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Polyploidy or whole-genome duplication is recurrent in plant
evolution, yet only a small fraction of whole-genome duplica-
tions has led to successful speciation. A major challenge in the
establishment of nascent polyploids is sustained karyotype in-
stability, which compromises fitness. The three putative diploid
progenitors of bread wheat, with AA, SS (S ~ B), and DD genomes
occurred sympatrically, and their cross-fertilization in different
combinations may have resulted in fertile allotetraploids with var-
ious genomic constitutions. However, only SSAA or closely related
genome combinations have led to the speciation of tetraploid
wheats like Triticum turgidum and Triticum timopheevii. We ana-
lyzed early generations of four newly synthesized allotetraploid
wheats with genome compositions S*"S"ATA™, S'S'AA, SPSPDD,
and AADD by combined fluorescence and genomic in situ hybrid-
ization-based karyotyping. Results of karyotype analyses showed
that although S*"S*"A™A™ and S'S'AA are characterized by imme-
diate and persistent karyotype stability, massive aneuploidy and
extensive chromosome restructuring are associated with S°S°DD
and AADD in which parental subgenomes showed markedly dif-
ferent propensities for chromosome gain/loss and rearrange-
ments. Although compensating aneuploidy and reciprocal
translocation between homeologs prevailed, reproductive fitness
was substantially compromised due to chromosome instability.
Strikingly, localized genomic changes in repetitive DNA and
copy-number variations in gene homologs occurred in both chro-
mosome stable lines, S*"S*"A™A™ and S'S'AA. Our data demon-
strated that immediate and persistent karyotype stability is
intrinsic to newly formed allotetraploid wheat with genome com-
binations analogous to natural tetraploid wheats. This property,
coupled with rapid gene copy-number variations, may have laid
the foundation of tetraploid wheat establishment.

intergenomic rearrangement | genomic shock | polyploid speciation

olyploidy or whole-genome duplication (WGD) is a driving

force in plant and vertebrate evolution (1-5). However,
recent molecular phylogenetic studies have argued against
a general creative role of WGD in plant evolution (6-8). This
incongruence in opinions is long standing; in fact Stebbins in his
seminal work in 1970s stated, “polyploidy has contributed little
to progressive evolution” (9). Clearly, the two schools of thought
regarding the roles of WGD in plant evolution have existed for
years, and can converge if we accept the idea that WGDs have
occurred frequently in nature but only a small fraction thereof
have contributed to successful speciation (7, 10). However, the
genetic and genomic factors determining one of the two funda-
mental fates for a nascent polyploid remained elusive.

The Triticum—Aegilops complex includes both diploid and
polyploid species with phylogenetically well-defined organismal
relationships (11). This plant group is therefore suitable to ad-
dress the issue raised above. This is especially so because all
polyploid species of the Triticum—Aegilops complex represent
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examples of evolutionarily recent successful speciation events via
allopolyploidization, i.e., hybridization and doubling of genomes
from Triticum/Aegilops species (11). Speciation of allohexaploid
common wheat, Triticum aestivum L., the founder crop for the
initial establishment of Middle-Eastern and European agricul-
ture, is characterized by two sequential polyploidization events,
i.e., allotetraploidization and allohexaploidization. The former
event involved hybridization of two diploid species, Triticum
urartu (genome AA) and a yet-unknown or extinct goat-grass
species of the genus Aegilops section Sitopsis (genome SS ~ BB).
This event led to the speciation of allotetraploid emmer wheat,
Triticum turgidum ssp. dicoccoides (12). The latter event that
involved hybridization of a primitive domesticated form of
T. turgidum (genome BBAA) with a goat-grass species Aegilops
tauschii (genome DD) led to the speciation of common wheat
(11). In parallel, allohexaploidization by hybridization of another
allotetraploid wheat, Triticum timopheevii (genome GGAA) (13)
and Einkorn wheat, Triticurn monococcum (genome A™A™) has
resulted in the speciation of Triticum zhukovskyi (genome
GGAAA™A™) (14) (Fig. S14). Thus, the natural hexaploid
bread wheat has three diploid progenitors (13) (Fig. S14) that
have diverged from a common ancestor only about 2.5-4.5 Mya
(15). Therefore, it is perhaps not surprising that allotetraploid-
ization by hybridization of any two of these three diploid species
can still be accomplished artificially to produce fertile tetraploid
plants (16, 17) (Fig. S1B). Furthermore, the diploid progenitor
species are known to exist sympatrically across several geo-
graphical areas in the Eastern Mediterranean region and the
Near East (13). These features of the diploid progenitor species
of polyploid wheat raise an intriguing question: Why has only the
genome combination of SSAA or closely related ones led to
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successful speciation of the two natural allotetraploid wheat
species, 1. turgidum and T. timopheevii? This question is germane
to the more general issue as to why only a small fraction of
WGDs have led to successful speciation in the evolutionary
history of angiosperms.

