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SUMMARY

Allopolyploid wheat (Triticum aestivum L.) carries three pairs of homoeologous genomes but its meiotic
pairing is diploid-like. This is the effect of the Ph (pairing homoeologous) system which restricts chromo-
some pairing to strictly homologous. Ph1 is the locus with the strongest effect. Disabling Ph1 permits pair-
ing between homoeologues and is routinely used in chromosome engineering to introgress alien variation
into breeding stocks. Whereas the efficiency of Ph7 and the general pattern of homoeologous crossovers in
its absence are quite well known from numerous studies, other characteristics of such crossovers remain
unknown. This study analyzed the crossover points in four sets of the ph1b-induced recombinants between
wheat homologues as well as between three wheat and rye (Secale cereale) homoeologous chromosome
arms, and compared them to crossovers between homologues in a reference wheat population. The results
show the Ph1 locus also controls crossing over of homologues, and the general patterns of homologous
(with Ph1) and homoeologous (with ph1b) crossing over are the same. In all intervals analyzed, homoeolo-
gous crossovers fell within the range of frequency distribution of homologous crossovers among individual
families of the reference population. No specific DNA sequence characteristics were identified that could be
recognized by the Ph1 locus; the only difference between homologous and homoeologous crossing over
appears to be in frequency. It is concluded that the Ph17 locus likely recognizes DNA sequence similarity;
crossing over is permitted between very similar sequences. In the absence of Ph1 dissimilarities are ignored,
in proportion to the level of the sequence divergence.

Keywords: crossing over, homology, homoeology, pairing control, Ph1 locus.

best known of these systems, even if not fully understood,

INTRODUCTION
is the Ph (pairing homoeologous) in polyploid wheats (Tri-

Polyploids face a serious challenge when it comes to
meiotic chromosome pairing. Only bivalent pairing
ensures regular reduction of the chromosome number,
and hence efficient production of gametes. In polyploids,
the presence of more than two set of chromosomes offers
a chance to pair into configurations greater than two, and
hence irregular disjunction in anaphase I. In autopoly-
ploids, little can be done about the problem, short of chro-
mosome differentiation, and this is a very slow process
(Doyle, 1986). Allopolyploids, on the other hand, are com-
posed of related (homoeologous) genomes and have
evolved genetic systems which restrict pairing to strictly
homologous, hence guaranteeing diploid-like behavior in
the first meiotic division (Jenczewski and Alix, 2004). The

ticum sp.) (Sears and Okamoto, 1958; Riley and Chapman,
1958).

The Ph system in wheat consists of several genes; two
major loci are Ph1on the long arm of chromosome 5B and
Ph2 on the short arm of chromosome 3D; there are also
several other small-effect loci on other chromosomes (Oka-
moto, 1957; Riley and Chapman, 1958; Mello-Sampayo,
1971; Sears, 1976; Sutton et al, 2003). While the actual
mechanism of their operation still remains unclear, when
present, they enforce strictly homologous pairing, meta-
phase | (MI) of meiosis shows only bivalents, and the
reduction of the chromosome number in anaphase | is
orderly. When absent, homoeologous pairing takes place,
with univalents and multivalents in MI, consequent uneven
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segregation of chromosomes, and hence aneuploidy, as
well as chromatin exchange among the genomes
(Sanchez-Moran et al., 2001). Of the two major genes, Ph1,
has a much stronger effect than Ph2; it is this locus that is
manipulated/disabled whenever homoeologous crossing
over (CO) is desired.

Ph1 is capable of recognizing even subtle differences
between chromosomes and may restrict pairing of homo-
logues (Dvorak and McGuire, 1981). Apparently, when Ph1
is disabled, the stringency of CO is relaxed and divergent
homologues as well as homoeologues, even when origi-
nating from different genera, can pair and cross over. In
chromosome engineering exercises in wheat a mutation of
Ph1, ph1b (in fact it is a deletion of a segment of chromo-
some 5BL with the locus, Gill et al., 1993), is commonly
used but a substitution of chromosome 5B, either by 5D or
by some other group-5 chromosome, is as effective. These
have been used to induce pairing of wheat chromosomes
with their homoeologues from related species, for exam-
ple, Hordeum vulgare, S. cereale, Haynaldia villosa,
Agropyron elongatum, various Aegilops species, and
others (Sears, 1981; Lukaszewski, 2000; Zhao et al., 2013;
Rey et al, 2015; Lukaszewski and Cowger, 2017; Zhang
et al., 2018; Danilova et al., 2019). The frequencies of such
phib-induced homoeologous CO vary widely. For chromo-
somes 4, 5, and 7 of Hordeum chilense they ranged from
3.3% to 7.5% (Rey et al., 2015); for the chromosome arms
2RS and 2RL of S. cereale matched with chromosome 2B
of wheat they were 0.6% and 16.3% (Lukaszewski et al.,
2004). Arms 2RS and 2BS are structurally different (not
fully syntenic); arms 2BL and 2RL are fully syntenic (Devos
et al., 1993).

COs induced by the absence of Ph1in wheat pose sev-
eral interesting questions. Perhaps the most important one
is: is there a qualitative difference between homo- and
homoeologous COs? If such a difference exists, what are
the general DNA landscape features that are recognized by
the locus? Apart from the CO frequency (considerably
lower between homoeologues than homologues), are the
same DNA sequences involved (such as ‘hot spots’), or
does the absence of Ph7 permit COs in new/different
regions of chromosomes? Is homologous CO in the
absence of Ph1 equivalent to that in the presence of Ph1?
So far it is only clear that apart from a virtual absence of
double COs in a chromosome arm, the general patterns of
COs along the chromosome length in Ph1and ph1b appear
to be similar (Lukaszewski, 1995; Lukaszewski et al., 2004;
Zhang et al., 2018).

