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ummary. It has been previously reported that the 5' 
region of the rice actin l gene (Acti) promoted high-le el 
expre ion of a {3-glucuronidase reporter gene (Gus) in 
tran formed ri e cell . In thi paper we de cribe the con-
lru tion of Act 1-ba ed expre ion vectors for u e in 

mon col tran formation . A part of the development 
of the e ve tor , we have e aluated the influence of the 
Actl fir t intron, the Act 1-Gus junction-encoded -ter­
minal amino acid and the equence context surround­
ing the Actf and Gus tran lation initiation ite on Acti­
Gus gene expre ion in rice and maize cell . We have 
~ und th t additi n of Ac1f intron 1 to the tran cription 
unit of a Gu r porter g ne under control of the cauli­
f1o er mo aic viru ( aMV) 35 promoter timulated 
GU acli ity more than 10-fold in Iran formed rice cells. 
Optimization f the equence context around the Gus 
tran lation initiation ite re ulted in a 4-fold stimulation 
of Gus e pre i n in tran formed rice cel l . By utilizing 
both the Actl inlron 1 and optimized Gus translation 
initiation ite, a 40-fold timulation in Gus expre ion 
from the aMY 35S promoter ha been achieved in 
tran formed rice cell ; very imilar r ult were obtained 
in tran formed maize cell . Taken together the e re ult 
uggest that the Actf-ba cd expre ion vector de cribed 

here should promote the expre ion of foreign gene in 
mo t, if not all, tran formed monocot cell to level that 
have not previoul y been attainable with alternative ex­
pre ion vector . 

Key words: Actin gene Monocot tran formation x-
pression vector - Intron - Tran lation initiation 

Introduction 

One of the major limitation in the application of gene 
transfer technology to cereal ha been the lack f effi­
cient promoter for the expre ion of foreign gene in 
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tran genie monocot . lthough promoter from CaMV 
35 R A ( uilley et al. 19 2) and the maize alcohol 
dehydrogena e 1 gene ( dhl) (Denni ct al. 1984) have 
been widely u ed in mono ot tran formation (Fromm 
et al. 1990; Gordon-Kamm et al. 1990; Kyozuka et al. 
1990 ; p ncer et al. 1990; Ter da and himamoto 1990) 
both have been reported to how relatively low activity 
in transformed rice cell (Peterhan et al. 1990; McElroy 
et al. 1990c). Furthermore, in tran genie rice plants the 
CaMV 35S promoter i not active in all ell type (Tcreda 
and himamoto 1990) and the maize Adhf promoter 
i more highly active in root ti ue than in leaf ti ue 
(Zhang and Wu 1988; Kyozukaetal.1990, 1991). With 
a view towards overcoming the limitation of the aMV 
35S and maize Adhi promoter in monocot tran forma­
tion, we have previou ly report d that the 5' region of 
the rice Act1 gene directed high level of Gu reporter 
gene expre ion in tran formed rice protopla t (Mc 1-
roy et al. 1990c). (Although Escherichia coli /J-glucuron­
idase is encoded by the uidA gene, we have denoted 
this gene as Gus for the purpo e of thi publication.) 
In rice plant , the endog nou Acti tran cript i abun­
dant in all tis ue and development tage of the plant 
examined (McElroy et al. 1990 b . Likewi ·e. relatively 
high level of GU acti ity were ob erved in virtually 
all ti ues of transgenic rice plant e pre ing an Actf­
Gu chimeric gene (Zhang et al. 1991 ). W ha e now 
developed a et of Actl-ba ed expre ion vector for 
foreign gene expre ion in tran formed mono ot II . 

Previou ly. the Acti 5' region , a de ribed a a pr -
moter (McElroy et al. 1990c). However, thi region con­
tain a number of Act f tran cribed element including 
the first exon non-coding), an intron contained within 
the mR A 5' untran lated leader intron 1) and a por­
tion of the econd, ATG-containing exon of the Actf 
gene (McElroy et al. 1990 a). From previou tudie , the 
ontribution that each of the e elements may have made 

in promoting high level of Gus expres ion in trans­
formed rice wa not evaluated. A part of the develop­
ment of the Acti-based expression vector de cribed in 
thi report we et out to investigate the inOuence on 



Gus expression of (i) the Ac/1 first intron ; (ii) the se­
quence context surrounding the Act} and Gus translation 
initiation sites; and (iii) the Acri-Gus junction-encoded 
N-terminal amino acids. Earlier studies demonstrated 
that deletion of the ActJ first intron from an ActJ-Gus 
chimeric gene resulted in nearly complete loss of GUS 
activity in transformed rice cells (McElroy et al. 1990c). 
This suggested that insertion of Act 1 intron 1 into a 
transcription unit originating from a heterologous plant 
promoter might stimulate gene expression in trans­
formed monocot cells, as has been observed for other 
monocot introns (Callis et a l. 1987; Oard et al. 1989; 
Vasil eta!. 1989; Kyozuka etal. 1990; Mascarenhas 
et al. 1990; Tanaka et a l. 1990: Luehrsen and Wal bot 
1991; Maas ct al. 1991). Finally. it is well-established 
that the sequence context surrounding the initiation co­
don in eukaryotes (Kozak 1984, 1986. 1987) and the 
identity of the -terminal amino acids of a protein 
(Bachmair ct al. 1986; Gonda el al. 1989) can have dra­
matic effects on transcript translatability and protein 
stability, respectively. 

ln this report we show that (1) addition of rice Act J 
intron 1 to the transcriptional unit of a 35S-Gus chimeric 
gene can stimulate Gus expression more than 10- and 
7-fold in transf ormcd rice and maize cells, respectively; 
(2) optimization of the sequence context around the Gus 
initiation codon leads to a 4- and 10-fold enhancement 
in GUS activity in transformed rice and maize cells, re­
spectively; (3) a chimeric 35S-Acli intron 1-Gus gene 
(wilh an optimized transla tion initiation region) pro­
duced 40- and 65-fold more GUS activity in transformed 
rice and maize cells, respectively, than a 35S-Gus chimer­
ic gene; and (4) the intron-mediated stimula tion of Gus 
expression was limited lo rice and maize cells, as tobacco 
cells showed reduced GUS activity after transformation 
with intron 1-containing test constructs (compared to 
intronless Gus genes). Based on these results we have 
constructed a set of Acr I 5'-based expression vectors 
for use in monocot transformation . Both translational, 
containing either the efficient Acll translation initiation 
codon region or a modified initiation codon region. and 
transcriptional expression vectors are described. The 
vectors contain a wide range of polylinker sites lo sim­
plify cloning and use of these vectors results in (relative­
ly) high levels of foreign gene expression in transformed 
monocots. 

Materials and methods 

General methods. All enzymatic DNA manipulations, in­
cluding subcloning strategies, exonuclease lll and mung 
bean nuclease digestions, Kienow DNA polymerase fill­
in reactions, and double-stranded sequencing of con­
struct junction regions were performed following stan­
dard protocols (Maniatis et a l. 1982) using modifications 
recommended by the enzyme manufacturers. 

Construction of Act1-G usfi1sion construcrs. Construction 
of the Actl-Gus translational fusion plasmid pActf-F 
has been described previously (McElroy et al. 1990c). 
A 317 bp BamHI restriction fragment from pCOR103, 
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containing the modified Acti translation initiation co­
don region (ACCA TGG) replaced the corresponding 
Act/ region of pActl-F, thereby creating the transla­
tional fusion plasmid pAct/-F2. 

