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Bread wheat (Triticum aestivum, AABBDD) is an allohexaploid species derived from two rounds of
interspecific hybridizations. A high-quality genome sequence assembly of diploid Aegilops tauschii, the
donor of the wheat D genome, will provide a useful platform to study polyploid wheat evolution. A
combined approach of BAC pooling and next-generation sequencing technology was employed to
sequence the minimum tiling path (MTP) of 3176 BAC clones from the short arm of Ae. tauschii chro-
mosome 3 (At3DS). The final assembly of 135 super-scaffolds with an N50 of 4.2 Mb was used to build a
247-Mb pseudomolecule with a total of 2222 predicted protein-coding genes. Compared with the
orthologous regions of rice, Brachypodium, and sorghum, At3DS contains 38.67% more genes. In com-
parison to At3DS, the short arm sequence of wheat chromosome 3B (Ta3BS) is 95-Mb large in size, which
is primarily due to the expansion of the non-centromeric region, suggesting that transposable element
(TE) bursts in Ta3B likely occurred there. Also, the size increase is accompanied by a proportional increase
in gene number in Ta3BS. We found that in the sequence of short arm of wheat chromosome 3D (Ta3DS),
there was only less than 0.27% gene loss compared to At3DS. Our study reveals divergent evolution of
grass genomes and provides new insights into sequence changes in the polyploid wheat genome.
Copyright © 2016, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and
Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
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1. Introduction Bread wheat is a hexaploid species (2n = 6x = 42, genome
AABBDD), which originated by two hybridization steps. The first
step was the hybridization of T. urartu (2n = 2x = 14, AA) with a

species closely related to Aegilops speltoides (2n = 2x = 14, SS)

Globally, common (bread) wheat (Triticum aestivum L.) is one of
the primary staple crops, supplying nearly one-fifth of the calories

consumed by humans. The current growth rate of the human
population is exceeding the rate of food production, and closing the
gap will demand more efficient breeding methodologies for all
major crops, including wheat (FAO, 2016).
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(Dvorak and Zhang, 1990; Dvorak et al., 1993). This event gave rise
to wild emmer wheat (T. turgidum ssp. dicoccoides, 2n = 4x = 28,
AABB). The second step, which occurred 8000 to 10,000 years ago
(Nesbitt and Samuels, 1996), was the hybridization of an unknown

E-mail addresses: jdvorak@ucdavis.edu (J. Dvorak), mcluo@ucdavis.edu (M.-C. Luo), zyliu@genetics.ac.cn (Z. Liu), yong.gu@ars.usda.gov (Y.Q. Gu), qxsun@cau.edu.cn

(Q. Sun).
! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.jgg.2016.09.005

1673-8527/Copyright © 2016, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and Genetics Society of China. Published by Elsevier Limited and

Science Press. All rights reserved.

Please cite this article in press as: Xie, ]., et al., Sequencing and comparative analysis of Aegilops tauschii chromosome arm 3DS reveal rapid
evolution of Triticeae genomes, Journal of Genetics and Genomics (2016), http://dx.doi.org/10.1016/].jgg.2016.09.005



mailto:jdvorak@ucdavis.edu
mailto:mcluo@ucdavis.edu
mailto:zyliu@genetics.ac.cn
mailto:yong.gu@ars.usda.gov
mailto:qxsun@cau.edu.cn
www.sciencedirect.com/science/journal/16738527
www.journals.elsevier.com/journal-of-genetics-and-genomics/
www.journals.elsevier.com/journal-of-genetics-and-genomics/
http://dx.doi.org/10.1016/j.jgg.2016.09.005
http://dx.doi.org/10.1016/j.jgg.2016.09.005
http://dx.doi.org/10.1016/j.jgg.2016.09.005

2 J. Xie et al. / Journal of Genetics and Genomics xxx (2016) 1—11

domesticated tetraploid wheat (T. turgidum) with Ae. tauschii
(2n = 2x = 14, DD) (Kihara, 1944; Mc and Sears, 1946; Dvorak et al.,
2012).

One of the factors limiting progress in wheat breeding is the low
genetic diversity in the wheat D genome (Akhunov et al., 2010). Ae.
tauschii, the wild donor of the wheat D genome, is a geographically
widespread and genetically diverse species (Wang et al., 2013) and
is a logical source for broadening genetic diversity in the wheat D
genome (Warburton et al., 2006). A number of Ae. tauschii genes for
resistance to various diseases, especially for rust resistance, such as
Lr21, Lr22, Lr32, Lr39, Lr42, Sr33 and Sr45 (Mclntosh et al., 2013),
have been successfully incorporated into wheat. Genetic improve-
ment in wheat would be greatly facilitated by the availability of a
high-quality reference genome sequence for Ae. tauschii, an
important wheat relative.

An attempt to construct a whole-genome shotgun (WGS)
sequence of the Ae. tauschii (accession AL8/78) genome has been
reported (Jia et al., 2013), but the fragmented nature and largely
unordered scaffolds of the sequence limit its utility. The Ae. tauschii
genome is highly repetitive (Jia et al., 2013) and of large size
(estimated to be between 4 and 5 Gb) (Rees and Walters, 1965;
Arumuganathan and Earle, 1991), which is the primary cause of
the failure to produce a high-quality reference sequence by the
WGS sequencing approach.