In this study, we examine the effect of Ph7 on homolo-
gous CO frequencies in a defined segment of wheat chro-
mosome 1B, and compare genetic maps created by
homologous CO in three wheat chromosome arms with
Ph1 present, with genetic maps of the same chromosome
arms recombined with their homoeologues from rye

(S. cereale), in the ph1b background. While the results still
do not offer a clear answer as to the nature of the Ph sys-
tem in wheat, they do add some new elements to its char-
acteristics.

RESULTS
The effect of Ph7 on homologous crossing over

A total of 22 758 progeny chromosomes were scored for
the CO frequency in the terminal approximately 9.6-9.9-Mb
wheat segment of the T-9 wheat-rye translocation against
corresponding segments in chromosomes 1B from four
sources (Figure 1). Of these, 13 677 were in the Ph1 back-
ground (normal pairing control level) and 8081 in the ph1b
background. With Ph1 present, the CO rates for the tar-
geted wheat segment in individual chromosomes ranged
from 5.2% to 10.9% (average 8.6%) while in ph1b they ran-
ged from 18.9% to 25.8% (average 20.0%). In each case,
the absence of Ph1 significantly increased the CO fre-
quency, from 173% for chromosome 1By to 396% for
1B.c, with an average increase of 232% (Figure 1). The
observed CO rates in the absence of Ph7 were within the
range of frequency expected for the CO rate of identical
segments, inferred from the 43% metaphase | pairing fre-
quency of T-9 with 1BS of Pavon.

Genetic mapping with homoeologous and homologous
crossing over

All recombinants of homoeologous arms (1BS-1RS, 2BS-
2RS, and 2BL-2RL) generated in the absence of Ph1 were

T-9 1B
Gli-B1» N 1
bp ™

Po

b Crossover rate
Ph1 ph1b

>-< 1B,z 10.9%@3046) 18.9%(2551)

1Bgc  8.0%s047)  20.1%(2670)

18#55 8.39%(4974)  25.8%(526)"
1BLC 52%(610)  20.6%(2334)*

Total s.6%(13677) 20.0%(8081)**

N N

Figure 1. The structure of translocation T-9 and the crossover rates of its
terminal wheat segment with homologues 1B from four wheats, in Ph7 and
ph1b. The shaded area on the short arm of T-9 is occupied by a rye seg-
ment; the non-shaded area is from 1BS; it contains the Gli-B7 locus. The
wheat-rye distal translocation breakpoint is located between positions 9.56
and 9.96 Mb from the telomere. 1Byg, 1Bgg, 1B.c, and 1Byss stand for chro-
mosomes 1B from cvs. Henika (HE), Begra (BE), Little Club (LC), and an Ira-
nian landrace #55 (#55), respectively. **Xz test, P < 0.01; bp, breakpoint.
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selected cytologically by a change of phase between
telomeres and centromeres, and most of them were later
confirmed as single breakpoint translocations. They were
selected from very large populations, totaling approxi-
mately 35 000 individuals. Standard calculations of genetic
distances would produce genetic maps of a fraction of a
centiMorgan (cM) in length. To avoid this problem, as in
the two previous studies (Lukaszewski, 2000; Lukaszewski
et al., 2004), relative genetic map distances were used
here, with the total map length for each arm fixed at
50 cM, as expected for single COs.

For 1BS-1RS Recs, 128 recombinants were genotyped
by 31914 DArT-seq markers. Homozygous recombinants
were processed first; by comparison of Pavon 76, Pavon
1RS.1BL, and Pavon Dt1BL, 1083 markers were identified
as specific to 1BS and 999 markers as specific to 1RS.
After filtering, 724 1BS and 799 1RS high-quality markers
were retained to generate genetic maps. Recombinant T-
16 had a high proportion of missing data (32%) and was
excluded. A genetic map was generated by MSTMap
with 1507 markers sorted into 57 groups (Table S1); 16
markers (one for 1BS and 15 for 1RS) did not link to any
other markers and could not be placed on the map. As
expected, most recombinant chromosomes indeed
showed single translocation breakpoints. However, chro-
mosomes 1B+33, 1B+40, 1B+47, T-23, and T-75 showed
multiple breakpoints. Given the known structure of these
chromosomes multiple exchanges were unreasonable,
and as it was impossible to determine which of these
multiple exchange points suggested by markers were
real, these six chromosomes were excluded from further
analyses.

For 2BS-2RS Recs, 25 recombinants were genotyped.
Chromosomes 2BS+12 and 2RS-14 were excluded because
DNA markers identified no breakpoints. The 524 markers
polymorphic between Pavon and the Pavon 2RS.2BL
translocation line sorted themselves into 22 bins
(Table S1). With the assumed 50 cM total relative map
length, the average bin length was 2.27 cM; the average
marker density was 0.09 cM/marker.

For 2BL-2RL Recs, 88 recombinants were genotyped by
9208 DArT markers, 2061 of which were polymorphic
between Pavon and Pavon 2BS.2RL. Of these, 605 (257
specific to 2BL and 348 specific to 2RL) were used to
generate a genetic map consisting of 41 bins (Table S1).
Marker density based on relative genetic distances was
0.08 cM/marker. Nine recombinants (2BL+12, 2BL+33,
2BL+44, 2BL+52, 2RL-2, 2RL-18, 2RL-21, 2RL-38, and 2RL-
40) showed no breakpoints and were not included in the
map. Another five recombinants (2BL+18, 2RL-3, 2RL-9,
2RL-14, and 2RL-35) were excluded because they
appeared to show multiple breakpoints. Recombinant
2RL-12 appeared to be inverted at the end of the arm
generating what appeared as multiple breakpoints, and it

was also left out. The remaining 72 COs were classified
into 40 genetic intervals.

Individual COs were allocated to intervals between two
adjacent informative markers. There were 121 COs for 1BS-
1RS, 23 for 2BS-2RS, and 72 for 2BL-2RL, located in 56, 21,
and 40 genetic intervals, respectively (Table 1). The aver-
age number of COs per interval for the three pairs of arms
was 2.12, 1.10, and 1.80, respectively. Some recombinant
chromosomes 1BS-1RS and 2BL-2RL had up to 10 and 6
COs in a single interval, respectively, while in 2BS-2RS
only one interval had two COs (Table S1). This is likely a
consequence of a low number of mapped CO points in
2BS-2RS and their wide distribution along the chromo-
some arm.

