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Abstract

Background: Meiosis is a specialized cell division critical for gamete production in the sexual reproduction of
eukaryotes. It ensures genome integrity and generates genetic variability as well. The Rec8-like cohesin is a
cohesion protein essential for orderly chromosome segregation in meiotic cell division. The Rec8-like genes and
cohesins have been cloned and characterized in diploid models, but not in polyploids. The present study aimed to
clone the homoeologous genes (homoeoalleles) for Rec8-like cohesin in polyploid wheat, an important food crop
for humans, and to characterize their structure and function under a polyploid condition.

Results: We cloned two Rec8-like homoeoalleles from tetraploid wheat (TtRec8-AT and TtRec8-B1) and one from
hexaploid wheat (TaRec8-D1), and performed expression and functional analyses of the homoeoalleles. Also, we
identified other two Rec8 homoeoalleles in hexaploid wheat (TaRec8-A1 and TaRec8-B1) and the one in Aegilops tauschii
(AetRec8-D1) by referencing the DNA sequences of the Rec8 homoeoalleles cloned in this study. The coding DNA
sequences (CDS) of these six Rec8 homoeoalleles are all 1,827 bp in length, encoding 608 amino acids. They differed
from each other primarily in introns although single nucleotide polymorphisms were detected in CDS. Substantial
difference was observed between the homoeoalleles from the subgenome B (TtRec8-B1 and TaRec8-B1) and those from
the subgenomes A and D (TtRec8-Al, TaRec8-A1, and TaRec8-D1I). TtRec8-A1 expressed dominantly over TtRec8-81, but
comparably to TaRec8-D1, in polyploid wheat. In addition, we developed the antibody against wheat Rec8 and used
the antibody to detect Rec8 cohesin in the Western blotting and subcellular localization analyses.

Conclusions: The Rec8 homoeoalleles from the subgenomes A and D are transcriptionally more active than the one
from the subgenome B in polyploid wheat. The structural variation and differential expression of the Rec8
homoeoalleles indicate a unique cross-genome coordination of the homoeologous genes in polyploid wheat, and
imply the distinction of the wheat subgenome B from the subgenomes A and D in the origin and evolution.
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Background

Meiosis is a specialized cell division with one round of
DNA/chromosome replication and two successive divi-
sions of the nucleus, producing haploid gametes (i.e. egg
and sperms) for sexual reproduction. The first meiotic div-
ision (meiosis I) allows maternal and paternal homologous
chromosomes to pair, recombine, and segregate, and
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consequently reduces chromosome number by half. The
second meiotic division (meiosis II) is similar to mitosis,
allowing sister chromatids to segregate. The outcome of
meiosis is four haploid daughter cells that eventually de-
velop into gametes [1, 2]. Fertilization of the male and fe-
male gametes restores chromosomes to the parental
ploidy level in the offspring. Therefore, meiosis ensures
genetic integrity and generates genetic variability as well.
It governs the transmission of genetic materials and pro-
vides the cytological basis of heredity.

Meiotic chromosome segregation is coordinated primar-
ily by the orientation of sister kinetochores where spindle
microtubules attach on a chromosome, and the cohesion
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protein complex called cohesins. Cohesins glue sister chro-
matids together prior to chromosome segregation at mei-
osis I and II [3]. A variety of meiotic genes/proteins have
been identified as essential for proper chromosome cohe-
sion and kinetochore orientation in meiosis [4]. Among
those, Rec8 cohesin, which is highly conserved in eukary-
otes, plays a central role in chromosome cohesion and sis-
ter kinetochore orientation at meiosis I [5—7]. Several other
meiotic proteins have been found to interact with Rec8,
and coordinate the function of Rec8 as a meiotic cohesin
and a regulator for kinetochore orientation [8—10]. The
Rec8 cohesin appears at the pre-meiotic S phase, and asso-
ciates with sister chromatids in the centromeric region as
well as along chromatid arms. Prior to anaphase of meiosis
I, Rec8 on chromatid arms is cleaved by separase to facili-
tate resolution of chiasmata and segregation of paired ho-
mologues. However, Rec8 in the centromeric region
persists till anaphase II. The centromeric Rec8 is cleaved by
separase to ensure segregation of sister chromatids prior to
anaphase II [9, 11]. Rec8-like genes have been cloned and
characterized in diploid plant models, including Arabidop-
sis (Synl) [12—14], maize (afd1) [15], and rice (OsRad21-4)
[16]. However, knowledge of the Rec8-like gene and cohesin
is very limited in polyploids.

Wheat, including hexaploid wheat (Triticum aestivum
L., 2n=6x =42, genome AABBDD) and tetraploid wheat
(T. turgidum L. ssp. durum, 2n = 4x = 28, genome AABB),
contains genetically related subgenomes (A, B, and D). It
has large chromosomes and a variety of cytogenetic
stocks, providing advantages for direct visualization and
characterization of chromosomes and subcellular struc-
tures. However, its large (~ 16 Gb) and complex allopoly-
ploid genome make gene cloning and functional analyses
a challenging task. In this study, we aimed to clone the
subgenome-specific homoeologous genes (homoeoalleles)
for the Rec8-like cohesin in polyploid wheat, and to
characterize their gene structure and function at the mo-
lecular and subcellular levels using an integrative cytogen-
etic and genomic approach.

Results

Cloning of the Rec8-like gene in tetraploid wheat

The Rec8-like cohesin is highly conserved in the DNA/pro-
tein sequences and subcellular function across eukaryotes
[5, 6, 15, 17, 18]. Rice (Oryza sativa) is a model species
closely related to wheat [19-21]. We used the amino acid
sequence (608 AA) of rice Rad21/Rec8-like protein
0s05g0580500 (GenBank accession BAF18340.1) as
BLASTp query to search against the wheat EST database at
the GrainGenes website [22]. An 808-bp wheat expressed
sequence tag (EST) (GenBank accession BQ744508) was
found to have 80% identity with the query at an E-value
cutoff of e %, This EST was annotated as part of the can-
didate gene for the Rec8-like cohesin in wheat.
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Gene-specific primers were designed based on the
DNA sequences in the conserved regions of the candi-
date EST. Reverse transcription polymerase chain reac-
tion (RT-PCR) was performed with the cDNAs of
Langdon (LDN) durum wheat anthers at early prophase
I through pachytene stages in which the Rec8-like genes
were highly expressed according to the findings in model
species [9, 11]. The amplicons of RT-PCR were se-
quenced and analyzed, and then used to design new
gene-specific primers for rapid amplification of cDNA
ends (RACE). The ¢cDNA assemblies of the candidate
gene were obtained after several rounds of RACE in
LDN. Since LDN is an allotetraploid with two homoeo-
logous subgenomes (A and B), it generally contains two
homoeoalleles with high sequence similarities for a gene
[23-27]. To eliminate assembling errors of the RACE
segments, the gene-specific primers for the final round
of RACE at 5" and 3’ ends, which spanned the start and
stop codons, were used to amplify the full-length coding
DNA sequence (CDS) of the candidate homoeologous
genes for the Rec8-like cohesin in LDN. Only one CDS,
instead of two, was recovered and cloned from LDN. It
was 1,827 bp in length encoding 608 amino acids with a
predicted molecular weight of 67.6 kDa.

