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1             Seattle, Washington; May 9, 2023

2                       9:06 a.m. PST

3                          *  *  *

4

5                   ANDRES LARREA, Ph.D.,

6 remotely sworn as a witness by the Certified Court

7 Reporter, testified as follows:

8

9                     CROSS-EXAMINATION

10 BY MR. POWERS:

11      Q.  Good morning, Dr. Larrea.                          09:06AM

12      A.  Good morning.                                      09:06AM

13      Q.  I'm Ralph Powers, III from Sterne, Kessler,        09:06AM

14 Goldstein & Fox on behalf of The University of              09:06AM

15 Washington.  With me in the room is David Holman, also      09:06AM

16 from Stern Kessler.                                         09:06AM

17          Have you been deposed before?                      09:06AM

18      A.  Yes.  I've been deposed once before.               09:06AM

19      Q.  When was that?                                     09:06AM

20      A.  I don't recall the exact time.                     09:06AM

21      Q.  Do you recall the approximate time?                09:07AM

22      A.  I'd say approximately 2015.                        09:07AM

23      Q.  And did you serve as an expert witness in that     09:07AM

24 case?                                                       09:07AM

25      A.  No, I did not.                                     09:07AM
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1      Q.  You served as a fact witness in that case.  Is     09:07AM

2 that correct?                                               09:07AM

3      A.  Yes, I believe that is correct.                    09:07AM

4      Q.  What was the nature of that case?                  09:07AM

5      A.  It was a lawsuit.                                  09:07AM

6      Q.  Okay.  Can you be a little bit more specific?      09:07AM

7      A.  It regarded an accident at my house.               09:07AM

8      Q.  Was it a negligence lawsuit?                       09:07AM

9      A.  It was a negligence lawsuit.                       09:07AM

10      Q.  Were you the defendant?                            09:07AM

11      A.  I was not the defendant.                           09:07AM

12      Q.  Were you the plaintiff?                            09:07AM

13      A.  Yes.                                               09:07AM

14      Q.  Who was the defendant in that lawsuit?             09:07AM

15      A.  Home Depot, I believe.                             09:08AM

16      Q.  What was the nature of the accident?               09:08AM

17      A.  I was pushing on a box that they were              09:08AM

18 delivering, and I tore my Achilles.                         09:08AM

19      Q.  I hope you're okay now?                            09:08AM

20      A.  I am.  I've since torn the other Achilles in       09:08AM

21 an unrelated event.                                         09:08AM

22      Q.  Okay.  So since you've been deposed before,        09:08AM

23 you may know this, but I just want to go over some          09:08AM

24 ground rules with you.                                      09:08AM

25          First, as you can see, this is all being           09:08AM
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1 transcribed so we'll need to get verbal answers from 09:08AM

2 you.  Do you understand that? 09:08AM

3 A. Yes, I do. 09:08AM

4 Q. Okay.  Let me know if you don't understand a 09:08AM

5 question; but if you go ahead and answer it, I'll 09:08AM

6 assume that you understood the question. 09:08AM

7 Is that okay? 09:08AM

8 A. That's okay. 09:08AM

9 Q. And it's also important that we try not to 09:08AM

10 talk over each other so that the court reporter can do 09:09AM

11 her job. 09:09AM

12 Do you understand? 09:09AM

13 A. I do. 09:09AM

14 Q. Okay.  You're also under oath, so you need to 09:09AM

15 give full, complete and accurate answers. 09:09AM

16 Is that acceptable? 09:09AM

17 A. Yes, it is. 09:09AM

18 Q. Your counsel may object, but you still need to 09:09AM

19 answer the question unless you're instructed not to. 09:09AM

20 Do you understand? 09:09AM

21 A. I do. 09:09AM

22 Q. Okay.  I see that you have some documents in 09:09AM

23 front of you.  What are those documents? 09:09AM

24 A. These are the documents from -- that include 09:09AM

25 my declaration as well as the documents referenced. 09:09AM
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1      Q.  Referenced where?                                  09:09AM

2      A.  In the declaration.                                09:09AM

3      Q.  So that's your -- so you brought into this         09:09AM

4 deposition room a copy of your declaration and copies       09:09AM

5 of all the exhibits cited in your declaration.  Is that     09:09AM

6 correct?                                                    09:09AM

7      A.  Perhaps not all the exhibits, but most of the      09:09AM

8 exhibits.                                                   09:10AM

9      Q.  Some of the exhibits cited in your                 09:10AM

10 declaration?                                                09:10AM

11      A.  That is correct.                                   09:10AM

12      Q.  Potentially all of the exhibits cited in your      09:10AM

13 declaration?                                                09:10AM

14      A.  Potentially all.                                   09:10AM

15      Q.  Who selected the documents that you have in        09:10AM

16 front of you?                                               09:10AM

17      A.  I did.                                             09:10AM

18      Q.  And may I inspect those documents?                 09:10AM

19      A.  (Indicating).                                      09:10AM

20      Q.  Did you make any notes or markings on these        09:10AM

21 documents?                                                  09:10AM

22      A.  I did not.                                         09:10AM

23      Q.  I see there's a table of contents at the           09:10AM

24 beginning of this binder.  Would you please read out        09:11AM

25 the exhibit numbers that are listed there in the table      09:11AM
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1 of contents?                                                09:11AM

2      A.  Yes.                                               09:11AM

3          Tab 1:  Exhibit 1033, Larrea Rebuttal              09:11AM

4 Declaration.                                                09:11AM

5          Tab 2:  Exhibit 1018, US 20090298075A1.            09:11AM

6          Tab 3:  Exhibit 1020, US 7,476,503.                09:11AM

7          Tab 4:  Exhibit 1021, Travers.                     09:11AM

8          Tab 5:  Exhibit 1035, Template Preparation         09:11AM

9 Sequencing Guide.                                           09:11AM

10          Tab 6:  Exhibit 1036, Chin 2011.                   09:11AM

11          Tab 7:  Exhibit 2001, Eid 2009.                    09:12AM

12          Tab 8:  Exhibit 2002, Niedringhaus 2010.           09:12AM

13          Tab 9:  Exhibit 2006, Egan 2012.                   09:12AM

14          Tab 10:  Exhibit 2014, Satija Declaration.         09:12AM

15          Tab 11:  Exhibit 2021, PacBio Technology           09:12AM

16 Backgrounder 2010.                                          09:12AM

17          Tab 12:  Exhibit 2026, Eid Supplemental            09:12AM

18 Material.                                                   09:12AM

19      Q.  And you reviewed all of those documents in         09:12AM

20 preparation for your declaration that you filed in this     09:12AM

21 case.  Is that correct?                                     09:12AM

22      A.  Yes, that is correct.                              09:12AM

23      Q.  Did you review the entire Satija declaration?      09:12AM

24      A.  I have read the entire Satija declaration.  I      09:13AM

25 focused my studies on the problems raised by Satija.        09:13AM
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1      Q.  Did you review all the materials cited in the      09:13AM

2 Satija declaration?                                         09:13AM

3      A.  I did not review all the material.                 09:13AM

4      Q.  Aside from the documents in front of you that      09:13AM

5 you just listed, did you consider any other materials       09:13AM

6 in rendering your opinions in your declaration in this      09:13AM

7 case?                                                       09:13AM

8               MR. MILLS:  Objection to form.                09:13AM

9      A.  No.  The material that I used in prepping this     09:13AM

10 declaration is here.                                        09:14AM

11      Q.  Did you review the petition filed in this          09:14AM

12 case?                                                       09:14AM

13      A.  I did not review the petition filed in this        09:14AM

14 case.  My focus was really on the -- Dr. Satija's           09:14AM

15 testimony about the four alleged problems.                  09:14AM

16      Q.  Did you review Dr. Quackenbush's first             09:14AM

17 declaration filed in this case?                             09:14AM

18      A.  There were some excerpts in Satija's               09:14AM

19 declaration, but I did not do that.  I really focused       09:14AM

20 on Dr. Satija's testimony regarding the four alleged        09:14AM

21 problems.                                                   09:14AM

22      Q.  Did you review Dr. Quackenbush's second            09:14AM

23 declaration filed in this case?                             09:14AM

24      A.  I did not.  Again, I really focused on the         09:14AM

25 testimony regarding the four alleged problems.              09:15AM
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1      Q.  If you go back to your table of contents           09:15AM

2 there -- sorry -- the table of contents for the binder,     09:15AM

3 who selected those documents for you to review?             09:15AM

4               MR. MILLS:  Objection to form.                09:15AM

5      A.  I'm not sure that I understand your question.      09:15AM

6      Q.  Let me ask it a little differently.                09:15AM

7          Who selected those documents for you to review     09:15AM

8 in preparation of your declaration filed in this case?      09:15AM

9      A.  If you mean specifically for the declaration       09:15AM

10 today, then, like I said, I selected the documents that     09:16AM

11 were to be brought in today.                                09:16AM

12      Q.  Today is what we call a deposition.  But you       09:16AM

13 also filed a declaration; right?                            09:16AM

14      A.  Um-hmm.                                            09:16AM

15      Q.  Who selected -- and you said that those            09:16AM

16 documents in your table of contents, which we'll mark       09:16AM

17 as Larrea Exhibit 1, you also relied on those documents     09:16AM

18 in preparation of your declaration.  Right?                 09:16AM

19      A.  Yes.  That is correct.                             09:16AM

20      Q.  And who selected those documents for you to        09:16AM

21 rely on in preparing your declaration in this case?         09:16AM

22               MR. MILLS:  Objection to form.                09:16AM

23      A.  Many of these exhibits were taken from             09:16AM

24 Satija's declaration, which I was asked to review.          09:17AM

25      Q.  Okay.  And did counsel provide you with some       09:17AM
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1 of those documents?                                         09:17AM

2      A.  I spent time working at PacBio, and I was          09:17AM

3 familiar with many of these, so I wasn't provided           09:18AM

4 anything that I had not previously read.                    09:18AM

5      Q.  That doesn't quite answer my question.             09:18AM

6          Did counsel provide you with the documents         09:18AM

7 that are listed in your table of contents?                  09:18AM

8               MR. MILLS:  Objection to form.  Asked and     09:18AM

9 answered.                                                   09:18AM

10      A.  I guess I don't understand exactly what you're     09:18AM

11 asking.                                                     09:18AM

12      Q.  In your preparation and your work for this         09:18AM

13 case, did counsel provide you the documents listed in       09:18AM

14 your table of contents there?                               09:18AM

15               MR. MILLS:  Same objections.                  09:18AM

16      A.  I reviewed the Satija declaration.  I              09:19AM

17 identified certain problems, and we reviewed and            09:19AM

18 identified the relevant material to address those.          09:19AM

19      Q.  And as part of that, did counsel provide you       09:19AM

20 with the documents listed in your table of contents         09:19AM

21 there?                                                      09:19AM

22               MR. MILLS:  Same objections.                  09:19AM

23      A.  They did not provide me with anything that I       09:19AM

24 had not previously read.                                    09:19AM

25      Q.  Okay, that really doesn't answer my question,      09:19AM
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1 though.  Did counsel provide you with the documents         09:20AM

2 that are listed in your table of contents?                  09:20AM

3               MR. MILLS:  Same objections.                  09:20AM

4      A.  (Pause).  Counsel highlighted some --              09:20AM

5               MR. MILLS:  So --                             09:20AM

6               MR. POWERS:  Please let the witness           09:21AM

7 finish.                                                     09:21AM

8               MR. MILLS:  No, I'm going to register an      09:21AM

9 objection.                                                  09:21AM

10               MR. POWERS:  That's fine.                     09:21AM

11               MR. MILLS:  Yeah, thank you.                  09:21AM

12               MR. POWERS:  Testimony proceeds.              09:21AM

13               MR. MILLS:  Yeah, my objection is on the      09:21AM

14 basis of work product and privilege, so I'm going to        09:21AM

15 issue a cautionary instruction.                             09:21AM

16          To the extent that the answer -- the question      09:21AM

17 calls for the disclosure of any confidential                09:21AM

18 conversations with counsel that do not form a basis for     09:21AM

19 your opinions, I would instruct you not to answer the       09:21AM

20 question.                                                   09:21AM

21      Q.  (By Mr. Powers)  Yeah, I'm not calling for any     09:21AM

22 privileged information.                                     09:21AM

23          The question is simply:  Did counsel provide       09:21AM

24 you with the documents there listed in your table of        09:21AM

25 contents?                                                   09:21AM
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1      A.  No documents in my declaration and no part of      09:21AM

2 my analysis was based on material that I had not            09:22AM

3 previously seen.                                            09:22AM

4      Q.  Okay, fair enough.                                 09:22AM

5          Did counsel provide you with the documents         09:22AM

6 that are listed in your table of contents?                  09:22AM

7               MR. MILLS:  Objection to form.  Asked and     09:22AM

8 answered.                                                   09:22AM

9      A.  For example, the template preparation              09:22AM

10 sequencing guide I would hand out to people as I was        09:22AM

11 training them many years ago.  Similar with Travers;        09:22AM

12 similar with Chin; similar with Eid.  So there was no       09:23AM

13 material in here that was new to me.                        09:23AM

14      Q.  Okay.  But as part of your work in preparing       09:23AM

15 your declaration in this case, counsel provided you         09:23AM

16 with those documents.  Is that fair?                        09:23AM

17      A.  I would not say that that is an accurate           09:23AM

18 description.                                                09:23AM

19      Q.  What would you say is an accurate description?     09:23AM

20      A.  I reviewed Dr. Satija's declaration, I offered     09:24AM

21 comments on that, and then those comments were              09:24AM

22 memorialized into the declaration.                          09:24AM

23      Q.  And who wrote your declaration?                    09:24AM

24      A.  Like I said, it was -- I reviewed his,             09:24AM

25 Dr. Satija's declaration.  I made comments on that          09:24AM
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1 declaration.  And then the exact writing was a              09:24AM

2 collaborative effort.                                       09:25AM

3      Q.  Collaborative effort among whom?                   09:25AM

4      A.  Among myself and counsel.                          09:25AM

5      Q.  Let's go ahead and mark that table of contents     09:25AM

6 as Larrea Exhibit 1.                                        09:25AM

7          (Exhibit 1 was marked for identification.)         09:25AM

8      Q.  (By Mr. Powers)  Did you review the patent at      09:25AM

9 issue in this case?                                         09:25AM

10      A.  I did not review the patent.  I really focused     09:25AM

11 my work on the problems in Dr. Satija's declaration.        09:26AM

12      Q.  Did you review any prosecution history             09:26AM

13 documents as part of your work for this case?               09:26AM

14      A.  I did not review any prosecution document.  I      09:26AM

15 really focused on the four problems in Dr. Satija's         09:26AM

16 declaration.                                                09:26AM

17      Q.  Aside from counsel, did you speak with anyone      09:26AM

18 in arriving at your opinion expressed in your               09:26AM

19 declaration?                                                09:26AM

20      A.  No, I did not.                                     09:26AM

21      Q.  And you already told me that you did not           09:27AM

22 consider any references that you did not cite in your       09:27AM

23 declaration.  Is that correct?                              09:27AM

24               MR. MILLS:  Objection to form.                09:27AM

25      Q.  (By Mr. Powers)  There's a double negative         09:27AM
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1 there.  Let me try that again so it's very clear.           09:27AM

2          Did you consider any references that you did       09:27AM

3 not cite in your declaration in arriving at your            09:27AM

4 opinion?                                                    09:27AM

5      A.  None that I can think of right now.                09:27AM

6      Q.  Did you prepare for today's deposition?            09:27AM

7      A.  Yes, I did.                                        09:28AM

8      Q.  What did you do to prepare?                        09:28AM

9      A.  One of the things that I did to prepare was        09:28AM

10 review the declaration that I wrote.                        09:28AM

11      Q.  You reviewed your declaration.                     09:28AM

12          Did you review any other documents?                09:28AM

13      A.  I also reviewed Dr. Satija's four problems.        09:28AM

14      Q.  Anything else?                                     09:28AM

15      A.  I also reviewed the papers cited in my             09:28AM

16 declaration.                                                09:28AM

17      Q.  Did you review any documents not cited in your     09:28AM

18 declaration in preparation for today's deposition?          09:28AM

19      A.  I may have also reviewed some of the documents     09:28AM

20 cited in Dr. Satija's four problems.                        09:28AM

21      Q.  Were those documents cited in Satija's four        09:29AM

22 problems also cited in your declaration?                    09:29AM

23      A.  I can't recall if every one in his four            09:29AM

24 problems is cited in my declaration.                        09:29AM

25      Q.  So there may be documents in Dr. Satija's          09:29AM
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1 declaration regarding the four problems that are not        09:29AM

2 addressed in your declaration.  Is that correct?            09:29AM

3               MR. MILLS:  Objection to form.                09:29AM

4      A.  There may be.  I don't recall.                     09:29AM

5      Q.  (By Mr. Powers)  Did you meet with anyone in       09:30AM

6 preparation for your deposition today?                      09:30AM

7      A.  I did.                                             09:30AM

8      Q.  Who did you meet with?                             09:30AM

9      A.  I met with counsel.                                09:30AM

10      Q.  Can you name them?                                 09:30AM

11      A.  I met with Jad, Sonja, and Mike.                   09:30AM

12      Q.  And about how long did you meet with counsel?      09:30AM

13      A.  We met the first time for about an hour.           09:30AM

14      Q.  When was the first time?                           09:30AM

15      A.  I don't recall.                                    09:30AM

16      Q.  Okay.  Did you meet again a second time?           09:30AM

17      A.  We did.                                            09:30AM

18      Q.  And how long did you meet with them for the        09:30AM

19 second time?                                                09:30AM

20      A.  One hour.                                          09:30AM

21      Q.  Did you meet a third time?                         09:30AM

22      A.  We did.                                            09:30AM

23      Q.  How long did you meet for the third time?          09:30AM

24      A.  About a day.                                       09:31AM

25      Q.  And was that day yesterday?                        09:31AM
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1      A.  That day was yesterday.                            09:31AM

2      Q.  So about eight hours yesterday?                    09:31AM

3      A.  That sounds about right.                           09:31AM

4      Q.  So all in all, you met with counsel for about      09:31AM

5 ten hours.  Is that correct?                                09:31AM

6      A.  That is correct.                                   09:31AM

7      Q.  Can you go to paragraph 6 of your declaration?     09:31AM

8          It says that you:  Introduced next-generation      09:31AM

9 sequencing technologies to improve efficiencies and cut     09:31AM

10 costs.                                                      09:31AM

11          Do you see that?                                   09:31AM

12      A.  I do.                                              09:31AM

13      Q.  Is efficiency important to a skilled artisan?      09:31AM

14               MR. MILLS:  Objection to form.  Scope.        09:31AM

15      A.  In that particular experiment it was.              09:32AM

16      Q.  (By Mr. Powers)  Is efficiency generally           09:32AM

17 important to a skilled artisan?                             09:32AM

18               MR. MILLS:  Same objection.                   09:32AM

19      Q.  (By Mr. Powers)  In the context of next-gen        09:32AM

20 sequencing?                                                 09:32AM

21      A.  I would say it depends.                            09:32AM

22      Q.  What's it depend on?                               09:32AM

23      A.  It would depend on the goal of the experiment.     09:32AM

24      Q.  All other things being equal, isn't it true        09:32AM

25 that a skilled artisan would appreciate a more              09:32AM
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1 efficient approach --                                       09:32AM

2               MR. MILLS:  Objection to form.                09:32AM

3      Q.  (By Mr. Powers) -- in next generation              09:33AM

4 sequencing technology?                                      09:33AM

5               MR. MILLS:  Objection to form and scope.      09:33AM

6      A.  All other things are rarely equal, and so I        09:33AM

7 would say it depends on the experimental conditions.        09:33AM

8      Q.  Efficiency is a goal in next-generation            09:33AM

9 sequencing, though; correct?                                09:33AM

10               MR. MILLS:  Objection to form.  Scope.        09:33AM

11      A.  Efficiency is one parameter in next-gen            09:33AM

12 sequencing.                                                 09:33AM

13      Q.  (By Mr. Powers)  And so skilled artisans are       09:33AM

14 looking to be as efficient as possible in accomplishing     09:34AM

15 their goals in next-generation sequencing.  Correct?        09:34AM

16               MR. MILLS:  Object to form.  And outside      09:34AM

17 the scope.                                                  09:34AM

18      A.  It depends a great deal upon the exact             09:34AM

19 experimental design in question.                            09:34AM

20      Q.  (By Mr. Powers)  But we agreed that efficiency     09:34AM

21 is important for artisans in next-generation                09:34AM

22 sequencing.  Correct?                                       09:34AM

23               MR. MILLS:  Objection to form.  Scope.        09:34AM

24      A.  There are many experiments in which efficiency     09:34AM

25 is not the primary goal of the process.  It will depend     09:34AM
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1 on the question and the design.                             09:34AM

2      Q.  (By Mr. Powers)  And you say that you              09:34AM

3 introduce next-generation sequencing technologies to        09:35AM

4 the lab to improve efficiency and cut costs.                09:35AM

5          What specifically did you do to improve            09:35AM

6 efficiency and cut costs?                                   09:35AM

7      A.  In that particular example?                        09:35AM

8      Q.  Yes.                                               09:35AM

9      A.  So for that particular example it was based on     09:35AM

10 reporter cassettes.  And next-gen sequencing allowed us     09:35AM

11 to look at replication across the entire genome.            09:35AM

12      Q.  And so how did you improve efficiency?             09:35AM

13      A.  Because I was looking at it across the entire      09:35AM

14 genome rather than a series of cassettes that would         09:35AM

15 have to be designed and inserted into different parts       09:35AM

16 of the genome.                                              09:35AM

17      Q.  So you increased the throughput.  Is that          09:35AM

18 right?                                                      09:36AM

19      A.  There was an increase in throughput also.          09:36AM

20      Q.  And was that because of the adoption of            09:36AM

21 next-gen sequencing as opposed to older sequencing          09:36AM

22 technology?                                                 09:36AM

23      A.  In that particular experiment it was related       09:36AM

24 to next-gen sequencing.                                     09:36AM

25      Q.  And so that was an important goal in that          09:36AM
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1 experiment to improve efficiency.  Correct?                 09:36AM

2      A.  In that experiment, it was.                        09:36AM

3      Q.  And it was also an important goal to cut           09:36AM

4 costs.  Correct?                                            09:36AM

5      A.  The cost-cutting was less important to that        09:36AM

6 particular PI.                                              09:36AM

7      Q.  Were they Hughes-funded?                           09:36AM

8      A.  It was at the NIH.                                 09:36AM

9      Q.  I see.  Do you agree, though, that skilled         09:37AM

10 artisans are generally motivated to improve efficiency      09:37AM

11 and cut costs?                                              09:37AM

12               MR. MILLS:  Objection to form.  Scope.        09:37AM

13      A.  Again, it depends a great deal on the exact        09:37AM

14 experiment.                                                 09:37AM

15      Q.  (By Mr. Powers)  If there are two approaches       09:37AM

16 and one is more efficient than the other and they yield     09:37AM

17 comparable results, do you agree that a skilled artisan     09:37AM

18 would choose the more efficient approach?                   09:37AM

19               MR. MILLS:  Objection to form.  Scope.        09:37AM

20      A.  There are commonly tradeoffs, and so it will       09:37AM

21 depend on the exact experimental goal.                      09:38AM

22      Q.  (By Mr. Powers)  If the goal is achieved under     09:38AM

23 two different approaches, and one approach is more          09:38AM

24 efficient than the other, would the skilled artisan be      09:38AM

25 motivated to choose the more efficient approach?            09:38AM
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1               MR. MILLS:  Objection to form.  Scope.        09:38AM

2      A.  It depends a great deal on the specifics of        09:38AM

3 the experiment.                                             09:39AM

4      Q.  (By Mr. Powers)  Well, I'm asking you a            09:39AM

5 hypothetical.  The goal is achieved, same goal is           09:39AM

6 achieved under two different approaches, but one            09:39AM

7 approach saves costs and is more efficient.                 09:39AM

8          Would the skilled artisan be motivated to          09:39AM

9 choose that approach?                                       09:39AM

10               MR. MILLS:  Objection to form.  Scope.        09:39AM

11 Asked and answered.                                         09:39AM

12      A.  In this hypothetical there are a number of         09:39AM

13 other factors that would play into it, and so I can't       09:39AM

14 answer on it based on the details that you're giving        09:39AM

15 me.                                                         09:40AM

16      Q.  (By Mr. Powers)  What other details would you      09:40AM

17 need?                                                       09:40AM

18               MR. MILLS:  Objection.  Foundation.           09:40AM

19      A.  For example, does the inefficient process          09:40AM

20 provide any other advantage?                                09:40AM

21      Q.  (By Mr. Powers)  Let's say the process does        09:40AM

22 not provide any other advantage.  It accomplishes the       09:40AM

23 same goals, but one process is more efficient and saves     09:41AM

24 costs.                                                      09:41AM

25          Would the skilled artisan choose the more          09:41AM
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1 efficient and less-costly method?                           09:41AM

2               MR. MILLS:  Objection to form.  Outside       09:41AM

3 the scope.                                                  09:41AM

4      A.  It would also depend on how costs are              09:41AM

5 calculated.                                                 09:41AM

6      Q.  (By Mr. Powers)  By any metric in this             09:41AM

7 hypothetical, one method saves costs and is more            09:41AM

8 efficient and the other does not save costs and is less     09:41AM

9 efficient.  They achieve equivalent goals.                  09:41AM

10          Would a skilled artisan be motivated to choose     09:41AM

11 an approach that is more efficient and saves costs?         09:41AM

12               MR. MILLS:  Objection to form.  Outside       09:42AM

13 the scope.                                                  09:42AM

14      A.  The challenge is that I can think of many          09:42AM

15 cases in which efficiency and cost are not the only         09:42AM

16 drivers.  And so the only thing I can tell you is that      09:42AM

17 it is -- it will depend a great deal on the exact           09:42AM

18 experimental design.                                        09:42AM

19      Q.  So sitting here today, you can't say whether       09:42AM

20 or not a person of ordinary skill would choose of two       09:42AM

21 comparable approaches, one that is cheaper and more         09:42AM

22 efficient versus one that is more expensive and less        09:42AM

23 efficient.                                                  09:42AM

24          You couldn't say?                                  09:42AM

25               MR. MILLS:  Objection to form.  Outside       09:42AM
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1 the scope.  Asked and answered.                             09:42AM

2      A.  I'm saying that if -- that efficiency and cost     09:42AM

3 are two factors, and there are many other factors that      09:43AM

4 play into experimental design.                              09:43AM

5      Q.  But I'm asking you:  The goal achieved is the      09:43AM

6 same under either scenario and all other things being       09:43AM

7 equal, will the person of ordinary skill be motivated       09:43AM

8 to choose the less costly and more efficient approach?      09:43AM

9               MR. MILLS:  Objection to form.  Outside       09:43AM

10 the scope.  Asked and answered.                             09:43AM

11      A.  It will depend a great deal on the number of       09:43AM

12 other factors.                                              09:43AM

13      Q.  Okay.  Do you have your CV in front of you?        09:43AM

14      A.  I don't.                                           09:43AM

15      Q.  Okay.  Let me give it to you.  This has            09:43AM

16 already been marked as Exhibit 1034 in this case.           09:43AM

17          Is this an accurate CV, Dr. Larrea?                09:44AM

18      A.  Yes, I believe it is.                              09:44AM

19      Q.  How many peer-reviewed publications do you         09:44AM

20 have?                                                       09:44AM

21      A.  I have five.                                       09:44AM

22      Q.  Do any of them relate to PacBio Sequencing?        09:44AM

23      A.  None of them relate to PacBio Sequencing?          09:44AM

24      Q.  Have you ever been faculty at any college or       09:44AM

25 university?                                                 09:44AM
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1      A.  I have never been faculty at any college or        09:44AM

2 university.                                                 09:45AM

3      Q.  Have you ever served as an expert witness          09:45AM

4 before?                                                     09:45AM

5      A.  I have never served as an expert witness           09:45AM

6 before.                                                     09:45AM

7      Q.  Do you have any patents or patent applications     09:45AM

8 you've filed as an inventor?                                09:45AM

9      A.  I do not have any patents.                         09:45AM

10      Q.  You are a trainer for PacBio.  Is that             09:45AM

11 correct?                                                    09:45AM

12      A.  I was initially a trainer at PacBio, that is       09:45AM

13 correct.                                                    09:45AM

14      Q.  And now you are a paid professional                09:45AM

15 consultant.  Is that right?                                 09:45AM

16      A.  Consulting is one of the things that I             09:45AM

17 currently do, that is correct.                              09:45AM

18      Q.  What else do you do?                               09:45AM

19      A.  I also work professionally.  I work at Galatea     09:45AM

20 Bio.                                                        09:46AM

21      Q.  What is Galatea Bio?                               09:46AM

22      A.  It is a company building a biobank located in      09:46AM

23 Miami, Florida.                                             09:46AM

24      Q.  What is a biobank?                                 09:46AM

25      A.  It is a large store of samples.                    09:46AM
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1      Q.  Do you do any sequencing work as part of your      09:46AM

2 role at Galatea Bio?                                        09:46AM

3      A.  We do quite a bit of sequencing work.              09:46AM

4      Q.  Do you do that in-house?                           09:46AM

5      A.  We do some sequencing in-house.                    09:46AM

6      Q.  What platforms do you use at Galatea Bio?          09:46AM

7      A.  We are currently using the Illumina platform.      09:46AM

8      Q.  Have you ever used the Pacific Biosciences         09:46AM

9 platform at Galatea Bio?                                    09:46AM

10      A.  We have not used the Pacific Biosciences           09:46AM

11 platform at Galatea Bio.                                    09:46AM

12      Q.  Your CV says you have experience in PacBio and     09:46AM

13 Illumina sequencing?                                        09:46AM

14      A.  I do.                                              09:46AM

15      Q.  Okay.  Can you describe your familiarity with      09:46AM

16 Illumina sequencing?                                        09:47AM

17      A.  One of the things I've done is designed            09:47AM

18 experiments for Illumina sequencing.                        09:47AM

19      Q.  Are you an expert in Illumina sequencing?          09:47AM

20      A.  I would consider myself knowledgeable in           09:47AM

21 Illumina sequencing.                                        09:47AM

22      Q.  But not an expert?                                 09:47AM

23      A.  Is there a definition of expert?                   09:47AM

24      Q.  What's your definition?  I'm really just           09:47AM

25 asking you if you would consider yourself an expert in      09:48AM
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1 Illumina sequencing.                                        09:48AM

2      A.  I would say I know more than most about            09:48AM

3 Illumina sequencing.                                        09:48AM

4      Q.  More than most people?                             09:48AM

5      A.  Um-hmm.                                            09:48AM

6      Q.  Did you ever innovate any new hardware for         09:48AM

7 Pacific Biosciences?                                        09:48AM

8      A.  No, I did not.                                     09:48AM

9      Q.  Did you ever innovate any new sequencing           09:48AM

10 methods for Pacific Biosciences?                            09:48AM

11               MR. MILLS:  I'm going to issue a              09:48AM

12 cautionary instruction to the witness.                      09:48AM

13          To the extent that your answers to questions       09:49AM

14 about your work at Pacific Biosciences are controlled       09:49AM

15 by any nondisclosure agreement, I caution you to abide      09:49AM

16 by the terms of any such agreement if one exists.           09:49AM

17      Q.  (By Mr. Powers)  The question was:  Did you        09:49AM

18 ever innovate any new sequencing methods for Pacific        09:49AM

19 Biosciences?                                                09:49AM

20      A.  I was part of the team developing new library      09:49AM

21 protocols at Pacific Biosciences.                           09:49AM

22      Q.  But you're not on any patent application or        09:49AM

23 patent that issued off of that work.  Correct?              09:49AM

24      A.  That is correct.                                   09:50AM

25      Q.  How many people were working on that team that     09:50AM
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1 was developing new library protocols at Pacific             09:50AM

2 Biosciences?                                                09:50AM

3      A.  One of them had 10.                                09:50AM

4      Q.  Was there another team?                            09:50AM

5      A.  Yes.                                               09:50AM

6      Q.  Okay, how many people were on the other team?      09:50AM

7      A.  I can't recall an exact number.  I'd say about     09:50AM

8 15.                                                         09:50AM

9      Q.  Okay, so you worked on teams at Pacific            09:50AM

10 Biosciences that comprised between 10 and 15 people.        09:50AM

11 Is that right?                                              09:50AM

12      A.  In those projects, yes.                            09:50AM

13      Q.  Do you have in front of you in your binder,        09:50AM

14 there, the Travers documents?  Travers 2010 and Travers     09:51AM

15 075?                                                        09:51AM

16      A.  Uh-huh.                                            09:51AM

17      Q.  I'd like to turn you to Travers 2010.  And         09:51AM

18 that is Exhibit 1021.  And I'd like to direct you to        09:51AM

19 page four of the document.  On the right side of that       09:51AM

20 page there's a paragraph that starts out:                   09:51AM

21          The circular molecules were then applied to        09:52AM

22 SMRT sequencing described in (1).  In brief, this           09:52AM

23 system utilizes a number of recently developed              09:52AM

24 technologies to enable multiplex single-molecule            09:52AM

25 observation.                                                09:52AM
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1          Do you see that language?                          09:52AM

2      A.  I do.                                              09:52AM

3      Q.  So SMRT sequencing was nascent, cutting-edge       09:52AM

4 technology in 2010.  Correct?                               09:52AM

5               MR. MILLS:  Objection to form.  Scope.        09:52AM

6      A.  Could you repeat the way you described it?         09:52AM

7      Q.  Sure.  This passage says that these                09:52AM

8 technologies were recently developed.                       09:52AM

9          So my question was:  SMRT sequencing was           09:52AM

10 nascent, cutting-edge technology in 2010.  Correct?         09:52AM

11               MR. MILLS:  Same objections.                  09:53AM

12      A.  In 2010 PacBio was cutting-edge technology.        09:53AM

13      Q.  So you agree that it was cutting-edge              09:53AM

14 technology as of 2010?                                      09:53AM

15      A.  Yes.                                               09:53AM

16      Q.  I would like to hand you -- first I'd like to      09:53AM

17 direct you to Travers 2010, Figure 1.  Figure 1A.           09:53AM

18          Do you see that?                                   09:53AM

19      A.  I do.                                              09:53AM

20      Q.  Is that a SMRTbell template?                       09:53AM

21      A.  Yes, that is a SMRTbell template.                  09:54AM

22      Q.  I'd like to hand you just a blowup of that         09:54AM

23 figure, and we'll mark this as Larrea Exhibit 2.            09:54AM

24          (Exhibit 2 was marked for identification.)         09:54AM

25      Q.  (BY MR. POWERS) Are you familiar with this         09:54AM
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1 SMRTbell structure?                                         09:54AM

2      A.  Yes, I am.                                         09:54AM

3      Q.  Do you agree that a SMRTbell is topologically      09:54AM

4 circular?                                                   09:54AM

5      A.  Yes.  The SMRTbell drawing here is                 09:54AM

6 topologically circular.                                     09:54AM

7      Q.  But it's a linear molecule.  Correct?              09:55AM

8      A.  SMRTbell is not a linear molecule.                 09:55AM

9      Q.  Do you agree that it resembles a linear            09:55AM

10 molecule?                                                   09:55AM

11               MR. MILLS:  Objection to scope.               09:55AM

12      A.  It does not resemble a linear molecule.            09:55AM

13      Q.  So taking the exhibit put in front of you, can     09:55AM

14 you circle the primer/polymerase binding sites on the       09:56AM

15 SMRTbell?  And you can use my pen.                          09:56AM

16      A.  Sorry, can you repeat the question?                09:56AM

17      Q.  Yes.  Just circle the area where the               09:56AM

18 primer/polymerase binding site is on the SMRTbell.          09:56AM

19               MR. MILLS:  Objection to form.                09:56AM

20      A.  (Indicating).                                      09:56AM

21      Q.  (By Mr. Powers) Do you agree that polymerase       09:56AM

22 binding to a template is a stochastic process?              09:56AM

23               MR. MILLS:  Objection to form and scope.      09:56AM

24      A.  (Pause.)                                           09:56AM

25      Q.  (By Mr. Powers)  I'll withdraw the question.       09:57AM
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1          Dr. Larrea, I'm going to hand you what we will     09:57AM

2 mark Larrea Exhibit 3.                                      09:57AM

3          (Exhibit 3 was marked for identification.)         09:57AM

4      Q.  (By Mr. Powers)  This is a schematic of a          09:57AM

5 linear single-stranded RCR product generated from a         09:57AM

6 polymerase going around a SMRTbell three times.             09:57AM

7          Are you with me?                                   09:58AM

8      A.  I am.                                              09:58AM

9      Q.  Can you please circle all those                    09:58AM

10 primer/polymerase binding sites?                            09:58AM

11      A.  Sorry, can you repeat what it is that I'm          09:58AM

12 looking at?                                                 09:58AM

13      Q.  So what you're looking at is a schematic of a      09:58AM

14 linear single-stranded RCR product generated from a         09:58AM

15 polymerase going around three times a SMRTbell.             09:58AM

16          So I'd like you to circle all the                  09:58AM

17 primer/polymerase binding sites on this product.            09:58AM

18      A.  All of the potential primer/polymerase binding     09:59AM

19 sites?                                                      09:59AM

20      Q.  Yes, please.                                       09:59AM

21      A.  Is there a legend that goes with the figure?       09:59AM

22      Q.  Well, let's use the same colors that we have       09:59AM

23 here in the Travers SMRTbell.                               09:59AM

24      A.  So should that also be on here?                    09:59AM

25      Q.  It doesn't have to be.  I can represent to you     09:59AM
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1 that the green portions represent the hairpin-linkers.      09:59AM

