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Abstract

Alternatively spliced transcript isoforms are thought to play a critical role for functional diversity. However, the mechanism
generating the enormous diversity of spliced transcript isoforms remains unknown, and its biological significance remains
unclear. We analyzed transcriptomes in saker falcons, chickens, and mice to show that alternative splicing occurs more
frequently, yielding more isoforms, in highly expressed genes. We focused on hemoglobin in the falcon, the most abundantly
expressed genes in blood, finding that alternative splicing produces 10-fold more isoforms than expected from the number
of splice junctions in the genome. These isoforms were produced mainly by alternative use of de novo splice sites generated
by transcription-associated mutation (TAM), not by the RNA editing mechanism normally invoked. We found that high
expression of globin genes increases mutation frequencies during transcription, especially on nontranscribed DNA strands.
After DNA replication, transcribed strands inherit these somatic mutations, creating de novo splice sites, and generating
multiple distinct isoforms in the cell clone. Bisulfate sequencing revealed that DNA methylation may counteract this process
by suppressing TAM, suggesting DNA methylation can spatially regulate RNA complexity. RNA profiling showed that
falcons living on the high Qinghai-Tibetan Plateau possess greater global gene expression levels and higher diversity of
mean to high abundance isoforms (reads per kilobases per million mapped reads >>18) than their low-altitude counterparts,
and we speculate that this may enhance their oxygen transport capacity under low-oxygen environments. Thus, TAM-
induced RNA diversity may be physiologically significant, providing an alternative strategy in lifestyle evolution.

Key words: transcription-associated mutation, alternative splicing, de novo splice site, high expression, DNA meth-
ylation, hemoglobin.

Alternative splice sites can be authentic or de novo (sup-
plementary fig. S1, Supplementary Material online).
Authentic splice sites refer to those existing in the genome
at exon boundaries, including canonical 5'GT-AG3’ and non-
canonical splice sites (5’AT-AC3; 5'AT-AG3’; 5'AT-AT3

Introduction

Understanding the mechanism generating RNA complexity is
a core requirement for interpreting biological functional com-
plexity. It is widely accepted that alternative splicing (AS), the

inclusion of different exons in MRNA (Keren et al. 2010), is
one of the major ways of generating RNA diversity (Jin et al.
2005; Kelemen et al. 2005; Chen et al. 2012; Nellore et al. 2016).
Recent studies have indicated that 92-94% of human multi-
exonic genes undergo AS (Pan et al. 2008; Wang et al. 2008).

5'AT-AA3; 5'GT-AT3'; 5'GT-GG3'; 5'GT-AA3’; 5'GT-CA3’;
5'GC-AG3’; 5'GT-AC3; Jackson 1991; Burset et al. 2000;
Bernard et al. 2004). In contrast, de novo splice sites refer to
splice sites newly created during transcription. Genes with
more exons normally possess more authentic splice sites
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than those with fewer, and are expected to yield more tran-
script isoforms through alternative combinations of exons
(Grishkevich and Yanai 2014), for example, in the
Drosophila Dscam gene (Graveley 2005). Genes containing
de novo splice sites can also generate splice isoforms during
transcription (e.g, Drosophila 4f-rnp) (Petschek et al. 1997).

RNA editing could play a major role in the generation of de
novo splice sites because it can create the sites by modifying
adenosine (A) to inosine (I), or cytosine (C) to uracil (U)
(Rueter et al. 1999; Keegan et al. 2001). More than half of
the splice isoforms found in the Drosophila melanogaster ge-
nome have been attributed to RNA editing and 3'-UTR
extensions (Brown et al. 2014). However, RNA editing occurs
rarely in mammals, birds, other insects, and nematodes
(Frésard et al. 2015; Rosenthal et al. 2015), with only ~1,200
RNA editing sites found in human genome (Xu and Zhang
et al. 2014), 152 in the diamondback moth (He et al. 2015),
and 40 in chicken (Frésard et al. 2015). Hence, there may be
another, more important source of de novo splice sites.

Previous work has suggested that some highly expressed
genes with few exons may yet generate many isoforms
(Grishkevich and Yanai 2014). Since such genes could gener-
ate few isoforms through AS via existing authentic splice sites,
their high levels of isoform diversity must be derived from de
novo splice sites created during expression. How these de novo
splice sites form during transcription has not been deter-
mined to date. DNA methylation has recently been found
to play an important role in regulating AS by impacting the
use of authentic splice sites to promote exon exclusion or
inclusion (Shukla et al. 2011; Ong and Corces 2014; Lev Maor
et al. 2015; Yearim et al. 2015), but little is known about the
role methylation plays in regulating de novo splice sites.

To answer these questions, we sequenced blood-derived
transcriptomes and methylomes of wild saker falcons, aerial
predators belonging to a group that includes the fastest land
vertebrates. We compared the falcon transcriptomes with
publicly available data from tissues in chicken (N=29) and
mouse (N=7), and 12 additional chicken blood transcrip-
tome profiles generated here. We focused on RNA diversity in
hemoglobin genes because their expression is the most abun-
dant in blood and they play a vital role in oxygen supply, and
because of their relatively short length (only 2,000 bp with
two or three exons corresponding to two or four authentic
splice sites). Our comparisons reveal that transcription-
associated mutation (TAM) is the predominant mode for
the generation of novel splicing events, rather than previously
proposed mechanisms such as RNA editing (Brown et al.
2016). We further showed that the expression levels of he-
moglobin isoforms induced by TAM and the diversity of av-
erage to highly expressed isoforms (i.e, reads per kilobases per
million mapped reads [RPKM] >18) were much greater in
falcons on the high Qinghai-Tibetan Plateau than in their
lowland relatives, suggesting an evolutionary strategy to sur-
vive their low-oxygen environment. We propose that gener-
ation of transcriptome complexity relates to biological
function diversity.

Results

Data Generation and Processing

Blood samples for RNA extraction were collected from 30
wild saker falcon chicks from sites across Eurasia, and from
12 chickens originating from three breeds (Chahua, White
Leghorn, and Tibetan), all at 3—5 weeks of age (supplementary
tables S1 and S2 and fig. S2, Supplementary Material online).
Next generation sequencing (NGS) generated ~3.6 gigabases
(Gb) of clean RNA-seq data for each falcon and 5.0 Gb for
each chicken (supplementary tables S1 and S2,
Supplementary Material online). Reads from each individual
were aligned to the reference genome (Zhan et al. 2013) using
SOAP v2.21 (Li et al. 2009), followed by SNP calling using
SOAPsnp v1.04 (Li et al. 2009), yielding 377,530 SNPs after
filtering (supplementary table S3, Supplementary Material
online). To obtain the highest quality data set, only those
sites covered by reads in all individuals were analyzed. The
final data set comprised 76,044 SNPs. To detect potential
alternative splicing events, we mapped reads to the reference
genomes using Bowtie 0.12.7 (Langmead et al. 2009) and iden-
tified potential splice junctions using Tophat 1.3.3 (Trapnell
et al. 2009). The expression level of each gene was quantified
using RPKM by mapping the transcriptome reads of each
sample to the gene set. The same pipeline was also used for
the analyses of chicken and mouse data using their reference
genomes (Ensembl 83).

