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Abstract Microsatellite evolution normally occurs in
diploids. Until now, there has been a lack of direct
experimental evidence for microsatellite evolution fol-
lowing allopolyploidization. In the present study, F,
hybrids and newly synthesized allopolyploids were derived
from Triticum aestivum Chinese Spring x Secale cereale
Jinzhou-heimai. One hundred and sixty-three wheat simple
sequence repeat (SSR) markers were used to investigate the
variation of wheat microsatellites after allopolyploidization
and variation of the PCR products of 29 of the SSR
markers was observed. Of these 29 SSR markers, 15 were
unable to produce products from amphiploids. The other 14
SSR markers did produce products from parental wheat, F,
hybrids and amphiploids. However, the length of the
products amplified from amphiploids was different from
the length of the products amplified from parental wheat
and F; hybrids. Sequencing indicated that the length vari-
ation of the 14 microsatellites stemmed mainly from var-
iation in the number of repeat units. The alteration of repeat
units occurred in both perfect and compound repeats. In
some compound SSR loci, one motif was observed to
expand whereas another to contract. Almost all the
microsatellite evolution observed in this study could be
explained by the slipped-strand mispairing model. The
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results of this study seem to indicate that stress caused by
allopolyploidization might be one of the factors that induce
microsatellite evolution. In addition, the findings of present
study provided an instance of how simple sequence repeats
evolved after allopolyploidization.
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Introduction

Polyploidization appears to be a significant cause of spe-
ciation in the plant kingdom. It has been estimated that at
least 50%, and perhaps more than 70%, of angiosperms
have experienced polyploidization in their evolutionary
history (Masterson 1994; Wendel 2000). Many species of
plants, which have been traditionally considered as diploid,
have proven to be ancient allopolyploids (Shoemaker et al.
1996; Gaut and Doebley 1997; Gomez et al. 1998;
Muravenko et al. 1998; Vision et al. 2000). From these
reports, it can be concluded that polyploidization plays an
important role in plant evolution. Revolutionary changes
and evolutionary changes are two ways by which allo-
polyploidy advances genome evolution in wheat (Feldman
and Levy 2005). A number of recent reports have docu-
mented genetic and epigenetic instability in newly synthe-
sized allopolyploids (Madlung et al. 2002; Kashkush et al.
2002). It has been reported that allopolyploidization is
attended by a nonrandom loss of specific, low-copy, prob-
ably noncoding DNA sequences and repetitive sequences at
the early stages of allopolyploidization (Feldman et al.
1997; Shaked et al. 2001; Ma et al. 2004; Ma and Gustafson
2006). In allopolyploids, genomic sequence elimination and
chromosome rearrangement are probably the major driving
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forces for diploidization, and epigenetic modifications are
most likely leading factors in genetic diploidization (Ma
and Gustafson 2005). However, there is a lack of direct
experimental evidence that diploid-like evolutionary pro-
cesses are accelerated as a result of allopolyploidy. Feldman
and Levy (2005) suggested that it might be interesting to
investigate whether evolutionary processes that normally
occur in diploids, such as microsatellite expansion, inser-
tions, and point mutations, occur at a faster rate in allopo-
lyploids compared to their diploid progenitors.

A microsatellite is a tandemly repeated DNA motif of
1-6 bp in length. It is also referred to as simple sequence
repeat (SSR). These sequences are found throughout many
genomes, and are highly polymorphic, even among closely
related plant varieties (Beckmann and Soller 1990; Morgante
and Olivieri 1993; Toth et al. 2000). Microsatellites are
important tools for understanding evolution (Levinson et al.
1985; Harding et al. 1992; Primmer and Ellegren 1998;
Makova et al. 2000; Barrier et al. 2000; Zhu et al. 2000;
Zhivotovsky et al. 2003; Gaspari et al. 2007). Previous
studies of microsatellite evolution have focused mainly on
the relationship between microsatellite mutation and the
number of repeat units (Zhu et al. 2000; Innan et al. 1997;
Vigouroux et al. 2002; Lai and Sun 2003; Dettman and
Taylor 2004; Azaiez et al. 2006), the patterns and mecha-
nisms of microsatellite evolution (Levinson and Gutman
1987; Harding et al. 1992; Primmer and Ellegren 1998; Innan
et al. 1997; Di Rienzo et al. 1994; Taylor and Breden 2000;
Lépez-Giraldez et al. 2007), the influence of the base com-
position on microsatellite variability (Bachtrog et al. 2000),
the mutation rate of microsatellites (Wong and Weber 1993;
Beck et al. 2003; Thuillet et al. 2005), the distribution of
microsatellites in genomes (Kubik et al. 1999; Cardle et al.
2000; Katti et al. 2001; Karaoglu et al. 2005), and the poly-
morphism of microsatellites (Akkaya et al.1992). Informa-
tion on the dynamics of microsatellite evolution has come
mainly from studies within species or comparisons of closely
related species. Previous reports have, for the most part,
examined the historical mutation events of microsatellites. It
is unclear whether speciation is accompanied by immediate
microsatellite evolution and what kind of evolutionary
pressures will accelerate microsatellite evolution. Hybrid-
ization is one of the evolutionary pressures (Madlung and
Comai 2004). Allopolyploids are derived from interspecific
or intergeneric hybridizations. Allopolyploidization is an
important process through which new species may theoret-
ically arise quickly. Hence, allopolyploids, especially new
synthetic allopolyploids, are useful materials for studying
microsatellite evolution. Until now, there has been a lack of
direct experimental evidence for microsatellite evolution as
a result of allopolyploidization.

In this study, we crossed Triticum aestivum Chinese
Spring and Secale cereale Jinzhou-heimai, and produced
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several F; hybrids and first generation allopolyploids
(amphiploids). Changes of microsatellites in these progeny
derived from Chinese Spring x Jinzhou-heimai were
investigated using wheat SSR markers. Microsatellite
evolution following allopolyploidization was observed.