Ae. tauschii, along with wheat, barley and several hundred of
other species, belongs to the tribe Triticeae of the grass family
(Love, 1984). A large genome size and high content of repeated
sequences are attributes of all species in the tribe, including wheat,
and have been the principal obstacles to genome sequencing in this
economically important plant group. To overcome these obstacles,
alternative sequencing approaches have been pursued, such as the
construction of BAC-based physical maps followed by ordered-
clone genome sequencing along the minimum tiling path (MTP),
complexity reduction through sequencing of flow-sorted chromo-
somes (International Wheat Genome Sequencing Consortium,
2014), and optical BioNano genome mapping (Hastie et al., 2013).
A reference sequence of the common wheat chromosome 3B, the
largest chromosome in the wheat genome, was successfully
assembled by sequencing BAC pools along the MTP of the 3B
physical map, using a combination of Roche 454 and Illumina
sequencing technologies coupled with extensive BAC end
sequencing and ordering of super-scaffolds on a high-density ge-
netic map (Choulet et al., 2014). This success demonstrated that the
ordered-clone sequencing approach can generate a single-
chromosome reference-quality sequence in Triticeae, using a
flow-sorted chromosome library, thus reducing the complexity of
the entire genome. A relevant question is whether this approach
can be scaled up to sequence an entire Triticeae genome without
resorting to the complexity reduction by chromosome sorting.

Here we sequenced the short arm of Ae. tauschii chromosome
3D (henceforth At3DS) with the goal of assessing the use of the
ordered clone sequencing approach to generate a high-quality
reference sequence for an entire Ae. tauschii genome. The
ordered-clone sequencing of the At3DS arm employed a genome-
wide MTP across the entire physical map of the Ae. tauschii
genome (Luo et al.,, 2013). We evaluated synteny of the At3DS
pseudomolecule with those of other sequenced grass genomes,
such as Brachypodium, rice, and sorghum, as well as with the
homoeologous wheat chromosome arm 3BS. In addition, the high-
quality At3DS sequence assembly allowed us for the first time to
evaluate the sequence polymorphism between the D genomes of
polyploid wheat and its diploid ancestor on a large chromosomal
scale.

2. Results
2.1. Sequence and assembly of the Ae. tauschii 3DS pseudomolecule

In this study, 3176 MTP clones from 365 BAC contigs across the
Ae. tauschii 3DS physical map (Safar et al., 2010; Luo et al., 2013)
were sequenced and assembled using a hybrid strategy as detailed
in Materials and Methods. After merging assembled sequences
based on MTP BAC order, we obtained a final assembly of 689
scaffolds with an N50 of 766 kb and a total length of 292,922,430
bp. A BioNano map of Ae. tauschii was used to align, order, and
orient the scaffolds to generate 135 super-scaffolds with an N50 of
4.2 Mb using a technique previously described by Hastie et al.
(2013). Several map resources, including two high-resolution ge-
netic maps (Jia et al., 2013; Luo et al., 2013) and one Radiation-
Hybrid (RH) map (Kumar et al., 2015) for Ae. tauschii were used to
build an At3DS pseudomolecule. The final pseudomolecule was
247,348,992 bp long; 77 scaffolds with a total length of 22,279,739
bp remained unanchored. These unanchored scaffolds accounted
for 8% of the total At3DS sequences (Table S1). To assess the
completeness of the sequence, we assumed that At3DS had a size
and gene content equivalent to the wheat 3DS arm (Ta3DS). Com-
parison between the At3DS assembly and the chromosome arm
size of Ta3DS (Luo et al., 2010) gave an estimate that the At3DS MTP
BAC-based sequence assembly covered about 90% of the At3DS arm
sequence.

2.2. Transposable elements

Transposable elements (TEs) represented 81.18% of the At3DS
pseudomolecule (Table 1). This TE proportion was similar to that in
the survey sequences of Ae. tauschii chromosome 5D (82.8%)
(Akpinar et al., 2015), T. aestivum cv. Chinese Spring chromosome
3B (85.5%) (Choulet et al., 2014) and global Chinese Spring chro-
mosome arm survey sequence assemblies (81.5%) (International
Wheat Genome Sequencing Consortium, 2014), respectively. Over
80% of the At3DS TEs belonged to three superfamilies: CACTA,
Gypsy, and Copia. More than two thirds of the TEs were

Table 1
Features of protein coding genes and TEs of At3DS.

Feature Pseudomolecule Unanchored

Protein coding genes
No. of loci 2222 166
Mean/median no. of exons 43/3 3.2/2
Mean/median gene size (bp) 3821/2856 3644/2511
Mean/median transcripts length (bp) 1884/1097 1810/1014

Retrotransposons
Copia 13.83% 12.48%
Gypsy 34.08% 35.49%
Athila 0.03% 0.02%
TRIM 0.00% 0.01%
Unclassified LTR-Retrotransposon 14.89% 14.64%
LINE 0.26% 0.23%
SINE 0.00% 0.01%
Total retrotransposons 63.09% 62.88%

DNA transposons
CACTA 17.96% 20.43%
hAT 0.00% 0.02%
Mutator 0.08% 0.11%
Tc1/Mariner 0.01% 0.01%
PIF/Harbinger 0.03% 0.03%
Unclassified class II with TIRs 0.00% 0.01%
MITE 0.01% 0.01%
Helitron 0.02% 0.02%
Total DNA transposons 18.11% 20.64%

Total TEs 81.18% 83.50%
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retrotransposons, with the Gypsy LTR superfamily being the most
abundant (34.08%). The TE content and profile of superfamilies in
At3DS were similar to those in the wheat homoeologous chromo-
some arms 3AS, 3BS, and 3DS (Fig. 1). The percentages of TEs rep-
resenting the homoeologous chromosome arm Os1S of rice (Oryza
sativa), Sb3S of sorghum (Sorghum bicolor), and the distal portion of
the short arm of Brachypodium distachyon chromosome 2 (Bd2S)
were all lower than that in At3DS, reflecting their smaller genome
sizes. The proportion of CACTA superfamily represented approxi-
mately 17% in the investigated Triticeae chromosome arms but only
about 1% in the homoeologous chromosome regions in the three
small grass genomes. Fig. 1 shows that the increase in genome size
in Triticeae compared to the three representative small genome
grass species occurred primarily by increase in the abundance of
LTR retroelements and CACTA DNA elements.