Population genomic analysis of the falcon samples identi-
fied three genetic clusters, namely, Qinghai—Tibetan Plateau
(QH), Kazakhstan—-Mongolia (KZ-MN), and West: (Moldova
[MD] and Slovakia [SK]) (Pan et al. 2017). These clusters were
used to analyze patterns of AS variation and expression.

Alternative Splicing in Highly Expressed Genes
We first explored the relationship between alternatively
spliced transcripts of a gene and the level of its expression.
Based on 11,000 expressed genes per falcon, we defined 14
expression levels and calculated the average transcript iso-
form number (AS number) caused by AS per gene for each
level (fig. 1A). We observed that AS number is stable at low
expression levels, but rapidly increases at higher levels
Ln (RPKM) >10, corresponding to RPKM >20,000, fig. 1A).
To establish whether this relationship is general to other
vertebrates, we carried out the same analysis on the RNA-seq
data of the 12 newly sequenced chicken blood transcriptome
profiles (supplementary table S2, Supplementary Material on-
line), 29 chicken tissues, and 7 mouse tissues downloaded
from GenBank (supplementary table S4, Supplementary
Material online), and found similar correlations (supplemen-
tary fig. S3, Supplementary Material online). Genes with low
expression (RPKM <3000) showed no correlation between
AS and expression level, contradicting previous conclusions
(Grishkevich and Yanai 2014). To investigate this relationship,
we next plotted the average number of exons per gene in
each falcon against its expression level and found that exon
number was negatively correlated with gene expression in all
birds (all P <0.0005, fig. 1B and supplementary table S5,
Supplementary Material online). Reanalysis of the data in
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Fic. 1. Correlations among alternative splicing (AS) number, gene expression, and exon number. (A) Average AS number in each expression
interval is plotted against expression (Ln (RPKM)) for all 30 saker falcons. Fourteen levels of expression are defined according to Ln-transformed
gene expression levels (0-13). A curve for each individual was fitted and each falcon individual is indicated by a different color. Green rectangle
denotes the observed stable stage and the red one denotes the sharp increase stage. Different individuals are denoted by different symbols. (B)
Averaged exon number is plotted against expression (Ln (RPKM)), showing the negative correlation between them. (C) With the effect of exon
number controlled, average AS number is positively correlated with expression level even at lower expression levels. (D) Average AS number after
removing the effect of gene expression is positively correlated with exon number.

Grishkevich and Yanai (2014) reached the same conclusion
(all P<005, supplementary fig. S4 and table S6,
Supplementary Material online). Realizing that the relation-
ship between AS and gene expression is contingent on the
number of exons as well as gene expression levels, we calcu-
lated the AS number per exon by dividing by the mean exon
number and observed a linear positive correlation with ex-
pression level over the range of low to moderately expressed
genes (fig. 1C, all P <001, supplementary table S5,
Supplementary Material online).
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We conclude that the most highly expressed genes gener-
ate an extremely large number of alternative transcripts, even
though the number of exons (and therefore authentic splice
sites) is lower than average. In our research, the most highly
represented genes in falcons were hemoglobins
(RPKM >50,000). There were ~100 transcript isoforms per
hemoglobin gene, although each of them has no more than
three exons. Therefore, they represented an ideal model sys-
tem in which to study how highly expressed genes can gen-
erate such a large number of isoforms.
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Alternative Splicing in Falcon Hemoglobin Genes
Hemoglobin is a tetrameric protein comprising two o and
two f chains in birds and other jawed vertebrates, and is
responsible for dissolved oxygen transport in the blood via
uptake of pulmonary oxygen, and for its release to tissue
mitochondria. Similar to other birds, the falcon was found
to possess three clustered o globin copies (5'-0"-0°-0*-3') and
four  globin copies (5'-p-f-p*-€-3') (Opazo et al. 2015),
except that the first exon of the falcon o gene was truncated
(supplementary fig. S5, Supplementary Material online).
Expression analysis showed that o°, o* and ", * were the
four most highly expressed genes in blood of these 3- to 5-
week chicks, so we focused on the globin genes for detailed
analysis.

We first examined AS for hemoglobin in falcons. Because
the paralogous hemoglobin genes have high-sequence simi-
larity, bioinformatic assembly of AS transcripts for hemoglo-
bin genes using NGS RNA-seq reads was problematic, so we
used spliced intron profiles to infer putative AS events among
exons. Given that there are three exons in the falcon o, ",
and p* and two in o gene (supplementary fig. S5,
Supplementary Material online), the number of introns was
expected to be two and one, respectively, in the absence of
alternative splicing. However, we observed 22 times this
number of spliced introns for o°, 33x for o, 41x for ",
and 53x for % on average (supplementary table S7,
Supplementary Material online).

To verify the reality of these spliced introns, we extracted
the splice junction sequences for the four genes with 200-bp
flanking sequences from randomly selected spliced introns
(N=393), and aligned the RNA-seq reads to the fragments
containing splice junctions (supplementary fig. S6,
Supplementary Material online). The result showed that the
vast majority of splice junctions (90%) were supported by at
least one unique-hit read (supplementary table S8,
Supplementary Material online), suggesting the reality of
splice junctions.

We inferred potential isoforms per falcon using the infor-
mation of spliced introns (Materials and Methods, supple-
mentary fig. S7, Supplementary Material online), and then
aligned the RNA-seq reads back to the candidate isoforms
to test their reliability (Materials and Methods). Only isoforms
with read coverage >90% were retrieved. This showed that
falcons averaged 81 o and 71 f§ hemoglobin isoforms (sup-
plementary table S9, Supplementary Material online). When
applying a stricter threshold (>95% coverage), we still
detected 66 and 45 isoforms (supplementary table S9,
Supplementary Material online).

To independently confirm the hemoglobin isoform diver-
sity inferred from NGS-based RNA-seq, we performed the
whole transcript-length third-generation (Iso-Seq) sequencing
on three new samples from different 3- to 5-week-old falcon
chicks, this time identifying a total of 150 « and 5 hemoglobin
transcript isoforms. We then compared these isoforms with
those predicted from the RNA-seq data of three falcons ran-
domly chosen from our NGS data set, and found that the
Iso-Seq results with the new samples reproduced 80% of NGS
transcript isoforms.

We examined whether the inferred transcripts were puta-
tively functional. A transcript isoform is considered to be
putatively functional if the AS event does not result in a
frame-shift or premature stop codon in the predicted protein.
Following this criterion, we calculated the proportion of in-
tact isoforms with complete ORFs (open reading frames) for
each individual, and found that on average 63% of NGS-based
transcript isoforms were functional in each falcon (supple-
mentary fig. S8, Supplementary Material online). A similar rate
(65%) was also observed in the sequenced chicken transcrip-
tome and both rates were significantly higher than those
expected by chance (33%, P <0.01, ° test) given that the
frequency of in-frame incorporation into intron is 1/3. Further
analysis on the 3D structure of hemoglobin showed that
~70% of variants among these saker hemoglobin isoforms
occurred in the heme-binding domain, implying that these
variants might influence the heme-binding affinity, which
warrants further experimental evidence (e.g, hemoglobin—
oxygen affinity) in future. To verify the authenticity of these
isoforms, we selected the top ten highly expressed isoforms
(excluding canonical isoforms) for RT-qPCR in six falcons
(three in QH and three in KZ-MN). The expression of these
ten isoforms was found to account for 52% of the total he-
moglobin produced (excluding canonical isoforms). All ten
chosen isoforms were expressed in each individual (supple-
mentary fig. S9, Supplementary Material online).