A major challenge for the establishment of newly formed
allopolyploids as new species is sustained karyotype instability,
in particular, whole-chromosome aneuploidy, which, at the or-
ganismal level, is associated with compromised cellular metab-
olism and reduced fitness (18). In newly formed allohexaploid
wheat, extensive whole-chromosome aneuploidy was reported
(19, 20). However, the immediate chromosomal consequences
associated with formation of allotetraploid wheat have remained
uninvestigated.

Here, we conducted in-depth molecular cytogenetic analyses
of karyotype stability using fluorescence and genomic in situ
hybridization (FISH and GISH) techniques and performed lo-
cus-specific molecular genetic analysis of gene copy-number
variations (CNVs) in a set of protein-coding genes using newly
synthesized allotetraploid wheats. Different genomic combina-
tions of diploid Triticum/Aegilops species that are parsimoniously
representing the diploid progenitors of tetraploid and hexaploid
wheats were used in this study. We document that dramatic
differences in karyotype stability of both chromosome number
and structure existed between the S'S™A™A™/S'S'AA versus the
S’S’PDD/AADD genome combinations. Remarkably, localized
loss or gain of DNA repeats and CNVs of gene homologs oc-
curred widely in both chromosome stable lines, STSTA™A™ and
SISIAA, which, in their genomic constitutions, mimic natural
tetraploid wheats, T. turgidum and T. timopheevii. We propose
that persistent karyotype stability coupled with localized ge-
nomic changes and rapid CNVs of gene homologs, have laid
the foundation for successful tetraploid wheat establishment
and speciation.

Results

Karyotyping by FISH and GISH. Four synthetic allotetraploid wheats
(2n = 4x = 28) namely AT1 (genome S"S"A™A™), AT2 (ge-
nome S'S'AA), AT3 (genome AADD), and AT4 (genome
SPS’DD) were used for karyotyping (Table S1; SI Materials and
Methods). These synthetic wheat genotypes were derived by hy-
bridization of the following diploid wheat progenitors: wheat
with A or A™ genome, Aegilops species of Sitopsis section with
B-related genomes, and A. tauschii with D genome. Thus, these
genotypes represent all known or putative progenitors of natural
tetraploid and hexaploid wheats (Fig. S14). For karyotype
analyses, we used a two-step procedure based on sequential
FISH with two DNA repeats (pSc119.2 and pAS1) followed
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by GISH. The procedure enabled characterization of parental
subgenomes and allowed unequivocal discrimination of all
chromosomes in each of the four synthetic wheats (Fig. 1 A-D;
Fig. S2). Chromosome identifications were independently vali-
dated using three additional FISH probes, namely 5S ribosomal
DNA (rDNA), 45S rDNA, and (GAA), oligonucleotide, where
in all cases the results were found confirmatory (Fig. S3). Using
this robust molecular cytogenetic procedure, we obtained full
karyotypes of a total of 489 individual plants from the four
synthetic lines: 92 of AT1, 96 of AT2, 205 of AT3 and 96 of AT4
(Table S1). The plants of each line were sampled from several
successive generations (Table S1), and therefore allowed as-
sessment of trangenerational chromosome dynamics, i.e., sta-
bility versus instability.