We estimated the length of the At3DS centromeric region by
plotting the density of the centromere-specific repeat families
Cereba and Quinta along the At3DS pseudomolecule (Fig. S1). A
region of 77 Mb from 170 to 247 Mb can be defined as a putative
pericentromeric-centromeric region. Since this 77-Mb sequence is
only from the short-arm region of the 3D centromere, the size of
the entire centromeric region of Ae. tauschii chromosome 3D is
therefore comparable to the size of the 122-Mb centromeric region
(265 Mb—387 Mb) of wheat 3B chromosome (Choulet et al., 2014),
suggesting that they may have similar centromeric structures with
regard to size and repeat element composition. We used the middle
of the centromeric region to define the short arm of wheat chro-
mosome 3B (Ta3BS). Most of the expansion in Ta3BS appears to be
in the non-centromeric region of the chromosome, as the Ta3BS
non-centromeric region (265 Mb) is 95 Mb larger than that of
At3DS (170 Mb). Our results are consistent with the observation
that the total centromere size is positively correlated with the
genome size among species, but is independent of chromosome
size within the species (Zhang and Dawe, 2012).
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M Unclassified DNA transposon
| M Harbinger
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Mutator
- CACTA
LINE
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Fig. 1. Comparison of repetitive sequence types between homologous grass chromo-
somes. Proportions of ten different types of repetitive sequences that account for at
least one percent of at least one of the seven chromosomes were plotted in different
colors for At3DS and relevant homologous chromosome arms, including T. aestivum
chromosome arm 3BS (Ta3BS), part of Brachypodium chromosome 2 short arm (Bd2S),
rice chromosome 1 (0Os1S), and sorghum chromosome 3 (Sb3S).

2.3. Gene content

The genes in the At3DS sequence were annotated with the
reference-based TriAnnot pipeline (Leroy et al., 2012), which had
previously been used for gene prediction in the wheat 3B chro-
mosome. A total of 2222 protein-coding genes, including 2124 high
confidence (HC) genes and 98 low confidence (LC) genes, were
predicted and annotated on the At3DS pseudomolecule. Among
them, 1823 (85.96%) HC genes were supported by reference pro-
teins with more than 70% coverage (Table 1). Expression data from
8 tissues at different developmental stages were used to validate
the annotated genes (Jia et al., 2013). A total of 1873 (88.18%) of the
2124 HC genes and 51 (52.04%) of the 98 LC genes were expressed
in at least one of the eight tissues. These results indicate that most
of our gene predictions are reliable. The average length of the At3DS
genes was 3821 bp, generating transcripts 1884 bp long. The genes
had on average 4.3 exons (Table 1). This is similar to the average
exon numbers reported in some other annotated genome se-
quences: Ta3B (4.2), Triticum urartu (4.7), B. distachyon (5.5), rice
(4.7) and sorghum (4.7) (International Rice Genome Sequencing
Project, 2005; Paterson et al., 2009; International Brachypodium
[nitiative, 2010; Ling et al., 2013; Choulet et al., 2014). Addition-
ally, 166 genes were annotated on the unanchored scaffolds, ac-
counting for ~7% of the total number of 2388 genes (2222 plus 166)
on At3DS.

2.4. Relationship among TE density, gene density, and
recombination rate

TE density increased from 54% to nearly 94% towards the
centromeric region along At3DS, with a relatively rapid increase at
the distal 60 Mb region (Fig. 2A). The Gypsy LTR superfamily was the
most abundant and exhibited a similar distribution to the total TE
density (r = 0.79, P-value < 0.01), suggesting that the Gypsy LTR
superfamily may be a major cause of variation in TE density along
At3DS (Fig. S2). The proportion of the Copia LTR superfamily was
negatively associated with that of the Gypsy LTR superfamily
(r=—-0.61, P-value < 0.01), while no significant correlation between
the CACTA TIR superfamily and the two LTR superfamilies was
observed. CACTA elements appear to be more evenly distributed in
the sequence.

Gene density was uneven along At3DS and decreased from
telomere to centromere (Fig. 2B). The highest gene density was in
the distal 10 Mb region, where it was 25.3 genes per Mb on average.
The gene density declined very sharply over the distal 60 Mb re-
gion, and then decreased at a relatively moderate rate to 2.5 genes
per Mb in the centromeric region (about one tenth of the gene
density of the telomeric region). This is consistent with the
telomere-centromere gene density decline found on all seven Ae.
tauschii chromosomes (Luo et al., 2013) and also on T. aestivum
chromosome 3B (Choulet et al.,, 2014). We also confirmed the
absence of large gene islands on At3DS.

Using the high-density SNP linkage map (Luo et al., 2013), the
recombination rate of At3DS was estimated to be 0.33 cM/Mb on
average, which is nearly identical to the average recombination rate
of 0.32 cM/Mb across the entire Ae. tauschii genome (Luo et al.,
2013). In the distal 60 Mb region, the recombination rate dropped
precipitously from 3.12 cM/Mb to 0.2 cM/Mb, and was then main-
tained at a nearly constant low level in the centromeric region
(nearly 0 cM/Mb) (Fig. 2C), indicating that most recombination take
place in the distal region. Consequently, the first 60-Mb region
accounts for 90% of the genetic length of the At3DS arm. The
recombination rate is positively correlated with the gene density
(r = 0.89, P-value < 0.01), but negatively correlated with TE density
(r = —0.89, P-value < 0.01) along the chromosome arm (Fig. 2).
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Fig. 2. Distributions of TE density, gene density, and recombination rate along At3DS. TE density (A), gene density (B), and recombination rate (C) are all counted in a sliding

window of 10 Mb with a step of 1 Mb, and were plotted along the chromosome.