Homologous COs in corresponding wheat arms (1BS-
1BS, 2BS-2BS, and 2BL-2BL) were identified in the refer-
ence nested association mapping (NAM) population
(Table S2). A summary of the numbers of recombinants
detected for each homologous arm is presented in Table 2.
Generally, a third of the total number of members in the
population for each arm had no detectable CO events.
Arms with single COs were the most frequent (39.4% for
1BS-1BS; 39.0% for 2BS-2BS; 34.5% for 2BL-2BL) followed
by arms with double COs and multiple COs. Chromosome
arm 1BS had a higher ratio of single COs than the remain-
ing two arms. Again, frequent multiple COs in a chromo-
some arm in wheat appear unrealistic but for lack of a
verification method they were retained in this analysis.

The average number of COs per line for 1BS arms in the
NAM population was 0.84, ranging from 0.52 (NAM29, 38
COs/73 lines) to 1.28 (NAM27, 95 COs/74 lines). For 2BS
and 2BL, the mean number of COs per line was 1.32 (rang-
ing from 0.75 to 1.63) and 1.21 (ranging from 0.69 to 1.75),
respectively. The total numbers of intervals across all ana-
lyzed NAM families were 348 for 1BS-1BS, 944 for 2BS-
2BS, and 920 for 2BL-2BL, while the average number of
COs per interval was 3.23, 2.61, and 2.44, respectively
(Table 2, Table S3). The maximum numbers of COs per
interval for 1BS, 2BS, and 2BL were 26, 24, and 19.

Physical mapping of homologous and homoeologous
crossover intervals

The genetic maps generated here, both by homologous
and homoeologous CO, were aligned with the DNA assem-
blies for the three chromosome arms using the DNA
sequence marker information. The lengths of the intervals
in which COs occurred were further narrowed down by
determining physical locations of redundant markers on
DNA assemblies, that is, markers completely linked to the
skeleton markers. However, at times the genetic interval of
a CO could not be mapped on a DNA assembly because of
an absence or evidently incorrect physical location of the
skeleton and redundant markers. In such (rare) cases,
physical intervals of such COs were incorporated into
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Table 1 A summary of the crossover intervals in the populations of homoeologous and homologous recombinants

Physical intervals*

Wheat as reference

Rye as reference

Recombinants No. of intervals Intervals Mean length Intervals Mean length Pvalue*

1BS-1RS 56 37 1.43 Mb 43 0.93 Mb 0.68
(65 bp-14.70 Mb) (244 bp-9.05 Mb)

2BS-2RS 21 21 1.63 Mb 19 1.92 Mb 0.91
(42.274 kb-5.27 Mb) (7.20 kb-7.78 Mb)

2BL-2RL 40 35 1.44 Mb 26 2.27 Mb 0.74
(18.692 kb-9.36 Mb) (0.359 kb-7.19 Mb)

1BS-1BS 348 280 9.06 Mb - - -
(2.33 kb-108.30 Mb)

2BS-2BS 944 815 6.20 Mb - - -
(46 bp-92.00 Mb)

2BL-2BL 920 823 7.99 Mb - - -

(0.63 kb-101.70 Mb)

*Paired sample t-tests were done for the lengths of interval sets with wheat and rye sequence assemblies used as references. Adjacent
physical intervals that contained different genetic intervals were merged to create a one-to-one match between the wheat and rye genomes.

Table 2 Distribution of crossovers (COs) per chromosome arm in the NAM population

Chromosome  Number of Number of Non-CO* Single-CO Double-CO Multiple-CO Total
arm families individuals individuals individuals individuals individuals Recs
1BS 19 1343 561 529 184 69 785
2BS 27 1865 457 728 442 238 1408
2BL 27 1861 590 642 423 206 1271

*CO = crossover

intervals between the two adjacent COs. As a conse-
quence, the number of physical CO intervals can be differ-
ent for the two reference assemblies while the total
number of COs remains the same (Table 1). The numbers
of COs in each genetic and physical interval of the homoe-
ologous recombinants are listed in Table S4. For illustra-
tion purposes, the middle position of an interval harboring
a CO was assumed as that CO's location.

The characteristics of individual homoeologous CO
intervals can be expressed in terms of either the wheat or
rye reference DNA sequence assemblies. The lengths of
the intervals ranged from a kb to an Mb in length and in
most cases, there was a good agreement between the
results obtained using the wheat and rye reference assem-
blies in term of both the order and the interval length (Fig-
ure 2; Table 1). However, there were several exceptions:
the shortest identified CO interval in the rye assembly
(0.24 kb) among 1BS-1RS Recs, with 10 COs, stretched
over 7 Mb along the wheat reference assembly. On the
other hand, the shortest CO interval (65 bp) of 1BS-1RS
Recs on the wheat reference assembly, with one CO,
merged with three other COs in the wheat reference
assembly and covered 583 kb along the rye reference
assembly. Due to inherent ambiguity in the DNA sequence
assemblies of both species, the shortest physical intervals

harboring COs in homoeologous recombination could not
be precisely established.

Physical locations of the homologous CO intervals in
each NAM family were determined using the wheat DNA
sequence assembly Ref 2.0 as the physical reference
(Table S5). For the chromosome arm 1BS, the average
interval length was 9062 kb, ranging from 2.33 kb (NAM13)
to 108.30 Mb (NAM17). For 2BS, the average interval
length was 6197 kb, while the shortest interval was 46 bp
(NAM27) located around the 25 Mb point and the longest
was 92 004 kb (NAM19) covering from 220 Mb to 312 Mb.
For 2BL, the shortest interval was 634 bp (NAM24) in the
vicinity of position 550 Mb while the longest was 101.7 Mb
(NAM18), from 456 Mb to 558 Mb, with an average length
of 7990 kb. The longest intervals with detected COs were
in the pericentromeric regions with lower marker coverage
and infrequent COs.

