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Abstract Despite possessing related ancestral ge-
nomes, hexaploid wheat behaves as a diploid during
meiosis. The wheat Phl locus promotes accurate syn-
apsis and crossover of homologous chromosomes. In-
terspecific hybrids between wheat and wild relatives are
exploited by breeders to introgress important traits from
wild relatives into wheat, although in hybrids between
hexaploid wheat and wild relatives, which possess only
homoeologues, crossovers do not take place during
meiosis at metaphase 1. However, in hybrids between
Phl deletion mutants and wild relatives, crossovers do
take place. A single Phl deletion (phib) mutant has
been exploited for the last 40 years for this activity.
We show here that chemically induced mutant lines,
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selected for a mutation in 7aZIP4-B2 within the Phl
locus, exhibit high levels of homoeologous crossovers
when crossed with wild relatives. Tazip4-B2 mutant
lines may be more stable over multiple generations, as
multivalents causing accumulation of chromosome
translocations are less frequent. Exploitation of such
Tazip4-B2 mutants, rather than mutants with whole
Phl locus deletions, may therefore improve introgres-
sion of wild relative chromosome segments into wheat.
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Introduction

Hexaploid bread wheat (7riticum aestivum) is composed
of three related ancestral genomes (A, B and D), each
containing seven identical (homologous) chromosome
pairs (homologue pairs 1-7). Each homologue pair has a
corresponding related homoeologous chromosome pair,
possessing similar gene order and content, within each
of the other two genomes. Despite the similarity be-
tween homoeologues, wheat behaves as a diploid at
meiosis, with synapsis and crossovers (COs) only oc-
curring between homologous chromosomes, rather than
between homoeologous chromosomes (for example, 1A
only pairs with 1A but not with either 1B or 1D, holding
true for all seven chromosome groups). This diploid-like
behaviour is predominantly controlled by P4/, a domi-
nant locus on chromosome 5B (Riley and Chapman
1958; Sears and Okamoto 1958).
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The Phl locus was defined as a deletion pheno-
type, first described by scoring meiosis in wheat
hybrids lacking the whole 5B chromosome (Riley
and Chapman 1958; Sears and Okamoto 1958). The
effect of deleting the Phl locus in wheat itself is to
reduce the level of ring bivalents (and increase rod
bivalent levels) at metaphase I in all meiocytes,
while inducing a low level of multivalents and uni-
valents in some meiocytes (Roberts et al. 1999).
Sexual hybridisation between wheat and wild rela-
tives (for example, rye or Aegilops variabilis) pro-
duces interspecific hybrids, containing haploid sets
of wheat and wild relative homoeologous chromo-
somes, but exhibiting virtually no COs during mei-
osis. However, in Phl deleted wheat-rye hybrids, an
average of 7 COs per cell is observed (Sears 1977;
Dhaliwal et al. 1977). These Phl deleted hybrids
have been used to introgress important traits from
wild relatives into wheat. Thus, the absence of the
Phl locus is scored as a reduction in homologous
crossovers at metaphase I in wheat meiocytes and an
increase in homoeologous crossovers at metaphase |
in wheat-wild relative meiocytes.

Ethylmethane sulphonate (EMS) treatment failed to
produce mutants exhibiting the full P%/ deletion pheno-
type because of the difficulty with the phenotype screen.
This suggests that the Ph/ phenotype most likely results
from activity of more than a single gene (Griffiths et al.
2006). However, exploitation of smaller chromosome
5B deletions later characterised and localised the Phl
locus to a 2.5 MB region on chromosome 5B (Griffiths
et al. 2006). More recently, a metaphase | expressing
gene within the 2.5 MB region (corresponding to the
wheat gene EST BE498862 and the rice gene
0s59g30320), and termed C-Phl by the authors, has
been proposed as the putative Ph/ gene (Bhullar et al.
2014). The assertion was based on the observation of
clumping or multiple chromosome associations in wheat
meiocytes at metaphase I, with increased plant sterility,
using a VIG-based approach rather than deletion analy-
sis. However, previous studies have already shown that
the rice homologue Os9g30320 is actually a tapetal cell
gene (Jeon et al. 1999). In addition, a wheat paralogue of
the C-Phl gene (termed Raftinl) has also previously
been characterised as a tapetal cell gene (Wang et al.
2003). The expression peak of tapetal cell genes occurs
when the tapetum fully forms around the metaphase [
meiocytes. Disruption of these genes results in stressed
meiocytes, chromosome clumping and male sterility,
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hence the previous filing of patents for the exploita-
tion of these genes to generate male sterile lines
(Patents WO0O2000026389 A3 and
US20040060084). Moreover, two previously de-
scribed deletions within the 2.5 MB region, also
encompassing C-Phl, did not exhibit a Ph/ mutant
phenotype (Al-Kaff et al. 2008). Therefore, either
the phenotype of these previously described dele-
tions has been incorrectly scored, or the phenotype
of the VIG approach was due to off-target effects
(such as disruption of homoeologous and paralogous
tapetal cell gene function). The observed VIG phe-
notype was also noted to be more extreme than
when the whole 5B chromosome is deleted
(Bhullar et al. 2014).

Deletion analysis defines the Phl locus to the part
of the 2.5 MB region containing a duplicated chro-
mosome 3B segment carrying heterochromatin and
TaZIP4-B2 (originally termed Hyp3, UniProtKB-
Q2L3TS5), inserted into a cluster of CDK2-like genes
interspersed with methyl transferase genes (original-
ly termed SpG, UniProtKB-Q2L3W3) (Griffiths
et al. 2006; Al-Kaff et al. 2008; Martin et al.
2017). The contribution of these genes to the Phl
phenotype is not known; therefore, the effect of
these genes on synapsis and crossover required fur-
ther analysis. Synapsis is a process early in meiosis
by which homologues intimately align with each
other, forming bivalents held together by a protein-
aceous structure named synaptonemal complex
(SC). Ultimately, the SC is degraded, so that the
bivalents are only held together by chiasmata or
COs at metaphase I, allowing their correct segrega-
tion. Recently, Ph/ has been shown to have a dual
effect on synapsis and CO formation in wheat
(Martin et al. 2014; Martin et al. 2017). The effect
on synapsis occurs during the telomere bouquet
stage, when Phl promotes more efficient homolo-
gous synapsis, thereby reducing the chance of
homoeologous synapsis (Martin et al. 2017). The
effect on CO formation happens later in meiosis,
when Phl prevents MLHI1 sites (Double Holliday
Junctions marked to become COs) on synapsed
homoeologues from becoming COs. However, the
molecular mechanism of how the Phl locus affects
both synapsis and CO is not currently known.

