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Short Abstract: (10 words minimum, 50 words maximum)
Current development in DNA sequencing has seen several so called “next generation sequencing” platforms [1] one of which is the Illumina Sequencing System.  Here, we review the Illumina HiSeq 2000 sequencing platform: how it works, its relative strengths and limitations, and how long it takes to run a standard sequencing protocol from start to finish. 
Long Abstract: (150 words minimum, 400 words maximum)
DNA sequencing is used in various fields of biological research, diagnostics and biotechnology [2]. For several years now there has been an increased output of publications in which next-generation sequencing is applied for a variety of goals [4,5,7] (Fig. 1). Important applications include: (i) whole-genome sequencing [3], (ii) full-genome resequencing [5]; (iii) ‘RNA-Seq’, transcriptome analysis [5], and (iv) large-scale analysis of DNA methylation (epigenetic analysis) [8]. Over the next few years, the list of applications will undoubtedly grow, as will the sophistication with which existing applications are carried out [6, 9, 10]. Illumina’s next generation invitro sequencing technology is based on reversible dye-terminator technology [3], which was initially developed by Solexa Inc (1998-2007). The workflow for a sequencing run using the Illumina Sequencing System can be broken down into 4 steps [online 7]: (A) library preparation, (B) cluster generation, (C) sequencing by synthesis and (D) data analysis. The workflow for each of the various available applications differs only in the upfront sample library preparation and downstream data analysis. The sequencing chemistry and imaging steps remain constant.  The system allows for three choices of sample preparation in step A [online 7]: single fragment library, paired-end library or multiplexed library preparation.  In all cases the target DNA is (i) sheared to a specific size, (ii) end repaired,  (iii) 5’-phosphorylated, (iv) an ‘A’-base  3’ overhang is added and (v) two universal adapters are ligated to the ends of the resulting fragment.  The adapters include sequences for sequencing primer and flow cell annealing sites. The resulting library is then size selected by agarose gel filtration and amplified by PCR utilizing two universal primers [11, online 1,2].  In step B these DNA templates first anneal to covalently bound oligo-nucleotide primers on the flow cell and then amplify so that local clonal colonies are formed by a process called “bridge amplification” [online 5]. In step C four types of reversible dye terminators are added, and non-incorporated nucleotides are washed away (Sequencing by Synthesis). The growing synthesized DNA strand is extended one nucleotide at a time. A camera takes positional images of the fluorescently labeled nucleotides [online 6], then the dye along with the terminal 3' blocker is chemically removed from the DNA, allowing the next cycle [3]. This process is repeated for 35 to 100 cycles.  The system’s two independently controlled flow cells can each accommodate 8 sample libraries. The system allows running two completely different flow cells in a single staggered run, thus increasing throughput. With additional barcoding (indexing) one can sequence up to 24 different libraries per sample lane on each flow cell, further increasing the number of samples to 192 libraries per flow cell [online 4]. The machine can generate a throughput of 55 GB per day, producing 540-600 Gb of data in 11 days. 
Protocol Text: 
Workflow of Illumina Sequencing (Figs. 2, 3)
Day 1	Preparation of genomic DNA library for Sequencing		< 6h
Day 2		         Cluster Generation on Illumina cBot                                      	< 5h
Day 2 – Day 11       Sequencing on Illumina HISeq 2000			       8.5 days

Day 12 – Day 13     Data Analysis using ABySS software v1.2.7		          2 days

1. Day 1  Library Preparation (Figs. 2A, 3 - 12)

a. Isolate genomic DNA (follow standard protocol depending on source)
i. Check purity with OD260/280 target ratio (1.8-2.0)

b. Fragment purified genomic DNA with Covaris (Fig. 4)  		 
i. Add 1 ug of purified DNA in a total volume of 32.5ul of resuspension buffer to the Covaris tube
ii. Fragment DNA on Covaris machine at 5.5-6 deg C for 120 seconds.
iii. Centrifuge sealed Covaris tube to 600xg for 5 seconds.

c. Perform end repair in thermal cycler and add phosphorylated 5’-end (Figs. 5, 7, 8)
i. Prepare following reaction mix
1. DNA sample (30ul)
2. Water (45ul)
3. T4 DNA ligase buffer with 10mM ATP (10ul)
4. dNTPs mix (4ul)
5. T4 DNA polymerase (5ul)
6. Klenow DNA polymerase (1ul)
7. T4 PNK (5ul)
ii. Incubate in thermal cycler for 30 minutes at 30 deg C.
iii. Purify with AMPure XP Beads and resuspent in 34.5ul buffer. (Fig. 5)

d. Add ‘A’ base to the 3’ end of the DNA fragments (Fig. 9)		
i. Prepare following reaction mix
1. DNA sample (32ul)
2. Klenow buffer (5ul)
3. dATP (10ul)
4. Klenow exo (3ul)
ii. Incubate in thermal cycler for 30 minutes at 37 deg C.
e. Ligate adapters to DNA fragments at 10:1 molar ratio (Fig. 10)
i. Prepare following reaction mix
1. DNA sample (10ul)
2. DNA ligase buffer (25ul)
3. Adapter oligo mix (10ul)
4. DNA ligase (5ul)
ii. Incubate in thermal cycler for 10 minutes at 30 deg C.
iii. Purify with AMPure XP Beads and resuspend in 22.5ul buffer.