Immediate and Transgenerational Karyotype Stability Showed by
Synthetic Allotetraploids with S*"S*"A™A™ and S'S'AA Genomes. Of
the 92 karyotyped AT1 plants (S™'S™"A™A™), only 2 (2.2%)
plants were numerical aneuploids showing monosomy for a sin-
gle chromosome 1A™ (2n = 27), whereas the remaining plants
were euploids (2n = 28), containing full chromosome comple-
ments of both parents (Fig. 2 A and C; Dataset S1). Of the 96
karyotyped AT2 plants (S'S'AA), 5 (5.3%) plants showed aneu-
ploidy and only 1 (~1%) of the 5 plants was a numerical aneu-
ploid (3A monosomic, 2n = 27). The remaining 4 plants showed
“compensated aneuploidy” (21), containing reciprocal loss and
gain of one or more of the homeologous chromosome groups, and
hence maintaining a balanced chromosome number of 2n = 28
(Fig. 2 B and D; Dataset S1). Of these 4 aneuploid plants, 3 are
monosomics/trisomics of the group-2 chromosomes (2S'/2A), and
1 is double monosomic/trisomic for group-2 and -3 chromosomes
(Dataset S1). Thus, both S"S™"A™A™ and S'S'AA are intrinsically
stable as euploids from the onset of allotetraploidization, and the
stability is persistent across the four to eight successive gen-
erations (Table S1; Dataset S1).

We next examined structural variations in the chromosomes in
these two lines. We found that none of the 92 karyotyped AT1
plants showed large intergenomic rearrangements detectable by
FISH and GISH analyses. However, in all analyzed plants, a loss
of the pSc119.2 signal from the proximal end of the short arm of
chromosome 7S*" was observed (Figs. 14 and 34; Fig. S24;
Dataset S1). However, the loss was undetectable by GISH
analysis (Fig. 1B; Fig. S44). As this signal was present in both
homologs of chromosome 7S*" of the diploid parental species
Aegilops sharonensis glaccession THO02) (Fig. 14), its loss from
both homologs of 7S* in all AT1 plants (Figs. 14 and 34) sug-
gested that it is a localized genomic alteration that probably took
place instantaneously following allotetraploidization and was
thereafter maintained. Similar localized loss of pSc119.2 signals
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Sequential FISH- and GISH-based karyotypes in the four synthetic allotetraploid wheats and their diploid parental species (S/ Materials and Method's).

The boxed chromosomes are those showing localized, persistent genomic changes in the synthetic tetraploid wheats relative to their diploid parents. A, B, C,
and D respectively represent FISH and GISH images of AT1, AT2, AT3, and AT4 along with their corresponding diploid parental species. The probes used in FISH

are pSc119.2 (green) and pAS1 (red). (Scale bars, 10 pm.)
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Fig. 2. Numerical chromosome changes in a total of 489 individuals in the four
synthetic allotetraploid wheats based on sequential FISH/GISH karyotyping. (A,
B, E, and F) Propensities for gain/loss of individual chromosomes of each of
the seven homeologous groups (bars 1-7 on the x axis) and the numbers of
aneuploid chromosomes of each of the seven homeologous groups observed
in the four combinations are shown on the y axis. Depiction via stacked bar
chartin A, B, E, and F is according to ref. 21, whereby chromosome loss and
gain of either one homolog (lighter colors) or both homologs (darker colors)
are shown below and above the x axis, respectively. (C, D, G, and H) The x
axis represents the chromosome counts in euploids/compensated aneuploids
(2n = 28) and other aneuploids with 2n = 27, 29, and 30, and the y axis
represents total number of plants showing a particular ploidy. The black and
gray portions of the 2n = 28 bars denote for compensated aneuploidy and
euploidy, respectively. Aand C, Band D, E and G, and F and H are AT1, AT2,
AT3, and AT4, respectively.

was also detected from the long arm of chromosome 3S™" (Fig.
S4A4), but it occurred in only 2 of the 92 plants (~2.2%) (Fig. 34;
Dataset S1).