To plot the general distribution patterns of COs, chromo-
some arms were divided into 5 Mb intervals and propor-
tions of COs in any given interval in the total number of
COs in the arm were calculated (Figure 3). In homologous
recombination in 1BS and 2BL, essentially all COs (96%),
occurred in the distal halves of the arms, with approxi-
mately 70% of all COs concentrated in the regions stretch-
ing from 5 Mb to 50 Mb of the arms’ assemblies from the
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Figure 2. A comparison of genetic intervals with corresponding physical
intervals in homoeologous recombination 1BS-1RS, 2BS-2RS, and 2BL-2RL,
using wheat (1B, 2B) and rye (1R, 2R) sequence assemblies as references.
Linkage groups (LGs) 1, 2, and 3 represent genetic maps of the three pairs
of homoeologous arms constructed using relative genetic lengths. (a) 1BS-
1RS. (b) 2R-2B. (c) Boxplot of the lengths of physical intervals using wheat
and rye assemblies.

telomere. Within this general pattern, there were peaks of
higher CO frequencies in individual intervals, and the dis-
tribution of such peaks was different in different NAM fam-
ilies (Figure S1). In homoeologous recombination of 1BS
with 1RS and 2BL with 2RL the distribution pattern of COs
was very similar to that of homologous CO, with some
deviations in individual intervals. However, in no case the
frequency distribution peaks of homoeologous COs exceed
those observed in individual families of NAM (Figure 3).

Chromosome arm 2BS showed a somewhat different
pattern of CO distribution: while distal concentration of
homologous COs was evident (approximately 50% of all
COs occurred within the terminal 50 Mb of the 248 Mb
arm) COs occurred along most of the chromosome arm
and much closer to the centromere than in the other two
arms. In the 2BS-2RS recombination, there was no CO in
the terminal 46 Mb of the 2BS arm and all detected COs
were distributed more or less evenly along the rest of the
arm.

Collinearity of the three pairs of homoeologous
chromosome arms

Generally, there was a good fit of DNA sequences between
homoeologous chromosome arms, with few notable
exceptions (Figure 4). For 1BS versus 1RS, in a 180-Mb
portion of the sequence assembly analyzed in detail, the
level of collinearity varied. There appears to be an
inversion of approximately 10 Mb close to the telomere.

A 70-Mb segment immediately adjacent to the inversion
showed very high collinearity between 1B and 1R, and this
correlated with high CO frequencies. The rest of the two
arms (proximal approximately 170 Mb) showed lower
levels of collinearity, and low levels of CO, with the excep-
tion of a segment between 105 Mb and 120 Mb which was
highly collinear, appeared to be inverted, and had a high
CO rate.

In the 300-Mb terminal portion of the 2BS-2RS arms ana-
lyzed in detail, the arms were highly collinear, with the
exception of the terminal approximately 50 Mb with no
collinearity at all. This reflects the presence of a 6S segment
on rye chromosome 2R (Devos et al., 1993). Perhaps because
of high collinearity along the rest of the arms, COs were dis-
tributed quite evenly. In the terminal 300 Mb of the 2L arms,
some structural variation appeared to be present, with four
possible inversions at around approximately 620, approxi-
mately 690, approximately 730, and approximately 815 Mb,
respectively (Figure 4). The terminal 100 Mb of the 2BL-2RL
arms were highly collinear and this is where a majority of
COs were located. However, it needs to be pointed out that
the most proximal 100 Mb of the analyzed segment were
also highly collinear and no COs were formed there.

Characteristics of the crossover intervals

The general features of the CO intervals shorter than 50 kb
in length were referenced using the wheat or rye genome
assemblies (Table S4). All examined CO intervals for the
three arms where located in non-annotated (and presum-
ably non-coding) regions in the wheat genome assembly.
In the rye genome assembly almost all these intervals were
associated with gene regions, either inside an annotated
sequence or containing such a sequence, with two excep-
tions, one in 1BS-1RS Recs and one in 2BL-2RL Recs,
which did not involve annotated sequences. Only two
short CO intervals, interval 26/27 of 244 bp in length in
1BS-1RS Recs and interval 10 of 382 bp in 2BL-2RL Recs,
were within rye annotated genes, SECCE1Rv1G0006160
and SECCE2Rv1G0131880, respectively, of which neither
one has introns (Rabanus-Wallace et al., 2019). More than
one highly similar sequence was found for each of these
two genes on the corresponding wheat homoeologous
arms (1BS, 2BL) using the two interval sequences as
queries (Figure 5). For interval 26/27 of 1BS-1RS, two
homologous sequences were present, one located within
the corresponding 1BS physical interval and unannotated,
while the other one was close to the first one and located
within an annotated gene TraesCS02G1B02G053700 (Fig-
ure 5a). For interval 10 of 2BL-2RL, three homologous
sequences were located in the wheat 2BL sequence assem-
bly. One of these sequences was within the corresponding
2BL physical interval and unannotated; the other two
were outside the interval, with one of them close to the
first one and the other within an annotated gene
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TraesCS02G2B02G552900 (Figure 5b). All pairs of the
wheat-rye homologous sequences appeared to be GC-rich.
Thus, homologous 10-kb segments from the wheat and rye
genome assemblies were used to calculate the GC content
and sequence identity (Figure 5). The sequence similarity
peaks and the GC contents co-located within the pairs of
homologous sequences with dramatic declines on either
side. Moreover, both of the 10-kb wheat segments (1BS,
2BL) contained fully aligned homologous sequences cover-
ing the entire lengths of the two annotated rye genes (SEC-
CE1Rv1G0006160 and SECCE2Rv1G0131880) (Figure S2).

