphos _ NatCholinePC40, 

MRM _ NatCholinePC40, MRM _ Canola, KPhos6 _ Oleic Acid, MRM _ Oleic Acid, 

KPhos6_Linoleic acid, and MRM_Linoleic acid samples. For 1-octen-3-ol, the strongest 

20 signal intensity was in the MRM _ Linoleic acid sample, followed by 

MRM_NatCholinePC40, KPhos6_Linoleic acid, MRM_Beefl-Ieart, KPhos6_BeefHeart, 

MRM _ Canola, MRM _ BioLipon95, KPhos6 _ Oleic Acid, and MRM _ Oleic Acid samples. 

3-octanone was detected in the MRM _ Oleic Acid, KPhos6 _ Linoleic acid, and 

MRM _ Linoleic acid samples. For 1-octen-3-one, the strongest signal intensity was in the 

25 MRM _ Linoleic acid and MRM _ Beefl-Ieart samples, followed by KPhos6 _ Linoleic acid, 

MRM _ NatCholinePC40, KPhos6 _ BeefHeart, MRM _ BioLipon95, MRM _ Oleic Acid, 

and KPhos6 _ Oleic Acid samples. For 3-octen-2-one, the strongest signal intensity was in 

the KPhos6 _ Linoleic acid sample, followed by MRM _ Linoleic acid, 

MRM _ NatCholinePC40, KPhos6 _ BeefHeart, KPhos6 _ Oleic Acid, MRM _ Oleic Acid, 

30 MRM_Beefl-Ieart, MRM_BioLipon95, MRM_Canola, Kphos_BioLipon95, and 
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Kphos_NatCholinePC40. Pyrazine was detected in the MRM_Coconut, MRM_C18, 

MRM_C14, andMRM_BioLipon95 samples. 

In samples having a nutty and roasted aroma, thiazole and 2-acetylthiazole were 

the most abundant compounds detected, along with pyrazine, methyl pyrazine, trimethyl 

5 pyrazine, and 3-ethyl-2,5-dimethylpyrazine. 2-acetylthiazole was detected in all samples 

with MRM and most abundant in samples with MRM _ Beefheat, MRM _ biolipon95, 

MRM _ Cano la, and MRM _ coconut. Thiazole was created in samples with MRM­

Coconut, MRM_BeefHeat, MRM_Biolipon95, MRM_C14, MRM_C18, MRM_Canola, 

MRM_Oleic acid and MRM_Linoleic acid and MRM_NatCholinePC40. Pyrazine was 

10 present in the largest amount in samples with MRM-Coconut, followed by samples 

MRM_BeefHeat, MRM_Biolipon95, MRM_C14, MRM_C18, MRM_Canola having 

roughly equal amount, MRM _ Oleic acid and MRM _ Linoleic acid sample had even less. 

Methyl-pyrazine was present in MRM _ Biolipon95 and MRM _ Coconut. 3-ethyl-2,5-

dimethyl- pyrazine and trimethyl- pyrazine, were present only without phospholipids in 

15 the MRM. 

In samples having green, vegetable, or grass aromas, 1-heptanol, 1-hepten-3-ol, 1-

hexanol, (E)-2-heptenal, (Z)-2-heptenal, (E)-2-hexenal, 2-pentyl-furan, and/or heptanal 

were detected in the KPhos6_BeefHeart, MRM_BeefHeart, Kphos_BioLipon95, 

MRM_BioLipon95, Kphos_NatCholinePC40, MRM_NatCholinePC40, Kphos_C14, 

20 MRM _ C 14, Kphos _ C 18, MRM _ C 18, MRM _ Cano la, MRM _ Coconut, KPhos6 _ Oleic 

Acid, MRM_Oleic Acid, KPhos6_Linoleic acid, and MRM_Linoleic acid samples. For 2-

pentyl-furan, the strongest signal intensity was in the KPhos6 _ BeefHeart sample, 

followed by the KPhos6_Linoleic acid, MRM_BioLipon95, MRM_Linoleic acid, 

MRM _ BeefHeart, MRM _ Oleic Acid, MRM _ NatCholinePC40, MRM _ Cano la, 

25 KPhos6_Oleic Acid, and Kphos_NatCholinePC40 samples. For (E)-2-heptenal, the 

strongest signal intensity was in the MRM _ BeefHeart, MRM _ Cano la, MRM _ Oleic Acid, 

and KPhos6 _ Linoleic acid samples, followed by the KPhos6 _ Oleic Acid, 

MRM _ BioLipon95, KPhos6 _ BeefHeart, MRM _ Linoleic acid, MRM _ NatCholinePC40, 

Kphos_BioLipon95, and Kphos_NatCholinePC40 samples. For (Z)-2-heptenal, the 

30 strongest signal intensity was in the MRM _ Linoleic acid sample. MRM Linoleic acid 
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also was detected in the KPhos6 _ Linoleic acid sample. For heptanal, the strongest signal 

intensity was in the MRM _ Oleic Acid sample, followed by the KPhos6 _ Oleic Acid, 

MRM C14, MRM_C18, MRM Canola, MRM_Beefl--Ieart, MRM_NatCholinePC40, 

MRM _ Linoleic acid, and KPhos6 _ BeefHeart samples. For, (E)-2-hexenal, the strongest 

5 signal intensity was in the MRM _ Linoleic acid sample, followed by the 

MRM _ NatCholinePC40, KPhos6 _ Linoleic acid, and MRM _ Oleic Acid samples. 

Example 11 - Creation of beefy flavors using complex precursor mixtures 

A formulation was prepared (the "magic mix," see Table 13 containing the 

10 estimated concentrations of amino acids, sugars, and other small molecules in beef based 

on their values reported in literature. The magic mix was tested for its ability to produce 

beefy flavors in the presence of LegHemoglobin (LegH). The magic mix and 1 % w/v 

LegH were added to the meat replica, pH 6.0 (see Table 4) and baked in a convection 

oven for 7 minutes at 160°C. A control sample was prepared by adding 1 % w/v LegH to 

15 the meat replica, pH 6.0 and baking in a convection oven for 7 minutes at 160°C. 

The meat replica sample containing only LegH, was compared to the meat replica 

sample containing the magic mix and LegH by a sensory panel and GCMS analysis. Five 

tasters rated the flavored meat replicas for beefiness, bitterness, and levels of savory 

flavors, and off flavors. Each property was rated on a 7 point scale in which 7 was the 

20 highest amount of the specified property (e.g., a standard 80:20 ground beef would be 

rated 7 on the beefy scale). The Magic Mix flavor was rated one point higher in beefy 

character than the LegH only sample (FIG. 1). 

To determine which chemical products were produced upon heating, a solution of 

Magic Mix was prepared with 1 % w/v LegH at pH 6.0. The samples were cooked with 

25 shaking at l 50°C for three minutes, then Solid Phase Micro Extraction (SPME) was 

performed for twelve minutes at 50°C to extract the volatile compounds above the 

headspace of the reaction. A search algorithm was used to analyze the retention time and 

mass fingerprint information of the volatile compounds and assign chemical names to 

peaks. Table 14 shows the compounds identified in both the Magic Mix+ LegH (MM, 

30 average of two samples) and in the LegH alone in buffer (LegH, average of five samples) 
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samples. The compounds in Table 14 are listed in order of the retention time (R.T., in 

seconds), and are designated as having a zero peak area (0), or a small (S), medium (M), 

or large (L) average peak area. Hundreds of compounds were identified between the 

samples, many of which are characteristic of beefy aroma, including but not limited to 

5 1,3-bis(l,1-dimethylethyl)-benzene, 2-methyl 3-furanthiol, and Bis(2-methyl-4,5-

dihydro-3-furyl) disulfide, which increased in the samples containing the Magic Mix and 

LegH. 