Plasmid pAcr I-F2 was linearized by digestion with 
NcoI at the modified Acr 1 translation initiation codon 
(C/CAIQG), the A TG codon removed by digestion 
with exonuclease III, the ends blunted with mung bean 
nuclease, and ligated to produce plasmid pAcr1-F3. Plas­
mid pAcr /-F3 now contains an out-of-frame translation 
injtiation codon (relative to the Gus ATG) located 29 bp 
upstream of the Gus coding region, and could potentially 
encode a polypeptide of 14 amino acids. Plasmid pAct/­
F2 was digested with NcoJ and SnaBI to remove the 
Actl-Gus junction region and associated Gus coding se­
quence and replaced with an Nco l - SnaBJ restriction 
fragment from pRAJ275 (Sleat ct al. 1987). This new 
plasmid, pAct1-F4, now contains an ActJ-Gus gene that 
possesses the eukaryotic consensus translation ini tia tion 
sequence (ACCATGG), rather than the bacterial se­
quence (CTT ATGT), around the Gus initiation ATG 
codon. Plasmid pActl-F2 was digested with Accl and 
Smal, which removes a 32 bp fragment containing the 
modified Act 1 transla tion initiation codon region, five 
adjacent codons, and a part of the polylinkcr seq uence. 
The plasmid was ligated after repair synthesis of the 
Ace! site with Kienow enzyme to produce the Actl-Gus 
transcriptional fusion plasmid pAcr f-F5. 

The Actl-Gus sequence from plasmid pAcrl-F was 
excised as an Eco RI - Xbal restriction fragment and sub­
cloned into the vector pSP72 (Promega) lo produce plas­
mid pActJ-G72. Plasmid pAct1-G72 was then digested 
with Clal and BstEII to remove the Act 1 5'-nanking 
region and first noncoding exon. The remaining plasmid 
was treated with Kienow enzyme prior to ligation to 
create the promoterless translational fusion constructs 
pActl-F6, which contains the Act/ 5' intron (and asso­
ciated splice site junction sequences) fused to the Gus-nos 
reporter gene. 

Actl intron 1 was isolated from plasmid pAcrJ-F2 
as a 449 bp BstEII -AccI restriction fragment, trea led 
with Kienow enzyme, and cloned into ClaI- a nd Kpnl­
digested and Kienow enzyme-treated pSP72 vector DNA 
to reconstitute the pAct 1 exon 1- intron 1 exon 2 junc­
tion region, thus creating plasmid Acri-In. The Act/ 
intron was reisolated from pActJ-172 as a 459 bp 
EcoRV-Smal restriction fragment and then inserted in 
the reverse 3' to 5' orientation into BstEII- and Accl­
digested and mung bean nuclease-trea ted pActl-F2, to 
produce plasmid pActi-F?. The same operation was 
carried out lo insert the intron in the correct 5' to 3' 
orienta tion into the SstI site (Kienow enzyme-treated) 
of Actl exon 1 in plasmid pAct/-R (McElroy et al. 
1990c), creating the Actf-Gus translational fusion plas­
mid pAct-RI. 

Construction of CaMV35S-Gus fusion constructs. The 
3.0 kb Hindi II - Eco RI restriction fragment, which con­
tains the CaMV 35S promoter and a portion of the 5' 
transcribed leader sequence fused to the Gus coding re­
gion and the nos polyadenylation sequence, was removed 
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from plasmid pBI221.1 (Jefferson 1987) and inserted be­
tween the Hindlll and EcoRI sites of pBluescriptll-KS 
to create plasmid pBCG. Plasmid pBCG-A was created 
by inserting Act/ intron 1 from plasmid pAct I-F6 as 
a 459 bp EcoRV-Smal restriction fragment into the 
Smal site in the 5' transcribed leader region of the Gus 
gene of plasmid pBCG. Plasmids pBCG-A4 and p8CG­
A5 were constructed by replacement of the BstEII -
SnaBl restriction fragment in plasmid pBCG-A with the 
corresponding fragments (containing modified Acti-Gus 
junction regions) from plasmids pAct 1-F4 and pAct I-F5. 
respectively. 

Acti intron 1 from pActl-F6 was isolated as a 492 bp 
EcoRV -SmaI restriction fragment and four copies of 
the intron were cloned into the Smal site of pBCG to 
create the translational fusion construct pBCG-41. In 
this plasmid, the Gus translation initiation codon is fused 
in-frame (assuming the correct splicing of the four Act 1 
introns) with the first A TG codon of the four Act 1 trans­
lation initiation codons. The plasmid pAl 1GusN (Klein 
el al. 1988) contains the promoter, modified first exon 
lacking the A TG initiation codon, and first intron of 
the maize Adh I gene fused to a Gus-nos reporter gene. 
Plasmid pCI 1GusN was created by removal of the Adhi 
promoter from plasmid pAl 1GusN after digestion with 
EcoRI and HindlII and replacement with a Hindlll frag­
ment from pCaMYI 1 CN containing the CaMV 35S pro­
moter (Callis et al. 1987). 

Co11struc1io11 of Actl-based expression vectors. A 2.2 kb 
EcoR V restriction fragment from pAcr-A (McElroy 
et al. 1990c) containing the Act 1 5' region was subjected 
to in vitro oligonucleotide-directed mutagenesis (Kunkel 
1985) to create an overlapping Ncol restriction site at 
the Act I translation intiation codon (AGATGG to 
CCATQG). The in vitro modified Actf sequence was 
cloned in both possible orientations into the EcoRV site 
of vector pBluescriptII-KS (Stratagene, La Jolla, Calif.) 
to produce plasmids pCOR I 01 and pCOR 102. A 1.4 kb 
Xhol - Eco RV restriction fragment from pCOR101 was 
isolated and subcloned into XhoI - SmaI digested 
pBluescriptll-KS to create plasmid pCOR I 03 for 
use in constructing Acti-based translational fusi­
ons. 

A 2.2 kb ApaI - Ncol restriction fragment containing 
the Actf 5' region was excised from pCOR101 and sub­
cloned between the Apal and NcoI sites of pGEM -
5Zf( +) (Promega) to produce the plasmid pCOR106. 
Plasmid pCOR 106 was digested with XhoI to remove 
the 5'-most 0.8 kb of Acli DNA and intervening poly­
linker sequence, and the remaining plasmid was ligated 
to create pCOR107 for constructing Act I translational 
fusions. Plasmid pCOR101 was digested with Xhol to 
remove the 5'-most 0.8 kb of Actf DNA and intervening 
polylinker sequence, and the remaining plasmid ligated 
to create the Acli translational fusion vector pCOR104. 
Plasmid pCOR 104 was linearized by digestion with 
Ncol, and the Act 1 translation initiation codon was re­
moved with exonuclease Ill and mung bean nuclease di­
gestions followed by ligation to produce plasmid 
pCOR105 for constructing Act/ transcriptional fusions. 

Plasmid pCOR102 was digested with NheI and Spel 
to remove the 5'-most 0.8 kb of Acri DNA and interven­
ing polylinker sequence, and the remaining plasmid was 
ligatl.'d to create the Acri translational fusion plasmid 
pCC > R 108. A 2.2 kb EagI - Ncol restriction fragment 
comaining the Actf 5' region from pCOR102 was ex­
cised and subcloned between the EagI and Ncol sites 
of pGEM-5Zf(+) to produce the plasmid pCOR109. 
A 1.4 kb Xhol - SalI restriction fragment containing the 
Act/ 5' region from pCOR109 was excised and sub­
cloned into the Xhol site of pBluescriptll-KS in both 
possible orientations to create plasmids pCOR 110 and 
pCOR111. Plasmid pCOR111 was digested with EcoRV 
to remove the intervening polylinker sequence, creating 
plasmid pCOR112 for use in constructing Act I transla­
tional fusions. Plasmid pCOR 111 was also digested \\ith 
Ncol and Clal, subjected to exonuclease III and mung 
bean nuclease digestions, and ligated to create plasmid 
pCOR113 for constructing Act 1 transcriptional fusions. 
Finally, plasmid pCOR 110 was digested with llindllJ 
and EagI, subjected to exonuclease Ill and mung bean 
nuclease digestions, and ligated to create the Act I tran -
lational fusion plasmid pCOR 114. 