A single Phl deletion mutant, developed in hexa-
ploid wheat cv. Chinese Spring (CS) (CS phlb), has
been used by breeding programmes worldwide to
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introgress wild relative chromosome segments into
wheat. A recent programme has successfully
introgressed hundreds of wild relative chromosome seg-
ments into wheat, exploiting CS phlb (King et al. 2016).
The segments were identified through a combination
of both DNA array and cytological-based ap-
proaches. Although CS phlb has been successfully
used in breeding programmes, the CS phlb mutant
is reported to accumulate extensive rearrangements
reducing fertility (Sdnchez-Moran et al. 2001), due
to homoeologous synapsis and COs, as visualised by
the occurrence of multivalents at metaphase I during
meiosis. It would therefore be useful to identify
novel wheat Phl mutant lines, with reduced
homoeologous synapsis and CO at meiosis, but
which do exhibit homoeologous COs in hybrids
with wild relatives. As described previously, the
Phl locus, which affects both synapsis and CO, is
a complex cluster of CDK2-like and methyl trans-
ferase genes containing a ZIP4 paralogue. It has
been proposed that Phl’s effect on synapsis is con-
nected to altered Histone H1 CDK2-dependent
phosphorylation in the presence and absence of
Phl. Altered phosphorylation affects chromatin
structure and delays premeiotic replication, subse-
quently affecting homologue synapsis, thus allowing
homoeologous synapsis to take place (Greer et al.
2012; Martin et al. 2017). Lines carrying mutations
in the PhlCDK2-like homologue in Arabidopsis
also exhibit reduced synapsis under specific condi-
tions, suggesting a role for these genes in efficient
synapsis (Zheng et al. 2014). We have also previ-
ously proposed that the effect of CDK2-like genes
on chromatin structure not only affects synapsis, but
might also affect the resolution of Double Holliday
Junctions (marked by MLHI1) as COs (Greer et al.
2012). Okadaic acid treatment affects chromatin
structure and can induce homoeologous CO in
wheat-wild relative hybrids (Knight et al. 2010).
However, given that the locus contains multiple
copies of the CDK2-like and methyltransferase
genes, it would be a complex and laborious study
to identify EMS mutants within these genes and
combine possible mutations. The transfer of multiple
mutated genes into different elite genetic back-
grounds by breeders, for subsequent crossing with
wild relatives, would also be laborious. Moreover,
as previously indicated, we want to identify wheat
mutant lines which exhibit reduced homoeologous

synapsis or multivalents at metaphase I; so, the
CDK2-like genes would not be the initial candidates
for such an approach.

Although there are Z/P4 homologues on group 3
chromosomes, the ZIP4 paralogue (TaZIP4-B2) within
the Phl locus on chromosome 5B is single copy, com-
pared to the CDK2-like and methyl transferase gene
cluster. Moreover, ZIP4 has been shown to have a major
effect on homologous COs, but not on synapsis, in both
Arabidopsis and rice (Chelysheva et al. 2007; Shen et al.
2012). Knockouts of this gene in diploids usually result
in sterility, as elimination of homologous COs leads to
metaphase | pairing failure and incorrect segregation.
We therefore assessed whether the selection and scoring
of Tazip4-B2 EMS mutants would identify wheat lines
with reduced homologous CO and minimal
homoeologous synapsis and CO (as observed by the
occurrence of multivalents at metaphase I), but which
exhibit homoeologous COs in hybrids with wild-rela-
tives. We describe the identification of two such lines
through this approach.

Materials and methods
Plant material

Plant material used in this study included the following:
wild-type hexaploid wheat (Triticum aestivum cv. Chi-
nese Spring and cv. Cadenza); a Chinese Spring mutant
lacking the Phl locus (phib); two Tazip4-B2 mutant
Cadenza lines (Cadenzal691 and Cadenza0348; M,
generation (Supplementary Table 2)); hexaploid
wheat—Aegilops variabilis hybrids—crosses between
hexaploid wheat (7. aestivum cv. Cadenza) and Ae.
variabilis (2n = 4x = 28)—using either wild-type Ca-
denza or Tazip4-B2 mutant lines.

Both for the RNA-seq analysis and for meiotic stud-
ies, the seedlings were vernalised for 3 weeks at 8 °C
and then transferred to a controlled environmental room
until meiosis under the following growth conditions:
16 h/8 h, light/dark photoperiod at 20 °C day and
15 °C night, with 70% humidity. Tillers were harvested
after 6 to 7 weeks, when the flag leaf was starting to
emerge, and anthers collected. For each dissected floret,
one of the three synchronised anthers was squashed in
45% acetic acid in water and assigned to each meiotic
stage by observation under a LEICA DM2000 micro-
scope (LeicaMicrosystems, http://www.leica-
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microsystems.com/). The two remaining anthers were
either frozen in liquid nitrogen and stored at —80 °C for
RNA-seq analysis or fixed in 100% ethanol/acetic acid
3:1 (v/v) for cytological analysis of meiocytes.

