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ABSTRACT. The narrow genetic variation present in common wheat
(Triticum aestivum) varieties has greatly restricted the improvement
of crop yield in modern breeding systems. Alien addition lines have
proven to be an effective means to broaden the genetic diversity of
common wheat. Wheat-rye addition lines, which are the direct bridge
materials for wheat improvement, have been wildly used to produce
new wheat cultivars carrying alien rye germplasm. In this study, we
investigated the genetic and epigenetic alterations in two sets of wheat-
rye disomic addition lines (1R-7R) and the corresponding triticales.
We used expressed sequence tag-simple sequence repeat, amplified
fragment length polymorphism, and methylation-sensitive amplification
polymorphism analyses to analyze the effects of the introduction of
alien chromosomes (either the entire genome or sub-genome) to wheat
genetic background. We found obvious and diversiform variations in
the genomic primary structure, as well as alterations in the extent and
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pattern of the genomic DNA methylation of the recipient. Meanwhile,
these results also showed that introduction of different rye chromosomes
could induce different genetic and epigenetic alterations in its recipient,
and the genetic background of the parents is an important factor for
genomic and epigenetic variation induced by alien chromosome addition.

Key words: Wheat-rye addition lines; Genetic alterations;
Epigenetic alterations

INTRODUCTION

The narrow genetic background of wheat (Triticum aestivum) is one of the main
factors limiting increases in wheat yield. The introduction of an alien genetic germplasm is
a common method for genetic improvement of wheat. Many wild relatives with important
agronomic traits, such as rye (Secale cereale L.), Haynaldia villosa, and Elytrigia elongata,
are ideal materials for use in wheat genetic breeding (Qi et al., 2007; Gill et al., 2011; Kang
et al., 2011; Liu et al., 2011; Jauhar and Peterson, 2013; Zhou et al., 2014). Rye is a valuable
source of resistance, stress tolerance, and high yield genes, and it has been extensively used
for yield improvement, disease resistance, and environmental adaptation of common wheat
(Friebe et al., 1996; Tang et al., 2009; Ren et al., 2011).

Triticale was obtained by introgression of rye chromatin into the wheat genome, and
is often used to produce wheat-rye addition, substitution, and translocation lines. Moreover,
alien addition lines have been used to induce small-segment-translocation between species
effectively (Ren and Zhang, 1997; Tan, 2008). In wheat, it has been reported that wheat-rye
monosomic addition lines can easily induce structural variation in the chromosome and a high
frequency of chromosome translocation (Ren et al., 1990; Ren and Zhang, 1997). In rice (Oryza
sativa L.), some useful genes were transferred to cultivated rice from its wild relatives, using
alien addition lines (Brar and Khush, 1997; Multani et al., 2003). Alien addition lines were also
used in breeding programs of sugar beet, oilseed rape, wheat, and onion (Reamon-Ramos and
Wricke, 1992; Chevre et al., 1996; Ren and Zhang, 1997; van Heusden et al., 2000).

Polyploidization-induced genome variation has been investigated in triticale (Ma et al.,
2004; Ma and Gustafson, 2006). The alterations of rye telomeric/subtelomeric heterochromatin
have been observed in several sets of wheat-rye addition lines (Alkhimova et al., 1999).
Chromosome instability and genome rearrangements in wheat-rye addition lines have also been
observed (Bento et al., 2010; Szakacs and Molnar-Lang, 2010). Drastic genetic and epigenetic
variations were induced by wheat-rye 2R and SR monosomic addition lines (Fu et al., 2013).

Although many alien addition lines have been used in crop breeding, there are two
important questions that remain unclear. First, whether and how whole genomes and different
sub-genomes induce different impacts on genetic and epigenetic alterations in the recipient
plant. Second, whether the genetic background of the recipient parents has an impact on the
changes induced by the alien addition. To address these issues, we investigated genetic variation
in genomic structure and alterations in the extent and pattern of DNA methylation in two sets of
wheat-rye disomic addition lines (1R-7R) and the corresponding triticales. Our results provide
more detailed and comprehensive information about wheat-rye disomic addition lines, which
might constitute a theoretical basis for further fundamental research and breeding application.

