s I

FERTURE |

INTRODUCTION

High-throughput DNA sequencing
Since their introduction in the late
1970s, methods of DNA sequence de-
termination have come to rely on the
use of dideoxy terminators', in which
products of single-stranded DNA rep-
reactions are
base-specifically so as to produce a

lication terminated
ladder of products each increasing by
the step of a single nucleotide. At its
inception, the dideoxy method relied
on cloned DNA templates, electropho-
retic separation, and autoradiographic
detection. Successive technical innova-
tions include PCR?, use of fluorescent
terminators readable by automated la-
ser fluorometry® , and the development
of capillary-based separation methods®.
Bioinformatic innovations include algo-
rithmic methods for automated reads®.
Throughout these developments, the
underlying dideoxy method has remained
the dependable workhorse technology of
the genomic revolution.
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The reference sequence at Positions
1-4 is AGCC. For Position 1, four
alternative oligos are [top to bottom)

~~~CGCC~~~, and ~~~AGCC~~~,
where the last corresponds to the
reference sequence. Positions 2, 3,

and 4 are also tiled with the T, G, C, A
variant oligos in the 1st , 2nd, 3rd, 4th
rows. Given an experimental sequence
with a T SNP at the last position
(AGCT], the complementary strand
(~~~TCGA~~~) matches only one of
the four variant oligos at each tiling
position, and binds to it preferentially.
Computer imaging of the probe inten-
sity shows binding as a more or less
intense pseudocolour (bottom inset).

In this case, preferential annealing to
the 4th, 3rd, 2nd, and 1st oligos at the
four successive positions indicates that
the original ([complementary) experi-
mental sequence is AGCT. Note that
for the first three guartets, the SNP

in the experimental sequence necessarily
causes mismatch to the reference at
Position 4: only in the last guartet is
there a perfect match. Reduction of
binding specificity in surrounding oligos
is a characteristic of SNPs: see text.
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Subsequent to completion
of the Human Genome Proj-
ect in 2004, new so-called
“Next Generation” sequenc-
ing technologies have been
introduced, including pyrose-
quencing (454 Life Sciences),
reversible terminator tech-
nology (llumina), and ligation
sequencing (ABI SOLiD)*". A
major challenge is to obtain
any single genome of interest
as a matter of routine®.

Population and evolution-
ary geneticists interested in
genomic variation within
species face a different chal-
lenge. Our goal is to harness
high-throughput technology
to obtain multiple Kbps of
sequence from Ns of 100s ~
1000s of individual organ-
isms, where each N is as-
sayed twice, from either DNA
strand. For this goal, another
NextGen technology, DNA
sequencing on microarrays,
holds great promise.

Oligonucleotide Microarray
DNA Sequencing

DNA microarrays comprise
large sets ol synthetic oligo-
nucleotides affixed onto glass
“chips™™!'. One of many ap-
plications is Variant Detec-
tor Arrays (VDAs), used to
identify allelic variation at
known SNP sites within pop-
ulations'. A VDA includes a
set of oligos, one of which is
perfectly matched to the stan-
dard sequence of the SNP re-
gion, and a homologue with
a single-base variant specific
for the alternative bhase at a
known SNP site. Currently
available commercial “SNP
Chips” can screen for > 100K
known SNPs in the human
nuclear genome!'?.

The VDA concept has been
extended to assay variation at
every potential SNP site in an
experimental DNA with re-
spect to a reference DNA14,
In one commercial design, the
microarray tiles a reference
sequence of length n hases as
a series of 4 x n overlapping
23-b oligonucleotide probes
(Fig. 1, after [15]). For each
successive 25 base region, the
four members of the quartet
vary the middle (13th) base
through the four possible A
C G T SNPs. Mismatch at this
position reduces hybridiza-
tion specificity, such that an
experimental DNA with a SNP
variant will anneal preferen-
tially to only one of the four
oligos. The DNA sequence is
thus read as the succession
of brightest signals from each
quartet (Fig. 2).