Materials and Methods
Plant Materials

The parental wheat plant was Chinese Spring (Triticum
aestivum L.) and the parental rye plant was Jinzhou-heimai
(Secale cereale L.). The F; hybrids were derived from
Chinese Spring (genome AABBDD) x Jinzhou-heimai
(Chinese rye;genome RR) and the synthetic amphiploids
were obtained by treating young seedlings of F; hybrids
with 0.05% colchicine. Four F; hybrids and four amphip-
loids were used for studying. The four F; plants were
named CJF,-1, CJF;-2, CJF,-3, and CJF;-4; and the four
amphiploids were named CJS;-1, CJS;-2, CJS;-3, and
CJS;-4. CIS;-1, CJS;-2, CJS;-3, and CJS;-4 were derived
from the respective F; hybrids. All the parental plants were
maintained by strict selfing. The parental rye plant was
inbred for 10 generations. The parental wheat plant was
selfed for 15 generations to maximize homozygosity.

Genomic In Situ Hybridization

Genomic in situ hybridization (GISH) analysis was used to
identify CJS;-1, CJS;-2, CJS;-3, and CJS;-4 as amphip-
loids. The total genomic DNA from S. cereale Jinzhou-
heimai was labeled with digoxigenin-11-dUTP according
to the manufacturer’s instruction (Roche). A 15-ul
hybridization mixture, consisting of 20-ng probe DNA,
0.5 pg of sheared wheat cv. Chinese Spring genomic DNA
as blocker, 10-pg sheared salmon sperm DNA, 50%
formamide, 2x SSC, 10% dextran sulfate, was denatured
at 80°C for 8 min, chilled on ice for 5 min, and added to
each slide. For hybridization, slides were placed in a moist
box at 37°C overnight. A post-hybridization wash was
carried out with 2x SSC (including 2% Tween-20) at 25°C
(5 min), 42°C (10 min), 25°C (5 min), respectively, and
1x phosphate-buffered saline (PBS) at room temperature
(5 min). Fifty microliters of fluorescein-conjugated anti-
digoxigenin antibody (1:100 dilutions) were applied to
each slide. After incubation for 1 h at 37°C, the slides were
washed 3—4 times in 1x PBS at room temperature (5-min
each), and then rinsed briefly with deionized water and
quickly dried using a puffer. A thin layer of antifade
solution containing 1-pg/ml propidium iodide (PI) was
added to each slide. Photographs were taken with a cooled
CCD camera system (DP70) on an Olympus BX-51
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fluorescence microscope. At least 25 metaphase cells were
examined for each seed.

DNA Extraction

Genomic DNA of newly synthesized amphiploids, F,;
hybrids (before treatment with colchicine) and their exact
parents (the individual pollen donor plant and the indi-
vidual recipient plant) were extracted according to the
method described by Zhang et al. (1995).

PCR Amplification and Sequence Cloning

One hundred and sixty-three wheat SSR markers (Roder
et al. 1998) were screened for amplification in the newly
synthesized amphiploids, F; hybrids, and their exact
parental plants. These SSR markers were listed in Table 1.
The PCR reaction mixture (25-pl total) consisted of 50-
mM KCl and 10-mM Tris—HCI (pH 8.8), 1.5-mM MgCl,,
0.2 mM of dNTP, 0.2 mM of each primer, 1.0 unit of Tag
polymerase (Promega), and 80 ng of genomic DNA.
Amplification was carried out in an MJ Research PTC-200
(Programmable Thermal Controller, MJ Research), using a
program that consisted of initial denaturation for 3 min at
94°C, followed by 35 cycles of 1 min at 94°C, 30 s at

Table 1 Wheat SSR markers used in analysis of parental wheat, F;
hybrids and amphiploid