2.5. Synteny

At3DS is syntenic with Os1S, Sb3S, and the distal part of Bd2S
(Luo et al,, 2013), and the borders of the syntenic regions were
identified using genes as anchors (Table S2). To make the result
comparable with these grass genomes, we applied a filtration
process similar to that described by Glover et al. (2015) to identify
functional core gene sets by discarding possible mispredicted genes
and transposon genes. The core gene sets consisted of 1929, 1357,
1465, and 1352 genes located in the syntenic region of At3D, Bd2S,
0Os1S, and Sb3S, respectively (Fig. 3). The regions of the Bd2S, Os1S,
and Sb3S pseudomolecules orthologous to At3DS had similar
numbers of core genes, an average of 1391 genes, but At3DS con-
tained 538 (38.67%) additional genes.

To assess synteny, we defined syntenic genes as orthologous
core genes found in orthologous (homoeologous) regions in at least
two of the three compared species. If an orthologous core gene was
not found in a syntenic position in any species, we considered it
non-syntenic. A total 1046, 1231, 1311, and 1242 syntenic genes and
883 (45.77%), 126 (9.28%), 154 (10.51%), and 110 (8.13%) non-
syntenic genes were found in At3DS, Bd2S, Os1S and Sb3S,
respectively (Fig. 3). Ae. tauschii had about 220 fewer syntenic

genes than the average syntenic gene number of the others. The
smaller number of syntenic genes could potentially be caused by
incomplete coverage of the entire homoeologous region, about 90%,
but this result should be taken with due caution. However, synteny
assessment clearly showed that At3DS had a large number of non-
syntenic genes, representing 45.77% of the total At3DS core genes,
which is about 36.47% more than that of Brachypodium, rice and
sorghum. The relatively high proportion of non-syntenic genes has
been reported in Ta3B as well (Choulet et al., 2014).

Non-syntenic genes could be caused by transposition/trans-
location of genes from elsewhere in the genome. To assess this
possibility, the genic sequences of non-syntenic At3DS genes were
aligned to the D genome of the IWGSC survey sequence assembly of
Chinese Spring, excluding the short arm of 3D (International Wheat
Genome Sequencing Consortium, 2014). We found that 420 (48%)
non-syntenic At3DS genes have at least one copy on chromosome
regions elsewhere in the wheat D genome, suggesting that nearly
half of the non-syntenic At3DS genes resulted from inter-
chromosomal gene duplications. Inter-chromosomal gene dupli-
cation that gives rise to non-syntenic genes often occurs at the
single gene level, which has been reported previously (Glover et al.,
2015). Of these non-syntenic genes, we found that 21% were either
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Fig. 3. Venn diagram displaying the number of genes conserved in grasses. Four core
gene sets, including Aegilops tauschii chromosome 3 short arm (At3DS, blue), rice
chromosome 1 short arm (Os1S, green), part of Brachypodium chromosome 2 short arm
(Bd2S, red) and sorghum chromosome 3 short arm (Sb3S, purple), were compared to
each other. The number of homologous genes in each intersection for the gene sets
from different species is shown accordingly in different colors. The number of non-
syntenic genes is indicated in bold for each gene set.

further duplicated tandemly or dispersed within the sequenced
At3DS region, suggesting the intra-chromosomal duplication has
further increased the total number of non-syntenic genes.

The rate of duplication/fixation of non-syntenic genes in each
genome can be estimated using the divergence time among grass
species (International Brachypodium Initiative, 2010; Massa et al.,
2011; Glover et al., 2015). We calculated that the rates of non-
syntenic gene duplication/fixation for Brachypodium, rice and sor-
ghum were similar, ranging from 1.4 x 107> to 2.4 x 10~ locus™!
MYA~!, which is nearly identical to those reported by Massa et al.
(2011). However, the rate for Ae. tauschii is 11.7 x 1073 locus™!
MYA~!, nearly five-fold higher than that in the other grass species,
suggesting a fast evolution of the Ae. tauschii genome with regard to
the duplication/fixation rate of non-syntenic genes.

2.6. Synteny between At3DS and Ta3BS

The reference sequence of the wheat 3B chromosome (Choulet
et al., 2014) makes it possible for the first time to perform a
detailed comparison of synteny between two Triticeae genomes,
albeit based on a single chromosome arm. The TriAnnot gene
annotation pipeline predicted a total of 3101 genes in Ta3BS as
compared to 2222 genes in At3DS, a difference of 879 genes. Of the
At3DS genes, 1715 (77.18%) were homologous to 2287 (73.75%)
genes on Ta3BS. The extra 572 genes in Ta3BS are likely derived
from gene duplications. Since synteny analysis can be complicated
by tandem gene duplications, gene transpositions, and chromo-
some rearrangements, we used collinearity, a more specific form of
synteny that requires conservation of gene order, to reveal evolu-
tionary changes (Fig. 4). Collinearity analysis identified 1296
collinear gene pairs between At3DS and Ta3BS, indicating that
58.32% of the At3DS genes were collinear with 41.79% of the Ta3BS
genes. In other words, at least 18.86% of the At3DS genes and 31.96%
of the Ta3BS genes have been involved in sequence rearrangement
events, resulting in changes of gene positions.