Mitochondrial DNA
(mtDNA), a highly
SNP-dense genome

One of the first targets of
microarray sequencing has
been a particularly SNP-rich
portion of the animal ge-
nome, the mitochondrial DNA
(mtDNA) genome. MtDNA has
been the foundation of mod-
ern molecular evolutionary
genetics'®. The significance
of the mtDNA genome in evo-
lutionary biology rests on an

oft-repeated mantra including
its small circular size (ca 16-
17kbp), maternal inheritance,
high mutation rate (and
therefore high SNP density)
with respect to typical nuclear
loci. Demonstrated freedom
from adaptive Darwinian
natural selection and the ab-
sence of recombination mean
that mtDNA gene genealogies
should be equivalent to (ma-
ternal) intraspecific phyloge-
nies, and that diversity should

reflect population size'’. The
power of intraspecific whole-
genome studies™ has led to
a vast mitogenomic database
for genealogical investiga-
tion into our own species'.
The mtDNA genome is also
medico-genomically  impor-
tant, as a source of germline
mutations  that contribute
to maternally-inherited dis-
eases, and somatic mutations
that contribute to aging and
cancer.

FEATURE

Efficiency and accuracy of
MitoChip sequencing

Experiments with human-
mtDNA-specific “MitoChips”
show that the technology
is both efficient (able to re-
cover sequence accurately)
and accurate (able to iden-
tify SNPs accurately). Maitra
et al.?! showed that the first-
generation oligonucleotide
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A multispecies ArkChip iterative
sequencing microarray

The complete array tiles seven species’ mtDNA genomes (115,170
b froam both strands). These are three fish (Atlantic Cod [Gadus
morhual, Atlantic Wolffish [Anarhichas lupusl, and Atlantic Salman
[Salmol), three mammals (Humans [Homo sapiens], Harp Seals
[Pagophilus groenlandicus], and Caribou [Rangifer tarandus]), and
one bird (Blackish Oystercatcher [Haematopus aterl). The array
shows the hybridization pattern for a four-species experiment (Ga-
dus and Anarhichas above, Pagophilus and Rangifer and below). The
inset box shows an enlargement of the left-corner of the Gadus
block, including two alignment grids above the main body.

Diagram of information content for
a single-species ArkChip experiment

The framed area shows 16,552 cells that represent the complete
mtONA genome sequence of an Atlantic Cod (Gadus morhua)l se-
quenced on a seven-species microarray, Cells in green (16,483) are
high-confidence calls that are identical to the reference sequence.
Cells in red (20) are high-confidence calls (dS/N > 0.13) that differ
from the reference, i.e., SNPs. The one cell in orange [upper rightl
is a lower-confidence SNP call (dS/N > 0.09). Cells in yellow (3) are
lower-confidence ambiguous calls. Cells in grey (45) are lower-con-
fidence calls that do not differ from the reference. Note that grey
cells typically occur in short runs, and that the ambiguous calls are
all adjacent to SNPs [upper left] or grey cells [bottom rightl.

tiling array (MitoChip v.1.0: Affyme-
trix, Santa Clara, CA), which included
15,451 bases of the mtDNA coding
region, assigned base calls for an av-
erage ol 96% of positions, with repro-
ducibility of 99.99%. Flynn and Carr®
recovered 99.67% of the human se-
quence with 100.0% accuracy of SNP
detection. Zhou et al.*® developed a
MitoChip v.2.0 that tiles the complete
16,569bp revised Cambridge Refer-
ence Sequence, including the hyper-
variable regions. Their average call
rates across 33 arrays was 94.6%.
Hartmann et al.?* used the same chip
to compare 93 mitochondrial ge-
nomes sequences and measured an
average call rate of 99.48%, with an
accuracy of =99.98% for the MitoChip
with respect to dideoxy methods.
They observed that inaccurate calls
were most commonly associated with
runs of four or more C bases [which
affects G+C contentl, or within the
region +12 bases of authentic SNPs.