RNA-seq experiments
Sample preparation

Anthers from wild-type wheat (WT) and wheat lacking
the Phl locus (phlb deletion) were harvested as de-
scribed in the “Plant material” section. Anthers at late
leptotene-carly zygotene stage were later harvested into
RNA later (Ambion, Austin, TX). The anthers from
three plants of each genotype were pooled in a 1.5-ml
Eppendorf until reaching 200 to 400 anthers. Once
sufficient anthers had been collected, the material was
disrupted using a pestle, centrifuged to eliminate the
RNA and then homogenised using QIAshredder spin
columns (Qiagen, Hilden, Germany). RNA extraction
was performed using a miRNeasy Micro Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s in-
structions. This protocol allows purification of a sepa-
rate miRNA-enriched fraction (used for further analysis)
and the total RNA fraction (>200 nt) used in this study.
This process was repeated to obtain three biological
samples of each genotype.

RNA-seq library preparation and sequencing

One microgram of RNA was purified to extract mRNA
with a poly-A pull down using biotin beads. A total of
six libraries were constructed using the NEXTflex™
Rapid Directional RNA-Seq Kit (Bioo Scientific Cor-
poration, Austin, Texas, USA) with the NEXTflex™
DNA Barcodes—48 (Bioo Scientific Corporation, Aus-
tin, Texas, USA) diluted to 6 uM. The library prepara-
tion involved an initial QC of the RNA using Qubit
DNA (Life technologies, CA, Carlsbad) and RNA (Life
technologies, CA, Carlsbad) assays as well as a quality
check using the PerkinElmer GX with the RNA assay
(PerkinElmer Life and Analytical Sciences, Inc., Wal-
tham, MA, USA). The constructed stranded RNA librar-
ies were normalised and equimolar pooled into one final
pool of 5.5 nM using elution buffer (Qiagen, Hilden,
Germany, Hilden, Germany). The library pool was di-
luted to 2 nM with NaOH, and 5 pl was transferred into
995 ul HT1 (Illumina) to give a final concentration of
10 pM. Diluted library pool of 120 pl was then
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transferred into a 200-pl strip tube, spiked with 1%
PhiX Control v3 and placed on ice before loading onto
the Illumina cBot. The flow cell was clustered using
HiSeq PE Cluster Kit v4, utilising the Illumina
PE HiSeq Cluster Kit V4 cBot recipe V9.0 method
on the Illumina cBot. Following the clustering proce-
dure, the flow cell was loaded onto the Illumina
HiSeq2500 instrument following the manufacturer’s in-
structions. The sequencing chemistry used was HiSeq
SBS Kit v4 with HiSeq Control Software 2.2.58 and
RTA 1.18.64. The library pool was run in a single lane
for 125 cycles of each paired end read. Reads in bcl
format were demultiplexed based on the 6 bp Illumina
index by CASAVA 1.8, allowing for a one base-pair
mismatch per library and converted to FASTQ format
by bcl2fastq.

RNA-seq data processing

The raw reads were processed using SortMeRNA v2.0
(Kopylova et al. 2012) to remove rRNA reads. The non-
rRNA reads were then trimmed using Trim Galore
v0.4.1 (http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/) to remove adaptor sequences
and low-quality reads (-q 20—Ilength 80—stringency
3). A total of 273,739 transcripts (Triticum_aestivum
CS42 TGACvI _scaffold.annotation) were quantified
using kallisto v0.43.0 (Bray et al. 2016). The index
was built using a k-mer length of 31; then, Kallisto
quant was run using the following options -b 100—rf-
stranded. Transcript abundance was obtained as Tran-
scripts Per Million (TPM) for each gene.

Cytological analysis and image processing

A total of five plants per line were examined in a
randomised block design. Generally, 2-3 tillers in each
plant were analysed to identify meiocytes at meiotic
metaphase 1. Anthers from 7azip4-B2 Cadenza mutant
lines, wild-type Cadenza, Tazip4-B2 mutant line-Ae
variabilis hybrids, and Cadenza-Ae. variabilis hybrids
were harvested as described in the “Plant material”
section. Cytological analysis of meiocytes was per-
formed using Feulgen reagent as previously described
(Sharma and Sharma 2014). Images were collected
using a LEICA DM2000 microscope
(LeicaMicrosystems, http://www.leica-microsystems.
com/), equipped with a Leica DFC450 camera and
controlled by LAS v4.4 system software (Leica
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Biosystems, Wetzlar, Germany). Images were processed
using Adobe Photoshop CS5 (Adobe Systems
Incorporated, US) extended version 12.0 x 64.

Nucleotide analysis

The regions of each mutation in both mutant Cadenza
lines were sequenced to confirm the existence of either
missense or nonsense mutations in Cadenzal961 and
Cadeza0348, respectively. Wheat leaf tissues from wild
type Cadenza and mutant Cadenza lines were harvested
at growth stages 3—4 (Feckes scale). DNA was extracted
using the CTAB method (Murray and Thompson 1980).
Two pairs of primers were designed using the
Primer3plus software (Untergasser et al. 2007) based on
the ZIP4 sequence called
TRIAE CS42 5BL TGACv1 404600 AA1305800
(http://plants.ensembl.org/Triticum _
aestivum/Info/Index). The primers used were as follows:
forward primer: SGCCGCCATGACGATCTCCGAG3'
and reverse primer: SGGACGCGAGGGACGCGAG3'
for Cadenzal691 and forward primer: 5S’GTGTTCCT
AATGCTCACAACTC3' and reserve primer: 5’
ACCAGACATACTTGTGCTTGGT3' for
Cadenza0348. PCR amplification was performed using
MyFi Polymerase (Bioline Tauton, MA, USA),
according to the manufacturer’s instructions. The
primers were amplified as follows: 3 min 95 °C, 35
cycles of 15 s at 95 °C, 15 s at 58 °C and 30 s at 72 °C.
PCR products were resolved on 2% agarose gels in 1%
TBE and stained with ethidium bromide and visualised
under UV light. PCR products were purified using
Qiaquick PCR Purification kits (Qiagen, Hilden,
Germany) and cloned using a p-GEM T easy vector kit
(Promega, Madison, Wisconsin, USA). The ligation mix-
ture was used to transform Escherichia coli DH5a, and
transformants were selected on LB agar containing am-
picillin (100 mg/ml) (Sigma, St. Louis, MO, USA), iso-
propyl 3-D-1-thiogalactopyranoside (IPTG, 100 mM)
(Sigma, St. Louis, MO, USA) and 5-bromo-4-chloro-3-
indolyl 3-D-galactopyranoside (X-Gal, 20 mg/ml) (Sig-
ma, St. Louis, MO, USA). The PCR fragments were
isolated using QIAprep Spin Miniprep kit (Qiagen,
Hilden, Germany). All kits were used as described in
the manufacturer’s instructions. Sequencing was carried
out by the Eurofins Company. Alignment of sequences
was carried out using Clustal Omega software
(http://www.ebi.ac.uk/Tools/msa/clustalo/).