Likewise, a localized genomic change was detected in all 96
analyzed plants of AT2 (Fig. 3B; Fig. S2B; Dataset S1). However,
in this case it was a gain of the pSc119.2 signal at the proximal
end of the chromosome arm 2AL, which was also detectable by
GISH (Fig. 1B; Fig. S4B). This signal was nonexistent in the
diploid parental species T. urartu accession TMU38 (Fig. 1B).
Therefore, this gain of segment by 2A homologs (Figs. 1B and
3B) in all analyzed plants represented a localized but persistent
genomic change. Apart from this, we also detected similar small-
scale changes in 46 of the 96 plants (47.9%) (Fig. 3B; Dataset
S1), which showed either gain or loss of pSc119.2 FISH signals.
Additionally, most of these changes were also detectable by
GISH (Figs. S4B and S5A4). These localized genomlc changes
appeared to be either reciprocal exchanges between 2S' and 2A
or 38" and 3A, or unidirectional transfer of small chromosome
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segments from the correspondmg homeologs to chromosomes
1A, 3A, 6A, 28', 38!, and 6S' (Figs. S2B, S4B and S54). The
majority (58. 7%) of these changes involved only one homolog
(Fig. 3B; Dataset S1). Similar to ATI1, no large-scale inter-
genomic rearrangements were detected in AT2 (Fig. S4B).

By takmg both numerical and structural chromosomal data
together it is clear that a prominent feature of SPSMAMA™ and
S'S'AA (which are analogous to the naturally formed tetraploid
wheats T. turgidum and T. timopheevii) is that they have in-
trinsically stable karyotypes; both lines are virtually stabilized
euploids harboring limited small-scale intergenomic rearrange-
ments from the beginning of their genesis. Strikingly, both lines
contained a unique localized genomic change either involving
loss or gain of the pSc119.2 DNA repeat, which occurred in all
analyzed plants of both lines.

AADD and S°SPDD Allotetraploid Wheats Are Associated with
Massive and Persistent Whole-Chromosome Aneuploidy. Of the 205
karyotyped AT3 plants with AADD, genome 24 (11.7%) showed
numerical aneuploidy with 2n = 27, 29 or 30, while the remaining
181 plants (88.3%) were either euploids or compensated aneu-
ploids (Fig. 2 E and G; Dataset S1). Of the 9 plants with 2n = 27,
3 were monosomics for chromosomes 4A, 7A, or 6D, and the
remaining 6 plants showed more complex chromosome compo-
sitions which involved aneuploid chromosomes of three different
homeologous groups (Fig. S64; Dataset S1). Fifteen plants with
2n = 29 or 30 chromosomes contained even more complex
chromosome compositions, with aneuploid chromosomes rang-
ing from nullisomics to tetrasomics, involving up to three
homeologous groups (Fig. 2E; Fig. S64; Dataset S1). Notably, of
the 181 plants with 2n = 28 chromosomes, only 90 (50%) were
bona fide euploids, containing fully additive parental chromo-
some complements, while the remaining 91 were compensated
aneuploids. Thus, the proportion of aneuploids in AT3, in-
cluding the 24 cases with numerical changes, is 57% (115/205)
(Fig. 2 E and G; Dataset S1). Of these 91 plants, 3 contained
highly unbalanced chromosome compositions with monosomy—
trisomy, occurring within one subgenome (Dataset S1). The
other 88 plants are fully compensated aneuploids containing
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Fig. 3. Structural chromosome changes in a total of 489 individuals in the
four synthetic allotetraploid wheats based on sequential FISH/GISH karyotyping.
Propensities for restructuring (intergenomic reciprocal rearrangements or uni-
directional homeologous transfer) by each of the seven homeologous groups
(bars 1-7 on the x axis; numbers of restructured chromosomes appear on the y
axis) are shown in the stacked bar chart. The severity of restructuring for a given
chromosome is indicated by color intensity at four scales, from lightest to
darkest denoting the number of restructured copies for a given chromosome
ranging from one copy (a single homolog restructured), two (both homologs
restructured), three (all three homologs in trisomy restructured), and four (all
four homologs in tetrasomy restructured). A, B, C, and D are AT1, AT2, AT3, and
ATA4, respectively.
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reciprocal gain and loss of homeologs involving one to three
chromosome groups (Fig. S64; Dataset S1). Chromosomes of
both subgenomes in AT3 showed variable propensities for gain
or loss (chi-squared test, i.c., prop. test in R, P < 2.2¢™'°) (Fig.
2E). Group-2 and -3 chromosomes showed the highest fre-
quencies of aneuploidy, and all were reciprocal gains/losses of
homeologs (Fig. 2E). Groups 6 and 7 showed the same kind of
reciprocal numerical changes but at lower frequencies (Fig. 2E).
The rest of chromosome groups, i.e., 1, 4, and 5, are highly stable
(Fig. 2E). In summary, the A subgenome has a tendency to gain
rather than lose chromosomes (prop. test, P < 2.2¢e %), while the
contrary is true for D subgenome (prop. test, P < 2.2e~'°) (Fig. 2
E and G).

