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Abstract

Although a distinct karyotype with defined chromosome number and structure characterizes each biological species, it is
intrinsically labile. Polyploidy or whole-genome duplication has played a pervasive and ongoing role in the evolution of all
eukaryotes, and is the most dramatic force known to cause rapid karyotypic reconfiguration, especially at the initial stage.
However, issues concerning transgenerational propagation of karyotypic heterogeneity and its translation to phenotypic
diversity in nascent allopolyploidy, at the population level, have yet to be studied in detail. Here, we report a large-scale
examination of transgenerationally propagated karyotypic heterogeneity and its phenotypic manifestation in an artifi-
cially constructed allotetraploid with a genome composition of AADD, that is, involving two of the three progenitor
genomes of polyploid wheat. Specifically, we show that 1) massive organismal karyotypic heterogeneity is precipitated
after 12 consecutive generations of selfing from a single euploid founder individual, 2) there exist dramatic differences in
aptitudes between subgenomes and among chromosomes for whole-chromosome gain and/or loss and structural varia-
tions, 3) majority of the numerical and structural chromosomal variations are concurrent due to mutual contingency and
possible functional constraint, 4) purposed and continuous selection and propagation for euploidy over generations did
not result in enhanced karyotype stabilization, and 5) extent of karyotypic variation correlates with variability of phe-
notypic manifestation. Together, our results document that allopolyploidization catalyzes rampant and transgeneration-
ally heritable organismal karyotypic heterogeneity that drives population-level phenotypic diversification, which lends
fresh empirical support to the still contentious notion that whole-genome duplication enhances organismal evolvability.

Key words: allopolyploidy, meiotic chromosome instability, karyotypic heterogeneity, phenotypic diversity,
progenitor genomes, wheat.

CIN is likely consequential to plant evolution. Consequently,
for CIN to play a role in plant evolution, it needs to occur in
gametophytes and is meiotically heritable.

Polyploidy, or whole-genome duplication (WGD), is a driv-
ing force in the evolution of all eukaryotes but especially
pervasive in flowering plants (Otto and Whitton 2000; Jiao

Introduction

Every species has a defined karyotype with an evolved com-
bination of chromosome number and structure, known as
karyotype (Stebbins 1950). Thus, persistently ongoing alter-
ations of chromosome number and structure, that is, numer-

ical and structural chromosome instability (CIN) (Dion-Cote
et al. 2015; Bakhoum and Landau 2017), has severe pheno-
typic and fitness consequences and may lead to species ex-
tinction or catalyze saltational evolution. Somatic CIN is
increasingly recognized as a central player in tumorigenesis
and cancer metastasis (Dewhurst et al. 2014). Thus, under-
standing causes and consequences of somatic CIN is of vital
importance in cancer research.

In contrast to the immediate physiological and phenotypic
manifestations of somatic CIN in cancer, only organismal level

et al. 2017; Soltis et al. 2015; Wendel 2015; Van de Peer et al.
2017). Polyploidy encompasses two broad categories, auto-
polyploidy and allopolyploidy, with the former referring to
doubling of a single species genome and the latter to
duplication of merged genomes from two or more species.
Thus, while autopolyploidy in theory can be a genetically
pure line, allopolyploidy is an interspecific hybrid at an
elevated ploidy level. Both types of polyploidy are known
to instigate the occurrence of CIN and foster their per-
petuation (Chen 2007; Otto 2007; Doyle et al. 2008;
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Feldman and Levy 2009, 2012; Parisod et al. 2009; Geiser et al.
2016). Conceivably, while numerical chromosome alterations
(i.e, aneuploidy) are often, and perhaps inevitable, incidents
associated with both categories of allopolyploidy, structural
chromosome alterations occur more frequently in allopoly-
ploidy due to more prone occurrence and less catastrophic
consequences of rearrangements between homeologous chro-
mosomes than between nonhomologous chromosomes. The
primary cause for polyploidy-generated or -facilitated CIN in
both number and structure is due to compromised function-
ality of the otherwise fine-tuned meiotic machinery under the
acutely doubled genomic environment (Lloyd and Bomblies
2016). Nevertheless, the success of vast polyploid species sug-
gests that meiotic machinery per se is evolvable and can be
adapted to handle a suddenly doubled chromosome comple-
ment (Bomblies et al. 2015; Hollister 2015), as empirically
documented recently (Yant et al. 2013; Wright et al. 2015).
Genome evolution due to WGD has become a burgeoning
research field in recent years (Van de Peer et al. 2017). It
becomes increasingly clear that WGD is more than doubling
the nuclear genome dosage alone; rather, it generates exten-
sive alterations de novo in genome and transcriptome, and
their attendant downstream alterations in nearly all aspects
of molecular, cellular, physiological and morphological phe-
notypes (Schoenfelder and Fox 2015). In particular, it has
been shown in diverse plant taxa that allopolyploidization
in particular may trigger rapid and extensive genetic and
epigenetic changes at the molecular level primarily due to
the effect of hybridization (Doyle et al. 2008), consistent with
the “genome shock” hypothesis proposed by McClintock
(1984) decades ago. Disproportionate to the rapid advances
in genomic and molecular investigations, the issue concerning
karyotype evolution immediately following allopolyploidy is
less explored. For example, although it was found that rapid
changes in chromosome number and/or structure may occur
in both synthetic and naturally occurred nascent plant allo-
polyploids (Pires et al. 2004; Lim et al. 2008; Xiong et al. 20171;
Chester et al. 2012, 2013; Zhang, Bian, Gou, Zhou et al. 2013),
issues concerning origin, prevalence and transgenerational
propagation of karyotypic alterations, as well as their effects
on population-level phenotypic diversification have not been
investigated in detail. However, understanding the immediate
impacts of polyploidy on karyotypic evolution is important
because it can be a driving force underpinning the widely
observed molecular level genetic, epigenetic and gene expres-
sion changes (Chen 2007; Doyle et al. 2008; Van de Peer et al.
2017). An added significance to explore the transgenerational
dynamics of karyotypic alteration (i.e, the evolutionary tra-
jectories of karyotypic evolution) lies in the fact that evolved
karyotypic stabilization is an essential property for nascent
polyploidy to be persistent over evolutionary timescales and
contribute to species diversification. Furthermore, knowledge
gained regarding the extent and trend of karyotypic evolu-
tion, its transgenerational heritability and phenotypic conse-
quences, as well as the mechanisms whereby karyotype
stabilization can be achieved in newly formed polyploids
may provide useful clues to more judicious utilization of

the synthetic hybridization/allopolyploidization strategy for
crop improvement (Mason and Batley 2015).