Genetics and Molecular Research 15 (2): gmr.15028001 ©FUNPEC-RP www.funpecrp.com.br



Genetic and epigenetic alterations in integration lines 3

MATERIAL AND METHODS
Plant material

The plant material used in this study consisted of two sets of wheat-rye disomic
addition lines, triticales, and their agronomic parents. CS-1: 7. aestivum “Chinese Spring” x
S. cereale “Imperial” (2n = 8x, AABBDDRR), T_ aestivum “Chinese Spring” (AABBDD),
S. cereale “Imperial” (RR), and a set of wheat-rye addition lines (1R-7R); H-K: 7. aestivum
“Holdfast” x S. cereale “King II” (2n = 8x, AABBDDRR), T. aestivum “Holdfast” (AABBDD),
S. cereale “King I1” (RR), and a set of wheat-rye addition lines (1R-7R). All these materials
were provided by Professor J. Perry Gustafson at the University of Missouri (Ma et al., 2004).

Expressed sequence tag-simple sequence repeat (EST-SSR) analysis

In total, 69 primer pairs were selected and analyzed in this study. Polymerase chain
reaction (PCR) was done in a total volume of 20 pL, containing 50 ng genomic DNA, 0.5 U
Taq DNA polymerase, and 1X buffer (Promega, Madison, WI, USA) consisting of 1.5 mM
MgCl,, 0.2 mM dNTP, and 0.25 mM of each primer. The following program was used: 94°C
for 5 min, 30 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min, followed by a final
extension at 72°C for 10 min. Polymorphism was visualized on a silver-stained 8% native
polyacrylamide gel.

Amplified fragment length polymorphism (AFLP) and methylation-sensitive
amplification polymorphism (MSAP) analysis

The AFLP procedure was performed according to the protocol of Vos et al. (1995),
with minor modifications (Zhang et al., 2008). The MSAP procedure followed that described
by Zhang et al. (2008). The preselected PCR amplification was performed using a single
selective base at the 3'-end of each of the EcoRI and Msel primers (S1 Table).

Scoring of polymorphic bands

In all EST-SSR, AFLP, and MSAP procedures, replicates were performed to avoid
technical bias, and the patterns from two independent digestions were compared for each
sample. Moreover, with all EST-SSR, AFLP, and MSAP gels, the upper and the lower part of
the gel, where the resolution was not satisfactory, were not used for band scoring. Only stable
and repeatable patterns were retained for subsequent analysis.

Isolation and analysis of polymorphic fragments

The polymorphic fragments were isolated from the polyacrylamide gels, re-amplified
by PCR, and sequenced. The polymorphic bands were excised from the PAGE, and boiled
in 100 uL water to release the DNA. The eluted DNA was used as template for the PCR
following the same cycling conditions as the selective amplification. The PCR products were
subsequently separated on a 2% agarose gel, and DNA fragments of the appropriate size were
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extracted from the gel using the Sangon PCR Purification Kit (Sangon, Shanghai, China). The
target bands were ligated to the pMD18 T-vector (TaKaRa, Dalian, Japan) and transferred
to Escherichia coli strain JM109 competent cells by heat shock. The positive clones were
sequenced using universal M13 primers and the nucleotide sequences were deposited in the
GenBank database. Sequences obtained in this study were analyzed for similarity to known
sequences in public databases using BLAST on the National Center for Biotechnology
Information server (http://www.ncbi.nlm.nih.gov/BLASTY/).