Position of AS and RNA Variations

Since each hemoglobin gene has only two or three exons (i.e,,
two or four authentic splice sites), it is theoretically impossible
to generate more than three or seven isoforms by simply
using the original authentic splice sites. Nevertheless, we iden-
tified on average 46, 41, 91, and 121 splice sites for o°, o, f,
and f3*, respectively, for each individual falcon, more than an
order of magnitude greater than the number of authentic
splice sites (supplementary table S10, Supplementary
Material online).

We therefore reasoned that most of the splice sites must
be newly created by somatic mutations. To test this hypoth-
esis, we first estimated general levels of between-transcript
variation (termed as RNA variation hereafter) in the four
hemoglobin genes by calculating a polymorphism index 7
(Tajima 1989) in each population, and compared them across
the whole gene set. We found that the four hemoglobin genes
(o°, o, B, and ) showed extreme 7 values in all popula-
tions (fig. 2A), two orders of magnitude higher than other
genes with two or three exons. To assess whether the poten-
tially high mutation loads were general or were associated
with the high proliferative potential or altered replication
fidelity during hematopoiesis in blood cells, we also compared
mutation loads (RNA variation) between other genes with
high, moderate, and low levels of gene expression in falcons.
We found that mutation loads in highly expressed genes were
indeed significantly higher than for genes with moderate or
low expression (supplementary fig. S10, Supplementary
Material online, R” >0.90, and P <1E-7).

We next compared the locations of identified de novo
splice junctions with the positions of these identified RNA
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position of RNA variant within the « globin locus in each falcon and the strength of correlation is denoted by red intensity. A representative
individual is shown in E. (F) The proportions of single nucleotide variants, indels, inversions, and duplications identified in the hemoglobin locus.

variations for each of the four hemoglobin genes. We found
that the positions of the splice junctions inferred from both
RNA-seq and Iso-Seq overlapped (fig. 3A), and largely over-
lapped the locations of RNA variations (fig. 2B and supple-
mentary fig. S11A and B, Supplementary Material online).
There is a significant correlation between these RNA varia-
tions and splice junction positions, with coefficients (R”) rang-
ing from 0.945 to 0.999 for « globin genes (all P <2E-16) and
from 0.980 to 0.998 for 3 globin genes (all P <2E-16) (fig. 2D
and E; supplementary table S11, Supplementary Material on-
line). In addition, the distribution of RNA variations showed
that RNA variations were significantly enriched around splice
sites (fig. 2C).

As well as single nucleotide variations, indels, inversions,
and duplications are known to give rise to potential muta-
tions in transcripts (Tiimer 2013). However, aligning the RNA-
seq reads to the four genes showed that single nucleotide
variations accounted for almost all the RNA mutations we
detected (98%; fig. 2F).

To establish the generality of our findings, we performed
the equivalent analysis of chicken and mouse RNA-seq data,
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and identified the same patterns in highly expressed genes:
high mutation load (supplementary figs. S12 and S13,
Supplementary Material online), a high correlation
(R> >0.95) between RNA variations and splice junction posi-
tions (supplementary table S12, Supplementary Material on-
line), and RNA variations significantly clustered with the
splice sites (supplementary fig. S14, Supplementary Material
online).

We conclude that de novo splice sites, as well as RNA
variations, are nonrandomly distributed over the genome,
and these sites coincide with the predictions of the hypoth-
esis that RNA variations create de novo splice sites.

Source of RNA Variations in Hemoglobin Genes

To investigate the source of high RNA variation in hemoglo-
bin genes, we first calculated the percentage of heterozygous
and homozygous variations in transcripts for the four genes
per falcon, on the assumption that de novo splice sites would
be heterozygous. As expected, we found that heterozygous
variations accounted for ~90% of the total (an average of
89.7% for o, 95.6% for o, 93.0% for B, 91.1% for B,
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Fic. 3. Alternative splicing in hemoglobin genes based on the genome annotation, RNA-seq prediction and Iso-Seq sequencing of saker falcons,
respectively. (A) Splice sites in the hemoglobin /" gene inferred or identified using the three approaches. Orange rectangles represent exons and
black lines splice sites. (B) and (C) Magnification of the selected regions in (A) (shadowed). Black bases mark authentic exon/intron boundaries.
Red bases denote TAM-induced de novo mutations. Red and black arrows denote de novo and authentic splice sites, respectively. Y represents C/T

and R A/G.

whereas homozygous variations account for only 10%
(P=3.14E-9, paired t test) (supplementary table S13,
Supplementary Material online). Simulation results con-
firmed that at least 92% of these heterozygous variations
were free from sequencing error (details see Materials and
Methods; supplementary fig. S15, Supplementary Material
online).

We then investigated whether this unusually high percent-
age of heterozygous RNA variations could be attributed to
transcriptomic, or genomic germline variations. We analyzed
the falcon reference genome, calling germline SNPs by map-
ping the NGS DNA sequencing reads from small insert librar-
ies (170-800 bp: accession SRP018394) onto the genome
(Zhan et al. 2013) (Materials and Methods). The germline
variations of hemoglobin genes called from the genome
sequences were found to be far fewer than those found
among RNA transcripts (5 vs. 40 for o, 7 vs. 78 for o, 2
vs. 43 for 8, 4 vs. 69 for ) (P = 5.99E-3, t test) (supplemen-
tary table S14, Supplementary Material online), accounting

for only ~10% of total heterozygous RNA variations. To verify
this finding from RNA-seq, we Sanger-sequenced the cloned
genomic DNA for the four genes (N = 3), the results of which
consistently confirmed that only 10% of the RNA variations
could be linked to germline variations detected from the
cloned sequences (Materials and Methods).

We further compared the RNA variation frequencies in
highly expressed genes (i.e, RPKM >20,000) with the fre-
quency in intergenic regions across the genome. If heterozy-
gous RNA variations originated mainly from germline
variations, we would expect similar levels of variation for
intergenic regions. However, our comparison showed a sig-
nificantly greater RNA variation frequency associated with
high gene expression (1.2E-2 vs. 8.0E-4; P <0.01, Poisson
test). Therefore, we conclude that the large number of het-
erozygous RNA variations originate mainly from transcrip-
tion. We made similar conclusions from the analyses of 11
different chicken tissues and 7 mouse tissues (all P <0.01
Poisson test, Materials and Methods).
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Mechanism for Generating RNA Variations during
Transcription

We focused on heterozygous RNA variations, since they com-
prised the majority of total RNA variations. Previous studies
have suggested that either or both of two main mechanisms,
TAM (Kim and Robertson 2012; Park et al. 2012; Gaillard et al.
2013) and posttranscriptional modification (e.g, RNA editing
Brennicke et al. 1999), may underpin high RNA variations
during transcription.