Common wheat (Triticum aestivum L, ggnome BBAADD)
is a young allohexaploid species harboring three subgenomes
originated from three diploid progenitor species of the
Triticum—Aegilops complex (Feldman et al. 1995; Dubcovsky
and Dvorak 2007). There are two sequential allopolyploidiza-
tion events associated with the speciation of common wheat.
The first event occurred ca. 0.5 Mya involving allotetraploid-
ization between two diploid species, Triticum urartu (AA) and
a yet unidentified or extinct goat—grass species closely related
to the Sitopsis section (SS ~ BB) of Aegilops (El Baidouri et al.
2017), which gave rise to the speciation of tetraploid emmer
wheat, T. turgidum (Dvorak 1976). Then, the second event
occurred only ca. 8,000 years ago involving hybridization of a
primitive domesticated form of T. turgidum (BBAA) with the
Tausch'’s goatgrass, Ae. tauschii (DD), led to the speciation of
common wheat (Kilian et al. 2007). We have reported re-
cently that while T. aestivum as an evolved species contains
a highly stabilized karyotype constituted by the three distinct
subgenomes, only one of the three artificially constructed two
progenitor—genome combinations at the tetraploid level is
karyotypically stable (Zhang, Bian, Gou, Dong et al. 2013).
Specifically, only synthetic allotetraploid wheats with the ge-
nome combination of SSAA (S~ B) is stable in karyotype
while those with either SSDD or AADD genome combina-
tions are highly unstable in both chromosome number and
structure (Zhang, Bian, Gou, Dong et al. 2013). However,
many important questions concerning numerical and struc-
tural chromosome instabilities in nascent allopolyploidy re-
main unclear. For example, how prevalent are the numerical
and structural chromosome variations? Are the two types of
chromosomal instabilities intrinsically correlated due to com-
mon origin and/or functional connectivity? Are the karyo-
typic  variations  heritable and  transgenerationally
accumulative? What is the phenotypic manifestation of the
transgenerationally precipitated karyotypic heterogeneity? Is
it possible for a karyotypic stabilization mechanism to evolve
rapidly in the initially unstable genome combinations?

Here, we sought to address some of these questions using
an artificially constructed allotetraploid wheat with a genome
combination of two of the three polyploid wheat progenitor
genomes, A and D. We present the results of in-depth char-
acterization of transgenerationally precipitated numerical
and structural chromosome variations in a large cohort con-
taining 1,462 random individuals descended from a single S2
euploid founder plant of this synthetic allotetraploid wheat.
Together with karyotyping of an independent single seed-
descended multigenerational lineage constituted by inten-
tional selecting and propagating of one euploid individual
at each generation, our results document the remarkably ex-
acerbated karyotypic evolvability of newly formed allopoly-
ploidy and its highly penetrating phenotypic effects. The
constructed transgenerational lineage for a synthetic allote-
traploid involving two progenitor genomes of polyploid
wheat (A and D) with exact pure-line diploid parents and a
single euploid founder origin may serve as a uniquely
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tractable system to address fundamental issues germane to
polyploid genome evolution and speciation.

Results

Massive Karyotypic Variations Are Precipitated after
12 Consecutive Generations of Selfing from a Single
Euploid Founder Individual of the Synthetic
Allotetraploid Wheat with a Genome Combination
of AADD
The study system concerns a synthetic allotetraploid wheat
with genome AADD, produced by hybridization followed by
WGD of two diploid progenitor species of polyploid wheat,
Triticum urartu (genome AA) and Aegilops tauschii (genome
DD) (fig. 1A). A cohort of 1,462 random individual plants at the
S12 generation, which were descended from a single S2 euploid
founder plant of the synthetic allotetraploid wheat (genome
AADD) (fig. 1B) were karyotyped by using a sequential FISH
and GISH protocol (Zhang, Bian, Gou, Zhou et al. 2013).
Notably, in no case somatic CIN, that is, occurrence of CIN
among the somatic cells within a given individual, was
detected, indicating normal mitosis in all these tetraploid
plants, and therefore any chromosomal variation detected
should be rooted to abnormal meiosis. Of these plants, only
264 (18.1%) were bona fide euploids with a karyotype identical
to the founder plant containing the expected parental chro-
mosomal additivity (2n=28) with no discernible structural
changes at the molecular cytogenetic resolution (fig. 1A and
C). The majority of the remaining individuals were either eu-
ploidy (2n=28) but containing readily detectable structural
alterations (461 individuals, 31.5%), or various types of numer-
ical chromosome changes (aneuploidy) together with struc-
tural alterations (605 + 42 + 64 43 = 714 individuals, 48.8%)
(fig. 1C). Notably, a predominate proportion of the aneuploi-
dies (14+605=619, 423% of the 1462 plants) were
“compensated polyploidy” (Chester et al. 2012) in the sense
that they contained the euploid chromosome number
(2n =28) but with at least one chromosome being deviated
from the modal two copies (fig. 1C). Importantly, the vast
majority of these compensated aneuploidies also contained
structural variations, and only 14 plants showed numerical
changes only (i.e, containing no detectable structural changes).
Relatively small proportions of aneuploid plants contained out-
lier chromosome numbers from the modal number of 28, with
50 (3.4%), 65 (4.4%), and 3 (0.2%) plants harboring chromo-
some numbers of 2n =27, 29, and 30, respectively (fig. 10).
Strikingly, the numerical and structural chromosomal
alterations as well as their combinations have led to extensive
karyotypic heterogeneity at the organismal level in these
plants descended from a single euploid founder individual
after just 12 generations of propagation via selfing without
selection (fig. 1B). Specifically, out of the 1,462 analyzed indi-
viduals, there were 15 karyotypes with different chromosomal
contents (aneuploidies) only, 204 karyotypes containing dif-
ferent structural chromosome alterations only, and 558 kar-
yotypes containing different combinations of numerical and
structural chromosome alterations (fig. 1G supplementary
table S1, Supplementary Material online). Altogether, 777
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distinct karyotypes with regard to either or both numerical
and cytologically discernible SCVs were generated among a
cohort of 1,462 allotetraploid plants that were randomly
propagated from a single euploid karyotype over the span
of only 12 successive generations of selfing. These observa-
tions point to the remarkable karyotypic evolvability due to
ongoing meiotic CIN when the A and D progenitor genomes
of polyploid wheat were brought into a common nucleus by
artificial allotetraploidization.