2 And the color-coded represent the strands.                  09:59AM

3      A.  (Indicating).                                      10:00AM

4      Q.  Thank you.  And I'd like to hand you what we       10:00AM

5 will mark Larrea Exhibit 4.                                 10:00AM

6          (Exhibit 4 was marked for identification.)         10:00AM

7      Q.  (By Mr. Powers)  It's the same idea.  It's a       10:00AM

8 schematic of a linear single-stranded RCR product           10:00AM

9 generated from a polymerase going four times around the     10:00AM

10 SMRTbell.  Sorry, strike that.                              10:00AM

11          It's five times around the SMRTbell.  So I'd       10:00AM

12 like you to mark all of the polymerase/primer binding       10:00AM

13 sites on this product.                                      10:01AM

14      A.  And once again, the color scheme is the same?      10:01AM

15      Q.  Yes, sir.                                          10:01AM

16      A.  (Indicating).                                      10:01AM

17      Q.  Okay.  And so those arrows that you've marked      10:01AM

18 indicate the polymerase/primer binding sites on             10:01AM

19 Exhibits 3 and 4.  Correct?                                 10:01AM

20      A.  They represent, according to the legend that I     10:01AM

21 was given, putative for potential annealing binding         10:01AM

22 sites.                                                      10:01AM

23      Q.  And I'd like to hand you what we will mark         10:01AM

24 Larrea Exhibit 5.                                           10:01AM

25          (Exhibit 5 was marked for identification.)         10:02AM
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1      Q.  (By Mr. Powers)  This is a schematic of a          10:02AM

2 linear single-stranded RCR product generated from a         10:02AM

3 polymerase going ten times around a SMRTbell.               10:02AM

4          So could you please mark all the                   10:02AM

5 polymerase/primer binding sites on this product.            10:02AM

6      A.  Can I just mark it with a line instead of an       10:02AM

7 arrow?                                                      10:02AM

8      Q.  Sure.                                              10:02AM

9      A.  Okay.                                              10:02AM

10      Q.  So if you look at Exhibits 3, 4, and 5,            10:02AM

11 polymerase binding on each of these structures would be     10:03AM

12 stochastic.  Correct?                                       10:03AM

13      A.  Yes.                                               10:03AM

14      Q.  And there would be no way to control which of      10:03AM

15 the binding sites bound polymerase over any other site.     10:03AM

16 Correct?                                                    10:03AM

17               MR. MILLS:  Objection to form.  Scope.        10:03AM

18      A.  Based on this cartoon, that is correct.            10:03AM

19      Q.  (By Mr. Powers)  I'd like to take you to           10:03AM

20 Figure 3 on Travers.  You can put those to the side.        10:03AM

21          Are you there, sir?                                10:04AM

22      A.  Yes.                                               10:04AM

23      Q.  Figure 3 shows the product sizes produced by       10:04AM

24 an RCR reaction using a SMRTbell template.  Correct?        10:04AM

25      A.  Yes, that is correct.                              10:04AM
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1      Q.  Travers 2010 doesn't disclose using the            10:04AM

2 products from Figure 3 in any sequencing reaction,          10:04AM

3 right?                                                      10:04AM

4               MR. MILLS:  Objection to form.  Scope.        10:04AM

5      Q.  (By Mr. Powers)  To be clear, Travers 2010         10:05AM

6 doesn't disclose using the products from Figure 3 in        10:05AM

7 any sequencing reaction?                                    10:05AM

8               MR. MILLS:  Same objection.                   10:05AM

9      A.  The products from Figure 3 are not then            10:05AM

10 sequenced in this paper because the data is not             10:05AM

11 disclosed.                                                  10:05AM

12      Q.  (By Mr. Powers)  Do you know what a Poisson        10:05AM

13 distribution is?                                            10:05AM

14      A.  I do.                                              10:05AM

15      Q.  What is it?                                        10:05AM

16      A.  It is a mathematical function and it is the        10:05AM

17 basis on which PacBio loading is done.                      10:05AM

18      Q.  Do you agree that the CMW loading as described     10:05AM

19 in Travers 2010 and Travers 075 follow a Poisson            10:05AM

20 distribution?                                               10:06AM

21      A.  I agree that that was the goal of the loading.     10:06AM

22      Q.  And the goal of a Poisson loading in the           10:06AM

23 PacBio system is to obtain as many zero-mode waveguides     10:06AM

24 as possible loaded with a single SMRTbell template.         10:06AM

25 Correct?                                                    10:06AM
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1      A.  It was the method used to maximize single          10:06AM

2 loading --                                                  10:06AM

3      Q.  When you say --                                    10:06AM

4      A.  -- of SMWs.                                        10:07AM

5      Q.  I'm sorry.  When you say "single loading," you     10:07AM

6 mean a single polymerase-bound template in a zero-mode      10:07AM

7 waveguide.  Right?                                          10:07AM

8      A.  In a zero-mode waveguide.  That's correct.         10:07AM

9               MR. POWERS:  Let's take a break.  We've       10:07AM

10 been going for about an hour.                               10:07AM

11          (Recess taken 10:07 a.m. to 10:24 a.m.)            10:07AM

12      Q.  (By Mr. Powers)  Dr. Larrea, did you discuss       10:24AM

13 the substance of your testimony with counsel during the     10:24AM

14 break?                                                      10:24AM

15      A.  We did not.                                        10:24AM

16      Q.  Did counsel discuss the manner of your             10:24AM

17 testimony with you during the break?                        10:24AM

18      A.  They did not.                                      10:24AM

19      Q.  Let's continue on with Travers 2010.  Let me       10:24AM

20 direct you to page 2 of Travers 2010.                       10:24AM

21          Under the heading on the right side, it says       10:24AM

22 "Sequencing Reactions."                                     10:24AM

23          Travers 2010 uses biotinylated polymerases.        10:25AM

24 Correct?                                                    10:25AM

25      A.  Yes, that is correct.                              10:25AM
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1      Q.  And on page 4 of Travers 2010 it goes on to        10:25AM

2 say -- in the right column, the first paragraph says        10:25AM

3 "The circular molecules."                                   10:25AM

4          If you continue reading down through that          10:25AM

5 paragraph, you'll agree that Travers 2010 uses              10:25AM

6 streptavidin coating on its zero-mode waveguides.           10:26AM

7 Correct?                                                    10:26AM

8      A.  Yes.  That's a streptavidin biotin.                10:26AM

9          (Court Reporter requested the witness speak        10:26AM

10 louder.)                                                    10:26AM

11      A.  That's a streptavidin biotin interaction.          10:26AM

12      Q.  (By Mr. Powers)  So the polymerases are bound      10:26AM

13 to the bottom of a zero-mode waveguide by a                 10:26AM

14 streptavidin biotin interaction.  Correct?                  10:26AM

15               MR. MILLS:  Objection, form.                  10:26AM

16      A.  At the time, I believe that was the correct        10:26AM

17 interaction.                                                10:26AM

18      Q.  (By Mr. Powers)  Does the SMRT sequencing          10:26AM

19 described in Travers 2010 use a flow cell?                  10:27AM

20      A.  Travers 2010 does not use a flow cell.             10:27AM

21      Q.  Do SMRTbell templates have flow cell binding       10:27AM

22 sites?                                                      10:27AM

23               MR. MILLS:  Objection to form.                10:27AM

24      A.  (Pause.)  The SMRTbell template doesn't            10:27AM

25 really -- I guess I don't understand the question           10:28AM
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1 because --                                                  10:28AM

2      Q.  (By Mr. Powers)  Okay.  This PacBio's SMRT         10:28AM

3 sequencing described in Travers doesn't use binding         10:28AM

4 sites on DNA to attach the template to a zero-mode          10:28AM

5 waveguide.  Correct?                                        10:28AM

6      A.  Correct.                                           10:28AM

7      Q.  Because the PacBio template is not directly        10:28AM

8 attached to the zero-mode waveguide.  It's the              10:29AM

9 polymerase interaction.  Correct?                           10:29AM

10      A.  The ternary complex is what it attached to at      10:29AM

11 the bottom of the ZMW.                                      10:29AM

12      Q.  Okay.  So another way of saying that is in         10:29AM

13 PacBio sequencing, as articulated by the Travers            10:29AM

14 documents, the template is bound indirectly to the          10:29AM

15 zero-mode waveguide by binding to a polymerase which is     10:29AM

16 bound to the floor of the zero-mode waveguide.              10:29AM

17          (Court Reporter requested clarification.)          10:29AM

18      A.  In PacBio sequencing you form a ternary            10:29AM

19 complex which is the product of a polymerase, template      10:30AM

20 primer, and nucleotide.  And that is loaded onto the        10:30AM

21 ZMW.                                                        10:30AM

22      Q.  And it's the biotin-streptavidin interaction       10:30AM

23 that holds that ternary complex to the bottom of the        10:30AM

24 ZMW; right?                                                 10:30AM

25      A.  Yes, it is fundamentally true that it is a         10:30AM
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1 biotin-streptavidin interaction.                            10:30AM

2      Q.  Do you agree that the interaction between          10:31AM

3 streptavidin and biotin is one of the strongest             10:31AM

4 noncovalent interactions in nature?                         10:31AM

5      A.  The strong interaction between biotin and          10:31AM

6 streptavidin is often used for a variety of reasons.        10:31AM

7 Whether it's the strongest, I can't speak to.               10:31AM

8      Q.  Do you agree that it's very strong?                10:31AM

9      A.  It's a strong interaction.                         10:31AM

10      Q.  Are you familiar with the term "polymerase         10:31AM

11 read" as used in PacBio sequencing?                         10:32AM

12               MR. MILLS:  Objection to form.                10:32AM

13      A.  Yes, I am familiar with the term "polymerase       10:32AM

14 read."                                                      10:32AM

15      Q.  (By Mr. Powers)  Do you agree that a               10:32AM

16 polymerase read is a sequence of nucleotides                10:32AM

17 incorporated by the DNA polymerase while reading a          10:32AM

18 template such as a circular SMRTbell template?              10:32AM

19               MR. MILLS:  Objection to scope.               10:32AM

20      A.  Sorry, that's a long sentence.                     10:32AM

21          Can you repeat --                                  10:32AM

22      Q.  (By Mr. Powers)  Sure.                             10:32AM

23      A.  -- to make sure that all parts of that make        10:32AM

24 sense?                                                      10:32AM

25      Q.  Happy to.                                          10:32AM
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1          Do you agree that a polymerase read is a           10:32AM

2 sequence of nucleotides incorporated by the DNA             10:32AM

3 polymerase while reading a template such as a circular      10:32AM

4 SMRTbell template?                                          10:33AM

5               MR. MILLS:  Objection.  Scope.                10:33AM

6      A.  A polymerase read is the series of nucleotides     10:33AM

7 incorporated -- well, by a polymerase bound to a primer     10:33AM

8 template in a ZMW specifically for PacBio data.             10:33AM

9      Q.  (By Mr. Powers) Do you agree that polymerase       10:33AM

10 reads can include sequences from adaptors and from one      10:33AM

11 or multiple passes around the circular template?            10:33AM

12               MR. MILLS:  Objection to scope.               10:34AM

13      A.  A read from a polymerase -- sorry, can you         10:34AM

14 repeat the phrase once more?                                10:34AM

15      Q.  (By Mr. Powers)  Sure.                             10:34AM

16          Do you agree that a polymerase read can            10:34AM

17 include sequences from adapters and from one or             10:34AM

18 multiple passes around a circular template?                 10:34AM

19               MR. MILLS:  Objection to scope.               10:34AM

20      A.  In PacBio sequencing, a read is the                10:34AM

21 nucleotides that come from an individual polymerase         10:35AM

22 going through the incorporation events.  So it may          10:35AM

23 have, yeah, the parts that you describe.                    10:35AM

24      Q.  (By Mr. Powers)  Are you familiar with the         10:35AM

25 term "polymerase read length" as used in PacBio             10:35AM
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1 sequencing?                                                 10:35AM

2      A.  I am.                                              10:35AM

3      Q.  Do you agree that polymerase read length is        10:35AM

4 the total number of bases produced from a zero-mode         10:35AM

5 waveguide after trimming the low-quality regions?           10:36AM

6               MR. MILLS:  Objection to scope.               10:36AM

7      A.  Yes.  Polymerase read length is the set of         10:36AM

8 nucleotides once the sort of low-quality regions are        10:37AM

9 removed.                                                    10:37AM

10      Q.  (By Mr. Powers) Are you familiar with the term     10:37AM

11 "subread" in PacBio sequencing?                             10:37AM

12               MR. MILLS:  Objection to scope.               10:37AM

13      A.  I am familiar with the term "subread."             10:37AM

14      Q.  (By Mr. Powers)  Do you agree that in the          10:37AM

15 PacBio workflow a polymerase read is partitioned into       10:37AM

16 subreads?                                                   10:37AM

17               MR. MILLS:  Objection.  Scope.                10:37AM

18      A.  In PacBio it may be, but it would depend on        10:37AM

19 the exact experiment.                                       10:38AM

20      Q.  (By Mr. Powers)  I'm going to hand you what we     10:38AM

21 can mark Larrea Exhibit 6.                                  10:38AM

22          (Exhibit 6 was marked for identification.)         10:38AM

23      Q.  (By Mr. Powers)  So if we go to page 2.            10:38AM

24               MR. MILLS:  Before you ask questions, we      10:38AM

25 just need a moment to review the document.                  10:38AM
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1               MR. POWERS:  Sure.                            10:38AM

2               MR. MILLS:  So I'll object to the document    10:39AM

3 on the basis of hearsay.                                    10:39AM

4               MR. POWERS:  Okay.                            10:39AM

5      Q.  (By Mr. Powers) Are you familiar with the          10:39AM

6 terms P0, P1 and P2 in the context of Pacific               10:40AM

7 Biosciences sequencing?                                     10:40AM

8      A.  Yes, I am.                                         10:40AM

9      Q.  Do you agree that P1 means that there is a         10:40AM

10 polymerase read from that zero-mode waveguide?              10:40AM

11               MR. MILLS:  Objection to scope.               10:40AM

12      Q.  (By Mr. Powers)  I'll direct you to                10:40AM

13 productivity definition on page 2 of Exhibit 6.             10:40AM

14               MR. MILLS:  Same objection.                   10:40AM

15      A.  Yes, P1 is that there is a polymerase read         10:40AM

16 generated by that ZMW.                                      10:41AM

17      Q.  (By Mr. Powers)  And P0 means that a zero-mode     10:41AM

18 waveguide did not produce a read and is presumed to be      10:41AM

19 lacking a polymerase.  Correct?                             10:41AM

20               MR. MILLS:  Objection to scope.               10:41AM

21      A.  P0 did not include -- did not generate a read      10:41AM

22 in the ZMW.                                                 10:41AM

23      Q.  (By Mr. Powers)  And that's because it's           10:41AM

24 presumed to be lacking a polymerase, right?                 10:41AM

25               MR. MILLS:  Objection.  Scope.                10:41AM
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1      A.  Yes, the assumption is that there is no            10:42AM

2 polymerase in that ZMW.                                     10:42AM

3      Q.  (By Mr. Powers)  In P=2 means that -- it means     10:42AM

4 other, and that the signal collected from the zero-mode     10:42AM

5 waveguide was not conducive to efficient base-calling,      10:42AM

6 possibly due to multiple template-polymerase complexes      10:42AM

7 bound in the ZMW, high background signal, and so on.        10:42AM

8          Correct?                                           10:42AM

9               MR. MILLS:  Objection.  Scope.                10:42AM

10      A.  P2 was often used as a broad bucket for things     10:42AM

11 that were neither P0 or P1.                                 10:43AM

12      Q.  (By Mr. Powers)  And one of the reasons            10:43AM

13 something could be a P2 is because there were multiple      10:43AM

14 template-polymerase complexes bound in the ZMW.  Right?     10:43AM

15               MR. MILLS:  Objection to scope.               10:43AM

16      A.  One of the reasons that it could be P2 would       10:43AM

17 be that it just meant that no usable data was generated     10:44AM

18 from that ZMW.                                              10:44AM

19      Q.  (By Mr. Powers)  Look further down on the page     10:44AM

20 where it says "subreads."  Are you there?                   10:44AM

21      A.  Um-hmm.                                            10:44AM

22      Q.  Do you agree that in the PacBio workflow           10:44AM

23 polymerase read is partitioned into subreads?               10:44AM

24               MR. MILLS:  Objection to form.  Scope.        10:44AM

25      A.  Is there something in my declaration that          10:44AM
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1 specifically talks about subreads and reads and             10:44AM

2 polymerase read lengths?  Or am I missing something?        10:44AM

3      Q.  (By Mr. Powers)  Well, you're supposed to be       10:45AM

4 an expert in PacBio sequencing.  Right?                     10:45AM

5      A.  That is correct.                                   10:45AM

6      Q.  And this is PacBio's glossary of terms.            10:45AM

7          So subreads says:  Each polymerase read is         10:45AM

8 partitioned to form one or more subreads which contain      10:45AM

9 sequence from a single pass of a polymerase on a single     10:45AM

10 strand of an insert within a SMRTbell template and no       10:45AM

11 adapter sequences.                                          10:45AM

12          Did I read that correctly?                         10:45AM

13               MR. MILLS:  Objection to form.  Outside       10:45AM

14 the scope.                                                  10:45AM

15      A.  You read that correctly.                           10:45AM

16      Q.  Do you disagree with Pacific Bioscience's          10:45AM

17 definition of subreads here?                                10:45AM

18               MR. MILLS:  Objection to form and scope.      10:45AM

19      A.  I agree that that is the definition given          10:45AM

20 here.                                                       10:46AM

21      Q.  (By Mr. Powers)  Okay.  And you don't disagree     10:46AM

22 with that definition, do you?                               10:46AM

23               MR. MILLS:  Objection to form.  Scope.        10:46AM

24      A.  Subreads were a convenient way of describing       10:46AM

25 portions of the read.                                       10:47AM
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1      Q.  (By Mr. Powers)  Let's go to Exhibit 1035.  Is     10:47AM

2 that one of the ones that you have in your binder?          10:47AM

3      A.  Yes.                                               10:47AM

4      Q.  Let's go to page 3 of the document.  Down          10:47AM

5 towards the bottom of the text on page 3 it says:  The      10:48AM

6 hairpin dimers formed during this process are removed       10:48AM

7 at the end of the protocol using a magnetic bead            10:48AM

8 purification step with size-selective conditions.           10:48AM

9          Did I read that correctly?                         10:48AM

10      A.  You did.                                           10:48AM

11      Q.  So Exhibit 1035 discloses using magnetic beads     10:48AM

12 to remove hairpin dimers.  Correct?                         10:48AM

13      A.  That is correct.                                   10:48AM

14      Q.  And a hairpin dimer is comprised of two            10:48AM

15 hairpins?                                                   10:48AM

16      A.  With no intervening insert.                        10:48AM

17      Q.  It's just two hairpins attached together?          10:48AM

18      A.  Attached together.                                 10:48AM

19      Q.  Let's go to page 34 of this document.  I'm         10:48AM

20 sorry, 24, rather.  Page 24.                                10:48AM

21          There's a section there that says:  AMPure PB      10:49AM

22 beads size selection and purification.                      10:49AM

23          Do you see that?                                   10:49AM

24      A.  Yes.                                               10:49AM

25      Q.  Do you know what AMPure PB beads are?              10:49AM
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1      A.  Yes.                                               10:49AM

2      Q.  Does the PB stand for Pacific Biosciences?         10:49AM

3      A.  It does.                                           10:49AM

4      Q.  Do you know if AMPure PB beads were made           10:49AM

5 specifically for Pacific Biosciences?                       10:49AM

6      A.  AMPure PB beads were made specifically for         10:49AM

7 PacBio.                                                     10:49AM

8      Q.  In page 24 of Exhibit 1035 discloses using         10:49AM

9 AMPure PB beads for purifying SMRTbell templates.           10:50AM

10 Correct?                                                    10:50AM

11      A.  Sorry, can you repeat that?                        10:50AM

12      Q.  Yeah.                                              10:50AM

13      A.  In the moment, I was just zoning out.              10:50AM

14      Q.  No problem.  It happens to the best of us.         10:50AM

15          Page 24 of Exhibit 1035 discloses using AMPure     10:50AM

16 PB beads for purifying SMRTbell templates.  Correct?        10:50AM

17      A.  Yes.                                               10:50AM

18      Q.  If you look down on page 24 --                     10:50AM

19      A.  One point of clarification.  The AMPure PB         10:50AM

20 beads were a derivative product off the AMPure beads,       10:50AM

21 and you could make AMPure PB beads by washing the           10:50AM

22 AMPure beads.                                               10:50AM

23      Q.  Interesting.                                       10:50AM

24      A.  And there was a protocol out for that.             10:51AM

25      Q.  Okay.  At the top of page 24, rather, there's      10:51AM
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1 a -- the first paragraph.  And a little bit more than       10:51AM

2 halfway through that paragraph it states:  Perform all      10:51AM

3 purification steps at room temperature to adequately        10:51AM

4 remove enzymes, exonucleases, ligases, et cetera, and       10:51AM

5 ligation products smaller than 0.4KB (EG adapter            10:51AM

6 dimers).                                                    10:51AM

7          Did I read that correctly?                         10:51AM

8      A.  Yes.                                               10:51AM

9      Q.  So AMPure PB beads remove ligation products        10:51AM

10 smaller than 0.4KB.  Correct?                               10:51AM

11      A.  They may.  It depends on the amount of AMPure      10:51AM

12 beads that you use.                                         10:52AM

13      Q.  In this protocol it's for 0.4KB and smaller.       10:52AM

14 Correct?                                                    10:52AM

15      A.  Correct.                                           10:52AM

16      Q.  Do you have Exhibit 1036 in your binder?           10:52AM

17      A.  Yes, I do.                                         10:52AM

18      Q.  It's the supplemental, there's all this data       10:52AM

19 in the back.                                                10:52AM

20          Do you have a copy?                                10:52AM

21      A.  I removed the supplement.  Unless you -- you       10:52AM

22 don't need me to have the supplement.                       10:52AM

23      Q.  I'm not going to ask you questions about the       10:52AM

24 supplement.  I'll ask you questions about page 3.           10:52AM

25 Page 3 on the bottom right, it says:  We constructed        10:53AM
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1 DNA libraries comprising SMRTbell constructs, each of       10:53AM

2 which was bound to a DNA polymerase and sequenced in a      10:53AM

3 manner similar to that described previously using the       10:53AM

4 PacBio RS sequencing system.                                10:53AM

5          Did I read that correctly?                         10:53AM

6      A.  You did.                                           10:53AM

7      Q.  So these researchers used a SMRTbell template      10:53AM

8 format.  Correct?                                           10:53AM

9      A.  They did.                                          10:53AM

10      Q.  Let's go to page 12.  So I guess I am going to     10:53AM

11 ask you some questions about the supplemental, just not     10:54AM

12 the voluminous data in the very back.                       10:54AM

13          The second paragraph on that page, page 12,        10:54AM

14 starts off with the word "approximately."                   10:54AM

15          Do you see that?                                   10:54AM

16      A.  I do.                                              10:54AM

17      Q.  All right.  The next sentence in that              10:54AM

18 paragraph says:  A SMRTbell is a double-stranded DNA        10:54AM

19 template capped by single-stranded hairpin loops at         10:54AM

20 both ends.                                                  10:54AM

21          And cites to Travers 2010.  Correct?               10:54AM

22      A.  It does.                                           10:55AM

23      Q.  The language continues:  Genomic DNA was           10:55AM

24 mechanically sheared to a target size of 2,000 base         10:55AM

25 pairs using a Covaris S2 system according to the            10:55AM
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1 manufacturer's instructions.                                10:55AM

2          Correct?                                           10:55AM

3      A.  Correct.                                           10:55AM

4      Q.  Does this mean that the sheared fragments          10:55AM

5 generated are all approximately the same size?              10:55AM

6               MR. MILLS:  Objection to scope.               10:55AM

7      A.  When mechanically shearing, you'll get a           10:55AM

8 distribution of sizes.                                      10:55AM

9          (Reporter requested clarification and for the      10:55AM

10 witness to speak louder.)                                   10:55AM

11      Q.  (By Mr. Powers)  Indeed you will.  And if you      10:55AM

12 go to page 13, there's a sentence that says:  The means     10:56AM

13 from the fragment distributions were between 17,000 and     10:56AM

14 2,000 BP.                                                   10:56AM

15          Correct?                                           10:56AM

16          MR. MILLS:  Objection to scope.                    10:56AM

17      A.  That is what it says there.                        10:56AM

18      Q.  (By Mr. Powers)  If you go back to page 12, at     10:56AM

19 the very bottom, there, three lines up, it says:            10:57AM

20 Sheared samples were then concentrated and                  10:57AM

21 size-selected, i.e., fragments greater than 100 base        10:57AM

22 pairs were retained by solid-phase reversible               10:57AM

23 immobilization SPRI paramagnetic bead-based technology.     10:57AM

24          And cites to AMPure XP.  Correct?                  10:58AM

25      A.  Correct.                                           10:58AM
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1      Q.  Do you know what AMPure XP Beads are?              10:58AM

2      A.  Yes.                                               10:58AM

3      Q.  And, here, Chin discloses that using AMPure XP     10:58AM

4 beads fragments greater than 100 base pairs are             10:58AM

5 retained.                                                   10:58AM

6          Correct?                                           10:58AM

7      A.  Under the conditions that they were using          10:58AM

8 them, that's what they did.                                 10:58AM

9               MR. POWERS:  Would you like to take a         10:58AM

10 quick break?                                                10:58AM

11               THE WITNESS:  I just need coffee.             10:58AM

12               MR. POWERS:  Go ahead.  We can go off the     10:58AM

13 record.                                                     10:58AM

14          (Off the record.)                                  10:59AM

15      Q.  (By Mr. Powers)  Do you have Travers 075 in        10:59AM

16 your binder?                                                11:00AM

17      A.  I do.                                              11:00AM

18      Q.  Great.  Okay.  So you have in front of you         11:00AM

19 Travers 075.  That's Exhibit 1018; right?                   11:00AM

20      A.  I do.                                              11:00AM

21      Q.  Go to paragraph 145 in Travers.  It says:  The     11:00AM

22 ligation products were concentrated by ethanol              11:00AM

23 precipitation and then applied to a CHROMA SPIN-1000        11:00AM

24 column to remove any templates that contained no            11:00AM

25 inserts or short inserts.                                   11:00AM
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1          Do you see that?                                   11:00AM

2      A.  I do.                                              11:00AM

3      Q.  Do you know what CHROMA SPIN-1000 columns are?     11:00AM

4      A.  Yes.                                               11:00AM

5      Q.  Travers discloses using CHROMA SPIN-1000           11:00AM

6 columns to remove templates with no insert or short         11:00AM

7 inserts.  Correct?                                          11:01AM

8      A.  Yes.                                               11:01AM

9      Q.  Do you know who the manufacturer of CHROMA         11:01AM

10 SPIN-1000 columns is?                                       11:01AM

11      A.  I don't recall.                                    11:01AM

12      Q.  I'd like to provide you with what we'll mark       11:01AM

13 Larrea Exhibit 7.                                           11:01AM

14          (Exhibit 7 was marked for identification.)         11:01AM

15      Q.  (By Mr. Powers)  Will you go to --                 11:01AM

16               MR. MILLS:  Before you ask questions, give    11:01AM

17 me just a moment.                                           11:01AM

18               MR. POWERS:  Sure.                            11:01AM

19               MR. MILLS:  I object to the document on       11:02AM

20 the basis of authenticity, foundation, and hearsay.         11:02AM

21               MR. POWERS:  So noted.                        11:02AM

22      Q.  (By Mr. Powers)  Have you seen this document       11:02AM

23 before, Dr. Larrea?                                         11:02AM

24      A.  I can't recall.                                    11:02AM

25      Q.  If you look on the first page of the document,     11:02AM
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1 it says it was published '09 September 2004.  Correct?      11:02AM

2               MR. MILLS:  Objection.  Foundation.           11:02AM

3      A.  That is what it says.                              11:02AM

4      Q.  (By Mr. Powers)  If you look at the bottom of      11:02AM

5 page 2, it says "Clone Tech Laboratories, Inc."             11:02AM

6 Correct?                                                    11:02AM

7               MR. MILLS:  Same objection.                   11:03AM

8      A.  That is what it says.                              11:03AM

9      Q.  (By Mr. Powers)  Are you familiar with Clone       11:03AM

10 Tech Laboratories?                                          11:03AM

11      A.  I have worked with their products in the past.     11:03AM

12      Q.  Does this document refresh your recollection       11:03AM

13 about the manufacturer of CHROMA SPIN columns?              11:03AM

14      A.  It does in that it says it.  I didn't remember     11:03AM

15 it.                                                         11:03AM

16      Q.  But now you do?                                    11:03AM

17      A.  Sure.                                              11:03AM

18      Q.  If you go to page 6 of the document, for           11:03AM

19 CHROMA SPIN-1000 columns it says -- the document says:      11:04AM

20 To use CHROMA SPIN-1000 for purifying DNA molecules         11:04AM

21 greater than 1,350 base pairs.  Correct?                    11:04AM

22      A.  That is what it says there.                        11:04AM

23      Q.  And it says to use CHROMA SPIN-1000 for            11:04AM

24 removing RNA and DNA molecules less than 300 base           11:04AM

25 pairs.  Correct?                                            11:04AM
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1      A.  That is what it says there.                        11:04AM

2      Q.  So the manufacturer, Clone Tech, recommends        11:04AM

3 using CHROMA SPIN-1000 to remove DNA molecules less         11:04AM

4 than 300 base pairs and to retain DNA molecules greater     11:04AM

5 than 1,350 base pairs.  Correct?                            11:05AM

6               (Reporter clarification requested.)           11:05AM

7               MR. MILLS:  Objection to form.                11:05AM

8 Foundation.  Scope.                                         11:05AM

9      A.  That is what it says.                              11:05AM

10      Q.  (By Mr. Powers)  You can put that to the side.     11:05AM

11          Do you agree that gel electrophoresis is labor     11:05AM

12 intensive?                                                  11:05AM

13               MR. MILLS:  Objection to the form.            11:05AM

14      A.  Not particularly.                                  11:05AM

15      Q.  (By Mr. Powers)  Do you agree that gel             11:06AM

16 electrophoresis is time-consuming?                          11:06AM

17               MR. MILLS:  Objection to form.                11:06AM

18      A.  Not particularly.                                  11:06AM

19      Q.  (By Mr. Powers)  Do you agree that it is           11:06AM

20 skill-dependent?                                            11:06AM

21               MR. MILLS:  Same objection.                   11:06AM

22      A.  Not particularly.                                  11:06AM

23      Q.  (By Mr. Powers)  I'm going to hand you what        11:06AM

24 we'll mark Larrea Exhibit 8.                                11:06AM

25          (Exhibit 8 was marked for identification.)         11:07AM
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1      Q.  (By Mr. Powers)  If you go to page 2 --            11:07AM

2               MR. MILLS:  Sorry.  Just a moment.            11:07AM

3      Q.  (By Mr. Powers)  The second paragraph starts       11:07AM

4 out with slab-gel electrophoresis.                          11:07AM

5               MR. MILLS:  Sorry.  Just a moment.            11:07AM

6          I object to the document on the basis of           11:07AM

7 hearsay and outside the scope.                              11:07AM

8      Q.  (By Mr. Powers)  Do you see in that paragraph,     11:07AM

9 Doctor, the language:  However, typical SGE experiment      11:08AM

10 procedures are quite tedious, which involves pairing        11:08AM

11 the agarose gel 30 to 50 minutes; sample loading one to     11:08AM

12 five minutes; running electrophoresis 30 to 60 minutes;     11:08AM

13 gel staining 15 to 30 minutes; and imaging DNA bands,       11:08AM

14 one to five minutes.                                        11:08AM

15          Did I read that correctly?                         11:08AM

16               MR. MILLS:  Objection to form.  Scope.        11:08AM

17 Hearsay.                                                    11:08AM

18      A.  You did.                                           11:08AM

19      Q.  (By Mr. Powers)  The document continues:           11:08AM

20 Consequently, it requires a lot of instruments such as      11:08AM

21 a microwave to dissolve the agarose, 2D gel -- 2D           11:08AM

22 electrophoresis cell and electrophoresis power supply       11:08AM

23 for electrophoresis, gel imaging system to check the        11:08AM

24 DNA bands in the gel, and hence, traditional SGE is         11:09AM

25 labor intensive, time-consuming, skill-dependent, and       11:09AM
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1 poor sensitivity.                                           11:09AM

2          Did I read that correctly?                         11:09AM

3      A.  You did.                                           11:09AM

4               MR. MILLS:  Objection to form.  Scope.        11:09AM

5 Hearsay.                                                    11:09AM

6      Q.  (By Mr. Powers)  The document continues:           11:09AM

7 Furthermore, the DNA molecules are usually visualized       11:09AM

8 under ultraviolet light by staining with appropriated       11:09AM

9 dyes such as ethidium bromide, in a traditional SGE         11:09AM

10 experiment.  But both ultraviolet and ethidium bromide      11:09AM

11 are suspected to be carcinogen.                             11:09AM

12          Did I read that correctly?                         11:09AM

13               MR. MILLS:  Objection to form, scope,         11:09AM

14 hearsay.                                                    11:09AM

15      A.  You read that correctly.                           11:09AM

16      Q.  (By Mr. Powers)  Let's take out Travers again.     11:09AM

17 This is Travers 075.                                        11:10AM

18               MR. POWERS:  Actually, can we take a short    11:10AM

19 break?                                                      11:10AM

20               MR. MILLS:  Sure.                             11:10AM

21          (Recess taken 11:10 a.m. - 11:19 a.m.)             11:10AM

22      Q.  (By Mr. Powers)  Do you have Travers 075?          11:19AM

23      A.  Exhibit 1018?                                      11:19AM

24      Q.  Yes, sir.                                          11:19AM

25      A.  Okay.                                              11:19AM
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1      Q.  I'll take you to example 1 of Travers.  It         11:19AM

2 starts out paragraph 138.  Moving onto 139, Travers         11:19AM

3 discusses template construction.                            11:19AM

4          In 139 Travers says:  Ligation was performed       11:20AM

5 by incubating digested PCR product with a two-fold          11:20AM

6 excess of each hairpin oligo in the presence of T4 DNA      11:20AM

7 ligase NEB at 23 degrees celsius for one hour.              11:20AM

8          Do you see that?                                   11:20AM

9      A.  I do.                                              11:20AM

10      Q.  This created a SMRTbell template.  Correct?        11:20AM

11      A.  Yes, this would have been an initial SMRTbell.     11:20AM

12      Q.  And the sequencing reaction was carried out in     11:21AM

13 example 1 on that SMRTbell product.  Correct?               11:21AM

14      A.  After the rest of the cleanup steps, there was     11:21AM

15 a sequencing reaction.                                      11:21AM

16      Q.  The SMRTbell products were generated from a        11:21AM

17 PCR product.  Correct?                                      11:21AM

18      A.  In this experiment they were, yes.                 11:22AM

19      Q.  So all of the SMRTbells in example 1 would         11:22AM

20 have been almost exactly the same length.  Correct?  If     11:22AM

21 not exactly the same length.                                11:22AM

22      A.  It would depend on the ligation.                   11:22AM

23      Q.  Do you agree that they would have been very,       11:22AM

24 very close in length?  The SMRTbell products?               11:22AM

25      A.  The PCR products would have been, yes.             11:22AM
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1      Q.  The PCR products that went in to make the          11:22AM

2 SMRTbell product.  SMRTbell template.                       11:22AM

3      A.  Yes.  But the resulting library may not have       11:23AM

4 been as narrow as the PCR product.  Depending on the        11:23AM

5 ligation conditions.                                        11:23AM

6      Q.  Is that because there could have been PCR          11:23AM

7 products ligated to each other?                             11:23AM

8      A.  That is correct.                                   11:23AM

9      Q.  Ligating PCR products to each other is an          11:23AM

10 undesirable outcome in SMRTbell preparation.  Correct?      11:23AM

11      A.  In this experiment, it would have been             11:23AM

12 undesirable.                                                11:23AM

13      Q.  If you go to example 2, do you agree that a        11:23AM

14 SMRTbell template was generated containing 162              11:23AM

15 nucleotides in total?                                       11:23AM

16      A.  Yes.                                               11:23AM

17      Q.  So example 2 uses a SMRTbell template for          11:23AM

18 sequencing.  Correct?                                       11:24AM

19      A.  It does.                                           11:24AM

20      Q.  If you go to example 3.  In example 3 the          11:24AM

21 E. coli genome was sheared to generate 500 to 1500 base     11:24AM

22 pair-sized fragments.  Correct?                             11:24AM

23      A.  That is correct.                                   11:24AM

24      Q.  And paragraph 145 states:  Fragments of sample     11:24AM

25 material that failed to ligate with a hairpin at one        11:24AM
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1 end or that contained a nick due to incomplete ligation     11:24AM

2 were removed through the use of Exonuclease III and         11:24AM

3 Exonuclease VII.                                            11:24AM

4          Correct?                                           11:24AM

5      A.  That is what it says.                              11:24AM

6      Q.  So do you agree that example 3 in Travers 075      11:24AM

7 is using SMRTbell templates for sequencing?                 11:24AM

8      A.  I do.                                              11:25AM

9      Q.  If you go to example 4, paragraph 150, Travers     11:25AM

10 075 makes use in example 4 of a PCR product.  Correct?      11:25AM

11      A.  It does.                                           11:25AM

12      Q.  And that PCR product was ligated to hairpin        11:25AM

13 adapters to make a SMRTbell template.  Correct?             11:25AM

14      A.  That is correct.                                   11:25AM

15      Q.  Paragraph 150 of Travers 075 states that:  The     11:26AM

16 SMRTbell template was passed through a CHROMA SPIN-1000     11:26AM

17 column.                                                     11:26AM

18          Correct?                                           11:26AM

19      A.  That is what it says.                              11:26AM

20      Q.  If you look at Travers 075, paragraph 141.         11:26AM

21          Are you there?                                     11:27AM

22      A.  I am.                                              11:27AM

23      Q.  Travers 075 incorporates by reference U.S.         11:27AM

24 Patent No. -- Patent Application No. 200090024331.          11:27AM

25          Do you see that?                                   11:27AM
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1      A.  I do.                                              11:27AM