Chromosome Markers

1A Xgwm: 33, 99, 135, 136, 164, 357, 497, 666

2A Xgwm: 95, 265, 275, 294, 359, 382, 425, 558, 614, 636

3A Xgwm: 2, 5, 30, 155, 162, 369, 391, 480

4A Xgwm: 4, 160, 397, 601, 610, 637

S5A Xgwm: 126, 129, 156, 186, 205, 293, 304, 595

6A Xgwm: 169, 334, 427, 459, 494, 570, 617

TA Xgwm: 60, 63, 233, 276, 260, 282, 350, 471

1B Xgwm: 18, 124, 140, 153, 259, 268, 413, 498, 550

2B Xgwm: 47,120, 148, 210, 257, 374, 429, 526, 630

3B Xgwm: 77, 108, 131, 181, 264, 376, 299, 340

4B Xgwm: 6, 107, 149, 251, 368, 495, 513, 538

5B Xgwm: 67, 68, 159, 191, 234, 335, 371, 408, 443, 604

6B Xgwm: 70, 132, 133, 193, 219, 361, 508, 644

7B Xgwm: 16, 112, 274, 333, 557, 569, 573

1D Xgwm: 106, 232, 337, 458, 642

2D Xgwm: 157, 261, 296, 301, 311, 320, 349, 484, 539

3D Xgwm: 3,71, 114, 183, 314, 341, 383, 456, 640, 645,
664

4D Xgwm: 165, 194, 608, 609, 624

5D Xgwm: 121, 174, 182, 192, 269, 271, 272, 358, 639

6D Xgwm: 55, 325, 469

7D Xgwm: 37, 44, 111, 295, 428, 437, 635

annealing temperature, 2 min at 72°C, and final extension
for 10 min at 72°C. The annealing temperature of SSR
markers was according to Rdder et al. (1998). After PCR
amplification, 8-pL loading buffer (98% formamide, 2%
dextran blue, and 0.25 Mm EDTA) were added to each
tube. Samples were denatured at 90°C for 5 min and then
immediately placed on ice. For each sample, 4 pulL. were
loaded onto a 6% vertical polyacrylamide gel (60 cm x
30 cm x 0.4 mm), run for 3 h at 60 W, and then scanned
using the Genomyx system (Beckman Coulter Corporation,
CA). The products amplified by the SSR markers, which
displayed length polymorphism among F; plants, amphip-
loids and parental wheat plant were recovered from poly-
acrylamide gels, reamplified by PCR and sequenced. To
accomplish this, the polymorphic bands were isolated from
the gel, and the DNA was extracted by boiling in 100 pL of
water for 5 min. The eluted DNA was used as template for
PCR amplification again using corresponding SSR mark-
ers. The second amplification products amplified by these
SSR markers were separated in a 2% high-resolution aga-
rose gel (FMC brand, Spain), prepared with 0.5 x TBE
(pH 8.0). Gels were stained with ethidium bromide and
visualized with a UVP Gel Documentation System (Bio-
Rad). The second amplification products were recovered
using Gel Extraction Kit (Omega E. Z. N.A. USA), and
were cloned into pMD18-T Simple Vector (TaKaRa, Japan).
Inserts were sequenced by the commercial company
Invitrogen Biotechnology (Shanghai) Co., Ltd. In addition,
the products amplified by five SSR markers, Xgwm44,
Xgwml191, Xgwm?268, Xgwm340, and Xgwm666, which
are adjacent to some of the SSR markers that displayed
variation after allopolyploidization, were also sequenced.
At least two separate clones from each individual
were sequenced for the products of each SSR markers.
The nucleotide sequences were deposited in the GenBank
Database. Sequence analysis was performed with the
software DNAMAN (Version 4.0).

Results
Identification of Amphiploids Using GISH

Seeds (CJS,-1, CJS;-2, CJS;-3, and CJS;-4) derived from
F, plants (CJF;-1, CJF;-2, CJF;-3, and CJF;-4) were used
for GISH analysis. The root-tip preparations in which rye
chromatin was present were distinguishable by fluorescing
signals at interphase and metaphase. Chromosome counts
indicated that the chromosome number of each seed was 56.
Among the chromosomes of these seeds, 14 exhibited
strong hybridization signals (Fig. 1) and were identified as
rye chromosomes. The results confirmed that CJS;-1, CJS;-2,
CJS;-3, and CJS -4 were amphiploids (octoploid triticales).
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Fig. 1 CJS;-1, CIJS;-2, CJS;-3, and CJS;-4 are confirmed to be
amphiploids using GISH analysis. Arabic numerals indicate wheat
chromosomes. Arrows indicate rye chromosomes

The Variation of Simple Sequence Repeat

The products of 29 of the 163 SSR markers exhibited
obvious variation after allopolyploidization. Three types of
variation of the products of the 29 SSR markers were
observed. First, the length of the products produced by nine
SSR markers (Xgwml124, Xgwml136, Xgwml156, Xgwm
186, Xgwm?282, Xgwm337, Xgwmd3T7, Xgwmd97, and
Xgwm644) from the four amphiploids were shorter than that
of the products produced from Chinese Spring and the four
F, hybrids (Fig. 2a). Second, the length of the products
produced by five SSR markers (Xgwml8, Xgwml20,
Xgwm140, Xgwml153, and Xgwm539) from the four am-
phiploids were longer than that of the products produced
from Chinese Spring and the four F; hybrids (Fig. 2b). The
lengths of these 14 abnormal SSR in Chinese Spring, F,
hybrids and amphiploids are listed in Table 2. Third, the
microsatellite products of 15 SSR markers (Xgwm33,

10987654321M
250bp
=
100bp
()
Fig. 2 Length variation of microsatellite after allopolyploidization. a
Products amplified by Xgwm124 represent contraction of microsat-
ellite after allopolyploidization. b Products amplified by Xgwm539

represent expansion of microsatellite after allopolyploidization. ¢
Products amplified by Xgwm106 represent disappearance of products

10987654321 M
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Table 2 The length of the abnormal SSR in Chinese Spring, F;
hybrids, and amphiploids in which each variant was independently
observed

SSR Length in Chinese Length in
Spring and F, amphiploids (bp)
hybrids (bp)

Xgwm124 211 189

Xgwm136 297 245

Xgwml56 283 266/264

Xgwm186 136 122

Xgwm?282 220 196

Xgwm337 185 173

Xgwm437 105 91

Xgwm497 167 127

Xgwm644 163 151

Xgwm18 184 196

Xgwm120 135 153

Xgwm140 214 317

Xgwm153 180 231

Xgwm539 139 161

Xgwmd7, XgwmT]1, Xgwml06, Xgwml26, Xgwm299,
Xgwm?260, Xgwm265, Xgwm314, Xgwm359, Xgwm3T1,
Xgwm5T73, Xgwm595, Xgwm610, and Xgwm636) disap-
peared from the four amphiploids (Fig. 2c). However, the
band patterns of Chinese Spring and the four F; plants
produced by the 29 SSR markers were identical and they
were different from those of amphiploids. The band patterns
of the amphiploids produced by the 29 SSR markers were
identical (Fig. 2). In addition, the other 134 SSR markers
produced identical band patterns among the four F; hybrids,
the four amphiploids and their parental wheat (Fig. 2d).
Furthermore, six SSR markers (Xgwm219, Xgwm232,
Xgwm?259, Xgwm268, Xgwm408, and Xgwm644) ampli-
fied rye-specific bands whose sizes ranged from 469 to
747 bp from the genomic DNA of parental rye (Tang et al.
2008). However, the six SSR markers did not amplify
products whose sizes were less than 400 bp from parental