A 1.4 kb NheI - Spel restriction fragment containing 
the Act/ 5' region was excised from plasmid pCOR109 
and subcloned into the vector-containing fragment of 
Spel-digested pCOR109 in both possible orientations, 
to create the Act I translational fusion plasmids 
pCOR115 and pCOR116. Plasmid pCOR116 was then 
linearized by NcoI digestion and the Act I translation 
initiation codon was removed by exonuclease III dele­
tion and mung bean nuclease digestions before being 
ligated to produce plasmid pCO R 117 for constructing 
Act 1 transcriptional fusions. 

Tram.formation and fJ-glucuronidase assays. Rice (Ory;:;a 
satit•a "japonica" cv. B-42) protoplasts were isolated 
from finely dispersed, 2-year-old cell suspension cul­
tures, transformed with supercoiled plasmid DNA 
(20 µg), and cultured a previously described (Zhang and 
Wu 1988 ; Jenes and Pauk 1989). Rapidly dividing maize 
(Zea mays L.) Black Mexican Sweet (BMS) suspension 
culture cells (200 mg) were collected on Whatman no. 4 
filter paper by vacuum filtration and the filters were 
laid on solid Murashige-Skoog (MS) medium. Plasmid 
DNA (2.5 µg) was precipitated onto M-10 tungsten par­
ticles (Sylvania-GTE, Towanda, Pa.) with an average 
diameter of 1.1 µm as described previously (Klein et al. 
1988) and each plate was bombarded twice using the 
Biolistics nt PDS-1000 Particle Delivery System (Du­
Pont). After 3 days of incubation in darkness at 25° C, 
the bombarded cells were scraped off the filter paper 
and resuspended in 0.5 ml of lysis buffer for assay (Jef­
ferson 1987). Exponentially growing Nicotiana tabacum 
NTI suspension culture cells were collected as described 
above (400 mg per filter) and the filters placed on solid 
NTl medium. Cells were bombarded and incubated as 
described above. 

Spectronuorometric analysis of GUS activity was 
carried out essentially as described by Jefferson (1987). 
Protein extracts were prepared by sonication to disrupt 



Lhe cells followed by centrifugation at 4° C to remove 
the cellular debris. A 50 ~LI aliquot of the extract was 
added to 500 µl of lysis buffer containing I mM 4-methyl 
umbellifcryl /3-0-glucuronide (MUG) and GUS activity 
assayed by fluorometric detection of 4-methylumbellifer­
onc (MU) in a SLM-Aminco spectrofluorometer. Pro­
tein concentrations were determined by the method of 
Bradford (1976). 

Results 

lnrestigation into the roles of intron 1, 
the translation initiation region, and the N-terminal 
amino acid addition in Act1-mediated Gus expression 

Figure 1 shows the restriction map of the Act 1 5' region 
in plasmid pActi-B (Fig. 1 A), which was employed in 
the construction of the Act /-based expression vectors 
described in this report. Also shown are the restriction 
map (Fig. 1 B) and 5' transcribed sequence (Fig. 1 C) of 
the Acti-Gus fusion gene in plasmid pActf-D, which has 
previously been used in rice transformation experiments 
(McElroy ct al. 1990c; Zhang et al. 1991). The Gus tran­
script of pAct 1-D conta ins two in-frame translation initi­
a tion codons, one each from the Act 1 and Gus genes, 
thereby adding 15 N-tcrminal amino acids to the GUS 
protein (Fig. 1 C). An ACT1-GUS fusion peptide of the 
predicted molecular mass (72.5 kDa) has been observed 
in immunoblot analysis of proteins extracted from trans­
genic rice plants (Y.R. Mawal and R. Wu, unpublished 
result). To examine further the role of the Act I 5' trans­
cribed region in Act /-mediated gene expression, addi­
tional Gus fu sion plasmids were constructed (Fig. 2) and 
their respective GUS activities were measured in trans­
formed rice proloplasts and cultured maize suspension 
cells (Table 1 ). The seq ucnces surrounding the transla­
tion initiation region for several of these constructs arc 
shown in Fig. 3. 

Our reference plasmid, pActJ-F (McElroy et al. 
1990c). was derived from pActJ-0 (Fig. I B) and con­
tains 0.84 kb of Acri 5' flanking sequence along with 
the 79 bp 5' noncoding exon. the 448 bp intron 1, and 
25 bp of the ATG-containing second exon of the Act I 
primary transcript, fused to a promoterless Gus-nos re­
porter gene. The transcript of pAct 1-F (like pAct 1-0) 
contains two in-frame translation initiation codons, one 
each from the Act/ and Gus genes (Fig. 3). Plasmid 
pActt-F produces 5- and 8-fold increased GUS activity 
in rice protoplasts and maize cells, respectively, than 
is observed with plasmid pA1 1 GusN. which contains a 
maize Adhl-Gus fusion. In addi tion, 20-fold more GUS 
activity is observed in both monocots after introduction 
of plasmid pActJ-F compared to plasmid pBCG, which 
contains a Ca MY 35S-Gus fusion (Table I ). 

Plasmid pAct1-F2 (Fig. 2) was created to investigate 
the influence of the sequence context surrounding the 
Acli translation start codon on Gus expression. Plasmid 
pAct1-F2 was derived from pActl-F by in vitro muta­
genesis, in which the sequence around the AcL t start 
codon was altered from GT AGAAGA TGG to 
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159 t99999cgagaggcggcttcgtcgccca9atc99tgc9c99ga999gc99gatctcgcggctgggtc 
BamlU BglII 

226 tcggcgtgcggcc99atcctcgcg999aat9999ctctc99atgtagatct9atcc9ccgttgttgg 

293 999a9at9at9999cgtttoaaatttc9ccatgctoaacaa9atca99aa9ag9ggaaaa999cact 
DglII 

360 atggtttatatttttatatatttctgctgctgctcgtcaggcttagatgtgctaqatctttctttct 

<27 tctttttgtgggtagaatttgaatccctcagcattgttcatcggtagtttttcttttcatgatttgt 
JStL 

494 gacaaatgcagcctcgtgcggagcttttttgtag/ GTAGAAG ATG GCT GAC GCC GAG GAT 
Cm• T Met Ala Asp Ala Gl u Asp 
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561 GGG GGA TCC CCG GGT GGT CAG TCC CTT ATG 