Table 13 

10 Chemical entities added to the Magic Mix 

Chemical entity mM 

Alanine 5.6 

Arginine 0.6 

Asparagine 0.8 

Aspartate 0.8 

Cysteine 0.8 

Glutamic acid 3.4 

Glutamine 0.7 

Glycine 1.3 

Histidine 0.6 

Isoleucine 0.8 

Leucine 0.8 

Lysine 0.7 

Methionine 0.7 

Phenylalanine 0.6 

Proline 0.9 

Threonine 0.8 

Tryptophan 0.5 

Tyrosine 0.6 
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Valine 0.9 

glucose 5.6 

Ribose 6.7 

Maltodextrin 5.0 

Thiamine 0.5 

GMP 0.24 

IMP 0.6 

Lactic acid 1.0 

creatine 1.0 

NaCl 10 

KCl 10 

KphospH 6.0 10 

TABLE 14 

Compounds identified with GC-MS analysis in samples with MM and LegH, or 

LegH alone (average of five samples) 

MM 
with LegH 

R.T.(s) Name LegH alone 

248 acetaldehyde L s 
256.3 carbon disulfide L s 
264.3 dimethyl sulfide s 0 
265 oxalic acid, isobutyl pentyl ester M 0 
268.1 2,3,4-trimethyl-pentane M 0 
269.2 methanethio 1 s 0 

283.4 propanal M 0 
285.4 octane M 0 
287.1 furan M 0 
295.3 2-methyl-propanal L s 
297.6 acetone L s 
319.3 2-propenal M s 
338.1 2-methyl-furan M s 
342.1 butanal L s 
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344.2 2, 4-dimethy 1-1-heptene M 0 

346.3 methacrolein M 0 

357.4 methyl-thiirane L 0 
360.2 3-methyl-furan s 0 

363.7 butanone L s 
368.9 2,3-dihydro-5-methyl-furan M s 
376.4 2-methyl-butanal L M 

381.1 3-methyl-butanal L M 

390.6 isopropyl alcohol 0 s 
399.6 ethanol L M 

406.2 2-propenoic acid, methyl ester M 0 

408.2 benzene s 0 
414.4 methyl vinyl ketone M 0 
416.4 2,2,4,6,6-pentamethyl-heptane M 0 
422.6 2-ethyl-furan s 0 

438.4 2-ethylacrolein M 0 

449.9 2-pentanone s 0 
453.2 pentanal/2,3-butanedione L 0 
453.8 2,3-butanedione L M 

472.8 4, 7 -dimethy 1-undecane M s 
485.9 2-methyl-pentanal M 0 

492.6 2-methyl-1-penten-1-one s 0 
496.6 (E)-3-penten-2-one M 0 

508.6 1-penten-3-one M 0 

510.6 trichloromethane M M 

520.4 p-dithiane-2,5-diol M 0 

525.5 3-methyl-pentanal M 0 
535.1 (E)-5-decene M 0 

536.5 toluene M s 
537.9 2-butenal M s 
543.8 4-penten-2-one M 0 

550.8 methyl thiolacetate M 0 

683.7 p-xylene s 0 

727.4 dimethyl selenone M 0 

738.3 methyl isopropyl disulphide M 0 

755 2-heptanone M 0 

758.7 heptanal L 0 

781.9 1,3-diisopropoxy-1,3-dimethyl-1,3- s M 
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disilacyclobutane 

789.4 3-methyl-2-butenal M 0 

793.4 4-methyl-2-heptanone M 0 

810.4 pyrazme M 0 
818.8 isothiazole s 0 
827.1 acetyl valeryl M 0 

831.8 2-pentyl-furan L 0 
851 2-methyl-thiazole s 0 

853.3 isothiocyanato-methane s 0 

870.9 thiazole L 0 

879.2 styrene M 0 

890.7 1-(methylthio )-propane M 0 

895.6 methyl-pyrazine M 0 

910.5 thiocyanic acid, methyl ester s 0 
918.6 4-methylthiazole M 0 

921.4 2-octanone M 0 

923.9 2-methyl-cyclopentanone M 0 

927.9 octanal L s 
934.3 tridecane M 0 
948.8 trans-2-(2-pentenyl)furan s 0 
961.9 1-hydroxy-2-propanone M 0 

974.5 (E)-2-heptenal M 0 

987.4 5-methyl-1-undecene M 0 

993.8 2-hexyl-furan M 0 

1007.8 7-methyl-(E)-5-undecene M 0 
1024.1 2-methyl-5-(methylthio)-furan, s 0 

1058.6 2-butyl-1-decene M 0 

1079.3 dimethyl trisulfide L s 
1085.3 2-nonanone M 0 

1093.2 nonanal L M 

1142.3 1,3-bis( 1, 1-dimethylethyl)-benzene M 0 

1149.6 (E)-2-octenal M 0 
1164.5 1-heptanol M 0 
1193.5 methional L 0 
1198.8 acetic acid M s 
1207.2 furfural M 0 

1242.1 2-decanone M 0 
1250.8 decanal M 0 
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1265.2 1-decen-3-one M 0 

1283.3 pyrrole M 0 
1292.6 5-ethenyl-4-methyl-thiazole M 0 
1294.3 benzaldehyde L M 

1303.7 2-n-octylfuran M 0 

1305.6 (E)-2-nonenal M 0 

1341.4 1-octanol M 0 
1361.1 2-methyl-1 (H)-pyrrole s 0 

1391.7 2-undecanone M 0 
1401.2 (E)-2-octen-1-ol M 0 
1448 bu tyro lactone s s 
1456.3 (E)-2-decenal M 0 
1462.4 phenylacetaldehyde L s 
1466.3 2-acetylthiazole L 0 
1471.3 acetophenone M s 
1475.4 1-nonanol M 0 

1487 methyl (methylthio )methyl disulfide M 0 
1497.1 5-(2-chloroethyl)-4-methylthiazole L 0 
1497.5 1-( ethylthio )-2-( methylthio )-buta-1,3-diene L s 
1512 3-thiophenecarboxaldehyde M 0 
1518.8 2-nonen-4-one M 0 

1531.7 2-thiophenecarboxaldehyde s 0 
1543.9 dodecanal M 0 
1551.6 4-ethyl-2-methyl-pyrrole s 0 
1558.2 3-(methylthio )-propanenitrile s 0 
1561.2 3-decen-2-one M 0 

1613.1 bis(2-methyl-4,5-dihydro-3-furyl) disulfide M 0 
1615.6 1, 10-undecadiene M 0 
1619.5 2-undecenal s 0 
1668.9 2-phenylpropenal M 0 
1692.3 (Z)-3-decen-1-ol, acetate M 0 

1733.1 3-phenyl-furan s 0 
4-nitrophenyl 2-thiophenecarboxylic acid 

1739.7 ester s 0 
1741.2 5-formyl-4-methylthiazole M 0 

pentanoic acid, 2,2,4-trimethyl-3-hydroxy-, 
1749.7 isobutyl ester M 0 
1765.5 benzyl alcohol s 0 
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pentanoic acid, 2,2,4-trimethyl-3-hydroxy-, 
1774.2 isobutyl ester s 0 