2      Q.  And Travers says -- the Travers 075 document       11:27AM

3 says that:  Published U.S. Patent Application               11:27AM

4 No. 20090024331 is incorporated by reference in its         11:28AM

5 entirety for all purposes.                                  11:28AM

6          Do you see that?                                   11:28AM

7      A.  I do.                                              11:28AM

8      Q.  Did you review U.S. Patent Application             11:28AM

9 20090024331 before rendering your opinions in this          11:28AM

10 case?                                                       11:28AM

11      A.  I did not.  I focused my analysis on the four      11:28AM

12 alleged problems that Dr. Satija raises in his              11:28AM

13 declaration.                                                11:28AM

14      Q.  And you didn't review this application before      11:28AM

15 rendering your opinions.  Right?                            11:29AM

16      A.  I did not.                                         11:29AM

17      Q.  Okay.  I'm going to hand you what we will mark     11:29AM

18 Larrea Exhibit 9.                                           11:29AM

19          (Exhibit 9 was marked for identification.)         11:29AM

20      Q.  (By Mr. Powers)  I'd like to direct you to         11:29AM

21 paragraph 181.                                              11:29AM

22          First of all, if you look at the front page,       11:29AM

23 first page, you can see that the assignee is Pacific        11:29AM

24 Biosciences in California.  Right?                          11:29AM

25      A.  Sorry, I'm catching up.                            11:29AM
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1      Q.  Sure.                                              11:29AM

2      A.  Repeat, please.                                    11:29AM

3      Q.  If you look at the first page of Exhibit 9,        11:30AM

4 you'll see that the assignee is Pacific Biosciences of      11:30AM

5 California.  Right?                                         11:30AM

6      A.  Yes.                                               11:30AM

7      Q.  And now going to paragraph 181.                    11:30AM

8      A.  Sure.                                              11:30AM

9      Q.  And I want you to confirm before you go to         11:30AM

10 paragraph 181 that this application publication             11:30AM

11 20090024331 is the same cited in Travers that we just       11:30AM

12 looked at.  The Travers 075 publication.                    11:30AM

13               MR. MILLS:  Objection.  Foundation.           11:30AM

14      Q.  (By Mr. Powers)  And incorporated by               11:30AM

15 reference.                                                  11:31AM

16      A.  Yes.                                               11:31AM

17      Q.  Now let's go to paragraph 181.  And the second     11:31AM

18 sentence of that paragraph, says:  Because large            11:31AM

19 numbers of reaction locations are being prepared and        11:31AM

20 monitored, it is expected that some system -- excuse        11:31AM

21 me -- it is expected that in some systems some              11:31AM

22 percentage of reaction locations will not provide           11:31AM

23 useful data.  This may occur if no reaction enzyme          11:31AM

24 becomes located in a particular ZMW, if more than one       11:31AM

25 reaction enzyme is located in a ZMW, or if a reaction       11:31AM
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1 enzyme is otherwise producing problematic data.             11:31AM

2          Did I read that correctly?                         11:31AM

3      A.  You did read that correctly.                       11:31AM

4               MR. POWERS:  Let's take a quick break.  I     11:31AM

5 think I'm going to pass the witness, but I just want to     11:32AM

6 confirm.                                                    11:32AM

7          (Off the record.)                                  11:32AM

8               MR. POWERS:  We're done.                      11:32AM

9          (Recess taken 11:32 a.m. to 12:18 p.m.)            11:32AM

10                          *  *  *                            11:32AM

11                                                             12:18PM

12                   REDIRECT EXAMINATION                      12:18PM

13 BY MR. MILLS:                                               12:18PM

14      Q.  Dr. Larrea, I have a few questions for you.        12:18PM

15          Do you recall being asked questions during         12:18PM

16 your deposition about gel electrophoresis?                  12:18PM

17      A.  Yes.                                               12:18PM

18      Q.  Is it difficult to perform a gel                   12:18PM

19 electrophoresis?                                            12:18PM

20               MR. POWERS:  Objection, leading.              12:18PM

21      A.  No.  In fact, my wife is currently teaching a      12:18PM

22 high school genetics class in which she's teaching          12:19PM

23 sophomores and juniors how to perform it.                   12:19PM

24      Q.  (By Mr. Mills) Do you recall being asked           12:19PM

25 questions about size selection involving the removal of     12:19PM
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1 dimers?                                                     12:19PM

2      A.  Yes.                                               12:19PM

3      Q.  Is size selection limited to the removal of        12:19PM

4 dimers?                                                     12:19PM

5               MR. POWERS:  Objection.  Leading.             12:19PM

6      A.  No, certainly not.                                 12:19PM

7      Q.  (BY Mr. Mills)  Please take a look at              12:19PM

8 paragraph 23 of your declaration.                           12:19PM

9               MR. POWERS:  Can you give me a minute to      12:19PM

10 get there?                                                  12:19PM

11               MR. MILLS:  Yes.                              12:19PM

12      Q.  (By Mr. Mills) In paragraph 23 of your             12:19PM

13 declaration you cite page 35 of Exhibit 1035.  Correct?     12:19PM

14      A.  Yes.                                               12:20PM

15      Q.  Can you tell us what Exhibit 1035 is?              12:20PM

16      A.  Exhibit 1035 is the template prep sequencing       12:20PM

17 guide.                                                      12:20PM

18      Q.  In paragraph 23 of your declaration you quote      12:20PM

19 page 35 of Exhibit 1035 as saying:  It is highly            12:20PM

20 recommended to select amplicons of the same size, plus      12:20PM

21 or minus 10 percent to minimize loading bias.               12:20PM

22               MR. POWERS:  Objection.  Leading.             12:20PM

23          Is that even a question?                           12:20PM

24      A.  Yes, that is what I said.                          12:20PM

25      Q.  Dr. Larrea, do you recall being asked              12:20PM
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1 questions earlier about polymerase reads and subreads?      12:20PM

2      A.  Yes.                                               12:21PM

3      Q.  Is a subread a sequence read?                      12:21PM

4               MR. POWERS:  Objection.  Leading.             12:21PM

5      A.  Yes.                                               12:21PM

6               MR. MILLS:  No further questions.             12:21PM

7               MR. POWERS:  Okay, let's go off the record    12:21PM

8 two minutes.                                                12:21PM

9          (Recess taken 12:21 p.m. to 12:22 p.m.)            12:21PM

10                          *  *  *                            12:21PM

11                                                             12:22PM

12                    RECROSS-EXAMINATION                      12:22PM

13 BY MR. POWERS:                                              12:22PM

14      Q.  Dr. Larrea, at the break that we took before       12:22PM

15 your redirect, did you speak with your counsel about        12:22PM

16 the substance of your testimony that you gave on            12:22PM

17 redirect?                                                   12:22PM

18      A.  I'm not sure what you mean by "substance," but     12:22PM

19 we did discuss some of the general concepts.                12:23PM

20      Q.  Did counsel indicate to you the questions that     12:23PM

21 counsel would be asking?                                    12:23PM

22      A.  The exact questions were not given.  The           12:23PM

23 general topics were discussed.                              12:23PM

24      Q.  Did counsel discuss the topics of your             12:23PM

25 redirect testimony with you during the break?               12:23PM
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1      A.  Sorry.  Can you repeat that question?              12:23PM

2      Q.  Sure.  Counsel discussed the topics of your        12:23PM

3 redirect testimony with you during the break?               12:23PM

4      A.  We did discuss the topics during the break.        12:23PM

5      Q.  Did counsel indicate to you in any way how you     12:24PM

6 were to answer questions posed by counsel?                  12:24PM

7      A.  No, I was not given any answers to the             12:24PM

8 questions.                                                  12:24PM

9      Q.  Did you indicate to counsel how you would          12:24PM

10 answer hypothetical questions?                              12:24PM

11      A.  Yes, there was some discussion about the way       12:24PM

12 that those topics would be handled.                         12:25PM

13      Q.  When you say "the way those topics would be        12:25PM

14 handled," do you mean that there was discussion about       12:25PM

15 the questions you would get and how you would answer        12:25PM

16 them?                                                       12:25PM

17      A.  In general terms, the topics were discussed.       12:25PM

18      Q.  And the answers that you would give in             12:25PM

19 response to questions?                                      12:25PM

20      A.  The way that I would process those questions       12:25PM

21 was discussed.                                              12:25PM

22      Q.  And the specific answers that you'd give to        12:26PM

23 those leading questions was discussed?                      12:26PM

24               MR. MILLS:  Objection to form.                12:26PM

25      A.  Again, not the specific answers.                   12:26PM
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1      Q.  (By Mr. Powers)  The type of answer that you'd     12:26PM

2 give to those questions was discussed?                      12:26PM

3               MR. MILLS:  Objection to form.                12:26PM

4      A.  In general terms, yes.                             12:26PM

5      Q.  (By Mr. Powers)  The substance of the answer       12:26PM

6 that you would give was discussed.  Correct?                12:26PM

7      A.  What do you mean by the "substance"?               12:26PM

8      Q.  The type of answer that you would give.            12:26PM

9      A.  Right.  And so I said the type of answer that      12:26PM

10 I would give, yes.                                          12:26PM

11      Q.  That was discussed with counsel during the         12:26PM

12 break?                                                      12:26PM

13      A.  That was discussed.                                12:26PM

14      Q.  Thank you.                                         12:27PM

15               MR. POWERS:  We can go off the record.        12:27PM

16          (Deposition concluded at 12:27 p.m.)

17          (Signature was reserved.)

18                         *  *  *

19

20

21

22

23

24

25
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5     5/9/2023, WITNESS (#5891566)

6     The above-referenced transcript is available for

7 review.

8     Within the applicable timeframe, the witness should

9 read the testimony to verify its accuracy. If there are

10 any changes, the witness should note those with the

11 reason, on the attached Errata Sheet.

12     The witness should sign the Acknowledgment of

13 Deponent and Errata and return to the deposing attorney.

14 Copies should be sent to all counsel, and to Veritext at

15 clientservices-yom@veritext.com

16

17  Return completed errata within 30 days from

18  receipt of testimony.

19      If the witness fails to do so within the time

20  allotted, the transcript may be used as if signed.

21

22                Yours,

23               Veritext Legal Solutions

24

25
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1 GUARDANT HEALTH, INC. v. University Of Washington Et Al.

2 ANDRES LARREA, Ph.D. (#5891566)

3                  E R R A T A  S H E E T

4 PAGE_____ LINE_____ CHANGE________________________

5 __________________________________________________

6 REASON____________________________________________

7 PAGE_____ LINE_____ CHANGE________________________

8 __________________________________________________

9 REASON____________________________________________

10 PAGE_____ LINE_____ CHANGE________________________

11 __________________________________________________

12 REASON____________________________________________

13 PAGE_____ LINE_____ CHANGE________________________

14 __________________________________________________

15 REASON____________________________________________

16 PAGE_____ LINE_____ CHANGE________________________

17 __________________________________________________

18 REASON____________________________________________

19 PAGE_____ LINE_____ CHANGE________________________

20 __________________________________________________

21 REASON____________________________________________

22

23 ________________________________   _______________

24 ANDRES LARREA, Ph.D.                            Date

25
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1 GUARDANT HEALTH, INC. v. University Of Washington Et Al.

2 ANDRES LARREA, Ph.D.(#5891566)

3                ACKNOWLEDGEMENT OF DEPONENT

4     I, ANDRES LARREA, Ph.D., do hereby declare that I

5 have read the foregoing transcript, I have made any

6 corrections, additions, or changes I deemed necessary as

7 noted above to be appended hereto, and that the same is

8 a true, correct and complete transcript of the testimony

9 given by me.

10

11 ______________________________    ________________

12 ANDRES LARREA, Ph.D.            Date

13 *If notary is required

14                   SUBSCRIBED AND SWORN TO BEFORE ME THIS

15                   ______ DAY OF ________________, 20___.

16

17

18                   __________________________

19                   NOTARY PUBLIC

20

21

22

23

24

25
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Federal Rules of Civil Procedure

Rule 30

(e) Review By the Witness; Changes.

(1) Review; Statement of Changes. On request by the 

deponent or a party before the deposition is 

completed, the deponent must be allowed 30 days 

after being notified by the officer that the 

transcript or recording is available in which:

(A) to review the transcript or recording; and

(B) if there are changes in form or substance, to 

sign a statement listing the changes and the 

reasons for making them.

(2) Changes Indicated in the Officer's Certificate. 

The officer must note in the certificate prescribed 

by Rule 30(f)(1) whether a review was requested 

and, if so, must attach any changes the deponent 

makes during the 30-day period.

DISCLAIMER:  THE FOREGOING FEDERAL PROCEDURE RULES 

ARE PROVIDED FOR INFORMATIONAL PURPOSES ONLY.  

THE ABOVE RULES ARE CURRENT AS OF APRIL 1, 

2019.  PLEASE REFER TO THE APPLICABLE FEDERAL RULES 

OF CIVIL PROCEDURE FOR UP-TO-DATE INFORMATION.   

0088



VERITEXT LEGAL SOLUTIONS 

COMPANY CERTIFICATE AND DISCLOSURE STATEMENT 
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foregoing transcript is a true, correct and complete 
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Solutions further represents that the attached 
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the Health Insurance Portability and Accountability 
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amended, with respect to Personally Identifiable 
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are managed under strict facility and personnel access 
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in encrypted form and are transmitted in an encrypted 
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State regulations with respect to the provision of 

court reporting services, and maintains its neutrality 

and independence regardless of relationship or the 

financial outcome of any litigation. Veritext requires 

adherence to the foregoing professional and ethical 

standards from all of its subcontractors in their 

independent contractor agreements. 
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confidentiality and security policies and practices 
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Pacific Biosciences Glossary of Terms 

General 
Technology 

• barcode score: The alignment score between a read and an ideal 
barcode sequence. The maximum barcode score is twice the length of 
the ideal barcode sequence. 

• circular consensus sequencing (CCS) read: The consensus 
sequence resulting from alignment between subreads taken from a 
single ZMW Note that generation of the CCS read does not include or 
require alignment against a reference sequence. Generation of CCS 
reads using the CCS algorithm requires at least two full-pass subreads 
from the insert. 

Polymeraso Read: 

.4;............ 

Subroads   

Circular Consensus Sequence (CCS) Read: 

• full-pass subread: A subread that begins at one adapter sequence and 
ends at another adapter sequence. A full-pass subread does not begin 
or end in the middle of an insert sequence. 

• mapped polymerase read length: Approximates the sequence 
produced by a polymerase in a ZMW The total number of bases along a 
read from the first adapter of aligned subread to the last adapter or 
aligned subread. 

• mapped subread length: The length of the subread alignment to a 
target reference sequence. This does not include the adapter sequence. 

Mapped 
(Potymerase) 
Read Length 

Mapped 
Subread Length 

4 Kb 

900bp 

• P.150 read length metric: The read length at which 50% of the bases are 
in reads longer than, or equal to, this value. 

• paired barcodes: Barcode sequences that are different (asymmetric) on 
either end of an insert present in a SMRTbellTM template. The barcoding 
analysis software uses unique pairs of barcodes to separate and analyze 
reads. 
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• polymerase read: A sequence of nucleotides incorporated by the DNA 
polymerase while reading a template, such as a circular SMRTbell 
template. They can include sequences from adapters and from one or 
multiple passes around a circular template, which includes the insert of 
interest. Polymerase reads are most useful for quality control of the 
instrument run. Polymerase read metrics primarily reflect movie length 
and other run parameters rather than insert size distribution. Polymerase 
reads are trimmed to include only the high-quality region. 
Note: Sample quality is a major factor in polymerase read metrics. 

• polymerase read length: The total number of bases produced from a 
ZMW after trimming the low-quality regions. It may include the adapter 
sequences. 

• polymerase read quality: A trained prediction of a read's mapped 
accuracy based on its pulse and base file characteristics (peak signal-to-
noise ratio, average base QV, inter-pulse duration, and so on). 

• preassembled long read (PLR): A generated read that has been output 
from the preassembly step of HGAP. 

• productivity: A measure of the reads from a ZMW p=i means that there 
is a polymerase read from that ZMW. P=o means that a ZMW did not 
produce a read and is presumed to be lacking a polymerase. P=2 means 
"other" and the signal collected from the ZMWwas not conducive to 
efficient base calling, possibly due to multiple template-polymerase 
complexes bound in the ZMW, high background signal, and so on. 

• read length: The number of contiguous bases incorporated into a 
nascent strand during template-directed synthesis. Read length can be 
reported as mean, N50, 95th percentile, and max. 

• read quality (RQ): The de novo prediction of the accuracy of subreads 
from a single ZMW. Sometimes also referred to as QC Score or Read 
Score. 

• SM RI® Sequencing: The process of nucleic acid sequencing using 
Pacific Biosciences' single molecule, real-time sequencing technology. 

• Stage Start: When specified using RS Remote software, the sequencing 
reaction starts at the optical stage, just before data acquisition begins. 
This captures sequence data at the 5' end of the SMRTbell template that 
would otherwise be missed, and is especially important for long inserts 
where multi-pass CCS reads will not occur and the longest subreads are 
critical. 

• subread: Each polymerase read is partitioned to form one or more 
subreads, which contain sequence from a single pass of a polymerase 
on a single strand of an insert within a SMRTbell template and no 
adapter sequences. The subreads contain the full set of quality values 
and kinetic measurements. Subreads are useful for applications such as 
de novo assembly, resequencing, base modification analysis, etc. 

• symmetric barcodes: Barcode sequences that are identical on both 
ends of an insert present in a SMRTbell template. 

• zero-mode waveguide (ZMW): A nanophotonic device for confining light 
to a small observation volume. This can be, for example, a small hole in 
a conductive layer whose diameter is too small to permit the propagation 
of light in the wavelength range used for detection. Part of a SMRT Cell. 
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Consumables • DNA Controls: DNA control template-polymerase complexes that are 
ready for loading on the instrument. There are two types of controls: 
Spike-in controls and stand-alone controls. Spike-in controls are added 
into your samples for sequencing. Stand-alone controls are run on a 
single SMRT Cell for instrument troubleshooting purposes. 

MagBead: Small paramagnetic bead, 2-3 im in size. The DNA-
polymerase complexes are attached to the magnetic beads, which can 
then be pulled down for easy removal of contaminants from the 
supernatant during the binding step. The DNA-polymerase complex/ 
bead mixture can be used for the on-instrument immobilization step. See 
also MagBead loading. 

SMRT® Cells: Consumable substrates comprising arrays of zero-mode 
waveguide nanostructures. SMRT Cells are used in conjunction with the 
DNA Sequencing Kit for on-instrument DNA sequencing. 

Template • AT ligation: The library construction protocol option by which an adapter 
Preparation with a single-nucleotide T overhang is ligated to an insert with a single-

nucleotide A overhang. The workflow that uses this ligation option also 
contains an A-tailing step. 

• barcode padding: An optional 5 base pair constant sequence appended 
to unique barcode sequences. Can be used to normalize ligation of 
adapters during template preparation. 

• barcoded adapter: A SMRTbell adapter with a barcode sequence 
appended to the end of the stem region. When using barcoded adapters, 
SMRTbell templates will have a symmetric barcode structure. 

• barcoded SMRThelF template: A SMRTbell template with two 
barcoded adapters. 

• blunt ligation: The library construction protocol option by which an 
adapter lacking any overhangs is ligated to an insert also lacking any 
overhangs. The workflow that uses this ligation option also lacks the A-
tailing step. 

• diffusion loading: Immobilization of DNA-polymerase complex into the 
ZMWs on the SMRT Cell via diffusion. Smaller inserts load preferentially 
compared to larger inserts. 

• DNA damage repair: A step in the SMRTbell template preparation that 
repairs a variety of types of DNA damage, including pyrimidine dimers, 
abasic sites, and nicks. 

• DNA end repair A step in the SMRTbell template preparation that 
removes 5' and 3' overhangs, and phosphorylates 5' ends. 

• DNA fragmentation: The generation of smaller DNA fragments. Multiple 
methods may be used to fragment DNA, including hydrodynamic 
shearing, mechanical shearing, sonication, and enzymatic digestion. 

• input DNA: Purified DNA used as an input to the DNA Template Prep 
Kit. 

• insert size: The length of the double-stranded nucleic acid fragment in a 
SMRTbell template, excluding the hairpin adapters. 
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• MagBead loading: Immobilization of large DNA molecules into the 
ZMWs on the SMRT Cell chip via MagBeads. The smallest inserts, 
hairpin dimers, and excess polymerase are washed out in the initial 
MagBead binding and washing steps. As a result, medium and larger 
size inserts load better and have a higher sequencing accuracy 
(compared to diffusion loading of similar-sized inserts). 

• polymerase binding: The binding of the sequencing polymerase to an 
appropriate binding site on a nucleic acid template. 

• primed template: Refers to a template molecule that is annealed with 
primer. A primed template is a product of the template prep protocol and 
an input to the binding protocol. 

• primer annealing: The hybridization of a sequencing primer to an 
appropriate binding site on a template. 

• size selection: The removal of unwanted fragments from a mixture 
based on size. This can refer to the removal of only the shortest 
fragments, such as adapter dimers, or to the isolation of a very narrow 
range of insert sizes. Depending on the size range of interest and the 
equipment available, size selection can be accomplished with AMPure 
PB beads, manual isolation from an Agarose-gel, automated gel 
isolation, or BluePippin or SageELFTM size-selection systems. 

SMRTbellTM template: A double-stranded DNA template capped by 
hairpin adapters (i.e., SMRTbell adapters) at both ends. A SMRTbell 
template is topologically circular and structurally linear, and is the library 
format created by the DNA Template Prep Kit. 

iii:; 

• template: Molecules to be sequenced; the DNA Template Prep Kit 
produces SMRTbell templates. 

• template annealing: Process of hybridizing primer(s) to nucleic acid 
templates. 

• template library: A set of nucleic acid molecules to be sequenced; the 
DNA Template Prep Kit process generates template libraries. 

• template-polymerase complex: Primed template bound to DNA 
polymerase; the output of the DNA/Polymerase Binding Kit process. 
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General • PacBio® DevNet (http://www.pacb.com/products.andseices/ 
Software analytical-software/devnet/): Resource for informatics researchers, and 

life scientists; includes data sets, source code, application programming 
interfaces, and documentation. 

SMRT® Link: Web-based end-to-end workflow manager for the 
SequePTM System. It includes software applications for setting up 
samples, designing and monitoring sequencing runs, and analyzing and 
managing sequence data. 

- Data Management: SMRT Link software module used to create 
Projects and Data Sets, and manage access permissions for Projects 
and users. 

- SMRT® Analysis: SMRT Link software module used to perform 
secondary analysis of data including sequence alignment, variant 
detection, de novo assembly, RNA analysis, and detecting epigenetic 
DNA modifications. 

• SMRT® View: Java-based genome browser used to visualize aligned or 
assembled reads. Part of the SMRT Analysis suite. 

Sequel System only: 

• Sequel Instrument Control Software (ICS): Software that controls instrument 
functionality including: on-instrument operations, user interface, and primary 
analysis. 

• Run Design: SMRTLink software module used to design and import 
sequencing runs into Sequel !CS. 

• Run QC: SMRT Link software module that displays quality metrics for individual 
instruments and runs on the Sequel System. 

• Sample Setup: SMRT Link software module used to calculate binding and 
annealing reactions for preparing DNA samples for use on the Sequel System. 

PacBio RS II System only: 

• barcode FASTA: A FASTA -format file used bybarcoding software to identify 
ideal barcode sequences. For symmetric barcocles, each barcode sequence 
identities a single bin for demultiplexing reads. For paired barcodes, each 
unique pair of barcodes should be listed as two sequentially-named FASTA 
sequences. 

• Binding Calculator: Web-based application used to calculate binding and 
annealing reactions for preparing DNA samples for use on the PacBio RS II. 

• RS Dashboard: Web-based software that displays quality metrics for individual 
instruments, runs, and SMRT Cells. 

• RS Remote: Windows-based client software used to design and monitor 
sequencing runs. Directs user to look at primary analysis data in-depth using RS 
Dashboard. 

• RS Touch: Touchscreen user interface on the instruments to help the user load 
the instrument and start a run. Provides direct feedback on instrument status. 

• SMRTTM Pipe: Command-line interface of SMRTAnalysis suite. SMRT Pipe is 
used to launch secondary analysis jobs. 

• SMRM Portal: Web-based software used to help setup secondary analysis 
jobs and view quality reports. Part of the SMRTAnalysis suite. 
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Primary • high-quality (HQ) region: Annotates the high-quality sequencing 
Analysis regions of a read to be used during raw read trimming. 

• movie time: The time specified for collecting data from a SMRT Cell. 

• primary analysis: On-instrument analysis which includes signal 
processing of the movie, base calling of the traces and pulses, and 
quality assessment of the base calls. Subsequently, it trims the 
sequences to the high-quality (HQ) regions, identifies adapter, barcode 
(optional), and control sequence reads, assigns read scores, and outputs 
the subread data in a BAM file. 

• pulse: The representation of an incorporation event derived from a trace. 
It includes metrics such as interpulse duration, pulse height, and pulse 
width. 

• QV Metric: Phred-like scores that reflect the probability of a correct call 
for each base. 

• raw read trimming: Removing a section of the raw read such as a low-
quality region. Trimming of an unfiltered read produces a polymerase 
read. 

• reads/SM RI® Cell: The number of reads generated per SMRT Cell. 

Secondary • Arrow: (Note: This replaces Quiver.) A highly accurate consensus and 
Analysis variant caller that can generate >99.999% accurate consensus 

sequences using local realignment and the full range of quality scores 
associated with reads. Part of SMRT Analysis. 

• barcode FASTA: A FASTA-format file used by barcoding software to 
identify ideal barcode sequences. For symmetric barcodes, each 
barcode sequence identifies a single bin for demultiplexing reads. For 
paired barcodes, each unique pair of barcodes should be listed as two 
sequentially-named FASTA sequences. 

• BLASR: Used for targeted sequencing. Maps reads against a reference; 
part of SMRT Analysis. 

• consensus accuracy: Accuracy based on aligning multiple sequencing 
reads or subreads together. 

• circular consensus accuracy: Accuracy based on consensus 
sequence from multiple sequencing passes around a single circular 
template molecule. 

• circular consensus sequence analysis: Processing of sequencing 
data generated by circular consensus sequencing to create a circular 
consensus read. 

• circular consensus sequencing (CCS): Sequencing performed on a 
circular template in which a subread was generated during a sequencing 
pass around the template. These reads are aligned to each other to 
generate a single high-accuracy consensus read. CCS analysis to 
generate consensus reads requires CCS data with at least two full-pass 
subreads. 

• consensus sequence determination: Generation of a consensus 
sequence from multiple individual reads or from multiple subreads of the 
same DNA molecule (CCS). Also termed "consensus calling". Multi-
molecule consensus for targeted applications can be generated using 
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the Long Amplicon Analysis (LAA) protocol. For other multi-molecule 
applications, such as whole-genome sequencing and do novo assembly, 
consensus is generated using the Arrow consensus caller as part of the 
resequencing protocol. 

HGAP: The Hierarchical Genome Assembly Process (HGAP) is an 
algorithmic approach for generating high-quality de novo assemblies 
using PacBio data. HGAP includes pie-assembly, do novo assembly and 
assembly polishing steps. HGAP3 utilizes anAssembleUnitig module for 
do novo assembly and Quiver for polishing. HGAP4 uses Falcon for do 
nova assembly and Arrow for polishing. 

Hierarchal Genome Assembly Process (HGAP) 

Long raids 

Longest 

'seed reads 

construct pre-assembled 
reads 

Pre-assembled - -''------ Assemble 

roads ...r._ -zrn-t — _z-.- - -  - - - - "j to finished 

Genome   Cd' genome 

• Quiver (Note: This is replaced by Arrow.) A highly accurate consensus 
and variant caller that can generate >99.999% accurate consensus 
sequences using local realignment and the full range of quality scores 
associated with reads. Part of SM RT Analysis. 

• secondary analysis: Follows primary analysis and uses basecalled 
data. It is application-specific, and may include: 
- Filtering/selection of data that meets a desired criteria (such as quality, 

read length, etc.). 

- Comparison of reads to a reference or between each other for 
mapping and variant calling, consensus sequence determination, 
alignment and assembly (do nova or reference-based), variant 
identification, etc. 

- Quality evaluations for a sequencing run, consensus sequence, 
assembly, etc. 

- PacBio's SMRT Analysis contains a variety of secondary analysis 
applications including RNA and Epigenomics analysis tools. 

• secondary analysis application (Formerly "Secondary analysis 
protocol"): A secondary analysis workflow that may include multiple 
analysis steps. Examples include do novo assembly, resequencing, RNA 
and epigenomics analysis. 

• SMRT® Analysis Suite: Client/server software that performs automated 
and distributed analysis of sequencing data generated by the PacBio 
System. 

• tertiary analysis: Analyses following secondary analysis, which includes 
comparisons of secondary analysis results across different samples, 
application-specific analyses, variant classification, and disease/gene 
annotations. 
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Base • amplified control: Control created by separately sequencing an 
Modification amplified version of the sample of interest. 

• interpulse duration (IPD): Metric for the length of time between 
emission pulses indicative of base incorporation events. Base 
modifications in a template molecule can impact IPD, so changes in IPD 
are used to detect base modifications during SMRT Sequencing. 

• IPD Ratio: The ratio of the mean IPD of a native sample to the mean IPO 
in a second sample or in silico control at a position of inquiry in a 
template. 

• in silico control: Computational model for predicting the mean lPD per 
given sequence context at the position of inquiry. 

Instrument PacBio RS II System only: 

Terminology 
• Blade Center The podium containing computers used to process primary 

analysis and control the instrument. 
• carrier plate: Metal plate with 12 slots to accommodate 8Pac strips. 
• drawer: Each of the two compartments where consumables are placed by the 

user (including the door). The left drawer houses reagents and samples, and the 
right drawer houses SMRT Cells and tips. 

• Environmental Cabinet The right-most compartment of the instrument 
containing the nitrogen intake and chiller sub-module. 

• insert in drawer The removable aluminum assembly found in the (left) reagent 
drawer. The insert consists of a top unit with septa clamps and tube openings, 
and a bottom unit with receptacle areas for two reagent plates, one mixing plate, 
one sample plate, and four tubes. The insert is removable for cleaning. 

• tip station: The area of the SMRT Cell and tip drawer that accommodates up to 
6 boxes of pipette tips. 
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Information in this document is subject to change without notice. Pacific Biosciences assumes no responsibility for any errors or omissions in this 
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CHROMA SPINTm Columns User Manual 

I. Introduction 

Spin-column chromatography, which combines economy, effectiveness of gel 
filtration, and speed of centrifugation, is a common method of choice for nucleic 
acid purification. CHROMA SPINTM Columns are routinely used to purify DNAor 
RNA from smaller contaminants such as salts, solvents, nucleotides, enzymes, 
proteins, polysaccharides, metabolites, and in some cases other (smaller) nucleic 
acids. In addition, CHROMASPIN columns can be usedforsize selection of nucleic 
acids within a wide size range (from 15 nucleotides to >1,000 bp). Nucleic acids 
purified with these columns are well suited for use in many molecular biology 
experimental procedures, including sequencing, labeling, PCR, cloning, and in 
vitro transcription (Sambrook & Russell, 2001). 

CH ROMASPIN columns are based on the principle of gel filtration chromatography 
and are packed with resins designed to selectively remove contaminating molecules 
based on size. The proprietary resins are comprised of uniform microscopic beads 
of a hydrophilic porous material. Molecules larger than the pore size are excluded 
from the resin. These molecules quickly move through the gel bed when the 
column is centrifuged briefly, while molecules smaller than the pore size are held 
back (Hagel et al., 1969; Porath et al., 1959). Thus, DNA and protein molecules 
are eluted from the column in order of decreasing molecular size. Highest sample 
recovery (>90%) is achieved when the molecule of interest is significantly larger 
than the matrix pore size; highest purity (>90% enrichment) is achieved when 
contaminants are significantly smaller than the matrix pore size. 

These columns are available in six matrix pore sizes that cover a wide range 
of applications. The number at the end of each column name indicates the 
approximate 50% retention point. The smallest pore-size column, CHROMA 
SPIN-11 0, allows the selective removal of molecules as small as NaCI or dNTPs; 
CHROMASPIN-i 000, the largest pore-size column, will remove 50% of molecules 
as large as 1,000-bp DNAfragments. In addition, there are four intermediate pore-
size columns, CHROMA SPIN-30, -100, -200, and -400, which can be used for 
the removal of intermediate-size nucleic acids and proteins. There is no defined 
upper size limit of nucleic acid that can be purified. We have successfully used 
these columns to purify yeast genomic DNA (-79 kb). Please refer to Appendix 
B for additional information on purification and removal characteristics of the 
various pore-size columns. 

CHROMA SPIN columns are provided sterilized and ready to use, with a choice 
of three different column buffers (TE, STE, and DEPC-treated H20). In many 
cases, pre-equilibrating the column before use is not required (Table I); however, 
the column matrix may be re-equilibrated with any buffer that is appropriate for 
your application. Nucleic acid purification can be accomplished in just a few 
steps (Figure 1), and the entire procedure takes only -9 mm, including prespin 
time. The purified molecules are eluted in sterile column buffer and automatically 
collected in a self-contained, nuclease-free storage tube. 

Protocol No. P11300-i www.ctontocb.com Clontech Laboratories, Inc. 
Version No. PR49719 3 
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I. Introduction continued 

TABLE I: SUFFERS AND APPLICATIONS 

Buffer Application 

TE (10mM Tris-HCI IpH 8.01,1.0mM EDTA) Routine DNA work 

STE (TE buffer + 0.1 mM NaCI) 

DEPC-water A nuclease-tree butler for RNA work 
(water and matrix treated with 0.1% DEPC, 

autoclaved) 

Purification of plasmid DNA and other 
applications requiring high salt con-
centration 

There is no need to transfer the eluted nucleic acid sample after purification—this 
reduces the risk of spills, losses, and accidental exposure in the case of radioactive 
samples. (Unincorporated radioactive nucleotides are safely retained in the small 
volume of the column.) 

The separation performance of each CHROMASPIN column has been vigorously 
tested with a wide range of nucleic acid fragments (Figure 3, Appendix B). All 
components are sterilized including the column, buffer, gel-filtration matrix, and 
collection tubes. Also, each new lot is tested to verify that it is nuclease-free. 

Applications 

The following section provides several applications using CHROMA SPIN 
columns. 

Use any CHROMA SPINTM Column for the following applications: 
• Desalting or exchanging nucleic acid/protein solution buffer 
• Removing oils and solvents (such as phenol) 
• Removing unincorporated nucleotides, whether theyare unlabeled or labeled 

(Radioactively labeled, biotinylated, and fluorescently-labeled nucleotides 
are all efficiently removed.) 

• Removing all other molecules smaller than 5 kDa 

Use CHROMA SPINTM.1O Columns for the following applications: 
• Purifying small oligonucleotides (>15 bp) after labeling reactions 

Use CHROMA SPINTM-30 Columns for the following applications: 

• Purifying DNA and RNA molecules (>35 bp) after labeling reactions 
• Purifying proteins >30 kDa 
• Removing short primers (<9 bp) after labeling or cDNA synthesis 
• Removing unligated DNA linkers (<9 bp) after ligation reactions 

Clontoch Laboralories. Inc. 
4 Version No. PR49719 
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I. Introduction continued 

Prespin Column 
(3 min) 

+ 
Load sample on prespun 
CHROMA SPIN' Column 

(-1 mm) 

4 
Centrifuge 
(5 min) 

Elided: 
Purified size-selected 

nucleic acids 

*Retained: 
Unincorporated dNTPs, 
oil, salts, and organic 

solvents 

Total time: - 9 mm 

*Other types of contaminating molecules depend on their size 
and the pore-size column used (Appendix B). 

Use CHROMA SPlNTM1OO Columns for the following applications: 
• Recovering DNA molecules >140 bp at a high yield 
• Purifying DNA molecules >100 bp after PCR amplification (high purity) 
• Purifying RNA molecules >140 bp after in vitro transcription 
• Eliminating unextended primers, short extension products, and digested DNA 

fragments <30 bp 
• Removing enzymes and proteins <250 kDa 
• Removing digested agarose polymers 

Protocol No. PTI3CO-1 www.clontech.com Clontech Laboratories, Inc. 
Version No. PR49719 5 
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I. Introduction continued 

Use CHROMA SPINTM-200 Columns for the following applications: 
• Recovering DNA molecules >350 bp at a high yield 
• Purifying DNA molecules >150 bp after PCR amplification (high purity) 
• Removing PCR primers <50 bp and primer-dimers <45 bp 
• Removing proteins, including enzymes <1,000 kDa 

Use CHROMA SPlNTM4OO Columns for the following applications: 
• Purifying (or size selecting) DNA molecules >600 bp after PCR amplification 

or cDNA synthesis 
• Purifying small plasmids >600 bp 
• Removing larger primers, extension products, and digested DNA fragments 

<100 bp 
• Size selecting larger mRNAs by removing short (<100 nucleotides) RNA 

molecules prior to cDNA synthesis and cloning 
• Removing proteins, including enzymes <8,000 kDa 

Use CHROMA SPlNTM1 000 Columns for the following applications: 

• Purifying DNA molecules >1,350 bp (including ? DNA, plasmids, and yeast 
genomic DNA) 

• Size-selecting large cDNAs (>1,350 bp) for library construction 
• Removing RNA and DNA molecules <300 bp 
• Removing all proteins, including enzymes 

Note: For additional information on choosing the correct matrix pore size, 
see Appendix B. 

Clontech Laboratories. Inc. www.clontech.com Protocol No. PT1300-1 
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II. List of Components 

Store all CH ROMASPIN products at room temperature (10-32°C). Do not freeze. 
Columns are packed in sterile, sealed plastic bags. 