During TAM, DNA sequences in a gene are locally mutated
during transcription. Among the total of six mutation types
(summarized in Materials and Methods), four types, C — T (G
— A on the other strand), A — G (T — (),G — T (C — A),
and A — T (T — A) have been found to be the most frequent
(Mugal et al. 2009; Park et al. 2012). We calculated the pro-
portion of these four mutation types and found that they
accounted for 90% of the total heterozygous RNA variations
identified at the two falcon hemoglobin loci (supplementary
fig. S16, Supplementary Material online), suggesting a strong
role for TAM in RNA variation production. Again, analysis of
the expression profiles of hemoglobin genes for each chicken
blood sample showed that the same four mutations com-
prised the majority of heterozygous RNA variations identified
(on average 87%), suggesting a major role of TAM in the
generation of transcriptome complexity.

Somatic variation of RNA sequence has been generally
ascribed to RNA editing, by substitution and insertion/dele-
tion (Brennicke et al. 1999; Gott and Emeson 2000). RNA
editing requires specific RNA secondary structure conforma-
tions and leads to A—G or C—T substitutions (Gott and
Emeson 2000; Tian et al. 2011), both of which, however, can
also be caused by TAM. To test whether RNA editing con-
tributes to the RNA variations observed, we used
RNAstructure (Reuter and Mathews 2010) to check for sec-
ondary structure motifs associated with RNA editing, and
their potential variations flanking the A — G and C — T sites
in falcon o, o, ", and B genes. We found no evidence for
secondary structure modification associated with the hetero-
zygous RNA variations identified (supplementary fig. S17,
Supplementary Material online), suggesting RNA editing
may contribute little to the RNA diversity observed in hemo-
globin genes.

It is reported that more TAMs occurred on nontranscribed
than transcribed DNA strands (Francino and Ochman 1997;
Gaillard et al. 2013). For the falcon hemoglobin genes, we
estimated that 85% of TAM mutations came from nontran-
scribed DNA strands, and only 15% from transcribed DNA
strands (P = 1.30E-10, 3 test), consistent with previous stud-
ies (Francino and Ochman 1997; Gaillard et al. 2013). Different
from this bias, we found no strand preference of mutations in
intergenic regions that are not transcribed (53% vs. 47%,
P=0.95, ){2 test, supplementary notes, Supplementary
Material online).

Because most TAM induced mutations occurred on non-
transcribed DNA strands, it was important to establish
whether the TAM mutations have a role in transcription.
To test this, we used the relationship between hemoglobin
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synthesis and erythropoiesis as a model. Although erythro-
cytes are the end products of erythropoiesis, their precursor
cells (basophilic normoblasts, polychromatic erythroblasts,
orthochromatic normoblasts, or reticulocytes; supplementary
fig. S18, Supplementary Material online) can also synthesize
hemoglobin (Glass et al. 1975). Somatic proliferation of the
first two cell types would result in the change in base sequen-
ces of transcribed strands to produce hemoglobin isoforms
(supplementary fig. S18, Supplementary Material online). We
therefore hypothesized that TAM induces somatic mutations
mostly on nontranscribed DNA strands, but these are copied
onto transcribed strands at cell division, generating de novo
splice sites and distinct hemoglobin isoforms.

To test this hypothesis, we carried out deep NGS genome
resequencing (>30-fold coverage) of blood of six falcons to
confirm that most RNA variations are derived from somatic
genomic mutations (supplementary notes, Supplementary
Material online). We found that 80-90% of between-
transcript RNA variations could be tracked back to the so-
matic mutations identified by resequencing the four hemo-
globin genes.

We next determined whether TAM induced mutations
could be passed down through cell division. If the four
most frequent TAM mutations (A—T, C—T, G—T, and
A—G) occur on nontranscribed DNA strands, the dominant
mutation categories in the cDNA are expected to be T—A,
G—A, C—A, and T—C after cell division and transcription
(Prediction 1; supplementary fig. S19, Supplementary Material
online). Conversely, if TAM mutations occur on transcribed
DNA strands, the dominant cDNA mutations would be
A—T, C—T, G—T, and A—G (Prediction 2; supplementary
fig. S19, Supplementary Material online). To test these pre-
dictions, we carried out RT-PCR on three falcon RNA extracts
and obtained cDNA sequences for S fragments (361 bp)
using Sanger sequencing. We analyzed 95 clones for each
individual. Our results support Prediction 1 and show
that 80% of the mutation classes on cDNA are T—A,
G—A, C—A, and T—C (vs. 10% of A—T, C—T, G—T,
and A—G; supplementary fig. S19, Supplementary Material
online). We conclude that TAM mutations are passed down
to somatic cell descendants.

To test whether TAM induced mutations could create
de novo splice sites, we focused on a representative region
of the 8 gene (fig. 3B and C). In this region, we identified four
de novo 3' splice sites (GT) caused by C—T mutations, which
were consistently verified using different sequencing
approaches including genome resequencing, RNA-seq, and
Iso-Seq technologies (fig. 3B and C). We verified that the he-
moglobin isoforms produced by these four de novo splice sites
were distinct from those that could be produced by the au-
thentic splice sites (fig. 3B and C). Specifically, the splicing
events due to these de novo splice sites can increase/decrease
the size of the excised intron by a few base pairs or create a
new intron (fig. 3C).

In addition, to experimentally confirm that the de novo
splice sites were created by somatic mutation, we analyzed 95
Sanger sequenced clones of " cDNA in one falcon (QH13-6)
and identified five de novo splice sites (C— T mutations). Four
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of these were identical to those found above (fig. 3B and C).
We could confirm that these T alleles were caused by somatic
as apposed to germline mutations because the genome rese-
quencing reads of this individual (>>30x) gave a ratio of reads
supporting the “T” and “C” allele significantly deviated from
1:1 (2:26, 2:30, 3:28, 3:31, and 2:27 for the five splice sites,
respectively; Fisher’s exact test, all P <1.0E-6; See Somatic
Mutation Identification in Materials and Methods).

The Influence of DNA Methylation on TAM

What is the basis of the nonrandom distribution of de novo
splice sites in hemoglobin genes (TAMs) that we observed
(fig. 2B and C)? Previous research has suggested that DNA
methylation affects authentic splice sites (Shukla et al. 20171;
Ong and Corces 2014; Lev Maor et al. 2015; Yearim et al.
2015). However, there is no information on the influence of
DNA methylation on the generation of de novo splice sites
(i.e, TAMs). We therefore sought to understand the relation-
ship between the TAM frequency and its DNA methylation
level.

Blood-derived DNA from five falcons was therefore sub-
jected to bilsulfate sequencing to obtain the methylation
profile (Materials and Methods). Because the majority of
TAMs (85%) occurred on the nontranscribed strands of fal-
con hemoglobin genes, we focused on the analysis of DNA
methylation on these strands in the falcon.