Different Aptitudes between Subgenomes and among
Chromosomes for Whole-Chromosome Gain

and/or Loss

The foregoing results demonstrated that massive alterations
of chromosomal copy number, that is, aneuploidy, occurred
in half (50.4%) of the 1,462 karyotyped synthetic allotetra-
ploid wheat individuals (fig. 1C), and all 14 chromosomes of
the two subgenomes (A and D) were involved in numerical
changes in the range of 0 to 4 copies (fig. 2A). A question to
ask is: Are the two subgenomes each as a whole and their
respective constituting chromosomes (seven for each subge-
nome) possess similar or different propensities towards
whole-chromosome gain and/or loss, that is, numerical chro-
mosome variation (NCV)? Results showed that there existed
dramatic differences both between the two subgenomes each
as a whole and among all the chromosomes of both subge-
nomes with respect to NCV. First, subgenome A showed a
significantly higher aptitude for chromosome gain (triso-
my + tetrasomy) than loss (monosomy + nullisomy) (Chi-
squared test, P=1.05E—65) while subgenome D showed
the opposite trend, that is, more chromosome loss than
gain (Chi-squared test, P=1.05E—65) (fig. 2A and B).
Second, chromosomes within a given subgenome were mark-
edly variable towards gain and/or loss. Specifically, 1) among
the seven subgenome A chromosomes, 2A (33.5%), 3A
(30.1%), and 6A (27.5%) showed significantly higher frequen-
cies for gain than the remaining four chromosomes, 1A
(1.1%), 4A (1.4%), 5A (1%), and 7A (5.4%) (Chi-squared test,
P=3.86E—168), and chromosomes 2A (33.8%) and 3A
(35.6%) showed significantly higher frequencies of loss than
the rest five chromosomes (Chi-squared test, P=5.70E—48)
(fig. 2B); 2) among the seven subgenome D chromosomes, 2D
(35.0%), 3D (32.3%), and 6D (25.6%) showed significantly
higher frequencies for loss than the rest four chromosomes,
1D (1.1%), 4D (0.1%), 5D (0.3%), and 7D (5.6%) (Chi-squared
test, P=5.59E—179), and chromosomes 2D (37.5%) and 3D
(35.2%) showed higher frequencies of gain than the rest five
chromosomes (Chi-squared test, P= 1.23E—52) (fig. 2B); 3)
across both subgenomes, two pair of homoeologous chromo-
somes, 4A/4D and 5A/5D, showed the lowest frequencies for
both gain and loss, especially, no plant was found to be
nullisomy or tetrasomy for any of these two pairs of homeol-
ogous chromosomes (fig. 2B), suggesting either these four
chromosomes are fully stable during meiosis or they carry
essential genes (which are dosage-sensitive) for normal game-
tophytic or zygotic development, with null or double-dosage
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Fic. 1. The plant system, standard allotetraploid and parental karyotypes, propagation strategy, and variable karyotypic compositions of a cohort
of 1,462 randomly sampled individuals at the 12th selfed generation (S12) propagated from a single S2 founder euploid individual of a synthetic
allotetraploid wheat. (A) Spike morphology and FISH/GISH-based standard karyotypes of the S2 founder euploid individual of the artificially
constructed allotetraploid wheat (genome AADD) and its diploid parental species, T. urartu (genome AA) and Ae. tauschii (genome DD).
(B) Diagrammed strategy for transgenerational propagation of a random population containing a cohort of 1,536 plant individuals constituting
the S12 population, which were descended from the single euploid founder plant (karyotype shown in A) of the S2 generation. (C) Karyotypic
compositions of a cohort of 1,462 (successfully karyotyped among the 1,536 individuals, shown in B) individuals at the 12th selfed generation (512)
of the allotetraploid wheat, which could be categorized into six distinct karyotypic groups. Numerical values in parenthesis denote the numbers of

distinct karyotypes identified in each karyotypic group.

of these genes in each of these four chromosomes leading to
inviability of gamete or zygote.

Differences between the two subgenomes and among
the chromosomes for NCV was also reflected by the chro-
mosome compositions of the 619 (605 + 14) compen-
sated aneuploidies with 2n =28 euploid chromosomes
(fig. 1C). Results showed that a significantly larger num-
ber of individuals contained concerted gain of subge-
nome A chromosomes and loss of the corresponding
subgenome D chromosomes than the alternative possi-
bility (individuals with > 15A chromosomes vs. those
with <13A chromosomes =418 vs. 172, Chi-squared
test, P=4.16E—24) (fig. 2C). The sharply differential
gain and/or loss frequencies among the individual chro-
mosomes within these compensated aneuploidies
showed the same trend (fig. 2C) as the whole cohort of
individuals (fig. 2B), described above. These results fur-
ther confirm the dramatically different aptitudes both
between subgenomes and among chromosomes for

NCV in the allotetraploid progenies with a genome com-
position of AADD.

Different Propensities between Subgenomes and
among Chromosomes for SCVs

Similar to the situation of NCV, rampant SCV also occurred in
a significant proportion (80.4%) of the 1,462 karyotyped allo-
tetraploid individuals (fig. 1C), and all 14 chromosomes of the
two subgenomes (A and D) underwent SCV in the range of
0-4 copies (fig. 3A). Also similar to the characteristics of NCV,
described above, dramatic differences were found both be-
tween the two subgenomes each as a whole and among the
14 individual chromosomes for SCV in this set of allotetra-
ploid plants. First, subgenome A showed an overly higher
frequency of SCV than subgenome D (binomial test,
P = 1.46E—39) (fig. 3A and B), as expected given the higher
propensities for gain of additional A subgenome chromo-
somes and loss of D subgenome chromosomes by these
plants (fig. 2). Second, chromosomes within a given
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Fic. 2. NCVs in the 1,462 karyotyped cohorts, differential propensities for NCVs across the 14 chromosomes, and distribution of chromosome
constitutions of 619 “compensated” aneuploidies (2n = 28) identified among the total karyotyped cohorts, at the 12th selfed generation (S12) of
the allotetraploid wheat. (A) A heatmap depicting gain or loss of whole-chromosome copies among the 14 chromosomes of the A and D
subgenomes. (B) Distribution of the numbers of plants showing variable copies (from 0 to 4) of each of the 14 chromosomes. (C) Number of plants
with differential chromosome constitutions of the 619 “compensated” aneuploidies (fig. 1C) with concerted whole-chromosome gain and loss,
thus maintaining a total chromosome number of 2n =28. In both (A) and (C), the y-axes denote individual numbers. The numbers above the
white columns in (C) refer to plant individuals belonging to each of the designated “compensated” aneuploid types. The colored vertical bars refer
to the numbers of plant individuals falling to each of the seven homeologous chromosome groups within each of the “compensated” aneuploid
types. GISH images (green and red colorations denote for chromosomes of subgenomes A and D, respectively) of one representative individual for
each of the 10 identified types of “compensated” aneuploidies were shown.

