WHITE PAPER
5500 Series SOLiD™ System

mapplied
s biosystems’
by,&# technologies

SOLID" System accuracy with
the Exact Call Chemistry module

CONTENTS

Principles of Exact Call Chemistry 1
Introduction 1
Encoding of base sequences with Exact Call Chemistry 1

Demonstration of increased accuracy with Exact Call Chemistry

Conclusion

Bioinformatics of Exact Call Chemistry

Appendix A: Determination of base calls and quality values

Appendix B: The forward-backward algorithm

N | oW | W W

Appendix C: Probe set design

Principles of Exact Call Chemistry

Introduction

The 5500 Series SOLiD™ System is designed to provide industry-
leading accuracy through a unique, ligation-based sequencing
methodology, Exact Call Chemistry (ECC). This distinct sequencing
approach builds on SOLID™ 4 System chemistry, employing
sequential ligation of oligonucleotide probes labeled with one of
four fluorescent dyes, whereby each probe assays multiple base
positions at a time. While SOLID™ 4 System chemistry interrogates
every base of the DNA template twice using two-base encoded
probes, Exact Call Chemistry performs an additional inspection of
the template using a new, three-base encoded probe set. This new
probe set is carefully designed to complement two-base encoding
and jointly form a redundant error-correction code. The set of all
dye color measurements, each carrying information about multiple
bases, is then used by a specialized decoding algorithm to establish
the correct base sequence without knowledge of the reference,
even in the presence of measurement errors. This strategy allows
for error detection and correction, providing highly accurate results
for resequencing, de novo sequencing, and rare variant detection.

Encoding of base sequences with Exact Call Chemistry

5500 Series SOLID™ System Exact Call Chemistry is illustrated in
Figure 1. Beads containing single-stranded copies of DNA library
fragments are attached to the surface of the FlowChip. These
sequences are interrogated by fluorescently labeled probes that
hybridize and ligate at the boundary of single-stranded and double-
stranded DNA. The sequencing process is organized into phases
called primer rounds. Each primer round consists of hybridization

of a sequencing primer with a specific offset, followed by multiple
cycles of probe ligation and detection. The primer round is concluded
by a reset that melts the primer and extended sequence off the
template, preparing the template for the next round. SOLID™ 4 System
chemistry relies on performing five primer rounds using a two-base
encoded probe set. In addition, ECC follows these five primer rounds
with one additional round. This sixth round starts with the same
sequencing primer as the fifth round, but uses a new, independent
probe set with a specific three-base labeling. Together, the six primer
rounds enable unrivaled system accuracy by forming a redundant
error-correction code. The labeling of both probe sets, shown in
Figure 1, is inspired by a convolutional code, a type of error-correction
code used in digital communication systems where the encoded
symbols are derived from a short subset of consecutive information
symbols [1]. The algebraic formula used to generate them is
described in Appendix C.
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Figure 1. Ligation-based sequencing with 5500 Series SOLiD™ System Exact Call Chemistry.



Demonstration of increased accuracy with Exact Call Chemistry

To validate this sequencing strategy, we performed SOLiD™ System
sequencing using Exact Call Chemistry on templated beads
containing synthetic DNA templates. The color measurements were
collected by the instrument and processed with the ECC base calling
algorithms (described in detail in Appendices A and B). Because the
precise sequence of the DNA template was known, this approach
specifically allowed for direct assessment of the sequencing accuracy
of Exact Call Chemistry, presented in Figure 2 as a histogram of
calibrated Phred scores.

As the results demonstrate, Exact Call Chemistry determines the
template sequence with extremely high accuracy, the majority

of base calls achieving accuracy in excess of 99.9999%. Since

each base position is interrogated by multiple colors, consistent
agreements between multiple color calls significantly increase the
confidence in base calls. At the same time, some color errors can
be corrected as a result of the single-read redundancy provided by
the sixth primer round.
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Figure 2. Histogram of base call accuracies expressed in calibrated Phred scale. Base calls were derived from color
measurement through algorithms described in Appendices B and C.