CHROMA SPINTM+ STE Columns 
Cat. Nos. 636055 & 636060 

• 20 CHROMASPIN+STE Columns 
Column matrix is equilibrated and stored in sterile STE buffer 
(0.1 M NaCl, 10 mM Tris-HCI [pH 8.0], 1 mM EDTA) 

• 40 Sterile 2-ml Microcentrifuge Collection Tubes 

CHROMA SPINTM+ STE Columns 
Cat. Nos. 636056,636058 & 636061 

• 50 CHROMA SPIN+STE Columns 
Column matrix has been equilibrated and stored in sterile STE buffer 

• 100 Sterile 2-ml Microcentrifuge Collection Tubes 

CHROMA SPINTM+ TE Columns 
Cat. No. 636072 

• 20 CHROMA SPIN+TE Columns 
Column matrix is equilibrated and stored in sterile TE buffer 
(10 mM Tris-HCI [pH 8.0], 1 mM EDTA) 

• 40 Sterile 2-ml Microcentrifuge Collection Tubes 

CHROMA SPINTM+TE Columns 
Cat. Nos. 636066,636069,636073,636076,636079 & 636082 

• 50 CHROMA SPiN-i-TE Columns 
Column matrix has been equilibrated and stored in sterile TE buffer 

• 100 Sterile 2-ml Microcentrifuge Collection Tubes 

CHROMA SPINTM + DEPC-H20 Columns 
Cat. Nos. 636089,636093 & 636096 

• 20 CHROMA SPIN + DEPC-H20 Columns 
Column matrix has been equilibrated and stored in H20 + 
0.1 mM EDTA (pH 8.0) treated with diethyl-pyrocarbonate (DEPC), 
and then autoclaved. 

• 40 Sterile 2-ml Microcentrifuge Collection Tubes 

Protocol No. P11300-i www.ciontech.com Clontech Laboratories. Inc. 
Version No. PR49719 7 
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II. List of Components continued 

CHROMA SPINTM + DEPC-H20 Columns 
Cat. Nos. 636087,636090 & 636094 

50 CHROMA SPIN + DEPC-H20 Columns 
Column matrix has been equilibrated and stored in H20 + 
0.1 mM EDTA (pH 8.0) treated with diethyl-pyrocarbonate (DEPC), 
and then autoclaved 

• 100 Sterile 2-ml Microcentrifuge Collection Tubes 

CHROMA SPINTM 1000 HT 96-Well Plate 
Cat. Nos. 636251 
• CHROMA SPIN-1 000 Plate (including top and bottom seals) 

Column matrix has been equilibrated and stored in H20 + 
0.1 mM EDTA (pH 8.0) treated with diethyl-pyrocarbonate (DEPC). 

• Collection Plate 

Clontech Laboratories. Inc. 
a Version No. PR49719 
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III. CHROMA SPINTM Column Protocol 

A. General Considerations 

If you wish to replace the column storage buffer with a different buffer, 
see Section 111.0. 

• We recommend centrifuging CHROMASPIN Columns in aswinging bucket 
or horizontal rotor to allow the sample to pass through the column matrix 
uniformly. Fixed-angle rotors can also be used, but there is a risk that a 
portion of the sample will slide down the inner side of the column instead 
of passing through the gel matrix, resulting in reduced or inconsistent 
purification. 

• To determine the rpm appropriate for your centrifuge rotor, seeAppendix A. 
Alternatively, a clinical (tabletop) centrifuge can be used. 

Clear top cap 

.. CHROMA SPINTM Column 
main body 

._ Matrix 

Break-away end 

.4._. White-end cap 

lao 

2-ml Collection Tubes 

Figure 2. Standard CHROMA SPIN Column and Collection Tubes. 
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Ill. CHROMA SPINTM Column Protocol continued 

B. Column Capacity 
1. Sample concentration 

Typical molecular biology applications involve concentrations of nucleic 
acids that are well below the saturation limit for the resin in CHROMA 
SPIN Columns. Nevertheless, there is a recommended upper limit 
on the concentration of protein or nucleic acid in the sample to be 
purified (Table Il). The upper concentration limits are determined by 
three factors: (1) the size of the molecules, (2) the potential for random 
aggregation, and (3) the viscosity of the sample. If the concentration 
exceeds the recommended limits indicated in Table Il, there is a risk 
that the molecules (a) will not be completely dissolved, (b) will form 
aggregates, or (c) will form a highly viscous solution. Any one of these 
factors or a combination thereof will reduce the effectiveness of the 
column by impeding the progress of large molecules through the gel 
bed and/or preventing small particles from entering the matrix pores. 

Notes: 

• It your sample is above the recommended maximum concentration and you notice 
a problem with viscosity, aggregation, or incomplete dissolution, then dilute the 
sample. 

• It the DNAor RNAin the sample to be purified is below the recommended minimum 
concentration, add carrier (e.g., sonicated calf thymus DNA, glycogen, or lANA) to 
a final concentration of 0.02-0.1 mg/ml. This will improve recovery of the desired 
molecules from the column. 

2. Sample volume 

The volume of sample that a CHROMASPIN Column can accommodate 
depends on the type (pore size) of column matrix (Table Ill). It is 
important to not exceed the maximum recommended sample volume 
for each column; excessive sample volume may cause small molecules, 
normally retained in the matrix pores, to be eluted. Each column also 
requires that a minimum sample volume be loaded for efficient recovery 
of purified molecules. If the sample volume is below the recommended 
minimum, there is a risk that some of the desired large molecules will 
not be efficiently recovered. 

Notes: 

If the sample volume is less than the recommended minimum volume, dilute the 
sample before loading it on the column - or load the undiluted sample onto the 
prespun column and apply an additional aliquot of buffer to make up the difference 
between the sample volume and the recommended minimum volume. 

Please see Appendix B for additional information on how matrix pore size influences 
column performance. 

Clontech Laboratories. Inc. www.clontecli.com Protocol No. PT13CO-1 
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III. CHROMA SPINTM Column Protocol continued 

TABLE II RECOMMENDED SAMPLE CONCENTRATIONS FOR VARIOUS TYPES OF MOLECULES 

Molecules in the sample Optimum concentration range 

NTPs, dNTPs 

DNA (up 1050 kb) 

DNA or ANA (<100 bp) 

Protein (>30,000 Da) 

up to 4 mM each 

0.02-1.0 mg/ml 

0.02-1.5 mg/mI 

<500 pM (<20 mg/ml) 

TABLE III RANGE OF SAMPLE VOLUMES FOR CHROMA SPINTM COLUMNS 

Column (standard capacity) Sample volume 

CHROMA SPIN--10, -30 

CHROMA SPIN-100, -200 

CHROMA SPIN-400, -1000 

25-50 lii 

40-75 Iii 

70-100 Iii 

C. Purification using CHROMA SPINTM Columns 

1. Upon removing a CHROMA SPIN Column from the protective plastic 
bag, invert it several times to resuspend the gel matrix completely. 

2. Holding the CHROMA SPIN Column upright, grasp the break-away end 
between your thumb and index finger and snap off (Figure 2). Place the 
end of the spin column into one of the 2-ml microcentrifuge (collection) 
tubes provided, and lift off the top cap. Save the top cap and the white-
end cap. 

3. Centrifuge at 700 x g for 5 mm. After centrifugation, the column matrix 
will appear semi-dry. This step purges the equilibration buffer from the 
column and reestablishes the matrix bed. 

4. Remove the spin column and collection tube from the centrifuge rotor, 
and discard the collection tube and column equilibration buffer. 
Note: Always hold both the CHROMA SPIN Column and the 2-ml microcentrifuge tube 
when removing them from the rotor. 

5. Place the spin column into the second 2-ml microcentrifuge tube. 
Carefully and slowly apply the sample to the center of the gel bed's 
flat surface. Do not allow any sample to flow along the inner wall of the 
column. (Refer to Table Ill for recommended sample volumes.) 

Protocol No. PT1300-1 www.clontech.com Clontech Laboratories, Inc. 
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Ill. CHROMA SPINTM Column Protocol continued 

Note: For particularly small sample volumes (e.g., <30 p1), a conventional, tapered 
1.5-ml microcentrifuge tube can be substituted for the 2-ml collection tube. This will allow 
the sample to be confined to a narrower area for easier handling. 

6. Centrifuge at 700 x g for 5 mm. 

7. Remove the spin column and collection tube from the rotor and detach 
them from each other. The purified sample is atthe bottom of the collection 
tube. 
Note: Hold the sample collection tube to prevent it from detaching from 
the spin column. This is particularly important when radioactive samples 
are processed. For radioactive samples, seal the used spin column with 
the top and end caps prior to transfer and disposal. 

D. Buffer Exchange 
For those applications in which none of our column storage buffers are 
convenient for storing the purified nucleic acid sample, the column matrix 
may be re-equilibrated with a more appropriate buffer for the particular 
application. 
1. Invert the CH ROMA SPIN Column several times to completely resuspend 

the gel matrix. 
2. Remove the top cap first and then the bottom cap from the column. 

Save the caps. Place the bottom tip of the column gently (snugly, 
but not tightly) into one of the 2-ml microcentrifuge tubes provided. 

3. Discard any buffer that immediately collects in the 2-ml microcentrifuge 
tube. Replace the column gently into the same microcentrifuge tube. 

4. Centrifuge the column in a swinging bucket rotor or in a fixed-angle rotor 
at 700 x g for 3 min. 

5. Discard the collected bufferfrom the 2-ml tube. Replace the column gently 
in the tube. Add 1 ml of the new buffer to the gel. After the first application 
of the new buffer, replace both caps on the column and resuspend the 
matrix completely by inverting the column several times. 

6. Let the buffer drain through the column by gravity or centrifuge again at 
700 x g for 3 mm. 

7. Empty the 2-ml collection tube and replace the column gently in the same 
2-ml tube. Repeat the buffer application and centrifugation twice more. 
Note: After the first application and removal of buffer, do not invert the 
column or resuspend the matrix because disrupting the matrix bed will 
reduce the final yield. 

8. If the column is going to be used right away, remove the buffer according 
to Section IIl.C, Steps 3 & 4, and proceed with purification (Section Iii. 
C.5-7). 
Note: If the column will be saved for later use, close the column with the bottom cap and 
add 0.7 ml of the new butler. Replace the top cap tightly, and invert the column several 
times to resuspend the gel matrix. Store the column at 4°C or room temperature (22°C) 
in an upright position. Do not freeze. 

Clontech Laboratories. Inc. www.clontech.com Protocol No. P113130-i 
12 Version No. PR49719 
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Ill. CHROMA SPINTM Column Protocol continued 

E. Additional Hints 

• The column should be in an upright position at all times (except when 
centrifuging) to avoid sample back-flow. 

• The column fitted in the 2-ml microcentrifuge tube can be placed inside 
a 17 x 100-mm polypropylene tube during centrifugation in a swinging 
bucket rotor for ease of handling. 

• For easier sample loading on the gel matrix, add Bromopheriol Blue (0.01% 
w/v) to the sample. The dye molecules will be removed by the column, 
along with other small molecules. 

• Do not overload or underload the column. For optimal column performance, 
follow the recommended sample volumes, as described in Section lll.B. 

• To remove small primers from larger DNA products or templates that 
contain sequences complementary to the primers, heat-denature the 
sample before loading it on the column. This will reduce hybridization 
between primers and larger DNAs and result in better separation. 

• For best separation results, keep the sample concentration within the 
recommended range described in Section lll.B. If necessary, dilute the 
sample or add carrier. 

Protocol No. PT13GO-1 www.ctontech.com Clontech Laboratories. Inc. 
Version No. PR49719 13 
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IV. CHROMA SPINTM 1000 HI 96-Well Plate Protocol 

PLEASE READ ENTIRE PROTOCOL BEFORE STARTING. 

This protocol is recommended for purifying sample volumes of 50-100 p1/well. 
For best results, DNA or RNA (up to 50 kb) should have a concentration between 
0.02-1.0 mg/nil, and proteins (>30 kDa) should have a concentration less than 
20 mg/ml. 

A. Plate Capacity 

1. Sample concentration 
Many molecular biology applications involve concentrations of nucleic 
acids that are well below the saturation limit for the resin in the 
CHROMA SPIN Plate. Nevertheless, there is a recommended upper 
limit on the concentration of protein or nucleic acid in the sample to be 
purified (Table II). The upper concentration limits are determined by 
three factors: (1) the size of the molecules, (2) the potential for random 
aggregation, and (3) the viscosity of the sample. If the concentration 
exceeds the recommended limits indicated in Table II, there is a risk 
that the molecules (a) will not be completely dissolved, (b) will form 
aggregates, or (c) will form a highly viscous solution. Any one of these 
factors or a combination thereof will reduce the effectiveness of the 
column by impeding the progress of large molecules through the gel 
bed and/or preventing small particles from entering the matrix pores. 

Notes: 

• If your sample is above the recommended maximum concentration and you notice 
a problem with viscosity, aggregation, or incomplete dissolution, then dilute the 
sample. 

• If the DNA or RNA in the sample to be purified is below the recommended minimum 
concentration, add carrier (e.g., sonicated calf thymus DNA, glycogen, or tANA) to 
a final concentration of 0.02-0.1 mg/ml. This will improve recovery of the desired 
molecules from the column. 

2. Sample volume 
The CHROMASPIN-1 000 Plate is designed to accommodate samples of 
50-100 p1/well. It is important not to exceed the maximum recommended 
sample volume for each column; excessive sample volume may cause 
small molecules, normally retained in the matrix pores, to be eluted. 
A minimum sample volume should be loaded for efficient recovery of 
purified molecules. If the sample volume is below the recommended 
minimum, there is a risk that some of the desired large molecules will 
not be efficiently recovered. 
Note: lithe sample volume is less than the recommended minimum volume, dilute the 
sample before loading it on the column - or toad the undiluted sample onto the prespun 
column and apply an additional aliquot of buffer to make up the difference between the 
sample volume and the recommended minimum volume. 

Clontecli Laboratories, Inc. www.clontech.com Protocol No. P11300-i 
14 Version No. PR49719 
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IV. CHROMA SPINTM 1000 HT 96-Well Plate Protocol cont. 

B. Purification using the CHROMA SPINTM HT 96-Well Plate 

1. Remove the plate from the vacuum-sealed pouch, and then resuspend 
the gel matrix by inverting the plate several times. 

2. Hold the plate upright, and carefully remove the top and bottom seals. 
Place the 96-Well Plate on the provided Collection Plate. 

3. Purge the equilibration buffer and re-establish the matrix bed by placing 
the assembly (the 96-Well Plate on top of the Collection Plate) in a 
centrifuge rotor that is designed for 96-well plates, and centrifuging it 
at 700 x g for 5 mm. After centrifuging, the matrix will be semi-dry. 

4. While taking care to hold both parts of the assembly together, remove 
the assembly from the rotor and discard the equilibration buffer from 
the Collection Plate. 

5. Replace the 96-Well Plate on top of the Collection Plate. Carefully and 
gradually apply each sample to the center of the top surface of the gel 
bed. Do not add the sample so quickly that it flows around the gel bed 
and along the inner wall of the column. 

6. Once all of the samples are loaded, centrifuge the assembly at 700 x 
g for 5min. 

7. Remove the assembly from the centrifuge, and carefully detach the 
Collection Plate, now containing the purified samples, from the 96-Well 
Plate. 
Note: Samples can be stored in the Collection Plate. 

Protocol No. PT1300-1 www.clontoch.com Clontoch Laboratories. Inc. 
Version No. PR49719 15 
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VI. Related Products 

Product Qty. Cat. No. 

CHROMA SPINTM+ STE Columns 

• CHROMA SPIN+STE-10 Columns 20 636055 
50 636056 

• CHROMA SPIN+STE-30 Columns 50 636058 
• CHROMASPIN+STE-100 Columns 20 636060 

50 636061 

CHROMA SPINTM+TE Columns 

• CHROMA SPIN+TE-1 0 Columns 50 636066 
• CHROMASPIN+TE-30 Columns 50 636069 
• CHROMASPIN+TE-100 Columns 20 636072 

50 636073 
• CHROMASPIN+TE-200 Columns 50 636082 
• CHROMASPIN+TE-400 Columns 50 636076 
• CHROMASPIN+TE-1000 Columns 50 636079 

CHROMA SPINTM+DEPC-H20 Products 

• CHROMA SPIN-30+DEPC-H20 Columns 50 636087 
• CHROMA SPIN-1 00+DEPC-H20 Columns 20 636089 

50 636090 
• CHROMASPIN-200+DEPC-H20 Columns 20 636096 
• CHROMA SPIN-1000+DEPC.H20 Columns 20 636093 

50 636094 
• CHROMA SPIN-1 000 HI 96-Well Plate 1 636251 

Clontech Laboratories, Inc. www.cloatech.com Protocol No. P11300-i 
16 Version No. PR49719 
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Appendix A: Conversion of RCF to rpm 

Revolutions per minute (rpm) calculation for different rotor sizes: 

rpm = 1000 x"J 

or 
'4pm—' 2 

RCF = (1oo0) xl.12r 

RCF = relative centrifugal field (g Force = RCF x g) 
= radius (in mm) 

Examples: 

a. Swinging bucket rotor: Beckman Model TJ-6, r = 125 mm 

rpm = 2236 for RCF = 700 (i.e., 700 x g) 

b. Fixed-angle rotor: Eppendorf Model 5415 C, r = 50 mm 

rpm = 3536 for RCF = 700 (i.e., 700 x g) 

Protocol No. PT13CcJ-1 www.clontoch.com Clontoch Laboratories, Inc. 
Version No. PR49719 17 
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Appendix B: Column Performance 

For each type of column, the size of the matrix bed, the sample volume, and the 
conditions of centrifugation (speed and time) have been optimized for maximum 
purification and minimum loss of the desired sizes of nucleic acids. Table IV 
lists the cutoff sizes of protein molecules that are removed by CHROMA SPIN-
10, -30, -100, -200, and -400 Columns at 90% efficiency (no data is available 
on the upper limit of the size of proteins purified using CHROMA SPIN-1000). 
Table V lists cutoff sizes of nucleic acids that are removed by the various columns 
at efficiencies of 90% and 99%. Table VI lists the cutoff sizes of nucleic acid 
molecules that are recovered in the eluate at efficiencies of 50, 70, and 90%. 
Figure 3 shows the overall retention and recovery characteristics of the various 
columns. 

TABLE iv: sizs OF PROTEIN MOLECULES RETAINED BY VARIOUS COLUMNS 

Column 
Estimated MW of proteins removed (daltons); 

greater than 90% removal 

CHROMA SPlNTM10 

CHROMA SPlNTM30 

CHROMA SPlNTM1O0 

CHROMA SPIN-200 

CHROMA SPIN-400 

<5000 

<30,000 

<250,000 

<1 x106 

<8 x 106 

TABLE V SIZE OF NUCLEIC ACID MOLECULES REMOVED BY THE COLUMN MATRIX 

Column 

Removal: percent of input 
molecules removed from the sample 

>90% >99% 

CHROMA SPINThI.1O <4 bp (NTPs, dNTPs) NaCl 

CHROMA SPlNTM30 <17 bp <9 bp 

CHROMA SPlNTM100 <50 bp <30 bp 

CHROMA SPlNTM2o0 <70 bp <50 bp 

CHROMA SPlNTM400 <170 bp <100 bp 

CHROMA SPINTP.11O00 <420 bp <300 bp 

Clontech Laboratories, Inc. 
18 
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Appendix B: Column Performance continued 

TABLE vi: SIZE OF NUCLEIC ACID MOLECULES RECOVERED IN THE ELUATE 

Recovery percent of input 
molecules recovered in the eluate 

Column >50% >70% >90% 

CHROMA SPtNTh1.1O 10 bp >15 bp >30 bp 

CHROMA SPINTM.30 30 bp >35 bp >75 bp 

CHROMA SPlNW100 100 bp >140 bp >230 bp 

CHROMA SPlNTM2OO 200 bp >300 bp >450 bp 

CHROMA SPlNTM4OO 400 bp >600 bp >950 bp 

CHROMA 5PlNTM1000 1,000 bp >1,350bp >2,000 bp 

Protocol No. P71300-i www.clontech.com Clontech Laboratories, Inc. 
Version No. PR49719 19 
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Appendix B: Column Performance continued 
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Figure 3. The percentage removal of dsDNA fragments as a function of size for each of the 
five pore-size CHROMA SPIN Columns. Sample volumes used to generate the curves were in 
the middle of the recommended ranges. 
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Notes 

Notice to Purchaser 

This product is intended to be used for research purposes only. It is not to be used for drug or 
diagnostic purposes, nor is it intended for human use. Clontech products may not be resold, modi-
fied for resale, or used to manufacture commercial products without written approval of Clontech 
Laboratories, Inc. 
Clontech, Clontech logo and all other trademarks are the property of Clontech Laboratories, Inc. 
Clontech is a Takara Bio Company. 02005 

Protocol No. P11380-i 
Version No. PR49719 23 
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ABSTRACT 

Slab gel electrophoresis (SGE) is very common tool for DNA. RNA and protein analysis, but it is tedious, 
labor-intensive, skill-dependent, and relatively slow. Herein, we developed a biochip based SGE system. 
which can resolve the DNA fragments and record their separation process. By elecLrophoresis o150hp 
DNA ladder, we found that the 16 DNA fragments were effectively resolved within 14mm. In order to 
validate its feasibility and practicability, we take periodontal pathogens (e.g.. Phrphyromonasgingivalis 
(Mg), Tonnerefaforsyt lila (rD. and Treponemodeoticole(T.d)) as an example by separating their polymerase 
chain reaction products. Experiments demonstrated that Pg. Tel and TI were diagnosed within 12mm, 
and the electrophoresis of P.g showed that the detection limit of this system was about 6.4ng/p.l. Such a 
loweost system is easy to operate, and can effectively Improve SGE in the biological experiment,especially 
for the labs in the third world countries. 

02017 Published by Elsevier By. 

1. Introduction 

Nucleic acid separation is an important technology in molecu-
lar biology, following by polymerase chain reaction (['CR) analysis 

or before cloning. sequencing, northern or southern blotting. So 

far, high performance liquid chromatography (HPLC) Ill, capil-

lary electrophoresis (CE) 121. and slab gel electrophoresis (SGB) 
I} are three common methods used for the separation of DNA. 
although research about the new methods are still underway 4-ill. 

In HPLC, the separation mechanism involves partitioning of ana-

lytes between a mobile and stationary phase. However, besides the 

separation performance, electrophoresis are deemed to have dis-

tinct advantages over HPLC, because instrumentation of HPLC is 

rather complex compared to the simplicity of CE or SGE system, 

Furthermore, the elution of large molecules can only be achieved 

by changing the selectivity during separation process (e.g. gradi-

- Corresponding author. 
Corresponding author at: Department of Applied Physics. Graduate School or 

Engineering. Osaka University, Vamadaoka Suits-city, Osaka, 565-0871.Japait 
F-until addresses: dsvzliai)giDstcsr.edu.cn D. Zhang), 

yoslu.yamaguchisi'ap.eng.osat'a-uac.j1 (V. Yamaguchi). 

I' tsp:) (dx.doi.org/ lO.1016fj,snls. 2017.(17.0(A 
0925-4005/02017 Published by Elsevier B.V. 

ent elution), and expensive prepacked columns are required which 

have limited life time in HPLC (71, 
Compared with HPLC. the separation channel in CE is an open or 

gel-filled tube, which was first developed by Mikkers et al, for sepa-

rationof small anions ES]. It becomes an attractive analysis method 

in biochemistry field due to its numerous advantages (9.101. such 

as less reagent consumption, short running times, and high reso-

lution. For example. Luraschi et al. described the use of CE coupled 

with immunosubtraction for the detection and characterization 

of low concentration of -y heavy chains in serum (II]. Godelieve 

Marien attempted to detect and characterize the It heavy chain 

disease by CE 1121. Our group has also applied CE for the detec-

tion of periodontal pathogens and Escherichbo coil 113,141. With the 

development of microfabrication technology, research on the CE 

Chip became increasing popular in the past two decades. However, 

fabrication of the chip was based on expensive photolithogra-

phy or tedious chemical etching techniques 1151. Walczak's group 
studied the separation and extraction of cell-free fetal DNA in a 

CE chip. which was etched in glass 1161. They also developed a 

miniaturized instrument based on this electrophoresis chip with 

laser induced fluorescence technology 1171. Although separation 
of single-stranded and double-stranded DNA was achieved in a 
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Primer sequence for periodontal pathogens. 

Z. Li erat/SensonandAauarmsR254 (20)8) 153-ISa 

Target Cent (165 rRNA gene) 

Porphyromonas gingivalis 

Tannerella Forsythia 

Treponema denticola 

Primers (5-3') Product size (bp) 

FwRv 

FwRv 

cTGATCGCAGCAGGTACCCC 
CCACATMcCGCTAGCCtCTAC 
GCCFATGTMCCTGCCCGCA 
TGCITCACTCTCACITATAccr 
c.AarAcrcccrcccAcrcrATc, 
MTCrCCCTATcCCC1TcCC 

132 

641 

364 

Fig I. flit miniaru ized 566 system: (A) Schematic diagram. (B) Thereat sGc instrument. (C)The 56Cc ip. 

few minutes, the throughput is not high since only one sample 
can be separated in one experiment. In order to make it more ease 
of operation, fully automated and higher throughput commercial 
instruments for CE or microchip CE (e.g.. Bioanalyzer 2100. 5100 

ALP, SVIIO, MCE-2010) are available for routine clinical testing 
(131, but the high cost of such instrument hindered its prevalence, 
especially for the labs in the third world countries. 

Slab gel electrophoresis (SGE) is the most common approach 

for separation and analysis of macromolecules (DNA 1191, RNA 
1201 and proteins 121.221) because of its low cost and high repro-
ducibility. However, typical SGE experiment procedures are quite 
tedious, which involves preparing the agarose gel (30—SO mm), 
sample loading (1—s nun), running electrophoresis (30-'6onumn), 

gel staining (15'-'3Omin). and imaging DNA bands (1-5min) 
11 91. Consequently, it requires quite a lot of instruments such as 
microwave to dissolve the agarose, 2-D electrophoresis cell and 
electrophoresis powersupply for electrophoresis. gel-imaging sys-
tem to check the DNA bands in the gel, and hence traditional SGE is 
labor-intensive, time-consuming, skill-dependent, and poor sensi-
tivity. 

Furthermore, the DNA molecules are usually visualized under 
ultraviolet light by staining with appropriated dyes such as ethid-

ium bromide (EtBr) in traditional SCE experiment, but both 
ultraviolet and EtBr are suspected to be carcinogen. In order to 
overcome those drawbacks and increase the versatility of SGE. we 
developed an integrated miniaturized system which can separate 

the DNA fragments and record the DNA separation process during 
electrophoresis. Moreover, compared with the conventional SGE 

device, the system we developed can greatly save the experiment 
time (about 10mm) and take only 1/20 chemical reagents. Mean-
while, such a chip is reusable and the system is easy to operate. 
Finally, we take three harmful periodontal pathogens (e.g.. Por-

phyromonasgingivalis (Mg). Tannerela forsythia (lj), and Treponema 
denticola (Td)) 1231 as an example to validate our system. 

2. Materials and methods 

2. 1. Materials and reagents 

SpcedSTAR I-IS DNA Polymerase, sObp, loobp DNA ladder 
and 10 000xSYBR Green I were from Takara (Shanghai, China). 
1OxTBE (1 xTBE89mM Tris/89mM boric acid/2mM EDTA, 

pH-8.4) buffer and agarose powder were bought from Solarbio 
(Beijing, China). I.0% agarose was obtained bydilutingo.1 gagarose 

into 10 ml 0.5 <TilE. The primers for the periodontal pathogens 
were synthesized by Sangon Biotech (Shanghai. China). Hydrox-

yethyl cellulose (nEC, 1300k) was from Polysciences (Warrington, 
PA. USA). 

2.2. Capillary electrophoresis 

The detailed information of the self-built CE was described in 
Ref 1241. The electric field is supplied by a high-voltage power 
supply (MODEL 610E, TREK, Medina, NY, USA), Total capillary 

length (lDfOD-75/365pn1) is 6 c (4 cm effective length), and 
the capillary is covalently coated with polyacrylamide 125.261. 

The excitation wavelength from a mercury lamp is filtered to be 
460-495 nm by the optical filter (U-MWIB-3, Olympus, Japan). The 
fluorescence signal from the conjugate of SVBR Green I and the 
nucleic acid is detected by a R928 photomultiplier tube (Hama-
matsu Photonics. Japan). Power supply and data collection are 

controlled by LibVIEW (National Instrument, USA). The CE system 
is placed in a dark box. DNA sample is electrokinetically introduced 
into the capillary (100V/cm, 1.0 s). The capillary is flushed by ster-
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Fig. 2. Separation of mixture of PCR productt(P.gand id) and sobp DNA ladder markers l,yCE. Clectrophoresis conditions, polymers: 0.5% IlEC(I300k) 
bOy/cm (10s); total length and effective length of the capillary 6cm/4cm; electric held strength: boy/cm. 

ilized water after each run. All separations are performed at 26°C 
in the air conditioner controlled clean room. 

2.3. PCR protocols 

PCR was performed in the TloOIM Thermal Cycler(Bio-Rad, USA) 

and programmed with an initial step of denaturation at 95°C for 
2 min. The cycling conditions described as follows: denaturation 
(95°C. los) and annealing(64°C. 30s).The reaction was performed 
with 0.7 p.1 templateand 34.3 p.1 reaction volumes containing 3.5 41 
10  Fast Bufferl,2.8 pidNTPniixture(2.5 p.M),0.7 p.Iprimer 1(Fw) 

and 0.7 0 primer2 (Rv), 0.175 pi Speed-STAR HS DNA Folymerase. 
and 26,425 p.l pure water. The primers for the target gene were 
tabulated in Table 1. The PCR product was directly analyzed for CE 

without any further sample preparation. 

2.4, Preparation of SCE chip 

The blueprint of the 5CC chip was drawn in CoreDRAW. The SGE 
chip (Fig. I B) in a polymethylmethacrylate (PMMA) block consists 
of two cylindrical holes for the positive and negative electrode, and 
arrays of wells for the sample loading, which are made by a comb 
after the agarose gel is formed in the channel.] lie chip was fabri-
cated by a laser-engraving machine. For the SGE chip, the surface 
of the bottom would be quite rough if the engraving mode of the 
laser-engraving machine is applied, so we used the cutting mode 
instead. Afterward the SCE chip was successively cleaned by ethyl 

alcohol and pure water. Finally, we tape a PCR film (Thermo Sci-
entific, Ref:125529) at the bottom of the 5CC chip. The geometry 
parameters ofthe channel depend on the specific DNA fragments to 
be resolved. For example, the optimal parameters for the channel 
are 2.5 x 4.0 x 90 min if 100bp DNA ladders are separated. 

2.5. SCE system construction 

Ilisle loadings: 

The schematic oftheSGE instrument is depicted in Fig. IA, which 
mainly consists of the light source, two band-pass optical filters, 

the SGE chip, CCD. and the software. Photograph of the assembled 
miniaturized 5CC instrument is shown in Fig. IC. The excitation 
wavelength from the light source is filtered to be485-510nm first, 
which corresponds to central excitation wavelength of the con-
jugate of SYBR Green I and single-stranded DNA. The emission 
wavelength is collected by CCD after the fluorescence filtered by 
another 515-575 nnl band-pass filter. The electric field strength 
and data procession are controlled by a homemade software, 

3. Results and discussion SYBR Green I 

3.!. Evaluation of PCR primer selectivity and specificity 

Firstly, we evaluated the size of PCR products of Pg and Td by 
CE. since the primers of'Lfhas already proved in our previous study 

113]. Each target genes were amplified 35 cycles according to the 
PCR protocol, then the PCR products were diluted 10 times priorto 
CE, and finally the mixture of PCR products and lcobp DNA ladder 
was resolved in 0.5 x TBE buffer containing 0.5% HEC (1300k) and 
1 x SYBR Green I. CE was carried out at 100 V/cm and the results 
was depicted in Fig. 2. It showed that the mixture was well resolved 
withinsmin. By negative control PCR (without DNA template) of'Ld 
and LJ' we found that only the peaks corresponding to the primers 
were observed in the electropherograni (data not shown). The size 
of PCR products was calculated by linear fitting of DNA size and 
its migration time, which was described in the insert of Fig. 2. It 
showed that DNA fragment between 100 bp and 600 bp was linearly 
related to the migration time, and the correlation coefficient R was 
0,995, and thus the size of the PCR products ofP.g (132bp) and T,d 
(364bp) was determined. 
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Fig.3. Separation ot5obp DNA ladder in the self-developed SCE system. The geom-
coy parameter of the channel is 4.0 z4.O '90 mm. 

32. Detection of peHodontaporhogens in the miniaturized SGE 
system 

Then, we carried out the electrophoresis of Pg. TA, and Tj in 
the miniaturized SGE system. Prior to SCE. we have performed 
PCR for each periodontal pathogen with 35 cycles in the '0Th1 
Thermal Cycler according to the PCR protocol. After PCR. the con-
centration of each periodontal pathogen amplicon was quantified 
using the Qubie 3.0 Fluorometer (Q33216, Invitrogen. USA). and it 
showed that the concentration forP.g. T.d, and T.f was 228.67 ng/tl. 
175.67 ngf1xl and 189.67 ng/.tl, respectively. The precast gel in the 
SGE chip was 0.5 x TBE containing 1.0% agarose. We found that the 
electric current in the channel increases linearly with the width of 
the channel in the chip, thus it leads the increase ofjoule heating 
in the gel. For example, the DNA looks bent in the gel (Fig. 3) when 
50 bp DNA ladders are separated in the 4.0 x 4.0 x 90 mm SGE chip. 
However, each DNA band moved the same distance in each channel 
when the electrophoretic conditions are identical, indicating the 
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high reproducibility of our method. Moreover, it is hard to intro-
duce the sample into the gel if the width of the chip is too narrow. 
Therefore, the optimal dimension of the channel in the SCE chip 
we used in the instrument is 2.5 x 4.0 x 90 mm, and the electric 
field strength enforced along the channel was 20 V/cm. The pro-
cedure to make the precast gel in the chip is depicted in Ref 1271, 
and the preparing process was also displayed in the video (See the 
supporting movie). 

Furthermore, we separated the 50 bp DNA ladder in this instru-

ment, which consists of 10 fragments between 50 and 500bp in 
multiples of 50bp and additional fragments at 600,700.800,900, 
1000 and 1500bp. According to the manual, the 300 and 600bp 
fragments are brighter than the other fragments and serve as vis-

ible reference indicator, and other fragments appear with equal 
intensity on the gel. Before SGE. the DNA sample was mixed with 

SYOR Green I. and then 4p.l mixture was added into the precast 
gel in each channel of the chip. Experiment demonstrated that the 
current in the agarose is 8.2 mA when the electric field strength is 
20 V/cm. Results (Fig. 'IA) showed that nearly all DNA fragments 
could be resolved when the electrophoresis ran about 12 mm. The 
migration distance of each DNA fragment was evaluated by calcu-
lating the pixel of DNA band from the well in the chip. We found 
that DNA migration distance in the agarose gel was linearly related 
to the logarithm of DNA size (Fig. 4B) (R=0.980), indicating that 
DNA bands in the chip can be employed to estimate the size of the 
unknown DNA. 

3.3. Limit of detection 

Finally, we performed the electrophoresis of 50 bp DNA ladder 
and PCR products of P.g with different amplification cycles (5 x, 
15 x 25 x and 35 x ) in the chip. The electric field strength along 
thechannel was 20 V/cm. and the concentration of the agarose was 
1.0%. The electrophoresis ran about 14 mm (Fig. 5A). It shows that 
the resolution of 50bp DNA ladder looks better than the resolution 
in Fig. 3,This is because the migration timeof DNA is longer, and the 
relative distance between the adjacent DNA fragments is larger. For 

the PCR products of P.g, the DNA bands cannot he discerned if the 
amplification cycle is 5 x, It is possibly because the amplification 
time is so short that there is no PCR products. When the amplifica-
tion cycle is 15 ,< ,the DNA bands still cannot be discerned, which 
may be attributed to the concentration of PCR products is lower 
than the detection limit of this system. For the PCR products of ft 

U 

b*Iog (size) 

a4643.99 
b905.50 

R0,980 

• 50 bp DNA ladder 

T.d 

T,f 

100 1000 
DNA size(bp) 

Fig. 4. (A) Separation of 50bp DNA ladder(lane I) and PCR products of P.g(laiie 2), Ed (lane 3). and Ef(lane 4) in the self-developed SCE system. (B)The dependence of DNA 
migration distance on the molecular size. 
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A B 

—600 bp 

— 300 bp 

—50 bp 

600 bp 

—300 bp 

50 bp 

Fig. 5. (A) Separation of 50bp DNA ladder (law S) and PCR products or P.g with different amplification cycles: 35 x (lane 4), 25 z (lane 3). IS x (lane 2) and S ,(lane 1).(B) 
Separation ofsohp DNA ladder (lane 4) and pcg products ofP.gwithoucdilurion (lane 3). diluted by 50 timet(lane 2), and 100 timet(lane I). 

with 25 x and 35 x they migrated nearly the same distance, more-
over. the DNA band of 35 x (246 ng/l) looks brighter than that of 
25 <(118.75 ng/pi). 

Finally, we have performed the electrophoresis of PCR products 
ofP.g diluted by 50, and 100 tine..The electrophoretic conditions 
were the same as above. After 12 min, 50 bp DNA ladders were 
resolved, which was marked by red circle in 11g. SB. It showed that 
the PCR product of I'.g was observable when it was diluted by 50 
times, and the concentration measured by Qubit® 3.0 Fluorometer 
was about 6.4 ng/l. 