Statistical analyses

Statistical analyses were performed using STATISTIX
10.0 software (Analytical Software, Tallahassee, FL,
USA). Both 7azip4-B2 mutant lines-Ae. varibialis hy-
brids and 7azip4-B2 mutant lines were analysed by the
Kruskal-Wallis test (nonparametric one-way analysis of
variance). Means were separated using the Dunn’s test
with a probability level of 0.05.

Results and discussion
TaZIP4-B2 expression

In hexaploid wheat, ZIP4 homologues are located
within the Phl locus on 5B, and also on chromo-
somes 3A, 3B and 3D. Before undertaking the
targeted induced lesion in genomes (TILLING) mu-
tant analysis, we assessed the expression of TaZIP4-
B2 to confirm that the 7aZIP4-B2 gene within the
Phl locus is expressed during meiosis; that it has a
higher level of expression than the Z/P4 homo-
logues present on chromosome group 3; and finally,
that Phl deletion significantly reduces overall ZIP4
expression. At the coding DNA sequence and amino
acid levels, TaZIP4-B2 (AA1305800.1) showed 95.3
and 89.2% similarity to 7TaZIP4-B1 (AA0809860.1),
94.1 and 87.5% similarity to TaZIP4-Al
(AA0645950.1) and 94.4 and 87.2% similarity to
TaZlIP4-DI1 (AA0884100.1), respectively
(Supplementary Fig. 1). To compare the relative
expression of these Z/P4 homologues on chromo-
somes 3A, 3B, 3D and 5B, RNA samples were
collected from anthers of hexaploid wheat (7riticum
aestivum cv. Chinese Spring) (WT) and the Phl
deletion mutant (phib) at the late leptotene-early
zygotene stage, and six libraries prepared for the
RNA-seq study. RNA-seq analysis showed that
TaZIP4-B2 exhibited a higher level of expression
than the Z/P4 homologues on homoeologous group
3 chromosomes (Fig. 1; Supplementary Fig. 1).
Moreover, TaZIP4-B2 also showed three splice var-
iants (Supplementary Fig. 2) in contrast to
homoeologous group 3 chromosome ZIP4 homo-
logues. One of these splice variants (splice variant
1) accounted for 97% of the TuZIP4-B2 transcripts.
As expected, when the Phl locus was deleted, ex-
pression of TaZIP4-B2 was also eliminated
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(p < 0.05), but there was no apparent increase in the
transcription of the Z/P4 homologues on
homoeologous group 3 chromosomes, to compen-
sate for the absence of Z/P4 on chromosome 5B
(» > 0.05) (Fig. 1; Supplementary Table 1). Thus,
RNA-seq data revealed that the expression of ZIP4
was derived mainly from the gene (7aZIP4-B2) on
chromosome 5B, within the Pil locus.

TaZIP4-B2 suppresses homoeologous COs in wheat-Ae.
variabilis hybrids

The protein-coding sequences of 1200 EMS mutant
lines (Rakszegi et al. 2010) from hexaploid wheat cv.
Cadenza have been recently sequenced using exome-
capture and displayed to allow the identification of
millions of mutations in the sequenced genes using the
www.wheat-tilling.com database (Krasileva et al. 2017).
The mutations identified are accessible using the wheat
survey sequence (Marcussen et al. 2014) via this data-
base, which includes their location within the gene, and
the predicted effect that each variant has on its protein.
Simply searching the database (www.wheat-tilling.com)
reveals those plants possessing mutations in the target
genes, as well as a list of all mutations possessed by the
plant (Krasileva et al. 2017). We selected seven of the
1200 EMS mutant lines, which possessed potentially
interesting mutations within 7aZIP4-B2 (Traes_5
BL 9663ABS85C.1) (Supplementary Table 2). Five of
these mutant lines exhibited regular pairing at meiotic
metaphase I, so were not taken further. These lines
possessed a missense mutation, which indicates that
amino acid changes within ZIP4 in these Tazip4-B2
lines did not affect its function. However, two of the
mutant lines (Cadenzal 691 and Cadenza0348) showed
reduced number of COs in cytological analysis, suggest-
ing that their 7azip4-B2 mutations did exhibit a pheno-
type. Both lines were selected for wide crossing studies
with wild relatives to score the effect of their Tazip4-B2
mutations on homoeologous CO frequency in the wheat
Tazip4-B2 mutant-wild relative hybrids, as compared to
non-mutagenised wheat-wild relative hybrids. Null seg-
regants were not available, so wild-type Cadenza lines
were used as controls. Mutations within 7aZIP4-B2
were verified by sequencing, and primers were designed
to the mutated regions to follow mutated genes during
crossing (Supplementary Fig. 3 and Materials and
Methods). Tazip4-B2, within the Cadenzal691 mutant
line, possessed a missense mutation within the Spo22
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domain (C to T change leading to an A167V), shown to
be important for ZIP4 function (Perry et al.2005).
Tazip4-B2, within the Cadenza0348 mutant line, pos-
sessed a nonsense mutation (a premature stop codon: G
to A change leading to W612*) (Supplementary Fig. 3).
In addition to these Tazip4-B2 mutations, the two mutant
lines also possessed mutations (mostly missense, but
also splice or stop codons) within the coding sequences
of 106 other shared genes. Sixteen of these genes,
including TaZIP4-B2, were located on chromosome
5B. However, none of the genes apart from 7aZIP4-B2
were located within the 2.5 MB Phl region defined in
our previous study (Griffiths et al. 2006; Al-Kaff et al.
2008).