1796.9 dodecanal M 0 
1806.1 (1-ethyl-1-propenyl)-benzene s 0 
1825.6 1-undecanol M s 
1827.9 2-methyl-3-furanthiol M 0 

1828.3 2-methyl-3-(methylthio) furan M 0 
1836.1 4-chloro-2,6-bis( 1, 1-dimethylethyl)-phenol s 0 
1844.1 phenol s s 
1845.3 [(methylsulfonyl)methyl]-benzene s 0 
1850.3 ( e )-2-tridecen-1-ol M 0 

1-heptyl-1,2,3 ,4-tetrahydro-4-methyl-
1859.9 naphthalene s 0 
1863.2 2, 4-decadienal s 0 
1905.1 3,3'-dithiobis[2-methyl]-furan M 0 

1906.9 3,5-di-tert-butylbenzoic acid s 0 
1909.6 4-ethoxy-benzoic acid, ethyl ester s 0 

1921.5 3-(phenylmethyl)-2,5-piperazinedione s 0 
1944.5 9-octadecenal M 0 
1959.7 3,5-bis(l,1-dimethylethyl)-phenol M s 
1968.4 4-methyl-5-thiazoleethanol M s 
2007.8 1, 1 '-(1,2-cyclobutanediyl)bis-cis-benzene s 0 

2019.8 benzoic acid s s 
2026.4 4-quinolinecarboxaldehyde s 0 
2027.8 m-aminophenylacetylene M 0 

Example 12 - Ferrous Chlorin Catalyzes Production of Meat-like flavor 

compounds 

Fresh green spinach (10 lb) was added to 500 mL water and finely ground in a 

Vitamix blender to yield 2 Lofgreen suspension. Acetone (8L) was added with mixing 

and the material was allowed to extract for 1 hour. The material was filtered through 

Whatman filter paper and the acetone was removed on a rotary evaporator (Buchi). To 

the residual green suspension (500 mL) was added 2 mL of 10 M HCl, causing the 

10 suspension to tum brown. To this was added lg ofFeCb.4H20 in 10 mL H20. The 
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solution was shaken then left at 4 °C for 16 hours. This suspension was extracted with 

diethyl ether (3x50mL) to give a bright green organic phase, the combined organics were 

washed with saturated sodium chloride solution, dried over sodium sulfate, filtered and 

evaporated to leave a black paste (I.lg). The pellet was dissolved in chloroform for 

5 fractionation. 

Chlorophyll and Ferrous chlorin crude fractions were stored at -20°C. Crude 

extracts were fractionated by reverse-phase high-pressure liquid chromatography (RP­

HPLC). HPLC conditions are outlined in Table 15. Both chlorophyll and ferrous 

chlorophyll were eluted from the column with a peak retention time of 7 .6 minutes. 

10 Eluted material was collected from 7.3 - 8.0 minutes. Collected fractions were pooled 

and stored on ice. Collected fractions were re-chromatographed and showed a single 

peak with retention time 7.6 minutes. The desired fractions were pooled, then 10% 

sunflower oil was added, methanol was removed on a rotary evaporator (Buchi). 

15 

20 

TABLElS 

HPLC conditions for purification of chlorophyll and ferrous chlorin from crude 

extract. 

Sample: Chlorophyll or Fe-chlorin (~2mg/mL in CHCh) 

System: Agilent 1100 with Chemstation 

Column: Zorbax Bonus-RP (4.6 x 250 mm, 5uM) 

Mobile phase: acetonitrile, methanol, ethyl acetate (60:20:20) isocratic flow 

Temperature: 30°c 

Flow Rate: 1. 0 mL per minute 

Injection volume: 0.05 mL 

Preparation of Flavor Reaction Containing Ferrous Chlorin or Leghemoglobin 

A solution of ferrous chlorophyll was mixed with the Magic Mix (Table 13) to a 

final concentration of 0.35% ferrous chlorin, 1 % glycerol, 0.005% tween-20, 5% 

sunflower oil, 100 mM NaCl, 20 mM phosphate at pH 6. Leghemoglobin (0.35%) at pH 

6 in phosphate buffer (20 mM), 100 mM NaCl, was mixed with the Magic Mix (Table 
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13), 1 % glycerol, and 0.005% tween-20. The flavor reaction mixtures were heated to 

150°C for 3 minutes; this reaction created flavor compounds known to be present in 

meat, created by hemoglobin and also created by ferrous chlorin; see Table 16. 

The characteristic flavor and fragrance components were mostly produced during 

5 the cooking process when the flavor precursor molecules reacted with the heme-protein 

or the ferrous chlorophyll. Samples were evaluated by GCMS to identify the flavor 

compounds generated after heating. Volatile chemicals were isolated from the headspace 

around the flavor reactions. The profile of the volatile chemicals in the headspace around 

the flavor reaction mixtures that were similar between heme-protein and ferrous chlorin 

10 are shown in Table 16. Notabily, many of the compounds created by the ferrous chlorin 

are important in the flavor of meat. 

TABLE 16 

Flavor Compounds created by both Ferrous Chlorin and LegH with Magic Mix. 

1-heptanol acetone 

1-hexanol acetonitrile 

1-octanol benzaldehyde 

1-octen-3-ol butanal 

1-octen-3-one 2-methyl-butanal 

1-pentanol dimethyl trisulfide 

2-acetylthiazole ethyl acetate 

2-butenal furan 

3-methyl-2-butenal, 2-ethyl-furan 

(Z)-2-decenal 2-hexyl furan 

6-methyl-2-heptanone 2-pentyl-furan 

(E)-2-heptenal furfural 

(E)-2-hexenal heptanal 

2-methyl-3-furanthiol aminophenylacetylene 

(E)-2-nonenal methacrolein 

(E)-2-octenal methional 

2-pentanone octanal 

1-hydroxy-2-propanone octane 

2-thiophenecarboxaldehyde oxalic acid, diallyl ester 

2-undecenal 2,3-butanedione 
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3-methyl-3-buten-2-one 2-methyl-propanal 

3-thiophenecarboxaldehyde pyrazme 

(E)-4-octene, 2,3-dimethyl-pyrazine 

methyl-pyrazine 2 ,5-dimethyl-pyrazine 

thiazole 

Example 13 - Flavor creation by immobilized Hemin 

Preparation of hemin linked CM Sepharose. 

200 mg of bovine hemin (Sigma Aldrich) was loaded into a scintillation vial. A 

5 small magnetic stir bar, 800 µL acetonitrile, 64 µL 4-methylmorpholine, and 71 mg ofN­

hydroxysuccinimide were added in that order. The vial was placed in an ice bath and 

chilled then 118 mg ofN-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride 

was added with stirring, followed by 845 µL of Jeffamine ED900. This was stirred while 

allowing the black mixture to warm to ambient temperature. Chloroform (10 mL) was 

1 o added to the mixture followed by water ( 4 rnL ). A flashlight was used to distinguish 

between organic and aqueous layers since both were black and the organic layer was 

pipetted off and concentrated to a dark black oil. The oil was dissolved in a 4: 1 mixture 

of acetonitrile and ethanol to make an approximately 10% strength solution that was inky 

black in color. 