We found that the promoter regions of highly expressed
genes were hypomethylated, whereas promoters of genes
with low expression were not (supplementary fig. S20,
Supplementary Material online), consistent with previous
findings that DNA methylation suppresses gene expression
(Suzuki and Bird 2008). Interestingly, CpG methylation was
higher in the gene bodies of the four hemoglobin genes than
the promoters. There were significantly fewer CpG methyl-
ated sites in gene bodies in TAM regions than non-TAM
regions (about half, P = 5.16E-4, paired t-test, supplementary
table S15, Supplementary Material online) (fig. 4). We also
observed similar patterns for the two main types of non-CpG
methylation (CHH and CHG, where H represents any nucle-
otide) (fig. 4, P = 8.27E-3 and 7.99E-3 for non-TAM vs. TAM
regions for CHH and CHG, respectively; supplementary table
S15, Supplementary Material online).

We conclude that DNA methylation may protect regions
from transcription activated mutation. NMR spectroscopy
has shown that secondary DNA structures are formed on
single stranded DNA when CpG methylation occurs, stabiliz-
ing the DNA strand (Tagqi et al. 2012). Therefore, it is likely
that regions enriched with cytosine methylation on the non-
transcribed DNA strand are more resistant to TAM during
transcription because of the stabilization associated with
methylated sequences.

Biological Significance of Transcript Diversity Caused
by TAM

Given that falcons demonstrate extraordinary transcript di-
versity in the hemoglobin genes, we sought to understand
whether this high diversity caused by TAM could be
functionally significant. The falcons inhabiting the

Qinghai-Tibetan Plateau provide an ideal model to test
this hypothesis. Because this QH falcon population lives at
the altitude >4,000m (Pan et al. 2017), it is expected that
they have evolved an optimized evolutionary strategy to cope
with low-oxygen stress associated with high altitude. We
therefore compared RNA profiles of QH falcons with those
from the neighboring population (i.e, KZ-MN) at relatively
low altitudes (500-1350 m).

RNA-seq analysis showed that overall expression levels of
the four hemoglobin genes in QH were significantly higher
than KZ-MN falcons (RPKM = 690,347 vs. 597,865 for o,
348,834 vs. 280,233 for o”, 505,393 vs. 448,348 for ", and
106,075 vs. 95,927 for 7, P <0.05, Paired t test). We then
plotted the number of de novo splice sites against their ex-
pression levels (i.e, supporting reads) in each population.
Compared with KZ-MN, QH demonstrated a striking differ-
ence in its splice sites, with significantly more implicated at
medium to high expression levels (>4 supporting reads), and
with significantly fewer implicated at low levels (fig. 5). Given
that the number of splice sites correlates with that of tran-
script isoform diversity, this suggests that QH falcons possess
a higher number of higher-than-average abundance isoforms.
One explanation for this observation is adaptive gene expres-
sion (Zhang et al. 2009) where elevated gene expression pro-
motes the fixation of favorable expression level-altering
mutations.

To overcome difficulties in transcript assembly associated
with NGS RNA-seq, we used the whole-transcript length
Iso-Seq data and identified the total of 150 hemoglobin iso-
forms in the four hemoglobin genes (41 in o%, 39 in o®, 32 in
p? and 38 in ) from the three QH and three KZ-MN
falcons (fig. 6 and supplementary fig. S21, Supplementary
Material online), the majority (40 in o, 38 in o, 31 in %,
and 37 in B") of which were found to result from de novo
splicing associated with TAMs. We next estimated the ex-
pression level of each isoform in the hemoglobin loci in each
falcon by mapping its NGS RNA-seq reads to these isoforms.
However, we found that Iso-Seq only detected medium to
high abundance isoforms because its lowest detectable RPKM
was 18, corresponding to four supporting RNA-seq reads.
Our observation is consistent with previous reports (Li et al.
2014). Among the 150 isoforms obtained by Iso-Seq at
the four loci, 68 (22 in o, 15 in o, 13in % and 18 in ")
were expressed in both populations, 59 (18 in o, 17 in o, 11
in %, and 13 in ") only in the highland QH population, and
23(1ino, 7ino®, 8in B and 7 in ) only in the lowland
KZ-MN population. Thus, the hemoglobin diversity induced
by TAM was much higher in QH than KZ-MN falcons at
medium to high gene expression levels (P = 7.89E-3, paired t
test), supporting our RNA-seq results (fig. 5).

For the Iso-Seq isoforms coexpressed in both populations,
the mean expression levels were higher in QH than that in
KM in all the hemoglobin genes (all P <0.01, paired t test).
Moreover, 20 isoforms (7 in o, 4 in «®, 4in % and 5 in f)
had significantly higher expression in QH, but only ten (4 in
o, 2 in o 3in 7 and 1in B) were significantly overex-
pressed in the lowland KZ-MN population (fig. 6). The same
pattern was also observed when we compared QH

1111


Deleted Text: x
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: '
Deleted Text: ``
Deleted Text: ''
Deleted Text: section 
Deleted Text: i
Deleted Text: m
Deleted Text: -
Deleted Text: a
Deleted Text: ; Lev Maor <italic>et<?A3B2 show $146#?>al.</italic> 2015
Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
Deleted Text: s
Deleted Text: t
Deleted Text: d
Deleted Text: c
Deleted Text: -
Deleted Text: more than 
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: -
Deleted Text: e.g. 
Deleted Text: -
Deleted Text: ,
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy017#supplementary-data
Deleted Text: e.g. 
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: twenty 
Deleted Text: -

Pan et al. - doi:10.1093/molbev/msy017 MBE

CpG

CHH

CHG (QH1)
SNP

CpG
CHH
CHG
SNP

(QH2)

CpG

CHH (QH13-1)
CHG
SNP

Position (Window size = 20 bp)

Fic. 4. Distribution of CpG, CHH, CHG, and RNA variants in o globin for five falcons (Y axis). In each sample, RNA variant is in red, and sequentially
followed by CHG, CHH, and CpG in green. The window size is 20 bp. Exons of o* and o are in orange.

120

100 -

=< KZ-MN
=@ QH

Number of splice sites

40 -

20

0 . . ; . . y
0 2 4 6 8 10 12

Number of supported reads

Fic. 5. Statistics of RNA-seq reads supporting splice sites in hemoglobin isoforms (excluding canonical ones) in QH (red) and KZ-MN (blue) falcon
populations.

population with west (MD and SK) falcons (supplementary isoforms in QH falcons may enhance their capacity of
fig. S22, Supplementary Material online). transport oxygen (Storz and Moriyama 2008; DuBay and

Because hemoglobin is the main oxygen carrier in the Witt 2014), enabling them to cope with hypoxia stress at
blood, the higher global expression of hemoglobin genes high altitudes. A mechanistic understanding of effects of
and higher diversity of higher than average expressed these changes in RNA expression and diversity on
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oxygen transport efficiency is a key requirement for fur-
ther research.