subgenome manifested significant differences in the frequen-
cies of SCV. Specifically, 1) among the seven subgenome A
chromosomes, 2A (30.8%), 3A (22.5%), and 6A (20.4%)
showed significantly higher frequencies of SCV than the rest
four chromosomes, 1A (2%), 4A (5.5%), 5A (4.9%), and 7A
(13.9%) (Chi-squared test, P = 1.08E—187) (fig. 3A and B); and
2) among the seven subgenome D chromosomes, 2D (36.7%)
and 3D (47.7%) showed significantly higher frequencies of
SCV than the rest five chromosomes, 1D (7.1%), 4D (0.8%),
5D (2.0%), 6D (3.3%), and 7D (2.4%) (Chi-squared test, P = 0)
(fig. 3A and B). Clearly, the trend of differential probabilities in
SCV both between subgenomes and among chromosomes
largely accords with that for NCV, suggesting common origin
and/or functional connectivity between the two types of
chromosome variations, as being further detailed later. A no-
table feature of SCV was that plants bearing three or four
copies of restructured chromosomes were markedly less than
those containing one or two restructured chromosomes
(fig. 3A and B). This later observation suggests that either
the meiotic CIN is still ongoing, that is, SCVs being generated
in a continuum from normal chromosomes, or higher copies
of restructured chromosomes engenders fitness cost and be-
ing selected against.

We further scrutinized characteristics of the SCVs, which led
to the following observations: 1) as already described above
(fig. 3A and B), all 14 chromosomes underwent structural
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alterations; 2) all discernible SCVs were inter-subgenome rear-
rangements or translocations (presumbly between homeolo-
gous chromosomes); 3) the rearranged segments spanned
variable sizes, and which appeared to occur at any foci along
a given chromosome; and 4) both terminal and intercalary
translocations were detected, which mostly occurred indepen-
dently but occasionally juxtaposed to each other. Together
with the rampant NCVs, these characteristics of SCV could
largely explain the massive organismal karyotypic heterogene-
ity in this propagated allotetraploid population (fig. 1C).

Concurrence of Numerical and Structural
Chromosomal Variations

The above results indicated that only small proportions of the
karyotypically altered allotetraploid plants contained in isola-
tion NCV (23 out of 1,462 =1.6%) or SCV (461 out of
1,462 = 31.5%), while the majority (48.8%) harbored both
NCV and SCV together (fig. 1C). One apparent cause for
the concurrence of both kinds of chromosomal alterations
lies in their common origin, that is, both resulted from ab-
normal meiosis, such as multivalent formation and homeol-
ogous recombination, followed by segregation error (to be
detailed in later section). However, given that any SCV event
initially should have occurred in only one chromosome copy
then being assorted randomly during meiotic anaphase, such
a high level of concurrency of both NCV and SCV might
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Fic. 3. Differential propensities for SCVs among the 14 chromosomes of the A and D subgenomes detected in the 1,462 randomly karyotyped
cohorts at the 12th selfed generation (S12) of the synthetic allotetraploid wheat, which was depicted by a heatmap (A), all the individuals with
SCVs (B), and representative SCVs (rearrangements) (C), identified among the karyotyped cohorts. For visual comparison, the standard FISH/
GISH-based karyotype for a bona fide allotetraploid wheat individual (parental additivity) is arranged in the center of (C). The y-axis in (A) denotes
the 1,175 individuals in total, with each row depicting one individual’s karyotype. The white arrows in (C) denote rearranged segments between the
A and D subgenome chromosomes. For FISH, the 45S ribosomal gene (green) and pAS1 repeat (red) were used as probes. For GISH, the genomic
DNA of T. urartu (genome AA) and Ae. tauschii (genome DD) were used as probes, and which generate green and red signals, respectively.

suggest their functional connectivity. To test this possibility,
we conducted the following two aspects of analysis.

First, we analyzed occurrence of SCV in a subset (n = 544,
supplementary table S1, Supplementary Material online) of
the 1,462 karyotyped allotetraploid plants, which had karyo-
typic configurations containing nullisomy-tetrasomy for a
given homeologous chromosome pair, that is, with concom-
itant loss of a pair of homologous chromosomes and gain of
an extra pair of its corresponding homeologous chromo-
somes. The nullisomy-tetrasomy configurations concerned
five of the seven homeologous chromosome groups (i.e,
groups 1, 2, 3, 6, and 7), because no plant was found to be
nullisomic or tetrasomic for homeologous chromosome
groups 4 and 5 (fig. 2B). We found that in 92-100% of these
plants, from one to all four copies of the tetrasomic chromo-
some(s) contained one or more translocated segments (of
variable sizes) from the alternate subgenome most likely
from their homeologous nullisomic chromosomes (fig. 4A
and B; supplementary table S2, Supplementary Material on-
line). Given the above consideration (occurrence of SCV and
meiotic chromosomal segregation), this observation suggests
that the extra homeologous chromosomes (tetrasomy) alone
are probably insufficient to functionally compensate for nul-
lisomy of their alternate subgenome counterparts, thus only
gametes containing translocated segments (presumably car-
rying the otherwise missing essential genes or regulatory mod-
ules) of the nullisomic chromosomes are viable or functionally
normal to generate the next filial generation plants. Notably,
at the microscopic resolution, we cannot determine whether
the translocated intercalary segments represent unidirectional

insertions (i.e, no loss of genetic material from the recipient
chromosome) or reciprocal homeologous recombinations,
however, the terminal ones are most likely reciprocal (fig. 4B).

Next, we compared the distributions of restructured chro-
mosomes harbored by all the euploid individuals (n = 461)
versus all the aneuploid individuals (n =714) of the 1,462
karyotyped plants, and we detected significant difference
(F-test, P=331E—11) between the two distributions
(fig. 4C). Specifically, 1) >50% of the euploid individuals
harbored <4 restructured chromosomes, with the majority
containing only 1-3 and none containing >11 (maximum
10) restructured chromosomes; 2) in contrast, >50% of the
aneuploid individuals harbored >5 restructured chromo-
somes, with 0.8% plants containing >11 (maximum 14)
restructured chromosomes (fig. 4C).

Taken both aspects of analysis together, it appears clear
that concurrence and concerted perpetuation of the two
kinds of chromosome variation, NCV and SCV, in the S12
allotetraploid population, probably cannot be attributed to
their common origin alone; instead, the phenomenon is at
least in part constrained by their functional connectivity, that
is, either unidirectional or mutual functional compensation is
required for gamete viability or fitness (i.e, fertility) of the filial
generation plants.