f. Purify and size select ligation product on ultra agarose gel (Fig. 12)
i. Excise a region of gel in 200 bp range (DNA insert 130bp)
ii. Purify on Min Elute Gel Extraction Kit column and elute in 30ul elution buffer.

g. Enrich the adapter-modified DNA fragments by PCR (Fig. 11)	
i. Prepare following reaction mix
1. DNA sample (1ul)
2. Phusion DNA polymerase (25ul)
3. PCR primer 1.1 (1ul)
4. PCR primer 2.1 (1ul)
5. Water (22ul)
ii. Amplify using following PCR protocol:
1. 30 seconds at 98 deg C
2. 10 cycles of:
a. 10 seconds at 98 deg C
b. 30 seconds at 60 deg C
c. 30 seconds at 72 deg C
3. 5 minutes at 72 deg C
4. Hold at 4 deg C.
iii. Purify on QIAquick column and elute with 30ul of elution buffer.

h. Validate Library
i. Determine [DNA] by Abs 260. Target yield 500-1000ng DNA.
ii. Measure 260/280 Ratio target ratio 1.8
iii. Check size on agarose gel target size 200-250bp (Fig. 12).
iv. Determine molar concentration of library

2. Day 2	Cluster Generation (Figs. 2B, 13 - 17)	
a. Genomic DNA denaturation with NaOH	(Fig. 17) 	                                        
i. Prepare following reaction mix (1:10 dilution of library)
1. DNA sample (2ul)
2. EB buffer (17ul)
3. 2M NaOH (1ul)
ii. Incubate for 15 minutes at 23 deg C

b. Prepare single stranded templates for hybridization on flow cell.
i. Prepare following reaction mix on ice 
1. Denaturated DNA sample from step a.ii (6ul)
2. Hybridization buffer (1ml)
c. Spike Samples with Phix Control Sequence
i. Prepare following sample mix (1:100 dilution) in loading tube strip
1. DNA sample from step b.i (118.8ul)
2. Phixv2 Control Sequence (1.2ul)

d. Scan True Seq PE Cluster Kit v2 8x12 reagent plate on cBot (Figs. 13A,B)

e. Load reagent plate into cBot  (Fig. 13C)

f. Scan the flow cell container on the cBot scanner (Fig. 13D)

g. Mount flow cell on cBot (Fig. 13E)

h. Load single use manifold (Fig. 13F)

i. Insert loading tube strip into cBot (Fig. 13G).

j. Start precheck on cBot (Fig. 13H)

k. Start run on cBot (Figs. 16 - 17)		 
i. DNA annealing      (Figs. 16a A,B)
ii. 3’ extension            (Figs. 16a C,D )
iii. Denaturation of original fragment 	(Fig. 16a E)
iv. Wash flow cell			(Fig. 16a F)
v. Isothermal amplification
1. Fragments loop over to form “DNA” bridge (Fig. 16b A)
2. DNA bridge is copied to form double stranded DNA bridge (Fig. 16b B)
3. Double stranded DNA bridge is denatured to form two single stranded DNA strands, one forward and one reverse strand (Fig. 16c)
4. Repeat steps 1-3 35 times (Figs. 16d A-C)
vi. Remove reverse strands by specific base cleavage leaving forward strand (linearize DNA) (Figs. 16d A-C)
vii. 3’-ends are blocked to prevent non-specific priming (Fig. 16d D)
viii. Add sequencing primer to the flow cell
l. If run fails  trouble shoot go to f.

3. Day 2-7 DNA Sequencing by synthesis (Figs. 2C, 18 - 21)
a. Clean flow cells with lens paper distilled water and EtOH (Fig. 18B)

b. Mount flow cells on HiSeq 2000 (Fig. 18C)

c. Flush flow cells with incorporation buffer (Figs. 18D,E)

d. Check flow cells for bubbles (Fig. 18C)

e. Start A Cycle 1 of 100 (Figs. 19,20)		
i. Add four reversible terminator-bound, fluorescent labeled nucleotides, and DNA polymerase to sequence the clusters on the flow cell.
ii. Incorporation of single nucleotide 
iii. Wash excess nucleotides of the flow cell
iv. Visualize incorporated dNTP by laser excitation. 
v. Enzymatically remove dye and terminator to allow incorporation of next nucleotide.
f. Repeat ii-iii 99 more times.	100h