The latter phenomenon occurs be-
cause the presence of a SNP means
that other oligo sets tiling the sur-
rounding bases necessarily have two
mismatches to the reference (cf. Fig.
1). “Flynn’s Rule” states that, where

SNPs are spaced 13 < r < 25b apart,
anomalies may be expected among
[(2)(25 n) + 1] oligo quartets tiling the
intermediate positions®.

A further consequence of Flynn's
Rule is that heterospecific experimen-
tal DNAs hind inefficiently to species-
specific microarrays, when their se-
quences differ by more than a few
percent. We challenged the human
MitoChip v.1.0 with chimpanzee, go-
rilla, and codfish mtDNA genomes®,
whose sequences differ from the ref-
erence by by eight, 10, and >30%,
respectively. For the gorilla genome,
in which 46% of all 25b regions con-
tain three or more SNP differences
from the reference, only 88% of the
sequence was recoverable, and one in
four SNP identifications were in error.
In the codfish genome, less than 4% of
the sequence was recoverable. These
results indicate that intraspecific cross
hybridization should not interfere with
the accurate recovery of data from
multiple reference sequences tiled on
the same microarray, provided that
the competing DNA sequences differ
on average hy >5 mismaltches per 25h
oligo.

Accordingly, we designed and con-

structed a multi-species iterative se-
quencing microarray (the “ArkChip”)
tiled with a series of reference mtDNA
genomes from different vertebrate spe-
cies whose sequences differ from each
other by >20%". Here, we examine the
efficiency of sequence recovery and ac-
curacy of intra-specific SNP detection
as affected by the presence of multiple
homologous mtDNAs from different
taxonomic orders and classes.

Methods

Design of the microarray

The Arkchip includes reference mito-
chondrial DNA genomes (16 ~ 17K bp
each) sequences from three fish, thee
mammal, and one birds species, for
a total of 115,170 bases per strand,
from hoth the light and heavy strands
(Fig. 2).

Preparation and microarray
sequencing

PCR amplification of complete mito-
chondrial DNA genomes was done
in 3 ~ 24 overlapping fragments, ac-
cording to species. Each species’
amplicons were pooled in equimolar
quantities, and the pooled amplicons
were fragmented by DNAse treatment

to ca. 20 ~ 200 bp. Fragmented DNA
was sent to The Centre for Applied
Genomics at the Hospital for Sick Chil-
dren, Toronto, where they werelabeled
and tluorescently stained according
to the Affymetrix GeneChip Custom-
Seq protocol, v. 2 (2003). Arrays were
scanned with an Affymetrix GeneChip
Scanner 3000 and data extracted with
the GeneChip DNA Analysis Software.

Algorithmic analysis of probe
intensities

Output from each array experiment
includes eight columns of probe in-
tensity values, corresponding to the A,
C, G, and T variants for each position,
for both the heavy and light strands.
We identify for each position on each
strand the strongest of the probe in-
tensities as the presumptive base call,
and calculate as a confidence score
the differential signal-to-noise score
(dS/N), defined as the difference be-
tween the strongest and next-stromn-
gest intensities, divided by the sum
of all intensities at that position. For
each position, where the calls from
the two strands agree and agree with
the reference, the position is called
as invariant. Where the calls from
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the two strands disagree, but the call
with the higher dS/N agrees with the
reference, the position is called as a
weak invariant. Where the calls from
the two strands agree, and differ from
the reference, we accept as high-con-
fidence SNPs those calls that are made
on hoth strands at dS/N = 0.13, and
as potential (lower-confidence) SNPs
those made on both strands at 0.09 <
dS/N < 0.013. All calls that cannat be
called by these criteria are assigned
appropriate ambiguity codes. Irre-
spective of the above criteria, where
total probe intensity at any position is
small, the position is scored as N. A
rule-ol-thumb is o score as N, any po-
sition in which the sum of probe inten-
sities is less than that of any position
called by the above criteria.