15 2 mL of water swelled and equilibrated CM Sepharose was equilibrated in a 

BioRad minicolumn with 3 volumes of acetonitrile. The resin was resuspended in 1 mL 

acetonitrile and pipetted into a scintillation vial. This was followed with 44 microliters 4-

methylmorpholine, 23 mg N-hydroxysuccinimide, and 39 mg of solid N-(3-

dimethylaminopropyl)-N' -ethyl-carbodiimide hydrochloride. The mixture was vortexed 

20 vigorously and then shaken for three hours. To this white solid was added 570 

micro liters of inky black 20% strength hemin coupled diamine. The black solid was 

vortexed and shaken for an hour. The slurry strongly resembled Turkish coffee. The 

mixture was poured into a BioRad minicolumn and filtered, washed with acetonitrile 

until what came out no longer resembled espresso, then switched to deionized water, and 

25 finally 20 mM pH 9 sodium carbonate buffer. The black solid was washed until the 

effluent ran clear and then resuspended in 2 mL of buffer for storage until use. 
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Flavor reaction 

The flavor reaction was created with heme protein (equine myoglobin -Sigma) at 

0.35% in a phosphate buffer (20 mM) at pH 6.0 with 100 mM NaCl, this was mixed with 

5 Magic Mix (Table 13). Another flavor reaction was created with Immobilized Hemin at 

0.35% in a phosphate buffer (20 mM) at pH 6.0 with 100 mM NaCl, this was mixed with 

Magic Mix (Table 13). The flavor reaction mixtures were heated to 150°C for 3 minutes; 

this reaction created flavor compounds known to be present in meat. 

The characteristic flavor and fragrance components were mostly produced during 

1 o the cooking process when the flavor precursor molecules reacted with the Heme-protein 

or the immobilized Hemin. Samples were evaluated by GCMS to identify the flavor 

compounds generated after heating. Volatile chemicals were isolated from the headspace 

around the flavor reactions. As can be seen in Table 17, immobilized hemin catalyzed 

production of compounds similar to those whose production was catalyzed by myoglobin 

15 free in solution. Notably, the profiles of flavor compounds, measured by GCMS, 

produced by cooking mixtures containing the immobilized hemin and the heme-protein, 

respectively, were very similar. 

20 TABLE17 

Flavor compounds produced by cooking mixtures containing either myoglobin free 

in solution or hemin coupled to a solid support 

Flavor compound myoglobin hemin-linker-resin 
2-methyl-5-(methylthio )-thiophene Low 

dihydro-5-propyl-2(3H)-furanone Low 

octane Low 

pyrrole Low Low 

methanethiol Low Low 

2-thiophenecarboxaldehyde Low Low 

methyl-pyrazine Low Low 

1-hydroxy-2-propanone Low Low 

propanal Low Low 
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thiophene Low medium 

pyridine Low Low 

2-methyl-furan Low medium 

oxalic acid, butyl propyl ester Low Low 

pyrazme medium Low 

oxalic acid, diallyl ester medium medium 

2-butenal medium large 

furfural medium medium 

nonanal medium medium 

2-ethyl-furan medium Low 

ethanol medium very large 

tert-butanol medium 
1r•••••••••••••••••••r••••••••••••••••-3 ,3 '-dithio bis [2-methy 1 ]-furan medium medium 

m-aminophenylacetylene medium medium 
2,5-dihydro-3,4-dimethyl-furan medium medium 

2-acetylthiazole medium medium 

cyclohexane medium 11•••111--ethyl tert-butyl ether medium 
1 r•••••••••••••••••••r•••••••••••••••••••• carbon disulfide medium medium 

thiazole medium medium 

acetonitrile medium large 

2-pentyl-furan medium Low 

3-thiophenecarboxaldehyde medium medium 

2-methyl-butanal medium medium 

thiazole medium large 

2-methyl-3-furanthiol larege large 

2-propenal large large 

3-methyl-2-butenal large medium 

2-methyl-3-(methylthio) furan large large 

ethyl acetate large medium 

methacrolein large medium 

methyl-thiirane large large 

methional large large 

methyl alcohol large medium 

2-butanone large Low 

2,3-butanedione large medium 

acetone large large 

furan large medium 
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benzaldehyde large medium 

methyl thiolacetate large medium 

acetaldehyde very large very large 

2-methyl-propanal very large very large 

dimethyl trisulfide very large very large 

3-methyl-butanal very large very large 

propyl-cyclopropane medium 

(E)-2-octenal medium 

2-n-propylaziridine medium 

thiirane medium 

ethyl formate medium 

methyl vinyl ketone medium 

2-propenoic acid, ethyl ester medium 

1-nonanol large 
1-octene ?t••·· large 

1-heptanol 

tl 
large 

1-dodecene large 

phorone very large 

Example 14. The combination of precursors with Heme protein drives flavor 

reactions. 

Three samples were compared: precursor mix alone, 1 % heme protein alone, and 

5 precursor mix with 1 % heme. The precursor mix was made of glucose (20 rnM), ribose 

(20 mM), cysteine (10 mM), thiamine (1 mM), and glutamic acid (1 mM). Reactions 

were all at pH 6.0, prepared and heated to 150°C for 3 minutes. These three samples were 

run in duplicate. These samples were evaluated by GCMS for the flavor compounds 

generated. Characteristic flavor and fragrance components were mostly produced during 

1 o the cooking process where precursors could react with the heme-protein. These samples 

were evaluated by GCMS for the flavor compounds generated and evaluated for the 

sensory experience. Volatile chemicals were isolated from the head space around the 

flavor reaction. The flavor compounds created in each sample is indicated in Table 18. As 

shown most of the flavor molecules were created on when the precursors are combined 

15 with the heme protein. 

64 



Motif Exhibit 1148, Page 3145 of 3341

Case No.: IPR2023-00207 
U.S. Patent No. 10,039,306

WO 2014/110532 PCT/US2014/011347 

Table 18 

Flavor molecules created by the combination of LegH and precursor mix. 

Precursor Precursor 
Compound mix LegH mix+LegH 
carbon disulfide medium medium high 
isopropyl alcohol medium medium low 
2-methyl-furan low low 
butanal low medium 
thiophene low low 
2,3-butanedione low low high 
furan low medium 
2,4-dimethyl-1-heptene high high 
acetone high high 
dimethyl trisulfide medium medium 
2-methyl-heptane medium medium 
2-pentanone medium 
pentanal medium medium 
2-pentyl-furan medium medium 
2-methyl-propanal low high 
2-acetatyl-1-propene low low 
2-methyl-butanal low medium 
1,3-dimethyl-benzene low low 
octane low low 

benzene low low 
benzaldehyde very high 
2-butanone very high 
furfural very high 
thiazole high 
nonanal high 
thiazole high 
2-acetylthiazole medium 
3-methyl-butanal medium 
(Z)-2-heptenal medium 
heptanal medium 
methyl-thiirane medium 
3-ethyl-pentane medium 
phenylacetaldehyde medium 
2-hexyl-furan medium 
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2-nonanone medium 
propanal medium 
pyrazine medium 
(Z)-2-heptenal medium 
2-methyl-1-heptene medium 
2-ethyl-furan medium 
octanal medium 
(E)-4-octene low 
(E)-2-octenal low 
2-methyl-thiazole low 
2-propenal low 
1-octen-3-one low 
1-octene low 
2-octanone low 
dimethyl sulfide low 
3-pentyl-furan low 
2-n-octylfuran low 
2-pentyl-thiophene low 