Conclusion

Sequencing with Exact Call Chemistry and the 5500 Series SOLiD™ System clearly demonstrates increased performance and accuracy, which

is imperative to high-throughput detection of rare genetic variants in heterogeneous or pooled samples, as well as de novo sequencing. The

multibase encoding functionality contributes to lower error rate and reduced systematic noise, resulting in unsurpassed sequencing accuracy

even at low coverage.

Bioinformatics of Exact Call Chemistry

Appendix A: Determination of base calls and quality values

Symbol Definition

u=[ug, Uy, Uy, .. U]
known ahead of time.

X, = [XA,1‘ Xpgr oo XA,K]

xB = [XB,1’ XB,Z’ o XB,K/S]

Yo = [V,w Yagr oo yAvK] Noisy color measurements of x,.

Vo = Vo Ve -V a5l Noisy color measurements of X,.

Sequence of bases in a DNA fragment. Base u; is the last base of the adapter ligated to the 5" end of the fragment, which is

Expected sequence of colors resulting from interrogating u using probe set 1, assuming no color errors.

Expected sequence of colors resulting from interrogating u using probe set 2, assuming no color errors.

Table 1. Mathematical notation for ligation-based sequencing. Symbols and corresponding definitions are indicated.



The 5500 Series SOLID™ System sequencing process can be under-
stood as a transformation of the template base sequence u into a
collection of color measurements (see Table 1 for notation). If the
colors always could be read out without errors, this conversion would
be a deterministic, injective function u = (x, x.), where every possible
base sequence translates to a unique color sequence. For example,
[TCGTGTGCTTCCGAAG] (last base T of the adapter

followed by 15 template bases] is expected to translate into the set of

a segquence u =

colors in Figure 3.

In the example shown in Figure 3, 15 unknown template bases
(excluding u,) have been converted into 18 color reads. In general,
there are 4% (~64 billion) possible color sequences of length 18, but
only 4" (~1 billion) possible base sequences of length 15. This means
that only one in every 64 possible color sequences corresponds to a
base sequence. Such “valid” color sequences are rare and, due to the
design of the probe sets, dissimilar from each other. This makes them
easy to distinguish, even in the presence of some measurement noise
and errors in color calls.

A | Primer n | Xp, =@ | Xp; =@ | X1,= @ |
|  Primern-1 | x,,= .- ® | x,-@ |
| Primer n-2 | bridge probe X, 5= @ Xp 109 = | Xp 15 = | Probe Set 1
| Primer n-3 | bridge probe | xA4=. | XAgz. | XA14=. |
| Primer n-4 | bridge probe | XA3=. | Xpg = | Xp13 = |
| Primern-4 | bridgeprobe |  x;,=@ |  x,=-@ | x.-@ | } Probe Set 2
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Probe Set1  x, = [ ]

Base Sequence u-= [ "

Probe Set2  x, = [

]

Figure 3. Example of color encoding for base sequence u=[TCGTGTGCTTCCGAAGI. Colors are arranged by (A) order of data acquisition; (B) base

position and probe set.

The optics, imaging, and image processing subsystems of the 5500
Series SOLID™ System produce color measurements for each DNA
fragment and each probe ligation cycle. Measurements for a specific
bead [y, and y,, see Table 1] carry information about the color
sequence X,, X;, and indirectly about base sequence u. The unknown
sequence u, hidden variables x, and x;, and observed variables y, and
y; are linked together through a causal, statistical relation that is key
to base calling (illustrated by a Bayesian network in Figure 4).