Additionally, we examined the distribution of the non-collinear
genes (41.68% of the At3DS genes and 58.21% of the Ta3BS genes)
along the chromosome and found that non-collinear gene numbers
decline gradually from telomere to centromere in both At3DS and

Ta3BS (Fig. 4). The number of non-collinear genes is positively
associated with recombination rate (r = 0.85, P-value < 0.01) and
gene density (r = 0.94, P-value < 0.01) in At3DS, suggesting a
possible relationship between recombination and collinearity.
Moreover, no large-scale structural rearrangements were found
between At3DS and Ta3BS, except for a few small-scale rear-
rangements in the centromeric region. These rearrangements are
likely caused by inversions and translocations, or by assembly er-
rors in the centromeric regions in the pseudomolecules (Fig. 4).
Meanwhile, although Ta3BS has 879 more annotated genes than
At3DS, the average gene densities in these two arms are similar, 8.9
and 9.0 genes per Mb for Ta3BS and At3DS, respectively, due to the
fact that the Ta3BS arm is longer than the At3DS arm. This fact
implies that the expansion of the Ta3BS arm was in proportion to
the increase in total gene number.

2.7. Gene deletions in the wheat 3DS arm

A whole genome duplication caused by polyploidization gen-
erates fabric for the evolution of new genes (Ohno, 1970) and turns
on several genomic processes. One of them is gene loss. The At3DS
sequence provides a reference for the assessment of the process on
genome sequence level. To analyze gene loss in the wheat 3DS arm,
the predicted Coding Sequence (CDS) of each gene in At3DS was
aligned to the genomic DNA sequences of Ta3DS using the splice
site alignment program Gmap (Wu and Nacu, 2010) to find the
wheat D-genome homologs. Ae. tauschii CDSs that did not align well
with the Ta3DS genes were reanalyzed using a local alignment al-
gorithm to identify potential structure variations between homo-
logs, employing a manual examination to validate the alignment.

In total, 2076 (93% of the total annotated genes) of the At3DS
genes had homologs on Ta3DS. To determine if the remaining 146
At3DS genes were truly absent from Ta3DS and not just missing
sequences in the assembly, the D-genome specific primer pairs for
the 146 genes were designed based on the Ae. tauschii sequences
and PCR was performed using genomic DNA of Ae. tauschii acces-
sion AL8/78, Chinese Spring, and Chinese Spring nullisomic-
tetrasomic lines N3A-T3D, N3B-T3D and N3D-T3A. Only six of the
146 (0.27%) gene sequences could be amplified in Ae. tauschii but
not in Chinese Spring and nullisomic-tetrasomics, indicating that
these six genes were absent from the Ta3DS. Out of the 146 genes,
two gene sequences were amplified in Ae. tauschii, Chinese Spring,
N3A-T3D and N3B-T3D but not in N3D-T3A, showing that they were
located on Ta3D and the putative loss was a false positive result. The
other 138 gene loss predictions were not confirmed by PCR assay.
The likely explanations were gene duplications in Ta3D or sequence
polymorphism. The missing 0.27% of the At3DS genes represented
an upper limit of the percentage of genes that may have been
deleted from the single wheat lineage, which Chinese Spring rep-
resents. This result is close to the 0.17% of deleted genes in the
wheat D genome estimated earlier employing several hundred
T. aestivum accessions (Dvorak et al., 2004).

2.8. Single nucleotide polymorphism and indels

Single nucleotide polymorphism (SNP) and indel polymorphism
between the Ae. tauschii and hexaploid wheat D genomes were
examined to infer the SNP and indel distribution. A total of 254,682
SNPs were identified between homologous gene pairs between
At3DS and Ta3DS, with 66,395 SNPs in promoters, 94,940 SNPs in 5’
UTRs, 14,882 SNPs in CDS, 50,104 SNPs in introns, and 28,361 SNPs
in 3’ UTRs (Fig. 5A). The alignment of annotated Ae. tauschii genes
with those of Ta3DS identified a total of 56,020 indels in genic re-
gions, with 14,965 indels in promoters, 18,054 indels in 5’ UTRs,
6667 indels in CDS, 10,354 indels in introns, and 5980 indels in 3’
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Fig. 4. Collinear and non-collinear genes between At3DS and Ta3BS. The 1296 collinear gene pairs were identified between At3DS and Ta3BS, and are linked by lines in different
colors. The black lines in the inner circle indicate the number of non-collinear genes along the chromosomes. The non-collinear gene number was calculated in a 10 Mb window
with an increment of 1 Mb. The outer circle shows the chromosomes, with centromeric region in black and the non-centromeric region displayed in blue (Ta3B) or red (At3DS). The

scales for each region are in Mb.

UTRs (Fig. 5B). The exon lengths were nearly identical between
homologous gene pairs in At3DS and Ta3DS, while the lengths of
introns were variable (Fig. S3).

Within genes, CDSs are the most conserved regions, followed by
5 UTR, 3/ UTR, introns, and promoter regions (Fig. 5C). The analysis
showed that the median CDS sequence identities between At3DS
and Ta3DS are 99.9%. Similar median sequence identities for 5
UTRs, 3’ UTRs, and introns were observed (99.8%). Promoter regions
seem to experience a faster sequence differentiation, with a median
sequence identity of 99.1%. Overall, the sequence polymorphism in
the genic regions (including promoter, 5’ UTR, CDS, introns, and 3’
UTR) between At3DS and Ta3DS is less than one SNP per kb on
average. Additionally, we observed that the CDS identities
increased from telomere to centromere along At3DS, with lower
CDS identities in the telomeric regions and higher identities in the
centromeric region, except for a slight decline in the pericentro-
meric region (Fig. 6). In the CDS regions, we found 8361 (57%)
synonymous and 6521 (43%) nonsynonymous SNPs, resulting in a
ratio of nonsynonymous to synonymous substitutions of 0.78 and a
corresponding overall Kq/K; value of 0.33, suggesting that the
genomic regions have been under purifying selection.