Compared to the chromosome 5B deletion mutant—
wild relative hybrid—no other wheat chromosome de-
letion mutants have previously been reported as
exhibiting a similar level of homoeologous CO forma-
tion at metaphase I (Riley and Chapman 1958; Sears
1977). For example, the 3D locus PA2 exhibits a four-
fold lower level of induction compared to Phl (Prieto
etal. 2005). Equally, deletion of regions of chromosome
5B apart from the 2.5 MB Pl region does not result in
homoeologous CO formation at metaphase I when the
lines are crossed with wild relatives (Roberts et al. 1999;
Griffiths et al. 2006; Al-Kaff et al. 2008). Sears (1977)
used such crosses between hexaploid wheat cv. Chinese
Spring, both in the presence and absence (p/1b deletion)
of Phl, and the wild relative tetraploid Aegilops kotschyi
(also termed Ae. variabilis), to show that homoeologous
COs are induced when the Phl locus is deleted. Inter-
specific hybrids of the phlh mutant and wild relatives
have been subsequently used in plant breeding
programmes for introgression purposes (Sears 1977).
Sears (1977) observed one rod bivalent at metaphase I
in the presence of Phl, and 6.35-7.28 rod bivalents in
the Phl absent hybrids. Chiasma frequency in the hexa-
ploid wheat-Ae. kotschyi or hexaploid wheat-Ae.
variabilis hybrids was between 1 and 3 in the presence
of Phl and 11-14 in the absence of Phl (Sears 1977;
Farooq et al. 1990; Fernandez-Calvin and Orellana
1991; Kousaka and Endo 2012).

In this study, both Tazip4-B2 mutant Cadenza lines,
as well as a wild-type Cadenza (TaZIP4-B2), were
crossed with Ae. variabilis. The frequency of univalents,
bivalents, multivalents and total chiasma frequency was
scored at meiotic metaphase I in the resulting F; hybrid
(Fig. 2). In these hybrids, there were similar numbers of
rod bivalents to that reported by Sears (1977), with 6.75
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Fig. 1 Relative expression of
ZIP4 homologues in Triticum
aestivum cv. Chinese Spring in
presence (WT) and in absence
(phl1b deletion) of the Phl locus
obtained by RNA-seq analysis
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(SE 0.17) (Cadenzal691) and 6.64 (SE 0.18)
(Cadenza0348) rod bivalents at metaphase I in the
Tazip4-B2 mutants, and 1.48 rod bivalents (SE 0.12) at
metaphase I in the wild-type Cadenza. Moreover, the
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chiasma mean frequency was 1.48 (SE 0.12) in the
presence of Phl (TaZIP4-B2) and 12.21 (SE 0.19) and
12.23 (SE 0.20) in the Cadenzal 691-Ae. Variabilis and
Cadenza0348-Ae. variabilis hybrids, respectively. The

Line No. 01.‘ cell Univalents . Rod .ng Trivalents Tetravalents Pentavalents Chiasma
examined bivalents bivalents frequency
Mean =SE Mean=SE Mean=SE Mean+=SE Mean=SE Mean = SE Mean = SE
(Range) (Range) (Range) (Range) (Range) (Range) (Range)
Cad0000 x Ae. 128 32.05+0.24 1.48+0.12 _ _ _ _ 1.48 = 0.12°
variabilis hybrids (25-35) (0-5) (0-5)
Cad1691 x Ade. 117 14.74+0.29 6.75+0.17 1.26+0.08 1.05+=0.08 0.22+0.04 0.03 =£0.02 12.21 +0.19?*
variabilis hybrids (7-26) (3-11) (0-4) (0-4) (0-2) (0-1) (8-18)
Cad0348 x Ae. 102 14.63 =+0.28 6.64+0.18 1.12+0.10 1.27+0.11 0.21 = 0.04 0.05 +£0.02 12.23 £0.20°
variabilis hybrids (6-21) (3-10) (0-4) (0-4) (0-1) (0-1) (7-19)
p-value 0.0000

Fig. 2 Homoeologous CO frequency at metaphase I is increased
in Tazip4-B2 mutant line-Ae. variabilis hybrids (b, ¢), in compar-
ison to the wild-type Cadenza-Ae. variabilis hybrid (a). The num-
ber of univalents, bivalents, multivalents and chiasma frequency
were scored at meiotic metaphase I in Cadenza0000 (7uZIP4-

B2) x Ae. variabilis hybrids, and in Cadenzal691 (Tazip4-
B2) x Ae. variabilis hybrids and Cadenza0348 (Tazip4-B2) x Ae.
variabilis hybrids. The same letter indicates no differences be-
tween TaZIP4-B2 (a) and Tazip4-B2 hybrids (b, ¢) in metaphase |
at P < 0.05. Scale bar represents 10 um for all panels
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No. of cell Chiasma
Line ; Univalents Rod bivalents Ring bivalents
examined frequency
Mean + SE Mean + SE Mean + SE Mean + SE
(Range) (Range) (Range) (Range)
0.18 £ 0.11° 1.30 + 0.17° 19.60 + 0.19° 40.50 = 0.21?
Cadenza0000 80
(0-2) (0-4) (17-21) (38-42)
0.58 + 0.10° 3.29 £ 0.16% 17.42 £ 0.17° 38.13 + 0.20°
Cadenza1691 96
(0-6) (0-7) (13-21) (31-42)
1.07 £ 0.12° 3.63 +0.18% 16.83 + 0.20° 37.30 + 0.23°
Cadenza0348 71
(0-6) (0-7) (12-21) (30-42)
p-value 0.0000 0.0000 0.0000 0.0000