4. Conclusions 

We demonstrated all innovative SGE system based on a chip in 
this work. Such a system cannot only resolve the DNA fragments, 
but also record the DNA separation process in the gel, com-
pared with traditional SGE experiment, it demonstrated attractive 
advantages, such as short run times (<12 mm) and low chemical 
consumption and high band resolution. Furthermore, the low cost 
SCE system in this work is easy to assemble, which can applied to 
the estimation of the size of DNA molecules following restriction 
enzyme digestion, analysis of PCR products. separation of restricted 
genomic DNA prior to Southern transfer, or RNA prior to North-
ern transfer, and thus it will greatly improve the efficiency in the 
biological experiment. 
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individualized reaction location calibration parameters and/or data sets 

A4 
perform one or more collective array calibrations and store one or more collective 

calibration parameters 

'I, A5 
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'I, A6 
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'I, A7 
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'I, A8 
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Al2 
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1 04 

optionally, determine if the centroid line is optimally 
parallel to pixel rows of a pixel detector 

.1 05 
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C6 
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plurality of ZMWs 
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capture and normalize local-background-corrected 
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D2 
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capture pixel sets of ZMWs with sub-pixel off-sets 

"I, D3 

average spectral pixel images from multiple ZMWs, 
optionally using tilt captured ZMW spectral images 
to determine high resolution averages at sub-pixel 
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D4 

store a high-resolution spectral template for the 
known spectrum from the sub-pixel averages 

D5 

repeat above steps for each spectrum of interest 

D6 

for a plurality of ZMWs, determine down-sampled 
spectral templates for individual ZMWs using an 
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START: DETERMINE ZMW BACKGROUND AND 
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El 

determine a diffusion background (BO) resulting 
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diffuse into and then out of ZMWs without any 

incorporation 

1- E2 

determine a global background (BG) resulting from 
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E3 
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..1 F3 
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..1 F4 
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START: TRACE PULSE DETECTION 

Hi 

for each dye trace for a ZMW, optionally determine 
a baseline correction for the dye trace 

H2 

for each dye trace for a ZMW, optionally detect and 
remove low-frequency baseline variation 

1 H3 

for each dye trace for a ZMW, apply noise reduction 
filters, optionally noise filters using individualized 

ZMW parameters 

H4 

for each dye trace for a ZMW, determine a standard 
deviation of baseline noise and use that to set pulse 

detection thresholds 

'I, H5 

identify the start and end times of any significant 
pulse by comparing intensity values to pulse 

detection thresholds 

H6 

for each dye trace for a ZMW, store significant pulse 
start and end times 

FIGURE 25 
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START: MULTI-TIMESCALE PULSE DETECTION 

Ii 

for each dye trace for a ZMW, analyze frames using 
a "1 frame" pulse detection and note start and stop 

times for each detected pulse 

2 

Apply N=2 frame boxcar filter and reduce detection 
threshold, analyze frames using a "2 frame" pulse 
detection and note start and stop times for each 

detected pulse 

1 13 

repeat for N=3,4... until a maximum probability 
pulse width is reached or SNR decreases 

FIGURE 28 
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START: MERGE PULSES TO REDUCE 
"ALGORITHMIC" BRANCHING 

1- Ji 

for each dye trace for a ZMW, examine consecutive 
pulses of same base 

1 J2 

for each pair estimate mean pulse height and 
interpulse baseline 

J3 

using a noise model or noise data estimate 
statistical significance of inter-pulse region relative 

to peak height and merge if < 3 sdev 

FIGURE 31  
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START: PULSE CLASSIFICATION 

Ki 

for each dye trace for a ZMW, retrieve pulse start and end times 

K2 

combine overlapping pulse start and end times to determine a plurality 
of pulses in captured data 

.1 K3 

optionally, for each pulse, determine proximate background correction 
values from temporally close captured pixel values that are not within 

a pulse 

K4 

optionally, for each pulse, examine multi-component traces to avoid 
false pulse combinations due to dye cross-talk 

'I, K5 

for each pulse, temporally combine captured pixel values into a 
temporally averaged pulse frame 

'I, K6 

for each pulse, compare flux values to a plurality of dye spectral 
templates to determine a best match, optionally using proximate 

background correction values 

K7 

store or output the best match as the dye classification for a significant 
pulse 

1 K8 

optionally store or output a match probability for a significant pulse, 
optionally using proximate background correction values 

K9 

optionally store or output alternative less-probable classifications and 
corresponding match probabilities for a significant pulse  

K10 

optionally store or output one or more additional pulse metrics, 
including inter-pulse metrics for possible use in base calling 

FIGURE 32 
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START: CALCULATE AND STORE OR UTILIZE PULSE METRICS 

Li 

for each detected pulse in a dye trace for a ZMW and/or for each pulse 
mapped to captured pixel data determine one or more pulse metrics: 

ti - Pulse Arrival; 
dt - Pulse Width; 
ds - Pulse spacing; 
Signal - integrated counts*; 
Peak - Pulse height; 
SNR of total pulse signal; 
PNR - statistical significance of pulse amplitude; 
PDR - pulse to diffusion BG ratio; 
minChi2 - spectral fit Chi2 of best fit dye; 
minDeltaChi2 - difference of lowest pair of Chi2 values (spectral 

separation metric); 
Sharpness - concentration of flux in one pixel, which can indicate 

cosmic ray or clock-induced-charge; 
DYEfraction - fraction of classified base dye that describes pulse 

spectrum (spectral overlap/spectral shift): 
xcen, xcenDYE, DYEshift - xcorr centroid of spectrum (spectral shift 

metrics); 
BASE - base assignment 

'I, L2 

for each dye trace for a ZMW determine one or more trace metrics: 
Baseline and sigma in all channels 
Pulse statistics 
Waviness score 
Read length 
Alignment, Classifier scores etc 

L3 

use one or more pulse metrics and/or trace metrics in confirming 

L4 

optionally, store one or more pulse metrics and/or trace metrics along 
with base call for later analysis 

FIGURE .34 
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START: CONSENSUS SEQUENCE ANALYSIS 

.1 Ml 

for multiple sequencing reactions, retrieve called base sequence and 
pulse metric data and trace metric data for each sequence;  

'I, M2 

align and compare sequence data from multiple sequence by 
incorporation using a statistical model that models base identity and 
pulse metric data 

M3 

output one or more consensus sequences from multiple sequencing by 
incorporating reactions  

FIGURE 35 
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METHODS AND PROCESSES FOR CALLING 
BASES IN SEQUENCE BY INCORPORATION 

METHODS 

CROSS REFERENCE TO REt Al'FI) 
APPLIC.'VFIONS 

100011 'litis application claims priority from provisional 
patent application 601933.399 filed 6 Jun. 2007 and incorpo-
rated herein by reference. 

STATEMENT REGARDING l:EDEpLLy 
SPONSORED RESEARCH 

100021 Not Applicable. 

BACKGROUND OF TI IF INVENTION 

100031 Analysis of the subtleties of the voluminous 
amounts of genetic information will continue to have pro-
found effects on the personalization of medicine. For 
example. this advanced genetic knowledgeofpatients has and 
will continue to have broad impact on the ability to diagnose 
diseases. identify predispositions to diseases or other geneti-
cally impacted disorders, the ability to identify reactivity to 
given drugs or other treatments, whether adverse or benefi-
cial. 
100041 Before one can begin to interpret genetic data from 
patients, one must first obtain the genetic information from 
that patient. Technologies have been developed that allow for 
broad screening of large swaths of a patient's genetic code by 
identifying key signposts in that code and using this frag-
mented data as a general interpretation mechanism, e.g., 
using libraries of known genetic variations, such as SNPs or 
other polymorphisms, and correlating the profile of such 
variations against profiles that have a suspected association 
with a given disease or other phenotype. 
100051 Rather than rely upon disparate pieces of inlbrnum-
tion from the genetic code, it would be olfar more value to be 
able to rely upon the entire text of a patient's genetic code in 
making any interpretations from that code. In using an anal-
ogy ofa novel, one gains a substantially deeper understanding 
of all the elements of the novel. e.g., plot, characters, setting 
etc.. by reading the entire text, rather than by picking out 
individual words from disparate pages or chapters of the 
novel. 
[00061 'reclmologies related to analysis of biological infor-
mation have advanced rapidly over the past decade. In par-
ticular, with the improved ability to characterize genetic 
sequence information, identify protein structure, elucidate 
biological pathways, and manipulate any or all of these, has 
come the need for improved abilities to derive and process 
this information. 
100071 In the field of genetic analysis. for example. faster 
and faster methods of' obtaining nucleic acid sequence inlbr-
mation have consequences in terms of requiring different and 
often times better methods and processes for processing the 
raw genetic information that is generated by these processes. 
This progress has been evidenced in the improvements 
applied to separations based Sanger sequencing, where 
iltiprovements in throughput and read-length have come not 
only through multiplexing of multi-capillary systems, but 
also from improvements in base calling processes that are 
applied to the data derived from the capillary systems. 
100081 With shills in the underlying technology surround-
ing genetic analysis. also comes a necessity for a shift in the 

methods and processes for processing the information from 
these systems. The present invention provides solutions to 
these and other problems. 

100091 Various embodiments and components of the 
present invention employ pulse, signal, and data analysis 
techniques that are familiar in a number of technical fields. 
For clarity of description, details of known techniques are not 
provided herein. These techniques are discussed in a number 
ofavailable references works, such as: R. B. Ash. Real Analy-
sis and Probability. Academic Press. New York, 1972: D. T. 
llertsekas and J. N. Tsiisiklis. Introduction to Probability. 
2002: K. L. Chung. Markov Chains with Stationary Transi-
tion Probabilities. 1967: W. B. Davenport and W. L Root. An 
Introduction to the Theory of Random Signals and Noise. 
McGraw-Hill, New York. 1958; S. M. Kay. Fundamentals of 
Statistical Processing, Vols. 1-2. (Hardcover— 1998). Mon-
soon I-I. Hayes. Statistical Digital Signal Processing and 
Modeling. 1996: Introduction to Statistical Signal Processing 
by R. M. Gray and L. D. Davisson; Modem Spectral Estima-
tion: Theory and Application/Book and Disk (Prentice-Hall 
Signal Processing Series) by Steven M. Kay (Hardcover— 
January 1988): Modem Spectral Estimation: Theory and 
Application by Steven M. Kay (Paperback—March 1999); 
Spectral Analysis and Filter Theory in Applied Geophysics 
by Burkhard Buttkus (Hardcover—May II, 2000); Spectral 
Analysis for Physical Applications by Donald B. Percival and 
Andrew T. Walden (Paperback—Jun. 25, 1993); Astronomi-
cal Image and Data Analysis (Astronomy and Astrophysics 
Library) by J.-L. Starek and F. Murtagh (Hardcover—Sep. 
25. 2006); Spectral Techniques In Ptvleomics by Daniel S. 
Scm (Hardcover—Mar. 30. 2007); Exploration and Analysis 
of DNA Microarray and Protein Array Data (Wiley Series in 
Probability and Statistics) by Dhanimika Amaratunga and 
Javier Cabrera (Hardcover—Oct. 21. 2003). 

BRIEF SUMMARY OF THE INVENTION 

100101 The invention is generally directed to processes. and 
particularly computer implemented processes for analyzing 
fluorescent signals from sequence by incorporation systems, 
and for ultimately identifying sequence information of a tar-
get nucleic acid sequence. Consequently, the invention is also 
directed to systems that carry out these processes. 

100111 The invention and various specific aspects and 
embodiments will be better understood with reference to the 
following drawings and detailed descriptions. In different 
figures. similarly numbered items are intended to represent 
similar functions within the scope of the teachings provided 
herein. In some of the drawings and detailed descriptions 
below, the present invention is described in terms of the 
important independent embodiment of  system operating on 
n logic processing device, such as a computer system. This 
should not be taken to limit the invention, which, using the 
teachings provided herein, can be applied to any number of 
logic processors working together, whether incorporated into 
a camera, a detector, other optical components. or other infor-
mation enabled devices or logic components incorporated 
into laboratory or diagnostic equipment or in functional com-
munication therewith. For purposes ofclarity. this discussion 
rel'ers to devices, methods, and concepts in terms of specific 
examples. 1-lowever, the invention and aspects thereof may 
have applications to a variety of types of devices and systems. 
It is therefore intended that the invention not be limited except 
as provided in the attached claims. 
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100121 Furthermore, it is well known in the art that logic 
systems and methods such as described herein can include a 
variety of different components and different functions in a 
modular flishion. Different embodiments of the invention can 
include different mixtures ofelements and functions and may 
group various functions as parts of various elements. For 
purposes of clarity, the invention is described in terms of 
systems that include many different innovative components 
and innovative combinations of innovative components and 
known components. No inference should be taken to limit the 
invention to combinations containing all of the innovative 
components listed in any illustrative embodiment in this 
specification. The limetional aspects of the invention that are 
implementedona computer or other logic processing systems 
or circuits, as will be understood front the teachings herein, 
may be implemented or accomplished using any appropriate 
implementation environment or progranuuing language, 
such as C, C++, Cobol, Pascal, Java, Java-script, HTML. 
XMl.. dl-ITML. assembly or machine code programming. 
RTL. etc. All references, publications, patents, and patent 
applications cited herein are hereby incorporated by refer-
ence in their entirety for all purposes. 

BRIEF DESCRIPTION OF TIlE DRAWINGS 

(00131 FIG. I provides a schematic illustration ofanoverall 
system used, inter alia. for sequencing by incorporation 
analyses. 
100141 1:1G. 2 is an EMCCD derived image of fluorescent 
signal pulses from an array of sequencing reactions. 
(00151 FIG. 3 provides a schematic flow-chart of the pro-
cess used in monitoring sequencing reactions and identifying 
bases in the sequence. 
(00l6J FIG. 4 is a high level how chart breakdown of an 
overall real time sequence by incorporation process. 
100171 FIG. 5 is a detailed flow chart illustrating a number 
of the process steps included in the overall process shown in 
FIG. 4. 
100181 FIG. 6 is an EMCCD image of a trans-illuminated 
array of zero mode waveguides. 
100191 FIG. 7 is a close up image of a subset of the trans-
illuminated waveguides in the array which also shows the 
centroid determination for each imaged waveguide. 
100201 FIG. 8 illustrates an exemplary 4 channel signal 
trace derived from an imaged wavcguide. 
(0021) FIG. 9 provides a schematic flow-chart of a pulse 
recognition process. 
100221 1:1G. 10 illustratesan integrated trace followingbase 
classification ol'a pulse trace, including base calls. 

100231 FIG. II is a spectral reference pixel image of a 
trans-illuminated array of zero mode waveguides according 
to specific embodiments of the invention. 
100241 FIG. 12 is a flow chart illustrating an example 
method ol'base calling from a sequencing array using a logic 
processing system according to specific embodiments of the 
invention. 

100251 FIG. 13 is a diagram illustrating an example method 
of base calling from a sequencingarray using a logic process-
ing system according to specific embodiments of the inven-
tion. 
100261 FIG. 14 is a flow chart illustrating an example 
method of determining a rclirencc spectral centroid for a 
reaction location image according to specific embodiments of 
the invention. 

Jan. 22, 2009 

100271 FIG. 15 is a diagram illustrating an initial gridding 
step and corrected centroids according to specific embodi-
ments of the invention. 
100281 FIG. 16 is a flow chart illustrating an example 
method of determining an alignment for reaction locations 
and a central axis for individual reaction locations from mul-
tiple reaction location images according to specific embodi-
macfits of the invention. 
10029] FIG. 17 is a flow chart illustrating an example 
method of determining high-resolution dye spectral tem-
plates and down-sampled individualized spectral templates 
according to specific embodiments of the invention. 
100301 FIG. IS is a diagram illustrating stitching high-reso-
lution dye spectral templates from multiple captured spectral 
calibration data according to specific embodiments of the 
invention. 
100311 FIG. 19 is a how chart illustrating an example 
method of determining background noise for reaction loca-
tion images according to specific embodiments of the inven-
tion. 
100321 FIG. 20 is a how chart illustrating an example 
method of data reduction for a reaction location image 
according to specific embodiments of the invention. 
10033] FIG. 21 illustrates an example of four superimposed 
spectral images representing different dyes imaged from two 
different reaction locations according to specific emnbodi-
memas of the invention. 
100341 FIG. 22 is a flow chart illustrating an example 
method of dye trace extraction from a time series of  reaction 
location images according to specific embodiments of the 
invention. 
100351 FIG. 23 is a diagram illustrating using an individu-
alized set of spectral templates for a ZMW to extract four 
spectral traces using a flux calculation according to specific 
embodiments of the invention. 
100361 FIG. 24 is a diagram illustrating a set of dye-
weighted spectral traces (to) and a set of multi-component 
spectral traces (bottom) extracted from captured data for a 
reaction location according to specific embodiments of the 
invention. 
100371 FIG. 25. is a how chart illustrating an example 
method of pulse detection in a dye trace according to specific 
embodiments of the invention. 
10038] FIG. 26 is a diagram illustrating an example of 
analysis of one pulse in one spectral trace according to spe-
cific embodiments of the invention. 
100391 FIG. 27 is a diagram illustrating a mmntherof pulses 
associated with incorporation events and showing that some 
pulses with low amplitude are likely to be indicative of actual 
incorporation events. 
100401 1:1G. 28 is a how chart illustrating an example 
method of multi-timescale pulse detection according to spe-
cific embodiments of the invention. 
100411 FIG. 29 is a diagram illustrating increasing a time 
window and reducing a threshold for pulse detection accord-
ing to specific embodiments of the invention. 
100421 FIG. 30 is a diagram illustrating algorithmic branch 
detection according to specific embodiments of the invention. 
(00431 FIG. 31 is a flow chart illustrating an example 
method of a pulse merging analysis according to specific 
embodiments of the invention. 
10044] FIG. 32 is a how chart illustrating an example 
method of pulse classification according to specific emubodi-
ments of the invention. 
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100451 FIG. 33 isadiagram illustrating an example method 
of pulse classification according to specific embodiments of 
the invention. 
100461 FIG. 34 is a flow chart illustrating an example 
method of determining pulse metrics according to specific 
embodiments of the invention. 
[00471 FIG. 35 is a flow chart illustrating an example 
method of consensus determination according to specific 
embodiments of the invention. 
(0048] FIG. 36 is a diagram illustrating an example HMM 
model used in consensus calling according to specific 
embodiments of the invention. 
10049] FIG. 37 is a diagram illustrating an example HMM 
model with a branch prediction probability according to spe-
cific embodiments of the invention. 
10050] FIG. 38 is a diagram illustrating training an HMM 
with a set of possibly predictive error parameters and a known 
read sequence of a known DNA sequence template. 
[0051] FIG. 39 is a diagram illustrating employing an 
I 1MM with a set of predictive error parameters, a known read 
sequence. and an unknown DNA sequence template. 
10052] FIG. 40 is a block diagram showing a representative 
example logic device in which various aspects of the present 
invention may be embodied. 

DETAILED DESCRIPTION OF THE INVENTION 

I. Sequencing by Incorporation Processes and Systems 
10053] The present invention is generally directed to novel 
processes. and particularly computer implemented processes, 
software and systems for monitoring and characterizing opti-
cal signals from analytical systems, and particularly systems 
that produce signals related to the sequence of nucleic acids in 
a target ortemplate nucleic acid sequence. using a sequencing 
by incorporation process. The present invention is also gen-
erally directed to novel processes for analyzing optical and 
associated data from sequencing by incorporation processes 
to ultimately determine a nucleotide base sequence (also 
referred to herein as "base calling'). The present invention is 
also generally directed to novel processes for analyzing 
sequencing by incorporation processes from many reactions 
locations in real time. 
100541 In sequencing by incorporation methods. the iden-
tity of the sequence of nucleotides in a template nucleic acid 
sequence is determined by identifying each complementary 
base that is added to a nascent strand being synthesized 
against the template sequence, as such bases are added. While 
detection of added bases may be a result of detecting a 
byproduct of the synthesis or extension reaction, e.g., detect-
ing released pyrophosphate. in many systems and processes, 
added bases are labeled with fluorescent dyes that permit their 
detection. By uniquely labeling each base with a distinguish-
able fluorescent dye, one attaches a distinctive detectable 
characteristic to each dye that is incorporated, and as a result 
provides a basis for identification of an incorporated base, and 
by extension, its complementary base upon the template 
sequence. 
100551 A number of sequencing by incorporation methods 
utilize a solid phase immobilized synthesis complex that 
includes a DNA polyrnerase enzyme, a template nucleic acid 
sequence, and a primer sequence that is complementary to a 
portion of the template sequence. The fluorescently labeled 
nucleotides are then added to the immobilized complex and if 
complementary to the next base in the template adjacent to the 
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primer sequence. they are incorporated onto the 5' end ofthe 
primer as an extension reaction product. 

10056] In some cases. the labeled bases are added under 
conditions that prevent more than a single nucleotide addi-
tion. Typically, this is accomplished through the inclusion of 
a removable extension terminating group on the 5' position of 
the added nucleotide, which prevents any further extension 
reactions. In some cases, the removable terminating group 
may include the fluorescent label. In this context, the immo-
bilized complex is interrogated with one or more labeled 
nucleotide analogs. When a labeled analog is added, the 
extension reaction slops. The complex is then washed to 
eliminate all unincorporated labeled nucleotides. Incorpora-
tion is then determined based upon the presence of a particu-
lar fluorescent label with the immobilized complex, indicat-
ing incorporation of the base that was so labeled. The 
removable chain terminating group and the label, which in 
some cases may comprise the same group, are then removed 
from the extension product and the reaction and interrogation 
is repeated. stepwise. along the template sequence. 

100571 In an alternative and preferred aspect, incorporation 
events are detected in real-time as the bases are incorporated 
into the extension product. Briefly, this is accomplished by 
providing the complex immobilized within an optically con-
fined space or otherwise resolved as an individual molecular 
complex. Nucleotide analogs that include fluorescent labels 
coupled to the polyphosphate chain of the analog are then 
exposed to the complex. Upon incorporation, the nucleotide 
along with its label is retained by the complex for a time and 
in a manner that permits its detection that is distinguishable 
from detection of random diffusion of unincorporated bases. 
Upon completion of incorporation, all but the alpha phos-
phate group of the nucleotide is cleaved away, liberating the 
label from retention by the complex, and diffusing the signal 
from that label. Thus, during an incorporation event, a 
complementary nucleotide analog including its fluorescent 
labels is effectively "immobilized" for a time at the incorpo-
ration site, and then the fluorescent label is subsequently 
released and diffuses away when incorporation is completed. 
According to specific embodiments of the invention, detect-
ing the localized "pulses" of florescent tags at the incorpora-
tion site, and distinguishing those pulses from a variety of 
other signals and background noise as described below, 
allows the invention to effective call bases is real-time as they 
are being incorporated. In conjunction with optical confine-
ments and/or single molecule resolution teclusiques, the sig-
nal resulting from incorporation can have one or more of 
increased intensity and duration as compared to random dif-
fusion events and/or other non-incorporation events. 
100581 In all of the foregoing aspects, optical signal data is 
required to be processed to indicate real incorporation events 
as compared to other signals derived from non-incorporation 
events, and to identify the bases that are incorporated in those 
real incorporation events. The processing requirements 
become even gm-eater where multiple different colored labels 
are used in interrogating larger and largernumbers of inimo-
bilized complexes arrayed over reaction substrates. 

10059] For purposes ofthe present invention, the processes 
and systems will be described with reference to detection of 
incorporation events in a real time, sequence by incorporation 
process, e.g.. as described in U.S. Pat. Nos. 7,056,661, 7,052. 
847, 7,033,764 and 7,056.676 (the full disclosures of which 
are incorporated herein by reference in their entirety for all 
purposes). when carried out in arrays of discrete reaction 
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regions or locations. An exemplary sequencing system for use 
in conjunction with the invention is shown in FIG. 1. As 
shown, the system 100 includes a substrate 102 that includes 
a plurality of discrete sources of optical signals, e.g.. reaction 
wells or optical confinements or reaction locations 104. In 
typical systems, reaction locations 104 are regularly spaced 
and thus substrate 102 can also be understood as an array 102 
of reaction locations 104. An excitation light source, e.g., 
laser 106, is optionally provided in the system and is posi-
tioned to direct excitation radiation at the various signal 
sources. This is typically done by directing excitation radia-
tion at or through appropriate optical components, e.g.. dich-
roic 108 and objective lens 110, that direct the excitation 
radiation at the substrate or array 102, and particularly the 
signal sources 104. Emitted signals from source 104 are then 
collected by the optical components, e.g., objective lens 110, 
and passed through additional optical elements. e.g.. dichroic 
108, prism 112 and lens 114, until they are directed to and 
impinge upon an optical detection system, e.g., detector array 
(or camera) 116. The signals are then detected by detector 
array 116, and the data from that detection is transmitted loan 
appropriate data processing unit. e.g.. computer 118. where 
the data is subjected to interpretation, analysis. and ultimately 
presented in a user ready format, e.g., on display 120. printout 
122 from printer 124, or the like, or may be stored in an 
appropriate database, transmitted to another computer sys-
tem, or recorded onto tangible media for further analysis 
and/or later review. Connection of the detector to the com-
puter may takeon a variety ofdi lierent forms. For example. in 
preferred aspects, the detector is coupled to appropriate Ana-
log to Digital (A/D) converter that is then coupled to an 
appropriate connector in the computer. Such connections 
may be standard USB connections. FirewircK connections, 
Ethernet connections or other high speed data connections. In 
other cases, the detector or camera may be formatted to pro-
vide output in a digital format and be readily connected to the 
computer without any intermediate components. 

[0060] This system, and other hardware descriptions 
herein, are provided solely as a specific example of sample 
handling and image capture hardware to provide a better 
understanding of the invention. It should be understood, how-
ever. that the present invention is directed to data analysis and 
interpretation of  wide variety of real-time florescent detect-
ing systems. including systems that use substantially different 
illumination optics, systems that include di1lirent detector 
elements (e.g.. EB-CMOS detectors. CCD's, etc.), and/or 
systems that localize a template sequenceother than using the 
wave-guides described herein. 

100611 In the context of the nucleic acid sequencing meth-
ods described herein, it will be appreciated that the signal 
sources each represent sequencing reactions. oud particularly, 
polymerase mediated, template dependent primer extension 
reactions, where in preferred aspects. each base incorporation 
event results in a prolonged illumination (or localization) of 
one of four difièrentially labeled nucleotides being incorpo-
rated, so as to yield a recognizable pulse that carries a distin-
guishable spectral profile or color. 

100621 As noted previously. the present invention is gener-
ally directed to machine or computer implemented processes. 
and/or software incorporated onto a computer readable 
medium instructing such processes, as set forth in greater 
detail below. As such, signal data generated by the reactions 
and optical systems described above, is input or otherwise 
received into a computer or other data processor. and sub-
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jected to one or more of the various process steps or compo-
nents set forth below. Once these processes are carried out. 
the resulting output of the computer implemented processes 
may be produced in a tangible or observable format, e.g., 
printed in a user readable report. displayed upon a computer 
display, or it may be stored in one or more databases for later 
evaluation, processing, reporting or the like, or it may be 
retained by the computer or transmitted to a different com-
puter for use in configuring subsequent reactions or data 
processes. 
100631 Computers for use in carrying out the processes of 
the invention can range from personal computers such as PC 
or MaclntosfrR type computers running Intel Pentium or 
DuoCore processors, to workstations, laboratory equipment. 
or high speed servers, running UNIX. LINUX. Windows8., or 
other systems. Logic processing of the invention may be 
performed entirely by general purposes logic processors 
(such as CPU's) executing software and/or firmware logic 
instructions: or entirely by special purposes logic processing 
circuits (such as ASICs) incorporated into laboratory or diag-
nostic systems or camera systems which may also include 
software or firmware elements: or by a combination of gen-
eral purpose and special purpose logic circuits. Data formats 
for the signal data may comprise any convenient format. 
including digital image based data formats, such as JPEG, 
GIF. BMP. TIFF. or other convenient formats, while video 
based formats, such as avi, mpeg, mov, rmv, or other video 
formats may be employed. The software processes of the 
invention may generally be programmed in a variety of pro-
gramming languages including. e.g.. Matlab. C, C++. C#. 
NET. Visual Basic. Python. JAVA. CGI, and the like. 
10064] While described in terms of a particular sequencing 
by incorporation process or system, it will be appreciated that 
certain aspects of the processes of the invention may be 
applied to a broader range of analytical sequencing or other 
operations and varying system configurations than those 
described for exemplary purposes. 
100651 FIG. 2 provides a single captured image frame of 
signal data on a portion of an EMCCD. where light portions 
correspond to optical signals that are incident upon the detec-
tor. Over time, these light areas appear as a series of flashes. 
Where those flashes have the appropriate characteristics, they 
are identified as an incorporation based signal. and assigned a 
color, based upon their spectral composition. e.g.. as deter-
mined from their location of the detector. 

II. Signal Data Processing Overview 

100661 In general. the present invention is directed to auto-
mated processes, and machine readable software that 
instructs such processes, for deciphering the signal data from 
a detection system that is optically coupled to any of the 
foregoing reactions, and particularly where such processes 
identify the incorporation of a nucleotide or nucleotide ana-
log in a template dependent fashion. and identify the label 
associated with the incorporated analog and by extension, the 
analog and its complementary base in the template sequence. 
100671 A general flow chart illustrating the processing of 
signal data is provided in FIG. 3. In general, signal data is 
received by the processor at step 300. A number of initial 
calibrations operations maybe applied as step 302. Some of 
these initial calibration steps may be performed just once at 
the beginning of a run or on a more continuous basis during 
the run. These initial calibration steps can include such things 
as centroid dctcnnination, alignment, gridding, drift correc-
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lion, initial background subtraction, noise parameter adjust-
ment. frame-rate adjustment. etc. Some of these initial cali-
bration steps. such as binning. may involve communication 
from the processor back to the detector/camera, as discussed 
further below. 

100681 Generally, sonic type of spectral trace determina-
tion/spectral trace extraction/spectral fitters are applied to the 
initial signal data at step 302. Some of all of this filter step 
may optionally be carried out at a later point in the process. 
e.g., after the pulse identification step 304. The spectral trace 
extraction/spectral filters may include a number of noise 
reduction and other filters as set forth elsewhere herein. Spec-
tral trace determination is pertbrmed at this stage for many of 
the example systems discussed herein because the initial sig-
nal data received are the light levels, or photon counts, cap-
tured by a series of adjacent pixel detectors. For example, in 
one example system. 14 pixels (or intensity levels) from 14 
positions are captured for an individual wave-guide at each 
frame. Light of different 1iquencies or spectrum will fall on 
more than one of the 14 positions and there is generally some 
overlap and possibly substantial overlap. According to spe-
cific embodiments of the invention, spectral trace extraction 
may be performed using various analysis. as discussed below. 
that provide the highest signal-to-noise ratio for each spectral 
trace. 
(00691 As an alternative to a spectral trace determination, 
methods of the invention may also analyze a single signal 
derived from the intensity levels at the multiple pixel posi-
tions (this may be referred to as a summed spectral signal or 
a gray-scale spectral signal or an intensity level signal). In 
many situations, it has been found that spectral extraction, 
however, provides better SNR and therefore pulse detection 
when extracted spectral traces are analyzed for pulses some-
what separately. In hirtheremnbodiments, a method according 
to the invention may analyze the multiple captured pixel data 
using a statistical model such as a Hidden Markov Model. In 
present systems, however, determining multiple (e.g., four) 
spectral traces from the initial signal data has proven a pre-
ferred method. 
100701 Whether the signal can be categorized as a signifi-
cant signal pulse or event is determined at step 304. In some 
example systems, because of the small number of photons 
available for detection and because of the speed of detection, 
various statistical analysis techniques may be performed in 
determining whether a significant pulse has been detected. 

100711 If the signal is identified as a significant pulse or 
signal event at step 304, a further optional spectral profile 
comparison may be performed to verify the spectral assign-
ment. This spectral profile comparison is optional in embodi-
ments where spectral traces are determined prior to or during 
pulse identification. Once a color is assigned to a given incor-
poration signal, that assignment is used to call either thebase 
incorporated, or its complement in the template sequence, at 
step 308. 11te compilation of called bases is then subjected to 
additional processing at step 310. to provide linear sequence 
information. e.g., the successive sequence of nucleotides in 
the template sequence, assemble sequence fragments into 
longer contigs, or the like. 
100721 As noted above, the signal data is input into the 
processing system. e.g.. an appropriately programmed com-
puter or other processor. Signal data may input directly from 
a detection system. e.g., for real time signal processing, or it 
may be input from a signal data storage file or database. In 
some cases. e.g., where one is seeking inunediate feedback on 
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the performance ot'the detection system. adjusting detection 
orotherexperimental parameters, real-lime signal processing 
will be employed. In some embodiments, signal data is stored 
from the detection system in an appropriate file or database 
and is subject to processing in post reaction or non-real time 
fashion. 

100731 The signal data used in conjunction with the present 
invention may be in a variety of forms. For example, the data 
may be numerical data representing intensity values for opti-
cal signals received at a given detector or detection point of an 
array based detector. Signal data may comprise image data 
from an imaging detector, such as a CCD. EMCCD. ICCD or 
CMOS sensor. In either event, signal data used according to 
specific embodiments of the invention generally includes 
both intensity level information and spectral information. In 
the context of separate detector elements. such spectral infor-
mation will generally includes identification of the locationor 
position of the detector portion (e.g., a pixel) upon which an 
intensity is detected. In the context of imagedata, the spectral 
image data will typically be the data derived from the image 
data that correlates with the calibrated spectral image data for 
the imaging system and detector when the system includes 
spectral resolution of overall signals. e.g.. as shown in FIG. 1. 
As discussed elsewhere herein, the spectral data may be 
obtained front time image data that is extracted from the detec-
tor, or alternatively, the derivation of spectral data may occur 
on the detector such that spectral data will be extracted from 
the detector. 

100741 For the sequencing methods described above, there 
will be a certain amount of optical signal that is detected by 
the detection system that is not the result of a signal from an 
incorporation event. Such signal, referred to hereafter as 
"noise" may derive from a number of sources that may be 
internal to the monitored reaction, internal to the detection 
system and/or external to all of the above. Examples of noise 
internal to the reaction being monitored includes. e.g.: pres-
ence of fluorescent labels that are not associated with a detec-
tion event, e.g., liberated labels, labels associated with unin-
corporated bases in diffused in solution, bases associated with 
the complex but not incorporated; presence of multiple com-
plexes in an individual observation volume or region: non-
specific adsorption of dyes or nucleotides to the substrate or 
enzyme complex within an observation volume; contami-
nated nucleotide analogs, e.g., contaminated with other fluo-
rescent components; other reaction components that may be 
weakly fluorescent: spectrally shifting dye components. e.g.. 
as a result of reaction conditions; and the like. 
(0075] Sources of noise internal to the detection system. but 
outside of the reaction mixture can include. e.g., reflected 
excitation radiation that bleeds dimugh the filtering optics; 
scattered excitation or fluorescent radiation from the sub-
strate or any of the optical components: spatial cross-talk of 
adjacent signal sources; auto-fluorescence of any or all ol'the 
optical components of the system; read noise from the detec-
tor. e.g.. CCDs. gain register noise. e.g.. for EMCCD cant-
eras, and the like. 0111cr system derived noise contributions 
can come from data processing issues, such as background 
correction errors, focus drift errors, autofocus errors, pulse 
frequency resolution, alignment errors, and the like. Still 
other noise contributions can derive from sources outside of 
the overall system. including ambient light interference, dust, 
and the like. 
100761 lltese noise components contribute to the back-
ground photons underlying any signal pulses that may be 
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associated with an incorporation event. As such, the noise 
level will typically form the limit against which any signal 
pulses may be determined to be statistically significant. 
100771 Identification of noise contribution to overall signal 
data may be carried out by a number of methods. including, 
for example, signal monitoring in the absence of the reaction 
of interest, where any signal data is determined to be irrel-
evant. Alternatively, and preferably, a baseline signal is esti-
mated and subtracted from the signal data that is produced by 
the system, so that the noise measurement is made upon and 
contemporaneously with the measurements on (lie reaction of 
interest. Generation and application of the baseline may be 
carried out by a number of means, which are described in 
greater detail below. 

100781 In accordance with the present invention, signal pro-
cessing methods distinguish between noise, as broadly 
applied to all non-significant pulse based signal events, and 
significant signal pulses that may, with a reasonable degree of 
confidence, be considered to be associated with, and thus can 
be tentatively identified as, an incorporation event. In the 
context of the present invention, a signal event is first classi-
fied as to whether it constitutes a significant signal pulse 
based upon whether such signal event meets any of a number 
of different pulse criteria. Once identified or classified as a 
significant pulse, the signal pulse may be further assessed to 
determine whether the signal pulse constitutes an incorpora-
tionevent and may be called as a particular incorporated base. 
As will be appreciated, the basis for calling a particular signal 
event as a significant pulse. and ultimately as an incorporation 
event, will be subject to a certain amount of error. based upon 
a variety of parameters as generally set forth herein. As such, 
it will be appreciated that the aspects of the invention that 
involve classification of signal data as a pulse, and ultimately 
as an incorporation event or an identified base, are subject to 
the same or similar errors. and such nomenclature is used for 
purposes of discussion and as an indication that it is expected 
with a certain degree of confidence that the base called is the 
correct base in the sequence, and not as an indication of 
absolute certainty that the base called is actually the base in a 
given position in a given sequence. 
100791 One such signal pulse criterion is the ratio of the 
signals associated with the signal event in question to the level 
of all background noise ("signal to noise ratio" or "SNR"), 
which provides a measure of the confidence or statistical 
significance with which one can classify a signal event as a 
significant signal pulse. In distinguishing a significant pulse 
signal from systematic orother noise components. the signal 
generally roust exceed a signal threshold level in one or more 
ol' a number of metrics, including for example, signal inten-
sity. signal duration, temporal signal pulse shape. pulse spac-
ing. and pulse spectral characteristics. 
100801 Byway of a simplified example. signal data may be 
input into the processing system. lithe signal data exceeds a 
signal threshold value in one or more of' signal intensity and 
signal duration, it may be deemed a significant pulse signal. 
Similarly, if additional metrics are employed as thresholds. 
the signal may be compared against such metrics in identify-
ing a particular signal event as a significant pulse. As will be 
appreciated, this comparison will typically involve at least 
one of the foregoing metrics, and preferably at least two such 
thresholds, and in many cases threeorall fourof'the foregoing 
thresholds in identifying significant pulses. 