Gly Gly Ser Pro Gly Gly Gln Ser Phe Met 

Fig. 1 A-C. Diagrammatic representation of A rice actin I (Act/) 
genomic clone pActl-B, B Ac/ I-Gus fusion construct pAct 1-D. and 
C the nucleotide sequence of the 5' transcribed region of the rice 
Act I-Gus gene fusion in pAct 1-D and pAc11-1:-. A Partial restriction 
map of the 2.2 kb pAcr 1-B insert (McElroy ct al. 1990c). contammg 
the 5' transcribed and 5' flanking region of the rice Acr I gene, 
from which the Acr I-Gus and Ac/ /-based e~prcss1on vectors were 
constructed. The transcription initiation site and direction of tran­
scription are indicated by an arrou below the Act I 5' noncoding 
exon of pActl-B. B Restriction map of the 7.4 kb Acri-Gus fusion 
construct pAc, 1-D (Mc Elroy et al. 1990 c). containing the 5' tran­
scribed and 5' flanking region of the rice Ac, I gene fused to a 
Gus-nos reporter sequence. The difTcrcnt regions of pAcl t-B and 
pAc1f-D are indicated as follows: light slippled hox, Ac1/ 5'-flank­
ing region; open boxes. Actl exons: open hox ll'ith dark arroll'heud, 
Ac1t intron I; filled box, Gus coding region; /ig/11 .I/riped hox, 
3' noncoding region of the nopaline synthase gene (nos); lll!aty 
slippled box. ampicillin resistance gene; heat) s1ripcd bo.\ . bacterial 
colE I origin of replication. The region whose nucleotide sequence 
is presented in C is indicated by a line below the restriction map 
of pAcl /-D. The indicated restriction site~ in A and B arc abbreviat­
ed as follows: A. Ace/; B, Bamlil; Bs, BstE.11; E. £co Rf: R, 
EcoR V; G. BgnI; II, Hindfil; Nh, NheI; S, Ssll ; Sc, Seal ; Sm. 
Smal : Sp, SpeI ; Xb, Xbal; Xh, Xhol. C Nucleotide sequence of 
the Ac, I-Gus 5' transcribed region in pActf-D and pAct 1-F. Nucle­
otides are numbered from nucleotide A of the Act I transcription 
initiation si te as + 1. Restriction sites used in the construction 
of the various Ac1 I-Gus and Act /-based expression vectors arc indi­
cated and underlined. The different regions of the Act I 5' tran­
scribed sequences are: upper case italic fellers. Act 1 5' region se­
quence; upper case lelfers, Ac,/ exon sequence; lower case letters. 
Ac! I intron I sequence; slashed lines, intron splice sites between 
the noncoding cxon/noncoding intron, and between the intron /lirst 
coding cxon, respectively; bold /etlers, Ac, I and Gus translation 
initiation codons. The 15 amino acids of the Act I-Gus junction 
are shown below their respective codons 

GT AGACCATGG to match that of the eukaryotic 
translatio n initiatio n codon consensus sequence (Kozak 
1985). This sequence modification also created Ncol 
(GT AGACCA TGG) and AccJ (GT AGACCATGG) re­
striction siles a round the sequence of the start codon 
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rn Actt 5' lntron ~ Adhl 5' flanking region 

Fig. 2, Diagrammatic representation of the chimeric Gus constructs 
used in the transient gene expression assays. These plasmids con­
tain different components from the 5' regions of the rice acLi n 
1 gene (Act 1), maize alcohol dehydrogenasc I gene (Act/) and/or 
CaMV 35S promoter, fused to the /J-glucuronidase coding region 
(Gus) and nopaJine synthase polyadenylation region (110s). The dif­
ferent sequence elements (see key) are as described in the legend 
to Fig. I except for the following: dark stippled boxes, CaMV 35S 
promoter; striped box, 5'-flanking region of the Ad/z/ gene; open 
boxes, exons of rice Act I or maize Adhl genes; filled boxes ll'ith 
light arrowheads, 5' intron of the maize Adhl gene; filled boxes, 
5' portion of the Gus coding region. The indica ted restriction si tes 
are abbreviated as given for Fig. 1 except for the following: N, 
Ncol; Sn, SnaBT. The details of each plasmid construction are 
described in the text 

(Fig. 3). This modification of the translation initiation 
region actually resulted in a slight decrease in GUS activ­
ity in rice and maize cells when compared to pActJ-F 
(Table 1). 

Plasmid pActi-F3 was created to confirm that trans­
lation was initiated at the first ATG codon (Act 1) of 
the Acti-Gus transcript in pAct 1-F and pActJ-F2. Plas­
mid pAcl 1-F3 contains a deletion of the Actt start codon 
such that translation would now be expected to initiate 
from the next A TG codon located 29 bp upstream of, 
and out-of-frame with, the Gus initiation ATG codon 
(Fig. 3). Since this start codon is followed by a termina­
tion codon 39 bp downstream, no GUS activity was ex­
pected. If initiation starts with the internal Gus ATG 
codon, a low level of GUS activity was expected since 
eukaryotic ribosomes initiate translation at low effi­
ciency from internal A TG codons (Liu et al. 1984; Ko-

Table I. P-Glucuronidase (GUS) specific activities in rice and maize 
cells transformed with Gus fusion constructs containing 5' regions 
of the rice actin 1, CaMV 35S, and/or maize alcohol dchydrogcnase 
1 genes 

Constructs GUS specific activity (pmol MU/h 
per mg protein) 

Rice protoplasts Maize cells 

Mean SE Mean SE 

pActl-F 2676 151 1603 526 
pActl-F2 2122 149 637 126 
pAct!-F3 ND ND 
pActl-F4 2970 155 2434 718 
pActl-F5 11 70 126 696 223 
pAct/-F6 ND ND 
pActl-F7 ND ND 
pActl-R ND ND 
pActl-RI 2210 1432 421 
pBCG 128 21 83 32 
pBCG-A 5318 346 4701 1634 
pBCG-A4 4913 273 5432 1608 
pBCG-A5 1350 1 18 541 87 
pBCG-4T 5814 321 4405 1032 
pC11GusN 542 55 464 174 
pAl 1GusN 515 62 184 78 

The results of three experiments, assayed 3 days a fter transforma-
lion, were used to estimate the mean GUS specific activity (pmol 
4-mcthylumbelliferone/h per mg protein) and associated standard 
error (SE), in rice and maize cells, after correcting for background 
ND, no GUS specific activity above background was detected for 
this construct 

zak 1984). Table 1 shows that GUS activity was not de­
tectable in either rice pro toplasts or maize cells trans­
formed with pActi-F3. 

Plasmid pActi-F5 was designed to investigate the in­
fluence on Gus expression of the 15 N-terminal amino 
acids added to the GUS protein from the Acti-Gus junc­
tion region in both pA ctt-F and pAct1-F2 (Fig. 3). Plas­
mid pAct1-F5 contains an Actl-Gus transcriptional fu­
sion in which all upstream A TG codons are deleted such 
that translation would now be expected to ini tiate at 
the Gus start codon. This change resulted in a specific 
activity for GUS from pAct1-F5-transformed cells, 
which was approximately 40% of that obtained for 
pActi-F (Table 1). This result initially implied that the 
addition of 15 amino acids had a slight enhancing effect 
on GUS activity. However, upon closer inspection, it 
can be observed that the sequence context surrounding 
the Gus initiation codon in pAct1-F5 has a suboptimal 
eukaryotic translation initiation motif. To restore this 
motif, plasmid pActi-F4 was created as an Acti-Gus 
transcriptional fusion that deletes the extra-N-terminal 
amino acids but retains the eukaryotic translation initia­
tion site consensus sequence (ACCATGG) of pActi-F2 
rather than the bacterial sequence (CTT ATGT) of 
pActi-F5 (Fig. 3). These modifications resulted in resto­
ration of GUS activity in pActi-F4 transformed cells 
to levels that were somewhat higher than those observed 
for pActi-F and pActi-F2 (Table 1). Taken together 
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Fig. 3. Nucleotide sequences surrounding the translation initiation 
codon in the chimeric Gus constructs; the sequence context of the 
translauon initiation codon al the Actl-Gus Junction region in the 
chimeric Gus constructs is presented. Restriction sites used in the 
construction of the translational fusions arc indicated. The se­
quences arc presented as in rig. 1 except for: upper case leuers. 
first coding exon of the Act 1-Gus fusion; dashed lines. nucleotides 
deleted with respect to the junction sequence of the Act I-Gus fusion 

these results suggest that the extra J 5 N-terminal amino 
acids on the GUS protein had relatively little effect on 
its enzymatic activity but that translation of the tran­
script was influenced by the RNA sequence surrounding 
the ATG initiation codon. 