DISCUSSION

After some 60 years since the discovery of the Ph1 locus in
wheat, surprisingly little is known about it; even its precise
location and the mode of action are still a matter of dispute
(Griffiths et al., 2006; Bhullar et al., 2014). It is clear, how-
ever, that the locus, in some fashion, controls the strin-
gency of CO. Its absence, either as a deletion of a small
fragment of chromosome 5B (Gill et al, 1993) or as a
whole chromosome substitution, have been used for dec-
ades to induce CO between genetically divergent chromo-
somes, homoeologues. The original scheme for such
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chromosome engineering has been devised by E.R. Sears
(Sears, 1981) and is still used to this day.

The general pattern that emerges from these chromo-
some engineering efforts is that the homoeologous CO fre-
quency in the absence of Ph1 appears to be proportional
to the phylogenetic distance separating the two manipu-
lated chromosomes, and hence to the level of their diver-
gence/differentiation. In closely related homoeologues,
such as chromosomes of the A genome of wheat and the
A™ genome of Triticum monococcum, the absence of Ph1
produces homologous-like levels of CO and the resulting
genetic maps are essentially identical to those produced
by CO of homologues (Dubcovsky et al., 1995; Luo et al.,
2000). With distantly related chromosomes, such as
homoeologues from wheat and barley (Hordeum vulgare)
(Danilova et al., 2019; Rey et al., 2015) or wheat and rye
(Lukaszewski, 2000; Lukaszewski et al., 2004), the CO fre-
quencies are much lower, and are further reduced by any
structural differences, to the point where attempts at
induced recombination are futile (Lukaszewski et al., 2001).
At the same time, even within a single genome, such as
that of rye, there can be very wide variation in the fre-
quency of homoeologous pairing of individual chromo-
some arms with wheat (Naranjo et al., 1988; Naranjo and
Fernandez-Rueda, 1996) and consequent widely ranging
CO rates. Even for fully syntenic arms, such as 1RS of rye
versus 1S chromosome arms of wheat and 2RL of rye ver-
sus 2L of wheat, nearly a 40-fold difference in the CO fre-
quencies was observed (Lukaszewski, 2000; Lukaszewski
et al., 2004).

The only indication that Ph1 may affect homologous
chromosome pairing/CO in wheat was reported by Dvorak
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and McGuire (1981) but the effects were not fully quantified.
The quantification is presented here, in populations gener-
ated with four different chromosomes 1B tested against a
designated segment in a single tester. These data offer
several interesting observations. The range of variation in
the CO rate with Ph1 present was far greater than when it
was absent (more than twofold), and the chromosome
with the lowest CO rate in Ph1 showed the highest pro-
portional increase when Ph1 was removed (almost 400%).
Differences among individual chromosomes in ph1b were
small, and in all cases the CO rate was close to that pre-
dicted based on pairing frequency of identical segments
(that is, the wheat segment in T-9, originating from 1B of
Pavon with 1B of Pavon). It needs to be pointed out that
in ph1b several intralocus and unequal COs involving the
multigene Gli-B1 locus were recovered (Lukaszewski and
Brzezinski, 2003). In the NAM population used here as a
reference, there was considerable variation in the CO pat-
terns among individual families (Jordan et al., 2018). The
NAM population was created from hybrids of 28 wheats
with a single tester, very much the same as the set of four
1BS-T-9 populations tested here. The overall CO frequen-
cies in the 1BS arms among different NAM families were
not drastically different but the CO distribution patterns
were different.

In case of complete chromosomes such as those in the
NAM population, any CO event can be allocated to any-
where along the entire recombining portion of the arm. In
1BS versus T-9, CO was restricted to a small fraction (ap-
proximately 9.6-9.9 Mb) of the arm. The overall frequen-
cies of CO in 1BS among individual families of NAM did
not vary greatly perhaps because sufficiently similar CO
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Figure 5. Sequence features of wheat and rye reference genomes defined by two crossover intervals that occurred within an annotated gene on the rye refer-
ence genome. (a, b) Interval 26/27 of 1BS-1RS Recs and interval 10 of 2BL-2RL Recs. Pink boxes: Physical crossover intervals. Blue boxes: Annotated genes.
Dashed box: Best hits after BLAST. Line plots show the sequence features of the physical intervals on the rye assembly and their best hit sequences of the wheat
assembly, all expanded to 10 kb (5 kb on either side). Plots: Yellow line, the GC content of rye sequences; blue line, the GC content of wheat sequences; black

line: the similarity level of corresponding wheat and rye sequences.
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sites were present somewhere along the recombining
portions of the arms; in the small segment of T-9 available
for homologous recombination the choices were limited
and at times a CO could not be established. However, with
Ph1 removed, the CO frequencies were restored to levels
essentially identical to those in perfectly homologous
(identical) segments, in very much the same way as
between homoeologues from the A genome of wheat and
the A™ genome of T. monococcum (Dubcovsky et al., 1995;
Luo et al., 2000). This confirms that Ph1 is also capable of
recognizing differences between homologues; hence it reg-
ulates their behavior. When Ph1is removed, the CO rate of
non-identical homologous segments reaches the level of
identical segments. Apparently, Ph1 readily rejects poly-
morphic DNAs as candidates for CO even if these fall
under our definition of homology. In a self-pollinating
allopolyploid such as wheat, high CO stringency carries no
penalty. Even in spontaneous or artificial hybrids of wheat
there apparently is enough perfect DNA sequence homol-
ogy somewhere along the length of the recombining por-
tions of chromosome arms for successful establishment of
chiasmata, and hence regular disjunction in anaphase I.
With more divergent chromosomes, such as those from
related species (including two of wheat’s three diploid pro-
genitors) the choices may be few and the MI pairing fre-
qguency drops. In this sense, the distinction between
homologues and homoeologues appears too rigid. In fact,
it is probably a continuous variation, from identical to com-
pletely different DNA sequences. Up to some point on the
scale of the chromosome differentiation, sufficient
stretches of identical DNA sequences are present to com-
plete a CO. Beyond that point, restrictions apply and the
ability to CO start to drop, all the way to zero. Ph1, appar-
ently, moves the critical point on that scale to the left,
toward fewer differences, or, in other words, imposes far
more strict criteria for a CO formation. From what is known
about the requirements of the DNA sequence homology
and the substrate length for CO (Shen and Huang, 1986,
1989; Datta et al, 1997) it appears plausible that the
Ph1 locus may be involved in the intermediate steps
of heteroduplex formation, perhaps by rejecting too
divergent candidates or by directing its resolution toward
conversions.