10987654321M 10987654321M

250bp 250bp
100bp

100bp

(c) (d)

in amphiploids. d Products amplified by Xgwm349 represent identical
band pattern among amphiploids, F; hybrids, and parental wheat
plant. 7 Chinese Spring, 2 CJF;-1, 3 CJF,-2, 4 CJF,-3, 5 CJF1-4, 6

CJSi-1, 7 CJS;-2, 8 CIS;-3, 9 CJS-4, 10 Jinzhou-heimai, M DNA
marker. Arrows indicate target fragments




J Mol Evol (2009) 69:217-228

221

Fig. 3 Comparison of
sequences amplified by
Xgwm136, Xgwm186,
Xgwm?282, Xgwm437, and
Xgwm644 from F; plants and

Xguml36

WMCIF136 GACAGCACCITGCCCTT TGGGTATTAATTTAATTGCA ATACACGATATAGT
WRCIS136 « - -+ -

amphiploids. WMCJF indicates MCJIF136 TAGCCTCCACCAATCTT CTATATACAT AGCTACCARAGGARCTCTAT ARTC
the sequences cloned from F, TMSCTSI36 v v v vvveseossosntassossossessssasossnsansasosses onss
plants. WMCJS indicates the
sequences cloned from 2CJF 136 CATCCAARCTGAT AGGAG GAGGAGGARG ARGTTCART ( CT) ,-GAGG ARGAR
amphiploids. Dots (-) show MMCTSL36 ++vvvrevsenssnannsanannnnnnnnsnnnnas (CT)qyrvveorens
identical nucleotides. Dashes
(-) show deletion of nucleotides 2CJIF13 6 GRATCTAAGACGAGGGGGATGAGCATGTTGCCGATG 29 Thp
TRICTISA36 v+ ovreoeseoesonsanssassassannsnnsans 245bp
Xgranl 86
CJF18 6 GCAGAGCCTGGT TCRAAR ARGAAAATGT TGCAT (GA) , . TRATGATGCAGIT
TMCTISIB6 «+cvvveeveeessnsennnasoncaeannns (GR) ;53—
MCJIF18 6 GCGTGCAARTGAATATACGAAGTCATAGCTCTCGCTAGAGGCG 1361kp
TRICTSAB 6 v+ v vvovvoossonsensnssssssassasssnsnsasanss 122bp
Xgran2 82
2CJIF 28 2 TTGGCCGT GTARGGCAG CARGCCAGCAAGTCACCARAACAARACTCGTGTA
TRICTS282 vt o v v sooetansassnssssssossasssasssassssnsnssasas
MCJIF 282 TTTGTACATGTT (GR) 53GGAGCCGAGGGAT TCAGCTCCAACAGAC AGAGA
TRMCTIS282 < vcvovreenann (&) PP R R R P I PP
2CJIF 28 2 AGCACTGGTTCAGCTARACTTCACTGC TAGTGTTGTGTGTGAATGAGA 220bp
TRICTS282 + v v vvvessnoeoenossonsnenosoesasassonasasassosanss 196hp
Xgramd 317
2CJIF43 7 GATCARGACTTT TGTAT (CT) , ,CAATGTAARACACTATCGATTAATTA
TRCTSAZT cvvvvovesoeoncannns (e § FIRERE TR PR PRIPPPEPIP
2CJF43 7 AGCTARCTGITGGACATC 105bp
TMCISA3T +vvevveesenecnnnan 91hp
Xgram644

?CIF 614 TGGGTCRAGGGC ARGGG GTGAGGGCCGGAGAGCCAGT ARGAGCCCAT GAG

MCIS61d -+ covvee

2CJIF 644 TCGCGATGCTCRAGTGC COCCCTTTITARCGCACGAGCGGATTGCACGG

MCIS61d ¢ ¢ v v 0e e

CIF6144 (GR) ,,GCTCACARCGCCCCT CACGCTACTCCT 163bp

2CJS614 (GR), ;-

rye. The other 157 SSR markers (including the 29 SSR
markers which have mutational changes) did not amplify
products from parental rye (Fig. 2).

Changes in Repeat Composition

The products of the 14 markers which displayed length
polymorphism were cloned from F; plants, amphiploids, and
Chinese Spring for sequencing (GenBank accession num-
bers: EU294026, EU289296-EU289336, and GQ144325-
GQ144330, respectively). For the SSR markers Xgwml8,

......................... 15 n)p

Xgwml120, Xgwml124, Xgwml136, Xgwml140, Xgwml53,
Xgwml186, Xgwm?282, Xgwm337, Xgwmd371, Xgwmd97,
Xgwm539, and Xgwm644, the sequences amplified from the
four F; plants and Chinese Spring were identical and they
were different from those of amphiploids; and the sequences
amplified from the four amphiploids were identical (Figs. 3,
4, 5, 6). For the SSR marker Xgwm156, the sequences
amplified from F; plants and Chinese Spring were identical
and they were different from those of amphiploids, the
sequences amplified from CJS;-4 were identical and they
were slightly different from the sequences amplified from
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Fig. 4 Comparison of Xgvaml8
sequences amplified by
Xgwml8, Xgwml153, and
Xgwm337 from F; plants and 197 o £ T S T I T T IR I I P
amphiploids. WMCJF indicates
the sequences cloned from F,;

plants. WMCJS indicates the IMELISAB - - - v v e - e e mee e m e (CR),GA(TR) g~ - - - - nmmem e o
sequences cloned from