The alignments of the predicted protein for the candi-
date gene with the Rec8 orthologues from other eukaryotes
revealed high levels of amino acid sequence similarity, es-
pecially with the monocots Brachypodium distachyon, rice,
and maize (67-80%) (Additional file 1: Table S2). In
addition, the predicted protein of the candidate gene con-
tains two conserved domains of Rad21/Rec8 cohesin, i.e.
pfam04825 at N-terminus and pfam04824 at C-terminus.
Also, the predicted protein has a serine-rich region that is
conserved among the Rec8 cohesins in plants. The
serine-rich region is essential for the cohesin to interact
with other proteins in the meiotic network. Furthermore,
there are two potential proteolytic cleavage sites (PEST
motifs) characterized as signals for rapid protein degrad-
ation in the predicted protein molecule. These results sup-
ported the candidate gene as a Rec8-like homologue in
tetraploid wheat (7. turgidum), designated TtRec8 (Add-
itional file 1: Figure S1).

Expression profile of TtRec8 in LDN and LDN haploid

A significantly higher level of TtRec8 transcripts was de-
tected in the anthers at early meiotic prophase I than in
roots and leaves of LDN by real-time PCR. The tran-
scription level of TtRec8 was the highest at interphase
through early prophase I, and peaked at pachytene stage.
After that, TtRec8 transcripts continuously declined to a
relative level of 3.77-4.14% at the end of meiosis I and
later stages (Fig. 1a). The relative transcription levels of
TtRec8 in roots and leaves were only about 9.04% and
0.02% of that in the anthers at interphase, respectively.
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Fig. 1 Relative transcript levels of TtRec8 in roots, leaves, and anthers at different meiotic stages. a LDN; b LDN and LDN haploid; ¢ LDN, LDN
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TtRec8 in haploid LDN exhibited an expression pattern
similar to LDN, but its overall expression levels were
relatively lower than LDN (Fig. 1b). Thus, TtRec8
showed an expression profile similar to the Rec8-like
genes in model species [9, 11], further supporting TtRec8
as a Rec8-like homologue in tetraploid wheat.

The polyclonal antibody against TtRec8 was produced to
probe TtRec8 protein in Western blotting and to localize
TtRec8 on meiotic chromosomes. Immunoprecipitation
was performed to verify the specificity of the anti-TtRec8
antibody. After anti-Rec8 antibody was incubated with the
total protein extract from the anthers undergoing meiosis,
a protein with a molecular weight a little over 60 kDa was
immunoprecipitated. This molecular weight matched the
predicted molecular weight 67.6 kDa of TtRec8. This pro-
tein was not present in the supernatant after immunopre-
cipitation. In addition, no precipitation was observed when
anti-TtRec8 antibody was not added to the protein extract
(Fig. 2, top). These results validated the specificity of the
antibody for TtRec8 protein in tetraploid wheat.

Western blotting detected the highest level of TtRec8
protein in the anthers at early prophase I. Moderate
amounts of TtRec8 were detected in the anther samples
at later meiotic stages, indicating partial retaining of
TtRec8 cohesin after early prophase I. The TtRec8 pro-
tein level at early prophase I was higher than those at

later meiotic stages, but the difference did not seem to
be significant (Fig. 2, bottom). This might result from
the meiotically unsynchronized meiocytes present in
some of the anthers sampled for the Western blotting
analysis. The anther samples we collected for each of the
meiotic stages occasionally contained some off-type
meiocytes, i.e. those at a meiotic stage earlier or later
than the targeted stage. The off-type meiocytes could
lower the TtRec8 protein level in the anther sample at

M 1 2 3 <
60 kDa —= -

M 1 2 3 4
60 kDa —=

Fig. 2 Immunoprecipitation and Western blotting of TtRec8 in LDN. Top:
M-protein size marker; 1-total protein extracted from the anthers primarily
at early prophase I; 2-proteins immunoprecipitated by anti-TtRec8
antibody; 3-negative control without TtRec8 and other proteins (Note:
this sample was prepared from the immunoprecipitation experiment
without anti-TtRec8 antibody added in the immunoprecipitation
reaction); and 4-supernatant from the immunoprecipitation experiment
with anti-TtRec8 antibody added in the reaction. Bottom: M-protein size
marker; 1-interphase; 2-early prophase I; 3-metaphase I/anaphase I; and 4-
metaphase Il/anaphase I
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early prophase I in which TtRec8 has the highest expres-
sion. On the other hand, the anther samples at later mei-
otic stages occasionally contained the meiocytes at early
prophase I, leading to an elevated TtRec8 protein level.
Thus, the off-type meiocytes narrowed down the overall
difference in the TtRec8 protein levels between the an-
ther sample at early prophase I and those at the later
meiotic stages.

Subcellular localization of TtRec8 protein

We performed the in situ immunolocalization assay to
localize endogenous TtRec8 protein on the meiotic chromo-
somes. TtRec8 protein was clearly detected along the entire
chromosomes from early leptonema through pachynema in
meiosis I (Fig. 3, al-a3 and b1-b3). After pachynema, TtRec8
was almost undetectable by in situ immunolocalization
(Fig. 3, c1-j3). Apparently, the majority of the TtRec8
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protein dissociated from chromosomes after pachynema.
TtRec8 protein was not detected on mitotic chromosomes
in the somatic cells of anthers that underwent mitosis, in-
dicating TtRec8 is meiosis-specific (Fig. 4). The kinetics of
TtRec8 through the meiotic processes in LDN was very
similar to the Rec8 cohesins in the model species [9, 11].
These are strong evidence validating the identity of
TtRec8 as a Rec8-like homologue in tetraploid wheat.