100811 Signal threshold values, whether in terms of signal 
intensity, signal duration, pulse shape, spacing or pulse spec-
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tral characteristics, or a combination of these. will generally 
be determined based upon expected signal profiles from prior 
experimental data, although in some cases, such thresholds 
may be identified from a percentage of overall signal data, 
where statistical evaluation indicates that such thresholding is 
appropriate. In particular. in some cases, a threshold signal 
intensity and/or signal duration may be set to exclude all but 
a certain fraction or percentage of the overall signal data. 
allowing a real-time setting of a threshold. Again, however, 
identification of the threshold level, in terms of percentage or 
absolute signal values, will generally correlate with previous 
experimental results. In alternative aspects. the signal thresh-
olds may be determined in the context of a given evaluation. 
In particular, for example, a pulse intensity threshold may be 
based upon an absolute signal intensity, but such threshold 
would not take into account variations in signal background 
levels. e.g.. through reagent diffusion, that might impact the 
threshold used, particularly in cases where the signal is rela-
tively weak compared to the background level. As such, in 
certain aspects, the methods of the invention determine the 
background fluorescence of the particular reaction in ques-
tion, including, in particular, the contribution of freely dilTus-
ing dyes or dye labeled analogs into a zero mode waveguide. 
and set the signal threshold above that actual background by 
the desired level, e.g., as a ratio of pulse intensity to back-
ground fluorophore diffusion, or by statistical methods. e.g.. 
5 sigma. or the like. By correcting for the actual reaction 
background, such as Iluorophore diffusion background, the 
threshold is automatically calibrated against influences of 
variations in dye concentration, laser power, or the like. By 
reaction background is meant the level of background signal 
specifically associated with the reaction of interest and that 
would be expected to vary depending upon reaction condi-
tions, as opposed to systemic contributions to background, 
e.g.. autofluorescence of system or substrate components, 
laser bleedthrough. or the like. 

100821 In particularly preferred aspects that rely upon real-
time detection of incorporation events, identification of a 
significant signal pulse may rely upon a signal profile that 
traverses thresholds in both signal intensity and signal dura-
tion. For example. when a signal is detected that crosses a 
lower intensity threshold in an increasing direction, ensuing 
signal data front the same set of detection elements, e.g., 
pixels, are monitored until the signal intensity crosses the 
same or a different intensity threshold in the decreasing direc-
tion. Once a peak of appropriate intensity is detected, the 
duration of the period during which it exceeded the intensity 
threshold or thresholds is compared against a duration thresh-
old. Where a peak comprises a sufficiently intense signal of 
sufficient duration, it is called as a significant signal pulse. 
FIG. 3 provides a schematic of the process flow for an exem-
plary pulse classification aspect of the invention. 

100831 In addition to, or as an alternative to using the inten-
sity and duration thresholds, pulse classification may employ 
a number of other signal parameters in classifying pulses as 
significant. Such signal parameters include, e.g.. pulse shape, 
spectral profile of the signal. e.g.. pulse spectral centroid. 
pulse height. pulse dillusion ratio, pulse spacing, total signal 
levels, and the like. 

100841 Either following or prior to identification of a sig-
nificant signal pulse, signal data may be correlated to a par-
ticular signal type. In the context of the optical detection 
schemes used in conjunction with the invention. this typically 
denotes a particular spectral profile of'the signal giving rise to 
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the signal data. In particular, the optical detection systems 
used in conjunction with the methods and processes of the 
invention are generally configured to receive optical signals 
that have distinguishable spectral profiles, where each spec-
trally distinguishable signal profile may generally be corre-
lated to a different reaction event. In the case of nucleic acid 
sequencing, for example, each spectrally distinguishable sig-
nal may be correlated or indicative of a specific nucleotide 
incorporated or present at a given position of a nucleic acid 
sequence. Consequently. the detection systems include opti-
cal trains that receive such signals and separate the signals 
based upon their spectra. The different signals are then 
directed to different detectors, to different locations on a 
single array based detector, orare differentially imaged upon 
the same imaging detector (See. e.g.. U.S. Patent Publication 
No. 2007/0036511. which is incorporated herein by reference 
in its entirety for all purposes). 

100851 In the case ol' systems that employ different detec-
tors for different signal spectra. assignment of a signal type 
(for ease of discussion, referred to hereafter as "color classi-
fication" or "spectral classification") to a given signal is a 
matter of correlating the signal pulse with the detector from 
which the data derived. In particular. where each separated 
signal component is detected by a discrete detector, a signal's 
detection by that detector is indicative of the signal classify-
ing as the requisite color. 

100861 In preferred aspects. however, the detection systems 
used in conjunction with the invention utilize an imaging 
detector upon which all or at least several of the different 
spectral components of the overall signal are imaged in a 
manner that allows distinction between different spectral 
components....hus, multiple signal components are directed 
to the same overall detector, but may be incident upon wholly 
or partly different regions of the detector. e.g.. imaged upon 
different sets of pixels in an imaging detector, and give rise to 
distinguishable spectral images (and associated image data). 
As used herein. spectra or spectral image generally indicates 
a pixel image or frame (optionally data reduced to one ditnen-
sion) that has multiple intensities caused by the spectral 
spread of an optical signal received from a reaction location. 

100871 In its simplest form, it will be understood that 
assignment of color to a signal event incident upon a group of 
contiguous detection elements or pixels in the detector would 
be accomplished in a similar fashion as that set forth for 
separate detectors. In particular, the position of the group of 
pixels upon which the signal was imaged. and from which the 
signal data is derived, is indicative of the color of the signal 
component. In particularly preferred aspects. however, spa-
tial separation of the signal components may not be perlèct. 
such that signals of differing colors are imaged on overlap-
ping sets of pixels. As such, signal identification will gener-
ally be based upon the aggregate identity of multiple pixels 
(or overall image of the signal component) upon which a 
signal was incident. 

100881 The spectral classification, or identilication of a 
color, associated with a given signal image on a detector may 
be accomplished by a number of methods. In particularly 
preferred aspects, a spectral image associated with a given 
signal (which may or may not be an incorporation event 
signal) is compared to a standard set of spectral image profiles 
associated with the signal events for which the system is 
being interrogated. Restated, a standard set ol'spectral image 
profiles are determined for the labels associated with the four 
different nucleotides and/or incorporation of those nude-
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olides, and those standards are used as comparators in iden-
tifying to which color a given unknown spectral image cor-
responds. 

100891 Ina particular exemplary calibration process. a sig-
nal source, such as a reaction region is illuminated while 
containing only the individual fluorescent labels or fluores-
cently labeled nucleotide analogs of one dye color that give 
rise to signals during the monitored reaction, e.g., in the 
absence ot'the reaction complex. lhe spectral image for each 
color ofdye is then stored for use in the later comparison with 
the spectral images from actual reaction derived signals. This 
standard set is then used as the comparator in identifying 
whether the spectral image from an actual signal event can he 
assigned to a given color with an acceptable level of confi-
dence. and if so, what that color is. In some cases, the spectral 
profiles may bedeterniined based upon theoretical models of 
the optical system and the emission spectra of the signal 
producing reagents. e.g.. labeled nucleotides, without the 
need for empirical determination of the standard spectral 
images. 

(00901 As noted above, because signal separation may not 
be perfect in imaging signals upon a detector array, the com-
parison of a given signal's spectral image to the standard 
spectral image profiles for the various colors of signals will 
assess the confidence with which a color may be assigned to 
a given signal event, based upon a number of parameters. By 
way of example, whether a given spectral image is identified 
as matching one of the standard spectral image profiles may 
be determined by subjecting the comparison to any of a vari-
ety of statistical correlation evaluations including. e.g., cross-
correlation tests. 02, least squares fit, and the like. 

(0091] As will be appreciated, the steps of incorporation 
signal identification and color assignment may be performed 
in either order and are not dependent upon each other. 
Restated, one may first assign a color to the signal before 
categorizing it as a significant pulse, or alternatively, one may 
first categorize a signal as a significant pulse and then assign 
a color to that pulse. 

10092] Once a particular signal is identified as a significant 
pulse and is assigned a particular spectrum, the spectrally 
assigned pulse may be further assessed to determine whether 
the pulse can be called an incorporation event and, as a result, 
call the base incorporated in the nascent strand, or its comple-
ment in the template sequence. Calling of bases from color 
assigned pulse data will typically employ tests that again 
identify the confidence level with which a base is called. 
1'ypicaHy, such tests will take into account the data environ-
ment in which a signal was received, including a number of 
the same data parameters used in identifying significant 
pulses. etc. For example. such tests may include consider-
ations of background signal levels, adjacent pulse signal 
parameters (spacing, intensity, duration, etc.), spectral image 
resolution, and a variety of other parameters. Such data may 
be used to assign a score to a given base call for a color 
assigned signal pulse. where such scores are correlative of a 
probability that the base called is incorrect. e.g., I in 100 
(99% accurate), 1 in 1000 (99.9% accurate), I in 10.000 
(99.99% accurate). I in 100,000(99.999% accurate), or even 
greater. Similar to PHRID or similar type scoring for chro-
matographically derived sequence data, such scores may be 
used to provide an indication of accuracy for sequencing data 
and/or filter out sequence information of insufficient accu-
racy. 
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100931 Once a base is called with sufficient accuracy, sub-
sequent bases called in the same sequencing run, and in the 
same printer extension reaction, may then be appended to 
each previously called base to provide a sequence of bases in 
the overall sequence of the template or nascent strand. Itera-
tive processing and further data processing, as described in 
greater detail below, can be used to fill in any blanks, correct 
any erroneously called bases, or the like fora given sequence. 
100941 While the foregoing process generally describes the 
processes of the invention, additional detail is provided with 
reference to an exemplary sequencing process, below. 

Ill. Exemplary Sequencing by Incorporation Process and 
System 

100951 The processes described above are further described 
in the context of a particularly preferred sequence-by-incor-
poration analysis using as a source ofsignals. a gridded array 
of optically confined. polyinerase/teniplate/printer com-
plexes that are exposed to four diili.reni nucleotide analogs, 
e.g., A. T. U and C, that are each labeled at the terminal 
phosphate group ol'either a tn, tetra orpentaphosphate chain 
of the nucleotide or nucleotide analog (e.g., as a phosphate 
labeled nucleoside triphosphate. letraphosphate or penta-
phosphate). In preferred aspects. the optically confined com-
plexes are provided within the observation volumes of dis-
crete zero mode waveguide (ZMW) cores in an arrayed 
format. Although described in terms of optically confined 
reaction regions. it will be appreciated that the methods of the 
invention in whole or in part maybe applicable to other types 
of sequencing by incorporation reactions and particularly 
those based upon immobilized reaction complexes. and more 
particularly, those employing optically resolvable single mol-
ecule complexes, e.g.. including a single polynierase/tem-
plate/primer complex. 
100961 An example of an overall sequence process com-
prised of three general process categories is generally shown 
in FIG. 4. As shown, the process includes an initial calibration 
step 400, in which the system is calibrated from both an 
instrument standpoint and a reaction standpoint, e.g.. to 
adjust for consistent noise sources, and calibrated for color 
identification. e.g.. using standard dye or label sets. Once an 
actual sequencing data run commences, the signal data deriv-
ing front the system is subjected to initial signal processing at 
step 402. to identify significant signal events or pulses and to 
extract spectral signals from the signal data. Following the 
initial signal processing. classified pulses are then assessed at 
step 404 to classify signal data as corresponding to a given 
spectral signal event, and consequently as corresponding to 
incorporation of a particular base, or its complement. 
100971 This exemplary. overall process is schematically 
illustrated in greater detail in the flow chart of FIG. 5. As 
shown, the system is initially calibrated to provide identifi-
cation of the signals associated with each discrete signal 
source, to identify within that signal the most relevant signal 
portion, and to associate spectral inlbrmation with different 
signal profiles. This calibration process, provided in greater 
detail below, is indicated at step 500. and is typically prece-
dent and supplementary to the process of signal data process-
ing from actual sequencing runs. 
100981 Following receipt of the signal data at step 502. the 
signal image or movie tiles for a given run are converted to 
spectral data at step 504 by comparing the overall signal data 
to the spectral standards created in step 500. For example. 
signals received from each waveguide are converted to two 
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dimensional time-series or one dimensional spectral time 
series traces. As a result, the output of the conversion or 
extraction step is a series of individual movies or traces that 
indicate the different spectral signal components over time, 
e.g.. as a series of n signal traces. For a typical four-color 
sequencing process, this will typically result in four different 
traces, where each trace represents the signal spectrum cor-
related with a different standard spectral image profile. Once 
the data is converted to spectrally discrete traces, the different 
traces are subjected to a pulse recognition or classification 
process at step 506. As noted above, in particularly preferred 
aspects, the pulse recognition process identifies significant 
signal pulses (e.g., pulses that meet criteria ofsignificance for 
assessment to determine if they are associated with an incor-
poration event) in each trace, and distinguishes those from 
background or noise signals, e.g., those resulting from normal 
diflitsion of unincorporated label molecules or labeled nucle-
otides into the observation volume, non-specific adsorption 
oflabels or analogs within or near the observation volume, or 
the like. The pulse recognition process, as described in greater 
detail, below, identifies significant pulses based upon a num-
ber of signal characteristics as described above, including 
whether such signals meet signal thresholds described above 
(intensity, duration, temporal pulse shape, pulse spacing and 
spectral characteristics). Once a pulse is initially identified as 
significant, the time collapsed spectrum for a given signifi-
cant pulse is extracted and classified at step 508 by correlating 
the pulse spectrum to the standard spectral image for the 
various signal possibilities, e.g., dye colors, by comparing the 
pulse spectrum to the standard spectra, based upon one or a 
number of different pulse metrics, as set forth elsewhere 
herein. For example, in this process, the statistical signifi-
cance of the fit of the pulse spectral image may be calculated 
against those spectral images for the 4 different standard dye 
images, e.g., using a Q2 test, or the like. 

100991 Once a significant pulse is correlated to a given 
standard dye spectrum. the pulse is then subjected to the base 
classification process at step 510. where the spectrum 
assigned pulse data is further filtered based upon one or more 
of a number of signal parameters, which provide a basis of 
classiflcationofthe signal as a particular base (also referred to 
herein as a base classifier). The base classifier will typically 
comprise an algorithm that assesses the one or more signal 
parameters in order to classify the particular pulse as being 
correlative of a given base incorporation event. By way of 
example. such algorithms will typically comprise a multi-
parameter fit process to determine whether a spectrum 
assigned signal pulse corresponds to an incorporation event 
within a selected probability range, as described in greater 
detail, below. 

A. Calibration 

I. Gridding 

101001 As noted previously, the processes of the invention 
are particularly usel'ul in processing signal data from arrays of 
optically confined sequencing or other optically monitored 
reactions. In particular, the systems and processes of the 
invention are particularly preferred for use with arrays of zero 
mode waveguides in which polymerase mediated, template 
directed primer extension reactions are occurring, where the 
addition ola nucleotide to an extending primer gives rise to a 
fluorescent signaling event. The signals emanating from the 
various signal sources on the array are then imaged onto an 
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imaging detector, such as a CCD. ICCD. EMCCD or CMOS 
based detectorarray. Asia result, prior to running a sequencing 
experiment, it is typically desirable to calibrate the system to 
the locations of the dillereni zero mode waveguides (or other 
signal sources in other processes) in the overall array. or more 
importantly, the position upon the detector at which the dif-
ferent signals from each signal source are imaged. 

1010t1 While in some cases, location of imaged signals 
could be carried out on a completed sequencing run, in many 
cases, it is preferred to accomplish this prior to capture of 
sequencing data, so that signal data associated with a given 
signal can be combined (e.g., binned) prior to extraction from 
the detector array. In particular, by identifying a collection of 
pixels associated with a given signal source and/or a given 
spectral signal from that signal source, one can collapse or 
combine the signal data from the different pixels prior to 
extracting it from the detector array. This has the result of 
reducing the amount of overall signal data that is required to 
be processed in subsequent steps. 

101 021 In locating the image of the different signal sources 
on the detector, the array is typically illuminated so as to 
provide an imaged signal associated with it on the detector. In 
the case of an array of ZMWs (zero mode waveguides), the 
array is trans-illuminated through the waveguide using a ref-
erence light source. The referenced light source may be a 
broad band light source imaged onto the detector through a 
narrow band-pass filter. e.g.. 543 ram. as shown in step 552 in 
FIG. 5 or may be an emitter of narrow-band light. Such 
trans-illumination provides for high signal to noise levels for 
the image, allowing for more accurate centroid estimation for 
gridding. more accurate point spread function estimation, and 
provides a fixed spectral reference point for each imaged 
waveguide. 

101031 The imaged signals are then aligned to the known 
spacing of image sources on the waveguide array optionally 
employing registration marks incorporated into the array. For 
example, in preferred aspects, rows of waveguides in an array 
will include one or more blank spaces in place 0 rwaveguide, 
where the blanks will be spaced at regular. known intervals. 
for alignment. Other registration marks might include regu-
larly spaced image sources that are separate from the 
waveguides. but are at known locations and spacing relative 
to the waveguides in the array to permit alignment of the 
image to the array. Such image sources may include apertures 
like waveguides, or may include fluorescent or luminescent 
marks that provide a signal event that can be used for align-
ment. The gridding step also permits the identification and 
calibration of the system to take into account any artifacts in 
a given waveguide army. e.g.. blank waveguides otherthan 
registration blanks, irregularly spaced waveguides. or the 
like. FIG. 6 is an image of a trans-illuminated waveguide 
array that includes Ihur rows of approximately 100 
waveguides per row. Alignment may additionally be aided by 
feature recognition software that correlates signal peaks in 
the trans-illuminated array image with the known relative 
locations of waveguides on an array. 
101041 During the gridding step. the position of each 
waveguide image in the intro-row dimension is determined. 
Typically, a multi-point spread function is fit to each image to 
identify the image centroids in the intro-row dimension (Sec 
step 504 in FIG. 5). This is schematically illustrated in FIG. 7, 
which provides a close-up image of a series of trans-illunii-
nated waveguide images in a given row, showing the identi-
fied centroids for each image. Also shown in FIG. 7 is a blank 

Jan. 22, 2009 

space that is used in registration ofthe overall array image. as 
discussed above. The image positions are then used in subse-
quent processing to associate a given set of signal data to a 
given waveguide, and consequently a given extension reac-
tion. and to permit collapsing of image data from a given 
location to spectral images from that location. 

2. Spectral Extraction 

101051 Once the location of the imaged waveguides is 
determined, the range of the full imaged spectra for each 
waveguide are identified and this range may be communi-
cated to detector 116 to allow binning and other data reduc-
tion operations to be performed prior to extraction from the 
detector. By way of example, an image of each ZMW typi-
cally has its narrowest dimension along the axis ofthe specific 
row in which the waveguide is disposed (and that is orthogo-
nal to the axis ofthe spectrally separated image). For purposes 
ofdiscussion. the row axis is termed the spatial axis. whilethe 
axis that runs through the elongated image of the spectral 
components of the waveguide is termed the spectral axis. For 
example, in at least one exemplary system. the spatial axis 
dimension of an image will full within a 5 pixel range. while 
the spectral axis will typically fall within a pixel range of from 
about 12 pixels to about 20 or more pixels, depending upon 
the extent of spectral separation of the image. and the size of 
the image in the first instance. Thus, the pixels corresponding 
to the full spectral image of a given waveguide may range 
from 60 to 100 or more pixels in a rectangular area. These 
pixels that are associated with each waveguide are optionally 
combined (binned) by the detector 116 prior to further analy-
sis. This combination may optionally be performed upon full 
image data extracted from a detector. e.g., a software process, 
or it may be performed within the detector, e.g.. a firmware 
process. and output to the software process. 

101061 The software based process has a number ofadvan-
tages. including. e.g.: minimizing data loss during the acqui-
sition of the image data or movie; maximizing the signal to 
noise ratio of pulses based on establishing flux distribution 
around each waveguide in spatial dimension and noise char-
acteristics of detector and doing appropriate weighted sum of 
pixel intensities: detecting and compensating for any instnl-
nient drift during movie acquisition: allowance for algoritli-
mically distinguishing some instrument systematic artifacts 
such as Clock Induced Chaise (CIC) noise and cosmic ray 
events on the CCD from the signals ol'interest based upon the 
two dimensional images being processed: the ability to esti-
mate and potentially correct spatial cross-talk between 
ZMWs. 

101071 Certain disadvantages of the software process 
include. e.g.: a decrease in the maximum frame rate of the 
detector camera, as more pixels are read out from the camera. 
reducing the ability to detect shorter pulses: and increased 
instrument noise compared with firmware processes 
described below, resulting from rend-noise that is associated 
with each pixel that is read out. 

101081 To maximize the signal to noise ratio (SNR) of the 
extracted spectrum. a weighted sum of pixels along the spatial 
axis of the ZMW is performed. Weights that maximize the 
SNR are determined by the inverse variance of each pixel. 
The first step is to estimate ZMW flux distribution shape in 
the spatial dimension for each line of ZMWs. This shape for 
individual ZMW signals in the trans-illumination phase is 
identical (governed by the instrument Point Spread Function 
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(NP)). This will typically provide a good estimate ofthe PSF 
for subsequent analyses, e.g.. in a sequencing movie. 

101091 In measuring the PSF in the transilluminated 
waveguide image typically the regular nature of the grid 
allows for accurate estimates in the spatial dimension by 
summing lines centered along a line of ZMWs. By subtract-
ing adjacent lines an accurate local background correction 
can be made to leave a one dimensional intensity profile of 
ZMWs whose shapes are governed entirely by the instrument 
point spread function. The instrument PSF can be modeled 
(e.g.. by a Gaussian or Moffat function). Fits to the one 
dimensional profile of a line of ZMWs may solve for all 
ZMW amplitudes, the ZMW spacing, and a PSF width. These 
fits can also solve for more parameters (e.g. a polynomial 
model of PSF width as a function of FOV position) in order to 
account for second order effects, such as variation of the 
optical PSF across the field of view (FOV) of the camera or 
variations in chip geometry. 

101101 lit certain additional cases, the variance of the pixel 
signal intensity for a given camera is also determined. Gen-
erally for CCDs this relationship is predictable and measur-
able being governed by the Shot noise on the detected photons 
and the CCD read-noise, as well as variances from the gain 
register for. e.g.. EMCCDs. These CCD parameters are typi-
cally estimated from the calibration data using static signal 
data taken at different intensities, but they can also be mea-
sured from stable pixels (pulse free) in a sequencing movie. 
Using the PSF estimate and the signal-variance relationship 
the CCD pixels are weighted-summed by their inverse vari-
ance to maximize the SNR in the collapsed spectrum. Typi-
cally. this binning or data reductions process reduces a two-
dimensional pixel image for each ZMW into a one-
dimensional line of pixel values. The differences in pixels 
along this line are due to spectral refraction as described 
herein. lisus. each pixel of this line is at times herein referred 
to as a spectral pixel of a ZMW and the line of pixels is at 
times herein referred to as a spectra of the ZMW. 
101111 In an alternative extraction process. the binning ol' 
spectral images from each waveguide is carried out on the 
detector (e.g., a camera chip in a firmware controlled pro-
cess). In particular. a high resolution calibration image is 
taken and used to establish a map for on-chip binning in the 
spatial axis of the CCD in hardware to essentially read out 
spectra directly from the camera. In contrast to the software 
driven process above, this process provides benefits of: read-
ing out fewer pixels, allowing for increased maximum frame 
rate, for increased sensitivity to the shorter titnescale pulses; 
fewer pixels imaged per ZMW and therefore less instrument 
read-noise; and less data storage of raw output from camera. 
Of course, certain disadvantages of this process include. e.g.: 
potential for data loss during acquisition from pixels not 
binned; lower signal to noise ratios per pulse (if pixels are not 
in regime where read-noise dominates): instrument stability 
and.'or dynamic drift correction must be done by the instru-
ment during acquisition, rather than as a software correction; 
a reduced ability to distinguish instrument artifacts such as 
CIC noise and cosmic rays based on spatial profile: and 
reduced ability to account for and remediate spatial cross-talk 
between ZMWs. due to loss of spatial information in the 
image. 

101121 In this process. the location of ZMW signals is 
determined from a full illumination flame. and on-camera (or 
..on-chip") binning sums (in the spatial direction) only those 
CCD lines associated with a line of ZMW holes which con-
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tains the majority of the signal and reads out only those lines 
during the actual movie acquisition. This effectively turns 
output of the CCD from reading out images of waveguides 
and waveguide arrays. to directly reading out spectra from the 
camera chip. As noted previously, by reducing the number of 
pixels output from the camera over a larger field of view, 
higher maximum frames rates can be maintained. The opti-
timl binning strategy is the one that maximizes the SNR of 
pulses from each hole. 

3. Color Calibration 

101 13J During the calibration process, the system is also 
calibrated for the image spectra from each source. In particu-
lar. in a sequencing reaction, signals associated with each of 
the different incorporated bases have a distinguishable spec-
trum. The system used in the preferred sequencing process, 
e.g., as schematically illustrated in FIG. t. through the use of 
a wedge prism or other similar optical train component(s), 
directs each spectrally different signal component from a 
given waveguide. to a different spot on the detector, where 
each type of signal from a given waveguide. is separated from 
the others in one dimension. In particular, a wedge prism will 
deflect spectrally different signal components to a greater or 
lesser degree, depending upon their wavelengths, and image 
those components on different portions of the detector (Sec. 
e.g., U.S. Patent Publication No. 2007/0036511, previously 
incorporated herein by reference). In order to identify it signal 
front a sequencing reaction as corresponding to a given label, 
the system must first be calibrated to the shape and location on 
the detector at which each spectrally different signal compo-
nent from each waveguide. will be imaged, e.g., as shown at 
step 556 of FIG. 5. 
101141 During spectral calibration, the waveguide array is 
provided with a standard reference label that may include 
each pure dye. a pure labeled nucleotide. or another relevant 
pure component. e.g.. a polymerase/template/primer corn-
plexed labeled nucleotide. The signal ofeach pure label cons-
pound is then imaged upon the detector and its location is 
mapped. This is repeated for each different label that is to be 
used in a reaction. For a typical sequencing operation. this 
would include the four difirent labels used in identifying 
each of the four different nucleotides. The result is a spectral 
template or map for the overall array and for the various 
different labels to be used in a sequencing operation. 
101151 In many cases, the calibration spectra will betaken 
at different locations on a waveguide array, e.g.. from differ-
ent waveguides. than analytical reads, e.g.. sequencing mov-
ies. As such, the positions ofthe spectral images are measured 
relative to the reference wavelength used in the transillurni-
nation phase. above. which can then be used to correlate 
spectral images front different waveguide locations obtained 
during a sequencing movie. 1'hese spectral templates can then 
be aligned to the diflèrent locations on the CCD as given by 
the centroids ofthe transillunsination image in the sequencing 
movie. Typically however the spectra as seen on the CCD are 
coarsely sampled and the spectral shape is sensitive to the 
subpixel centroid location ol'the ZMW within the image. lb 
improve on estimating this shape accurately the calibration 
spectra are taken at multiple subpixel centroids, e.g.. 0.1 
pixels samplings. These can then be combined into a much 
higher resolution spectrum than a single image can provide. 
With a subpixel spectral reference centroid estimated from a 
ZMWs transillumination image. this high resolution spec-
trum can then be accurately downsampled to account for any 
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pixelation of the camera. In addition, due to potential distor-
tions in the optics (e.g. coma, chromatic and spherical aber-
ration) one may also obtain calibration spectra across the field 
of view of the chip. In this way. a unique spectrum is used 
from the calibration data for a ZMWs position, thereby 
accounting for spatially dependent effects that may arise from 
the optics. 

4. Other System Calibration 

101161 In addition to the location calibration and spectral 
calibration, it will be appreciated that other calibration pro-
cesses may also be performed. For example. in some cases, 
the detector is calibrated by providing for an imaging step 
while the shutter is closed, to ascertain and calibrate for any 
noise that may be deriving from the detector itself. Likewise, 
an overall system noise calibration step may be performed in 
the absence of any fluorescent or other labeling components 
within the wavcguides in the array, to ascertain and calibrate 
for noise that derives from the system as a whole, e.g., auto-
fluorescence of the optical train components. the array sub-
strate. etc. (See step 558 of FIG. 5). Typically, these noise 
sources will be factored into one or more of the filtering steps 
in an overall process, e.g., subtracted from overall signal 
levels, or in one of the other calibration steps, e.g., in identi-
fication of the image locations and/or generation of the spec-
tral template. the system is also typically calibrated for addi-
tional noise sources deriving from the reaction itself, e.g., 
resulting from nonspecific adsorption of dyes within an 
observation volume, presence of multiple complexes. and the 
like, as shown at step 560 of FIG. 5. 

B. Signal Extraction to Traces 

101171 Images or movies of signal data deriving from an 
actual sequencing reaction is processed initially based upon 
the calibration of the system, as set forth above. In particular, 
signal data is associated with a particular signal source. e.g.. 
waveguide. in the array based upon the positional data 
obtained during the calibration process. The result of the 
calibration process, above, is a time series ofspectra for each 
waveguide. which is stored as an image with dimensions of 
the number of scans and number of spectral pixels (See. e.g.. 
FIG. 8). The next step is to identify and classil' pulse spectra 
from this image. Since the spectral templates for experimen-
tally represented dyes for each ZMW are known through the 
above calibration process. these 2D images can be converted 
to ID time series signals (one for each dye). This conversion 
can be achieved by a number of methods. For example, one 
may employ a linear matrix inversion in which the dye cali-
bration templates are used to decompose the spectrum into 
the individual intensities of the pure dye spectra at each time 
point. Alternatively, or additionally. one may employ a 
weighted sum of spectral pixels using the dye templates to 
maximize the SNR of a pure dye sum in its trace. 
101181 In either event, the signals for each waveguide are 
compared to the spectral template and for cacti located signal 
source, each spectral component is then collapsed into an 
individual trace. In particular, the signal intensity at the image 
location that corresponds to a particular spectral signal from 
a particular signal source is plotted and/or monitored as a 
function of time, to provide a time resolved trace of signal 
activity ofa given color for a given waveguide. As a result, for 
each located waveguide using a four color sequencing pro-
cess. four different traces will be generated that reflect the 

Jan. 22, 2009 

intensity of the different signal components over time. An 
example of trace data from four spectral traces l'rom a single 
waveguide is shown in FIG. 8. 
[0119] As noted above, the signal data represented in each 
trace is an aggregate signal of the particular pixels associated 
with a given spectral component of the signal. In particular. an 
image location may include a plurality of pixels in the detec-
tor. in order to yield the most accurate data. Rather than 
process signal data from each pixel in the image, the overall 
image can he aggregated and processed as a single data unit. 
Aggregation of the pixel data can be accomplished in the 
processor but is preferably carried out in the detector, itself, as 
an initial process. to minimize the amount of data created by 
the system and subject to further processing. 

C. Pulse Recognition 

(01201 Once the traces have been generated for a given 
waveguide. they are subjected to the pulse recognition pro-
cess. The pulse recognition process is schematically illus-
trated in the how chart of FIG. 9. In the initial step 900, a 
baseline is established for the trace. Typically, the baseline 
may comprise signal contributions from a number of back-
ground sources (depending on the details of the spectral and 
trace extraction steps). For example, such noise will typically 
include, e.g.. global (out-of-focus) background (e.g., auto-
fluorescence and large scale spatial cross-talk from the optics) 
and diffusion (in focus) background from the individual 
waveguides considered). These backgrounds are generally 
stable on the timescales of pulses. but still may vary slowly 
over longer tiniescales. Baseline removal comprises any 
number of techniques. ranging from, e.g.: a median of the 
trace, finning lowest-percentile with bias correction, polyno-
mial and/or exponential fits, or low-pass filtering with anFFT. 
Generally these methods will attempt to be robust to the 
presence of pulses in the trace and may actually be derived at 
through iterative methods that make multiple passes at idea-
til'ing pulses and removing them from consideration of base-
line estimation. 
101211 Other baselining functions include correction for 
drift or decay of overall signal levels. For example. pho-
tobleaching of organic material sometimes present on the 
back of the waveguide array is believed to cause decay in the 
level of background. and thus result in a decreasing baseline 
over time. This same global background decay is present on 
portions of the substrate at which there is no waveguide, thus 
allowing the traces derived from these locations to be used in 
combination with the two dimensional global background 
image to estimate the contribution of this signal to every 
trace/channel across the chip. This component of variability 
can then be subtracted from each trace and is usually very 
effective at removing this decay. Typically, this is carried out 
prior to the baselining processes described above. 
101221 As shown, each trace's baseline is established at step 
900. Following establishment of the baseline the traces are 
subjected to noise suppression filtering to maximize pulse 
detection (step 902). In particularly preferred aspects, the 
noise filter is a 'matched filter' that has the width and shape of 
the pulse of interest. While pulse timescales (and thus, pulse 
widths) are expected to vary among different dye labeled 
nucleotides. the preferred filters will typically look for pulses 
that have a general "top-hat" shape with varying overall dura-
tion. As such, a boxcar filter that looks for a pulse of pro-
longed duration. e.g.. from about 10 ins to 100 or more rns, 
provides a suitable filter. This filtering is generally performed 
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in the time-domain through convolution or low-pass fre-
quency domain lillering. Other filtering techniques include: 
median filtering (which has the additional effect of removing 
short timescale pulses completely from the trace depending 
on the timescale used), and Savitsky-Golay filtering which 
tends to preserve the shape of the pulse—again depending on 
the parameters used in the filter). 

101231 Although described in terms of a generic filtering 
process across the various traces, it will be appreciated that 
different spectral traces may have different characteristics. 
and thus maybe subjected to trace specific filtering protocols. 
For example, in some cases, a given dye labeled analog (e.g., 
A) may have a different pulse duration for an incorporation 
event than another different dye labeled analog (e.g., T). As 
such, the filtering process for the spectral trace corresponding 
to the A analog will have different filtering metrics on the 
longer duration pulses. than for the trace corresponding to the 
T analog incorporation. 

101241 In identifying pulses on a filtered trace, a number of 
diflerent criteria may be used. For example. one could use 
absolute pulse height. either with or without normalization. 
Alternatively, one could identify pulses from the pulse to 
diffusion background ratio as a metric for identifying the 
pulse. In still other methods, one may use statistical signifi-
cance tests to identify likely pulses overthe background noise 
levels that exist in a given analysis. The latter method is 
particularly preferred as it allows for variation in potential 
pulse intensities, and reduces the level offlilse positives called 
from noise in the baseline. 

101251 As noted previously, a number of signal parameters 
may be and generally are used in pulse identification (as well 
as in pulse classification). For purposes of illustration, how-
ever. the process illustrate in the flow chart of FIG. 9 focuses 
primarily on the use of two main pulse metrics, namely pulse 
intensity and pulse width. As will be appreciated. the process 
steps at step 906 and 908 may generally include any one or 
more of the various pulse metric comparisons set forth else-
where herein. 
101261 As such, following filtering, standard deviation of 
the baselines (noise and pulses) is determined at step 904. 
Prn1'erred methods fordetermining the standard deviation of  
trace include robust standard deviation determinations 
including, e.g., being based upon the median absolute differ-
ence about the baseline, a Gaussian or Poisson lit to the 
histogram of baselined intensities, or an iterative sigma-clip 
estimate in which extreme outliers are excluded. Once deter-
mined for each trace, a pulse is identified if it exceeds some 
preset number of standard deviations from the baseline, at 
step 906. The number of standard deviations that constitute a 
significant pulse may vary depending upon a number of fac-
mrs. including, for example. the desired degree of confidence 
in identification or classification of significant pulses. the 
signal to noise ratio for the system. theamount ot'other noise 
contributions to the system, and the like. In a particularly 
preferred aspect, the up-threshold for an incorporation event, 
e.g., at the initiation of a pulse in the trace, is set at about 5 
standard deviations or greater, while the down-threshold (the 
point at which the pulse is detenniuted to have ended) is set at 
1,25 standard deviations. The pulse width is then determined 
from the time between the up and down thresholds at step 910. 
Once significant pulses are initially identified. they are sub-
jected to further processing to detenuine whether the pulse 
can be called as a particular base incorporation event at step 
912, and as described in greater detail, below. 
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101271 In some cases, multiple passes are made through 
traces examining pulses at different mimescales, from which a 
list of non-redundant pulses detected at such different time 
thresholds may be created. This typically includes analysis of 
unfiltered traces in order to minimize potential pulse overlap 
in time, thereby maximizing sensitivity to pulses with width 
at or near the highest frame rate of the camera. This allows the 
application of pulse shape or other metrics to pulses that 
inherently operate on different timescale. In particular, an 
analysis at longer timescales may establish trends not identi-
fiable at shorter timescales. for example. identifying multiple 
short timescale pulses actually correspond to a single longer, 
discrete pulse. 
101281 In addition, some pulses may be removed from con-
siderationlevaluation, where they may have been identified as 
the result of systematic errors, such as through spatial cross-
talk of ad,jacent waveguides, or spectral cross-talk between 
detection channels for a given waveguide (to the extent such 
issues have not been resolved in the calibration processes, 
supra). Typically, thecalibration process will identify spectral 
and spatial cross-talk coefficients for each waveguide, and 
thus allow such components to be corrected. 

101291 Pulse recognition, e.g., on the one dimensional 
traces, as described above. may provide sufficient distinction 
to classify pulses as corresponding to particular dyes, and 
consequently. particular bases, based purely on their peak 
height. In most preferred aspects, however, the pulses identi-
fied for each waveguide are used to return to the waveguide's 
spectra to extract individual waveguide's spectra for each 
pulse for additional pulse metrics and to identify any inter-
fering signal components. such as whether a detected pulse in 
a trace is due to spectral cross-talk. 