Of the 96 karyotyped AT4 plants (genome S"’S’DD), 9 (9.4%)
plants showed numerical aneuploidy with 2n = 27 or 29, while
the remaining 87 plants (90.6%) were either euploids or com-
pensated aneuploids (Fig. 2 F and H; Dataset S1). The five plants
with 2n = 27 chromosomes were mainly monosomics for chro-
mosomes 1S°, 3SP, 4SP, and 2D, while 1 plant showed trisomy
with double monosomy for three different chromosomes (Fig.
S6B; Dataset S1). All 4 plants with 2n = 29 were trisomics for
chromosome 4D (Fig. S6B; Dataset S1). Of the 87 plants with
2n = 28, 60 plants were bona fide euploids, while the remaining
27 were compensated aneuploids (Fig. 2 F and H; Fig. S6B).
Thus, the frequency of aneuploids in AT4, including the nine
cases of numerical aneuploidy, is 37.5% (36 of 96 plants). Similar
to the situation in AT3, a substantial proportion of plants with
compensated aneuploidy showed reciprocal gain or loss of
chromosomes from homeologous groups and are hence un-
balanced in their gene contents (Fig. S6B; Dataset S1). Both
subgenomes in AT4 also showed different propensities for gain
or loss of chromosomes (Fig. 2F) (prop. test, P = 0.01368 and
0.0001851, respectively). The chromosomes of groups 1, 2, 4, and
5 showed higher levels of aneuploidy in comparison with the
three other groups (3, 6, and 7). In addition, chromosomes 7S"
and 7D showed no aneuploidy. Chromosomes of groups 2 and 4
mainly showed reciprocal gain or loss of homeologs, while those
of groups 1 and 5 displayed predominantly nonreciprocal con-
current gain or loss of homeologs (Fig. 2F). In summary, the S°
subgenome is more prone to gain than loss of chromosomes
(prop. test, P = 0.0001851), while the contrary is true for the D
subgenome (prop. test, P = 0.01368) (Fig. 2F).

AADD and S"S"DD Allotetraploid Wheats Underwent Extensive Chro-
mosome Restructuring. Of the 205 AT3 plants karyotyped, 195
(95.1%) plants harbored at least one rearrangement (Fig. 3C;
Dataset S1). Among the 195 plants with chromosome rearrange-
ments, 54 (27.7%) contained reciprocally translocated segments
(Fig. 3C; Figs. S2C and S5B; Dataset S1), which were large and
readily detectable by GISH with breakpoints occurring mainly
at termini (but also interstitial) of either long or short arms (Fig.
S4C). Notably, in general chromosomes showing higher propen-
sities for aneuploidy (Fig. 2E) are more prone to rearrange-
ments, although groups 6 and 7 showed the opposite trend (Figs.
2E and 3C). All seven chromosome groups showed inter-
genomic rearrangements but at markedly variable frequencies
(prop. test, P < 2.2e™'%) (Fig. 3C). Chromosome groups 2 and 3
showed the highest frequencies of rearrangements followed by
groups 6 and 7, while groups 1 and 5 showed the lowest (Fig.
3C). A common feature for groups 2 and 3 is that most of the
rearrangements are reciprocal translocations between homeo-
logs, while those of groups 1, 4, 5, 6 and 7 are mainly unidi-
rectional homeologous segment transfer (Fig. 3C; Figs. S2C,
S4C, and S5B).

Of the 96 karyotyped plants of AT4, 94 (97.9%) harbor at least
one chromosome rearrangement (Fig. 3D; Dataset S1). Among
the 94 plants showing chromosome rearrangements, 37 (38.5%)
contained reciprocally translocated segments (Fig. 3D; Figs.
S2D and S5C; Dataset S1), with features similar to those of
AT3 (Figs. S2D and Fig. S4D). Unexpectedly, two reciprocal
rearrangements in AT4 occurred between two unrelated
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Fig. 4. CNVs recorded in 24 individual AT1 plants for a set of 17 genes
(Dataset S2) using locus-specific pyrosequencing primers. The RHR of the 408
data points (17 genes x 24 plants) was calculated based on three biological
replications, and its significant deviation from that of parental 1:1 DNA
mixes was computed (for details, see S/ Materials and Methods).