Results

We summarize here results obtained
from a series of experiments with
one species on the ArkChip, the At-
lantic Cod; comparative results on all
species™ will be reported elsewhere
(Duggan, Marshall, and Carr, in
prep).The tiled Gadus genome refer-
ence comprises 16,552 positions for
each strand.

Fig. 3 shows the information con-
tent of a single-species experiment
sequenced on the multispecies array.
Of 21 dideoxy-detectable SNPs, 20
were detected by at high confidence
and one at lower confidence, for an
accuracy of 100%. Exclusion of three
ambiguous and 45 N sites gives a
mean efficiency (fraction of bases
called correctly) of the single-species
experiment of 99.58%.

In a four-species experiment with
the same Godus individual, together
with another fish and two mammal
species (Anarhichas, Pagophilus, and
Rangifer) (Fig. 4), there are 19 po-
sitions at which anomalous SNP or
ambiguous calls are made. In other
four-species experiments, these sites
are typically identified as ambigui-
ties or weak or strong SNPs. Among
27 dideoxy sequences, none of these
sites has been shown to vary intra-
specifically®. In duplicate seven-spe-
cies experiments, there are a further
30 positions at which anomalous SNP
or ambiguous calls occur in one or
the other of both replicates. In only
one case does an ambiguity occurs at
a position previously known to vary
intraspecifically, in this case a variant
unigue to one fish. The final efficiency
excluding these positions is 99.29%.

In almost all cases, these ambigu-
ous positions can be shown to occur
at homologous positions in an alter-
native species that differs from Ga-
dus by a single substitution within
the 25-base interval spanned by the
oligo quartet (Fig. 5). That is, these
“pseudo-SNPs” are explainable as in-
ter-specific polymorphisms detected
as intra-specific SNPs in conserved
in regions, typically the 12S and 168
rRNA regions. Mean efficiency ex-
cluding these positions is 99.47%.

Discussion and Conclusions
Where reference species’ DNA se-
quences differ on average >20%, in-
terspecific  cross-hybridization does
not interfere with the accurate recov-
ery of species-specific data from mul-
tispecies microarrays. Authentic SNPs
generally occur in intraspecifically
variable regions that are highly dif-
ferentiated interspecifically, such that
“cross-talk” does not occur. In more
conserved regions, identification and
exclusion of ‘pseudo-SNPs’ sites from
each species’ analysis eliminates noise
due to trans-specific cross-hybridiza-
tion, without loss of intraspecific phy-
logenetic signal. Potential interference
from ‘pseudo-SNPs’ may be further
minimized if more divergent refer-
ence genomes are incorporated, e.g.,
teleost / lissamphibian / reptilian /
mammalian / avian combinations, or
even invertebrate taxa.

Parallel collection of data from mul-
tiple species on a multiplex microar-
ray dramatically reduces the time
and cost of obtaining mtDNA genome
sequence data for population studies.
The complete genome sequence au-
tomatically aligns with the reference,
eliminating contig assembly from
multiple reads. Automation of the
base calling algorithm eliminates the
subjectivity of manual editing, and
promotes consistency of base calling
across experiments. More sophisti-
cated Perl- or Python-script-based
algorithms could identify and exclude
pseudo-SNPs, flag N-rich regions of
poor hybridization, and incorporate
context-specific information.

Iterative sequencing microarrays
lend themselves to collaborative stud-
ies and centralization of the chip-
reading technology. Our ArkChip mi-

croarray manipulations are performed
out-of-house at a Genome Canada-
sponsored service facility. Because in-
house preparation requires only PCR
amplification, quantitation, and frag-
mentation, in principal collaborative
projects on the same ArkChip platform
can be dispersed among investigators,
with the fragmented amplicon pools
fed into a single remote pipeline.

The latest generation of chip de-
signs can incorporate nearly 500Kb of
reference sequence. It should be pos-
sible to incorporate large numbers of
species-specific reference sequences,
not all of which need be used in any
one experiment. By such strategies,
the door to high-throughput “Next-
Gen” sequencing technology can be
opened to individual investigators of
non-“genome enabled species” at a
small fraction of the cost of conven-
tional genomics.
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