Transgenerational Assay of Numerical and Structural
Chromosomal Variations in Euploidy-Derived
Progenies

All preceding results concern a cohort of 1,462 random indi-
viduals propagated by selfing for 12 consecutive generations
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Fic. 4. Concurrence of numerical and structural chromosome variations (NCVs and SCVs). (A) Numbers of plant individuals among a total of 544
(y-axis) showing nullisomic—tetrasomic chromosome configurations for each of the five homeologous chromosome groups, thatiis, 1,2, 3,6,and 7
(no plant was found to show a nullisomic—tetrasomic configuration for homeologous chromosome groups 4 and 5) and the number of plants in
each homeologous chromosome group with concurrent NCVs and SCVs (the relative proportions were detailed in supplementary table S2,
Supplementary Material online). The color keys were denoted the chromosomal copy number. (B) Examples for each of the five homeologous
chromosome groups showing concurrent NCVs and SCVs. One to all four copies of the tetrasomic chromosomes carrying translocated chro-
mosomal segments (most likely from their homeologous counterparts) are denoted by arrowheads and highlighted in the insets. (C) A density plot
showing the distribution of restructured chromosomes harbored by all the euploid individuals (euploidy with SCVs, n =461) versus all the
aneuploid individuals (aneuploidy with SCVs, n = 714) identified from the 1,462 karyotyped cohorts, which are significantly different (F-test,
P =3.31E—11). The x-axis refers to the number of SCV-containing chromosomes by each of the individuals belonging to either of the two groups.

without any selection (fig. 1B). A pertinent question to ask is
what would be the consequence if bona fide euploidy was
purposely selected for at each generation? To address this
question, we conducted a transgenerational karyotyping anal-
ysis of progenies descended from a single euploid mother
individual at each selfed generation for nine consecutive gen-
erations (from S4 to S12), starting with an independent eu-
ploid founding individual of the same cross to generate the
synthetic allotetraploid wheat (fig. 1B). Results showed that
although the immediate progenies showed higher propor-
tions of bona fide euploidy than the randomly propagated
cohorts (fig. 1C), as expected, the persistent selection for eu-
ploidy over nine consecutive generations did not result in a
significant increment of euploidy proportion with the pro-
gression of generations (variable from 58% to 75% across the
generations, fig. 5). Moreover, all types of NCV and SCV that
were detected in the randomly propagated plants (fig. 1C)
were also seen in these euploidy-derived progenies (fig. 5).
Notably, however, the relative proportions of the two types of
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chromosomal variations, NCVs and SCVs, generated imme-
diately from euploidy in each generation are significantly
different, with SCVs being several folds higher than NCVs,
25-40% versus 0—18% across S4—S12, and collectively 33.8%
versus 7.8%, (paired Wilcoxon signed-rank test, P < 0.004)
(fig. 5). Regardless, results of this pedigree analysis for
euploidy-derivatives suggested that karyotypic stabilization
towards euploidy cannot be accomplished swiftly based on
transgenerational selection for euploidy alone under the stan-
dard growing conditions.

Meiotic Chromosomal Abnormality

Both NCVs and SCVs are organismal by nature, that is, so-
matic NCV and SCV heterogeneity (like those in cancer cells)
does not exist in any of the karyotyped tetraploid individuals
(fig. 1), including those at different generations of the cohorts
for pedigree analysis (fig. 5). It is thus clear that all NCVs and
SCVs are due to meiotic abnormality while mitosis is fully
normal. To explore the nature of meiotic abnormality, we
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Fic. 5. Karyotypic composition of progenies of bona fide euploidy-descendants (being derived from one or more euploid parental individuals, as
indicated by the number of branches) at each of the nine successive organismal generations (from S4 to S12). The six different colored circles
represent six distinct karyotypic groups, numbers in the circles denote individual numbers within a given karyotypic group. Frequencies (%) of
euploidy and proportions of SCV versus NCV were calculated and indicated at each generation (blue boxes). The bona fide euploid individuals at
the S6 generation of this pedigree (marked by an asterisk in red) were used for meiosis study.

analyzed the meiotic chromosome behavior of this synthetic
allotetraploid wheat by using only bona fide euploid individ-
uals to avoid confounding factors due to preexisting NCVs
and SCVs that may affect the meiotic process. We took ad-
vantage of the fact that euploid individuals produced the
same types and similar extent of NCVs and SCVs in their
progenies (fig. 5) as those of the randomly propagated indi-
viduals (fig. 1C). We conducted meiotic analysis using pollen
mother cells (PMCs) taken from a set of ten bona fide euploid
individuals at S6 of the pedigree, because these euploid plants
produced all types of karyotypes in the following S7 genera-
tion (fig. 5). Results showed that of the 207 well-resolved
metaphase | PMCs analyzed, only 122 (58.9%) showed normal
chromosome configurations, that is, exclusive homologous
pairing and bivalent formation; the rest cells contained one
or more types of univalents (30.9% of the cells), hetero-
bivalents (5.8% of the cells), trivalent (2.9% of the cells), and
quadrivalents (8.2% of the cells) (fig. 6; supplementary table
S3, Supplementary Material online). Furthermore, we exam-
ined 752 anaphase | PMCs, and found 166 (22.1%) cells con-
taining lagging chromosomes (supplementary table S3,
Supplementary Material online). These meiotic abnormalities
would inevitably produce gametes containing chromosomal
variations in either or both number and structure, and hence,
organismal NCVs and/or SCVs, in the filial generation plants.

Because identity for each of the 14 chromosomes can be
unequivocally diagnosed by the combined FISH/GISH analysis
when they were as univalents, we further quantified univalent
frequency for each chromosome. Results indicated that the
14 chromosomes are dramatically different in univalent fre-
quencies (supplementary fig. S1, Supplementary Material on-
line). Apparently, the meiotic univalent frequencies are
discordant with frequencies of organismal NCVs precipitated
by the filial generation plants (fig. 2). As the most extreme
example, chromosome 4A showed the highest univalent fre-
quency (supplementary fig. S1, Supplementary Material on-
line), however, plants harboring 4A aneuploidies are among
the lowest proportions, with no plant containing nullisomy or
tetrasomy of this chromosome (fig. 2A and B). Thus,
the meiotic results confirmed the above speculation that
the precipitated organismal NCVs (and probably also SCVs)
are more affected by their variable fitness effects than differ-
ential frequencies of occurrence.