OTHER EMBODIMENTS 

It is to be understood that while the invention has been described in conjunction 

5 with the detailed description thereof, the foregoing description is intended to illustrate 

and not limit the scope of the invention, which is defined by the scope of the appended 

claims. Other aspects, advantages, and modifications are within the scope of the 

following claims. 
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WHAT IS CLAIMED IS: 

1. A food product comprising: 

2 a) a highly conjugated heterocyclic ring complexed to iron ion; and 

3 b) one or more flavor precursor molecules selected from the group consisting of 

4 glucose, fructose, ribose, arabinose, glucose-6-phosphate, fructose 6-phosphate, fructose 

5 1,6-diphosphate, inositol, maltose, sucrose, maltodextrin, glycogen, nucleotide-bound 

6 sugars, molasses, a phospholipid, a lecithin, inosine, inosine monophosphate (IMP), 

7 guanosine monophosphate (GMP), pyrazine, adenosine monophosphate (AMP), lactic 

8 acid, succinic acid, glycolic acid, thiamine, creatine, pyrophosphate, vegetable oil, algal 

9 oil, sunflower oil, corn oil, soybean oil, palm fruit oil, palm kernel oil, saffiower oil, 

1 o flaxseed oil, rice bran oil, cottonseed oil, olive oil, sunflower oil, canola oil, flaxseed oil, 

11 coconut oil, mango oil, a free fatty acid, cysteine, methionine, isoleucine, leucine, lysine, 

12 phenylalanine, threonine, tryptophan, valine, arginine, histidine, alanine, asparagine, 

13 aspartate, glutamate, glutamine, glycine, proline, serine, tyrosine, glutathione, an amino 

14 acid derivative, a protein hydrolysate, a malt extract, a yeast extract, and a peptone. 

15 2. The food product of claim 1, wherein said highly conjugated heterocyclic ring 

16 complexed to an iron ion is selected from the group consisting of a heme moiety, and a 

17 porphyrin, a porphyrinogen, a corrin, a corrinoid, a chlorin, a bacteriochorophyll, a 

18 corphin, a chlorophyllin, a bacteriochlorin, and an isobacteriochlorin moiety complexed 

19 to iron ion. 

20 3. The food product of claim 2, wherein said heme moiety is a heme-containing protein, 

21 a heme moiety bound to a non-peptidic polymer; or a heme moiety bound to a solid 

22 support. 

23 

24 4. The food product of claim 2, wherein said highly conjugated heterocyclic ring 

25 complexed to iron is ferrous chlorin. 

26 
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27 5. A food product comprising: 

28 a) a heme-containing protein; and 

29 b) one or more flavor precursor molecules selected from the group consisting of 

30 glucose, fructose, ribose, arabinose, glucose-6-phosphate, fructose 6-phosphate, fructose 

31 1,6-diphosphate, inositol, maltose, sucrose, maltodextrin, glycogen, nucleotide-bound 

32 sugars, molasses, a phospholipid, a lecithin, inosine, inosine monophosphate (IMP), 

33 guanosine monophosphate (GMP), pyrazine, adenosine monophosphate (AMP), lactic 

34 acid, succinic acid, glycolic acid, thiamine, creatine, pyrophosphate, sunflower oil, canola 

35 oil, flaxseed oil, coconut oil, mango oil, a free fatty acid, cysteine, methionine, 

36 isoleucine, leucine, lysine, phenylalanine, threonine, tryptophan, valine, arginine, 

37 histidine, alanine, asparagine, aspartate, glutamate, glutamine, glycine, proline, serine, 

38 tyrosine, glutathione, an amino acid derivative, a hydrolyzed protein, a malt extract, a 

39 yeast extract, and a peptone. 

40 

41 6. The food product of any one of claims 1-5, wherein said food product comprises two 

42 to fifty flavor precursors. 

43 

44 7. The food product of any one of claims 1-5, wherein said food product comprises 

45 two to forty flavor precursors. 

46 

47 8. The food product of any one of claims 1-5, wherein said food product comprises 

48 two to thirty-five flavor precursors. 

49 

50 9. The food product of any one of claims 1-5, wherein said food product comprises 

51 two to ten flavor precursors. 

52 

53 10. The food product of any one of claims 1-5, wherein said food product comprises 

54 two to six flavor precursors. 

55 
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56 11. The food product of any one of claims 1-10, wherein said one or more flavor 

57 precursor molecules are selected from the group consisting of glucose, ribose, sucrose, 

58 maltose, cysteine, a cysteine derivative, thiamine, lysine, a lysine derivative, glutamic 

59 acid, a glutamic acid derivative, IMP, GMP, lactic acid, maltodextrin, creatine, alanine, 

60 arginine, asparagine, aspartate, glutamic acid, glutamine, glycine, histidine, isoleucine, 

61 leucine, methionine, phenylalanine, proline, threonine, tryptophan, tyrosine, valine, 

62 linoleic acid, lecithin, and mixtures thereof. 

63 

64 12. The food product of any one of claims 3-11, wherein the heme-containing protein 

65 is a plant heme-containing protein. 

66 

67 13. The food product of any one of claims 3-11, wherein the heme-containing protein 

68 is a mammalian heme-containing protein. 

69 

70 14. The food product of any one of claims 3-11, wherein the heme-containing protein 

71 is a yeast or filamentous fungus heme-containing protein. 

72 

73 15. The food product of any one of claims 3-11, wherein the heme-containing protein 

7 4 is a bacterial or arc heal heme-containing protein. 

75 

76 16. The food product of any one of claims 3-12, wherein the heme-containing protein 

77 is a non-symbiotic hemoglobin. 

78 

79 17. The food product of any one of claims 3-12, wherein the heme-containing protein 

80 is a leghemoglobin. 

81 

82 18. The food product of claim 17, wherein the leghemoglobin is a from soybean, 

83 alfalfa, lupin, fava bean, pea, cow pea, or lupine. 

84 
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85 19. The food product of any one of claims 12-18, wherein the heme-containing 

86 protein is recombinantly produced, chemically synthesized, or transcribed and translated 

87 in vitro. 

88 

89 20. The food product of any one of claims 3-19, wherein the heme-containing protein 

90 comprises an amino acid sequence having at least 80% sequence identity to a polypeptide 

91 set forth in SEQ ID NOs:1-26. 

92 

93 21. The food product of any one of claims 1-20, wherein said heme-containing 

94 protein is isolated and purified. 

95 

96 22. The food product of any one of claim 1-21, further comprising a food-grade oil, a 

97 seasoning agent, a flavoring agent, a protein, a protein concentrate, an emulsifier, a 

98 gelling agent, or a fiber. 

99 

100 23. The food product of any one of claims 1-18, wherein said food product is a meat 

101 substitute. 

102 

103 24. The food product of any one of claim 1-19, wherein said food product is a soup 

104 base, stew base, snack food, bouillon powder, bouillon cube, or a flavor packet. 

105 

106 25. The food product of any one of claims 1-20, wherein said food product is free of 

107 animal products. 

108 

109 26. The food product of any one of claims 1-21, wherein said food product is a frozen 

11 o food product. 