chromosome pairs, i.e., between 1S” and 5D and between 1D
and 5S" (Figs. S2D and S5C). All seven chromosome groups of
AT4 showed intergenomic rearrangements at variable frequen-
cies (prop. test, P < 2.2¢™'°) (Fig. 3D), including either or both
reciprocal and unidirectional rearrangements (Figs. S2D, S4D,
and S5C). Also similar to AT3, in general the chromosomes
showing higher propensities for aneuploidy (Fig. 2F) were more
prone to rearrangements (Fig. 3D). However, group 7 chromo-
somes were exceptions, which showed no aneuploidy (Fig. 2F)
but exhibited high incidence of rearrangements (Fig. 3D). For
chromosome groups 1, 3, 4, and 7, the two parental subgenomes
showed more or less equal propensities for rearrangements, but
chromosomes from the rest three groups were highly biased to-
ward one subgenome, either S® (groups 2 and 6) or D (group 5)
(Fig. 3D).

Small-scale genomic changes of the pSc119.2 repeat were also
detected in AT4, involvin%’chromosome groups 3, 4, and 7, and
chromosomes 5S and 6S° (Figs. S2D and S4D), but none of
these were present in all plants, and therefore were not persis-
tent (Dataset S1). Interestingly, all signal losses occurred to the
SP-subgenome chromosomes, whereas all signal gains occurred
in the D-subgenome chromosomes (Figs. S2D and S4D), which
was consistent with the localized persistent changes found in
AT1 and AT2 (Fig. 1 A and B).

To summarize, chromosomes of both AT3 and AT4 have
a strong propensity to rearrange. As a result, >95% of plants
from these two lines contain at least one rearranged chromo-
some. Moreover, multiple restructured chromosomes tend to
occur in a single plant, resulting in extensively remodeled
karyotypes. The chromosome rearrangements coupled with
massive aneuploidy in these plants (Fig. 2; Fig. S5; Dataset S1)
may render both of these lines into a state of genomic chaos.

Rapid CNV Occurred to Gene Homologs of the S*'S*"A™A™ and S's'AA
Synthetic Allotetraploid Wheats. As described above, despite kar-
yotype stability in both chromosome number and structure in
ATI (S™S™A™A™) and AT2 (S'S'AA), a localized genomic
change of either loss or gain of the pSc119.2 DNA repeat oc-
curred in both lines (Fig. 1 4 and B; Fig. S2 A and B). This
striking observation promoted us to test whether genomic
changes have also occurred to protein-coding genes in these two
lines. For this purpose, we quantified the relative CNV of
homologs of each of the 17 and 31 genes, respectively, in AT1
and AT2, for which specific pyrosequencing primers capable of
distinguishing parental subgenomes were designed (Dataset S2;
SI Materials and Methods). We performed the analysis for 24
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individual plants from two generations of AT1 and three gen-
erations of AT2, respectively (Table S2). We found that com-
pared with the parental relative homolog ratio (RHR) for each
gene in the 1:1 parental DNA mixes, significant alteration in
RHR (¢ test, P < 0.05) due to loss of one or more of homologous
copies (SI Materials and Methods) occurred at most of the 408
data points (17 genes x 24 plants) of AT1 and 744 data points
(31 genes x 24 plants) of AT2 (Fig. 4; Fig. S7; Dataset S3). In
comparison, analysis of fluctuations in RHRs (due to any num-
ber of reasons, including imprecise measurements of DNA
quantity, pipetting errors, etc.) across a set of 10 independent 1:1
DNA mixes of parental species each of AT1 and AT2 (SI
Materials and Methods) never reached a statistically significant
level. Notably, in contrast to the complete loss of the pSc119.2
DNA repeat in AT1 (Fig. 14), no case of total loss of a gene
homolog(s) was found in either AT1 or AT2 (Fig. 4; Fig. S7).
These results indicated that rapid CNVs in homologs of coding
genes have occurred in both synthetic allotetraploid wheats
although they are highly stable in chromosome number and
structure.