Day 8-11
g. Add reagents for paired-end reads (Fig. 25)
i. Linearize DNA (remove synthesized strand)
ii. Add dNTPs and polymerase
iii. Re-synthesize reverse strand
iv. Remove forward strands enzymatically by specific base cleavage leaving reverse strand (Fig. 25 B4)
v. 3’-ends are blocked to prevent non-specific priming (Fig. 25 B5)
vi. Add sequencing primer to flow cell (Fig. 25 B6).
h. Start B Cycle 1 of 100		
i. Repeat e.ii-e.iii 99 more times.	100h

4. Day 12-13
a. Sequence analysis using CASAVA [online 9] software	

Representative Results: 
1. Library Preparation
Starting with 1ug of genomic DNA the yield at the end of the library preparation should be 100 – 200ng of DNA in 30ul of resuspension buffer [online 1, 2]. After fragmentation DNA fragments should between 150-250bp (target 200bp). Once the adapters are added the template size is between 270 and 370bp.  However on a gel the partially double stranded templates will run higher than fully hybridized DNA strands.  The fragments already include the 59bp & 58bp adapters (Fig. 6) [online 3].  After purification,  size selection and PCR enrichment the resulting band should be in the range of 200-300 bp, indicating an genomic DNA insert size of 80-180bp (Fig. 12B). PCR enrichment uses primers which bind to the adapters and will selectively enrich those DNA fragments that have adapter molecules on both ends. The DNA template construct will have two flow cell attachment sites (P5’ & P7’) which are both 25bp in length, and two sequencing primer binding sites (Rd1 SP’ & Rd2 SP’) which are 33bp and 34 bp in length respectively (Fig. 6) [online 3].

2. Cluster Generation
Each flow cell has 8 sample lanes (Fig. 14). After cluster amplification each original template, which randomly bound to the flow cell in the re-hybridization step will be copied to a dense clonal cluster containing ~2000 molecules, which includes both forward and reverse strands.  During the linearization process the reverse strands are cleaved off leaving ~1000 forward strands on the flow cell per cluster. With 35 cycles of PCR one would expect billions of copies; however, bridge amplification on the flow cell is not as efficient as a standard PCR in solution. Since the extension step requires the molecule to successfully bridge to a complementary oligo grafted on the flow cell surface there is no doubling of template at every step. There will be about 1.5 billion readable individual clusters on the flow cell and each sample lane will have about 180 million reads (Fig. 15) [online 5]. 

3. DNA Sequencing by Synthesis (Fig. 19)
a.) Single strand sequencing (Fig. 24)
If a reference genome is available, single strand sequencing will be sufficient for mapping SNPs onto a reference genome and will utilize one sequencing primer. A 100 cycle run will generate 135-150 Gb of data in about 4.2 days, with a throughput of 33 Gb per day. If two flow cells are run parallel 270 – 300 Gb of data can be generated in about 6 days with a throughput of 50 Gb per day. 
b.) Paired-end sequencing (Figs. 25 & 26)
When a reference genome is not available, paired-end sequencing is better at de novo genome assembly than single read sequencing, since the paired-reads can span larger parts of the genome and so facilitate lining up the sequence fragments.. The paired-end protocol will require a second run using the second sequencing primer. In this case the result is one forward and one reverse sequence. However, if the original DNA insert is larger than the cycle size (35-100) the middle part of the sequence will be unknown (Fig. 26). The paired-end protocol will generate 270-300 Gb of data in 8.5 days with a throughput of 35 Gb of data per day. If two flow cells are run parallel 540-600 GB of data can be generated in about 11 days with a throughput of 55 Gb per day. 
c.) Multiplexed sequencing (Figs. 27& 28)
A flow cell has space for 8 individual samples. By adding a unique index to each sequence for each sample in the library prep stage one can run theoretically any number of samples (Fig. 27).  In the multiplexed sequencing protocol (Fig. 28), each cluster will have to be read three times with three different sequencing primers. Multiplexing will not increase the amount of throughput or data generated; it will rather split up the available data into independent data sets.  Furthermore, throughput will be slightly decreased since the index sequence needs to be read in a third pass (Fig. 28). A 6 bp index will add 6-7 hours to a complete sequencing run. Illumina offers sample prep kits with up to 24 unique indexes, allowing one to read 192 samples on a single flow cell. Once the sequences are read the index reads will identify and tag each cluster belonging to one of the twenty-four individual samples for each lane. If two flow cells are run parallel 540-600 GB of data can be generated in about 11.5 days with a throughput of 55 Gb per day for 384 samples. That will result in about 1.5 Gb of data per sample. 