To investigate further the influence of Act 1 intron 
1 on gene expression, three plasmids with intron 1 modi­
fications were tested. Plasmid pAct1-F6 (Fig. 2) was 
created by deleting 0.88 kb of Act i sequence upstream 
of intron I to test for any possible promoter activity 
in the intron itself. Plasmid pAct /-F7 (Fig. 2) contains 
Act I intron 1 in an inverted orientation (3'--+ 5') and was 
designed to investigate the orientation requirement for 
intron-dependent gene expression. Plasmid pAct 1-R 
(Fig. 2) is an intronless Actf-Gus gene, which should 
produce an m RNA that is identical to the spliced mRNA 
from pActl-F (McElroy et al. 1990c). pActf-R was 
created to measure the basal level of activity (no intron­
mediated effects) from the Act 1 promoter. Transient as­
says showed no detectable GUS activity in rice proto­
plasts or maize cells transformed with either pAct 1-F6, 
pAcrl-F7 or pActl-R plasmids (Table 1). To demon­
strate that pAcfl-R was potentially functional, Actl in­
tron 1 was re-inserted into the transcribed leader region 
of pAc//-R to create the plasmid pActf-RI (Fig. 2). In 
rice protoplasts and maize cells transformed with pActi­
RI, GUS activity was res tored respectively to levels 82% 
and 89% of that observed with pActf-F transformed 
cells. 

U1ili=caio11 of Actl 5' transcribed sequences to stimulate 
Gus expression from the CaM V 35S promoter 

To determine whether the Act 1 first intron could stimu­
late gene expression from a heterologous promoter, Gus 

construct pAct 1-F; upper case italic lellers, codons of lhc GL1s cod­
ing region: underlined upper case italic letters, the translation initia­
tion codon or the Gus coding region. The expected translation 
product for each chimeric gene is indicated below the coding se­
quence with Gus-encoded amino acids indicated in italics. The im­
portant features of the Actl-Gus junction in each plasmid arc de­
scribed in the text 

gene constructs were created with the CaMV 35S pro­
moter and transcribed sequences from the Act 1 gene 
(Figs. 2. 3). The reference plasmid. pBCG. contains a 
35S-Gus-,zos reporter gene (Fig. 2). The plasmid. pBCG­
A, was created by inserting the Act/ 5' transcribed region 
from pAct1-F6 (Fig. 2). including Actl intron 1 and an 
optimal Actl translation initiation region, into the 5' 
leader region of the Gus gene in pBCG. Plasmid pBCG­
A is analogous to pAct 1-F (Fig. 3) in that it encodes 
an ACT1-GUS fusion protein with an extra 15 N-termi­
nal amino acids. GUS activity was stimulated 41- and 
65-fold in pBCG-A-transformed rice protoplasts and 
maize cells, respectively, compared to pBCG-trans­
formed cells (Table 1). These levels of GUS activity are 
approximately 2- to 3-fold higher than that obtained 
in pActf-F transformed rice and maize cells (Table 1). 
The importance of intron orientation was also demon­
strated as no detectable GUS activity was observed in 
rice or maize cells transformed with pBCG-A 7 which 
contains Act! intron 1 inserted in an inverted (3'--+5') 
orientation into the transcribed leader region of the Gus 
gene (data not shown). 

To separate the stimulatory effects of Act/ intron 1 
from that of the optimal Act 1 translation initiation co­
don, and to confirm the results that were obtained with 
the Actl-Gus fusions, analogous constructs were created 
with the appropriate components of the Act I gene under 
transcriptional control of the CaMV 35S promoter. Plas­
mids pBCG-A4 and pBCG-A5 were created by exchang­
ing restriction fragments containing modified Act 1-Gus 
junction regions from plasmids pActl-F4 and pActl-F5, 
respectively, with the Act I-Gus region of plasmid pBCG­
A (Fig. 3). After transformation with the transcriptional 
fusion pBCG-A5. like pAcrl-F5, GUS activities were 
significantly reduced (Table I), presumably because 
translation s tarts at the suboptimal Gus A TG codon. 
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GUS act1V1ty levels were indeed restored to the level 
of pBCG-A when the cells were transformed with plas­
mid pBCG-A4 (Table 1 ), which contains the eukaryotic 
consensus sequence around its Gus translation initiation 
codon (Fig. 3). 

To compare the stimulation in GUS activity caused 
by the Actl and Adhl introns, plasmid pCI 1GusN was 
created by replacing the maize Actl promoter of 
pAI I GusN with the CaMV 35S promoter from pBCG 
(Fig. 2). Plasmid pCJ I GusN, showed a 4- Lo 5-f old in­
crease in GUS activity in transformed rice and maize 
cells over that observed from cells transformed with the 
intronless pBCG plasmid (Table 1). These levels of GUS 
activity were only 40% of those observed in rice, but 
approached those observed in maize cells transformed 
with pBCG-A5, the analogous transcriptional fusion 
containing the rice Act I 5' intron. 

Since the addition of a single Ac, 1 intron 1 element 
dramatically stimulated Gus expression from the CaMY 
35S promoter, we investigated whether the addition of 
multiple introns would further enhance expression levels. 
Plasmid pBCG-41 contains four tandem copies of Act 1 
intron 1 and associated nanking sequences, with transla­
tion expected to initiate at the first of the four Acti 
ATG codons. As can be seen in Table 1, rice protoplasts 
and maize cells transformed with pBCG-41 produced 
similar amounts of GUS activity compared to pBCG-A 
transformed cells, indicating that a single Acti intron 
1 is sufficient to produce maximal stimulation of gene 
expression. 

Analysis of GUS activity in tobacco cells transformed 
with Actl- and 35S-Gusfusion constructs 

To determine if the Act 1 5' region would be useful for 
gene expression in dicot cells, four Gus-containing plas­
mids were tested for activity in bombarded tobacco sus­
pension cultured cells. As can be observed in Table 2. 
plasmid pBCG (containing the 35S promoter with no 
intron) directed the highest levels of GUS activity. This 
activity was reduced 4-fold when Ac1J intron 1 was in-

Table 2. GUS specific aclivites in tobacco suspension culture cells 
transformed with Gus fusion constructs containing 5' sequences 
of the rice actin I gene and/or CaMV 35S promoter 

Constructs 

pActl-R 
pAct/-R I 
pBCG 
pBCG-A 

GUS spccilie activity 
(pmol M U/h per mg protein) 

Mean 

ND 
ND 
438 
112 

SE 

29 
5 

The results of two experiments, assayed 3 days after bombardment, 
were used lo estimate the mean GUS specific activity in tobacco 
suspension cultured cells. after correcting for background 

ND, no GUS specific activity above background was detected for 
this construct 

serted into the transcribed leader region of the Gus tran­
script from this plasmid. Finally, no detectable GUS 
activity was observed when the Act I-Gus genes of plas­
mids pActl-R (intronless) and pActf-RI (intron-contain­
ing) were introduced into tobacco cells. 