Discussion

Our transcriptome analysis shows that de novo splice sites
accounted for ~60% of the total splice sites identified in
transcripts from the falcons. Remarkably, in the four most
highly expressed falcon hemoglobin genes, de novo somatic
splice sites amounted to over 90% of the total splice sites
(supplementary fig. S23, Supplementary Material online), giv-
ing rise to a large number of alternative splicing isoforms (e.g,
81 in o globin). We observed extraordinarily high frequencies
of TAM in these four genes, and proved that TAM, rather
than RNA editing, produced most of de novo splice sites that
we identified. Our results therefore reveal a new and highly

active mode for the generation of transcriptome complexity
(fig. 7).

Our results also provide some information on the mech-
anism of TAM, and the factors which counteract it. The
abundant TAMs that we observed for highly expressed genes
is likely to result from the lengthy exposure of single stranded
DNA within the R-loop during the incessant transcription of
these genes. We found that TAM occurs mainly on nontran-
scribed strands, in accordance with previous reports
(Francino and Ochman 1997; Gaillard et al. 2013). TAM is
known to be counteracted by DNA repair during transcrip-
tion (Park et al. 2012), so this strand bias could be because the
transcribed DNA strand is preferentially repaired compared
with the nontranscribed strand in expressed genes (Bohr et al.
1985; Mellon et al. 1987; Mellon and Hanawalt 1989;
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Fic. 7. Schematic showing how highly expressed genes generate and
regulate RNA complexity.

Hanawalt et al. 1994). Alternatively, it might result from the
protection of the transcribed strand by hybridization with the
nascent RNA strand.

Taken together, our study proposes a new perspective on
DNA methylation during transcription. Our analysis of falcon
DNA methylomes showed that DNA methylation level in the
promoter region is negatively correlated with gene expression,
consistent with previous reports (Suzuki and Bird 2008).
Notably, we found that there is much more DNA methylation
in gene bodies than that in promoters, and this may regulate
the generation of alternative splicing in these regions. Two
mechanisms have been suggested by which DNA methylation
could regulate splicing: modulation of the elongation rate of
RNA polymerase Il depending on whether the exon is ex-
cluded or included (Shukla et al. 2011; Ong and Corces
2014; Lev Maor et al. 2015), or an effect on recruiting splicing
factors onto transcribed alternative exons (Lev Maor et al.
2015; Yearim et al. 2015). Both models considered only the
authentic splice sites, which accounted for <10% of the total
splice sites identified in the falcon hemoglobin genes studied
here (supplementary fig. S23, Supplementary Material online).
Our results suggest that these proposed mechanisms are in-
adequate to explain the regulation of the other 90% of splice
sites. We found that gene regions with low methylation are
prone to TAM induction in falcon hemoglobin genes, pro-
viding, to our knowledge, the first evidence that DNA meth-
ylation negatively regulates TAM (fig. 7). We propose that
DNA methylation on the nontranscribed strand may spatially
regulate the TAM events by promoting the formation of
secondary DNA structures of single stranded DNA exposed
during transcription, which represses TAM.
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The discovery of this source of additional variation raises a
question of whether somatic mutations caused by TAM have
functional roles that could be selected for. We have shown
that TAM mutations on the nontranscribed stands in the
hemoglobin genes can be replicated onto transcribed DNA
strands and become fixed in the daughter cells (supplemen-
tary fig. S18, Supplementary Material online), creating de novo
splice sites and generating distinct isoforms in somatic cell
clones. This has the potential to change or expand biological
functions (e.g, increase in affinity of hemoglobin for oxygen).
Previous research suggested that mutations caused by TAM
are generally deleterious (Park et al. 2012), and in this study,
we estimated that ~40% of the TAM induced isoforms were
nonfunctional, consistent with this expectation.

However, our comparative transcriptome analysis sug-
gested that many TAM induced isoforms may be physiolog-
ically significant, because we discovered a generally elevated
expression and higher transcript diversity of medium to
highly expressed hemoglobin in QH falcons living at high
altitudes. This expanded and fine-tuned repertoire of hemo-
globin expression may underpin their response to the hypoxia
environment on the plateau. Thus, genes with high expres-
sion, as well as having essential function in a cell (Zhang and
He 2005; Gout 2010), may have their repertoire expanded by
TAM, providing an evolutionary strategy that contributes to
lifestyle adaptations.

Materials and Methods

Sample Preparation and Extraction

Blood samples were collected from 30 saker falcons and 12
chickens at 3-5weeks in age. For saker falcons, four chicks
were from Moldova, seven from Slovakia, ten from Qinghai,
China, four from Mongolia, and five from Kazakhstan.
Approximately 0.1 ml of blood was taken from each chick
for RNA extraction and ~25 ul for DNA extraction. For chick-
ens, four individuals from each of three breeds (Chuahua,
White Leghorn, and Tibetan breeds) were collected. About
150 ul of blood from each chicken was used for RNA and
25 ul for DNA extraction. Total RNA extraction was per-
formed using the RNeasy Protect Animal Blood Kit
(Qiagen), followed by mRNA purification, library construc-
tion, and sequencing as described previously (Zhan et al.
2013). Genomic DNA was extracted following the instruction
of Blood & Cell Culture DNA Kit (Qiagen). Libraries with
insert size of 300 bp were constructed, followed by NGS se-
quencing on an lllumina Hiseq2500 Genome Analyzer.

Data Generation

For each RNA sample, 200-bp fragments were collected by gel
purification after ligation with an lllumina paired-end adapter
oligo mix, followed by library construction (lllumina). The
libraries were then sequenced using a Hiseq2000 Genome
Analyzer (BGI-Shenzhen) and a Hiseq2500 for chickens
(Novogene). Raw data were filtered as previously described
(Pan et al. 2017). As a result, ~3.5-Gb clean data were
obtained for each saker and 5 Gb for each chicken, yielding
the total of 114.75 Gb data from sakers and 61.8 Gb from
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chickens (supplementary tables S1 and S2, Supplementary
Material online).

Variant Detection

We sought to identify four types of variant: between-
transcript RNA variations, indels (insertions and deletions),
inversions, and duplications. RNA-seq reads were first
mapped to the falcon (Zhan et al. 2013), chicken, and mouse
reference genomes (Ensembl 83) using SOAP v2.21. SNP call-
ing of each species was determined using SOAPsnp v1.04 with
the criteria previously reported (Pan et al. 2017). Small inser-
tions and deletions were identified using SOAPindel v2 (Li
et al. 2013), and inversions and duplications using SOAPsy
(Lin et al. 2015).

Splice Junction Prediction

To identify splice junctions, we first aligned the filtered RNA-
seq reads for each falcon to the falcon reference genome
using Bowtie 0.12.7. Splice junctions were then predicted us-
ing Tophat 1.3.3 with default parameters. Based on the splice
junctions identified at each gene locus in a sample, we used
the following approach to estimate the isoform number.
Assuming that there are m donor and n acceptor sites in a
given gene, it must possess at least |(n—m)|+1 isoforms.
According to this rule, when m = n, there is a single isoform
predicted. The same pipeline was adopted for splice junction
identification in the chicken (N =29 in supplementary table
S4, Supplementary Material online and the 12 newly se-
quenced individuals) and mouse (N = 7). Mouse tissue data
were downloaded from GenBank (supplementary table S4,
Supplementary Material online).