111 

112 27. The food product of any one of claims 1-22, wherein said food product is sealed 

113 within a packet or shaker. 

114 
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115 28. A method for producing a flavor compound, said method comprising: 

116 a) combining a highly conjugated heterocyclic ring complexed to iron ion with 

117 one or more flavor precursor molecules to form a mixture, said one or more flavor 

118 precursor molecules selected from the group consisting of glucose, ribose, fructose, 

119 arabinose, glucose-6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, inositol, 

120 maltose, sucrose, maltodextrin, glycogen, nucleotide-bound sugars, molasses, a 

121 phospholipid, a lecithin, inosine, inosine monophosphate (IMP), guanosine 

122 monophosphate (GMP), pyrazine, adenosine monophosphate (AMP), lactic acid, succinic 

123 acid, glycolic acid, thiamine, creatine, pyrophosphate, vegetable oil, algal oil, sunflower 

124 oil, cottonseed oil, soybean oil, com oil, palm fruit oil, palm seed oil, rice bran oil, 

125 safflower oil, olive oil, canola oil, flaxseed oil, coconut oil, mango oil, a free fatty acid, 

126 cysteine, methionine, isoleucine, leucine, lysine, phenylalanine, threonine, tryptophan, 

127 valine, arginine, histidine, alanine, asparagine, aspartate, glutamate, glutamine, glycine, 

128 proline, serine, tyrosine, glutathione, an amino acid derivative, a protein hydrolysate, a 

129 malt extract, a yeast extract, and a peptone; and 

130 b) heating the mixture to form one or more flavor compounds selected from the 

131 group consisting of phenylacetaldehyde, 1-octen-3-one, 2-n-heptylfuran, 2-

132 thiophenecarboxaldehyde, 3-thiophenecarboxaldehyde, butyrolactone, 2-undecenal, 

133 methyl-pyrazine, furfural, 2-decanone, pyrrole, 1-octen-3-ol, 2-acetylthiazole, 2-(E)-

134 octenal, decanal, benzaldehyde, (E)-2-nonenal, pyrazine, 1-hexanol, 1-heptanol, dimethyl 

135 trisulfide, 2-nonanone, 2-pentanone, 2-heptanone, 2,3-butanedione, heptanal, nonanal, 2-

136 octanone, 1-octanol, 3-ethylcyclopentanone, 3-octen-2-one, (E,E)-2,4-heptadienal, (Z)-2-

137 heptenal, 6-methyl-2-heptanone, (Z)-4-heptenal, (E,Z)-2,6-nonadienal, 3-methyl-2-

138 butenal, 2-pentyl-furan, thiazole, (E,E)-2,4-decadienal, hexanoic acid, 1-ethyl-5-

139 methylcyclopentene, (E,E)-2,4-nonadienal, (Z)-2-decenal, dihydro-5-pentyl-2(3H)-

140 furanone, trans-3-nonen-2-one, (E,E)-3,5-octadien-2-one, (Z)-2-octen-1-ol, 5-

141 ethyldihydro-2(3H)-furanone, 2-butenal, 1-penten-3-ol, (E)-2-hexenal, formic acid, 

142 heptyl ester, 2-pentyl-thiophene, (Z)-2-nonenal, 2-hexyl-thiophene, (E)-2-decenal, 2-

143 ethyl-5-methyl-pyrazine, 3-ethyl-2,5-dimethyl-pyrazine, 2-ethyl-1-hexanol, thiophene, 2-

144 methyl-furan, pyridine, butanal, 2-ethyl-furan, 3-methyl-, butanal, 2-methyl-, butanal, 
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145 methacrolein, 2-methyl-propanal, propanal, acetaldehyde, 2-propyl-furan, dihydro-5-

146 propyl-2(3H)-furanone, 1,3-hexadiene, 4-decyne, pentanal, 1-propanol, heptanoic acid, 

147 ethanethiol, 1-butanol, 1-penten-3-one, dimethyl sulfide, 2-ethyl furan, 2-pentyl-

148 thiophene, 2-Propenal, 2-Tridecen-1-ol, 4-Octene, 2-methyl thiazole,, methyl-pyrazine, 2-

149 butanone, 2-pentyl-furan, 2-methyl-propanal, butyrolactone,, 3-methyl-butanal, methyl-

150 thiirane, 2-hexyl-furan, butanal,, 2-methyl-butanal, trichloromethane, 2-methyl-furan, 

151 furan, octanal, 2-Heptenal, 1-Octene, heptyl ester formic acid, 3-pentyl-furan, and 4-

152 penten-2-one. 

153 

154 29. The method of claim 28, wherein said highly conjugated heterocyclic ring 

155 complexed to an iron ion is selected from the group consisting of a heme moiety, and a 

156 porphyrin, a porphyrinogen, a corrin, a corrinoid, a chlorin, a bacteriochorophyll, a 

157 corphin, a chlorophyllin, a bacteriochlorin, or an isobacteriochlorin moiety complexed to 

158 iron 10n. 

159 

160 30. The method of claim 29, wherein said heme moiety is a heme-containing protein, 

161 a heme moiety bound to a non-peptidic polymer; or a heme moiety bound to a solid 

162 support. 

163 

164 31. The method of claim 30, wherein said heme moiety is a heme-containing protein. 

165 

166 32. The method of claim 29, wherein said highly conjugated heterocyclic ring complexed 

167 to an iron ion is ferrous chlorin. 

168 

169 33. The method of any one of claims 28-32, said method comprising combining 

170 cysteine, ribose, lactic acid, lysine, and/or thiamine with said highly conjugated 

171 heterocyclic ring complexed to iron. 

172 

173 34. A method for producing a flavor compound, said method comprising: 
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174 a) combining a heme-containing protein, cysteine, and a sugar, and one or more 

175 optional flavor precursor molecules to form a mixture, said one or more optional flavor 

176 precursor molecules selected from the group consisting of glucose, fructose, ribose, 

177 arabinose, glucose-6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, inositol, 

178 maltose, sucrose, maltodextrin, glycogen, nucleotide-bound sugars, molasses, a 

179 phospholipid, a lecithin, inosine, IMP, GMP, pyrazine, AMP, lactic acid, succinic acid, 

180 glycolic acid, thiamine, creatine, pyrophosphate, vegetable oil, algal oil, sunflower oil, 

181 cottonseed oil, soybean oil, corn oil, palm fruit oil, palm seed oil, rice bran oil, safflower 

182 oil, olive oil, canola oil, coconut oil, mango oil, a free fatty acid, methionine, isoleucine, 

183 leucine, lysine, phenylalanine, threonine, tryptophan, valine, arginine, histidine, alanine, 

184 asparagine, aspartate, glutamate, glutamine, glycine, proline, serine, tyrosine, glutathione, 

185 an amino acid derivative, a protein hydrolysate, a malt extract, a yeast extract, and a 

186 peptone; and 

187 b) heating the mixture to form one or more flavor compounds set forth in Table 3, 

188 8, 9, 12, 14, 16, or 17. 