RESULTS
Analysis of addition-associated genetic alterations

The 69 selective primer pairs were used for EST-SSR analysis to test the polymorphism
among the genomes of a set of wheat-rye addition lines, their corresponding triticale, and
agronomic parents. As shown in Figure 1, a total of 353 legible and reproducible bands
were generated in CS-1. Among the 353 amplified fragments, 227 (64.3%), 91 (25.8%), 218
(61.8%), 201 (56.9%), 228 (64.6%), 242 (68.6%), 231 (65.4%), 221 (62.6%), 127 (36.0%), and
204 (57.8%) amplified sites, respectively, were detected in the wheat parent (W), rye parent
(R), triticale (WR), and wheat-rye addition lines (1R-7R). In the comparison of the amplified
fingerprints between the addition lines and wheat parents, 250 polymorphic fragments were
generated in the wheat-rye addition lines, which comprised 75.30% of the detected EST-SSR
sites. Among the polymorphic sites, the number of lost and novel sites was 145 (43.67%) and
105 (31.63%), respectively. This result indicated that the frequency of lost parental bands
was much higher than the frequency of gained novel bands, due to the introduction of rye
germplasms. Further analysis of the polymorphic types in the 1R-7R addition lines are shown
in Table 1. Our analysis suggested that the genome alteration observed in triticale was similar
to that which occurred in the wheat-rye addition lines, in which the frequency of lost and novel
sites was 16 and 9%.
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Figure 1. EST-SSR fingerprints of genomic DNA of wheat-rye additional lines and their parents. W = wheat parent
(AABBDD); R = rye parent (RR); 8X = triticale (2n = 8x, AABBDDRR); 1R-7R: wheat-rye addition lines. (+ =
band present, - = band absent; 1 = appearance of novel bands, ¥ = band loss).
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Table 1. Polymorphic amplified sites obtained using EST-SSR.

IR 2R 3R 4R SR 6R 7R

W* | R* | T* | AL* | No. % No. % No. % No. Y% No. % No. % No. %
+ + - 20 5.67 8 2.27 17 4.82 13 3.68 21 595 70 19.8 22 6.23
+ 25 7.08 28 7.93 16 4.53 20 5.67 24 6.8 32 9.07 20 5.67
Lost + + + 3 0.85 4 1.13 3 0.85 6 1.70 9 2.55 13 3.68 4 1.13
+ + - - 1 0.28 1 0.28 1 0.28 1 0.28 | 0.00 | 0.00 1 0.28 1 0.28
TotaL 49 | 13.88 | 41 | 11.61 | 37 | 1048 | 40 | 1133 54 1530 | 116 | 32.83 | 47 | 13.31

+ + 10 2.93 13 3.68 12 3.40 10 2.83 11 3.12 3 0.85 10 2.83

Novel - - - + 9 2.55 24 6.8 29 8.22 25 7.08 21 5.95 6 1.7 10 2.83
Total 19 5.48 37 | 1048 | 41 | 11.62 | 35 9.91 32 9.07 9 2.55 20 5.66

*W = wheat; R =rye; T = triticale; AL = addition lines; 1R-7R = 1R-7R addition lines; + = band present; - = band absent.

Using eight selective primer pairs in the AFLP analysis, 398 and 372 polymorphic
bands were obtained in CS-I and H-K, respectively, with the exception of bands produced by
the rye parent (Figure 2). In CS-I, compared to the wheat parent, 67 (16.83%) sites were absent,
while 41 (10.30%) new bands were observed in the addition lines. Further analysis of the 1R-
7R addition lines and triticale are shown in S2 Table and Figure 3. In H-K, 48 (12.90%) bands
disappeared and 28 (7.53%) new bands appeared in the addition lines compared to the wheat
parent (S2 Table and Figure 3). These results indicated an extensive occurrence of band loss
and gain in wheat-rye addition lines and triticale. Meanwhile, the frequency of lost parental
bands was much higher than the frequency of novel band gain. Further analysis revealed
that the average rate of band loss in CS-I (12.02%) was twice that found in H-K (5.99%).
Furthermore, the average rate of gain of new bands in CS-I (6.71%) was approximately
three times the rate observed in H-K (2.34%). Our analyses also revealed a high similarity of
alternation patterns between the addition lines and corresponding triticale. Taken together, our
results suggest that the addition of alien germplasm, either the entire genome or sub-genome,
would evoke obvious and extensive variations in genomic primary structure of the wheat
recipient, such as sequence deletion and insertion.
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Figure 2. AFLP fingerprints of genomic DNA of wheat-rye additional lines and their parents. Lane M =
DNA molecular weight marker; W = wheat parent (AABBDD); R = rye parent (RR); 8X = triticale (2n = 8x,
AABBDDRR); 1R-7R = wheat-rye addition lines.
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Figure 3. Differences in effect on genetic stability of the wheat recipient genome after alien rye chromosome
introduction. A. CS-I; B. H-K. The rate of polymorphic sites compared to the wheat parent in wheat-rye addition
lines and triticales was analyzed using AFLP. (8X = triticale; 1R-7R = wheat-rye addition lines).