If the Ph1 locus recognizes differences between chromo-
somes destined for CO and the frequency of the actual CO
reflects their level of differentiation at the DNA sequence
level, it would be of considerable interest to analyze the
general DNA landscape features recognized by the locus,
ranging from single-nucleotide polymorphisms to such
features as the frequencies/proportions or distribution of
various classes of DNA in candidate chromosomes.
Attempts were made here to compare frequencies/propor-
tions of various classes of DNAs in various intervals with
different CO frequencies, but given the interval lengths and

low CO numbers, all were inconclusive. The CO saturation
rates with homoeologous recombination, in chromosomes
of this size, are still too low for meaningful generalizations
on the DNA landscape in CO. On the one hand, there is
also some ambiguity as to actual location of the CO points.
Imprecision in marker scoring lowers the resolution: in
most cases in the reference populations of homologous
recombinants the actual location of any given exchange
point is only a statistical function, as opposed to a biologi-
cal reality.

The only level of analysis that offers a reasonable level
of confidence is the general pattern of distribution of the
CO points along chromosome arms. In two of the three
chromosome arms studied here, the pattern of the CO dis-
tribution in homoeologous pairs (1BS versus 1RS, 2RL ver-
sus 2BL) was essentially the same as in homologous
recombination, whether detected by mapping of the physi-
cal attributes of chromosomes (Lukaszewski and Curtis,
1993) or DNA polymorphisms (Jordan et al., 2018). The res-
olution difference between the two approaches did not in
any way affect the outcome; the curves of the CO distribu-
tion are the same: there is no CO in the vicinity of the cen-
tromere, and all, or almost all, CO is concentrated in the
distal halves of the arms, increasing in frequency toward
the telomere. In physically long arms, there can be two
peaks of the CO frequency, separated by the positive CO
interference distance (Lukaszewski and Curtis, 1993). The
2RS-2BS arms deviated from this general pattern: there
were no COs in the distal portion of the 2BS arm. This is
easily explained by a structural difference (Devos et al.,
1993). More interesting is an almost even distribution of
COs along the rest of the arm. Originally this pattern was
attributed to that structural difference in the terminal
region which might have altered the pattern of synapsis
and CO formation in the rest of the arm (Lukaszewski et al.,
2004). This study shows that a fairly even distribution of
CO is a feature of the 2BS arm itself (no map of the physi-
cal distribution of CO in 2RS is yet available) and it appears
related to the level of differentiation along the arm (Fig-
ure 4). Of the three arms tested, two showed considerably
greater differentiation in the proximal than in distal halves,
and COs were located distally. In 2BS-2R, the level of
collinearity in the proximal half was high and COs were
distributed almost evenly along the arms.

The results of this study, as well as those of Zhang et al.
(2018), demonstrate clearly that the change in the Ph1 sta-
tus (Ph1 versus ph1b) does not affect the CO pattern in a
chromosome arm; only its frequency. In all cases here, the
distribution of homoeologous CO, while at times differing
in individual intervals from the average for the entire refer-
ence wheat population, never strayed beyond the range of
variation for homologous COs in PhT among different fam-
ilies of NAM (Figure 3, Figure S1). The general pattern was
always the same, whether for homologues, such as in the
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NAM population, for closely related homoeologues such
as 2SS of Aegilops speltoides and 2BS of wheat (Zhang
et al., 2018), or distantly related such as chromosomes of
rye and wheat here, CO was concentrated in the distal
regions of chromosome arms and absent in the vicinity of
the centromere.

This study was not particularly successful in detailed
characterization of the DNA sequences involved in homoe-
ologous CO. While the starting numbers of DNA polymor-
phisms were high, considerable ambiguity inherent is their
scoring reduced their numbers to relatively few. Conse-
quently, in a majority of cases individual COs could be
allocated only to sizable bins on the DNA reference assem-
blies. These bins ranged in length between 65 bp and
14.7 Mb. The same problem was faced by Zhang et al.
(2018), with COs allocated to bins ranging in length from
0.04 to 157 Mb of the wheat reference assembly. Unlike
Zhang et al. (2018), this study had access to the reference
rye DNA assembly, but this only generated additional com-
plication of interpretation when in some segments the two
assemblies, wheat and rye, were non-collinear. As the CO
intervals were quite long a detailed analysis of their DNA
features was possible in only a few cases. Interestingly,
when the wheat DNA assembly was used as the reference,
all COs appear to have occurred in non-coding (or, rather,
non-annotated) sequences. When the rye assembly served
as the reference, a majority of the few analyzed COs
occurred either in coding (annotated) DNA sequences or in
intervals which included such sequences. Unfortunately,
with so few intervals analyzed in detail, no generalization
appears plausible.

The highest resolution so far in allocation of a homoeol-
ogous CO event to a specific DNA sequence was reported
for 5BS-5DS recombinants induced by the ph7b mutation
in wheat (Ibba et al., 2019). Four independent CO events
were narrowed down to a 39-bp fragment identical
between the two donors. The length of the segment is sur-
prising given that CO, at least in yeast, is strongly affected
by mismatches and if such are present, conversions are a
far more likely outcome (Datta et al., 1997). However, as
speculated above, in the absence of Ph1 such differences
are probably overlooked, and a CO probably progresses all
the way to its conclusion. Far more surprising was that
four independent events were recovered in a single stretch
of 39 bp, in chromosome arms that are hundreds Mb in
length. However, in this study, the shortest interval harbor-
ing a homologous CO was 46 bp and for a homoeologous
one it was 65 bp.