The 5500 Series SOLiD™ Sequencer performs three steps to
determine individual bases and assign quality values to the calls,

as illustrated in Figure 5. At the core of this process is the Bayesian
inference operation that derives four conditional (posterior] probabili-
ties, Plu, = A,C,G,Tly, y.), for each base position i. The general formula
for such derivation is a marginalization of Pluly,y,) derived through
the Bayes theorem from conditional probability Ply, y,lul:

P(uilyn o) = Z R Z

Uj—1 Uity

P(ya yglu) - P(w)
P(ya,¥8)

Figure 4. Bayesian network linking the unknown bases and the observed color
measurements.



A practical way to efficiently perform the above computation is to use
dynamic programming. The 5500 Series SOLID™ System uses a type
of dynamic programming called the forward-backward algorithm [1],
which is detailed in Appendix B.

The steps preceding and following the Bayesian inference are much
simpler. The measurement model, evaluated before Bayesian
inference, converts each color measurement y, into four individual
color likelihoods Ply|x = @, @, @, @], which are later used within the
forward-backward algorithm to calculate Ply, y,lu). Distributions

Ply Ix) are well characterized within the 5500 Series SOLID™
Sequencer image processing system. Finally, the product of Bayesian
inference, probabilities Plu= A,C,G,Tly,y,), are converted to base calls
a, through straightforward probability maximization:

a; = argmax P(u;lya, yg)
u;€{A,C,GT}

Once the base call is established, its quality value b, is directly derived
from the base probability as:

bi = —1010g10 P(ui = ailYAl YB)

Appendix B: The forward-backward algorithm

The quality values are determined from a lookup table using the four
base likelihoods as feature vectors.

Color
measurements | YA'¥s
Measurement

model

P(ypilx,; =@,@,0,@) fori=12,..K
Plygil%,;=®,0,0,@) fori=12,.,K/5

Color
likelihoods
Bayesian
Inference
Base posterior

probabilities P(u;=A,CGT|yays) fori=1,2,..,K

Base calling

Base calls &

Quality values apb fori=12..K

Figure 5. Base calling process performed by the 5500 Series SOLiD™ System for
Exact Call Chemistry.
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Figure 6. Graphical representation of one base sequence u = [u,,u,,u,,...,u,] as a path through a graph. (A] Notation for variables associated with nodes and edges.
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(B) Example for base sequence u=[TCGTGTGCTTCCGAAGI.

The forward-backward algorithm [1] solves the Bayesian
inference problem of computing all conditional probabilities
Plu.= A,C.G,Tly,y,) of bases from measurements, which is the
basis for performing base calls and calculating base quality
values for each base call.

The forward-backward algorithm represents any possible sequence
of bases u = [u,,u,.u,....u,] with a path through a graph that starts with
node [ug,u,,u,] and passes through nodes [u,,u,.u,), [u,u,u,]l, and so
on, to node [u, ,.u, ,.u,). Figure 6B shows a path corresponding to a
sequence from the example in Figure 3. Every edge connecting a pair
of nodes [u,u_u land [u_.u, .u ] carries information about four

1’ #1720

bases [u,u,,.u_,.u, ], which is enough to uniquely associate it with the
expected color of the probes interrogating bases [u,u, .u U ,u.]
from either probe set 1 (x, ] or probe set 2 (x, . ,..] according to
Figure 1. The graphical notation for values associated with nodes and

edges is shown in Figure 6A.

i+1"

Ul oY

The set of paths corresponding to all 4% possible K-base sequences
can be combined into a single compact graph called a trellis (Figure
7). The trellis guarantees one-to-one correspondence between

any path from the left most nodes to the right most nodes and all
possible base sequences, which makes it a blueprint for dynamic
programming computations.