3. Discussion
3.1. Sequencing strategy
The ordered-clone sequencing of the At3DS arm resulted in a

pseudomolecule 247 Mb long with the superscaffold N50 is equal
to 4.2 Mb. The pseudomolecule covered ~90% of the At3DS arm

sequence and contained 2124 high confidence protein-coding
genes. The successful construction of the pseudomolecule was
primarily made possible by use of the Ae. tauschii physical map, in
which 84.2% of the MTP was anchored on a high-resolution genetic
map (Luo et al., 2013). A radiation hybrid map of the Ae. tauschii
genome (Kumar et al., 2015), another high-density genetic map
(Chapman et al., 2015), BioNano genome map (Hastie et al., 2013;
Stankova et al., 2016), and the conserved collinearity with Brachy-
podium were employed during manual editing of superscaffolds
and the construction of the pseudomolecule.

The ordered-clone sequencing approach was previously suc-
cessfully used to sequence wheat chromosome 3B (Choulet et al,,
2014). Because sequencing of chromosome 3B was based on flow-
sorted chromosome BAC libraries, it was a poor predictor of prob-
lems that will be encountered if this technology is scaled up to the
sequencing of an entire Triticeae genome. The successful con-
struction of the At3DS pseudomolecule provides evidence that it
will be feasible to sequence the entire Ae. tauschii genome by our
approach and this approach could be used for the sequencing of any
other Triticeae genome if a prerequisite physical map comparable
in quality to that of Ae. tauschii exists. The same technology that
was used for the development of the Ae. tauschii physical map can
also be used for the development of a global physical map of
hexaploid wheat (Luo et al., 2010) indicating that genomes of
polyploid Triticeae species, including wheat, can be sequenced
using the genome-wide ordered-clone approach.

Since the At3DS assembly accounted for ~90% of the At3DS arm,
it is likely that the other whole-genome sequences constructed
with this approach will have about the same coverage. The
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combination of 454 sequencing technology that was used to
sequence the At3DS arm and other NGS platforms could improve
the sequence assembly and increase the contig and scaffold lengths.
However, no NGS platform can close gaps caused by sequences
missing from the BAC libraries on which the physical map is based.
To close gaps and bring the sequence coverage to the vicinity of
100% may require the deployment of a hybrid sequencing approach
incorporating a WGS sequence into the final genome sequence
assembly.

3.2. Recombination rate and TE and gene distribution

The At3DS pseudomolecule contained 81.18% TEs. LTR retro-
posons, primarily the Gypsy superfamily, were the major TE
component of the At3DS pseudomolecule. The Gypsy superfamily
was also the most abundant TE superfamily in wheat homoeolo-
gous chromosome arms 3AS and 3BS, and also in the much smaller
B. distachyon, rice and sorghum genomes (International Rice
Genome Sequencing Project, 2005; Paterson et al., 2009;
International Brachypodium Initiative, 2010).

The abundance of the Gypsy superfamily was the primary factor
responsible for the TE telomere-centromere gradient along the
At3DS arm. TE density increases from distal region, where TEs
accounted for about 54% of the sequence to the centromeric region
where it accounted for 94% of the sequence. TE distribution was

negatively correlated with gene density (r = —0.96, P-value < 0.01)
and recombination rate (r = —0.88, P-value < 0.01). The negative
correlation between gene density and overall TE density is intuitive
since the presence of one excludes the presence of the other.
However, the correlations of TE density and gene density with
recombination rate are also obvious. In addition to the overall gene
density (Akhunov et al., 2003) and TE density (Choulet et al., 2010),
other variables, such as the densities of single-copy loci (Akhunov
et al., 2003), multigene loci (Akhunov et al., 2003), non-collinear
genes (Luo et al., 2013), synteny (Akhunov et al., 2003; Luo et al.,
2009), disease resistance genes (Luo et al., 2013), gene deletions
and duplications (Dvorak et al., 2004; Dvorak and Akhunov, 2005),
RFLP (Dvorak et al., 1998), and SNP (Wang et al., 2014), have been
shown to be positively or negatively correlated with recombination
rate in wheat or its close relatives, including Ae. tauschii. The fact
that recombination is the independent variable in so many genomic
relationships suggests that it may play the central role in shaping
the structure and evolution of Triticeae genomes.

3.3. TEs and gene number

The genetic and physical mapping of the Ae. tauschii genome
revealed that the Ae. tauschii genome has accumulated a large
number of structural changes, and it was suggested that the large
amount of repeated sequences and their precipitous rate of
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turnover (Dubcovsky and Dvorak, 2007) resulted in faster rate of
genome evolution in the Ae. tauschii linage compared to linages of
grass species with small genomes and small TE contents (Luo et al.,
2009). It was also suggested that one of the consequences of this
genomic instability was the increase in the number of genes in the
large Ae. tasuchii genome compared to small grass genomes (Massa
et al.,, 2011). Manual annotation of the 9.7 Mb of sequence sampled
from a number of regions of the Ae. tauschii genome estimated that
26% of the annotated genes were not syntenic. The annotation of
the entire At3DS arm estimated the percentage of non-syntenic
genes to be 45% of the total gene number. Both estimates are
higher than the 10% of non-syntenic genes found in small grass
genomes. If the suggested relationship between genome size and
gene number in grasses were true, 3BS arm should contain more
genes and more non-collinear genes than the 3DS arm since the
3BS arm is about 30% larger than the 3DS arm (Dvorak et al., 1984).
We found that the non-collinear genes account for 59% of the Ta3BS
genes, which is consistent with this prediction.

Also consistent with this prediction is the number of genes
annotated on the two chromosome arms, 3101 on the 3BS and 2222
on At3DS. Although both gene number estimates were generated
with the same annotation pipeline, caution is nevertheless needed
in taking the difference at its face value. Of the At3DS protein-
coding genes 88% were supported by mRNA evidence but only
71% of genes annotated on the 3BS arm pseudomolecule were
supported by mRNA evidence. Lower mRNA support for genes an-
notated on the 3BS arm suggests that some of the genes annotated
on the 3BS arm could be pseudogenes, and that the difference in the
number of genes between the two arms may not be as great as the
data appear to suggest.