Genomic sequence cloning and chromosomal localization
of TtRec8

Screening of the LDN bacterial artificial chromosome
(BAC) library with the cDNA probes of TtRec8 identified
six BAC clones containing TtRec8 (Additional file 1: Fig-
ure S2A). Fingerprinting with HindIII and cleaved ampli-
fied polymorphic sequence (CAPS) analysis categorized
these six BAC clones into two groups (Additional file 1:

TtRec8 Chromosomes Merged

anaphase Il; and j7-j3: tetrad. Scale bar=5 um

Fig. 3 Fluorescent in situ immunolocalization of TtRec8 protein (green) on meiotic chromosomes (red) in LDN. al-a3: leptonema; b1-b3:
pachynema; ci-c3: diakinesis; d1-d3: metaphase |; e1-e3: anaphase |; f1-f3: early telophase I; g7-g3: late telophase I; h1-h3: metaphase II; i7-i3:

TtRec8 Chromosomes Merged
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Fig. 4 Fluorescent in situ immunolocalization of TtRec8 protein (green) on the mitotic chromosomes (red) of anthers in LDN. al-a3: prophase; b1-
b3: prometaphase; c1-c3: metaphase; and d1-d3: anaphase. Scale bar=5 um
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Figure S2B and 2C). Apparently, these two groups of the
BAC clones harbored different homoeoalleles of TtRec8.
The two TtRec8 homoeoalleles in LDN mapped to
chromosome 1A and 1B using Chinese Spring (CS)
wheat nulli-tetrasomic and LDN disomic substitution
(DS) lines (Fig. 5), designated TtRec8-A1 and TtRec8-B1,
respectively.

In addition, chromosome 1D of CS wheat was found
to contain another homoeoallele of the Rec8 gene (Fig.

5), designated TaRec8-DI. The rice Rec8-like gene
OsRad21-4 and Brachypodium gene encoding sister
chromatid cohesion 1 protein 1-like protein were
assigned to the long arms of chromosome 5 and
chromosome 2, respectively. Both chromosomes are col-
linear with wheat chromosomes in homoeologous group
1, ie. 1A, 1B, and 1D [16, 28]. These results further con-
firm the identity of the wheat homoeoalleles as the
Rec8-like genes in polyploid wheat.
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Fig. 5 Chromosomal localization of the wheat Rec8 homologues by Ddel-CAPS with TtRec8-specific primers (GMO08F/GMO08R). Two fragments
were detected in tetraploid wheat LDN and three in hexaploid wheat CS, indicating the presence of two TtRec8 homoeoalleles in tetraploid
wheat and three in hexaploid wheat. They were positioned to chromosome 1D, 1A and 1B, respectively
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A 40-kb genomic DNA fragment containing TtRec8-Al
was sub-cloned into a cosmid vector for sequencing. A
6.5 kb DNA segment harboring TtRec8-A1 was completely
sequenced. A similar approach was used to isolate the
genomic sequence of the homoeoallele TtRec8-B1 from
the BAC clone. A genomic region of 6.6 kb harboring
TtRec8-B1 was completely sequenced. DNA sequence
analysis indicated that the initially cloned cDNA was for
the homoeoallele TtRec8-A1 located on chromosome 1A.

Cloning of TtRec8-B1 and TaRec8-D1 cDNAs

We cloned ¢cDNA of the homoeoallele TtRec8-Al lo-
cated on chromosome 1A from LDN, but not TtRec8-B1
on chromosome 1B in the initial cloning experiment.
Thus, we attempted to clone cDNA of TtRec8-BI from
the substitution line LDN 1D(1A), where LDN chromo-
some 1A was replaced by CS chromosome 1D. Mean-
while, the LDN substitution lines LDN 1D(1A) and LDN
1D(1B), where CS chromosome 1D respectively replaced
LDN chromosome 1A and 1B, were used to clone cDNA
of the homoeoallele TaRec8-D1 located on CS chromo-
some 1D. We found that the c¢DNA primer pair
GMO67F/GMO65R spans the start and stop codons of all
three homoeoalleles (TtRec8-Al, TtRec8-Bl, and TaR-
ec8-D1) according to their genomic DNA and TtRec8-Al
cDNA sequences (Additional file 1: Table S1). Therefore,
GMO67F/GMO65R was used to amplify cDNAs of the
three homoeoalleles from the cDNA pools prepared
from the meiotic anthers at early prophase I of LDN
1D(1B) and LDN 1D(1A), respectively. The amplicons
were cloned and sequenced. Sequence analysis indicated
that the amplicons obtained from LDN 1D(1B) were the
c¢DNA mixture of TtRec8-Al and TaRec8-D1, and ampli-
cons from LDN 1D(1A) were the ¢cDNA mixture of
TtRec8-BI and TaRec8-DI. Comparative analysis identi-
fied the full-length cDNAs of TaRec8-D1 and TtRec8-BlI.
They have the same length of 1,827 bp encoding 608
amino acids as TtRec8-Al. The ¢cDNAs of TtRec8-Al,
TtRec8-B1, and TaRec8-D1 differed from each other at
52 SNP loci (Additional file 1: Figure S3).

Gene structures and predicted protein sequences of the
Rec8 homoeoalleles

Alignment of the genomic DNA sequences with the
CDS of TtRec8 indicates that both TtRec8-A1 and
TtRec8-B1 contain 20 exons and 19 introns. The largest
exon has 268 bp and the smallest 20 bp in length. The
largest intron has 1,491 bp (between exon 6 and 7) and
the smallest is 71 bp (between exon 15 and 16) in length.
Interestingly, we found that TtRec8 and the rice Rec8--
like gene OsRad21-4 share extremely high similarities in
the number, size, and distribution of exons/introns des-
pite a slight difference in length of the genomic DNA se-
quences (Fig. 6a). Thus, the Rec8-like gene is highly
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conserved in rice and wheat. The genomic DNA se-
quence of LDN TtRec8-AI showed high homology
(99.9% nucleotide sequence similarity in 6.5 kb region)
with a CS genomic DNA segment assigned to the long
arm of chromosome 1A in the International Wheat Gen-
ome Sequencing Consortium (IWGSC) CS RefSeq v1.0
assembly (TGACv1_scaffold_000516_1AL) [29], indicat-
ing the location of TtRec8 on the long arm of the group
1 chromosomes (i.e. chromosomes 1A and 1B).

In addition, we characterized the Rec8 homoeoalleles
on chromosomes 1A, 1B, and 1D of hexaploid wheat (7.
aestivum) (TaRec8-Al, TaRec8-B1, and TaRec8-DI) and
the one on chromosome 1D of Ae tauschii
(AetRec8-D1I1). Genomic DNA sequences of TaRec8-Al
and TaRec8-Bl were extracted from the IWGSC CS
RefSeq v1.0 assembly by BLASTn with the genomic
DNA sequences of TtRec8-Al and TtRec8-B1 as queries
[29]. Partial cDNA sequences of TaRec8-Al1 and TaR-
ec8-B1 (~1.6 kb at 3" end) were identified from the
Hexaploid Wheat Transcriptome Database by BLASTn
with the cDNA sequences of TtRec8-Al and TtRec8-Bl
as queries [30, 31]. Remaining 5 ¢cDNA sequences for
TaRec8-A1 (225 bp) and TaRec8-BI (192 bp) were de-
duced according to the splicing patterns of the corre-
sponding regions in TtRec8-Al1 and TtRec8-BI. The
genomic DNA sequence of TaRec8-DI1 was extracted
from the IWGSC CS RefSeq v1.0 assembly by BLASTn
with TaRec8-D1 cDNA sequence as query [29]. The gen-
omic DNA sequence of AetRec8-D1 was obtained from
the Ae. tauschii reference genome sequence by BLASTn
with the genomic DNA sequence of TaRec8-D1 as query
[32]. AetRec8-D1 shares over 99% similarity with TaR-
ec8-D1 in the genomic DNA sequence. Thus, the cDNA
sequence of TaRec8-D1 was used in the gene structural
analysis for AetRec8-D1.