Current advertised results: 
HiSeq 2000 System Performance Parameters [online 7]
Parameters 
Read Length 		Single Flow Cell 	Dual Flow Cell	Dual Flow Cell
                        	Run Time                	Run Time 		Output 
1 x 36 bp		 ~ 1.5 days 		~ 2 days 		95-105 Gb 
2 x 50 bp 		~ 4.5 days 		~ 5.5 days 		270-300 Gb 
2 x 100 bp		~ 8.5 days 		~ 11 days 		540-600 Gb 

4. DATA Analysis
The first part of data analysis is done in real time by the sequencer system in between the sequencing by synthesis cycles using low-level software on the sequencer.  Once all cycles are done final data processing and analysis will commence on a computer station using the software Casava [online 9], or similar software like ABySS [15], DeNovo or Velvet[16]. The sequencer will record 4 sets of images (Fig. 21) for each sequencing cycle, one set of for each of the four nucleotides (Fig. 21). Then it will analyze the images and reduce the images to base call reads and so reduce the storage requirement (Figs. 22 & 23). At the same time it will also refocus the lasers and optics (Fig. 21).  The sequencing synthesis reaction will take about 10-15 minutes per cycle, image capture, calibration analysis and image data reduction will take about 45 minutes, which includes:
i. Aligning/focusing top surface, bottom surface
ii. Image analysis (Real time)
iii. Base calling     (Real time)
The sequencer needs about 1 hour to complete one full cycle.  A 100 bp single read run takes about 100 hours to complete. A 100bp end-paired run takes about 200 hours to complete.  At the end of the programmed cycles (35 to 100) the raw sequences need to be further analyzed. Single-strand sequences need to be mapped onto a reference genome, using the software ABySS. For the paired-end reads there are two raw sequences to be assembled and these in turn need to be assembled into contiguous reads (Fig. 28).  This step is done by the software package Velvet [16] or similar software.

Discussion:
The Illumina HiSeq 2000 sequencing platform is currently the most widely used next generation sequencing system. It can produce very large amounts of data in a very short time with an affordable price per base at approximately 20 million bp per dollar. In 2004 it was noted that to sequence the human genome for under $1,000 and assuming 6.5x coverage 40 Gb raw bases need to be sequenced[4]. That indicated a need for a 1,000-10,000 improvement in the capabilities of the methods at the time. The Illumina HiSeq 2000 is closing in on that gap. It is the first commercially available sequencer to obtain ~30x coverage of the human genome in a single run for under $10,000 per sample [online 7]. Over the last four years Illumina consistently increased throughput of their sequencers 10 fold every two years, with the result that currently the HiSeq 2000 sequencing platform outperforms any other model on the market. In fact the latest version 3 flow cell (2011) further increases the number of clusters on the flow cell by one third, increasing maximum throughput to 82 Gb per day. 

Despite its popularity there are some inherent difficulties with some of the technologies and techniques used. 

Library preparation: Problems were reported of adapter and primer dimer formation interfering with the sequencing process [6], however, this is caused by the sample preparation and groups are working on optimizing the protocols to avoid primer dimers [6].

Cluster generation (amplification): In cluster generation the amplification reaction produces a population of identical templates. When the cluster is imaged later during the cyclic reversible termination sequencing, the observed signal is a consensus of the nucleotides added to the identical templates of each cluster for each cycle. Incomplete extension of the template cluster results in lagging-strand dephasing. The addition of multiple nucleotides or probes can also occur in a given cycle, resulting in leading-strand dephasing. Signal dephasing increases fluorescence noise, causing base-calling errors and shorter reads [7].  Furthermore, genome analysis of Illumina data has revealed an underrepresentation of AT-rich [7] and GC-rich regions[7], which is probably due to amplification bias during template preparation[7]. 

Sequencing: The first 5 cycles of sequencing are used to distinguish each of the clusters: two neighboring clusters will be merged if their sequence is the same. However, if the subsequent cycles differ after the fifth cycle the sequencing will either fail or be of low quality. This means that any error in the first five cycles will compromise the data. Furthermore, the second cycle determines the overlap between fluorescent channels. This determination assumes approximately equal number of C and A clusters. Bias at this level will also compromise the run (online 11).

Cyclic reversible termination (CRT) uses reversible terminators in a cyclic method that consists of nucleotide incorporation, fluorescence imaging and cleavage [2]. The reversible 3-blocked terminators require the cleavage of two chemical bonds to restore the 3-OH group.  This reaction can be incomplete, and therefore errors can be introduced. Substitutions are the most common error type, with a higher portion of errors occurring when the previous incorporated nucleotide is a ‘G’ base [7]. 

Data analysis: The process of data reduction by using real time analysis as introduced by Illumina is ingenious. The numerous images are used to call bases during each step of the cyclic reversible termination and then the images are discarded. While this method saves a lot of data storage resources, once the raw data (images) are discarded they cannot be reprocessed with different parameters. 