In most cases the patterns of the CO distribution gener-
ated by referencing the two DNA assemblies were similar.
This indicates that the CO points on wheat and rye chro-
mosomes were in corresponding positions and there
appear to be no independent hotspots on either wheat or
rye chromosomes.

The density of polymorphic markers on the 2B arm in
this study was similar to that in the study of Zhang et al.
(2018), who reported the physical size of the intervals rang-
ing from 0.04 to 150 Mb, which is significantly larger than
any set of recombinants in this study (Table S4). Physical
sizes of the CO intervals in the NAM population were at
the same orders of magnitude as the Recs population here
(Table 1, Table S5), although the NAM population was
genotyped by sequence-based genotyping coupled with
wheat 90K SNPs (Jordan et al, 2018). Additionally, all
wheat-rye recombinants here were verified cytologically
even if some of them were not identified by DNA markers.
Within the resolution in this study, we were able to explore
the general distribution of CO under the effects of non-
functional Ph1 but not the DNA sequence features inside
CO intervals.

In conclusion, the absence of Ph1 is likely the wild-type
condition where regular pairing and CO between divergent
homologues is permitted (and advantageous). Pairing of
homoeologues is constrained by the level of their diver-
gence. Ph1 appears to react to the DNA sequence diver-
gence and restricts COs to identical or very similar
sequences. This is highly beneficial in polyploids. The
locus does not appear to affect to any detectable extent the
general CO landscape; the distribution of COs involving
homoeologues induced in the absence of Ph1 is the same
as that of homologous CO generated with Ph1 present.
Clearly, the same chromosome regions recombine in both
cases. The only change is in frequency, and that appears
to depend primarily on the level of chromosomal diver-
gence.

EXPERIMENTAL PROCEDURES
Plant material

All stocks used in this study were generated in T. aestivum L. cv.
‘Pavon 76, a spring white hard wheat from the breeding program
at the Centro Internacional de Mejoramiento de Maiz y Trigo (CIM-
MYT), Mexico. For a study of homologous CO, substitutions of
chromosomes 1B from four wheats, cvs. Henika (abbreviated HE),
Begra (BE), Little Club (LC), and an Iranian landrace #55 (#55) in
Pavon were combined with Pavon ph1b. These lines, with substi-
tuted chromosomes 1B and with Ph1 or ph1b, were crossed to
two lines of Pavon T-9 with Ph1 or phib. T-9 is a wheat-rye
translocation (Lukaszewski, 2000) with the breakpoint located
between DNA markers at positions 9.56 and 9.96 Mb, and hence
the wheat segment is no longer than 9.96 Mb and is terminal; the
rest of the arm is from rye chromosome arm 1RS (Figure 1).
Heterozygotes T-9 with each of the four substituted chromosomes
1B, homozygous Ph1, or phib, were backcrossed as male to
Pavon Dt1BL lines (lines missing chromosome arm 1BS), and
recombined chromosomes were selected. All selection was per-
formed by C-banding, utilizing polymorphism for the terminal C-
band between T-9 and each of the four chromosomes 1B and the
presence/absence of the rye segment.

Three sets of wheat-rye homoeologous recombinants (1BS-
1RS, 2BS-2RS, and 2BL-2RL) were developed previously by
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induced recombination between wheat and rye homoeologues, in
the absence of the PhT1 locus (Lukaszewski, 2000; Lukaszewski
et al., 2004). Additional recombinants 1BS-1RS and 2BL-2RL were
selected from the leftover populations in the earlier studies. Selec-
tion was performed by C-banding, utilizing C-band polymorphism
between wheat and rye chromosome arms. Each chromosome is
a single breakpoint translocation, composed of a rye and a wheat
segment. As before, recombinant chromosomes were classified
into two types based on the configuration of the wheat and rye
segments: chromosomes with designation T- have proximal rye
and terminal wheat segments; designation B+ represents chromo-
somes with proximal wheat and terminal rye segments.

The set of 1BS-1RS recombinants consisted of 128 chromo-
somes, of which 108 were available as homozygotes and 20 were
hemizygous (present in a single copy with chromosome arm 1BL).
Including the newly selected recombinants, the 2BL-2RL set con-
sisted of 88 chromosomes, all monosomic. The set of 2BS-2RS
recombinants consisted of 25 chromosomes, all homozygous. The
three sets of recombinants are referred to as 1BS-1RS Recs, 2BS-
2RS Recs, and 2BL-2RL Recs, respectively.

Genotyping

Recombinants 1BS-1RS and 2BL-2RL, along with their parental
lines, were genotyped by DArT-seq at the Diversity Arrays Tech-
nology (DArT, Canberra, Australia). Genomic DNA from each line
carrying a recombinant chromosome was extracted from young
leaves using the DNA extraction method recommended by the
Diversity Arrays Technology. Recombinants 2BS-2RS and their
parental lines were genotyped by the wheat 90K Illumina iSelect
SNP arrays (https://www.illumina.com/), courtesy of Dr. X. Chen,
USDA-ARS, Fargo ND, USA.

Construction of genetic maps

Genetic maps of 1BS-1RS Recs, 2BS-2RS Recs, and 2BL-2RL Recs
were constructed for each pair of arms. Each recombinant chro-
mosome arm contains a segment from a wheat arm of Pavon 76
and a segment from a rye chromosome. Wheat- and rye-specific
DNA markers were identified by comparing the genotypes of the
parental lines: Pavon 76 versus the Pavon translocation line from
which recombinants were generated (1RS.1BL, 2RS.2BL, 2BS.2RL,
respectively). Wheat-specific markers were present in Pavon 76
and absent in the respective translocation line, and vice versa for
the rye-specific markers.

Markers were disregarded in the following situations: (i) missing
frequency above 20%; (ii) allele frequency above 60%; (iii) allele fre-
quency below 40%. Genetic maps were generated by the MSTMap
online (http://www.mstmap.org/) with default settings. For the 1BS-
1RS Recs, due to the dosage difference between homozygotes and
heterozygotes, the genetic map was first generated for homozy-
gotes only; hemizygotes were fitted into the map manually.