Phylogenetic analysis placed the Rec8 homoeoalleles
on chromosomes 1A, 1B, and 1D of wheat and the one
in Ae. tauschii into three distinct clusters (Fig. 6b). Sig-
nificant differences were observed between the homo-
eoalleles from different subgenomes, i.e. TtRec8-BI vs.
TtRec8-A1, TaRec8-B1 vs. TaRec8-A1, and TaRec8-D1I vs.
TaRec8-A1 (Fig. 6¢). However, we found that the cDNA
sequences of TaRec8-Al and TtRec8-Al were identical
even though their genomic DNA sequences differed at
single nucleotide positions in several introns. TaRec8-D1
was slightly different from AetRec8-D1 in the DNA se-
quences. In contrast, TaRec8-B1 was quite different from
TtRec8-BI1 in the DNA sequences of both introns and
exons. Overall, the Rec8 homoeoalleles from different
subgenomes have a greater variation in DNA sequences
than the homoalleles within a subgenome in wheat.

The protein sequences encoded by TtRec8-B1, TtRec8-Al,
and TaRec8-D1 were predicted based on the CDS cloned in
this study. They all contain the conserved domains of the
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Rec8 cohesin (pfam04825 and pfam04824), the serine-rich
region conserved in plant cohesins, and the potential PEST
motifs present in the cohesion proteins (Additional file 1:
Figure S4). Alignment of their protein sequences identified
23 polymorphic amino acid positions. Out of these 23
amino acid positions, 17 were polymorphic between
TtRec8-B1 and TtRec8-Al/TaRec8-D1 and 6 polymorphic
between TtRec8-Al and TtRec8-Bl/TaRec8-D1 (Add-
itional file 1: Figure S4). These amino acid polymorphisms
structurally differentiate these three Rec8 cohesion proteins
from each other, and might lead to functional differenti-
ation of the homoeologous proteins as meiotic cohesin in
polyploid wheat.

A phylogenetic tree was constructed from the predicted
protein sequences of the wheat Rec8 homoeoalleles and
their orthologues in other plants, indicating that
TtRec8-Al and TaRec8-D1 were more closely related to
each other than their relationship with TtRec8-Bl. The
Rec8-like cohesion proteins from barely and Brachypodium
were clustered with the wheat Rec8 homoeoalleles,

demonstrating a close relationship of the Rec8-like cohesins
in wheat, barley, and Brachypodium. The Rec8-like cohe-
sion proteins from maize, sorghum, foxtail millet,
Japonica-type rice, and wild rice were clustered into an-
other group related to the wheat-barley-Brachypodium
cluster. The Syn1 protein from the dicotyledon Arabidopsis
was further distinct from the cohesion proteins in the
monocotyledons (Fig. 7).

Differential expression analysis of the Rec8 homoeoalleles
in polyploid wheat

The real-time PCR with the ¢cDNA primers (GMO10F/
GMO10R) shared by the three wheat Rec8 homoeoalleles
(TtRec8-Al1, TtRec8-Bl, and TaRec8-D1I) (Fig. 8 and Add-
itional file 1: Figure S3) revealed the highest transcription
level in LDN 1D(1B) (TtRec8-Al + TaRec8-D1I), followed
by LDN (TtRec8-Al+ TtRec8-BI) and LDN 1D(1A)
(TtRec8-BI + TaRec8-D1I). TtRec8-Al showed the highest
transcription level among these three Rec8 homoeoalleles
in tetraploid wheat (Fig. 1C). Similar transcription profiles



Ma et al. BMC Plant Biology (2018) 18:224

100 ZmAfd1
100 SbCohesin-like
90 SiScc1
r OsRad21
4100'—_0133001 L
|_ BdScc1L

HvCohesin-like

100 TtRec8-B1
o9 | TtRec8-A1
97 | TaRec8-D1

AtSyn1

||
0.1

Fig. 7 Phylogenetic tree (bootstrap value =1,000) of the Rec8
orthologues in wheat and other plants. It consists of TtRec8-Al,
TtRec8-B1, TaRec8-D1, Sorghum bicolor SbCohesin-like (GenBank
Accession XP_002440318.1), Hordeum vulgare HvCohesin-like
(GenBank Accession BAJ93700.1), Brachypodium distachyon
BdScc1lL (GenBank Accession XP_003567819.1), Setaria italica
SiScc1 (GenBank Accession XP_012699922.1), Zea mays ZmAfd1
(GenBank Accession NP_001105829.1), Oryza sativa OsRad21
(GenBank Accession NP_001056426.1), Oryza brachyantha
ObScc1L (GenBank Accession XP_006654842.1), and Arabidopsis
thaliana AtSyn1 (GenBank Accession NP_196168.1)

were observed with the Rec8 homoeoalleles in the hybrids
of LDN, LDN 1D(1A), and LDN 1D(1B) with Ae. tauschii
(Fig. 1c). Therefore, the homoeoalleles TtRec8-Al,
TtRec8-B1, and TaRec8-D1 expressed differentially in the
tetraploid wheat background.