NLCJF18 TGGCGCCATGATT GCATT ATCTTCATGT TTGGTTTGIC TTCARCATTGGTTTATCAT CTT

amphiploids. Dots () show YNLCJIF18 CTCTATAGT TCCT ARATAAGGTTCTTCAGCARCC 184bp

identical nucleotides. Dashes 107 0 £op 1 S 196bp

(-) show deletion of nucleotides
Xgrrml53
NMLCJIF153 GATCTCGTCACCCGGAATTCRAATATTT AGARGGATTT TAGRGTART TTTT
1020 BN Bob L e LI O A--ee-ee
INMCIF153 TAT TCARAAGATATCAATGARIT AAT -- - --AT TTCAC ARGRRARRT GRAAT
1070 o B L B I ATTTR- - - ---- - -c e A

MLIEL53 AGCTAGTTTTTCATGGGTG (GR) 1;:AGA(TG) 3CATGCAGCTC TCCGTCCT

IMLCISI53 v - ccemccerc e (GR) AGA(TG) 3+ - =r = vmmr e o e
INLCJIF153 TCTCTACCR 180bp
12)1 558 A5 Lo 231bp
Xgemm337
NLCJIE337 CCTCTTCCTCCCTCACTTAGC (CT ) (CRACT ) (CA) ;- CTTAGCCTTTGG
WMLCIS337 - v vcvrmrme e e (CT);(CACT ) (CR)qg-- - -~ ===«
INLCJIEF337 GTTGCCTGTGGGCARAGGCCAGTTAGCR 185bp
122 B X it B I 173bp
Fig. 5 Comparison of Xgrrl24
sequences amplified by _
Xowm124, Xgwm140, and CJIF 124 GCCATGGC TATC ACCCAGGARCATGAT GAGTTGCATT TGCATCAART CCTA
Xgwm539 from F,; plants and TRSCTS12d + v s v e ton snta senes sanssatansssssensnassssnssssnsnsanss

amphiploids. WMCJF indicates
the sequences cloned from F;

2CJIF 124 ARCCATGT CGGTGGCGTAT (CT) , TCT (GT) , AT (GT) -

plants. WMCJS indicates the TRICTS124 + v vt eveevnsenanans (CT)-CC(CT),TT(CT) T (CT) ,(GT) sAT(GT) »
sequences cloned from
amphiploids. Dots (-) show CIF124 GGARCARAATAAGTGTGCCTCAATTTT TTTATACTCAARTTGCACCGARCAGT 211bp
identical nucleotides FMCTST2 v oo vv e soneonoononssonassssonnsssssannsssssnnssssnans - 18%p
Xgrrnl140
2CJF14 0 ATGGAGAT AITT T6GCC TACARCCAGGGARCATTTTGGAGTGTCTGT TTCC
FIMCTSTAQ + v oo vv v tmeesesonsnssonanssssnnnsssaansnssannnes A
CIF140 GTGATT(CT) «»C(GC) ¢ TAGAATCTGGGTTTCTGAT ARGAG T
W@CIS140 GTGATT(CT) 15CA(CT) C(BC) v+ v rvrreroronrnsnoenennns
2CJF14 0 CTGAATAGATAT TCAGGTTTGTCRCGC CTTGARGTCRAAG 214bp
FIMCTSTAQ + v vvovvesanensoonnnssosanssssannassesas 317hp
Xgrr339
CJIF539 CTGCTCTRAAGAT TCATGCRAACCCATCT (GA) 5, GGCCGARARRACTGATG
FMCTIST39 +cvvverevanencronnnasannnas (GR) GG (GR) gg= v+ v novvverervnns
CJIF539 TGAGCTAGATAATGTTT CCARARRAAC CTRCAGAGGGCACARGCCTC 13%p
FIMCTST3Q + v vvevee toneoesooanessooasensesassasssannnssnns 16hp
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Fig. 6 Comparison of Xgerm120

sequences amplified by WICJF120  GATCCACCTTC(CT) 10 (CA)1cRCATCGCC GITGC COCT ACACCCTTGC CGTAGAGCT

Xgwm120, Xgwm156, and

Xgwm497 from F; plants and WMLCIS120 - (CT) 20 (CRYg- -- - mmmmmmmmms mm s e e

amphiploids. WMCJF indicates WICJF120 GGTCGTGCAGGCT GTTGTTTOGGCACCAGTATARIC 135bp

the sequences cloned from F,;

plants. WMCJS indicates the mLIsi1ze - 153p

sequences cloned from Xgeaml56

amphiploids. WMCJS156.4

indicates the sequences cloned WMICIF156 CCARCCGTGCTAT TRGTCATTCT TGTTAACTAATATAG ARTIT CTTTT TRAG

from CJS;-4. Dots (-) show LCISI56 - - -~ RAcvvrrmmmmmee A-C--------- G

identical nucleotides. Dashes

(-) show deletion of nucleotides MLISAE64 -~ - c--ommmren e e L RGrooeeees G
MLCJIF156 GCATAGACTTTTT TRACCTAARTT AATTGCTATGGAATATTAARTGTT TTRT
WRCIS156 -~ -C-AC- - -RR- ==~ - === o mmmae e T
WMCIS1564 - -C-AC---RAR--- -~ ----------- T
MLCJIJF156 ACCTTATTTAAAT TGRACTACATATGTTAARTARAGTAT GTTATARGGCCCT
WMLISI56 - C--Gro-v-nnn- T C--G----GT--
WMLIS1564 -~ -------- - c--G B R C--C----GT
MLCJIJF156 ACARTGCAGCTTT TR-TCTACAGRATTARGGAGT AGCGA (GT ) ¢ GCT
WLJIS156 G- -G----C----CTT----T-- -C-Trvvvvvvv--- (AT) (GT), ---
WRLCJIS1564 G- -G----C- - -CPT----T---C-Tr-vv-vv---- (AT) (GT), —--
MLCIF156 TGRACACATTTARATTGGCTAGAT ATGTT GRATARAATATGTI T AGGAG GGCCT
WMLCISI56 -AC-T---- - G- R
WMLIS1564 R--T-----Gr--on v -mn-- T--A
INMCJIF15 6 GCATTG 283bp
NLCJIS156 266bp
meIsiseqa --- - - - 264bp
Xgeamd 97