De novo sequencing: One aspect most next generation sequencing platforms are struggling with is de novo sequencing, due to their short reads. However, even as Illumina improves its technology step by step we might not be able to overcome certain inherent difficulties using one technology alone. For example, systematic variability in local sequence coverage was reported that was specific to different human genomic regions for three different sequencing platforms including HighSeq 2000. Because each NGS platform examined produced a uniquely reproducible pattern of variable sequence coverage, the mixing of different NGS read types in the alignment or assembly may produce superior de novo assemblies as indicated by a recent report that mixing Roche/454 and Illumina read data resulted in improved de novo assemblies of microbial genomes compared with assemblies based on data from either platform alone [7]. 
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Table of specific reagents and equipment:
	Name of the reagent
	Company
	Catalogue number
	Comments (optional)
	Price

	TruSeqTM DNA sample Preparation Kits v2 set A
	Illumina
	FC-121-1001
	Prep Kit 1 (14 Reagents) & 2,  Nebulizer kit & 2 reagents
	    $2600

	AMPure XP

Super Magnet Plate
	Beckman
	#A63880

A32782
	For 139/278 Preps
	$100

	TruSeq Single-Read Cluster Generation Kit v 2
	Illumina
	GD-300-3001
	Flow cell, 8x12 reagent plate, manifold, instructions
	$3000

	TruSeq Paired-End-Cluster Generation Kit v 2
	Illumina
	GD-300-2001
	Flow cell, 8x12 reagent plate, manifold, instructions
	$5400

	HiSeq Sequencing Kit (200 cycles)
	Illumina
	FC-401-1001
	50/200 cycles
	$1595/$5750

	PhiX control Kit
	Illumina
	FC-110-3001
	Kitted control DNA, and buffer set.  Sufficient for up to 5 Genome Analyzer runs.
	$150