The CDS of the three wheat Rec8 homoeoalleles have
extremely high similarity (97-99%). They differed from
each other only at single nucleotide positions. No indel
was detected in their CDS (Additional file 1: Figure S3).
To further characterize the expression of these three Rec8
homoeoalleles in polyploid wheat, we examined their rela-
tive levels of transcription using the new SNP-based
semi-thermal asymmetric reverse PCR (STARP) technique
[33]. A group of three allele-specific (AS) primers, includ-
ing two allele-specific forward primers and one common
reverse primer for each of the two single nucleotide poly-
morphism (SNP) loci targeted (GM157F1/GM157F2/
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GM157R and GM178F1/GM178F2/GM178R), were de-
signed according to the contextual sequences of the SNPs
(Fig. 8; Additional file 1: Figure S3, Table S1). Each of the
SNPs is located within an exon of the homoeoalleles, with
no intron in the region spanned by the STARP primer
sets. Thus, the same amplicons were obtained for each of
the primer sets in the genomic DNA and c¢DNA of the
homoeoalleles. Prior to the transcript amplification, the
STARP primer sets were tested for primer specificity and
amplification efficiency in the genomic DNA of tetraploid
wheat LDN, the substitution lines LDN 1D(1A) and LDN
1D(1B), T. urartu (wheat A genome donor), and Ae.
tauschii (wheat D genome donor). As shown in Fig. 9a
(top), GM157F1 is specific for TtRec8-Al, TaRec8-DlI,
TuRec8-Al, and AetRec8-D1, while GM157F2 is specific
for TtRec8-Bl. For the primer set GM178F1/F2/R,
GM178F1 is specific for TtRec8-A1 and TuRec8-Al, while
GM178F2 is specific for TtRec8-Bl, TaRec8-DI1, and
AetRec8-D1 (Fig. 9a, bottom). These two STARP primer
sets amplified a transcript similar to that of TtRec8-Al
from T. urartu (TuRec8-A1) and the one similar to that of
TaRec8-D1 from Ae. tauschii (AetRec8-D1I) (Fig. 9a). The
pairwise amplification tests indicated that the STARP pri-
mer sets equally amplified the homoeoallele pairs in the
genomic DNAs of LDN, LDN 1D(1A), and LDN 1D(1B)
at different PCR cycles (Fig. 9b). Therefore, these two
STARP primer sets were suitable for differentially examin-
ing the transcripts of the individual Rec8 homoeoalleles in
LDN wheat background.

The primer set GM157F1/F2/R discriminated TtRec8-BI
from TtRec8-Al and TaRec8-D1 in LDN and LDN 1D(1A),
respectively (Fig. 9¢, top & middle), while GM178F1/F2/R
discriminated TtRec8-A1 from TaRec8-D1 in LDN 1D(1B)
(Fig. 9¢c, bottom). Both TtRec8-A1l.

and TaRec8-D1 showed significantly higher expression
levels than TtRec8-B1 in the anthers at interphase (I)
and pachytene (P) stages (Fig. 9c¢, top & middle). The ex-
pression levels of TtRec8-A1 and TaRec8-D1 seemed to
be comparable at both meiotic stages (Fig. 9¢c, bottom).
Therefore, TtRec8-Al is probably the primary gene for

STARP STARP
GM178F1/F2/R GM157F1/F2/R
Real-time PCR
GMElOF GMOfOR
TtRec8-A1 —320%2 g Ic 6 —=08h
GMO26F/GMO26R
Antibody generation

TaRec8-D1 —220t0 g 1 mp—8x

TtRec8-B1 ﬂH 1 = -_508@_
Fig. 8 Graphical presentation of the cDNAs for the wheat Rec8 homoeoalleles, showing the regions amplified by real-time PCR and STARP and
the region used for TtRec8 antibody generation. Green bars refer to the primer positions of the real-time PCR, and blue bars refer to the regions
spanned by STARP. Letters within the blue bars refer to the SNPs targeted by STARP
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Fig. 9 STARP-based expression analysis of the Rec8 homoeoalleles (TtRec8-Al, TtRec8-B1, TaRec8-D1, TuRec8-Al, and AetRec8-D1) in polyploid wheat.
a Primer specificity tests (32 PCR cycles) in the genomic DNA of LDN, LDN 1D(1A), LDN 1D(1B), T. urartu (wheat A genome donor), and Ae.
tauschii (wheat D genome donor). b PCR amplification efficiency tests of the allele-specific primers in the genomic DNA of LDN, LDN 1D(1A), and
LDN 1D(1B) at different PCR cycles (26, 30, 34, and 38). ¢ PCR amplification of the cDNA from the anthers at the meiotic interphase (l) and
pachytene (P) stages in LDN, LDN 1D(1A), and LDN 1D(1B) with different primer sets at different PCR cycles (25, 30; 26, 31; and 30, 35). d PCR
amplification of the genomic DNA and cDNA from the anthers at | and P stages of LDN X Ae. tauschii, LDN 1D(1A) X Ae. tauschii, and LDN
1D(1B) X Ae. tauschii hybrids with different primer sets at different PCR cycles (25, 30; 26, 31; and 30, 35)
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Rec8 cohesin production in tetraploid wheat. TtRec8-BI
might also contribute to Rec8 cohesin production, but
should not be significant. When chromosome 1A of
tetraploid wheat LDN was replaced by chromosome 1D
of hexaploid wheat CS, TaRec8-D1 expressed at a signifi-
cantly higher level than TtRec8-BI (Fig. 9c, middle). Ap-
parently, TtRec8-Bl intrinsically expressed at a lower
level than other Rec8 homoeoalleles of wheat.

In addition, we examined expression of the Rec8
homoeoalleles in the hybrids of LDN, LDN 1D(1A), and
LDN 1D(1B) with Ae. tauschii. TtRec8-B1 still showed
the lowest expression level in the hybrids as observed in
their tetraploid wheat parents (Fig. 9c and d). Therefore,
the Rec8 homoeoalleles on chromosome 1A and 1D
were transcriptionally more active than the one on
chromosome 1B in tetraploid wheat and its hybrids with
Ae. tauschii, and probably in hexaploid wheat as well.
Also, we found that the presence of the Ae. tauschii D
genome harboring AetRec8-D1 in the hybrids did not
seem to increase overall expression of the chromosome
1D-specific Rec8 alleles (Fig. 9d).

To further characterize expression of the wheat Rec8
homoeoalleles, we examined Rec8 cohesin on meiotic
chromosomes in the specially constructed genotypes with
different homoeoallelic combinations of the wheat Rec8
gene by in situ immunolocalization. Rec8 cohesin appeared
to be evenly distributed on the individual chromosomes at
early prophase I in the LDNxAe tauschii hybrid
(TtRec8-Al + TtRec8-BI + AetRec8-DI1), LDN  haploid
(TtRec8-Al + TtRec8-B1), LDN 1D(1A) (TtRec8-BI1 + TaR-
ec8-DI1), LDN 1D(1A) x Ae. tauschii hybrid (TtRec8-B1 +
TaRec8-D1 + AetRec8-DI1), LDN 1D(1B) (TtRec8-Al + TaR-
ec8-DI), and LDN 1D(1B)xAe tauschii hybrid
(TtRec8-Al + TuRec8-D1I + AetRec8-D1) (Fig. 10). We did
not observe significant quantitative variation of unbound
Rec8 protein in the cytoplasm/nucleus among the geno-
types. Each of these genotypes contained one or more
actively-transcribed Rec8 homoeoalleles (TtRec8-Al, TaR-
ec8-D1, and AetRec8-DI). The presence of extra
actively-transcribed Rec8 homoeoalleles did not noticeably
increase the amount of Rec8 cohesin on the individual
chromosomes (Fig. 10c and e). A genotype or mutant that
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TtRec8/TaRec8 Chromosomes