YRCJIF49 7 GTAGTGRARGACRAGGGCATTA(GT ), (GC) ; (GTGTGC) 3 (GT ) ;( GGECGT) ; (GC )5 (GT) ¢

INCISAIT -~ - men e e

INLCJIF49 7 GAGGTAAT TCCACCTCT TRTATTTACGTACGTATATC ACCCCACTITCOGG 16 Dp

IMLCISA9TF -+ - v mmn e oo

amphiploids CJS;-1, CJS;-2, and CJS;-3, and the sequences
amplified from the three amphiploids were identical
(Fig. 6). Therefore, the sequence alignment analysis was
carried out only between F; plants and amphiploids. The
variation in number of repeats was observed between
sequences from F; plants and amphiploids. The variation in
PCR product size of Xgwml8, Xgwml20, Xgwml24,
Xgwml136, Xgwm?282, Xgwm337, Xgwm437, Xgwmd9T,
Xgwm539, and Xgwm644 stemmed from variation in
number of repeats in the microsatellite; however, the
flanking sequences of these microsatellite alleles are iden-
tical between F; plants and amphiploids (Figs. 3, 4, 5, 6).
The variation in PCR product size of Xgwm153, Xgwm156,
Xgwm140, and Xgwm186 stemmed mainly from variation
in the number of repeats in the microsatellite. The flanking
sequences of these microsatellite alleles are slightly differ-
ent between F; plants and amphiploids (Figs. 3, 4, 5, 6).

12®p

The sequences amplified by Xgwml136, Xgwml86,
Xgwm?282, Xgwmd437, and Xgwm644 from F; plants and
Chinese Spring contain perfect repeats (CT)s;, (GA)y4,
(GA)3g, (CT)zp, and (GA), respectively (Fig. 3). How-
ever, the sequences amplified by Xgwml136, Xgwm186,
Xgwm?282, Xgwmd37, and Xgwm644 from amphiploids
contain perfect repeats (CT)3y, (GA)g, (GA),6, (CT);5, and
(GA),3, respectively (Fig. 3). The sequences amplified by
Xgwml8, Xgwml153, and Xgwm337 from F; plants and
Chinese Spring contain repeat structures (CA);q GA (TA)4,
(GA)14 AGA (TG); and (CT)s (CACT)g (CA)ys, respec-
tively (Fig. 4). And yet the sequences amplified by
Xgwml8, Xgwml53, and Xgwm337 from amphiploids
contain repeat structures (CA),» GA (TA)4, (GA)z7 AGA
(TG)3, and (CT)s (CACT)s (CA);z0, respectively (Fig. 4).
The sequences amplified by Xgwml124, Xgwml140, and
Xgwm539 from F; plants and Chinese Spring contain repeat
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structures (CT),s TCT (GT),9 AT (GT),, (CT)49 C (GC),
and (GA),4, respectively (Fig.5), and the sequences
amplified by Xgwm124, Xgwm140, and Xgwm539 from
amphiploids contain repeat structures (CT); CC (CT), TT
(CT)6 T (CT)2 (GT)g AT (GT)s, (CT)29 CA (CT)g4 C (GC)4,
and (GA)g GG (GA),g, respectively (Fig. 5). The sequences
amplified by Xgwm120, Xgwm156, and Xgwm497 from F,
plants and Chinese Spring contain repeat structures (CT);q
(CA)is, (GT)y6, and (GT)12 (GC), (GTGTGO); (GT),
(GGGCQAT), (GCO)g (GT)g, respectively (Fig. 6), whereas
the sequences amplified by Xgwm120, Xgwml156, and
Xgwm497 from amphiploids contain repeat structure (CT)yg
(CA);s, (AT)4 (GT)4, and (GT),g, respectively (Fig. 6).

In addition, the products of Xgwmd4, Xgwml91,
Xgwm268, Xgwm340, and Xgwm666 amplified from F,
hybrids, amphiploids, and parental wheat were sequenced.
The loci of Xgwm44, Xgwm340, and Xgwm666 are adja-
cent to the loci of Xgwm437, Xgwm299, and Xgwm497,
respectively (Roder et al. 1998). The locus of Xgwm191 is
adjacent to the loci of Xgwm120 and Xgwm644 (Roder
et al. 1998). The locus of Xgwm268 is adjacent to the loci
of Xgwml24 and Xgwml53 (Roder et al. 1998). For
Xgwmdd, Xgwm268, Xgwm340, and Xgwm666, the
sequences amplified from F; plants, amphiploids, and
Chinese Spring were identical (Fig. 7). Sequences ampli-
fied by Xgwmd4, Xgwm268, Xgwm340, and Xgwm666
contain repeat structures (GA)ys, (GA);g TA (GA);0,
(GA),s, and (CA); TA (CA)p, respectively (Fig. 7). For
Xgwm191, the sequences of F; plants and Chinese Spring
were identical and contain repeat structure (CT),, the
sequences of amphiploids were identical and contain repeat
structure (CT)3 (Fig. 7). The difference of the sequences
amplified by Xgwm191 between F; plants and amphiploids
is also found in the flanking areas (Fig. 7).