	MinElute Gel Extraction Kit
	QIAGEN
	#28604
	50 Min Elute Spin Columns
	$111




Figure Legends:  
Figure 1. Illumina sequencing applications
Shown here is the Illumina HigSeq 2000 Sequencer, some of its applications (green font) and the different types of sample preparation available (blue font).
Figure 2. Genomic sequencing instruments & workflow.  (Images modified from Illumina online [7]).
The Illumina sequencing system has four stations: (A) The library preparation using a protocol which takes about 6h to yield the DNA templates. (B) Automated cluster generation process using the Illumina cBot, which takes about 5 hours to complete, which will amplify the templates. (C) Sequencing by synthesis using the HiSeq 2000 Sequencer, which will take 8.5 days for a paired-end protocol with a 100 read lengths and lastly (D) The data analysis, is done using the Casava software package, which will take another 2 days for the whole sequencing run to complete. In total it takes about 13 days to generate 300 Gb of data using a single flow cell with the paired-end protocol, with a throughput of 36Gb per day for a 2 x 100 bp run, from start to finish. It will take take 16 days to generate 600Gb of data using two flow cells with the paired-end protocol, with a throughput of 55Gb per day for a 2 x 100 bp run.
Figure 3. Illumina sequencing workflow (Figure modified from Quail et al.  [6])
Shown here is the workflow in detail for each of the first three steps: (A) library preparation, (B) cluster generation and (C) sequencing by synthesis.
Figure 4. Covaris instrument used to fragment genomic DNA [online 16]
(A) The Covaris instrument is used to fragment genomic DNA. (B) The instrument is an advanced type of sonication apparatus using adaptive focused acoustics (AFA) in the Mhz range as opposed to the kHz range used in regular sonication, which allows the energy to be focused in a localized area as small as 3mm in diameter (C), while the sample is kept at a constant 6 deg Celsius (D). This technique will yield very precise +/-50bp double-stranded DNA fragments comprised of 3’ or 5’ overhangs in minutes. Double stranded DNA will shear when exposed to the energy of AFA. This shearing is site independent and is a perfect technique for the production of DNA libraries. The system is computer controlled and is highly reproducible once the conditions have been optimized for the size range one requires. In addition to this AFA allows for a large number of samples to be processed in a short period of time with no washing between samples, since the samples will be sealed inside the tubes and not directly in contact with any parts of the machine. For a regular protocol 1 ug of purified genomic DNA in 50ul buffer is treated for 2 minutes at 6 deg C.
Figure 5. Steps of DNA purification using AMPure XP beads (Image from Beckman Online [8])
DNA is purified in between steps using AMPure XP beads, using the following protocol: A) Add beads to DNA solution. B) Binding of DNA to magnetic beads.  C) Separation of DNA bound to magnetic beads from contaminants by application of a magnetic field. D) Washing of DNA with ethanol.   E) Elution of DNA from the magnetic particles. F) Transfer away from the beads into a new plate.
Figure 6. Sequencing sample genomic library preparation overview
Sheared genomic DNA (A) is end repaired. (B) A 3’-overhang is cleaved off and a 5’-overhang is filled in. (C) the blunt-end DNA fragment is phosphorylated at the 5’-end. (D) A single adenine base is added on the 3’ DNA fragment ends by enzymatic extension.  (E) The partially double stranded (forked) and T-tailed universal adapter is ligated onto the A-tailed DNA fragments (F). After the library is constructed and sized via gel electrophoresis (G), the individual strands that will be the templates are amplified to increase the signal from the sequencing reaction. PCR amplification is performed on the ligated products with two universal primers (PCR Primer 1 & 2 (H)), amplifying only fragments which have adapters ligated to both ends. (I) The adapters include sequences which will be subsequently utilized for sequencing primer sites in the sequencing event (Rd1 SP & Rd2 SP) and which furthermore include the flow cell attachment sites P5 & P7 on their 5’-ends. These attachments sites will bind to the P5/P7 oligonucleotide primer sites grafted on the flow cell and will facilitate the clonal cluster generation and subsequent sequencing. 
Figure 7. DNA end-repair (Image of DNA polymerase from [12])
Genomic fragmented DNA with 5’ and 3’ overhangs is incubated with DNA polymerase and nucleotides. The polymerase will extend one strand 5’ to 3’ and fill in the 5’ overhang with its complement bases.  T4 polymerase also has 3’ exo-nuclease activity and will cleave off the 3’ overhang. 
Figure 8.  5’ Phosphorylation of blunt ended genomic DNA (Image of T4PNK from [13])
Polynucleotide kinase (or PNK) is a T4 bacteriophage enzyme that catalyzes the transfer of a gamma-phosphate from ATP to the free hydroxyl end of the 5' DNA. The DNA fragment needs to be 5’ phosphorylated for the subsequent ligation reaction.
Figure 9.  Add ‘A’ bases to the 3’ end of the DNA fragments (Image of exonuclease from online [13])
This step adds an ‘A’ base to the 3’ end of the blunt phosphorylated DNA fragments, using polymerase activity of Klenow fragment.  This prepares the DNA fragments for ligation to the adapters which have a single ‘T’ base overhang at their 3’ end.
Figure 10.  Ligate adapters to DNA fragments (Image of ligase from [14])
DNA ligase is used to ligate the adapters onto the fragmented, end-repaired, 5’ phosphorylated, 3’ A-tailed DNA template. This will prepare the templates for hybridization onto the flow cell.
Figure 11.  Enrich adapter-modified DNA fragments by PCR (Image of polymerase from [online 14])
This step will selectively enrich those DNA fragments that have adapter molecules on both ends, and amplify the amount of DNA in the library. The PCR uses two universal primers P5 and P7.  Initially only PCR primer P7 will anneal to the P7’ site of the partially double stranded template. The PCR primer P5 is identical to the 5’ end of the second strand in the forked DNA template. After replication the complement strand will include a binding site P5’ for the second primer P5. The resulting PCR products will be double stranded DNA templates. Each strand will have a different 5’ attachment site (P5’ & P7’), which are complementary to and anneal to the P5 & P7 oligonucleotides on the flow cell. 
Figure 12. Purification, size selection, quantification & quality check These images show a library run on a 4-20% TBE polyacrylamide gels.  The size ladder is shown on the left of each image. The smears in image A are the genomic library after fragmentation and ligation of the adapters. The image in the middle shows the same gel after excision of the 200-300bp region. The bottom image shows the final library product after size selection, purification and PCR enrichment indicating a size range of 250-350 bp, which is equivalent to a template construct with a genomic insert size of 130-230 and 120bp adapter sequences. The dark band in the ladder in the first lane denotes 200bp.  