Fig. 3 Homologous CO frequency is reduced in Tazip4-B2 mu-
tant Cadenza lines (b, ¢), in comparison to wild-type Cadenza (a).
The number of univalents, bivalents and chiasma frequency were
scored at meiotic metaphase I in Cadenza0000 (7aZ[P4-B2) and in
Cadenzal691 (Tazip4-B2) and Cadenza0348 (Tazip4-B2).

observed chiasma frequencies at metaphase I, in the two
Tazip4-B2 mutant line-Ae. variabilis hybrids, are similar
to those previously reported at metaphase I in the Phl
deletion mutant (phlb)-Ae. variabilis hybrids. Thus, the
data indicate that 7aZIP4-B2 within the Phl locus is
likely to be involved in the suppression of
homoeologous COs.

Tazip4-B2 mutant Cadenza lines show no multivalents

The frequencies of meiotic associations at metaphase
I in hexaploid wheat and the PAl deletion mutant
(ph1b) have been reported previously (Martin et al.
2014). Martin et al. (2014) observed 20 ring bivalents
and one rod bivalent, with a chiasma frequency of
40.97 in the presence of the Pl locus. However, the
number of ring bivalents decreased to 14.83, with a
reduced chiasma frequency of 35.78, while the num-
ber of univalents, rod bivalents, trivalents and tetra-
valents increased to 0.80, 4.73, 0.20 and 0.37, re-
spectively, when the Ph/ locus was absent. The num-
ber of univalents, bivalents, multivalents and chiasma
frequency at meiotic metaphase I was also scored in
both the Tazip4-B2 mutant lines and in the wild-type

@ Springer

Asterisks indicate the presence of rod bivalents in both mutant
Cadenza lines. The same letter indicates no differences between
TaZIP4-B2 (a) and Tazip4-B2 wheat (b, ¢) in metaphase I at
P <0.05. Scale bar represents 10 um for all panels

Cadenza (Fig. 3). The Tazip4-B2 mutant lines exhibited
a reduction in the number of ring bivalents at metaphase
I, and a slight increase in the number of rod bivalents,
from a mean of 1.30 (SE 0.17) in the wild-type Cadenza,
t0 3.29 (SE 0.16) in Cadenzal691 and 3.63 (SE 0.18) in
Cadenza0348. This indicates a slight reduction in ho-
mologous COs in these Tuzip4-B2 mutant lines. CO
frequency was a mean of 40.50 (SE 0.21) in the wild-
type Cadenza, 38.13 (SE 0.20) in Cadenzal691 and
37.30 (SE 0.23) in Cadenza0348. These observed chi-
asma frequencies at metaphase I in the two mutant
Cadenza lines are again similar to those previously
reported at metaphase I in wheat in the absence of the
Phl locus. However, no multivalents were observed,
and there was no significant increase in the number of
univalents at metaphase I in the 7azip4-B2 mutant lines,
as is normally observed in Phl deletion mutants
(Roberts et al. 1999).

If Tazip4-B2 mutants had enabled homoeologues
to synapse while failing to CO, then a significant
increase in univalents would be expected, but this
was not observed. This suggests that homoeologous
synapsis may not be significantly affected by
TaZIP4-B2. On the other hand, the lack of
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multivalents at metaphase I suggests that both mutant
lines will exhibit a reduced level of homoeologous ex-
change or chromosome translocation to that observed in
the CS philb mutant. The phlb mutant line has been
reported to accumulate extensive background transloca-
tions over multiple generations due to homoeologous
synapsis and COs (Sanchez-Moran et al. 2001). Thus,
the apparent lack of multivalents in the 7azip4-B2 mutant
lines could allow their exploitation for introgression pur-
poses during plant breeding programmes, rather than the
current phlb line.

Thus, seven lines carrying mutations within the
TaZIP4-B2 gene were screened for a phenotype with
reduced homologous crossover at metaphase I. Of these,
two lines were identified with this phenotype, one car-
rying a nonsense mutation within 7aZip4-B2, and the
other carrying a mutation in one of the key functional
domains of TaZip4-B2. When crossed with Ae.
variabilis, both of these lines also exhibited increased
homoeologous crossover at metaphase I in the resulting
hybrid, suggesting that the two phenotypes were linked.
This is consistent with our previous study, which scored
for the absence of the Pkl locus by the occurrence of
reduced homologous crossover in wheat and increased
homoeologous crossover in wheat-rye hybrids (Roberts
et al. 1999; Al-Kaff et al. 2008). Therefore, lines with
increased homoeologous crossover were identified
without an initial screen for the desired phenotype. Until
now, the only way by which homoeologous crossover at
metaphase I could be increased to this extent in wheat-
wild relative hybrids was by deletion of the PA/ locus,
defined as a deletion effect phenotype specific to chro-
mosome 5B. However, an alternative way of reproduc-
ing the Phl deletion effect would be to use EMS treat-
ment to generate nonsense or truncation mutations in the
homoeologous crossover-suppressing gene within the
PhI locus. Analysis of the 1200-line TILLING popula-
tion revealed that in any given mutant line, 1.5% of
genes will have a truncation allele and 2% a missense
allele (Krasileva et al. 2017). Thus, the probability of
two mutant lines both sharing a truncation or missense
mutation by chance in a second gene is P < 0.0005. The
probability that two mutated genes will be located on the
same chromosome is extremely low (2.4 x 107%), and
the probability that they will both be located within the
Phl region is even lower (2.4 X 107). Thus, it is
extremely unlikely that the increased homoeologous
crossover phenotype found in both Tazip4-B2 mutant
lines results from a nonsense mutation in a further gene

independently linked with Tazip4-B2 within the Phl
locus.