3.4. Gene loss from the wheat D genome and gene divergence

Polyploidy duplicates the gene content of a genome. The

resulting whole-genome duplication (WGD) is then slowly
reversed by functional divergence of duplicated genes (Ohno, 1970)
or their loss. The latter process leads to “meropolyploidy”, a situ-
ation in which a portion of the genome remains polyploid but a
portion is diploid due to loss of duplicated genes (Langham et al.,
2004). Hexaploid wheat is an outstanding system to study this
process because of the availability of the ancestral genomes makes
it possible to quantify the loss of wheat genes. Using restriction
fragment polymorphism (RFLP) in wheat and wheat ancestors, the
rates of gene loss from the three wheat genomes were estimated to
be 2.11%, 5.18% and 0.17% of wheat A, B, and D-genome single-copy
genes, respectively, and the rates were highly dependent on the
recombination rate along the chromosomes (Dvorak et al., 2004).
The At3DS pseudomolecule provided a reference for the assess-
ment of the process at the genome sequence level. The pseudo-
molecule was compared to the Ta3DS survey sequence and the
putative gene deletions in the Ta3DS arm were validated by PCR.
Since Ae. tauschii accession AL8/78 is not the exact source of the
wheat D genome (Wang et al., 2014) and an unknown percentage of
the absent genes may have actually been deleted at the diploid
level where they existed as deletion polymorphism and then
introduced or introgressed into hexaploid wheat, an estimate based
on simple genome sequence comparisons represents an upper limit
estimate. We showed that at most 0.27% of the genes present in the
At3DS pseudomolecule may have been lost from the D genome of
hexaploid wheat since the origin of hexaploid wheat about 8000
years ago. This estimate of gene loss from the wheat D genome is
remarkably close to the 0.17% loss of D-genome single-copy genes
based on RFLP (Dvorak et al., 2004). As noted previously (Dvorak
et al.,, 2004) these estimates of gene loss are a stark contrast to
15% of the total DNA lost within a few generations from the D
genome in artificially synthetized wheat (Feldman and Levy, 2009).
Nascent amphiploids including synthetic wheat are intrinsically
unstable (Zhang et al., 2013b) due to complex meiotic processes
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accompanying meiotic restitution (Oleszczuk and Lukaszewski,
2014) and meiotic stability in subsequent generations. The great
discrepancy between the level of DNA lost reported for an artifi-
cially produced hexaploid wheat and that observed in natural
hexaploid wheat is probably caused by purifying natural selection
that has stabilized the wheat meiotic system but also underscores
the danger in making evolutionary inferences from short-term
experimental data and a limited number of observations.

The comparison of gene sequences in the 3DS arm of Ae. tauschii
accession AL8/78 and Chinese Spring 3DS arm showed that genes
were highly similar and shared with greater than 99% sequence
identity. However, not all gene regions were equally conserved.
Coding sequences were the most conserved (99.7% identity)
whereas the promoter regions were the least conserved (99.1%). In
coding sequences, SNPs occurred mostly in the third codon posi-
tions, amounting to 57% of the 14,882 SNPs detected in coding
sequences. The overall Ky/Ks value for homologous genes from
Ae3DS and Ta3DS was 0.33, suggesting purifying selection acting on
them. Since most, if not all, of this SNP may have originated at the
diploid level, the observed K,/K; ratio may be the consequence of
natural selection in Ae. tauschii, not in wheat. It would therefore be
a mistake to take the K, /K; value as evidence of purifying selection
acting on wheat genes until SNPs that originated during polyploid
wheat evolution are unequivocally identified.

In contrast to other polyploids (Zhang et al., 2015), neither gene
loss nor gene divergence indicates that the wheat D genome
experienced a severe “genome shock” in transition from the
tetraploid to hexaploid level. This is consistent with minor epige-
netic adjustments of the D genome (Zhao et al., 2011) and suggests
that changes in gene expression and small RNA-mediated dynamic
regulation of homologs may have played a primary role in hexa-
ploid wheat evolution and adaptation (Li et al., 2014).

4. Materials and methods
4.1. BAC DNA isolation, library construction, and sequencing

A total of 3176 MTP clones on the Ae. tauschii physical map were
selected for sequencing (Luo et al., 2013). 2312 MTP BACs were
derived from 143 FPC BAC contigs that were genetically anchored
on the Ae. tauschii chromosome 3D short arm, and 864 MTP BACs
came from 224 FPC BAC contigs which were co-assembled with the
T. aestivum cv. Chinese spring 3DS physical map (Luo et al., 2010)
and considered to be part of the Ae. tauschii chromosome 3D short
arm. The MTP clones belonging to the same BAC contig were re-
arrayed in alpha-numerical order. Equal numbers of cells from
eight BAC clone cultures were mixed, and the BAC pool DNA was
isolated with the Qiagen Midiprep kit. The BAC pool DNA was then
sheared to a peak size of around 1400 base pairs with the Covaris,
according to the Roche Rapid Library Method Manual for the GS
FLX + Series. As for mate-pair sequencing library preparation, 5 g of
mate-pair pool DNA was used to construct 3 kb paired-end libraries
respectively and sequenced using the Roche GS FLX Titanium XL
Chemistry protocol.

Shotgun libraries were constructed following a modified Roche
Rapid Library Preparation Method Manual for GS FLX + Series
(Lennon et al., 2010). Briefly, 1 pg DNA of each BAC pool was end-
repaired and ligated with one of the 24 molecular identifier
(MID) adapters (GS FLX Titanium Rapid Library MID Adaptors MID
1-24), and quantified again by a Quant-iT™ PicoGreen® assay. In
general, DNAs from 20 to 24 adapter-ligated BAC pools were pro-
portionally pooled before constructing 454 sequencing libraries
with the Rapid Library Preparation kit for sequencing using
XL + Chemistry Series according to the manufacturer's protocol.
The BAC end sequences (BES) were sequenced following the

protocol described by Huo et al. (2008).