Seed Set Is Compromised by Extensive Karyotype Instability. We
determined the number of grains produced by two synthetic allo-
tetraploid wheat lines, AT2 (S'S'AA), which was karyotype stable,
and AT3 (AADD), which showed massive aneuploidy and rear-
rangements. We found that no significant difference (¢ test, P >
0.05) in seed set existed among selected euploid plants of AT3,
aneuploid plants of AT3 (with chromosome numbers of 2z = 29 or
30), or euploid plants of AT2 (Fig. S8). However, both aneuploids
with 2n = 27 or compensated aneuploids with 2n = 28 of AT3
showed significant reductions in seed production compared with
the other plant groups (Fig. S8). Given the persistent karyotype
instability in both chromosome number and structure in AT3 and
ATH4, reproductive fitness of both lines and derived populations
is expected to suffer further deterioration with progression of
generations.

Discussion

Polyploidy or WGD is a game-changing event in the life history
of an organism, either to fuel evolution or to cause extinction,
and hence bearing a profound impact on evolutionary trajecto-
ries of organisms involved (3). Enhanced evolvability of poly-
ploids in comparison with their diploid progenitors is regarded as
a major advantage of WGD (3, 22). Greater genomic plasticity
coupled with the stronger buffering capacity due to WGD render
polyploids capable of generating greater and faster heritable
genetic variations than their diploid progenitors, and enable
polyploids to adapt to novel ecological niches or adjust in situ to
the changing environments (3, 4). However, genetic variations
need to occur in a timely fashion for evolution to act before
nascent polyploids are outcompeted by their diploid progenitors
or relatives (3). Numerous recent studies in diverse newly formed
plant allopolyploids have indeed documented that rapid and
extensive genomic changes and gene-expression repatterning are
hallmarks of nascent WGD (1, 2, 4, 11, 23).

Karyotype instability in chromosome number and/or structure
is frequently associated with nascent WGD, and these changes
are often interlaced with molecular level changes as demon-
strated in yeast (24), Brassica (25, 26), and Tragopogon (21, 27).
Nevertheless, as pointed out by Otto (3), nascent WGD-induced
genetic variability can fuel evolution only if individuals can sur-
vive the onslaught of genomic changes. Given the large and
generally negative effects on organismal fitness by aneuploidy
and large-scale rearrangements, it is conceivable that if these
events are too traumatic, extinction will be the outcome.
Therefore, it is likely that the survived and eventually established
nascent polyploids are those that are able to fine-tune the bal-
ance of mutability and karyotype stability.

We recently reported that whole-chromosome aneuploidy
generally occurs in newly synthesized allohexaploid wheat but
that intergenomic rearrangements are rare (20). An interesting
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finding is that reproductive fitness is not significantly affected by
most types of aneuploidy, probably due to a strong compensating
capacity of being hexaploid (20). Especially in cases where ex-
tensive and persistent whole-chromosome aneuploidy occurred,
they often involve only one homolog (i.e., heterozygous condition),
and hence are potentially revertible to euploidy. These features
led to the proposition that newly formed allohexaploid wheat
may be able to survive over a protracted period for a karyotype
stabilization mechanism to evolve, leading to its establishment
(20). Nevertheless, information regarding the immediate chro-
mosomal consequences of nascent allotetraploidization in wheat
has been absent.

Here, we have conducted in-depth molecular cytogenetic
analyses of four synthetic allotetraploid wheat lines. Two lines
(AT1 and AT2) with genomes SS"A™A™ and S'S'AA are
analogous to natural tetraploid wheat (genome BBAA), while
the other two lines (AT3 and AT4) with genomes AADD and
S’S’DD have no extant (natural) counterparts. However, the
diploid parental species involved in these combinations are
known to distribute sympatrically (13). Therefore, we have
addressed the question why only the genome combination of
SSAA or closely related ones has led to successful speciation of
the two natural allotetraploid wheat species, T. turgidum and
T. timopheevii. Our results found stunning differences in karyo-
tyge stability of both chromosome number and structure between
S™S™A™MA™/S'S'AA and AADD/S"S"DD. Whereas the former is
characterized by initiation and transgenerational karyotype sta-
bility, massive aneuploidy and extensive chromosome restruc-
turing are persistently associated with the latter. Remarkably,
both S™"'S*"A™A™ and S'S'AA showed more localized rapid ge-
nomic changes involving loss or gain of the pSc119.2 repeat. The
fact that this type of genomic change occurred to both homologs
of the relevant chromosome of all karyotyped plants originating
from several independent S, individuals in each line points to an
earlier occurrence of the events and their trangenerational per-
severance. It is tempting to speculate that such localized systemic
genomic changes, being likely under selection, may have
played a role in karyotype stabilization, which merits further
investigation.