Construction of Actl-based expression vectors 

In the transient gene expression studies described above, 
we have identified important features for obtaining high 
levels of Actl-mediated gene expression. We have found 
that optimal levels of gene expression can be obtained 
from plasmids. which were so constructed that Gus tran­
scripts contained both Actl intron 1 and, surrounding 
the first ATG codon, a sequence context that favors 
translation initiation. Based on these findings, a set of 
Acri 5'-based vectors for use in monocot transformation 
studies has been developed. Both translational and tran­
scriptional fusion expression vectors are available. as 
shown in Table 3. These expression vectors contain a 
number of unique polylinker sites located both upstream 
(5' polylinker sites) and downstream (3' polylinker sites) 
of their respective Act 1 5' regions (Table 3) in order to 
simplify subsequent cloning procedures. The nucleotide 
sequence at the junction of the Act 1 transcribed region 
and polylinker region in each expression vector, and 
their relationship to the Act I-Gus fusion plasmids used 
in the transient gene expression assays are presented in 
Fig. 4. 

Discussion 

We have shown that the rice Ac, 1 5' region directs a 
high level of Gus expression in transformed rice and 
maize cells relative to the CaMV 35S RNA and maize 
Adhl promoters. In order to extend the utility of the 
rice Act 1 5' region for use in cereal transformation, we 
have developed and evaluated Actl-based expression 
vectors for their ability to promote high levels of Gus 
expression in transformed monocot cells. In this study. 
we have focused primarily on the innuence of Acli in­
tron 1 and the sequence context surrounding the transla­
tion initiation site on Gus expression. 

To elucidate further the role of the Actl intron 1 
in gene expression, plasmids bearing Act 1-Gus fusion 
genes with modified first introns were introduced into 
rice and maize cells. We had previously demonstrated 
that deletion of Act I intron 1 from an Act I-Gus gene 
(pAct /-R) resulted in a near complete loss of GUS activi­
ty in transformed rice cells (McElroy et al. 1990c). We 
have now observed an identical effect in transformed 
maize cells and have further demonstrated that GUS 
activity can be restored in transformed rice and maize 
cells if the Act I first intron is reinserted into the tran­
scribed leader region of pActf-R in the creation of 
pActf-RI. Intron-mediated restoration of gene expres­
sion is orientation-dependent, as inversion of Actl intron 
I resulted in no detectable GUS activity in pAc11-F7 
transformed rice and maize cells. Moreover, the observa-
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Table 3. Summary of polylinker sites of the Ac1l-bascd expression vectors 

Plasmids Vect. • Si7eb 5' p c 5' Polylinker restriction sitcsd Polylinker restriction sites d 3' p c 

pActl-B BS 5.2 RP Kpnl, Apa!, Xhol, AccI. HincIT, San. Baml II, Spel, Xbal. Nori, Eagl, BstXI, T7 
C/al, Hind/II, EcoRV. EcoRJ, Pstl Sstll. Sstl 

pActl-C BS 5.2 T7 Sstl. Ssrll, BsrXI, Eagl, Nori , Pstl, EcoRL EcoRV, Hindi/I, Clal, RP 
Xbal, Spe/, BamHI Sall, Hincll, Accl, XhoL Apa/, Kpnl 

pCORl01 BS 5.2 RP Kpnl, Apa/, Xhol. AccI. HincIT, Accl. Ncol. EcoRV, EcoR!, Psrf, Smar, BamH I, T7 
Sall. Clal, Hind/II, EcoR V Spel, Xhal. Noll, £agl, BstXI, Sst/1, Sstl 

pCOR 102 BS 5.2 T7 SstT, Sstll, BsIXI. Eagl, Not/, Xbal, Ace!. Ncol. F.coR V, Hi11dl/J, Clo/, Sall, RP 
Spel. BamHL Smal. Psrf, EcoRl, EcoR V Hincll. Accl, Xhol, Apa/, Kpnl 

pCORt06 5Zf 5.2 T7 Apa!, Xhol. Accl, Hiacll, Sall. Accl. Ncol. Sslfl, EcoRV, Spel. Nori, SP6 
Clal. Hindi/I, EcoR V Pstl, Accl, llincll, Sall, Sstl, BstXI 

pCORI09 5Zf 5.2 T7 Apa/, Aac/1, Sphl. Eagl. Noll, Xhal, Ace!, Ncof. S.HII, EcoRV, Spel, Notl, SP6 
Spel, BamHI, Smal, Pstl. EcoRJ. EcoRV Pstl, Ace!, llincll , Sall, Sstl, BstXI 

pCORl03 BS 4.4 RP Kpnl. Apa/, Xhol 

pCORl04 BS 4.4 RP Kpnl, Apa!, Xhol 

pCORI07 5Zf 4.4 T7 Apa/, Xhol 

pCORI08 BS 4.4 T7 Sslf, Sstll, BstXI, Eag/, Not!, 
Xbal, Xhol 

pCORI 14 BS 4.4 T7 SstT, Sst/1, BstXI , Clal, Accl, 
Hine/I. Sall, Xhol 

pCORl 12 BS 4.4 RP Kp11l, Apal, Xhol 

pCOR115 5Zf 4.4 T7 Apa/, Aarll. Sp/,/, Eagl. Xbal, Xhol 

pCORl16 5Zf 4.4 SP6 BstXI, Sstl , Ace!. Sall, Pstf, Not! 

pCORl05 BS 4.4 RP Kp11/, Apa/, Xhol 

pCOR113 BS 4.4 RP Kp11/, Apa/. Xhol 

pCOR1J7 5Zf 4.4 SP6 BstXI, Sstl. Accl. Sall. Pstl, Not/ 

• Plasmid used 111 vector construction: BS. pBluescriptl I-KS 
(2.96 kb); 5Zf. pGem-5Zf( +) (3.00 kb) 
b Size of the vector Act I 5' region in kb 
c Sequencing primer binding site at the 5' and 3' ends of the Acr I 
region: RP, M 13 reverse primer; T7. T7 17-mer primer: SP6, SP6 
17-mcr primer 

lion that this inlron did not restore gene expression when 
placed outside of lhe pActf-R transcriplion unit sug­
gested that the 5' inlron was not acting as an enhancer­
like element (McElroy et al. J 990c). Final ly, no Gus ex­
pression was detected in cells transformed with pAct I­
F6, in which all Act I D A upstream of the 5' border 
of the intron had been deleted, suggesting that there 
is no promoter activity within the Act/ intron 1 itself. 
These findings further support our previous conclusion 
(McElroy et al. 1990c) that the rice Actl inlron-mediat­
ed stimulation of gene expression is associated, in part, 
with an in vivo requirement for efficient intron splicing. 

This conclusion is further slrengthened by the obser­
vation of intron-mediated stimula tion of Gus gene ex­
pression from a helerologous plant promoter in trans­
formed rice and maize cells. Addition of the rice Acri 

Accl, Neal, Baml 11 , Spel. Xhal. Not/, T7 
Eagf, BstXI, Sst/1, Sstl 

Accl, Ncol, EcoRV, Eco RI, Pstf, Smal, Baml II, T7 
Spel, Xbal, Not!, Eagl. BsrXI, Sst/1, Sstl 

Ace!, Neal. Sstll, EcoRV, Spel, Not!, SP6 
Psi!, Accl , HincIJ , Sall, Sst l, BstXl 

Accl, Neol, EeoR V, Hindi/ I, Clal, Sal I, RP 
Hincll, Ace!, Xhol, Apa/, Kpnl 

Accl, Neol, Sstll, EeoRV, Spel. Nori, RP 
Pstl , Apa/ , Kpnf 

Ace!, Ncol, Sstll, EeoRV, EcoRI. Pstf, Smal, T7 
BamHI, Spel, Xbal, Nor!, Eagl, Svt/1, BsrXI, Ssll 

Accl. Ncol . SsI/I, EcoRV. Spel, Nolf, SP6 
Psrl, Ace!, ll incl l, Sal!, Sstl, 8.1IXI 

AccI, Ncof, Sstll. EcoRV. Spel, Xbal. T7 
Eagl, Sphi, Aa//1, Apa! 