Alternative Splicing and Variations in Falcon
Hemoglobins

Spliced Intron Validation

To validate the presence of the predicted spliced introns, we
need to check the accuracy of splice junctions. A total of 393
splice junctions at the o and f globin loci were randomly
chosen, and 200-bp flanking each splice junction was
extracted from the reference genome (Zhan et al. 2013).
RNA-seq reads were mapped to the extracted sequences us-
ing SOAP v221 (supplementary fig. S6, Supplementary
Material online). Finally, the sequencing depth of each splice
junction was calculated based on the alignment results via an
in-house PERL script.

Hemoglobin Isoform Estimation

To overcome difficulties in assembling hemoglobin isoforms
using NGS RNA-seq reads, we used the pipeline illustrated in
supplementary fig. S7, Supplementary Material online, to pre-
dict the hemoglobin isoforms for each falcon. Generally, can-
didate exons were determined by their two neighboring
introns, and the three (o, ", and ) or two (°) ordered
exons were considered as a candidate isoform. To obtain
reliable isoforms, RNA-seq reads were mapped to these can-
didate isoforms, followed by read coverage estimation. To be
conservative, only those isoforms with coverage >90% were

accepted (supplementary table S9, Supplementary Material
online). The same pipeline was used for the 12 chicken blood
transcriptomes.

Third-Generation Iso-Seq Sequencing
Five micrograms of total RNA extracted from three QH saker
falcons was reverse transcribed using the Clontech SMARTer
cDNA synthesis kit in a PCR tube to generate full length cDNA.
A single primer (primer llA from the Clontech SMARTer kit 5'-
AAGCAGTGGTATCAACGCAGAGTAC-3') was used for the
downstream PCR reactions after RT. The PCR products were
then purified with AMPure PB beads and the quality control
was performed based on the measurement with a 2100
BioAnalyzer (Agilent), followed by the size fractionation using
the SageELF system to yield fragments with 2- to 3-kb insert-
size, which was subjected to Iso-Seq SMRTBell library prepara-
tion  (http://www.pacb.com/support/documentation/; last
accessed May 10, 2016). The SMRTBell libraries were se-
quenced on a PacBio RS Il platform using P6-C4 chemistry.
ToFU (Gordon et al. 2015) was used to determine the
Iso-Seq raw reads (non-CCS subreads) as full length cDNAs
if both the 5" and 3’ cDNA primers were present and there
was a polyA tail signal preceding the 3’ end. Next, an isoform-
level clustering algorithm (lterative Clustering for Error
Correction) (Wang et al. 2016) was used to improve the con-
sensus sequence accuracy. Consensus sequences were
proofed using Quiver (Wang et al. 2016).

RT-gPCR Validation of Ten Hemoglobin Isoforms
The top ten highly expressed hemoglobin isoforms (excluding
canonical isoforms) were used to conduct RT-qPCR in six
individuals (QH1, QH3, QH5, MN1, KZ2, and KZ5). For
each individual, RT-PCR was performed in a 20-ul reaction
volume (supplementary table S17, Supplementary Material
online), following the manufacturer’s instructions (Promega).
Primers for the target isoforms were designed using Primer
3.0 (Koressaar and Remm 2007; Untergasser et al. 2012). For
each isoform, qPCR was conducted in 20 ul using the cDNA
obtained above as templates (supplementary table S18,
Supplementary Material online) with [-actin as the reference
gene (Forward primer: CACCGCAAATGCTTCTAAACG
Reverse: TTAATCCTGAGTCAAGCGCCA).

Organization and Composition of Hemoglobin Genes in
Falcons

Since the organization and composition of hemoglobin genes
are conserved among avian species (Opazo et al. 2015), we
annotated each hemoglobin gene using the syntenic block
analysis referring to the chicken genome.

Polymorphism Index () Calculation
7 (Tajima 1989) was calculated for each gene based on its
RNA variation using the formula:

n=> " di/(cL),

i<j

where dj; is the nucleotide difference between individual
i and individual j; m is the total number of individuals;
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L is the length of the gene considered; and c is given as
m(m—1)/2.

Distribution of RNA Variations Near De Novo Splice Sites
To investigate the distribution pattern of RNA variation near
de novo splice sites, we randomly generated 80 SNP muta-
tions within the DNA sequence of a given o gene, compa-
rable to the average number of o between-transcript
mutations (78) detected in the falcon population (supple-
mentary table S14, Supplementary Material online). A de
novo splice site is defined as in supplementary figure S1,
Supplementary Material online. We examined the 50-bp
flanking each de novo splice site, divided it (50 bp x 2) into
ten windows (size = 10 bp), and counted the number of the
mutations in each window. To calculate the mutation fre-
quencies for each window (e.g, 10 bp around the splice site),
we divided the total number of mutations in the 10-bp flank-
ing regions for all the new splice sites by 10 x (the total num-
ber of new splice sites). We plotted the estimated mutation
frequency along the window to obtain the simulated (ran-
dom) distribution (red line in fig. 2C). This distribution was
then compared with the observed RNA variation distribu-
tions in o* gene for each individual (fig. 2C). The same pipe-
line was also used for the analysis of highly expressed genes in
chickens and mice.

Quality Check of Heterozygous RNA Variations in o and 3
Globin Loci

Two factors could cause false heterozygous variation calling:
misalignment with paralogs’ reads and sequencing errors. To
control for the first factor, only uniquely mapped reads were
used for SNP calling. To estimate the effect of sequencing
error, we calculated the expected proportion of reads sup-
porting an erroneous allele assuming that the “allele” is intro-
duced by sequencing errors at a rate of 1%, 10-folds higher
than that reported for lllumina Hiseq2500 Genome Analyzer
(0.1%). In our study, the expected proportion is obtained by

Gy xm" XN
B N

r =G xm",

where n is the number of individuals that have the erroneous
allele; m the sequencing error rate; 30 is the sample size in the
falcon population; N is the total number of reads that could
be mapped to this allele. The expected proportion simulated
with varying n is shown in supplementary figure S15,
Supplementary Material online.

Next, for each heterozygous RNA variant at the o and f3
globin loci we calculated the actual proportion of reads sup-
porting each new allele, which is different from that derived
from the reference genome (Zhan et al. 2013). The proportion
is estimated by n/N, where n is the number of reads support-
ing the new allele and N is the total number of reads that
could be mapped to this locus in the falcon population.
Results are shown in supplementary figure S15,
Supplementary Material online.
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Finally, we used a Poisson test to examine whether the
observed proportion was significantly higher than expected
for each heterozygous RNA variant.

Genomic Germline SNP Calling

A key feature of a genomic germline SNP is that the ratio of
reads supporting its two alleles should not significantly devi-
ate from 1:1. To identify germline SNPs, we mapped the NGS
DNA sequencing reads from the small insert libraries (170-
800 bp: accession SRP018394) onto the saker falcon reference
genome (Zhan et al. 2013) using SOAP v2.21 and then called
SNPs using SOAPsnp v1.04, in which a germline SNP is
determined when the ratio of reads supporting the two alleles
is 1:1.