Merged

Fig. 10 Fluorescent immunolocalization of TtRec8 protein (green)
on the meiotic chromosomes (red) at early prophase | (leptonema-
pachynema). a LDN x Ae. tauschii; b LDN haploid; ¢ LDN 1D(1A); d
LDN 1D(1A) x Ae. tauschii; e LDN 1D(1B); and f LDN 1D(1B) x Ae.
tauschii. Scale bar=5 um

contains only one of the homoeoalleles (TtRec8-Al,
TtRec8-B1, TaRec8-Al, TaRec8-Bl, and TaRec8-D1I) is not
available in wheat. Thus, we were unable to assess the role
of a single homoeoallele in Rec8 cohesin production in
wheat. As indicated in the differential transcriptional ana-
lysis of the Rec8 homoeoalleles, the contribution of the
Rec8 homoeoallele on chromosome 1B to Rec8 cohesin
production might be minimal, if there is any, in polyploid
wheat. The actively-transcribed Rec8 homoeoalleles on
chromosomes 1A and 1D may be the primary genes for
Rec8 cohesin production in polyploid wheat.
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Discussion

The Rec8-like cohesin functions as a meiotic cohesion
protein in a very conserved manner from lower to higher
eukaryotes [5-7]. We took this advantage to clone the
Rec8-like genes in polyploid wheat through a compara-
tive genomics approach. This work could not be accom-
plished by map-based cloning due to the lack of an
alternative allele for the Rec8-like genes in wheat.
Knockout or mutation of the Rec8-like genes leads to ab-
normal meiosis and sterility [12—16]. In addition, the
complexity of the meiotic genetic network and difficul-
ties in phenotyping individual meiotic events would
cause extra encumbrance for map-based cloning of the
meiotic genes. In the present study, we successfully
cloned the Rec8-like homologues in tetraploid wheat by
referencing the Rec8-like genes in model species, indicat-
ing the efficacy of this comparative genomics approach
in cloning conserved meiotic genes especially from the
species with a large and complex genome.

TtRec8 cohesin was detected on the meiotic chromo-
somes of wheat till pachynema at prophase I, but not after
that by in situ immunolocalization. However, we detected
lowered levels of TtRec8 protein in the anthers after early
prophase I by Western blotting, indicating partial retain-
ing of TtRec8 protein at later meiotic stages. Most likely,
the retained TtRec8 protein was associated with the
centromeric regions of meiotic chromosomes at later
stages as observed in model species [9, 11]. But, the
retained TtRec8 cohesin was not imperceptible by in situ
immunolocalization due probably to the condensed
chromosomal structure after early prophase I [5, 14, 34].

Wheat is an allopolyploid with two (tetraploid wheat) or
three (hexaploid wheat) homoeologous subgenomes. A
gene generally has two homoeoalleles in tetraploid wheat
and three in hexaploid wheat [23-27, 35]. The homoeoal-
leles of a gene in polyploid wheat generally share high
levels of similarity in DNA sequence and function, making
gene cloning and functional analysis a challenging task
[23, 27]. In this study, we recovered and cloned the cDNA
of the homoeoallele TtRec8-Al, but not TtRec8-B1 from
tetraploid wheat in the initial RACE-based cloning experi-
ments. This might result from the lower expression level
of TtRec8-B1 than TtRec8-Al in tetraploid wheat. The use
of LDN 1D(1A) substitution line, where chromosome 1A
containing TtRec8-Al was replaced by chromosome 1D,
enhanced the abundance of TtRec8-B1I transcripts in the
cloning pool. In addition, this substitution line introduced
the homoeoallele TaRec8-D1 on chromosome 1D of hexa-
ploid wheat into the transcript pool for cloning. Both
TtRec8-B1 and TaRec8-DI were successfully recovered
and cloned from this engineered transcript pool. Appar-
ently, this is an effective approach to clone a gene with
low transcript abundance, especially in the polyploids with
multiple similar homoeoalleles for the gene.
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The Rec8-like homoeoalleles in the A, B, and D subge-
nomes of polyploid wheat are highly conserved in CDS
and splicing patterns. However, there are substantial dif-
ferences in their intronic regions. Interestingly, we found
that the Rec8 homoalleles in the wheat subgenome B (i.e.
TtRec8-BI and TaRec8-BI) had a higher DNA sequence
variation than those in the subgenomes A (i.e. TtRec8-Al
and TaRec8-Al) and D (i.e. TaRec8-D1 and AetRec8-D1I),
especially in the intronic regions. Wheat genome mapping
also identified a similar differentiation of these three sub-
genomes in genetic diversity [36—-39]. The distinction of
the wheat B subgenome from the A and D subgenomes in
genetic variation may imply a different origin and evolu-
tionary route for the B subgenome.

The Rec8 homoeoalleles we cloned in this study
(TtRec8-Al, TtRec8-B1, and TaRec8-D1) differ from each
other only at single nucleotide positions in CDS. It was a
big challenge to perform differential expression analysis of
the highly similar homoeoalleles under a polyploid condi-
tion. To confront the challenge, we partitioned the Rec8
homoeoalleles in pairs using the cytogenetic stocks LDN
1D(1A) (TtRec8-BI and TaRec8-DI) and LDN 1D(1B)
(TtRec8-A1 and TaRec8-D1I), and then differentially exam-
ined the relative expression levels of the individual pair of
the Rec8 homoeoalleles using the newly developed
SNP-based PCR technique STARP [33]. This integrative
cytogenetic and genomic approach enabled us to perform
pairwise differential expression analysis of the highly simi-
lar Rec8 homoeoalleles under a polyploid condition. We
found that both TtRec8-A1 and TaRec8-DI expressed
comparably at a significantly higher level than TtRec8-BI
in tetraploid wheat and its hybrids with Ae. tauschii as
well. Apparently, the Rec8 homoeoalleles on chromo-
somes 1A and 1D expressed dominantly over the one on
chromosome 1B in tetraploid wheat, and probably in
hexaploid wheat as well. Concurrent presence of two or
three actively-transcribed homoeoalleles (TtRec8-A1, TaR-
ec8-D1, and AetRec8-DI) in LDN 1D(1B) and its hybrids
with Ae. tauschii did not lead to a noticeable additive ef-
fect on Rec8 cohesin production. It seems that either of
the two actively-transcribed homoeoalleles (TtRec8-Al
and TaRec8-DI) could independently encode enough
Rec8 cohesin essential for normal meiosis in polyploid
wheat. These new findings on the cross-genome coordin-
ation of the Rec8 homoeologous genes in polyploid wheat
will facilitate further studies of the homoeologous genes in
wheat and other polyploids.