Discussion

Allopolyploidization can Induce Microsatellite
Evolution

The evolution of microsatellite has been studied exten-
sively. So far, information on the dynamics of microsat-
ellite evolution has come mainly from studies within
species or comparisons of closely related species (Makova
et al. 2000; Karhu et al. 2000). The factors that induce
microsatellite evolution are unclear. Because allopolyploid
is a hybrid containing two or more different genomes, it
creates a considerable stress on the plant. McClintock
(1978) has suggested that wide species crosses are among
the stresses that might trigger reorganization of the parental
genomes. Therefore, the stress caused by allopolyploidi-
zation can be considered as one of the factors which induce
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microsatellite evolution. Genomic changes in allopolyp-
loids synthesized by colchicine treatment have been
reported (Song et al. 1995; Liu et al. 1998; Shaked et al.
2001; Kashkush et al. 2002). These previous studies indi-
cate that allopolyploids synthesized by colchicine treat-
ment can be used to illustrate variations of genomic DNA
sequences during allopolyploidization. Therefore, the
results obtained here may indicate that allopolyploidization
can induce rapid microsatellite evolution. However, so far,
it is not clear whether allopolyploidization in nature can
cause rapid microsatellite evolution. In the present study,
the mutation rate of wheat microsatellite locus is 17.8%
(29/163) and the mutation loci were dispersed on almost all
the seven homeologous groups’ chromosomes of wheat.
Although, the sequences of CJS;-4 produced by
Xgwm156 were slightly different from the sequences of the
other three amphiploids, the same mutational changes of
microsatellites occurred in the four amphiploids. Because
the four amphiploids are independent allopolyploidization
events, it is surprising and interesting that the same muta-
tional changes have occurred independently. Feldman et al.
(1997) have reported that speciation through allopolyploidy
is accompanied by a rapid, nonrandom elimination of spe-
cific, low-copy, probably noncoding DNA sequences at the
early stages of allopolyploidization. Ozkan et al. (2001)
have observed an identical pattern of changes in natural and
newly synthesized allopolyploids with the same genomic
constitution. The nonrandom and reproducible variation of
genomic DNA sequences in allopolyploids synthesized by
colchicine treatment have been reported (Song et al. 1995;
Liu et al. 1998; Shaked et al. 2001; Kashkush et al. 2002).
According to previous reports, it is possible that the same
mutational changes of microsatellites occur in independent
events of allopolyploidization. In present study, the varia-
tion of the microsatellites was not attributable to the heter-
ozygosity of the parents or to PCR artifacts because the
parent wheat and rye were single plants and selfed. The
parents of the amphiploids are homozygous (Tang et al.
2008). In addition, the amplification products were not
attributable to the possibility of PCR primers annealing to
alternate sites. If PCR primers annealed to alternate sites, the
sequences amplified from the four amphiploids should not
be identical. However, it was striking that not only the
mutational patterns of the 29 markers, but also the muta-
tional patterns of the markers around the 29 markers are
exactly the same among the four amphiploids. Possible
reasons to explain this phenomenon might be (1) the parent
wheat and rye were single plants and homozygous and (2)
the microsatellite evolution induced by allopolyploidization
is not random. Because the frequency of mutation of
microsatellites in allopolyploids induced by colchicine is
very low (Wanlong Li, personal communication), patterns
of microsatellite variation induced by colchicine treatment
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Fig. 7 Comparison of sequences
amplified by Xgwm44, Xgwm191,
Xgwm?268, Xgwm340, and
Xgwm666 from Chinese Spring,
F, plants, and amphiploids.
WMCS indicates the sequences
cloned from Chinese Spring.
WMCJF indicates the sequences
cloned from F; plants. WMCJS
indicates the sequences cloned
from amphiploids. Dots (-) show
identical nucleotides. Dashes
(-) show deletion of nucleotides

Xgramid
WCS44 GITGAGCITTTCAGTTOGG CACAG ATGAG CCGTT CACTTCCRARTOCTGGATCRGETAG
01 6 | 7
FIMCTSAL s o v v v evessaessanes sosasoseassossssasssansasaansoseaseossesas
CS44 AAGTATGGCATAGGT GCGGGGG (GA) ;¢ GCACCAACCTGC AGTCGATGT CGGAG CAGCT
01560 ) O 7 W (e PP I
[©1 3 61 A0 7 [ (GR) ¢ *wrvvrerrerraneeoencnaieanann
WCS44 CAGTGGATGCCAGTC AGTGGARTGCCAGT 178hp
1013761 ) o 7 | 178&p
O oy 7 17&p
Xgum268
WCS268 AGAGGATATGTTGTCACT CCACAACACAARGTATCATARCRCGCA(GR) ,TA(GR) 3,
'F‘E-K'JF26 8 ............................................. (Gn) lém(Gn) EY
MMCTIS268 +ccvvoceetonsonsassssosssossessesssssasassssnns (GR) , TR(GA) 1,
WCS268 TGGCAGCCAGCAGCATGRGCAGE GACGAGAGGET GGRAGCCTEGC CBECECERCGGCGC TC
"R'K:JF 26 8 ...........................................................
"n.ﬂJS 26 8 ...........................................................
CS268 GTGGEGACGAGAGGTGGAGCCT GG COGGC GCGRC GECGCTCGTC ACCGGCGGTAGCARAG
‘-n.ﬂans 8 ...........................................................
"n‘K:JS 26 8 ...........................................................
CS268 GGATCGGGTACGTACGCAATCACATAR 244
TICIF268 - vvvvevvococasasannnnnnnns 244
MMCIS268 ++vvvverrvenssenessanenonnns 244
Xgrm340
TCS340 GCARTCITTTTTCTGACC ACGGRAGTGG ARGAG CACAARGATC ATTGGTARTGAG
'i‘ﬂ-ﬁJF 34 0 .......................................................
"R‘K:JS 34 0 .......................................................
CS340 GAGAGGR(GA) ;.-GCCCCACATGIGTGTTICTTGCCTCGT 133
MCIF340 ------- (GRY ggrovrvrervsornesosennneanes 133
MCIS340 ------- (e PR R R 133
X gum6 66
WICS666 GCACCCACATCTTCGACCGECCATTAGACTGCARTGGTTTACC ATGTAGAR(CR) -TA(CR) ,,
"n.ﬁlmsﬁ 6 ................................................... ( cn) -,»T]l(CR) 10
TMMCTSE66G v oveevenocenceacasasosasssssasnsssasassnannesnas {CR) -TA{CA) ,,
WCS666 TGOGCACAGAGACCAGCAGCA
'HI-K:JF 66 6 .....................
'i‘n'iCJS 66 6 .....................
Xgrm191
WCS191 AGACTEITGTTTGCGEEC CGTGT GCTAT TAGTG (CT) , CCCCTTITGCTCTTTGATGT
MMCIF191 +-vcevecencecanasanasanoasassnsnas [(ei § FECIE R R I
MMCTIS19L - v vveoveesocssanassanonsnsanassmms (CT) 3 roremersonenennns
WCS191 TCTT TGATACGTGTTTCATGCAT ACAAC TGTCGTGCTA 118