PCR Validation of Heterozygous RNA Variants Identified in
the Hemoglobin Genes

To examine whether the heterozygous RNA variants identi-
fied in o, o, ", and p* genes originate from heterozygous
genomic SNPs, we designed appropriate primers using Primer
3.0 and PCR was performed using the genomic DNA of three
falcons (QH1, MN1, and SK1). The products were sequenced
using an ABI 3130XL DNA Sequencer following the manufac-
turer’s protocols. Genomic heterozygous SNPs were checked
by eye and determined using Chromas v2.1.1. Since Sanger
sequencing will rarely detect somatic mutations, heterozy-
gous SNPs obtained here are expected to have originated in
the germline.

Comparison of SNP Frequencies between Highly Expressed
Genes and Intergenic Regions

Previously sequenced genomic reads (Zhan et al. 2013) were
mapped to the falcon reference genome using SOAP v2.21,
followed by the SNP calling using SOAPsnp v1.04 as described
previously (Pan et al. 2017). SNP frequencies for intergenic
regions (f) were obtained using n/N where n is the number of
SNPs identified in an intergenic region and N is the total
length of that region with gaps and repetitive sequences ex-
cluded. SNP frequencies for highly expressed genes
(RPKM >20,000) were estimated using the same equation.
A Poisson test implemented in R was used to test for signif-
icance between the two estimates.

We conducted the same analysis with the mouse data
(N=7). However, as for chicken, both transcriptome and
genome resequencing data are required for a comparison
between highly expressed genes and intergenic regions.
Therefore, we used a data set of 11 tissues that were different
from that used for Splice Junction Prediction. The data were
downloaded from GenBank, namely, ileum (ERR1298577),
liver (ERR1298599), ovary (ERR1298617), proventriculus
(ERR1298632), spinal neural tube (SRR5000696), kidney
(ERR1298585), lung (ERR1298607), pancreas (ERR1298625),
skin (ERR1298634), pituitary (SRR4478742), and liver under
heat stress (SRR5273288). RNA variants, gene expression es-
timation, and mutation frequency calculation were per-
formed using the same pipelines as for the falcons.
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Strand Bias of TAM Occurrence in Hemoglobin Genes
Among the six mutation types: C—T (G— A on the opposite
strand), A—G (T—C), G—T (C—A),A—=T(T— A),G— C
(C— G),A— C(T — G),four types, C - T,A— G, G—T,
and A—T were the most frequent in TAM. To estimate
whether TAM occurred preferentially on nontranscribed
DNA strands in the four hemoglobin genes, we calculated
the proportion of TAM events on both nontranscribed and
transcribed DNA strands. A y° test was used to evaluate the
difference between the two estimates. A TAM induced mu-
tation was considered to occur on nontranscribed strands if a
mutation of A—T, C—T, G—T, or A—G was observed. We
also calculated the mutation proportions for intergenic
regions on both DNA strands, followed by a 3 test for strand
differences.

Somatic Mutation Identification

We carried out deep resequencing of the genomes of six
falcon individuals (>30-fold coverage) using an lllumina
Hiseq2500 Genome Analyzer and aligned the reads to the
reference genome (Zhan et al. 2013). For each individual,
we identified the heterozygous genomic SNPs with the
Phred quality values >20 in each individual using an in-
house PERL script. Identification of heterozygous genomic
SNPs resulting from somatic mutation is described in supple-
mentary note, Supplementary Material online. A heterozy-
gous genomic SNP with the ratio of reads supporting its
two alleles significantly deviating from 1:1 was considered a
somatic mutation.

¢DNA Cloning Experiments for TAM Validation

To verify the TAM mutations, we obtained cDNA fragments
from RT-PCR RNA extracts of three falcon individuals (QH13-
6, KZ4, MD2) using RT-PCR (Promega). The primers for f
were designed from its cDNA sequence using Primer 3.0
(Forward: GCACTGGACAGCTGAAGAGA; Reverse: GTCC
TTAGCAAAGTGGGCAGQG). PCR products were purified using
the MiniBEST Agarose Gel DNA Extraction Kit v4 (TaKaRa)
and cloned into pMD 19-T vector (TaKaRa) (Sambrook and
Russell 2011). The products were sequenced using an ABI
3130XL DNA Sequencer following the manufacturer’s proto-
cols. Sequences were aligned using ClustalW implemented in
MEGA v6.0.6 (Tamura et al. 2013) and allele variants were eye
checked.

DNA Methylation Profiling

To investigate the influence of DNA methylation on TAMs,
we profiled DNA methylation for five falcons (QH1, QH2,
QH13-1, MN1, and MN2). Approximately 30-Gb clean data
were generated for each individual (supplementary table S19,
Supplementary Material online). Genomic DNA was frag-
mented into 200- to 300-bp fragments using Covaris S220,
followed by end-repair by adding a single adenosine moiety.
Adapters in which all of cytosines were methylated were
ligated onto the DNA repaired end and the DNA product
was treated using the EZ DNA Methylation Gold Kit (Zymo
Research), during which, the unmethylated C was converted

to T while methylated C remained unchanged. The treated
product was amplified with specific methylation primers, fol-
lowed by sequencing using an lllumina Hiseq2500 Analyzer.

The DNA methylation profiles of each sample were
obtained using Bismark (Krueger and Andrews 2011), a flex-
ible aligner, and methylation caller for Bisulfite-Seq. DNA
methylation was classified into three types (CpG, CHH, and
CHG), where H represents any deoxynucleotide (A, T, C, or G).
When analyze methylation in the promoter region, we de-
fined the promoter region as 1.1-kb upstream and 500-bp
downstream of the transcription start site (Li et al. 2015).
When analyze the methylation in hemoglobin genes, we cal-
culated the methylation rate of each window (size =20 bp)
for each hemoglobin gene. It was estimated as (the number of
methylated sites)/(window size).

Biological Significance of High Transcript Diversity
Caused by TAM

To obtain the distribution pattern of reads supporting splice
sites in hemoglobin identified by RNA-seq, we mapped the
RNA-seq data to the saker genome using Bowtie 0.12.7, and
counted the number of reads spanning each splice site
individually.

To determine the number of reads supporting splice sites
in the lowest abundance isoform that can be detected by
Iso-Seq, we first BLASTed each isoform against the saker ge-
nome to identify the splice sites. We then extracted 200-bp
flanking each splice site, and mapped RNA-seq reads to these
fragments using Bowtie 0.12.7, and counted the number of
reads supporting each splice site.

For RNA-seq data, the expression levels of hemoglobin
genes were quantified using RPKM by mapping the RNA-
seq reads of each sample to the target genes. For Iso-Seq
data, the expression levels of each hemoglobin isoform
were estimated by mapping the RNA-seq reads to the iso-
forms identified in each hemoglobin gene by the third-
generation sequencing. We also performed the analysis of
differential expression of Iso-Seq isoforms identified between
QH and KZ-MN populations using DESeq (Anders and
Huber 2010).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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