Analysis of addition-associated epigenetic alterations

Using 11 pairs of EcoRI+Hpall/Mspl selective primer combinations in the MSAP
analysis, 664 and 750 legible and reproducible bands were obtained in CS-I and H-K,
respectively, with the exception of the bands produced by the rye parent (Figure 4). Each band
represented a recognition site cleaved by one or both of the isoschizomers. The comparison of
the number of methylated sites, including fully methylated and hemi-methylated sites, and the
rate of DNA methylation variation between the addition lines and the wheat parent are shown
in Table 2 and Figure 5.

In CS-I, we observed that the extent of genomic DNA methylation, both the fully
methylated and hemi-methylated level, increased in all addition lines compared to the wheat
parent. Furthermore, the hemi-methylated level was higher than fully methylated level in all
materials analyzed. In H-K, the result showed that the extent of genomic DNA methylation in
triticale and the six addition lines, except for SR addition, was elevated compared to the wheat
parent. As shown in Table 2 and Figure 5, the numbers of fully methylated sites for all addition
lines were higher than in the wheat parent (24.67%), while the numbers of hemi-methylated
sites for five additions (1R, 2R, 3R, 4R, and 5R) were lower (37.87%). Similarly, in CS-I, the
number of fully methylated sites (30.00%) was higher in triticale, while the number of hemi-
methylated sites was lower.
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Figure 4. MSAP fingerprints of genomic DNA of the wheat-rye addition lines and their parents and variation
of methylation pattern. (Left panel: CS-I; right panel: H-K; lane M: the DNA molecular weight marker; EH:

EcoRI+Hpall; EM: EcoRI+Mspl).

Table 2. Number of bands amplified by MSAP in the wheat-rye addition lines, triticale and their wheat parent.