189 

190 35. A method for imparting a meat-like flavor to a food product comprising 

191 contacting said food product with a flavoring composition, said flavoring composition 

192 comprising i) a heme-containing protein; and ii) one or more flavor precursor molecules 

193 selected from the group consisting of glucose, fructose, ribose, arabinose, glucose-6-

194 phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, inositol, maltose, sucrose, 

195 maltodextrin, glycogen, nucleotide-bound sugars, molasses, a phospholipid, a lecithin, 

196 inosine, IMP, GMP, pyrazine, AMP, lactic acid, succinic acid, glycolic acid, thiamine, 

197 creatine, pyrophosphate, vegetable oil, algal oil, sunflower oil, cottonseed oil, soybean 

198 oil, corn oil, palm fruit oil, palm seed oil, rice bran oil, safflower oil, olive oil, sunflower 

199 oil, canola oil, coconut oil, mango oil, a free fatty acid, cysteine, methionine, isoleucine, 

200 leucine, lysine, phenylalanine, threonine, tryptophan, valine, arginine, histidine, alanine, 

201 asparagine, aspartate, glutamate, glutamine, glycine, proline, serine, tyrosine, glutathione, 

202 an amino acid derivative, a hydrolyzed protein, a malt extract, a yeast extract, and a 

73 



Motif Exhibit 1148, Page 3154 of 3341

Case No.: IPR2023-00207 
U.S. Patent No. 10,039,306

WO 2014/110532 PCT/US2014/011347 

203 peptone; wherein after heating said food product and said flavoring composition together, 

204 a meat-like flavor is imparted to said food product. 

205 

206 36. The method of claim 35, wherein said meat-like flavor is a beef-like, chicken-like, 

207 pork-like, lamb-like flavor, or turkey-like. 

208 

209 37. The method of claim 35 or claim 36, wherein said flavoring composition further 

21 o comprises a seasoning agent, a flavoring agent, a protein, a protein concentrate, or an 

211 emulsifier. 

212 

213 38. The method of any one of claims 35-3 7, wherein said flavoring composition is 

214 sealed within a packet or shaker. 

215 

216 39. A method of making a food product, said method comprising combining an 

217 isolated heme-containing protein and one or more flavor precursor molecules to form a 

218 mixture, said one or more flavor precursor molecules selected from the group consisting 

219 of glucose, fructose, ribose, arabinose, glucose-6-phosphate, fructose 6-phosphate, 

220 fructose 1,6-diphosphate, inositol, maltose, sucrose, maltodextrin, glycogen, nucleotide-

221 bound sugars, molasses, a phospholipid, a lecithin, inosine, IMP, GMP, pyrazine, AMP, 

222 lactic acid, succinic acid, glycolic acid, thiamine, creatine, pyrophosphate, sunflower oil, 

223 canola oil, flaxseed oil, coconut oil, mango oil, a free fatty acid, cysteine, methionine, 

224 isoleucine, leucine, lysine, phenylalanine, threonine, tryptophan, valine, arginine, 

225 histidine, alanine, asparagine, aspartate, glutamate, glutamine, glycine, praline, serine, 

226 tyrosine, glutathione, an amino acid derivative, a hydrolyzed protein, a malt extract, a 

227 yeast extract, and a peptone; and heating the mixture. 

228 

229 40. A method for producing a flavor compound, said method comprising: 

230 a) incubating a heme-moiety bound to a solid support with one or more flavor 

231 precursor molecules, said one or more flavor precursor molecules selected from the group 

232 consisting of cysteine, ribose, glucose, fructose, arabinose, glucose-6-phosphate, fructose 
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233 6-phosphate, fructose 1,6-diphosphate, inositol, maltose, sucrose, maltodextrin, glycogen, 

234 nucleotide-bound sugars, molasses, a phospholipid, a lecithin, inosine, inosine 

235 monophosphate (IMP), guanosine monophosphate (GMP), pyrazine, adenosine 

236 monophosphate (AMP), lactic acid, succinic acid, glycolic acid, thiamine, creatine, 

237 pyrophosphate, vegetable oil, algal oil, sunflower oil, cottonseed oil, soybean oil, com 

238 oil, palm fruit oil, palm seed oil, rice bran oil, safflower oil, olive oil, canola oil, flaxseed 

239 oil, coconut oil, mango oil, a free fatty acid, methionine, isoleucine, leucine, lysine, 

240 phenylalanine, threonine, tryptophan, valine, arginine, histidine, alanine, asparagine, 

241 aspartate, glutamate, glutamine, glycine, proline, serine, tyrosine, glutathione, an amino 

242 acid derivative, a protein hydrolysate, a malt extract, a yeast extract, and a peptone; and 

243 b) heating the heme-moiety bound to said solid support and one or more flavor 

244 precursors to form one or more flavor compounds selected from the group consisting of 

245 phenylacetaldehyde, 1-octen-3-one, 2-n-heptylfuran, 2-thiophenecarboxaldehyde, 3-

246 thiophenecarboxaldehyde, butyrolactone, 2-undecenal, methyl-pyrazine, 2-furfural, 

247 decanone, pyrrole, 1-octen-3-ol, 2-acetylthiazole, (E)-2-octenal, decanal, benzaldehyde, 

248 (E)-2-nonenal, pyrazine, 1-hexanol, 1-heptanol, dimethyl trisulfide, 2-nonanone, 2-

249 pentanone, 2-heptanone, 2,3-butanedione, heptanal, nonanal, 2-octanone, 1-octanol, 3-

250 ethylcyclopentanone, 3-octen-2-one, (E,E)-2,4-heptadienal, (Z)-, 2-heptenal, 6-methyl-2-

251 heptanone, (Z)-4-heptenal, (E,Z)-2,6-nonadienal, 3-methyl-2-butenal, 2-pentyl-furan, 

252 thiazole, (E,E)-2,4-decadienal, hexanoic acid, 1-ethyl-5-methylcyclopentene, (E,E)-2,4-

253 nonadienal, (Z)-2-decenal, dihydro-5-pentyl-2(3H)-furanone, trans-3-nonen-2-one, (E,E)-

254 3,5-octadien-2-one, (Z)-2-octen-1-ol, 5-ethyldihydro-2(3H)-furanone, 2-butenal, 1-

255 penten-3-ol, (E)-2-hexenal, formic acid, heptyl ester, 2-pentyl-thiophene, (Z)-2-nonenal, 

256 2-hexyl-thiophene, (E)-2-decenal, 2-ethyl-5-methyl-pyrazine, 3-ethyl-2,5-dimethyl-

257 pyrazine, 2-ethyl-1-hexanol, thiophene, 2-methyl-furan, pyridine, butanal, 2-ethyl-furan, 

258 3-methyl-butanal, 2-methyl-butanal, methacrolein, 2-methyl-propanal, propanal, 

259 acetaldehyde, 2-propyl-furan, dihydro-5-propyl-2(3H)-furanone, 1,3-hexadiene, 4-

260 decyne, pentanal, 1-propanol, heptanoic acid, ethanethiol, 1-butanol, 1-penten-3-one, 

261 dimethyl sulfide, 2-ethyl furan, 2-pentyl-thiophene, 2-propenal, 2-tridecen-1-ol, 4-octene, 

262 2-methyl thiazole, methyl-pyrazine, 2-butanone, 2-pentyl-furan, 2-methyl-propanal, 
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263 butyrolactone, 3-methyl-butanal, methyl-thiirane, 2-hexyl-furan, butanal,, 2-methyl-

264 butanal, trichloromethane, 2-methyl-furan, furan, octanal, 2-heptenal, 1-octene, heptyl 

265 ester formic acid, 3-pentyl-furan, and 4-penten-2-one. 
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FIGURE 1 