[ A A A A
I [o] [o} [o] [o}
h [c] [c] [c] [c] A
I T T T T *
A A A A A
[o] [o} [o] [o} [}
[} [} [c] [
T T T T *
A A A A A
[oHE\} [o} [o] [o} [o}
[} [c] [} [c] [c]
T T T T T
A A A A A
[o] [o} [o] [o} [}
[} [c] [} [c] [c]
T T T T T * * *
I A A A A A
/l C [of C [of [}
fl [] [c] [] [c] [c]
T T T T T *
A A A A A
C [of C [of [o}
[] [] [c] [c]
T T T T *
A A A A
C [of C [of [}
[c] [] [c] [
T T T *
A A A A
[of [of [}
[c] [c] [c]
T T " ‘. " T * * %
A A A A A
[o] [o} [o] [o} [}
Q U/, [c] [} [c] [c]
T T T T T *
A A A A A
[o] [} [o] [} [o}
[c] [c] [c] [c]
T T T T *
A A A A A
C [o} C [o} [o}
[} [c] [} [c] [
T T T T T *
A A A A A
T T T *
A A A A A A
[of C [of C [of [}
[c] [] [c] [] [c] [c]
T T T T T T *
A A A A A A
C [of C [of [o}
G 1/ [ [c] [c]
T 1 T T *
A A1/, A A A
[of C [of C [of [}
[c] [] [c] [c] [c]
T T T T T *
A A A A A
[of C [of [of [o}
[c] [] [c] [c] [c]
T T T T T * * %
777N (v u, U] (v vy uy] (v Uy U] [u, us gl [Ugs Upg Ud U U Upaq] U Upeq Ugnl

‘4’ — 7/
(A[C[TIC}

—
[ALC[T]C}

CICITIA
CICITIC]
CIC[TTG]

GICITIA
GICITIC
GICITIG
GICITIT

TIC[TIA
TICITIC
TICITG]

TICIT

Figure 7. General structure of the trellis. [A] The trellis is divided into K stages, each consisting of 256 edges connecting two groups of 64 nodes. Each group of 64 nodes
corresponds to all possible base triplets. At the beginning and end of each section there are 64 nodes, corresponding to all possible base triplets. Each edge corresponds
to some quadruplet of bases [u,u_, u,, u ], connectingnode [u, u,,u, Jtonodelu,u, ., u , u ] [BIAnexample subset of nodes and edges. An edge that corresponds to a
quadrupletofbases[u,u , u ,u, ] hasanexpected colorx,  inprobeset1andanexpectedcolorx in probe set 2 determined from Figure 1. Note that measurements

for probe set 2 are only available in every fifth trellis section.

i+

B.(i+3)/5

The algorithm determines base calls and quality values by
performing the following steps:
Step 1. Step 2.

For each edge in the trellis, establish edge metric y(u,u, v, .U, ). Calculate forward node metric alu,u, ,,u ) for every node in the graph:

#1720 T3 i+

For each edge in the graph associated with bases u,u_,.u_,u,_, and

172!

2A. Initialize G[uo,u1,u2] to 1 for nodes where u, agrees with last base of

colors RIRTR S determine the edge weight:

the primer and 0 otherwise.

YU Uigy, Wiz Wirs) = P(Vaiea|Xaisn) - P(yB,(i+3)/5|xB,(i+3)/5) “P(ui41)  2B. lteratively compute all node metrics a(u

U,U ) from node
metrics o[u,.,um,uHZ] according to the formula:
In the above formula, Ply, , Ix, ., = ®.e.e.@)and Ply, . . .Ix; ., .=
e.0.0,0] are color likelihoods derived from color measurementsy, . (Ui Uiz Uirs) = Z O
andyy .6 Plu, )is always assumed to be 0.25. Note that for any base HEReeT
sequence, the product of all edge weights along the corresponding Notice that summands in the above formula correspond to four edges
path results in Ply,|x,) x Ply,Ix.) x P(u) = Ply, y..ul, is proportional arriving at the node [u_,u,_,.u, .l from the left.

to the conditional sequence probability Pluly, y.). The goal of the
forward-backward algorithm is the efficient marginalization of
Pluly,.y,) to obtain Pluly, y,) for individual base positions.