Figure 13. Cluster generation on a flow cell using the Illumina cBot Cluster Generation System (Image A from Illumina, Online [5]).
(A) Cluster generation machine from Illumina. (B) True Seq PE Cluster Kit v2 8x12 reagent plate (covered with foil) being scanned on the cBot machine identifying the protocol, which will be used for this run (single-read, paired-end or multiplexed). (C) Placement of the reagent plate in the machine. (D) The flow cell container is being scanned identifying what type of flow cell is being used. (E) The flow cell is mounted onto the machine. (F) The manifold is mounted on top of the flow cell.  The manifold is used for all chemistry steps, to pierce the reagent foil cover and to draw reagents from the reagent plate. (G) Position of the tube strips which contain the eight DNA template samples. (H, I & J)  Screenshots of the beginning start and end of the cluster generation run, which runs for 3 hours and 32 minutes.
Figure 14. Illumina flow cell (Images modified from Quail et al. [10], Cosentino online [11]).
(A) Flow cells are hollow glass slides, with 8 separate lanes, through which reagents and template DNA flow. Lanes have been shaded gray for clarity. (B) Cross-section of a single lane, showing the direction of reagent flow and polyacrylamide coating on the interior surface of the flow cell. Each lane uses top & bottom side inside the channels of the slide and produces up to 180 million cluster reads per lane. (C) Flow cell ports are connected to the manifold in the cBot instrument. (D) Each lane is imaged in two rows with 60 pseudo-tiles each, for a total of 120 pseudo-tiles per lane.
Figure 15. Architecture of a flow cell (Image of flow cell from Quail et al. [10])
(A) The flow cell is a credit card sized chip with densely packed oligonucleotides grafted onto the surfaces, allowing for high-throughput sequencing. The top & bottom of each channel is coated with two different oligo primers P5 and P7 (Sequences from [Online 6]). (B) Once a template strand has been attached to the flow-cell it is amplified in place by a process called bridge amplification.  This results in about 2000 copies of each strand (forward and reverse strand).  The amplified copies derived from a single template are in a focused location on the flow cell.  (C) This location is called a cluster. When the process is complete, each flow cell will have as many as 1.5 billion individual readable clusters on the flow cell.  Each of the 8 lanes will generate about 180 million individual reads with base pair length of 35-100bp.
Figure 16a. Detailed cluster generation: capture and extension of template
(A) The PCR enriched, adaptor modified DNA fragment library is diluted, denatured and introduced into the lanes of the flow cell. Each strand has a complementary attachment site at the 3’ end only. The 5’ ends have attachment sites that are identical to the flow cell attachment sites.  Therefore, the single strands will only bind to the flow cell primers on the 3’ end.  (B) The 3’ end of the adaptor modified DNA anneals to the complementary primers immobilized on the flow cell lawn.  (C) During cluster generation, the annealed strand acts as a template. DNA polymerase adds covalently attached dNTPs to extend the immobilized primer from 5’ to 3’.  (D) The extension produces a complement of the template DNA that is covalently bound to the flow cell.  (E) Denaturation occurs and the template DNA is then washed away. (F) Single DNA strand covalently bound to the flow cell at the 5’ end, with the 3’ end free. 
Figure 16b.  Detailed cluster generation: bridge formation
(A) The single stranded DNA has a 3’ end (pink, P5 attachment site) that is complementary to adjacent lawn primers on the flow cell (red), so it will loop over and form a bridge.  (B) The primer on the new attachment site now extends in 5’ to 3’ direction, resulting in a double stranded DNA bridge. 
Figure 16c. Detailed cluster generation: denaturation and clonal cluster generation
(A)  The double-stranded bridge is (denatured) by addition of 0.1M sodium hydroxide, leaving two covalently bound single strands immobilized on the flow cell. The process 16 b-c continues for 35 cycles, creating a dense cluster of over 2000 molecules of the template per cluster. The cluster generation ends with a denaturation step, leaving a lawn of immobilized single strands of DNA with free 3’ ends.
Figure 16d.  Detailed cluster generation: linearization, blocking & annealing 
The clonal clusters are initially prepared for sequencing in the last steps on the cBot.
(A,B,C) The reverse strands in the cluster are enzymatically cleaved at the reverse strand-specific primer site (purple arrow) and washed away; this step is also called linearization. (D) the 3’-ends of the templates and the oligos on the flow cells are blocked (E) The sequencing primer is annealed to the templates and now the copies of the original forward template are ready for sequencing. (F) Per flow cell lane there will be 180 million clusters originating from 180 million different DNA inserts.
Figure 17. Cluster generation chemistry detail (Image modified from Quail et al. [10])
(A) Taq polymerase is used to create a bound copy of the template (B).  (C) The original template is denatured with 0.1M sodium hydroxide leaving a bound copy on the flow cell.  (D) The ends anneal to neighboring primers on the flow cell. Addition of Bst polymerase and nucleotides will extend the single bridge into a double stranded bridge (E). Addition of formamide will denature the double stranded bridge (F). Polymerase from Bacillus stearothermophilus (bst) has a helicase-like activity, making it able to unwind DNA strands. Its optimum functional temperature is between 60 and 65°C and it is denatured at temperatures above 70°C. These features make it useful in isothermal nucleic acid amplification. Isothermal amplification is similar to the polymerase chain reaction (PCR) but does not require the high temperature (96°C) step required to denature DNA [online 14].
Figure 18. Sequencing on the Illumina HighSeq 2000
(A) The Illumina HiSeq 2000 DNA sequencing platform.  (B) A flow cell being cleaned with alcohol and lens paper, before being mounted onto the machine.  (C) the platform can handle two independent flow cells in one run. A green light will indicate if the cell flow is properly mounted. User checks for bubbles. In case of a dual cell flow run the readout is staggered, which reduces the overall time from 17h days to 11 days in case of a 2 x 100 paired-end read run. (D) Hamilton mounted pistons, which pump the reagents over the flow cell. (E) Screenshot of display at start of the run, showing cycle 1 of 100. (F) first live images (three tiles) from first cycle appear after 13 minutes.  Sequencing of the forward strands will commence for about 4 days. If the paired end protocol is to be used then the reverse strands will be resynthesized using the forward strands as templates.  The forward strands will then be cleaved and washed away.  Then the second run will start of 100 cycles, in which the reverse strands will be sequenced, which will take another 4 days.