Population-Level Phenotypic Manifestation of the
Karyotypic Heterogeneity

In total, ten phenotypic traits were measured for most of the
karyotyped plants at the S12 generation, descended from a
single S2 euploid founder plant of the synthetic allotetraploid
wheat (genome AADD) (fig. 1). The phenotyped traits,
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Fic. 6. Meiotic chromosome behavior in bona fide euploidy of the
allotetraploid wheat at metaphase I. (A) and (B) are examples show-
ing normal chromosome pairing, that is, 14 bivalents were formed via
exclusive homologous chromosome pairing. (C-F) are examples
showing abnormal chromosome pairing. (A) is a FISH image with
telomeric (green) and centromeric (red) probes. (C) and (E) are
FISH images probed by the 45S ribosomal gene (green) and pAS1
repeat (red). (B, D, and F) are GISH images showing the A subgenome
(green) and D subgenome (red) chromosomes. White arrows indicate
hetero-bivalent formation (most likely between homeologous chro-
mosomes). Yellow arrows denote multivalents involving chromo-
somes of both subgenomes. Red arrows indicate univalents.

including plant height, tiller number, spike length, spikelet
number/spike, grain number/spike, spikelet density, grain
length, grain width, seed setting, and 100-kernel weight, re-
flect both growth/development and reproductive fitness. To
assess possible associations between the variations in karyo-
type and phenotype, we categorized the plants into four
karyotypic groups such that each group contained sufficient
number of individuals to allow statistical analysis. The four
groups are: 1) bona fide euploidy (2n = 28), 2) euploidy with
SCVs (2n=28), 3) “compensated aneuploidy” with SCVs
(2n=128), and 4) noncompensated aneuploidy with SCVs
(2n # 28) (fig. 1C). We quantified both the mean phenotype
(the median) and variability of phenotype (range of standard
deviation, SD) of each group for each of the ten quantified
traits. As anticipated, for most traits the three groups with
karyotypic heterogeneity manifested significantly reduced
mean phenotypes (medians) but increased variability (range
of SD) of phenotype (figz 7, supplementary fig. S2,
Supplementary Material online; pairwise Wilcoxon signed-
rank test, P < 0.05). Differences between bona fide euploidy
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and euploidy with SCVs suggest that SCVs alone generate
extensive phenotypic variations, which could be either exac-
erbated or mitigated by the concurrent NCVs in the group of
“compensated aneuploidy” with SCVs. Actually, the most un-
expected result lies in the group of “compensated
aneuploidy” with SCVs, as which produced the greatest phe-
notype variability in most of the quantified traits among the
four karyotypic groups (fig. 7, supplementary fig. S2,
Supplementary Material online). Collectively, the phenotypic
analysis demonstrates that the transgenerationally precipi-
tated organismal karyotypic heterogeneity has profound phe-
notypic consequences. An additional interesting observation
is that when plants of the “compensated aneuploidy” with
SCVs group were stratified according to the relative numbers
of A-chromosomes vs. D-chromosomes they contain, two
traits related reproductive fitness, that is, seed-setting and
spikelet density, scaled with concomitant increase of the
A-subgenome chromosomes and decrease of D-subgenome
chromosomes  (supplementary fig. S3, Supplementary
Material online). This observation further testifies that the
gain of even balanced numbers of additional homeologous
chromosomes is insufficient to functionally compensate for
loss of homologous ones in this allotetraploid wheat.

Discussion

In contrast to the cryptic or low-penetrating phenotypic
effects of many, if not most, single-nucleotide variants when
they occur individually, karyotypic alteration due to either or
both numerical and structural chromosomal changes, often
produce larger and immediate phenotypic effects and fitness
consequences due to simultaneous changes in the expression
of hundreds to thousands of genes resulting from altered
gene dosage and/or rejuxtaposition of genomic loci (Otto
2007; Weischenfeldt et al. 2013; Bakhoum and Landau
2017). Complex karyotypic heterogeneity in human somatic
cells, usually including intertwined numerical and structural
chromosome abnormalities, is a defining feature of many
types of cancers, and is increasingly recognized as a principal
driver of both tumorigenesis and metastasis (Burrell et al.
2013). Notably, evolved cancer cells usually converge to a
near-triploid chromosome constitution with numerous
structural changes, and which is often preceded by a WGD
event (Dewhurst et al. 2014; Bakhoum and Landau 2017). Not
surprisingly, efforts to elucidate the mechanistic basis of kar-
yotypic instability as well as its biological impacts on cancer
genesis and progression has become a central theme in bio-
medical research (Burrell et al. 2013; Bakhoum and Landau
2017).

It has long been established that organismal numerical and
structural chromosome changes (karyotype alterations) are
large-effect genetic mutations that play significant roles in
adaptation, speciation and may lead to saltational evolution-
ary leaps (Otto 2007). Over evolutionary timescales, many
factors are known to underlie chromosome instabilities,
such as catastrophic environmental conditions and mutation
in critical genes responsible for maintaining genome stability.
Among the factors, polyploidy or WGD stands out as the
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Fic. 7. Phenotypic diversity manifested by different karyotypic groups of the 1,462 individual plants at the 12th selfed generation (5S12) of the
synthetic allotetraploid wheat. (A) Examples of variation in spike morphology and seed-setting of the different karyotypic groups. In each
karyotypic group two of the main spikes of two random individuals were chosen, and all seeds produced by each spike were harvested and
shown. (B) Quantification of spike-length among the four karyotypic groups that have sufficient individual numbers to enable the statistical
analysis of medians and variability (SD) of this trait. (C) Quantification of seed-setting among the four karyotypic groups that have sufficient
individual numbers to enable the statistical analysis of medians and variability (SD) of this trait. Different small letters in (B and C) indicate
significant statistical differences (F-test and pairwise Wilcoxon signed-rank test, respectively) between the karyotypic groups in the respective trait.
The black triangles indicate the mean of phenotypic data. The black lines indicate the median and the upper- and lower-quartile, respectively.

most pervasive en route to large-scale karyotype alterations
and hence catalyzes rapid genome evolution. In plants, inves-
tigations in diverse taxa have documented that newly formed
polyploid genomes are intrinsically unstable with nascent
WGDs being often accompanied by extensive karyotypic
repatterning (Pires et al. 2004; Han et al. 2005; Otto 2007;
Lim et al. 2008; Xiong et al. 2011; Chester et al. 2012; Zhang,
Bian, Gou, Zhou et al. 2013; Chester et al. 2015). However,
many issues regarding nascent WGD-invoked karyotypic in-
stability remain to be fully explored. For example, the meiotic
origin of chromosomal instability, extent of instabilities and

their transgenerational inheritance, relationships between
structural and numerical chromosome alterations, as well
as the phenotypic and fitness consequences of transgenera-
tionally precipitated chromosomal instabilities are all prom-
inent issues that are yet to be investigated in detail. Here, we
systematically addressed some of these important issues using
an artificially constructed allotetraploid wheat with a genome
composition of AADD, and obtained several lines of new
insights.