As proposed, rapid genomic changes are probably essential for
nascent polyploids to survive and establish (3, 11). The obser-
vations that homolog(s) of coding genes showed rapid CNVs in
both S"S"A™A™ and S'S'AA has provided strong evidence to
support this hypothesis and demonstrate that the nascent allo-
polyploids possess a strong capacity to generate immediate mo-
lecular genetic variations. Given the vast number and kind of
genes sensitive to dosage stoichiometry in plants (28), it can be
imagined that at least some of the CNVs may cause substantial
plasticity in gene expression and their products, and by exten-
sion, phenotypic novelties for Darwinian selection. The rapid
occurrence of CNVs is consistent with earlier findings of rapid
gene loss and elimination of noncoding DNA in wheat (17, 29)
and Tragopogon (27).

The genetic basis underlying the dramatic differences in
karyotype stability between the synthetic allotetraploid lines is
not clear. The fact that all aneuploid individuals are organismal
rather than cellular (no mosaic somatic aneuploidy identified)
indicates failures of proper chromosome segregation in meiosis
as a major cause for the genesis of aneuploidy in AADD and
SPSP’DD. Meiosis is fine-tuned cellular machinery (30), which in
newly formed allotetraploids is inherited from divergent diploid
ancestors where it is optimized over evolutionary time. Con-
ceivably, incompatibility occurring to any critical component of
meiosis may cause chromosome missegregation (31). Moreover,
WGD alone could result in asynchronization of meiosis (32),
resulting in structural chromosomal changes due to homeolo-
gous chromosome pairing and illegitimate (or nonhomologous)
recombination. In this respect, the findings of Kumar et al. (33)
are illuminating. The authors showed that certain accessions of
diploid Aegilops with the S genome carry suppressors of home-
ologous pairing with immediate effects on the chromosome
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pairing in the newly formed allopolyploids (33). In light of these
findings, it is perhaps not surprising to see extremely low incidence
of chromosome rearrangements in genotypes with S'S™A™A™
and S'S'AA genomes if the parental accessions of A. sharonensis
and Aegilops longissima carry suppressors of homeologous
chromosome pairing. In contrast, the rampant rearrangements
detected in AADD and S"S’DD could be explained if the pa-
rental accessions either lacked these suppressors or carried
enhancers of homeologous chromosome pairing. Regardless, the
severity of the rapid karyotype repatterning in genotypes with
AADD and S"S’DD genomes is striking, with >95% of plants
carrying multiple chromosome rearrangements. A similar phe-
nomenon, but to a lesser extent, of chromosome restructuring
was observed in newly formed allotetraploids of Brassica (26)
and Tragopogon (21). Conceivably, the massive aneuploidy and
extensive restructuring may constitute “snowballing” effects
leading to a vicious cycle of chromosomal instability culminating
in extinction (24). As a result, negative effect(s) on fitness can be
immediate (as witnessed by reduced seed set) and/or rapidly
increase with each generation. Indeed, a synthetic allotetraploid
wheat (genome AADD) produced earlier by Sears was found to
have reasonably high fertility (76%) in earlier generations (16)
but reduced fertility, only 1-3%), in later generations (34).

The most unexpected finding of this investigation is the high
degree of karyotype stability in both chromosome number and
structure in the two synthetic lines with genomes S™S*PA™A™
and S'S'AA, which in their genome constitutions mimic that of
natural tetraploid wheats, T. turgidum and T. timopheevii. This
finding may have implications for the evolution of meiotic
chromosome stability in polyploid wheat. For example, it is
generally believed that in both natural tetra- and hexaploid
wheats, the Pairing homeologous 1 (Phl) gene (35) is essential for
maintaining meiotic chromosome stability by controlling exclu-
sive homologous pairing and bivalent formation. Our results
suggest that immediate Phl functionality is likely dispensable for
this purpose in the newly formed allotetraploid wheats with
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