Figure 19. Illumina – reversible terminator sequencing
(A) 3’-ends of templates and primers of flow cell are blocked, then the sequencing primer is annealed, before cycle 1 starts. (B) Sequencing is performed by standard chemistry using reversible dye terminators.  Each sequencing pass incorporates one of the four nucleotides into the growing chain.  At the end of the pass, four images are captured. Then the terminators are cleaved off and the next cycle can start. Sequencing runs are from 35 to 100 bases and run from 3 to 10 days.  The DNA polymerase needed to sequence the template strands is not shown in the illustrations.
Figure 20. HiSeq 2000 Cyclic Imaging and Base Call
(A) Extend first base, read, and de-block. (B) Repeat step A to extend strand. (C) Generate base calls at each cycle (D). Each of the four colors represents one of the four bases: A (blue), C (green), T (red) or G (yellow).  Different color reads at the same location at consecutive cycles will reveal the sequence. The DNA polymerase and the reversible dye terminator dNTP mix needed to sequence the template strands are not shown in the illustrations.
[image: ]Figure 21. HiSeq 2000 Imaging System
The HighSeq Imaging System has a two color excitation and four color emission detection system. The fluorescent light is reflected onto a path through 4 semitransparent mirrors, which will deflect the light onto all four CCD cameras, which will record the image. Each of the four nucleotides is distinguished by their fluorescence characteristics.  Software calculates the location of each cluster and makes a base call for the cluster.  The only movable parts are the xy-table and the aperture wheel, which will reduce the intensity of the laser initially and increase intensity towards the end of the run, when the signal decreases. The four images will get processed into one four color image. Each tile will be recorded as a monochrome image. The four images are assembled in a four color image. Each flow cell lane is imaged in 2 swathes along the length of the flow cell. Each swath is then processed into pseudo tiles with 60 tiles per column, 2 columns/channel and 8 channels per flow cell resulting in 960 tiles per flow cell.  The color images are reduced via base calling into flat sequence files, and then discarded after each cycle.
Figure 22.  Real time analysis (Illustration from Illumina [online 10])
Real-time analysis and efficient algorithms result in a significant reduction for data analysis, as seen when comparing the GAII Genome analyzer without real time analysis, and the GAIIx with real time analysis (RTA). Real time analysis is performed by low level software on the sequencer. GAII and GAIIx are the last two versions of the Illumina sequencer platform, which were released before the HiSeq 2000.
Figure 23.  Decreasing data storage with real time analysis (Illustration from Illumina [online 10])
Real-time analysis generates base call-level data (flat files) instead of bulky images or intensity files, reducing the storage requirements for a sequencing run.
Figure 24.  Single strand sequencing
Single strand sequencing utilizes only one Read Primer 1 (Rd1 SP).  A 100 cycle run will generate (100 x 5 x 960) images and takes about 4.5 days. The DNA polymerase and reversible dye terminator dNTP mix needed to sequence the template strands are not shown in the illustrations.
Figure 25. Paired end sequencing
Detailed schematic on how paired-end sequencing is performed on the sequencer. (A) Sequencing forward strand. 1:Cluster amplification, 2: denature DNA, 3: cut reverse strand and remove (linearize), 4: block 3’-ends, 5: anneal first primer and read forward sequence by synthesis. (B) Sequencing the reverse strand. 1,2: Strand re-synthesis, 3: denature DNA, 4 cut forward strand (linearize), 5: block 3’-ends, 6:anneal second primer and read reverse sequence by synthesis. It is assumed that since the two reads are part of the same cluster that these sequences will show up at the same position on the readout. The DNA polymerase and the dNTP mix needed to copy the template strands are not shown in the illustrations. The DNA polymerase and reversible dye terminator dNTP mix needed to sequence the template strands are not shown in the illustrations. Steps A1-4, are performed on the cBot, whereas all other steps are performed on the sequencer.
Figure 26.  Paired end sequencing contiguous reads assembly
This illustration shows  the structure of the paired-end reads and how contiguous reads are assembled after pairing and alignment. The ends of the DNA template were read by the sequencer and if the DNA insert is larger than 200bp there will be no overlap for the end sequences and the sequence and length of the piece in between will be not known. However since there is a large number of paired-end reads they will have staggered overlap and one will able to align these pieces more reliably to get a contiguous larger sequence.
Figure 27. Multiplexing library preparation (adapted from Online Illumina [4])
To prepare a library for multiplexing a special adapter is used which includes an index (barcode). Illumina provides up to 24 different barcodes, so per lane 24 individual samples can be run for a total of 192 different samples per flow cell. However, multiplexing will reduce number of reads per sample. (A) Ligate index adapter. Index sequence is shown in green. (B) Final product after PCR amplification.
Figure 28. Multiplexing (adapted from Online Illumina [4])
Multiplexing utilizes three consecutive sequencing reads.  ( A)  The first sequencing event (grey dotted line) is started by using the Read 1 Sequencing Primer (Rd1 SP).  (B) The product is then removed and the second sequencing event is started by annealing the Index Sequencing Primer (Index SP) to read the 6bp index sequence (green dotted line). (C) The reverse strand is resynthezised and the forward strand is cleaved and washed off (not shown here, see figure 26b). The Read 2 Sequencing primer (Rd2 SP) is used to read the reverse strand.  It is assumed that since all three reads are part of the same cluster that these sequences will show up at the same position on the readout. For a 100 cycle run (100 x 5 x 2 + 6 x 5) 1030x960  images will be produced. The DNA polymerase and reversible dye terminator dNTP mix needed to sequence the template strands are not shown in the illustrations.
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