MMCIF19] ++rveeeeceessenessoassosasossassannanss 118
IMICTSTG T - v v v voes sesecseessossossnnssnsnnsennss 116
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is seldom found. Tang et al. (2008) have investigated the
microsatellite variation among F; hybrids and amphiploids
derived from four different combinations between wheat
and rye including Chinese Spring x Jinzhou-heimai,
Triticum aestivum Mianyangll x S. cereale ‘Kustro’,
Mianyangll x S. cereale AR106BONE and Chinese
Spring x AR106BONE. Their results indicated that some
of the wheat SSR markers used in their study displayed
microsatellite variation only in progenies derived from
Chinese Spring x Jinzhou-heimai, but none of the SSR
markers displayed microsatellite variation in the progeny
derived from the other three combinations. Thus, it is cannot
be concluded that microsatellite evolution was a general
response to allopolyploidization. The well-regulated varia-
tion of microsatellite in synthesized allopolyploids discov-
ered by chance in this study might represent one
microsatellite variation model, which seldom occurs in
synthesized allopolyploids. The nonrandom variation of
microsatellites observed here might occur through a pre-
cisely orchestrated mechanism of some presently unknown.
More data are needed to confirm whether the well-regulated
variation of microsatellite we observed represents a general,
directed event associated with allopolyploidy, or merely a
stochastic anomalous incident caused by the specific
parental combinations.

Mechanism of Microsatellite Evolution Caused
by Allopolyploidization

The results of this study indicated that variation of micro-
satellites caused by allopolyploidization can occur at repeat
regions and flanking regions. The disappearance of micro-
satellite products of 15 SSR markers from the amphiploids
indicated the variation of primer sites at the flanking
regions. The sequences amplified by Xgwm140, Xgwm153,
Xgwm156, Xgwm186, and Xgwm191 also displayed vari-
ation at the flanking regions. However, the length variation
of microsatellites in the present study stemmed mainly from
the variation in the number of repeat units.

The wheat microsatellite loci Xgwml136, Xgwml86,
Xgwm?282, Xgwm437, and Xgwm644 contain perfect
dinucleotide repeats (Fig. 3). The dinucleotide repeat units
of all the five microsatellite loci were reduced after allo-
polyploidization (Fig. 3). The size alteration pattern in
repeat regions of the five microsatellite loci completely
accord with the slipped-strand mispairing (SSM) model
(Levinson and Gutman 1987). The three microsatellite loci
Xgwml8, Xgwml53, and Xgwm337 contain complex
compound repeats (Fig. 4). For each of the three micro-
satellite loci, only the longer dinucleotide repeat has
changed and the variation patterns of repeat units of the
three microsatellite loci can also be explained by the SSM
model (Levinson and Gutman 1987).

@ Springer

The variation of microsatellite loci Xgwml24,
Xgwml140, and Xgwm539 may be caused by both base-
substitution (Calabrese et al. 2001) and SSM, because their
microsatellites were interrupted after allopolyploidization
(Fig. 5). Although C-T transitions, T-A transversion, and
A-G transitions occurred in the microsatellite of loci
Xgwml124, Xgwml40, and Xgwm539, respectively, the
length variation of repeat unit of the three loci can still be
explained by the SSM model. Furthermore, microsatellite
loci Xgwm120, Xgwml124, and Xgwm140 also contain
complex compound repeats (Fig. 5, 6). The shorter repeat of
the three microsatellite loci also changed. The sequences
amplified by Xgwm120 contain (CT)n and (CA)n dinucle-
otide repeats. However, the number of CT units increased
but CA units decreased in the amphiploids (Fig. 6). This
case indicated that expansion and contraction of the repeat
unit could occur at the same time at the same microsatellite
locus that contains the compound repeat. The variation of
locus Xgwm156 may be caused by a G-to-A mutation. That
is, a G-to-A mutation produced an (AT), repeat and led to a
loss of GT repeats (Fig. 6). Levinson and Gutman (1987)
have referred to tandem repeats produced by chance muta-
tions as the “raw material” for repeat expansion by SSM.
The variation of the locus Xgwm156 mutation can not only
provide “raw material” for repeat expansion, but also lead a
reduction of repeats. The microsatellite variation of locus
Xgwm497 indicated that expansion of perfect dinucleotide
repeats might be accompanied by a deletion of hexanu-
cleotide and dinucleotide repeats. In addition, the loci that
did not display length variation may be more stable.

In conclusion, allopolyploidization can induce immedi-
ate microsatellite evolution and almost all the variations of
microsatellites observed in this study can be explained by
the SSM model. In addition, the findings of the present
study furnish an example of how microsatellites evolve
after allopolyploidization.
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