Primer Fully methylated site H site
CS-1 W T* 1R 2R 3R 41 SR 6R 7R W* T 1R 2R 3R 4R 5R 6R 7R
E-ACG+H/M-TCT 5 15 11 12 11 10 8 8 8 13 8 8 10 11 9 10 9 9
E-ACT+H/M-TCGA 13 19 19 21 20 21 20 20 20 20 21 25 29 29 30 29 29 25
E-AGC+H/M-TCA 10 11 10 12 8 8 9 8 9 13 12 10 11 13 12 15 13 12
E-AAG+H/M-TCGA 8 12 10 11 11 9 8 8 6 14 9 8 13 13 13 19 18 18
E-ACA+H/M-TCGA 15 17 19 19 19 18 16 16 16 13 13 13 14 14 15 14 15 13
E-AGC+H/M-TGG 19 20 21 20 19 20 19 20 18 18 21 22 22 22 19 19 22 20
E-ACA+H/M-TCCA 6 8 8 9 9 10 9 8 10 5 3 2 3 2 3 3 2 3
E-ACG+ H/M-TCGA 10 7 6 3 5 5 8 6 7 2 10 16 11 15 13 20 17 16
E-AGC+ H/M-TCCA 6 5 3 4 5 6 5 5 5 18 21 21 23 23 19 19 22 19
E-AAG+ H/M-TGC 13 18 13 13 14 14 13 12 12 34 29 32 38 38 40 39 40 39
E-ACG+ H/M-TCAA 17 18 18 18 22 21 19 21 19 21 22 21 23 21 19 21 24 24
Total (%) 122 150 138 142 143 142 134 132 130 171 169 178 197 201 192 208 211 198
1837 | 22,59 | 20.78 | 21.39 | 21.54 | 21.39 | 20.18 | 19.88 | 19.58 | 25.75 | 2545 | 26.81 | 29.67 | 30.27 | 2892 | 31.33 | 31.78 | 29.82
H-K WH T* 1R 2R 3R 4R SR 6R 7R w T 1R 2R 3R 4R SR 6R 7R
E-ACG+H/M-TCT 27 34 29 30 26 26 24 17 19 12 8 10 9 13 13 13 26 17
E-ACT+H/M-TCGA 20 23 23 22 22 22 21 21 21 21 23 19 25 23 24 22 23 22
E-AAG+H/M-TCGA 13 13 11 12 11 10 11 11 11 29 28 30 28 27 24 24 23 27
E-ACA+H/M-TCCA 11 12 11 11 11 11 11 11 10 12 13 11 12 14 12 12 12 12
E-AGC+H/M-TGG 19 21 21 21 18 18 19 18 18 20 22 24 23 24 23 22 22 23
E-ACG+ H/M-TCGA 22 24 23 22 23 22 22 22 22 27 31 29 29 27 28 29 27 27
E-ACG+ H/M-TCAA 18 36 25 33 31 23 26 30 29 38 32 32 29 29 33 31 35 35
E-ACA+ H/M-TCGA 10 13 14 13 13 13 13 14 12 25 22 23 21 21 22 22 25 24
E-AGC+ H/M-TCCA 15 14 15 15 16 15 15 15 15 25 31 28 27 28 26 26 26 25
E-AGC+ H/M-TCA 16 17 17 16 15 16 15 17 16 34 36 30 33 32 34 34 33 36
E-AAG+ H/M-TGC 14 18 16 14 14 14 14 14 14 42 38 42 40 39 41 40 41 40
Total (%) 185 225 205 209 200 190 191 190 187 285 284 278 276 271 280 275 293 288
24.67 | 30.00 | 27.33 | 27.87 | 26.67 | 25.33 | 2547 | 2533 | 24.93 | 38.00 | 37.87 | 37.07 | 36.80 | 36.93 | 37.33 | 36.67 | 39.07 | 38.40

*W = wheat; T = triticale; IR-7R = 1R-7R addition lines.
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Figure 5. Rate of DNA methylation variation compared to the wheat parent in the wheat recipient genome after
alien rye chromosome introduction. A. Methylated; B. fully methylated; C. hemi-methylated variations. The rate
was calculated according to the following equation: r = (number of sites AL/8X - number of sites W) x 100% /
number of sites W.

By comparing the MSAP amplified fingerprints between the triticale/addition lines
and the wheat parent, polymorphic methylation sites were identified. The methylation pattern
“CCGG/GGCC” differed in the wheat parent compared to that in the different addition lines/
triticale. Based on the variation in the “CCGG/GGCC” methylation site, the polymorphisms
can be categorized into three types: i) hypermethylation polymorphism sites (PH), in which
the extent of cytosine methylation was greater than that in the wheat parent; ii) demethylation
polymorphism sites (PD), in which the extent of cytosine methylation was lesser than that in
the wheat parent; and iii) other sites (PU), in which the extent of cytosine methylation could
not be accurately compared to that in the wheat parent (Table 3). In CS-I, 286 polymorphic
methylated fragments were generated in the wheat-rye addition lines and amphidiploid.
Among the “CCGG/GGCC” methylation sites, the number of PH, PD, and PU sites were 162
(56.64%), 86 (30.07%), and 38 (13.29%), respectively (Table 3). In H-K, 224 methylated sites

Genetics and Molecular Research 15 (2): gmr.15028001 ©FUNPEC-RP www.funpecrp.com.br



Genetic and epigenetic alterations in integration lines 9

showed polymorphism among the addition lines, triticale, and the wheat parent. The number
of PH, PD, and PU sites were 126 (56.25%), 44 (19.64%), and 54 (24.11%), respectively
(Table 3). We also found that hypermethylation is the major response of the wheat genome
to rye chromosome addition and triticale. In summary, the MSAP analysis indicated that the
existence of alien germplasm, both entire genome and sub-genome, in the wheat genetic
background, evoked obvious and diversiform variations in the extent and pattern of the
genomic DNA methylation of its recipient.