Accl, EcoRV, EcoRl, Psrl, Smal, BamHl. T7 
Spe/, Xbal, Noli, Eag/, BstXI, Sstll, Sstl 

Ace!, Hi11dl/l, EcoRV, EcoRl. Pstl, Smal. BamHI , T7 
Spel, Xbal, Not/, Eagi, BstXI, Ssr/1, Sstl 

Accl. Sst/1, EcoRV. Spel, Xbal. Eagl, T7 
Sphl, Aatlf, Apa/ 

d Polylinker restriction sites and the 5' and 3' ends of the Act I 
region; unique restriction sites ia the expression vector arc italic 
letters 

first intron to the transcriptional unit of the CaMV 35S­
Gus gene in the construction of plasmid pBCG-AS stim­
ulated Gus expression more than 10- and 7-fold in trans­
formed rice a nd maize cells, respectively, to levels similar 
to lhat achieved with the analogous Actl-Gus lranscrip­
tional fusion on plasmid pActi-FS. Only a single intron 
was necessary to achieve maximal stimulation of Gus 
expression, as a 35S-Actl-Gus gene containing four in­
trons in its lranscribed leader region (pBCG-41) direcled 
levels of GUS activity similar to that obtained with the 
a nalogous single intron-containing pBCG-A construct. 
A similar inlron-medialed enhancemenl of gene expres­
sion in transformed monocot cells has been reported 
for lhc maize Adhl (Callis et a l. 1987; Oard et a l. J 989; 
Kyozuka ct a l. 1990; Mascarenhas et al. 1990; Luehrsen 
and Walbot 1991) and S/z/ introns (Vasil et al. 1989 ; 



158 

RV/ Sma BamH I Sma I 
pAcH-F ag/CTAGMC ""' CCTCACCCCGACGATCCCGCATCCCCGCCTCCTCACTCCCTT /,I1iTTACCTCCTCTAGM 

Met "1aAspAlaGluAspClyClySerProClyClyCln5erPhe HetLeuArqProValClu 

Notl BstXI 
pkl1· 8 aq/GTAGMC A.Ta GCTGACCCCCAGGATCGGCGATCCACTACTTCTACACCGGCCCCCACCCCGCTGCACCTC 

RV/Snla BamHI SpeI XbaI £agl SstII Sstl 

pAct1·C ag/GTAGAAC UQ CCTGACCCCCAGCATCGGCTCCAGCAATTCGATATCM.GCTTATCGATACCGTCGACCTCGACCGGGCCCCCGCTACC 
Pstl EcoRI EcoRV HindIJ I Clal Sall Xhol Ape.I Kpnl 

pAcl1· F4 

pAcll-F2 

pCOR103 

Ace I Ncol 
.-,q/GTAC/\CC A2"0G'TCCCTCCTCTAC\A 

Met ValArgProValGlu 

Ace! NcoI RV/Sma BamHI Stria! 

Hine II 
Ace! 

ag/CTACACC A2'C GCTGACCCCGACC.ATGCCCCATCCCCCCCTGCTCAGTCCCTT AICTTACCTCCTCTAGA.A 
Met AlaAsp,\laCluAspClyClySerProClyClyClnSerPhe MecLeuArgProValClu 

Not! BstXI 
ag/CTACACC ATG CCTGACCCCCACCATCCCCCATCCACTACTTCTAGAGCGGCCCCCACCGCGCTGCACCTC 

Ace! Ncol RV/Sma BamHI Spel XbaI Eaql S.9tl I Sstl 

Not I BstXI 

Fig. 4. Nucleotide sequences at the junction of 
the rice actin 1 gene (Act/) transcribed region 
and the polylinker region in Acti -based ex­
pression vectors. The Actl-based expression 
vectors have been grouped as translational or 
transcriptional expression vectors and the 
former are further subdivided according to the 
sequence context surrounding the translation 
initiation codon. Each plasmid group is derived 
from the Act I-Gus junction sequence shown on 
the first line of each group. The Actl-based 
translational expression vectors containing an 
unmodified Act/ translation initiation codon 
region include pActl-F, B, and C. The Act/­
based translational expression vectors contain­
ing the modified (AccI- and Ncol-containing) 
Act/ translation initiation codon region include 
pAct1-F2, pAct1-F4 and pCOR101- 104, 106-
109,112, and 115- 116. The Act/-based trans­
criptional expression vectors are derived from 
pAct1-F5 and include pCOR105, 113, and 117. 
Polylinker restriction sites are indicated above 
and below each sequence. Features of the nu­
cleotide sequence are indicated as presented in 
Fig. 3. The expected translation products, if 
any, are indicated below the coding sequence 
with Gus-encoded amino acids shown in italics. 
Details of construction for each expression vec­
tor are described in the Materials and methods 

pCOR101 
pCOR104 

ag/C:TACACC AN CCTGACCCCGACCATATCGAATTCCTCCAGCCCGGGCC,\TCCACT1tCTTCTAC.'.CCCCCCCCCACCCCCCTCGAGCTC 
,\eel Ncol EeoRV EeoRI PstI SIMI Sam.HI SpeI XbaI EaqI Sstl I Sstl 

pCOR102 
pCOR108 

ag:/CTACACC ATG GCTGACCCCGAGC.\T,\TCAACCTT,\TCGAT,\CCCTCGACCTCGACGCCCGCCCCCCT,'-CC 
,\eel NcoI EeoRV HindIII Clal Sall Xhol Apa! fCpnl 

Hine II 

Not I BstXI 
pCOR112 

pCOR116 

aq/CTAGACC UCI GCCCCGGGAT,\TCCAATTCCTCCACCCCCGGGGATCCACTACTTCTAGACCCGCCCCCACCCCCGTGG,\CCTC 
AeeJ NeoI Sstll EcoRV EcoRI Pstl Smal BamHI Spel Xbal Eag:I SstII Sstl 

ag:/CTACACC ATC CCCCCCCGATATCACT,\CTTCTAGACCCCCCCCGACCATCCCACCTCCCGCCC 
Ace I Ncol Sstll EcoRV Spel Xbal Eagl Sphl Aatl I Apa I 

pCOR106 
pCOR107 
pCOR10II 
pCOR111 

ag: /CTAGACC AN GCCCCGCCA T ATCACT-'GTCCCCCCCCCTGCA.CCTCGACCA T-' TCGCACACCTCCCMCCCCTTCC 

pActf-FI 

Aeel Ncol Sstll EcoRV Spel Notl Pstl Sall S.stl BstXI 

Ace/Sm.a 
ag:/CT,'-CCCCTCCTCACTCCCTT AflilTTACCTC'CTCTA~ 

MttLeuAr9ProValClu 

Hine II 
Accl 

Notl 8.stXI 
pCOR101 ag:/GTAGACCCTGACCCCGAGCATATCCAATTCCTCCACCCCCCCGG.a.TCCACTAGTTCTAGACCGCCCCCCACCCCCCTGGACCTC 

A.eel EeoRV EeoRl Patl Smal BamHI SpeI Xbal Eag:I S•tll Sstl 

Not.I BstXI 
pCOR113 aq /GT AGACGATCCGCTTGAT ,\TCCAATTCCTGCACCCCCCCCGA TCCACT ACTTCTAGACCGGCCGCCACCCCCCTCCAGCTC 

Accl Hindlll EeoRV EeoRI P.stl Sm.al BamHI Spel Xbal Eag:I Sstll Sstl 

pCOR117 ,iq /CT ACACCCCCCGA T ATCACTACTTCTACACCCCCCCGACCATCCGACGTCCCCCCC 
Acc J SstII EcoRV Spel Xbal Eag:I SphI Aatl Apa! 