The predicted proteins of TtRec8-Al, TtRec8-B1, and
TaRec8-D1 differ from each other at 23 amino acid posi-
tions. These amino acid differences separate TtRec8-B1
from TtRec8-Al/TaRec8-D1, and TtRec8-A1 from
TtRec8-Bl/TaRec8-D1, suggesting the uniqueness of
TtRec8-BI and TtRec8-Al in polyploid wheat. The protein
sequence-based phylogenetic analysis indicates that
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TtRec8-Al and TaRec8-D1 are more closely related than
their relationship with TtRec8-B1l. The protein sequence
differences among the Rec8 homoeoalleles might affect
their activity as Rec8 cohesin, and consequently lead to a
dominant expression of TtRec8-Al/TaRec8-D1 over
TtRec8-BI in polyploid wheat.

The differential expression pattern and structural vari-
ation of the Rec8 homoeoalleles might be an evolutionary
consequence of the allopolyploid genome in wheat [27]. T.
urartu (2n=2x =14, AA) contributed the A genome to
tetraploid wheat (2n =4x =28, AABB) by hybridizing to
the B genome ancestor that remains unknown [40]. Ae.
tauschii (2n = 2x = 14, DD) contributed the D genome to
hexaploid wheat by hybridizing to tetraploid wheat [41,
42]. Our results and the previous reports consistently indi-
cate that the B genome of tetraploid and hexaploid wheat
have significantly higher genetic diversity than the A and
D genomes [36—39]. It appears that the wheat B genome
had undergone a more divergent evolutionary process
than the A and D genomes [43]. In other words, the integ-
rity of the A and D genomes have been well maintained
over the evolutionary process, but not quite well for the B
genome. Therefore, the homoeoalleles in the A and D ge-
nomes may play a more significant role than those in the
B genome, especially for the genes critical in plant devel-
opment and reproduction, such as Rec8.

Conclusions

This work revealed a unique cross-genome differentiation
and coordination of the Rec8 homoeologous genes in
polyploid wheat, indicating evolutionary dominance of the
homoeologous genes on chromosomes 1A and 1D over
the one on chromosome 1B for Rec8 cohesin production
in wheat. These new findings imply a distinct origin and
evolutionary route of the wheat B subgenome, which an-
cestor remains unknown, from the A and D subgenomes.
In addition, this work will enhance understanding of the
meiotic network in polyploids, and facilitate genome and
evolutionary studies of wheat and its relatives.

Methods

Plant materials, DNA extraction, and male meiocyte
sampling

Tetraploid wheat ‘Langdon’ (LDN), LDN D-genome di-
somic substitution lines (LDN DS) [44], and hexaploid
wheat ‘Chinese Spring’ (CS) were obtained from
USDA-ARS (Fargo, ND, USA). The CS nulli-tetrasomic
lines were supplied by the Wheat Genetics Resource Center
at Kansas State University (KSU), Kansas, USA. All these
wheat accessions were used in the cloning and functional
analysis of wheat Rec8-like genes. The diploid ancestors of
the wheat A genome [7. urartu (PI 428213)] and D genome
[Aegilops tauschii (RL5286)], obtained from the Wheat
Genetics Resource Center at KSU, were included in the
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expression analysis. The hybrids of LDN, LDN 1D(1A), and
LDN 1D(1B) with Ae. tauschii RL5286 and LDN haploid
were produced following the procedure of Cai et al. (2010)
[45]. Total genomic DNA of the plant materials was ex-
tracted from leaf tissues as described by Faris et al. (2000)
[46]. Meiotically staged male meiocytes (anthers) were sam-
pled following the procedure of Cai (1994) [47].

RNA extraction and cDNA preparation

Total RNA was extracted from leaves, roots, and mei-
otically staged anthers using RNAqueous®-4PCR Kit (Life
Technologies, Grand Island, NY, USA). ¢cDNAs were
synthesized from purified total RNA using SuperScript
III First-Strand Synthesis System (Invitrogen Corpor-
ation, Carlsbad, CA, USA).

cDNA cloning of the Rec8-like gene in LDN

The amino acid sequence of rice Rad21/Rec8-like protein
(GenBank accession NP_001056426.1) was used as query
for tBLASTn search against the wheat expressed sequence
tags (ESTs) database [22]. Gene-specific primers, designed
from the candidate ESTs with Primer3 [48], were used to
synthesize the candidate cDNAs from the total RNA pool.
The candidate cDNAs were subsequently extended by 3'-
and 5-RACE (rapid amplification of cDNA ends). The
final complete cDNA sequence of the candidate gene was
amplified by the primer pair GMO067F/GMO065R (Add-
itional file 1: Table S1) that spans the start and stop co-
dons of the gene, and cloned as described by Ma et al.
(2006) [49].

Chromosomal localization of the Rec8-like gene in wheat
The gene-specific primer pair GMO0SF/GMOOSR (Add-
itional file 1: Table S1) was used to amplify the gene-specific
genomic segments in the 21 CS nulli-tetrasomic lines and
14 LDN DS for chromosomal localization of the Rec8-like
genes. The amplicons were visualized by cleaved amplified
polymorphic sequence (CAPS) with the restriction enzyme
Ddel on the denaturing polyacrylamide gel [50].

Quantitative real-time PCR

Real-time RT PCR was performed with the Rec8-like gene
specific primer pair GM010F/GMO10R (Additional file 1:
Table S1) in two technical and three biological replications
using a 7300 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) [51]. The minimum number of
highly synchronized anthers (4—10) at each meiotic stage
were sampled for RNA extraction. The 18S rRNA
gene-specific primer pair GM003/GM004 (Additional file
1: Table S1) was selected to amplify the endogenous con-
trol for the quantitative PCR. The comparative Cz method
was used to determine the transcript levels of the Rec8--
like gene in different samples (test) relative to the anthers
at interphase stage (control) [52]. Fold difference in gene
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; i« 9-AACT
expression of test vs. control sample is 22T, where

AACT = ACres - ACT onsror ACTyes is the Crvalue of the
test sample normalized to the endogenous reference gene,
and ACr oo is the Crvalue of the control normalized to
the same endogenous reference gene. The Cr value of
each sample is the average of two technical replicates. Cr
values from three biological replicates were averaged, and
data of the anther samples at interphase were used as
baseline expression (control).

Differential expression analysis of the wheat Rec8
homoeoalleles

The transcripts of wheat Rec8 homoeoalleles were differ-
entially analyzed by semi-thermal asymmetric reverse
PCR (STARP) [33, 53]. STARP converts single nucleo-
tide polymorphisms (SNPs) into length polymorphisms
by adding an oligonucleotide (5-ACGAC-3" or 5'-ATGA
C-3’) to the 5’ end of the allele-specific primer. Three
primers, including two-tailed allele specific forward
primers (AS-primers F1 and F2) and one common re-
verse primer, were used to amplify the SNP alleles (Add-
itional file 1: Table S1). Amplicons were visualized using
an IR2 4300 DNA Analyzer (Li-Cor, Lincoln, NE, USA).