Step 3.

Calculate backward node metric B[u/,u/+ uHZ] for every node in

.
the graph:

3A. Initialize B(u,,u,,,.u,,,) to 1 for all nodes.

3B. Iteratively compute all node metrics B[u/,uh ,uHZ] from node

1

metrics Blu,,u ) according to the formula:

/+2'Ur+3

BUis1, Uirz Uivs) * V(W Uig1, Uigz, Uigs)
Ui43=ACGT

Buytipr, Uign) =

Notice that summands in the above formula correspond to four edges

arriving at the node [u,u ,u ] from the right.

"

i+2

Step 4.
Calculate partially marginalized probabilities Ply,y,u,u_,u, ) forall

PP T2

base triplets as:

P(Ya, ¥B, Wi Uip1, Uirz) = €Uy Uppr, Uigz) - B (U Uigg, Uig2)

Appendix C: Probe set design

The design of the labeling for the two probe sets is inspired by a
convolutional code, a type of error-correcting code used in digital
communication systems [1]. Convolutional codes have two key
properties. First, they have a sliding window property, where the
encoded symbols are derived from a short subset of consecutive
information symbols—a property that is naturally satisfied by SOLiD™
System chemistry. Second, convolutional codes are linear in a finite
field; therefore, encoded symbols, when treated as elements from
a finite field, can be computed as weighted sums of input symbols.
This second property can be directly applied to probe set design.

Each probe consists of five nucleotides v = [v,,v,.v,.v,.v] that
specifically hybridize to complementary DNA sequence, three
inosines that hybridize to any sequence, and a fluorescent dye c.
With four possible nucleotides (A, C, G, and T), 1,024 possible probe
sequences exist, each having one of four unique dyes assigned to
it. Linearity of the probe set means that each of the 1,024 probes is

assigned a dye according to the formula

C=ViX Gyt VyX g, + VaX gyt V, X0, +Vsx Gy

where g =[g,.9,.9.,.9,.9. is a vector of weights that defines the probe
sets. Bases v, dye ¢, and weights g, are considered to be elements of
a finite (Galois) field of size 4, denoted GF(4) [2]. The correspondence
between nucleotides v, dyes ¢ and elements of GF(4) are presented
in Figure 8A. Figures 8B and 8C further detail the mechanics of
performing multiplication and addition of elements of GF(4). Probe
sets presented in Figure 1 for Exact Call Chemistry have been
generated by formula (1) by assigning weights g = [1,1,0,0,0] to Probe
Set 1 and weights g = [1,3,0,3,0] to Probe Set 2.

References

Each value is associated with one node in the graph.

Step 5.
Calculate the posterior base probabilities Plu, = A,C,G,Tly,y,) from
partially marginalized probabilities from step 4.

Zui+1 Zqu P(YA' Y, Ui = A, Uit+1s ui+2)
Doy Xy Zuie, P(VA YB Uiy Uig 1, Uiy2)

P(u; = Alya,yg) =

All the steps of the decoding process have low complexity and are well
suited for high-performance implementation.

A) Math in finite field GF(4)  B) GF(4) assignment to bases

A|/B|A+B|AxB TemplateBase | T G C A
0|0 0 0

ol1 1 0 ProbeBase | A C G T
02 2 0 GF(4) assignment | O 1 2 3
0|3 3 0

i 2 (])' 2 C) GF(4) assignment Dyes

12 3 2 Dye Label | FAM Cy3 TXR Cy5
1(3 2 3

200 2 0 Color Notation . ‘
2|1 3 2 GF(4) assignment | O 1 2 3
2|2 0 3

2|3 1 1

3|0 3 0

3|1 2 3

3|2 1 1

3|3 0 2

Figure 8. Finite field GF(4). [A] addition and multiplication in GF(4); [B] association
between elements of GF(4) and nucleotides; [C] association between elements of
GF(4) and dyes.
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