First, we document that massive karyotypic heterogeneity
can be precipitated without selection following successive
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organismal generations from a single euploid founder individ-
ual of the synthetic allotetraploid wheat. The karyotypic het-
erogeneity has cumulated to 777 distinct karyotypes out of
the 1,462 random individuals interrogated with regard to ei-
ther or both numerical and structural chromosome altera-
tions at the microscopic level. Thus, given that only two seeds
were randomly selected at each generation to be propagated
for the filial generation, the potential for karyotypic hetero-
geneity in this tetraploid genome combination is virtually
unlimited. Nevertheless, it can be imaged that irrespective
of population size the transgenerationally precipitated karyo-
typic diversities are only a fraction of those generated, which
happened not to engender severe fitness cost at both the
gametophytic and organismal levels (Otto 2007).

Second, we show that the occurrence of both NCVs and
SCVs exhibits significant subgenome- and chromosome-bias.
For NCVs, subgenome A showed an overly higher propensity
towards chromosome gain than loss while subgenome D
showed the opposite trend. Since no difference was detected
between the A and D subgenome chromosomes in terms of
their frequencies to form univalents during meiosis (detailed
in later section), these opposing trends between the A and D
subgenomes each as a whole in chromosome gain vs. loss is
apparently due to their differential effects on fitness of game-
tes and/or plants. Similarly, the dramatic differences in NCVs
among the individual chromosomes are most likely due to
the same reason, that is, differential impact of gain or loss of a
chromosome copy on fitness of gametes and/or plants. In this
respect, it is interesting to note that there is a unique, though
mechanistically as yet unelucidated, pattern of genome evo-
lution subsequent to allopolyploidy in the Triticum/Aegilops
complex, which concerns the Pivotal-Differential Genome
Evolution hypothesis (Kihara 1954; Zohary and Feldman
1962; Kimber and Yen 1988; Feldman and Levy 2012;
Mirzaghaderi and Mason 2017). According to this hypothesis,
in many allopolyploid species of the Triticum/Aegilops com-
plex, one genome is pivotal and remains unaltered, while the
other is modified or differentiated. Three pivotal genomes
were recognized, that is, the A, D and U genomes (Kihara
1954; Zohary and Feldman 1962). Thus, an interesting ques-
tion to ask is what will be the genomic consequence if two
pivotal genomes are brought together by allopolyploidiza-
tion? Here, we show that combination of the A and D
genomes into the AADD allotetraploid wheat catalyzes ram-
pant meiotic chromosomal instability and fuels rapid karyo-
typic evolution, with the two subgenomes manifesting
contrasted trends with respect to retention vs. loss of indi-
vidual chromosomes. It would be interesting to further ex-
plore whether these trends are related to relative genome
expression dominance (Woodhouse et al. 2014; Wendel
et al. 2016) at critical developmental stages and/or tissues
by the two subgenomes. For SCVs, subgenome A showed a
generally higher frequency than subgenome D, which is un-
derstandable because there are more A chromosomes than D
chromosomes in the aneuploid individuals, and therefore on
a per cell (plant) basis, there are more SCVs events associated
with the A chromosomes than the D chromosomes.
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Third, we document that the NCVs and SCVs events rarely
exist in isolation; instead, they show strong concurrence. A
straightforward cause for this phenomenon is due to their
common genesis, that is, unstable meiosis. For example, both
multivalent and hetero-bivalent formation may cause home-
ologous recombination (hence SCVs) and mis-segregation
(NCVs). This suggests that the elevated occurrence of NCV
events that have been precipitated in the nonselected S12
generation cohorts should have been facilitated by SCVs in
each of the preceding generations. Specifically, homeologous
chromosomes already harboring reciprocal or unidirectional
translocated segments are apparently more similar than in-
tact ones, and hence, more prone to form multivalents or
hetero-bivalents, and which would result in more segregation
errors, and hence NCVs. Retrospectively, NCVs (aneuploidy)
are also known to induce or facilitate genetic variations
(Sheltzer et al. 2011), and conceivably hypomorphic or loss-
of-function mutations affecting genes essential for maintain-
ing meiosis fidelity would inevitably increase the SCVs rate.
Thus, this snowballing-like effect of NCVs and SCVs drives the
ever-stronger interrelatedness between the two types of chro-
mosome variation with generations. However, it is also clear
that common genesis is probably not the only cause for the
high concurrence NCVs and SCVs. Specifically, we found that
in the subset of the 544 plants that harbor a karyotypic con-
figuration of nullisomy-tetrasomy for a given homeologous
chromosome pair, great majority (92—100%) are with one to
all four copies of the chromosomes in the tetrasomic state
containing translocated segments from the alternate subge-
nome. Although we cannot ascertain at the cytogenetic res-
olution if the translocated segments are of the homeologous
chromosome origin, this is intuitively the case. Given that any
recombination event should have initially occurred in only
one chromosome copy, this high incidence of translocated
chromosomes being in the tetrasomic state cannot be due to
random assortment alone. Rather, it is more plausible that
gaining of the extra pair of homeologous chromosomes (tet-
rasomy) alone are insufficient to functionally compensate for
nullisomy of a pair of chromosomes of gamete survival and/or
organismal fitness, but this could be amended if one or more
segments carrying the essential genes from the otherwise
nullisomic chromosomes be retained. Naturally, this would
result in the intermingling of NCVs and SCVs seen in these
plants. Additional support for the functional connectivity
between the NCVs and SCVs events lies in the observation
that there exist sharp differences in the occurring frequencies
of SCVs between the euploid plants and the aneuploid plants,
with the former being strikingly lower than the later, suggest-
ing that apart from the mutual facilitating of NCVs and SCVs,
NCVs (i.e, aneuploidies) are more permissive to capacitate
SCVs, as already been documented in cancer cells (Dewhurst
et al. 2014).

Finally, we show that the phenotypic and fitness land-
scapes are dramatically altered at the population level by
the vast  karyotypic  heterogeneity  precipitated.
Consequently, both the mean and the variability of pheno-
types were profoundly altered by the karyotypic heterogene-
ity. A striking observation is that the group of “compensated
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aneuploidy” with SCVs manifested the largest phenotype var-
iability in majority of the quantified traits. This suggests that
the extra homeologous chromosomes clearly cannot fully
compensate for the loss of homologous chromosomes at
the level phenotypic manifestation. Alternatively but inclu-
sively, the compensated aneuploidy genomic configurations
might be more permissive to heterogenic SCVs, or some SCVs
have larger effects under some of the “compensated
aneuploidy” genomic environments, or the combinations of
multiple or all of the above factors. Regardless, the remarkable
ongoing as well transgenerationally heritable karyotypic het-
erogeneity due to allopolyploidy may provide a rich repertoire
for adaption to sample under natural settings, thus circum-
vents the genetic bottleneck that is intrinsically associated
with polyploidy, and hence, constraining the founding of
new lineages (Han et al. 2015). Our results therefore lend
new empirical support to the notion that evolvability can
be profoundly enhanced in a polyploid than in its cognate
diploid progenitor(s).