Antibody production and affinity purification

A 464-bp cDNA segment of the Rec8-like gene in LDN was
used to raise antibody against the wheat Rec8-like cohesion
protein. The cDNA segment was PCR-amplified using the
primer pair GM026F/GMO026R. A restriction enzyme recog-
nition site for EcoRI and Sall was added to the 5" ends of
the forward and reverse primer, respectively, for cloning
purpose. Three nucleotides (TCA) were added to the 3’
end of the Sall recognition site within GMO026R to generate
a stop codon (TGA) in the expression constructs (Add-
itional file 1: Table S1). The amplicon was cloned into two
expression plasmid vectors pGEX-4 T-1 (Amersham Biosci-
ences, Piscataway, NJ, USA) and pMAL-c2X (New England
Biolabs, Ipswich, MA, USA), leading to two distinct con-
structs (pGEX-R26 and pMAL-R26). After verified by se-
quencing, these two constructs were transformed into E.
coli strain BL21-Star (DE3) (Invitrogen Corporation, Grand
Island, NY, USA) for fusion protein induction as described
by Chao et al. (2007) [54]. Upon IPTG (isopropyl
B-D-1-thiogalactopyranoside) induction, the fusion polypep-
tides, pGEX-R26 and pMAL-R26, were accumulated as in-
soluble pellets and resolubilized after sonication. The total
proteins were separated by the sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and the candi-
date bands were cut out as per the estimated molecular
weight. Upon the verification with a protein identification
test performed in the Vincent Coates Foundation Mass
Spectrometry Laboratory at Stanford University (Stanford,
CA, USA) (Additional file 1: Figure S5), the polypeptide
PGEX-R26 was used for immunization and generation of
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the polyclonal antibody in rabbits by Affinity BioReagents
(Thermo Fisher Scientific, Inc.).

The affinity-purified pMAL-R26 polypeptide was first
coupled to AminoLink coupling resin using the Amino-
Link Plus Immobilization Kit (Pierce Biotechnology, Rock-
ford, IL, USA) and then incubated with the crude serum.
After incubation, the mixture of crude serum and resin
was loaded to the column for antibody isolation. The
anti-Rec8 antibody was eluted with the IgG Elution Buffer
(Pierce Biotechnology, Rockford, IL, USA) after washing
the column with 20 column volumes of 1x Phosphate
Buffered Saline. Aliquots of anti-Rec8 antibody were
stored in the — 80 °C freezer for subsequent uses.

Immunoprecipitation, Western blotting, and in situ
immunolocalization

Protein extraction, immunoprecipitation, and Western
blotting were performed following the procedures of
Chao et al. (2007) [54]. About 400 mg anthers at each
meiotic stage were sampled for protein extraction in the
Western blotting analysis. In situ immunolocalization
was conducted as described by Golubovskaya et al.
(2006) [15]. The primary anti-Rec8 antibody was probed
by the secondary Anti-Rabbit IgG (whole molecule)--
fluorescein isothiocyanate (FITC) Antibody produced in
goat (Sigma-Aldrich Co., St Louis, MO, USA), and chro-
mosomes were counterstained by propidium iodide (PI).
Two negative control experiments were performed to
monitor the specificity of the antibodies in meiocytes. In
the first negative control, the thin layer of polyacryl-
amide gel containing meiocytes was directly incubated
with the secondary antibody. In the second one, the thin
layer of polyacrylamide gel containing meiocytes was in-
cubated with the primary anti-Rec8 antibody that was
preabsorbed with the fusion polypeptide pGEX-R26.

Microscopy

Microscopy was conducted using a Zeiss Axioplan 2 Im-
aging Research Microscope equipped with ApoTome
component (Carl Zeiss Light Microscopy, Jena, Germany).
Two-dimensional (2-D) and three-dimensional (3-D) im-
ages were captured and analyzed using Zeiss Axio Vision
4 software as described by Cai et al. (2010) [45].

Genomic DNA cloning and DNA/protein sequence
analysis

Three ¢cDNA fragments of the Rec8-like gene cloned in
LDN were bulked as a probe to screen LDN BAC library as
described by Huo et al. (2006) [55] (Additional file 1: Table
S1). The verified BAC clones were characterized by finger-
printing with HindIIl and CAPS to identify the BACs con-
taining specific Rec8 homoeoalleles. Sub-cloning was
performed to delineate the homoeoalleles into smaller gen-
omic fragments for sequencing using the pWEB-TNC™
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Cosmid Cloning Kit (Epicentre Biotechnologies, Madison,
WI, USA). The full-length genomic sequences of the homo-
eoalleles were obtained using the DNA Walking SpeedlUp™
Premix Kit II (Seegene, Inc., Gaithersburg, MD, USA).

The DNA and protein sequences of the Rec8-like gene
in LDN were analyzed using BLASTP 2.2.26+ in the
NCBI non-redundant database [56]. PEST motif was
predicted using EPESTFIND [57]. Other motifs were
identified with Motif Scan [58]. The gene structures of
the Rec8 homoeoalleles were analyzed and visualized
using Splignand GSDS 2.0 software [59, 60]. Compara-
tive analysis was performed for the cDNA and predicted
protein sequences of the Rec8 homoeoalleles (TtRec8-Al,
TtRec8-B1, and TaRec8-D1I) using MultiAlin and Clustal
Omega, respectively [61, 62].

Phylogenetic analysis

Comparative analysis of the Rec8-like cohesin ortholo-
gues from different species was performed using Clus-
talX 2.1. Bootstrap Neighbor-Joining phylogenetic tree
was built with 1,000 bootstrap replications and Poisson
model using MEGA 6.0 [63].

Additional file

Additional file 1: Figure S1. Comparative analysis of the cohesin-like
proteins. Figure S2. Identification of the BAC clones containing the
homoeoalleles TtRec8-A1 and TtRec8-B1 in LDN. Figure S3. CDS align-
ment of the homoeoalleles TtRec8-AT, TtRec8-B1, and TaRec8-D1. Figure
S4. Predicted protein sequences of the wheat Rec8 homoeoalleles.
Figure S5. Verification of polypeptide pGEX-R26 by protein identifica-
tion assay. Table S1. DNA primers and their sequences used in this
study. Table S2. Comparative analysis of the predicted TtRec8-A1 pro-
tein with the cohesion proteins from other eukaryotic species. Table
$3. Genbank accession numbers of the Rec8 orthologues involved in
the phylogenetic analysis. (DOCX 2639 kb)
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