D. Pulse Spectrum Extraction and Classification 

10 130J Classification of an extracted pulse spectrum is then 
carried out by comparing the extracted spectrum to the spec-
tra of the standard dye sets established in the calibration 
process. A number of comparative methods may be used to 
generate a comparative metric for this process. For example. 
in preferred aspects, a Q2 test is used to establish the goodness 
of fit of the comparison. In a particular example, for an 
extracted pulse spectrum (S1), the amplitude (A) of the fit of 
an individual dye spectral shape, as measured from the pure 
dye calibration spectrum, P,, is the only variable to solve and 
will have a Q2 value or: 

tS1-AP,t' 

vi 

101311 The probability that the pure dye spectrum fits with 
the extracted spectrum is then derived from the Q2 probability 
distribution (with a number of degrees of freedom l'or the 
number of' data points used. v). 
101321 'I'he classification of a given pulse spectrum is then 
identified based upon calculating values for each of the four 
different dyes. The lowest 922 value (and the highest probabil-
ity fit), assigns the pulse to that particular dye spectrum, and 
the pulse is called as corresponding to that dye. 

101331 Again, other techniques may be employed in clas-
sifying a pulse to a particular spectrum. including for 
example, measuring correlation coefficients for each ofthe4 
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possible dyes for the spectrum, with the highest correlation 
providing the indication to which base ordye the pulse will be 
classified. 
101341 In addition to comparison of the pulse spectra to the 
calibration spectra, a number of other pulse metrics may be 
employed in addition to a straight spectral comparison in 
classifying a pulse as correlating to a given dye/nucleotide. In 
particular, in addition to the spectral properties associated 
with a given dye, signals associated with incorporation of a 
given dye labeled nucleotide typically have a number ofother 
characteristics that can be used in further confirming a given 
pulse classification. For example, and as alluded to above, 
different dye labeled nucleotides may have different charac-
teristics such as pulse arrival time (following a prior pulse). 
pulse width, signal intensity or integrated counts (also 
referred to as pulse area), signal to noise ratio, power to noise 
ratio, pulse to diffusion ratio (ratio of pulse signal to the 
diffusion background signal in each wavegttide). spectral fit 
(e.g.. using a minimum Q2 test, or the like), spectrum ccii-
troid, correlation coefficient against a pulse's classified dye, 
time interval to end of preceding pulse. time interval to the 
ensuing pulse, pulse shape. polarization of the pulse, and the 
like. 
101351 In particularly preferred aspects. a plurality of these 
various pulse metrics are used in addition to the spectral 
comparison, in classifying a pulse to a given dye. with par-
ticularly preferred processes comparing two, three, five, 10 or 
more different pulse metrics in classifying a pulse to a par-
ticular dye/nucleotide. 

F. Base Calling 

101361 Once the pulse spectrum is classified as correspond-
ing to a particular dye spectrum, that correlation is then used 
to assign a base classification to the pulse. As noted above, the 
base classification or "calling" may be configured to identify 
directly the dye labeled base added to the extended primer 
sequence in the reaction, or it may be set to call the comple-
mentary base to that added (and for which the pulse spectrum 
best matches the dye spectrum). In either case. the output will 
be the assignment oh's base to each recognized and classified 
pulse. An illustration of bases being called or assigned to 
difièrnnt pulses is shown in FIG. 10, which shows such pulses 
on a collapsed timescale. 
101371 In an ideal situation, once a pulse is identified as 
significant and its spectrum is definitively identified, a base 
could simply be called on the basis of that inl'omiation. How-
ever, as noted above, in typical sequencing runs, signal traces 
include a substantial amount of signal noise, false positive 
pulses, e.g., resulting flouji nonspecifically adsorbed analogs 
or dyes or the like. Accordingly, pulse classification can in 
many cases involve a more complex analysis. As with pulse 
identification, above, base classification typically relies upon 
a plurality of dill'erent signal characteristics in assigning a 
base to a particular identified significant pulse. In many cases. 
two. three, live, ten or more dilIërcnt signal characteristics 
may be compared in order to call a base from a given signifi-
cant pulse. Such characteristics include those used in identi-
fying significant pulses as described above, such as pulse 
width, pulse intensity, signal to noise ratio, power to noise 
ratio, integrated counts in pulse peak, shape ol'and distance/ 
time to neighboring pulses, spectral signature of the pulse. 
pulse centroid location, and the like. Typically. such compari-
son will be based upon standard pattern recognition of the 
metrics used as compared to patterns of' known base classifi-
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cations. yielding base calls for the closest pattern fit between 
the significant pulse and the pattern of the standard base 
profile. 

101381 Comparison of pulse metrics against representative 
metrics from pulses associated with a known base identity 
will typically employ predictive or machine learning pro-
cesses. In particular. a "training" database of "N previously 
solved cases" is created that includes the various metrics set 
forth above. From that database, a learning procedure is 
applied to the data in order  to extract a predicting function 
from the data. A wide variety of learning procedures are 
known in the art and are readily applicable to the database of 
pulse metrics. These include, for example. linear/logistic 
regression algorithms, neural networks, kernel methods. 
decision trees, multivariate splines (MARS), support vector 
machines. Further, employing machine learned meta-algo-
rithms forperfomsing supervised learning. or"boosting" may 
be applied to any of the foregoing processes or any combina-
tions of those. Briefly, such boosting incrementally adds to 
the current learned function. At every stage. a weak learner 
(i.e., one that yields an accuracy only slightly greater than 
chance) is trained with data, and that output is added to the 
learned function with some strength (proportional to how 
accurate the weak learner is. The data is then reweighted. 
Identifications that the current learned function has missed 
are then boosted in importance so that subsequent weak learn-
ers may be applied to attempt to correct the errors. Examples 
of boosting algorithms include, for example. AdaBoost. 
LPBoost. lotalBoost. and the like. 

101391 As will be appreciated, and as alluded to previously. 
assignment or classification of a particular pulse as incorpo-
ration of a particular base, e.g.. employing the processes 
above, will typically be based, at least partially. on a desired 
probability score, e.g., probability that the called base is accu-
rate. As noted, the probability scores for base calling, like 
PH RED scores for base calling in chromatographically iden-
tified bases. will typically take into account the closeness of 
fit of a pattern of signal metrics to a standard signal profile, 
based upon a plurality of different signal characteristics that 
include those elements described elsewhere herein, including 
the signal environment around a given pulse being called as a 
particular base, including adjacent pulses. adjacent called 
bases, signal background levels, pulse shape (height or inten-
sity. width or duration, etc.). signal to noise ratios, and other 
signal contributors. Typically, preferred base calls will be 
made at greater than the 90% probability level (90% prob-
ability that the called base is correct), based upon the prob-
ability evaluation, preferably. greater than 95% probability 
level, more preferably greater than 99% probability, and even 
more preferably, greater than 99.9% or even 99.99% prob-
ability level. 

101401 The processes of the invention will typically be inte-
grated with sequence arrangement processes for arranging 
and outputting the individual called bases into a linear 
sequence. and outputting such data to the user in any of a 
variety of convenient formats. Additionally. such processes 
will optionally verify and correct such sequence data based 
upon iterative sequencing of a given template, multiple sam-
pling of overall sequence fragments through the sequencing 
of overlapping templates. and the like, to provide higher 
confidence in sequence data obtained. 

101411 A numberol'other filtering processes maybe used in 
the overall evaluation of data from sequencing by incorpora-
tion reactions as discussed herein. For example. a number of 
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filtering processes may be employed to identify signal 
sources or waveguides that are yielding the highest quality 
level of data. e.g.. resulting from a single fully functional 
polymerase/teniplate/primer complex. immobilized on the 
bottom surface of the waveguide. These filters may rely upon 
a number of the metrics described above. Alternatively, these 
filters may employ holistic characteristics associated with a 
mug time scale showing a large number of pulses. and deter-
mining whether the longer tiinescale metrics of the traces 
have characteristics of a typical sequence by incorporation 
trace. e.g.. relatively regular. high confidence (based upon 
one or a number of relevant pulse metrics) pulses coming out 
over the course of the trace, yielding a "picket fence" appear-
ance to the trace. Alternatively, additional components may 
be introduced to the reactants. e.g.. labeling of the complexes. 
to facilitate their identification in the filtering process. As 
such, the existence of the indicator would be an initial filter to 
apply to any waveguide's data traces. 
101421 Although described in some detail for purposes of 
illustration, it will be readily appreciated that a number of 
variations known or appreciated by those of skill in the art 
may be practiced within the scope of present invention. To the 
extent not already expressly incorporated herein, all pub-
lished references and patent documents referred to in this 
disclosure are incorporated herein by reference in their 
entirety for all purposes. 

Further Fixample Embodiment 

101431 In order to ftirther illustrate the invention, details are 
provided below regarding data collection and data analysis 
related to particular example sequencing systems. The details 
below are provided as a further example oi'embodiments of 
the invention and should not be taken to limit the invention. In 
some sequencing systems ol'inlerest, the relative weakness of 
detected signals, the levels of noise, the very small feature 
sizes ol'tile reaction locations, and the speed and variation of 
the incorporation reaction, present challenges for signal data 
analysis and base-calling. lhese challenges are addressed by 
a number of novel data analysis methods and systems accord-
ing to specific embodiments of the invention. 
Example of Raw Data horn an array of reaction locations 
(0144] In order to better illustrates aspects of particular 
embodiments of the invention, characteristics of an example 
set of captured data are briefly described. An particular 
example system ol'the type illustrated in FIG. I can be further 
understood as follows. Substrate 102 is an ordered arrange-
ment (e.g.. an array) of reaction locations and/or reaction 
wells and/or optical confinements and/or reaction optical 
sources 104. Detector/camera 116 is an ordered array of 
optical signal collectors or detectors. such as a CCDs. EMC-
CDs. or otherdevices able to detect optical signals and report 
intensity values. Such devices are well understood in (heart 
and typically are known as able to detect light intensity inci-
dent on the detector during a given time interval (or frame) 
and able to output a numerical intensity value representative 
of the light intensity collected during a particular interval. 
Detector 116 will typically include an array of addressable 
areas, each able to make an intensity measure and data output. 
The separate areas are commonly referred to as pixels. Each 
pixel generally has an address or coordinate (e.g., x. y) and 
outputs one or more intensity levels lhr a given interval or 
frame. Pixels that output only one intensity level are some-
times referred to as gray-scale or monochrome pixels.A static 
pixel array of light intensity values (e.g.. generally for one 
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interval) is commonly referred to as an imageor frame. A time 
sequence of frames is referred to as a movie. 
101451 A detector/camera such as 116 may be capable of 
only the most basic functions necessary to capture and output 
intensity levels. Alternatively, a detector/camera such as 116 
may include or be associated with logic circuitry able to 
perform various optical adjustments and/or data collection 
and/or data manipulation functions such as adjusting frame 
rate, correcting for noise and/or background, adjusting align-
ment or performing tracking. adjusting pixel size, combining 
indicated pixels prior to output. ignoring or filtering indicated 
pixels, etc. 11nis. the raw data available from a detector 116 
typically can be understood as a sequence of 2-dimensional 
arrays of pixel values at a particular frame rate, in an example 
system as in FIG. 1. the raw pixel data is mono-chrome. FIG. 
2 is an example of a single frame or image of monochrome 
raw data captured by detector 116. In specific embodiments 
of the present invention, detector 116 captures and outputs I 
frameeach lOmilliseconds (or 100 frames per second (fp.s.)). 
Data from One Reaction Location/Optical Source 
10146] While the present invention is generally directed to 
collection of data from many optical sources in parallel, some 
aspects of the invention are better understood with reference 
to data captured from a single optical source. In specific 
embodiments, the optical signal (or light) from one location 
102 will pass through an optical train including a spectral 
spreading or refracting component such as prism 112 and lens 
114. In a specific embodiment, the optical signal from one 
location 102 will generally be imaged on and detected by a 
rectangular to nearly rectangular area of pixels on detector 
116. One dimension or axis (typically the longer dimension) 
is primarily due to spectral refraction and is herein referred to 
as the spectral axis. The otherdimension (typically the shorter 
dimension) is referred to as the spatial axis. This axis is 
defined as the axis orthogonal to the spectral axis and is 
primarily due to the point source spread onto detector 116 
through the optical train from location 102. In many preferred 
implementations the spatial axis will be reduced to one pixel 
or a few pixels using one or more known combination tech-
niques. such as a point spread function (PSF) analysis. This 
reduction may be performed before or after data collection 
from the optical system as described below. In some example 
embodiments, the raw-data spectral dimension for one 
imaged location 102 is about 8 pixels to about 20 or more 
pixels. 1-lowever. this value can vary widely as a result of the 
minimum size of pixels available in a detector 116 or other 
optical component and could feasibly range in the lOOs or 
1000s. In some example embodiments, the raw-data spatial 
dimension for one imaged location 102 is about 3 pixels to 
about 5 pixels. However, this value can also vary widely as a 
result of the minimum size of pixels available in a detector 
116 or other optical component and could feasibly range in 
the ION or 1000s. In some example embodiments. the frame. 
rate for raw captured images is about 100 frames per second 
(Lp.s.). However, this value could also vary widely depending 
on desired characteristics of the system and available com-
putational and/or optical components. 

Analysis of Arrays of Reaction Locations 

101471 In specific embodiments, data capture and data 
analysis according to the present invention includes many 
novel elements related to analyzing a large number of indi-
vidual sequencing reactions located in an array of reaction 
locations or optical confinements. The invention, in specific 
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embodiments, addresses the difficulties that arise in such a 
system and takes advantage of the unique properties of the 
data arising from such a system. 
101481 FIG. 12 is a flow chart illustrating an example 
method of base calling from a sequencing array using a logic 
processing system according to specific embodiments of the 
invention. This figure illustrates a number of steps that are 
explained in greater detail below. Not all of these steps will be 
performed in all embodiments. In general terms, data capture 
and analysis involves: capturing pixels from a pixel detector 
for multiple reaction locations of a sequencing array (Step 
Al); determining correlations (gridding) between pixel sets 
and reaction locations (Step A2); performing one or more 
individualized calibrations and storing one or more individu-
alized reaction location calibration parameters and/or data 
sets (Step A3); performing one or more collective array cali-
brations and storing one or more collective calibration param-
eters (Step A4): determining one or more data reduction 
parameters (Step AS); capturing a time sequence of pixel 
images from a pixel detector for multiple reaction locations 
during multiple incorporation reactions (Step A6); perform-
ing one or more data reductions on captured pixels (Step A7); 
for individual reaction locations, extracting separated dye 
spectral traces (Step A8); analyzing extracted dye separated 
traces to determine significant trace pulses and trace pulse 
characteristics or optionally to exclude locations with traces 
indicating poor quality reaction data (Step A9); using trace 
pulse start and end times (optionally from multiple traces) to 
identify a pulse in captured pixel data (Step AIO); comparing 
a pulse in captured pixel data to one or more spectral tem-
plates to classify captured pulses as associated with a particu-
lar dye-label (Step All); performing an initial base-calling 
for individual reaction locations (Step Al2); examining pulse 
data from multiple reaction locations with overlapping 
sequence data and perform one or more sequence alignments 
using one or more of initial base calling from individual 
reaction locations, and probabilities associated with one or 
more of a classification, a false-positive pulse detection, a 
false-negative pulse detection (Step A13); outputting one or 
more consensus sequences produced by an alignment of pulse 
data, classification data, and probability data from multiple 
reaction locations, where output can include presentation to a 
user on a display or printout, recording sequence data on a 
tangible medium, or transmitting sequence data loan external 
computer system) (Step A14). 
101491 Analysis of sequencing-by-incorporation-reactions 
on an array of reaction locations according to specific 
embodiments of the invention is also illustrated graphically in 
FIG. 13. In this sununary figure, data captured by a CAM-
ERA is represented as a MOVIE, which is also a time 
sequence of SPECTRA. Spectral CALIBRATION templates 
are used to extract TRACES than the spectra. Pulses identi-
fies in the traces are then used to return to the SPECTRA data 
and from that data produce a temporally averaged PULSE 
SPECTRUM for each pulse. The Spectral CALIBRATION 
templates are then also used to classify PULSE SPECTRUM 
to a particular base. Base classifications and pulse and trace 
metrics are then stored or passed to other logic for further 
analysis. 

Calibrations 

101501 Typically. various adjustments or calibrations are 
made in digital imaging systems both prior to and during 
image capture. These adjustments can include such things as 

Jan. 22, 2009 

determining and correcting for background noise or various 
distortions caused by the optical and/or digital capture com-
ponents, adjusting frame or shutter speed based on intensity 
levels, adjusting contrast in reported intensity levels, etc. 
Various such calibrations or adjustments may be made 
according to specific embodiments of the invention so long as 
the adjustments to not interfere with the data analysis as 
described below. Calibrations particular to specific einbodi-
ments of the present invention are described in more detail 
herein. Some of these calibration steps described herein may 
be performed periodically (such as once a week or once a 
day), other calibrations may be performed once at the begin-
ning of a sequencing reaction data capture and analysis, and 
some calibrations are performed on a more continuous basis, 
throughout or at intervals during a reaction capture and analy-
sis. These calibration steps can include such things as cell-
troid determination, alignment. gridding, drift correction, ini-
tial background subtraction, noise parameter adjustment, 
spectral calibration, frame-rate adjustment. etc. Some cali-
bration steps. such as binning, may involve communication 
from the processor back to the detector/camera, as discussed 
further below. 

Gridding 

101511 An initial step in analyzing data from a system such 
as illustrated in FIG. 1 is determining which sets of pixels of 
detector 116 correspond to individual reaction locations 104. 
(In some implementations, this step could be addressed in the 
construction of the system, so that detectors and reaction 
locations are manufactured to have a fixed association.) Grid-
ding, in particular embodiments, is an initial identification of 
particular reaction locations with particular areas of pixels in 
an image. According to specific embodiments of the inven-
tion, imaged signals are correlated to the known spacing of 
image sources on the waveguide array. Optionally, one or 
more registration marks incorporated into the array can be 
used. For example, in preferred aspects, rows of waveguides 
in all array will include one or more blank spaces in place of 
a waveguide, where the blanks will be spaced at regular. 
known intervals. Other registration marks might include 
regularly spaced image sources that are separate from the 
waveguides, but are at known locations and spacing relative 
to the waveguides in the array to permit aligmnent of the 
image to the array. Such image sources may include apertures 
like waveguides, or may include fluorescent or luminescent 
marks that provide a signal. Gridding in generally accom-
plished with an illuminated reference frame. 

Determining Individualized Sub-Pixel Reference Centroids 

101521 According to specific embodiments of the inven-
tion, after a initial association of pixel areas in an image with 
particular ZMWs (gridding), an individualized reference cen-
troid is determined and stored for each or nearly each ZMW. 
This centroid is determined by finding the geometric ceuteror 
Gaussian center from a known spectrum, high SNR, narrow 
band light source that is imaged on detector 116 through 
generally the same optical train as sequencing reaction opti-
cal signals. With reference to FIG. 1, the illumination is 
directed through the partially transparent waveguides 104 and 
then through the optical train. Note that, while pixel address 
locations are generally integer values, formulas for determin-
ing a Gaussian center provide a decimal result. Using an 
accurate illumination through generally the exact optical path 
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allows determination of a subpixel reference centroid by 
using a selected number of decimal positions fluni the Gaus-
sian center provide a decimal result. The reference sup-pixel 
centroid is stored foreach ZMW and used as described further 
below. In specific embodiments, trans-illumination is pro-
vided by a light source with a narrow band-pass filter (e.g.. 
543 nm) or by a narrow band light source, such as an 730 tim 
light source. In an example embodiment. the subpixel refer-
ence centroid is rounded to a closest 0.1 interval. This sub-
pixel reference centroid may then be used to estimate sub-
pixel centroids for one or more detection signals as described 
herein. FIG. 14 is a flow chart illustrating an example method 
of determining a reference spectral centroid for a reaction 
location image according to specific embodiments of the 
invention. FIG. 15 is a diagram illustrating an initial gridding 
step and corrected centroids according to specific embodi-
ments of the invention. In this figure, the central white line 
down the center of pixel 277 indicates centroid locations as 
determined by an initial gridding step. The individual dots to 
the left of this line indicate individually determined centroids 
for each ZMW as discussed above. The spline through these 
individual dots indicates an optionally spline fining orsimilar 
step that can be used to smooth centroid locations and provide 
a smoothed individualized sub-pixel centroid. 

Alignment ACI-OSS Multiple Reaction Locations 

101531 FIG. 16 is a flow chart illustrating an example 
method of determining an alignment for reaction locations 
and a central axis for individual reaction locations from mul-
tiple reaction location images according to specific embodi-
ments of the invention. After the initial gridding step and 
determination of a sub-pixel centroid elTectively in the spatial 
axis, an alignment along a spatial axis may be performed to 
more accurately determine a location of a sub-pixel centroid 
in the spectral axis. This generally involves capturing pixels 
from a plurality of ZMWs (Step Cl) determining a sub-pixel 
centroid of at least two ZMWs (Step C2): determining a 
centroid line tluough centroids of at least two ZMWs (Step 
C3) optionally, determining if the centroid line is optimally 
parallel to pixel rows ofa pixel detector (Step C4) optionally, 
adjusting alignment (optically or physically) between a 
detector and ZMWs so that a centroid line between multiple 
ZMWs is optimally parallel to pixel rows in a pixel detector 
(Step CS) optionally, storing correction values for ZMWs 
with a centroid substantially off-center ol'a pixel (Step C6); 
storing an indication of a plurality of central axes for a plu-
rality ol'ZMWs (Step C7) optionally transmitting an indica-
tion ofbinning parameters for each ZMW to the pixel detector 
(Step CS). 

Individualized Spectral Templates and Spectral Calibration 

101541 FIG. 17 is a how chart illustrating an example 
method of determining high-resolution dye spectral tem-
plates and down-sampled individualized spectral templates 
according to specific embodiments of the invention. In order 
to provide a more accurate spectral trace extraction and spec-
tral classification, a high resolution spectral template is 
optionally produced using multiple ZMWs. During spectral 
calibration, the waveguide array is provided with a standard 
reference label that may include each pure dye. a pure labeled 
nucleotide. or another relevant pure component. e.g.. a poly-
merase/template/primer-complexed labeled nucleotide. llte 
signal of each pure label compound is then imaged upon the 
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detector using an optical train and its location is mapped. This 
is repeated for each different label that is to be used in a 
reaction. The result is a spectral template or map for the 
various different labels to be used in a sequencing operation. 
Calibration spectra may be taken at different locations on a 
waveguide array than analytical reads and are then aligned to 
the different locations on the detector using the centroids of 
the tratisillumnination image. Typically however the spectra as 
seen on the detector are coarsely sampled and the spectral 
shape is sensitive to the subpixel centroid location of the 
ZMW within the image. 

Stitching 

101551 To improve on estimating this shape accurately the 
calibration spectra are taken at multiple subpixel centroids, 
e.g.. 0.1 pixels samplings. These can then be combined into a 
much higher resolution spectrum than a single image can 
provide. With a subpixel spectral reference centroid esti-
mated from a ZMWs transillumination image, this high reso-
lution spectrum can then be accurately downsampled to 
account for pixelation of the camera. In addition, due to 
potential distortions in the optics (e.g. coma, chromatic and 
spherical aberration) one may also obtain calibration spectra 
across the field of view of the chip. In this way, unique 
spectral templates are used from the calibration data for a 
ZMWs position. thereby accounting for spatially dependent 
effects that may arise from the optics. In a specific embodi-
ment, an army of ZMWs is mechanically or optically tilted 
slightly during spectral calibration data collection. The tilting 
provides a mechanism for capturing calibration spectra with 
sub-pixel offsets for averaging to provide spectral templates 
of higher resolution. FIG. IS is a diagrain illustrating stitch-
ing high-resolution dye spectral templates from multiple cap-
tured spectral calibration data according to specific embodi-
ments of the invention. 
101561 One method of accomplishing high resolution cali-
brations relies on the alignment of reaction locations (e.g.. 
ZMWs) according to specific embodiments of the invention. 
To understand this, consider a vertical row of 100 ZMWs. 
each 10 pixels wide along the spectral axis and effectively 1 
pixel high in the spatial dimension (although more spatial 
pixels could be used.). One means of averaging a spectral 
calibration template of the 100 ZMWs would be to simply 
average each of the 10 pixel locations separately down the 
100 ZMWs. This would provide an averaged spectral tem-
plate, but not a higher resolution one. Now, however, imagine 
tilting the vertical row of ZMWs so that the top most ZMW 
(designated herein as ZMW 100) was roughly one pixel tilted 
(e.g., for purpose of discussion, to the right, towards pixels) 
from the bottom most ZMW. ZMW,. In this case, averages 
can be taken at sub-pixel locations, where, for example, the 
leftmost sub-pixel location, pixel01, will be the average of 
pixel, for the 10 lowest ZMWs for that location (e.g.. ZMW1 
through ZMW,,). The next sub-pixel, pixel0 ,, will be the 
average of a sliding window of 10 ZMWs (e.g.. ZMW, 
through ZMW,, for pixel,,,. ZM)K through ZMW,, for 
pixel(,3. etc.). In this example, pixel 11 will be an average of 
pixel, for 9 ZMWs (e.g.. ZMW,, through ZMW99) and the 
second pixel for ZMW IW. In this way. in this example. 100 
ZMWs with 10 points of spectral pixel resolution are aver-
aged into one spectral template with 100 points of spectral 
pixel resolution. 
101571 In practice. the spectra taken for ZWM1-ZWM 11 
will in general have their spectral reference wavelength 
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placed at varying sub-pixel shifts. relative to the ceniroid 
pixel of the ZMW, because the centroids of the ZMWs will 
vary more or less uniformly across-i pixel Now, assume that 
a ZMW centroid can be localized to within -'ho pixel as 
described herein. The ZMW spectra can therefore becharac-
terized as arising from a re-binning of spectra at lOx the 
resolution, where the higher resolution bin offset is known. 
The high-resolution spectrum can then be estimated by plac-
ingeach ZMW spectrum in its corresponding high-resolution 
bin locations (shift and pitch). and then averaging the values 
in each bin. 

Alternative Spectral Calibration Using Known Segments 
Added to a Template 

101581 In specific embodiments, the generation of high 
resolution spectral calibration templates is done periodically, 
such as once a day or once it week, as it involves generally 
four different rounds of exposing an array 102 to four differ-
ent dyes, with the overhead of preparation of the array for 
each of'the four different reactions. The high resolution spec-
tral templates are then individualized (and optionally down-
sampled) using an spectral subpixel centroid, generally dur-
ing each run. In alternative embodiments. however, a spectral 
template can be determined for each ZMW for each sequenc-
ing reaction by including a series of known bases in a known 
sequence. In such a case, spectral calibration data breach dye 
is collected for each ZMW and averaged to provide an indi-
vidualized ZMW spectral template, optionally using addi-
tional relevant data as provided herein. 

Determining Background Noise 

101591 FIG. 19 is a flow chart illustrating an example 
method of determining background noise for reaction loca-
tion images according to specific embodiments ofthe inven-
tion. 

Software Spatial Data Reduction 

101601 FIG. 20 is a flow chart illustrating an example 
method of data reduction 11w a reaction location image 
according to specific embodiments of the invention. In spe-
cific embodiments. to maximize the signal to noise ratio 
(SNR) of the extracted spectrum, a weighted sum of pixels 
along the spatial axis of  ZMW (or reaction location) image 
area is perlhrmed. Weights that maximize the SNR are deter-
mined by the inverse variance of each pixel. In an grid array 
102 of many reaction locations, optical signal detected from 
multiple locations can be used to delennine a line of pixels 
through multiple locations, and this line of pixels can be used 
as the central line fora ISI" function. By subtracting adjacent 
lines an accurate local background correction calm be made to 
leave a one dimensional intensity profile of ZMWs whose 
shapes are governed entirely by the instrument point spread 
lbnction. 'file instrument PSF can be modeled (e.g.. by a 
Gaussian or MolTal function), Fits to the one dimensional 
profile ofa line of ZMWs may solve I'orall ZMW amplitudes. 
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the ZMW spacing, and a PSF width. These fits can also solve 
for more parameters (e.g. a polynomial model of PSF width as 
a function of FOV position) in order to account for second 
order effects, such as variation of the optical PSF across the 
field of view (FOV) of the camera or variations in chip (e.g.. 
array substrate 102) geometry. 

On-Camera Data Reduction (Binning) 

101611 In an alternative extraction process. binning to 
derive spectral images from each location 104 waveguide is 
carried out on the camera chip (in a firmware controlled 
process). In this process. the location of ZMW signals is 
determined from a full illumination frame, and on-camera (or 
"on-chip") binning sums (in the spatial direction) only those 
CCD lines associated with a line of ZMW holes which con-
tains the majority of the signal and reads out only those lines 
during the actual movie acquisition. This effectively turns 
output of the CCD from reading out images of waveguides 
and waveguide arrays. to directly reading out spectral-spread 
images from the camera chip. As noted previously, by reduc-
ing the number of pixels output from the camera over a larger 
field of view, higher maximum frames rates can be main-
tained. The optimal binning strategy is the one that maxi-
mizes the SNR of pulses from each reaction location. 

Spectral Trace Extraction 

101621 After the calibration and data reduction steps 
described above, according to specific embodiments of the 
invention, the optical signal data for an individual ZMW or 
location 104 is a sequence or movie of a small area (e.g., an 
area of about I xl 4 pixels) of monochrome spectral-images 
also referred to herein as spectra. The optical signal data for 
an individual ZMW can also be understood or represented as 
a time series of arrays (or vectors) of intensity values (e.g.. a 
sequence of 1 by 14 intensity values). According to specific 
embodiments of the invention, from these intensity values, 
one or more spectral traces are extracted for further analysis. 
e.g.. pulse detection. A spectral trace, as used herein, is a time 
series of generally a single intensity value. 

101631 FIG. 21 illustrates an example of four superimposed 
spectral images representing different dyes imaged from two 
dillirent reaction locations according to specific embodi-
ments of the invention. FIG. 21 provides some illustration of 
the nature of the spectral-spread position data and the dilli-
culties in extracting spectral traces that are overcome accord-
ing to specific embodiments of the invention. The top portion 
shows four superimposed graphs of 14 pixel values. Each of 
the four superimposed graphs represents "training data" or 
"calibration data" from four different known dye spectra at a 
particular ZMW. Represented numerically, the data at the top 
portion would approximately be as shown in the table below. 
For ease of reading, the intensity values shown in the figure 
are multiplied by 100 in the table below. 

TABLE 1 

Dye Spectra 

PixetS 

t 2 3 4 5 6 7 8 9 10 II 12 13 14 

486 ion (kit most 
555 mm, (next peak) 0 11 () I) 1 3 3 1 (1.5 0 0 0 (1 0 

1 3 2 1 1 0.5 0 0 0 0 0 0 0 
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TABLE I-continued 

Dye Spectra 

Pixelit 

1 2 3 4 5 6 7 8 9 10 11 12 13 t4 

568 nm (next peak) 0 0 I) Ii 0.5 I 4 2 1 0.5 0 fl 0 1) 
647 mit (right most peak) Ii 0 ii Ii I) I) 0 0 2 5 3 II) 5 0 

101641 The top graph in FIG. 21 indicates one difficulty that 
is addressed according to specific embodiments of the inven-
tion. The figure indicates that even in a situation of "best case" 
training date. there is can be substantial overlap between the 
pixel data captured from difi'erent dyes, e.g., the 555 and 568 
run dye spectra. In this example, this is to be expected due to 

the closeness of the wavelengths of the fluorescent signals. 
However, choice of dye may be constrained for a variety of 
reasons, and extraction ofeven closer spectra may be desired 

in some situations. The bottom graph illustrates another com-
plexity. This figure represents the same data as above, but 
captured at a different ZMW location. As a result of slight 
differences in alignment of the true sub-pixel ceniroid of the 
ZMW image with the centroid pixel as determined on the 
detector and/or other slight differences in the optical system, 
there is variation in the expected data. FIG. 22 is a flow chart 
illustrating an example method of dye trace extraction from a 
time series ofa reaction location images according to specific 
embodiments of the invention. The method involves: at a 
captured frame, performing a flux matching to a first dye 
spectrum template (Step 61); optionally. using a down-
sampled high resolution dye spectral template optionally 
individualized to a subpixel-centroid (Step G2): storing out-
putting an intensity value from the flux analysis as the frame 
intensity for the dye (Step G3): repeating the spectral tem-
plate comparison on the same captured frame compared for 
each dye spectrum template (Step 64): repeating the above 
steps at successive frames to generate one or more dye spec-
tral traces for each ZMW (Step G5): optionally, repeat all 
above steps using a multi-component flux matching to gen-
erate a second se, of trace intensities corrected for cross talk 
(Step G6). Details ofihis method are described further below. 

(0165] FIG. 23 is a diagram illustrating using an individu-
alized set of spectral templates for a ZMW to extract four 
spectral traces using a flux calculation according to specific 
embodiments olthe invention. In a typical embodiment, four 
spectral traces will be extracted. In an alternative embodi-
ment, one or more of the spectral values may be combined 
(such as 555 and 568 as indicated above) to derive fewer 
traces. In other cases, one or more additional traces may be 
derived. Extraction of the four spectral intensity values (or 
spectral pixel values) from the 14 raw values is accomplished 
according to specific embodiments of the invention as fol-
lows. With individualized spectral templates determined for 
each dye for each ZMW. trace extraction can be achieved by 
a number of methods, as described herein. After spectral 
extinction, the signal intensity at the image location that cor-
responds to a particular spectral signal from a particular sig-
nal source is plotted arid/or analyzed as a function of time. 
Various techniques for spectral extraction from data similar to 
the spectral-spread image data are known and can be used for 
spectral extraction according to specific embodiments of the 
invention. Home (1986). for example. discusses a number of 
spectral extraction techniques used in CCD-based astronomni-
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cal spectroscopy. In one embodiments, spectral extraction is 
perfornsed for the four intensities using the reference spectra. 
and spectral-spread image, according to the following equa-
tion: 

Z(Rj —Bj)(Pj1V,) 

I"  V 

where F is F is the summed flux at each spectral pixel that 
maximizes S/N. 'fhis technique is used forspectral extraction 
according to specific embodiments of the invention. 
101661 As an alternative to a spectral trace determination. 
methods of the invention may also analyze a single signal 
derived from the intensity levels at the multiple pixel posi-
tions (this may be referred to as a sununed spectral signal or 
a gray-scale spectral signal or an intensity level signal). In 
many situations, it has been found that spectral extraction. 
however, provides better SNR and therefore pulse detection 
when extracted spectral traces are analyzed for pulses sepa-
rately. In Ii.irther embodiments, a method according to the 
invention may analyze the multiple captured pixel data using 
a statistical model such as a Hidden Markov Model. In present 
systems, however, determining multiple (e.g., four) spectral 
traces from the initial signal data has proven a preferred 
method. 
101671 FIG. 24 is a diagram illustrating a set of dye-
weighted spectral traces (to) and a set of multi-component 
spectral traces (bottom) extracted from captured data for a 
reaction location according to specific embodiments of the 
invention. 

Pulse Recognition 

101681 FIG. 25 is a how chart illustrating an example 
method of pulse detection in a dye trace according to specific 
embodiments of the invention. FIG. 26 is a diagrain illustrat-
ing an example of analysis of one pulse in one spectral trace 
according to specific embodiments of the invention. 
101691 Further refinements to a pulse detection algorithm 
from that described above according to specific embodiments 
of the invention may be made by consideration of variability 
in captured spectral intensity data that is due solely to the 
expected kinetic behavior of the underlying sequencing reac-
tion. Such data can, for example, include noiseless traces 
created by a kinetic model simulator. FIG. 27 is a diagram 
illustrating a number of pulses associated with incorporation 
events and showing that sonic pulses with low amplitude are 
likely to be indicative of actual incorporation events. The 
figure illustrates an example of a captured data frames i'ora 
number of zero mode waveguides according to specific 
embodiments of the invention. It has been determined from 
this analysis that even in the absence of noise or other system 
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variability, the pulse width or duration of an actual incorpo-
ration event, as well as the between pulse intervals, stochas-
tically varies. The variation in incorporation event timing 
alrccts the both the duration and amplitude of pulses. The 
duration affect is clearly understood. Amplitude is affected 
because of the nature of the detectors 116. which provide an 
intensity value in proportion to the total optical signal energy 
received during the collection interval. In the discussion 
herein, this interval is referred to as a frame. 
101701 In understanding the data shown in FIG. 27. assume 
that an incorporation event produces an optical signal inten-
sity at a normalized intensity value of I during each capture 
interval (e.g.. frame). Further, assume that a frame is 10 
milliseconds. Then, an incorporation event that happens to 
begin at a frame boundary, and that happens to last far one 
frame, will produce a pulse with a 10 millisecond (I frame) 
width and an amplitude oft. However, it is equally likely that 
a 10 millisecond incorporation event will begin in the middle 
of one frame and complete in the middle of the next frame. In 
such a case, the same incorporation event will produce a pulse 
with a 20 millisecond (2 frame) width and an amplitude of 
05. Furthermore, there may be a relatively high probability 
that an incorporation event will last only 5 milliseconds (e.g.. 
½ a frame). If such an incorporation event occurs entirely 
during a single frame, such an incorporation event will pro-
duce a I frame pulse (I frame being the shortest pulse width 
detectable) with an amplitude of 0.5. There is also a probabil-
ity that a 5 millisecond pulse will occur exactly across 2 
frames. In such a case, the same incorporation event will 
produce a pulse with a 20 millisecond (2 frame) width and an 
amplitude of 0.25. With this understanding, it will be under-
stood that the lower amplitude pulses circled in FIG. 27 can 
have an equal probability of being valid significant pulses as 
the higher amplitude pulses. 