Materials and Methods

Plant Materials

The original seeds of the synthetic allotetraploid wheat (ge-
nome AADD) at the 2nd selfed generation (S2) together with
those of the parental accessions were protracted from
Dr. Moshe Feldman (Weizmann Institute of Science, Israel).
This allotetraploid wheat (AADD) was produced by inter-
generic hybridization between T. urartu (genome AA) and
Ae. tauschii (genome DD) followed by colchicine-mediated
genome doubling (Ozkan et al. 2001). We used a single S2
euploid seed (determined by FISH/GISH karyotyping, fig. 1A)
as the founder to generate the S12 population for study.
Specifically, a single euploid plant (karyotyped) was chosen
from the S3 generation parented by the S2 euploid plant.
Then, from S4 to S11, two plants were randomly chosen at
each generation without karyotyping, and this strategy pro-
duced 256 plants in total. Finally, six seeds were randomly
chosen from each of the 256 S11 plants to generate the S12
population which contained a total of 256x6 = 1,536 plants
(fig. 1B). All 1,536 plants were subjected to fluorescence in situ
hybridization (FISH) and genomic in situ hybridization
(GISH)-based karyotyping. Consequently, 1,462 individuals
were successfully karyotyped. Detailed information regarding
karyotypes of all the 1,462 individual plants was provided in
supplementary table S1, Supplementary Material online.

An independent euploid individual at S2 of this synthetic
allotetraploid wheat (AADD) was used to generate another
pedigree for which one bona fide euploid individual was ar-
bitrarily chosen at each selfed generation to generate the filial
generation (fig. 5). Karyotypic composition of progenies
descended from true euploidy was transgenerationally
assessed from S4 to S12. Ten bona fide euploid individuals
at S6 of this pedigree (denoted by an asterisk in fig. 5) were
chosen for meiotic analysis.

Mitotic and Meiotic Karyotyping
Mitotic karyotypes of all the 1,462 individual plants of the S12
population were generated on well-spread metaphase cells of
root-tips by the sequential FISH and GISH karyotyping pro-
tocol originally reported by Han et al. (2004) and Kato et al.
(2004) with minor modifications (Zhang Bian, Gou, Dong
et al. 2013). Specifically, for FISH, 45S ribosomal DNA
(rDNA) was labeled by nick translation with Alexa Fluor
488-5-dUTP (green), Ae. tauschii clone pAS1 (Rayburn and
Gill 1986) was labeled with Texas red-5-dCTP (red). For GISH,
genomic DNA from T. urartu (AA) and Ae. tauschii (DD) were
labeled by nick translation with Alexa Fluor 488-5-dUTP and
Texas red-5-dCTP, respectively. Slide denaturation, hybridiza-
tion, and washing conditions were carried out following the
manufacturer’s recommendations (Invitrogen; no. C11397).
Slides were examined with an Olympus BX61 fluorescence
microscope and digitally photographed. The images were
captured using the Olympus IPP software package, and visu-
alized and processed as entirety in Photoshop CS 6.0 version.
For meiotic karyotyping, the same sequential FISH and
GISH protocol (Zhang, Bian, Gou, Dong et al. 2013) was
used on pollen mother cells of anthers (Armstrong 2013).
In total, ten bona fide euploid plants at S6 of the pedigree
(fig. 5) were analyzed. Young inflorescences were fixed in
Carnoy's solution, and anthers were dissected to spread meio-
cytes at meiotic metaphase | and anaphase I. Meiotic chro-
mosome behavior and configurations were tabulated.
Representative images were collected using an Olympus
BX61 fluorescence microscope equipped with a Retiga-SRV
camera and controlled Olympus IPP software. Images were
processed as entirety using Adobe Photoshop CS 6.0 version.

Phenotyping

In this study, ten phenotypic traits reflecting both growth/
development and reproductive fitness were measured at the
fully ripened stage for the karyotyped plant individuals at the
S12 population, which included plant height, tiller number,
spike length, spikelet number per spike, grain number per
spike, spikelet density, grain-length, grain-width, seed setting
and 100-kernel weight. Specifically, 1) plant height refers to
the length from the base of a given plant to its apical meri-
stem excluding awns; 2) tiller number refers to all tillers grown
from each individual plant; 3) spike length refers to length of
the main spike of (excluding awn) of the plants; 4) spikelet
number per spike refers to the total number of spikelets on
the main spike of each plant; 5) grain number per spike refers
to the total number of grains produced by the main spike of
each plant; 6) spikelet density refers to the value of spikelet
number of a given main-spike divided by its length (spike
length); 7) grain-length refers to ten randomly chosen seeds
from each plant being lined up in an end-to-end manner and
the total length was measured on a measuring paper (with
scales) and then divided by 10; 8) grain-width refers to ten
randomly chosen seeds from each plant being arranged on a
measuring paper (with scales) to measure the total width and
then divided by 10; 9) seed setting refers to percentage of
filled seeds divided by the total number of kernels of five
spikes of a given plant; and 10) one-hundred kernel weight
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refers to the weight of 100 filled seeds after being dried to
constant values.

Statistics

The statistical significance of each comparison and graphical
analyses were executed in R (version 3.2.2). To estimate the
statistical significance of biases between the A and D subge-
nomes, and among the chromosomes with regard to both
NCVs and SCVs, Chi-squared test and/or binomial test were
applied with a P value 0.05 as cutoff. To compare the differ-
ences in the distributions of all the euploid individuals with
SCVs (n = 461) versus all the aneuploid individuals with SCVs
(n=714), F-test was applied. To analyze the frequencies of
NCV and SCV from euploidy of the independently con-
structed pedigree, the paired Wilcoxon signed-rank test was
used at the threshold of P value=0.05. To compare the
phenotypic difference between four karyotype groups,
the pairwise Wilcoxon signed-rank test was used to analyze
the median phenotypes, and F-test was used to test for differ-
ences in the ranges of standard deviation, the pairwise
Student’s t-test was used among the phenotypic comparison
between different A- and D-subgenome combination of com-
pensated aneuploidy with SCV, P < 0.05 as the criterion.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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