4.2. Sequence assembly, manual curation, and pseudomolecule
construction

Sequence reads were assembled using the Roche 454 gsAs-
sembler V2.6 package (Margulies et al., 2005) with parameters
requiring at least 96% identity within a minimal overlap of 50 bp.
Assembled contigs were scaffolded by adding 3—5 kb mate-pair
reads using the Consed package (Gordon and Green, 2013). BAC
ends sequences (BES) were aligned to scaffolds using Consed
(Gordon and Green, 2013) to identify the BAC end position and
corresponding BAC sequences in each scaffold. All BAC sequences
from the same BAC contig were merged using a golden path (AGP)
builder pipeline (Genome Puzzle Master) (Zhang et al., 2016) The
assembly was manually curated if the sequences conflicted with
either the information from physical map or the BES position.

To further anchor, order, and orient large-scaffolds on the
physical map for a pseudomolecule, 5773 genetically mapped SNP
markers on 3DS from Jia et al. (2013) and 473 genetically mapped
SNP markers from Luo et al. (2013) were aligned to BAC contig
sequences using the short reads aligner BWA (Li and Durbin, 2010).
All the contiguous sequences were in silico digested, then aligned to
345 contigs, totaling 349 Mb and having an N50 of 1.46 Mb, of the
Ae. tauschii genome map to assist with the ordering, orientating and
anchoring of FPC contigs. All above maps were merged to generate
a consensus map using the software ALLMAPS (Tang et al., 2015)
with default parameters except for different weights. The large-
scaffolds near the centromere on the physical map with low
recombination rates were ordered based on the radiation map
(Kumar et al., 2015), BioNano optical map, and synteny with Bra-
chypodium genome. Finally, the sequences of super-scaffolds were
concatenated to form the pseudomolecule following the order and
orientation in the consensus map by inserting 100 N’s among se-
quences of the same BAC contig, and 200 N's between different BAC
contigs, using in-house perl scripts.

4.3. Annotation of repeats and coding genes

Sequences and annotation files of all species in this study were
downloaded from Ensembl Plant database release 25 (Kersey et al.,
2014). Repeat DNA analysis was performed using the software
RepeatMasker (Smit et al., 2015) with the repeat database of MIPS
v9.3 (Nussbaumer et al., 2013) and default parameters. The total
lengths and proportion of each TE family was obtained by adding
up the length of each annotated feature of that specific family.

The TriAnnot gene prediction pipeline version 4.3 (Leroy et al.,
2012) was applied to annotate the repeat-masked sequences. The
annotation workflow combines different external evidences,
including annotated proteins of closely related species, consisting
of T. urartu, Ae. tauschii, barley, Brachypodium, rice, sorghum, maize,
bread wheat chromosome 3B, as well as publicly available fl-cDNAs,
ESTs, and RNA-Seq assembly of T. aestivum. The predicted protein-
coding genes with >40% reference sequence coverage were classi-
fied as high confidence (HC) genes, and the remains were consid-
ered as low confidence (LC) genes.

4.4. Identification of syntenic genes, non-syntenic genes, and
collinearity blocks

A process similar to that as described by Glover et al. (2015) was
applied to filter genes in At3DS, Ta3BS, Bd, Os, and Sb to generate
core gene sets for comparative analyses. In this process, TE relevant
genes were discarded according to the annotations in each genome,
and only the longest isoform for each gene was kept. Genes with
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unknown homolog (BLASTP hit with >35% amino acid identity,
<le-5 e-value and >35% query coverage) in the existing protein
database were excluded as well (Camacho et al., 2009). Syntenic
genes were defined as genes having their best BLAST hits (e-
value <1e—5) located on at least one of the syntenic chromosome
arms in At3DS, Ta3BS, Bd, Os or Sb. If all the best BLAST hits in
At3DS, Ta3BS, Bd, Os, or Sb were found on non-orthologous chro-
mosomes, the genes were considered non-syntenic.

Collinearity between the genes located on chromosomes At3DS
and Ta3BS was analyzed by identifying collinearity blocks using the
program MCScanX (Wang et al., 2012). All the amino acid sequences
of the gene sets of each species were used in an all-by-all BLASTp
comparison (using e-value cutoff at 1e—10 and description top 5).
Collinearity and the distribution of non-collinear genes at chro-
mosomes was visualized using the Circos software (Krzywinski
et al., 2009).

4.5. Indels and sequence nucleotide polymorphism analysis

The transcripts of annotated Ae. tauschii genes were aligned to
the wheat IWGSC genomic assembly (International Wheat Genome
Sequencing Consortium, 2014) using spliced alignment software
Gmap with default parameters (Wu and Nacu, 2010). After filtering
low-quality alignments such as those due to mapping quality <20
or misalignments due to high copy number genes, the alignment
results were used for calling SNPs and indels in coding and non-
coding region between At3DS and Ta3DS genes. Promoter se-
quences were defined as the upstream 2 kb sequence beyond 5’
UTR. Sequence alignments of promoters were conducted by BLAST
for each orthologous gene pairs. SNPs, indels and sequence iden-
tities were parsed and calculated from the tabular output of Gmap
and BLAST using in-house perl and shell scripts.

4.6. Synonymous (Ks) and non-synonymous (K,) substitution rates
analysis

For calculation of K, /K; between homologous gene pairs of
At3DS and Ta3DS, the CDS were aligned to each other and the K,
and K; rates were computed using the software gKaKs (Zhang et al.,
2013a) using the default parameters. To calculate the Ky/K; ratio,
genes with K value equal to 0 were excluded.
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