As a control for homoeologous CO genetic maps for the wheat
NAM population were used, with access to data (http:/wheatge
nomics.plantpath.ksu.edu/nam/), and some data filtering kindly pro-
vided by Drs. E. Akhunov and K. Jordan, Kansas State University,
Manhattan, KS, USA. The NAM population consists of 28 recombi-
nant inbred line (RIL) families created by self-pollination for seven
generations of hybrids of 28 spring wheat accessions with one com-
mon landrace ‘Berkut’. Since all RILs share one parent, the popula-
tion is ideal for studying CO of any specific chromosome arm with
different homologous arms. This NAM population was genotyped
by the sequence-based genotyping (Jordan et al., 2018). The skele-
ton map of each chromosome in each line contains skeleton mark-
ers, those with the least missing data for each genetic bin, and these

markers were used in this study to identify chromosome intervals
containing homologous CO points. Skeleton markers for specific
chromosome arms (1BS, 2BS, and 2BL) were identified by locating
them on the CS DNA sequence assembly 2.0 kindly provided by Drs.
M.C. Luo and T.T. Zhu, University of California Davis, CA, USA. Co-
segregation of markers with no more than 15% missing data were
then used to narrow down the physical intervals of COs. Skeleton
markers on specific arms were selected by mapping their physical
locations according to the chromosome partitioning in International
Wheat Genome Sequencing Consortium et al. (2018) which define
the 1BS arm as 0-172 Mb, the 2BS arm as 0-248 Mb, and the 2BL
arm as 433-820 Mb.

Crossover detection among the Recs and NAM
populations

Because of the mode of selection (change in phase between the
telomere and the centromere), all Recs chromosomes are single
breakpoint translocations, and hence, each has a single change of
phase, from wheat to rye. In most cases, this was confirmed by
in situ probing with total genomic DNA of rye. No multiple COs
per arm were expected and none were detected. With wheat- and
rye-specific markers for each pair of arms, each change of phase
(a CO) could be allocated to an interval between two adjacent
markers, both wheat, both rye, or one of each.

The 28 families of the NAM population contain a total of 2100
RILs. The numbers of COs per chromosome arm in the NAM pop-
ulations were not known in advance and no a priori assumptions
were made. Genetic maps of the NAM population (Jordan et al.,
2018) were used to identify homologous CO points in chromo-
some arms 1BS, 2BS, and 2BL, with Ph1 present. Precise identifi-
cation of these CO points was seriously complicated by large
numbers of the so-called singletons, mis-scored markers, and
absent data. Given low chiasmata frequencies in wheat and a very
strong positive chiasma interference, the probability of two COs
flanking a single DNA marker appears inestimably low. These
were ignored. For the sake of this study, a phase change involving
two consecutive markers was interpreted as a double CO, even
though it is obvious that with a very large number of singletons,
many doubletons represent two consecutive mis-scored markers.
For the 1BS arm, only 19 families with 1343 RILs had sufficient
numbers of skeleton markers (17-32 per arm in a family), and
hence only 19 genetic maps were created. The remaining nine
families probably include one parent with the 1RS.1BL transloca-
tion and were useless in the current study.

For chromosome 2B, the NAM20 family appeared to carry a rye
insert in 2BL, and it was excluded from analyses for both 2B arms.
Therefore, for chromosome 2B, 27 families were used as reference
maps.

Physical localization of crossover intervals

DNA sequence-based markers used in the construction of the
genetic maps were aligned against the Chinese Spring DNA
sequence assembly 2.0 by blastn-2.7.1 (https://www.ncbi.nIlm.nih.
gov/books/NBK279680). The best hits using default settings were
retained. This created a physical map for each chromosome.
Markers were ordered by genetic distance. Redundant markers
(that is, markers that were non-informative in the map construc-
tion) were used to narrow down the CO intervals. Pre-publication
access to the rye DNA assembly and annotation was kindly pro-
vided by Drs. N. Stein and M. Wallace of the Leibniz Institute of
Plant Genetics and Crop Plant Research, Gatersleben, Germany.
TBtools v0.66831 (Chen et al., 2020) was used for sequence infor-
mation extraction.
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Ideally, all CO intervals along chromosome arms should appear
in the same order on genetic and physical maps. However, in
some cases these orders were different, for several reasons,
including possible differences between chromosomes used in
genetic mapping versus those used in sequencing, and vagaries
of the algorithms used to create the maps and DNA assemblies.
For the purpose of this study, the genetic order of markers was
taken as standard. Within blocks of redundant markers, those that
did not fit into a physical region with the majority of other redun-
dant markers were discarded.

Collinearity of homoeologous chromosome arms

The DNA sequence collinearity of the three pairs of homoeolo-
gous chromosome arms was compared by MuMmer 3.0 (http://
mummer.sourceforge.net/) (Kurtz et al., 2004).

DNA sequence features of the crossover intervals

The general genic features of the CO intervals with physical
lengths below 50 kb were identified using the IWGSC RefSeq
v1.1 and the rye annotation. Intervals inside a gene region
were further analyzed for their sequence features. Sequences of
intervals and their host genes were blasted against the homoe-
ologous genome assembly databases. The distribution of the
GC content was measured by a sliding window of 100-bp and
10-bp steps with the Python script. Wheat and rye sequence
similarities were also calculated by a sliding window of 100-bp
and 10-bp steps with the Python script after alignment with
DNAMAN v8.0. Graphical representations were constructed
using the R package ggplot2 (v.2.2.1) (Wickham, 2016).

Statistics

Proportions of recombined homologous segments in the T-9
translocation in the total numbers of chromosomes tested in Ph1
and ph1b were compared by the y2 test. R3.6.1 (https://cran.rstud
io.com/) was used to carry out the paired-sample t-test analysis of
paired sets of physical length of intervals of three studied arms
referring to wheat and rye assemblies.
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