101711 Using the data as described above, a pulse detection 
algorithm according to specific embodiments of the inven-
tion. can assign confidence levels and make adjustments to 
account for stochastic false positive (FP) rates (e.g., detecting 
a pulse as a result of noise alone), stochastic false negative 
(FN) rates (e.g.. failing to detect a pulse because it is masked 
by background noise), and miss-match (MM) errors (e.g.. 
incorrectly classifying the spectra of a pulse due to its 
detected width and intensity.) Using such an analysis. for 
example, the invention can determine that optimal pulse call-
ing thresholds are around 3.5 sigma forcach channel based on 
the kinetic parameters of the incorporation reaction and the 
frame capture parameters. 
101721 According to specific embodiments of the inven-
tion. such an analysis shows that increasing the frame rate can 
increase the SNR of sub-frame pulse-width (PW) pulses by 
roughly sqrt (fp.s.). and therefore while the FN rate is initially 
reduced with an increased FPS. it increases again as pulse 
peak SNR degrades at inverse sqrt(fp.s.). Detection of one 
significant pulse as two (referred to as algorithmic branching) 
also is found to be ail increasing problem at higher frame 
rates. 
101731 According to specific embodiments of the inven-
tion. an pulse detection algorithm is optimized to reduce FN 
rates while allowing an increase in fps rate. Such a pulse 
detection optimization runs the initial pulse detection algo-
rithm using a standard "I frame" pulse detector to generate a 
first pulse list. Then, an N=2 frame boxcar filter is applied. 
noise reduction is by SQRT(2). the threshold is moved 
accordingly. and the pulse detector is run to find additional 
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detected pulses. This step can be repeated for N=3. 4 .... until 
N approaches or exceeds the longest expected detectable 
pulse. FIG. 29 is a diagram illustrating increasing a time 
window and reducing a threshold far pulse detection accord-
ing to specific embodiments of the invention. In this example 
figure, a pulse between frame 23 and 30. with its highest 
amplitude at just over 75 counts is not detected at N=l (top) 
due to a noise threshold set at 77 counts, resulting in a false 
negative (FN). With N=2, and a subsequent reduction of the 
noise threshold to about 63. the pulse is detected. 
101741 In another aspect, it has been determined that lower 
amplitude pulses are more prone to algorithmic branching 
near the noise threshold. To address this, a pulse detection 
according to specific embodiments of the invention uses 
merge heuristics as follows. For consecutive pulses of same 
base, for each pair estimate a mean pulse height and inter-
pulse baseline. Using a noise model and/or actual noise data, 
estimate the statistical significance of inter-pulse region rela-
tive to peak height and merge consecutive peaks the statistical 
significance is <3 standard deviations. FIG. 30 illustrates two 
consecutive pulses between frames 20 and 34 that would be 
merged as discussed above according to specific embodi-
ments of the invention, thus eliminating one FP that would 
occur without the merging. FIG. 31 is a flow chart illustrating 
an example method of a pulse merging analysis according to 
specific embodiments of the invention. 

Pulse Recognition Using DBR (l)ifiusional Background 
Ratio) 

101751 As an alternative to pulse recognition using pulse 
intensity as the primary signal value as described above, 
according to further specific embodiments, the invention uses 
the ratio of pulse height to diffusion background. or DBR 
(diliusional background ratio) in determining significant 
pulses. While at times this may be referred to a component of 
SNR (signal to noise ratio), the term DBR is used to avoid 
confusion with more traditional usages of SNR. In specific 
embodiments, it has been found that calling pulses by inten-
sity or by sigma can either fail due to laser intensity variations 
or due to background noise variations (respectively). Calling 
pulses by the DBR according to specific embodiments of the 
invention makes the "intensity" component of the pulse less 
variable even in the presence of laser excitation variations and 
regardless of background noise envelope fluctuations (due to 
concentration variations, extremely sticky ZMWs. etc). Fur-
thermore, setting the pulse intensity threshold according to 
the intensity contributions of freely diffusing fluorophores in 
the ZMW provides a theoretical framework for locating a 
single molecule event in a ZMW and provides some immu-
nity from other sources of signal variations and error. There 
are several methods of obtaining an estimate of the DBR 
intensity per ZMW. 
101761 Thus, in specific embodiments, pulse intensity is 
described not in absolute counts measured against a thresh-
old, but as a ratio against the background diffusion of'fiuoro-
phores in and above an individual ZMW. 
101771 According to specific embodiments of the inven-
tion. for any given pulse. define its DBR as: DBR—(lnlensity— 
dcOflet)/(dcoffset—NDB) where (Intensity—dcOtiset) is the 
average intensity ofa pulse above baseline, and "NDB" is the 
portion of the baseline (dcOffset) that is not diffusion back-
ground (e.g., baseline from atttofhiorescence, base clamping. 
etc.). In particular embodiments. the NDB is determined from 
a sample movie of the array (or a neutral substrate, such as a 
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solid aluminum film) with the same laser and camera condi-
tions, which provides values for NDB(ZMW). 
[01781 The DBR method of pulse calling provides addi-
tional information about where in the ZMW a particular pulse 
originated. This information is used in specific embodiments 
to determine if multiples polynierasc are sequencing in a 
ZMW, in which case data from that specific ZMW may be 
excluded from further data analysis. The location of a fluo-
rophore within a ZMW can also be used as one of the param-
eters in the data analysis as described herein. 
[01791 The maximum values of the DBR of pulses from a 
single ZMW also allows estimation of the ZMWs effective 
diameter according to specific embodiments of the invention, 
In a particular example iniplementalion, this method was 
used to estimate the ZMW diameters in an array to vary 
within 13 urn. 
101801 DBR thresholding in some embodiments may be 
vulnerable to diameter variations of the ZMWs themselves 
across thearray (because more diffusion will occur into larger 
diameter ZMWs. In specific embodiments, this is accounted 
for on a per-ZMW basis, for example by transmission light 
analysis prior to sequencing. With the size of each ZMW 
known or accurately analyzed, the DBR method is generally 
preferable to sigma-calling or intensity-calling of pulses. 

Trace or Reaction Location Rejection 

101811 According to specific embodiments of the inven-
tion, as described herein, analysis of individual ZMWs 
includes repeated evaluation of whether a ZMW should be 
excluded from further analysis. Because late numbers of 
reaction locations are being prepared and monitored, it is 
expected that in some systems some percentage of reaction 
locations will not provide useful data. This may occur if no 
reaction enzyme becomes located in a particular ZMW, if 
more than one reaction enzyme is located in a ZMW or if a 
reaction enzyme is otherwise producing problematic data. 
Rejection of particular reaction location data streams may be 
performed at multiple points during the analysis where the 
captured data does not match expected data criteria. 

Pulse Classification/ConfinnationfBase Calling 

10182] FIG. 32 is a flow chart illustrating an example 
method of pulse classification according to specific enihodi-
meats of the invention. In this example, for each dye trace for 
a ZMW, the invention retrieves pulse start and end times (Step 
K!); these times are combined to determine a plurality of 
pulses in the pre-extraction captured data (Step K2): option-
ally, foreach pulse, determine proximate background correc-
tion values from temporally close captured pixel values that 
are not within a pulse (Step K3); optionally, for each pulse. 
examine multi-component traces to avoid false pulse combi-
nations due to dye cross-talk (Step K4); for each pulse, tem-
porally combine captured pixel values into a temporally aver-
aged pulse frame (Step KS); for each pulse, compare flux 
values to a plurality of dye spectral templates to determine a 
best match, optionally using proximate background correc-
tion values (Step K6): store oroutput the best match as the dye 
classification for a significant pulse (Step K7); optionally 
store or output a match probability for a significant pulse, 
optionally using proximate background correction values 
(Step KS); optionally store oroutput alternative less-probable 
classifications and corresponding match probabilities for a 
significant pulse (Step K9): optionally store or output one or 
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more additional pulse metrics, including inter-pulse metrics 
for possible use in base calling) (Step Kb). 
101831 A number of comparative methods maybe used to 
generate a comparative metric for this process. For example, 
in preferred aspects, a test is used to establish the goodness of 
fit of the comparison. In a particular example, for an extracted 
pulse spectrum (Se), the amplitude (A) of the fit of an indi-
vidual dye spectral shape, as measured from the pure dye 
calibration spectrum. P. is the only variable to solve and will 
have a Q2 value of: 

_(3-AP)  

Vi 

101841 The probability that the pure dye spectrum fits with 
the extracted spectrum is then derived from the 92 probability 
distribution (with a number of degrees of freedom for the 
number of data points used, v). The classification of a given 
pulse spectrum is then identified based upon calculating val-
ues for each of the four different dyes. The lowest 02 value 
(and the highest probability fit), assigns the pulse to that 
particular dye spectrum. and the pulse is called as correspond-
ing to that dye. 
101851 Again, other techniques may be employed in clas-
sifying a pulse to a particular spectrum, including for 
example. measuring correlation coefficients for each ofthe4 
possible dyes for the spectrum, with the highest correlation 
providing the indication to which base or dye the pulse will be 
classified. 
101861 In addition to comparison of the pulse spectra to the 
calibration spectra, a number of other pulse metrics may be 
employed in classifying a pulse as correlating to a given 
dye/nucleotide. In particular, in addition 10 the spectral prop-
erties associated with a given dye, signals associated with 
incorporation of a given dye labeled nucleotide typically have 
a number of other characteristics that can be used in further 
confirming a given pulse classification. For example, and as 
alluded to above, different dye labeled nucleotides may have 
different characteristics such as pulse arrival time (following 
a prior pulse), pulse width, signal intensity or integrated 
counts (also referred to as pulse area), signal to noise ratio, 
power to noise ratio, pulse to diffusion ratio (ratio of pulse 
signal to the diffusion background signal in each waveguide), 
spectral fit e.g., using a minimum Q2 test, or the like), spec-
trum centroid. correlation coefficient against a pulse's classi-
fied dye, time interval to end of preceding pulse, time interval 
to the ensuing pulse, pulse shape, polarization of the pulse. 
and the like. 
[01871 In particularly preferred aspects, a plurality of these 
various pulse metrics are used in addition to the spectral 
comparison, in classifying a pulse to a given dye, with par-
ticularly preferred processes comparing two, three, five, 10 or 
more different pulse metrics in classifying a pulse to a par-
ticular dye/nucleotide. 

Optional Additional Trace Extraction to Avoid Conflation 

101881 As discussed herein, extraction from spectra to mul-
tiple spectral traces is may be performed according to an 
algorithm that maximizes the flux in each trace. As a result of 
this and of the fact that selected spectral dyes may have 
substantial overlap, in certain situations this approach will 
result in single incorporation pulse being detected in two 
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traces. Because traces are used generally to determine start 
and end times lhMn the captured data, this situation does not 
present a problem in most cases. 

101891 however, in some cases this may cause a merging of 
pulses that should be associated with two differently classi-
fied incorporation events. To address, in specific embodi-
ments ofthe invention, a secondary spectral trace extract ion is 
performed that attempts to increase separation between spec-
tral template matches. This secondary trace extraction is then 
used to confirm that start and end times of pulses represent a 
pulse in one spectral color and not in two overlapping colors. 
Consensus Generation and Sequence Alignment using Statis-
tical Models and Pulse Features Background 
101901 Various techniques for automated "smart" base call-
ing of Electrophoretic DNA sequencing data have been dis-
cussed. Electrophoretic DNA sequencing often involves trace 
data from four different dyes that are used to label four bases. 
PHRED is a base-calling program for automated sequencer 
traces that outputs at each base generally one of five base 
identifiers (A CT G and N for not identifiable) and often a 
quality score for each base. In PHRED processing of DNA 
traces, predicted peak locations in terms of migration times 
are determined, observed peaks are identified in the trace and 
are matched to predicted peak locations, sometimes omitting 
some peaks and splitting. Unmatched observed peaks may be 
checked for any peak that appears to represent a base but 
could not be assigned to a predicted peak in the third phase 
and if found. the corresponding base is inserted into the read 
sequence. Peaks in a PHRED analysis may be difficult to 
distinguish in regions where the peaks are not well resolved. 
noisy. or displaced (as in compressions). The PHRED algo-
rithm typically assigns quality values to the bases, and writes 
the base calls and quality values to output files. PlIREF) can 
evaluate the trace surrounding each called base using four or 
five quality value parameters to quantify the trace quality. 
PHRED can use dye chemistry parameter data to do such 
tasks as identifying loop/stem sequence motifs that tend to 
result in CC and (1(1 merged peak compressions. PI-IRAl' is a 
sequence assembly program often used together with 
PHRED. PHRAI' uses PI-IREl) quality scores to detennine 
highly accurate consensus sequences and to estimate the 
quality of the consensus sequences. PHRAP also uses 
PHRED quality scores to estimate whether discrepancies 
between two overlapping sequences are more likely to arise 
from random errors, or from different copies of a repeated 
sequence. Various expert analysis and similar systems have 
been proposed foranalyzing such data, See, forexantple, U.S. 
Pat. No. 6.236.944, lxpert system for analysis of DNA 
sequencing electropherograms. The use of statistical models. 
such as hidden Markov models (l-lMMs). lbr DNA sequenc-
ing has be discussed by several authors (See, e.g.. Petros 
Boufounos. Sameh El-Difrawy. Dan Ehrlich, HIDDEN 
MARKOV MODELS FOR DNA SEQUENCING. Journal of 
the Franklin Institute. Volume 341. Issues 1-2. January-
March 2004. Pages 23-36 Genonsics. Signal Processing. and 
Statistics. HMMs have been discussed as an approach to 
DNA basecalling, using techniques such as modeling state 
emission densities using Artificial Neural Networks, and a 
modified Baum-Welch re-estimation procedure to perlbrm 
training. Consensus sequences have been proposed to label 
training data to minimizing the need ftr hand-labeling. 

101911 In further specific embodiments, software methods 
of the present invention include techniques for generating 
consensus DNA sequence information of high accuracy from 
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a collection of less accurate reads generated by a real-time 
sequencing by incorporation system. In specific embodi-
ments. two features of data typical of some such systems that 
motivate these techniques are: (1) the errors in the raw data 
are mostly insertions or deletions of base symbols from the 
correct sequence, rather than 'mismatches' or misidentified 
bases: (2) a relatively large number (e.g.. 1000 or more) of 
data points are collected in real time for each base symbol in 
the raw read. 

101921 As described above, a signal intensity and signal 
spectrum is measured through time. This results in a large 
collection of data tattmres associated with each base in the 
raw read sequence. The time series data are summarized by 
finding regions of high signal intensity 'pulses'. and measur-
ing a series of features (if  those pulses. such as their duration, 
average intensity, average spectrum. time until the following 
pulse, and best reference spectra match. Observable pulses 
are generated when nucleotides are productively incorpo-
rated by the polymerase ("incorporation pulses"). as well as 
by interfering processes (such as incorrect bases that stick 
temporarily but are not incorporated or correct bases that 
become illuminated temporarily, but are not filly incorpo-
rated, and then are incorporated and produce a second pulse 
(branching)) that introduce errors into the observed sequence. 
(Pulses that are entirely due to random noise may also be 
detected and are attempted to be identified as described 
above). The statistical nature of the process that generates the 
pulses results in wide, but measurable distributions of pulse 
features. Processes that generate spurious pulses generate 
pulses with different distributions of pulse features, although 
the distributions between spurious pulses and incorporation 
pulses will overlap. 
101931 Thus, in specific embodiments, a predictive 1-1MM 
observation distribution model, is extended to not only iden-
tity of the called base, but also the features of the associated 
pulse. In this method each class of microscopic event (true 
incorporations as well as interfering events) generates pulses 
with different but overlapping probability distributions in the 
space of pulse features. The distribution over pulse feature 
space for each pulse type is learned from experimental data 
and used to generate an approximate observation distribution 
via density estimation techniques. In a final sequence align-
ment step, a most likely template (sequence) is discovered by 
constructing a series of trial models that maximize the like-
lihood of the observed data under the model, via an expecta-
tion maximization procedure. 
101941 The following example describes this algorithmi-
cally. Let b0(0) represent the probability distribution of 
observations received when transitioning from state ito state 
of the 1-1MM. In typical alignment applications. thealphabct 
of observations that it is possible to observe is limited to 
{A.G.C.T}. That is. each pulse observed is summarized only 
by its base identity. When combining multiple reads of the 
same DNA into a single consensus read, it is necessary to 
resolvetheambiguity that exists between reads. For example. 
in a base detection from two sources as follows: 

101951 AGC(i 
101961 ACJCG 

101971 A probability model according to specific embodi-
ments of the invention must decide among a number ot'com-
peting hypotheses about the true template. For example. in 
attempting to decide between a T and an A at the highlighted 
position the model asks which event is more likely, that a I 
base generates an emission that is called as an A. or that an A 
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base is called as a T. While a standard alignment approach of 
choosing the template that maximizes the likelihood still 
applies, in the present invention the bO) that models the 
probability of an observation is it function not solely of the 
base identity, but is also extended to return a measure of the 
probability of observing a pulse and various of its associated 
features on that transition. In this example, if the T pulse has 
stored or associated with it observed features indicating it was 
a higher intensity, longer pulse (and therefore less likely to be 
misclassified), while the A pulse was weaker and briefer, 
these features would be included in the probability model 
with other alignment probabilities to determine whether T or 
A was more probable. Other features being equal, the prob-
ability of having misclassified the bright T pulse being gen-
erated from an A template location would be much smaller 
than the probability of the weak briefA pulse being generated 
from a T base, therefore the model would call T as the con-
sensus in that position. Because the data analyzed during the 
consensus alignment phase includes a number of dilTerent 
physical parameters of identified pulses and overall reaction 
parameters, rather than just a single quality scorn, many dif-
ferent characteristics of a real-time incorporation sequencing 
reaction can be used in the predictive model. The predictive 
model can thus be trained to account for the probability that a 
detected pulse was due to a branch or a stick of a labeled 
nucleotide analog, probabilities of which will vary fordiffer-
cnt bases, as well as account for overall reaction quality 
features such as overall noise detected at a reaction location or 
overall confidence of spectral classifications at a reaction 
location. 
101981 In a particular example embodiment, each state of 
an example 1-1MM models a location along the template DNA 
strand where the synthesizing polymerase will reside 
between incorporation events. Two classes of transitions that 
can occur from this state are (I) a "move" transition where the 
polymerase incorporates a base and proceeds one position 
along the template. with a probability denoted by a,j,1 and (2) 
a "stay" transition where the polymerase binds a nucleotide. 
but unbinds before the incorporation event (a "branch") or a 
labeled nucleotide "sticks" transiently to the surface of the 
ZMW, inside the illumination region. and the polymemse 
does not move along the template, with probability given by 
a,,,. A branch generally emits the symbol corresponding to the 
current template location while a stick generates a random 
symbol. use probability of branching and sticking are mod-
eled as a function of the observation symbols (A CT C and 
null). and optionally modeled as a function of symbols for 
pulse metrics, such as intensity, duration. forward interval, 
subsequent interval. etc. 
101991 There are a variety of potential methods for gener-
ating the b,(0) probability distribution for a multi-diinen-
sional space of pulse parameters. Given the various pulse 
parameters and reaction parameters that may be calculated 
and stored as described herein, one presently preferred 
approach is to learn the distribution lions empirical data 
acquired from known templates. By aligning the acquired 
pulse stream to the known template. pulses from a variety of 
classes can he used to generate empirical parameter distribu-
tions. 
102001 One method of scoring such a model during training 
is determining parameters that result in a maximum align-
ment length as is understood its the art. 

Embodiment in a Pmgmnsmed Information Appliance 

102011 P1(1.40 is a block diagram showing a representative 
example logic device in which various aspects of the present 
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invention may be embodied. As will be understood to practi-
tioners in the art from the teachings provided herein, the 
invention can be implemented in hardware and/or software. 
In some embodiments of the invention, different aspects of 
the invention can be implemented in eitherclient-side logic or 
server-side logic. As will be understood in the art, the inveit-
tion orcomponents thereofmay beembodied ma fixed media 
program component containing logic instructions and/or data 
that when loaded into an appropriately configured computing 
device cause that device to perform according to the invert-
lion. As will be understood in the art, a fixed media containing 
logic instructions may be delivered to a viewer on a fixed 
media for physically loading into a viewer's computer or a 
fixed media containing logic instructions may reside on a 
remote server that a viewer accesses through a communica-
tion medium in order to download a program component. 
102021 FIG. 40 shows an information appliance (or digital 
device) 700 that may be understood as a logical apparatus that 
can read instructions from media 717 and/or network port 
719. which can optionally be connected to server 720 having 
fixed media 722. Apparatus 700 can thereafter use those 
instructions to direct server or client logic, as understood in 
the art, to embody aspects of the invention. One type of 
logical apparatus that may embody the invention is a com-
puter system as illustrated in 700. containing CPU 707. 
optional input devices 709 and 711, disk drives 715 and 
optional monitor 705. Fixed media 717. or fixed media 722 
over port 719. may be used to program such a system and may 
represent a disk-type optical or magnetic media, magnetic 
tape, solid state dynamic or static memory, etc. In specific 
embodiments, the invention may be etnbodied in whole or in 
part as software recorded on this fixed media. Communica-
tion port 719 may also be used to initially receive instructions 
that are used to program such a system and may represent any 
type of communication connection. 
102031 The invention also maybe embodied in whole or in 
part within the circuitry of an application specific integrated 
circuit (ASIC) or a programmable logic device (PLD). In 
such a case, the invention may be embodied in a computer 
understandable descriptor language, which may be used to 
create an ASIC, or PLD that operates as herein described. 

OTHER EMBODIMENTS 

102041 The invention has now been described with refer-
ence to specific embodiments. Other embodiments will be 
apparent to those of skill in the art. In particular, a viewer 
digital in lonnation appliance has generally been illustrated as 
a personal computer. However. the digital computing device 
is meant to be any information appliance for interacting with 
a remote data application, and could include such devices as 
a digitally enabled television, cell phone. personal digital 
assistant. etc. 
102051 Although the present invention has been described 
in terms of various specific embodiments, it is not intended 
that the invention be limited to these embodiments. Modifi-
cation within the spirit of the invention will be apparent to 
those skilled in the art. In addition, various different actions 
can be used to effect a request for sequence data. 
102061 It is understood that the examples and embodiments 
described herein are for illustrative purposes and that various 
modifications or changes in light thereof will be suggested by 
the teachings herein to persons skilled in the art and are to be 
included within the spirit and purview of this application and 
scope of the claims. 
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102071 All publications. patents. and patent applications 
cited herein or filed with this application. including any ref-
erences filed as part of an Information Disclosure Statement, 
are incorporated by reference in their entirety. 

What is claimed is: 
1. A method of identifying a nueleotide in a nucleic acid 

sequence, comprising: 
receiving an optical signal liorn a reaction that produces 

optical signals in response to incorporation of a nucle-
otide analog in a template dependent primer extension 
reaction; 

identi fying the optical signal as an incorporation signal; 
identifying a type of nucleotide associated with the optical 

signal based upon a spectrally distinguishable signal 
profile of the optical signal: 

identifying a base in the nucleic acid sequence from the 
identification of the nucleotide associated with an opti-
cal signal that is also an incorporation signal. 

2. The method of claim 1. wherein the step of identifying 
the optical signal as an incorporation signal comprises corre-
lating the signal with a plurality of pulse metrics indicative of 
an incorporation signal. 

3. The method of claim I, wherein at least one of the 
plurality of pulse metrics is selected from the group consist-
ing of pulse width, pulse intensity, pulse area, signal to noise 
rat in. pulse to diffusion background ratio, spectral correlation 
coefficient to identified dye. spectrum centroid. pulse spac-
ing. pulse shape, and pulse polarization. 

4. The method of claim 1. wherein at least one of the 
plurality of pulse metrics is selected from pulse width, pulse 
height and pulse shape. 

5. The method of claim I. wherein the step of identifying 
the optical signal as an incorporation signal comprises iden-
tifying the signal that exceeds one or more of a signal inten-
sity threshold and a signal duration threshold. 

6. The method of claim I. wherein the step of identifying 
the optical signal as an incorporation signal comprises iden-
tifying the signal that exceeds both of a signal intensity 
threshold and a signal duration threshold. 

7. The method ofclaim I. wherein the step of receiving the 
optical signal comprises translating a received optical signal 
into optical signal data, and wherein the optical signal data 
comprises a first component indicative of an intensity of the 
optical signal, and a second component indicative of a loca-
tion in a detection system at which the optical signal was 
received. 

8. The method ofclaim I. wherein the receiving step com-
prises imaging the optical signal on pixels of an imaging 
detector, and wherein the first component of the optical signal 
data comprises signal intensity data from a first plurality of 
pixels. and the second component of the optical signal data 
comprises a position of the plurality of pixels in the imaging 
detector. 

9. The method of claint 1. wherein the step of identifying 
the type of nucleotide associated with the optical signal cons-
prises comparing the second component of the optical signal 
data to an optical signal data component indicative ol'a loca-
tion in a detection system at which the optical signal was 
received, from a standard fluorescent label associated with 
the type of nucleotide. 

10. The method of claim 1. t'uriher comprising the step of 
providing a set of first and second standard signal data com-
ponents for each of a plurality of different standard fluores-
cent labels or fluorescently labeled nucleotides. wherein the 

step of identifying the type of nucleotide associated with the 
optical signal from the reaction, comprises comparing at least 
one of the first and second components of the optical signal 
data to the set of first and second standard signal data com-
ponents. 

11. A method of identifying a nucleotide in a nucleic acid 
sequence. comprising: 

detecting on at least a first location or air optical signal 
detector, an optical signal from a reaction that produces 
optical signals in response to incorporation of a nucle-
otide analog in a template dependent primer extension 
reaction, wherein the optical signal detector translates 
optical signals to optical signal data: 

identifying whether the optical signal data represents an 
incorporation signal; 

identifying a type of nucleotide associated with the optical 
signal based upon the location or the detector upon 
which the optical signal data was derived; and 

identifying a base in the nucleic acid sequence from the 
identification of the nucleotide associated with an opti-
cal signal that is also an incorporation signal. 

12. A computer implemented process for calling bases in a 
nucleic acid sequencing process, comprising: 

receiving optical signal data detected from a reaction of a 
polynserase/template/primer sequence complex and a 
delectably labeled nucleotide: 

identifying the optical signal data as corresponding to an 
incorporation event, if the optical signal data exceeds 
one or more of a signal intensity threshold and a signal 
duration threshold; 

correlating the optical signal data to incorporation of  first 
nucleotide, based upon comparison of the optical signal 
data to a standard set ofoptical signal data from different 
detectable labels, wherein each type ot'nucleotide has a 
different detectable label associated therewith: 

calling the base in the template sequence as complemen-
tary to the first nucleotide where the optical signal data 
corresponds to an incorporation event. 

13. The process of claim 12. further comprising repeating 
the receiving, identifying, correlating and calling steps to call 
a plurality of contiguous bases in the template sequence. 

14. A system for determining a sequence of nucleotides in 
a nucleic acid sequence, comprising: 
a reaction vessel comprising reaction mixture disposed 

therein, the reaction mixture comprising a nucleic acid 
polymerase complexed with a template nucleic acid 
sequence and a primer sequence, and one or more 
labeled nucleotides, wherein the reaction mixture pro-
duces an optical signal when the nucleic acid poly-
merase reacts with the one or more labeled nucleotides 
to incorporate the nucleotide into an extended primer: 

an optical train positioned to receive tlteoptical signal from 
the reaction mixture and image the optical signal onto an 
imaging detector which translates the optical signal to 
optical signal data: 

a computer operably coupled to tire imaging detector to 
receive the optical signal data from the detector, and 
programmed to: 

identify the optical signal data as corresponding to an 
incorporation event, if the optical signal data exceeds 
one or more ol'a signal intensity threshold and a signal 
duration threshold: 

correlate tIme optical signal data to incorporation of a first 
nucleotide. based upon comparison of the optical signal 
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data to a standard set ofoptical signal data from different 
detectable labels, wherein each type of nucleotide has a 
different detectable label associated therewith: and 

call the base in the template sequence as complementary to 
the first nucleotide where the optical signal data corre-
sponds to an incorporation event. 

15. A method of identifying a base in a target nucleic acid 
sequence. comprising: 

receiving a first optical signal pulse from a reaction that 
produces optical signal pulses in response to incorpora-
tion of a nucleotide analog in a template dependent 
primer extension reaction; 

comparing the first optical signal pulse to a plurality of 
pulse metrics derived front signal pulses associated with 
incorporation of one or more difi'erent nucicotide ana-
logs in template dependent primer extension reactions; 
and 

identifying the first pulse as a pulse associated with incor-
poration of specific nucleotide analog. 

16. The method of claim 15. wherein the plurality of pulse 
metrics comprises at least two different pulse metrics. 

17. The method of claim 15. wherein the plurality of pulse 
metrics comprises at least 5 different pulse metrics. 

18. The method of claim 15, wherein the plurality of pulse 
metrics comprises at least 10 different pulse metrics. 

19. A method of identifying a nucleotide in a nucleic acid 
sequence using a computer system comprising: 

at an optical detector pixel array. capturing optical signals 
from a plurality of locations ofscquencing reactions that 
produce optical signals at incorporation of a labeled 
nucleotide analog in a template dependent primer exten-
sion reaction: 

transmitting captured data to a computer system; 
identifying pixel areas of said optical detector array that 

correspond to one or more individual reaction locations; 
detenuining one or more calibration parameters applicable 

to a plurality of reaction locations; 
detennining one or more individualized calibration param-

eters for one or more individual reaction locations; 
for individual reaction locations, analyzing optical signals 

captured by corresponding pixels ofsaid optical detector 
to identify a series of significant pulses: 

for individual reaction locations, classifying pulses in said 
series of pulses as associated with a type olnucleotide 
based upon a spectrally distinguishable signal profile of 
the optical signal pulse: 

for individual reaction locations, calling bases in the 
nucleic acid sequence from the identification of the 
nucleotide associated with an optical signal that is also 
an incorporation signal; 

determining one or more consensus sequences of bases by 
analyzing called bases and identified pulses from a plu-
rality of locations: 

outputting one or more of pulse characteristics, called 
bases, or consensus sequences to another computer sys-
1cm or to a user. 

20. 'l1e method of claim 19, wherein the step of capturing 
the optical signals comprises translating a received optical 
signal into optical signal data, and wherein the optical signal 
data comprises a first component indicative of an intensity of 
the optical signal. and a second component indicative of a 
location in a detection system at which the optical signal was 
received. 

21. The method of claim 19. wherein the step of capturing 
the optical signals comprises capturing a sequence of digital 
image frames, wherein each frame comprises a plurality of 
pixel intensity and position values for multiple reaction loca-
tions. 

22. The method of claim 19, wherein the step of determin-
ing one or more calibration parameters applicable to a plural-
ity of reaction locations comprises one or more of: 

determining an aligtunent by comparing a line through 
central image areas of a plurality of reaction locations to 
the alignment of pixels of said pixel detector; 

determining one or more high resolution spectral templates 
by averaging spectral calibration data detected at a plu-
rality of pixel areas; 

determining one or more high resolution spectral templates 
by averaging spectral calibration data detected at a plu-
rality of pixel areas during a sub-pixel tilt between said 
detector and said reaction locations; 

determining one or more noise parameters; 
determining one or more drift parameters. 
23. The method ofclaini 19. wherein the step ofdetermin-

ing oneor more individualized calibration parameters Ibrone 
or more individual reaction locations comprises one or more 
of 

determining individualized reference centroids for reac-
tion locations; 

determining individualized sub-pixel reference centroids 
for reaction locations; 

determining individualized spectral templates for reaction 
locations; 

determining individualized background levels for reaction 
locations: 

determining individualized noise characteristics for reac-
tion locations. 

24. The method of claim 19, wherein the step of for indi-
vidual reaction locations, analyzing optical signals captured 
by corresponding pixels ol'said optical detector to identify a 
series of significant pulses comprises one or more of: 

using individualized spectral templates for individual reac-
tion locations, extracting one or more spectral traces; 

identifying significant pulses in said one or more spectral 
traces by analyzing at least two metrics of said traces: 

determining start and stop times forpulses from said one or 
more spectral traces; 

combining start and stop times for one or more spectral 
trace to identify significant pulses of captured optical 
signals: 

using as two of said at least two metrics, trace amplitude 
above a base line and duration of amplitudes above a 
base line; 

using as two of said at least two metrics, a signal-to-noise 
measure of trace above a threshold and duration ot'mea-
sttre above a threshold; 

using as two ot'said at least two metrics, a signal to diflit-
sion background ratio measure of trace above a thresh-
old and duration ol'nieasure above a threshold; 

combining start and stop times for one or more spectral 
trace to identify background intervals of captured opti-
cal signals. 

25. The method of claim 24, further comprising additional 
pulse recognition steps comprising one or more of: 

determining a second set of spectral traces to detect spec-
trally merged pulses; 
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adjusting a base-line threshold and a duration threshold to 
detect lower amplitude longer duration pulses: 

analyzing adjacent pulses to merge algorillunically 
branched pulses. 

26. The method ofclaim 19. wherein the step ofclassifying 
pulses in said series of pulses as associated with a type of 
nucleotide based upon a spectrally distinguishable signal pro-
file ulthe optical signal pulse further comprises: 

temporally averaging pixels of an optical signal pulse to 
produce a static spectrally spread image of said pulse: 

comparing said static spectrally spread image to a plurality 
of spectral calibration templates: 

determining a best fit of said static spectrally spread image 
to said spectral calibration templates and classifying 
said pulse as the best-fit calibration template. 

27. The method of claim 26. further wherein: 
said plurality of spectral calibration templates are individu-

alized spectral calibration templates for particular loca-
tions. 

28. The method of claim 27. further wherein: 
said plurality of individualized spectral calibration tem-

plates for a particular location is the same template used 
to extract traces for pulse identification. 

29. The method of claim 19. wherein the step of capturing 
optical signals further comprises: 

capturing a time series of static digital image frames of 
multiple reaction locations during incorporation reac-
tions. said frames each comprising a first component 
indicative of an intensity of the optical signal, and a 
second component indicative of a location in a detection 
system at which the optical signal was received. 

30. The method ofclaim 19, wherein the step of identifying 
pixel locations comprises: 

lbr individual reaction locations, determining a spectral 
axis of a set of pixel locations corresponding to an indi-
vidual reaction location, said spectral axis parallel to a 
spectral refraction of optical signals produced in 
response to incorporation of a nucleotide analog: and 

determining a spatial axis of said set, said spatial axis 
orthogonal to said spectral axis. 

31. The method of claim 30, further comprising: 
l'or individual reaction locations, combining pixels in said 

spatial axis direction to produce a spectral images ofsaid 
reaction locations, said spectral images comprising a 
plurality of pixels parallel to said spectral axis and a 
reduce number of one or more pixels parallel to said 
spatial axis. 

32. The method ofclaim 31 wherein said combining com-
prises: 

at said optical detector, storing parameters indicating pixel 
locations of said optical detector array that correspond to 
one or more individual reaction locations: 

at said optical detector, storing parameters indicating how 
pixels should he combined: 

combining pixels prior to said transmitting. 
33. The method ofclaim 31 wherein said combining com-

prises: 
at said computer system, combining pixels in said spatial 

direction using weighted values to maximize detected 
Ilux. 

34. The method of claim 24, further wherein: 
said extracting one or more spectral traces comprises at 

each frame, analyzing said plurality of pixel levels to 
determine one or more spectral intensity levels. 

35. The method of claim 34, further wherein: 

said one or more spectral intensity levels comprises one to 
four spectral intensity levels. 

36. The method ofclaim 24. wherein extracting one or 
more spectral traces from said at least one optical signal 
comprises comparing a position component of the optical 
signal data to an optical signal data component indicative of a 
location in a detection system at which the optical signal was 
received, from a standard fluorescent label associated with 
the type of nucleotide. 

37. The method of claim 19. further wherein said calling-
bases comprises: 

identi!'ing incorporation events from one or more of said 
significant pulses of said optical signals. 

38. The method ofclaim 37, wherein the step of identifying 
incorporation events from optical signals comprises correlat-
ing the optical signals with a plurality of pulse metrics indica-
tive of incorporation events. 

39. The method ol'claim 38, wherein at least one of the 
plurality of pulse metrics is selected from the group consist-
ing of pulse width, pulse intensity, pulse area, signal to noise 
ratio, pulse to diflmsion background ratio, spectral correlation 
coe11icient to identified dye, spectrum centroid, pulse spac-
ing, pulse shape, and pulse polarization. 

40. The method of claim 38, wherein at least one of the 
plurality of pulse metrics is selected from pulse width, pulse 
height and pulse shape. 

41. The method ofclaim 37, wherein the step of identifying 
incorporation events ti'oin optical signals comprises identify-
ing the signal that exceeds one or more of a signal intensity 
threshold and a signal duration threshold. 

42. The method ofclaim 37, wherein the step of identifying 
incorporation events from optical signals comprises identify-
ing the signal that exceeds both of a signal intensity threshold 
and a signal duration threshold. 

43. The method ofclaim 38, wherein the plurality of pulse 
metrics comprises at least two different pulse metrics. 

44. The method of claim 38. wherein the plurality of pulse 
metrics comprises at least 5 different pulse metrics. 

45. The method ofclaim 38, wherein the plurality of pulse 
metrics comprises at least 10 different pulse metrics. 

46. A method of identil'ing a nucleotide in a nucleic acid 
sequence using a computer system comprising: 

capture pixels from a pixel detector for multiple reaction 
locations: 

determine correlations (gridding) between pixel sets and 
reaction locations; 

perform one or more individualized calibrations and store 
one or more individualized reaction location calibration 
parameters and/or data sets 

perform one or more collective array calibrations and store 
one or more collective calibration parameters: 

determine one or more data reduction parameters: 

capture a time sequence of pixel images from a pixel detec-
tor for multiple reaction locations of a sequencing array 
during multiple sequencing reactions; 

perform one or more data reductions on captured pixels: 

for individual reaction locations, extract dye separated 
spectral traces: 
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analyze extracted dye separated traces to determine trace 
pulse characteristics; 

use trace pulse start and end times (optionally from mul-
tiple traces) to identify a pulse in data reduced captured 
pixel data compare a pulse in data reduced captured 
pixel data to one or more spectral templates to classify 
captured pulses as associated with a part icular dye-label: 

perform an initial base-calling for individual reaction loca-
tions; 

examine pulse data from multiple locations with overlap-
ping sequence data and perform one or more sequence 

Jan. 22, 2009 

alignments using one or more of initial base calling from 
individual reaction locations, and probabilities associ-
ated with one or more ofa classification, a false-positive 
pulse detection, a fitlse-negative pulse detection: and 

output one or more sequences produced by an alignment of 
pulse data, classification data, and probability data from 
multiple reaction locations, where output can include 
presentation to a user on a display or printout, recording 
sequence data on a tangible medium, or transmitting 
sequence data to an external computer system. 
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