In terms of follow-on studies based around the ob-
servations reported here, we are currently backcrossing
(BC) both Tazip4-B2 lines to clean up background mu-
tations, as well as transferring 7azip4-B2 into the highly
crossable hexaploid wheat cv. Chinese Spring. We are
currently at BC;. BC lines will be made available once
this exercise is complete. We have also complemented
the approach of identifying chemically induced Tazip4-
B2 mutants, by exploiting CRISPR to generate a large
deletion within 7aZIP4-B2. Initial analysis reveals that
this Tazip4-B2 line has a similar phenotype to the two
Tazip4-B2 Cadenza lines described above. We are cur-
rently segregating the transgenes away. TaZIP4-B2 is
also being over-expressed to assess whether increased
ZIP4 levels reduce homologous crossover. Our current
hypothesis is that a higher ZIP4 level is optimal for
homologous crossover, and a lower ZIP4 level is opti-
mal for homoeologous crossover. Reducing or increas-
ing ZIP4 around the optimal levels reduces the frequen-
cy of crossover. Interestingly, increasing the copy num-
ber of 5B chromosomes carrying TaZIP4-B2 reduces
homologous crossover (Feldman 1966). In addition, a
recent study identified another recombination pathway
gene exhibiting dosage-dependent control on crossover
(Ziolkowski et al. 2017). Thus, ZIP4 levels optimal for
homologous crossover may be too high for
homoeologous crossover, while the lower ZIP4 levels
optimal for homoeologous crossover are too low for
optimum homologous crossover. Finally, we are
exploiting deletions of the less complex, homoeologous
Cdk/methyl transferase locus on chromosome 5D, to
shed further light on the role of these genes in the
regulation of chromosome synapsis.

In summary, two Tazip4-B2 mutants were identified
through a non-GM route, which can be exploited as an
alternative to the CS phlb mutant. Seeds for both mu-
tants have been deposited with the Germplasm Resource
Unit at the John Innes Centre (www.jic.ac.
uk/research/germplasm-resources-unit). The accession
number of seeds for Cad0348 is W10336 and for
Cadl1691 is W10337. The seeds for both lines are
available on request, free of intellectual property
restrictions.

Acknowledgements We thank Dr. Antonio R. Sanchez-
Rodriguez (Bangor University, Wales) for helping in the statistical
analysis. This work was supported by the UK Biotechnology and

@ Springer


http://www.jic.ac.uk/research/germplasm-resources-unit
http://www.jic.ac.uk/research/germplasm-resources-unit

95 Page 10 of 11

Mol Breeding (2017) 37: 95

Biological Research Council (BBSRC), through three grants
(Grant BB/J004588/1; Grant BB/M009599/1; Grant BB/
JO07188/1), and by a Marie Curie Fellowship Grant (H2020-
MSCA-IF-2015-703117).

Author’s contribution These authors made the following con-
tributions to the manuscript: M-DR, ACM, PS and GM designed
the research; M-DR, ACM and JH performed the research; M-RD,
ACM, JH, CU, PS and GM analysed the data; M-DR, PS and GM
wrote the manuscript.

Compliance with ethical standards This research does not
involve human participants or animals.

Conflict of interests The authors declare that they have no
competing interests.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

References

Al-Kaff N, Knight E, Bertin I, Foote T, Hart N, Griffiths S, Moore G
(2008) Detailed dissection of the chromosomal region contain-
ing the Phl locus in wheat Triticum aestivum: with deletion
mutants and expression profiling. Ann Bot 101:863-872

Bray NL, Pimentel H, Melsted P, Pachter L (2016) Near-optimal
probabilistic RNA-seq quantification. Nat Biotechnol 34:
525-527

Bhullar R, Nagarajan R, Bennypaul H, Sidhu GK, Sidhu G, Rustgi
S, von Wettstein D, Gill KS (2014) Silencing of a metaphase
I-specific gene results in a phenotype similar to that of the
pairing homeologous 1 (Phl) gene mutations. Proc Natl
Acad Sci U S A 111:14187-14192

Chelysheva L, Gendrot G, Vezon D, Doutriaux MP, Mercier R,
Grelon M (2007) Zip4/Spo22 is required for class I CO
formation but not for synapsis completion in Arabidopsis
thaliana. PLoS Genet 3:802-813

Dhaliwal HS, Gill BS, Waines JG (1977) Analysis of induced
homoeologous pairing in a ph mutant wheat x rye hybrid. J
Hered 68:207-209

Farooq S, Igbal N, Shah TM (1990) Promotion of homoeologous
chromosome pairing in hybrids of Triticum aestivum x
Aegilops variabilis. Genome 33:825-828

Feldman M (1966) The effect of chromosomes 5B, 5D and 5A on
chromosome pairing in 7Triticum aestivum. Proc Natl Acad
Sci U S A 55:1447-1453

Fernandez-Calvin B, Orellana J (1991) Metaphase I bound arms
frequency and genome analysis in wheat-Aegilops hybrids:
Ae. variabilis - wheat and Ae. kotshcyi - wheat hybrids with
low and high homoeologous pairing. Theor Appl Genet 83:
264-272

@ Springer

Greer E, Martin AC, Pendle A, Colas I, Jones AME, Moore G, Shaw
P (2012) The Phl locus suppresses Cdk2-type activity during
premeiosis and meiosis in wheat. Plant Cell 24:152-162

Griffiths S, Sharp R, Foote TN, Bertin I, Wanous M, Reader S,
Colas I, Moore G (2006) Molecular characterization of Phl
as a major chromosome pairing locus in polyploid wheat.
Nature 439:749-752

Jeon J-S, Chung Y-Y, Lee S, Yi G-H, Oh B-G, An G (1999)
Isolation and characterization of an anther-specific gene,
RAS, from rice (Oryza sativa L.) Plant Mol Biol 39:35-44