Maas et al. 1991) and even a dicot intron from the castor 
bean cat-1 catalase gene (Tanaka et al. 1990). Addition 
of the maize Adhi intron 1 to the transcription unit 
of a CaMV 35S-Gus gene (pCI 1 GusN) stimulated Gus 
expression more than 4-fold in transformed rice and 
maize cells to levels that approached or surpassed those 
achieved with the Adhi-Gus gene in plasmid pAI 1GusN. 
This intron-mediated enhancement of gene expression 
in monocot cells appears to be a general feature of most 
plant introns and has been attributed to increased 
mRNA levels and efficient intron splicing (Tanaka et al. 
1990; Luehrsen and Wal bot 1991 ). 

In transformed tobacco cells, we observed that inclu­
sion of the Acti intron in the CaMV 35S-Gus transcrip­
tion unit caused a 4-fold decrease in Gus expression. 
Keith and Chua (1986) have reported that monocot and 
dicot introns are processed with different efficiencies in 
transgenic tobacco plants. Thus, the observed GUS ac­
tivity in tobacco may be a measurement of the ineffi­
ciency of splicing of the rice Acti intron from the 35S­
Gus fusion. Furthermore the rice Acti promoter, like 
the maize Adhi promoter (Ellis et al. 1987), is not active 
in transformed tobacco cells, regardless of whether the 
intron was present (pActi-RI) or absent (pActi-R). Tak­
en together these findings indicate that the Acti gene 
would not be expected to be an efficient promoter in 

transgenic dicots. Therefore, the CaMV 35S promoter 
remains the promoter of choice for strong constitutive 
expression of genes in transgenic dicot plants. 

We have also investigated the influence of the se­
quence context surrounding the translation initiation site 
in Gus-containing transcripts. Kozak (1984) had pre­
viously noted a eukaryotic consensus sequence at the 
ATG initiation codon (ACCATGG) with the most high­
ly conserved positions being purines at - 3 (usually an 
A) and at +4 (usually a G) (Kozak 1986, 1987). The 
Acti translation initiation site (AAGATGG) closely 
matches this eukaryotic consensus sequence and the con­
sensus sequence of ACAATGG for plant transcripts 
(compiled by comparison of sequences from a rather 
limited subset of plant genes; Joshi 1987). Nonetheless, 
in an attempt to increase Gus expression we modified 
the Acti sequence from AAGATGG in pActi-F to 
ACCATGG in pAct1-F2, to match precisely the animal 
consensus sequence for the translation initiation codon 
(Kozak 1984). This modification actually resulted in a 
slight reduction in GUS activity in transformed rice and 
maize cells. 

The importance of the sequence context surrounding 
the translation initiation codon was most dramatically 
represented by the relative levels of GUS activity ob­
served from cells transformed with plasmids pAct1-F4 



and pActl-F5. Plasmid pAct1-F5 contains a transcrip­
tional Actl-Gus gene fusion where translation is expected 
to initiate at the bacterial ATG codon embedded within 
the sequence CTT A TGT (note the pyrimidine residues 
at -3 and +4). This plasmid directed levels of Gus 
expression that were reduced 4- and 9-fold relative to 
pBCG-A transformed rice and maize cells, respectively. 
However, when the eukaryotic consensus sequence 
(ACCATGC) was substituted for the bacterial sequence, 
GUS activity was restored to pBCG-A levels in both 
rice and maize cells. The intron and sequence depen­
dence together are most dramatically represented by the 
observation that the CaMV 35 S-Act 1 intron 1-Gus gene 
(with the optimized ACCATGG) in plasmid pBCG-A4 
produced 40- and 65-fold increased GUS activity in 
transformed rice and maize cells, respectively, than plas­
mid pBCG containing a generic 35S-Gus gene. Sleat 
et al. (1987) previously reported that the local sequence 
environment at the translation initiation codon had no 
innuence on gene expression in a plant in vitro transla­
tion system; our results clearly demonstrate the impor­
tance of this feature for in vivo gene expression. 

The sequence modifications to the translation initia­
tion region occur immediately adjacent to the 3' splice 
site junction of the Act 1 first intron, and thus could 
affect splicing efficiency as well as translation initiation. 
However, RNA gel blot analysis of mRNA from an 
Act I-expressed transgene (like pAct1-F4 with a modified 
Act/ translation initiation region) in transformed maize 
calli showed no reduced efficiency in mRNA splicing 
(A.D. Blowers, unpublished result). We have also noted 
that the constructs tested in this report often differed 
in aspects other than the one parameter under investiga­
tion. These differences have included mRNA 5'-untrans­
cribed leader length and composition, the distance be­
tween the 3' splice site of the respective Acti intron 1 
element and the translation start codon, and the se­
quence context surrounding the translation initiation co­
don. Although each of these features could potentially 
complicate the interpretation of our results, we would 
not be able to detect any potential effects without the 
use of precisely matched vectors that differ in just one 
parameter. It is worthwhile noting that Luehrsen and 
Walbot (1991) performed an exhaustive study on the 
effects of such features on maize gene intron splicing 
using matched vectors and observed only minor differ­
ences in transient gene expression. 

With the knowledge that the Act 1 5' region can pro­
mote constitutive high levels of Gus reporter gene expres­
sion throughout the vegetative and gametophytic tissue 
of transgenic rice plants (Zhang et al. 1991), we have 
developed a set of Act I-based expression vectors for use 
in monocot transformation. From the results presented 
in this paper, we propose that constitutive high levels 
of foreign gene expression can be obtained from plas­
mids containing the Act i promoter and intron 1, and 
an optimized translation initiation codon sequence pro­
vided by the Acr 1 gene or the foreign gene to be ex­
pressed. 

The translational vectors described here would be 
suitable for the expression of proteins that can tolerate 
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small N-terminal amino acid additions without affecting 
activity (such as GUS). Transcriptional vectors are avail­
able for situations where this is not the case, for example 
where the protein product contains an N-terminal signal 
peptide. If the gene of interest is of prokaryotic origin 
and contains a suboptimal region at the translation initi­
ation site, an Acti-based expression vector which has 
a Ncol site overlapping the A TG codon can accommo­
date a suitably modified gene to produce a perfect in­
frame fusion at the Ac/1 initiation A TG codon. Some 
of the rice Actl-based expression vectors described here 
are already being used to direct foreign gene expression 
in stably transformed tissues of rice and maize plants. 
We have found that higher levels of gene expression can 
be obtained using the rice Acti-based vectors than were 
previously obtained with maize Adht-based vectors. 
Moreover, high levels of Act i promoter activity have 
also been obtained in transient assays of Act1-Gus gene 
expression in cells from a number of other monocot 
species including wheat, oat, barley, and sorghum (A.D. 
Blowers, B. Jenes, J. Cao, D. McElroy, and R. Wu, un­
published results). In summary, we propose that these 
vectors hold great potential for the expression of foreign 
genes in monocot plants and should greatly facilitate 
the development of transgenic cereals with agronomi­
cally useful traits. 
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