SEQ ID N0:1 Vigna radiata 

MTTTLERGFTEEQEALVVKSWNVMKKNSGELGLKFFLKIFEIAPSAQKLFSFLRDSTVP 
LEQNPKLKPHAVSVFVMTCDSAVQLRKAGKVTVRESNLKKLGATHFRTGVANEHFEVTK 
FALLETIKEAVPEMWSPAlVIKNAWGEAYDQLVDAIKYEMKPPSS 

SEQ ID N0:2 Afethylacidiphilum infernorum 

MIDQKEKELIKESWKRIEPNKNEIGLLFYANLFKEEPTVSVLFQNPISSQSRKLMQVLG 
ILVQGIDNLEGLIPTLQDLGRRHKQYGVVDSHYPLVGDCLLKSIQEYLGQGFTEEAKAA 
WTKVYGIAAQVMTAE 

SEQ ID N0:3 Aquifex aeolicus 

MLSEETIRVIKSTVPLLKEHGTEITARMYELLFSKYPKTKELFAGASEEQPKKLANAII 
AYATYIDRLEELDNAISTIARSHVRRNVKPEHYPLVKECLLQAIEEVLNPGEEVLKAWE 
EAYDFLAKTLITLEKKLYSQP 

SEQ ID N0:4 Glycine ma)c 

MGAFTEKQEALVSSSFEAFKANIPQYSVVFYTSILEKAPAAKDLFSFLSNGVDPSNPKL 
TGHAEKLFGLVRDSAGQLKANGTVVADAALGSIHAQKAITDPQFVVVKEALLKTIKEAV 
GDKWSDELSSAWEVAYDELAAAIKKAF 

SEQ ID N0:5 Hordeum vulgare 

MSAAEGAVVFSEEKEALVLKSWAIMKKDSANLGLRFFLKIFEIAPSARQMFPFLRDSDV 
PLETNPKLKTHAVSVFVMTCEAAAQLRKAGKITVRETTLKRLGGTHLKYGVADGHFEVT 
RFALLETIKEALPADMWGPEMRNAWGEAYDQLVAAIKQEMKPAE 

Afagnaporthe oryzae, (SEQ ID N0:6) 

1 mdgavrldwt gldl tgheih dgvpiasrvq vmvsfplfkd qhiimsskes psrksstigq 
61 strngscqad tqkgqlppvg ekpkpvkenp mkklkemsqr plptqhgdgt yptekkltgi 

121 gedlkhirgy dvktllamvk sklkgeklkd dktmlmervm qlvarlptes kkraeltdsl 
181 inel,,resldh pplnylgpeh syrtpdgsyn hpfnpqlgaa gsryarsvip tvtppgalpd 
241 pglifdsimg rtpnsyrkhp nnvssilwyw atiiihdif-;,, tdprdintnk sssyldlapl 
301 ygnsqemqds irtfkdgrmk pdcyadkrla gmppgvsvll imfnrfhnhv aenlalineg 
361 grfnkpsdll egeareaawk kydndlfqva rlvtsglyin itlvdyvrni vnlnrvdttw 
421 tldprqdaga hvgtadgaer gtgnavsaef nlcyrwhsci sekdskfvea qfqnifgkpa 
481 sevrpdem,,,k gfakmeqntp adpgqrtfgg fkrgpdgkfd dddlvrcise avedvagafg 
541 arnvpqamkv vetmgiiqgr hmvaglnef rkhfhlkpys tfedinsdpg vaealrrlyd 
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601 hpdnvelypg lvaeedkqpm vpgvgiapty tisrvvlsda vclvrgdrfy ttdftprnlt 
661 n,,rgykevdyd lsvnhgcvfy klfirafpnh fkqnsvyahy pmvvpsenkr ilealgradl 
721 fdfeapkyip prvnitsygg aeyiletqek ykvt;,rheglg flmgegglkf mlsgddplha 
781 qqrkcmaaql ykdgwteavk afyagnm1eel lvsksyflgn nkhrhvdiir dvgnmvhvhf 
841 asqvfglplk taknptgvft eqemygilaa ifttiffdld psksfplrtk trevcqklak 
901 lveanvklin kipwsrgmfv gkpakdepls iygktmikgl kahglsdydi awshvvptsg 
961 amvpnqaqvf aqavdyylsp agmhyipeih mvalqpstpe tdalllgyam egirlagtfg 

1021 syreaavddv vkedngrqvp vkagdrvfvs fvdaardpkh fpdpevvnpr rpakkyihyg 
1081 vgphaclgrd asqiaitemf rclfrrrnvr rvpgpqgelk kvprpggfyv ymredwgglf 
1141 pfpvtmrvmN dde 

Fusarium oxysporum (SEQ ID NO:7) 

1 mkgsatlafa lvqfsaasql vwpskwdeve dllymqggfn krgfadalrt cefgsnvpgt 
61 qntaewlrta fhdaithdak agtggldasi ywessrpenp gkafnntfgf fsgfhnprat 

121 asdltalgtv lavgacngpr ipfragrida ykagpagvpe pstnlkdtfa aftkagftke 
181 emtamvacgh aiggvhsvdf peivgikadp nndtnvpfqk dvssfhngiv teylagtskn 
241 plvasknatf hsdkrifdnd katmkklstk agfnsmcadi ltrmidtvpk svqltpvlea 
301 ydvrpyitel slnnknkihf tgsvrvritn nirdnndlai nliyvgrdgk kvtvptqqvt 
361 fqggtsfgag evfanfefdt tmdakngitk ffiqevkpst katvthdnqk tggykvddtv 
421 lyqlqqscav leklpnaplv vtamvrdara kdaltlrvah kkpvkgsivp rfqtaitnfk 
481 atgkkssgyt gfqaktmfee qstyfdivlg gspasgvqfl tsqampsqcs 

Fusarium graminearum (SEQ ID NO:8) 

1 masatrqfar aatratrngf aiaprqvirq qgrryyssep aqksssawiw ltgaavagga 
61 gyyfygnsas satakvfnps kedyqkvyne iaarleekdd yddgsygpvl vrlawhasgt 

121 ydketgtggs ngatmrfape sdhganagla aardflqpvk ekfpwitysd lwilagvcai 
181 qemlgpaipy rpgrsdrdvs gctpdgrlpd askrqdhlrg ifgrmgfndq eivalsgaha 
241 lgrchtdrsg ysgpwtfspt vltndyfrll veekwqwkkw ngpaqyedks tkslmmlpsd 
301 ialiedkkfk pwvekyakdn daffkdfsnv vlrlfelgvp faqgtenqrw tfkpthqe 

SEQ ID NO: 9 Chlamydomonas eugametos 

MSLFAKLGGREAVEAAVDKFYNKIVADPTVSTYFSNTDMKVQRSKQFAFLAYALGGASE 
WKGKDMRTAHKDLVPHLSDVHFQAVARHLSDTLTELGVPPEDITDAMAVVASTRTEVLN 
MPQQ 

SEQ ID NO: 10 Tetrahymena pyrifonnis 

MNKPQTIYEKLGGENAMKAAVPLFYKKVLADERVKHFFKNTDMDHQTKQQTDFLTMLLG 
GPNHYKGKNMTEAHKGMNLQNLHFDAIIENLAATLKELGVTDAVINEAAKVIEHTRKDM 
LGK 