King J, Grewal S, Yang CY, Hubbart S, Scholefield D, Ashling S,
Edwards KJ, Allen AM, Burridge A, Bloor C et al (2016) A
step change in the transfer of interspecific variation into
wheat from Amblyopyrum muticum. Plant Biotech J.
doi:10.1111/pbi.1206

Knight E, Greer E, Draeger T, Thole V, Reader S, Shaw P, Moore
G (2010) Inducing chromosome pairing through premature
condensation: analysis of wheat interspecific hybrids. Funct
Integr Genomics 10:603-608

Kopylova E, Laurent N, Touzet H (2012) SortMeRNA: fast and
accurate filtering of ribosomal RNAs in metatranscriptomic
data. Bioinformatics 28:3211-3217

Kousaka R, Endo TR (2012) Effect of rye B chromosome and its
segments on homoeologous pairingin hybrids between com-
mon wheat and Aegilops variabilis. Genes Genet Syst 87:1-7

Krasileva KV, Vasquez-Gross HA, Howell T, Bailey P, Paraiso F,
Clissold L, Simmonds J, Ramirez-Gonzalez RH, Wang X,
Borrill P, Fosker C, Ayling S, Phillips AL, Uauy C,
Dubcovsky J (2017) Uncovering hidden variation in poly-
ploid wheat. Proc Natl Acad Sci U S A 114:E913-E921

Martin AC, Shaw P, Phillips D, Reader S, Moore G (2014)
Licensing MLHI sites for crossover during meiosis. Nat
Commun 5:1-5

Martin AC, Rey MD, Shaw P, Moore G (2017) Dual effect of the
wheat Phl locus on chromosome synapsis and crossover.
Chromosoma. doi:10.1007/s00412-017-0630-0

Marcussen T, Sandve SR, Heier L, Wulff BB, Steuernagel B,
Mayer KFX, Olsen OA (2014) A chromosome-based draft
sequence of the hexaploid bread wheat (7riticum aestivum)
genome. Science 345:1251788

Murray MG, Thompson WF (1980) Rapid isolation of high mo-
lecular weight plant DNA. Nucleic Acids Res 8:4321-4326

Perry P, Kleckner N, Bémer GV (2005) Bioinformatic analyses
implicate the collaborating meiotic crossover/chiasma pro-
teins Zip2, Zip3, and Spo22/Zip4 in ubiquitin labeling. Proc
Natl Acad Sci U S A 102:17594-17599

Prieto P, Moore G, Reader S (2005) Control of conformation
change associations with homologue recognition during mei-
osis. TheorApplGenet 111:505-510

Rakszegi M, Kisgyorgy BN, Tearall K, Shewry PR, Lang L,
Phillips A, Bed6 Z (2010) Diversity of agronomic and mor-
phological traits in a mutant population of bread wheat stud-
ied in the Healthgrain program. Euphytica 174:409-421

Riley R, Chapman V (1958) Genetic control of the cytologically
diploid behaviour of hexaploid wheat. Nature 182:713-715

Roberts MA, Reader SM, Dalgliesh C, Miller TE, Foote TN, Fish
LJ, Snape JW, Moore G (1999) Induction and characterisa-
tion of the Ph/ wheat mutants. Genetics 153:1909-1918

Sanchez-Moran E, Benavente E, Orellana J (2001) Analysis of
karyotypic stability of homoeologous-pairing(p/) mutants in
allopolyploid wheats. Chromosoma 110:371-377


http://dx.doi.org/10.1111/pbi.1206
http://dx.doi.org/10.1007/s00412-017-0630-0

Mol Breeding (2017) 37: 95

Page 11 of 11 95

Sears ER, Okamoto M (1958) Intergenomic chromosome relation-
ships in hexaploid wheat. Proc Xth Internat Congr Genet,
Montreal 2:258-259

Sears ER (1977) Induced mutant with homoeologous pairing in
common wheat. Can J Genet Cytol 19:585-593

Sharma AK, Sharma A (2014) Chromosome techniques: theory
and practice. Butterworth-Heinemann

Shen Y, Tang D, Wang K, Wang M, Huang J, Luo W, Luo Q, Hong
L, Li M, Cheng Z (2012) ZIP4 in homologous chromosome
synapsis and crossover formation in rice meiosis. J Cell Sci
125:2581-2591

Untergasser A, Nijveen H, Rao X, Bisseling T, Geurts R,
Leunissen JA (2007) Primer3Plus, an enhanced web interface
to Primer3. Nucleic Acids Res 35:-W71-W74

Wang A, Xia Q, Xie W, Datla R, Selvaraj G (2003) The classical
Ubisch bodies carry a sporophytically produced structural
protein (RAFTIN) that is essential for pollen development.
Proc Natl Acad Sci U S A 100:14487-14492

Zheng T, Nibau C, Phillips DW, Jenkins G, Armstrong SL,
Doonan JH (2014) CDKGI protein kinase and male meiosis
at high ambient temperature in Arabidopsis thaliana. Proc
Natl Acad Sci U S A 111:2182-2187

Ziolkowski PA, Underwood CJ, Lambing C, Martinez-Garcia M,
Lawrence EJ, Ziolkowska L, Griffin C, Choi K, Franklin
FCH, Martienssen RA, Henderson IR (2017) National vari-
ation and dosage of the HellO meiotic E3 ligase control
Arabidopsis crossover recombination. Genes Dev.
doi:10.1101/gad.295501.116

@ Springer


http://dx.doi.org/10.1101/gad.295501.116

	Exploiting...
	Abstract
	Introduction
	Materials and methods
	Plant material
	RNA-seq experiments
	Sample preparation
	RNA-seq library preparation and sequencing
	RNA-seq data processing

	Cytological analysis and image processing
	Nucleotide analysis
	Statistical analyses

	Results and discussion
	TaZIP4-B2 expression
	TaZIP4-B2 suppresses homoeologous COs in wheat-Ae. variabilis hybrids
	Tazip4-B2 mutant Cadenza lines show no multivalents

	References