Table 3. Patterns of cytosine methylation in wheat-rye addition lines and wheat parent.

Polymorphic sites W T*/ AL* CS-I H-K
EH EM EH EM No. % No. %
Hypermethylation - - + - 86 162 (56.64%) 69 126 (56.25%)
- - - + 29 35
+ + + - 17 S
+ + - + 30 17
Demethylation + - + + 14 86 (30.07%) 12 44 (19.64%)
+ - - + 9 6
- - + + 32 7
- + + + 31 19
Other + - - - 24 38 (13.29%) 48 54 (24.11%)
- + - - 14 6

*W = wheat; T = triticale; AL = addition lines; + = band present; - = band absent.

Sequence analysis of polymorphic fragments

Polymorphic fragments displaying genomic and epigenomic changes were gel
isolated, re-amplified, and sequenced. The BLASTn and BLASTX results revealed that the
polymorphic loci consist of protein-coding genes and transposon/retrotransposon-related
sequences (Table 4 and Figure 6). Subsequently, 20 polymorphic fragments showing genomic
primary structure alterations were analyzed. Among these 20 bands, 13 (65%) sequences

Table 4. Sequence analysis of the polymorphic fragments displaying genomic and epigenomic changes.

Sequence Length (bp) | Homologous sequence Gene locus flanking E-value
PGe-1 223 Oryza sativa Japonica group hypothetical protein (NM001059942) None 4.00E-38
PGe-2 245 T. aestivum retrotransposon (DQ537335) High molecular weight glutelin, protein kinase 2.00E-91
PGe-3 187 T. aestivum GA induced protein (EU095332) None 2.00E-84
PGe-4 156 T. aestivum GA induced protein (EU095332) None 3.00E-41
PGe-5 129 T. aestivum retrotransposon (AY368673) High molecular weight glutelin, protein kinase | 3.00E-27
PGe-6 201 T. aestivum retrotransposon (DQ537336) High molecular weight glutenin subunit 2.00E-64
PGa-7 201 Oryza sativa Japonica group transposon (AP005683) BRII-KD interacting protein 120 1.00E-15
PGa-8 282 T. aestivum retrotransposon (EU835980) Cell division AAA ATPase family protein 1.00E-56
PGa-9 199 T. Caspar ORF-2 transp (AY146588) Caspar transposase 7.00E-77
PGa-10 393 T. aestivum transposon (AM932682) RelicGene-TAB63B7-1 9.00E-124
PGa-11 279 Zea mays subsp mays NADH intron of dehydrogenase gene (DQ490951) ATPase subunit 8 4.00E-50
PGa-12 163 T. aestivum transposon (AM932684) Transposon 6.00E-51
PGa-13 238 T. turgidum retrotransposon (AY494981) Glutelin 6.00E-60
PGa-14 307 T. monococcum transposon (AF459639) Cleavage promoting factor 3.00E-64
PGa-15 271 T. aestivum transposon (DQ537335) X-type HMW glutenin 1.00E-88
PGa-16 463 Aegilops ventricosa NBS-LRR resi: lated hypothetical protein (AF158635) | Coding region of this protein 5.00E-109
PGa-17 166 T. aestivum retrotransposon (AM932682) Retrotransposon 1.00E-15
PGa-18 382 T. aestivum retrotransposon (AB298185) Gene of protein P450 2.00E-74
PGa-19 274 T. turgidum retrotransposon (AY368673) HMW-glutenin Bx subunit 4.00E-113
PGa-20 202 Oryza sativa Japonica group protein (AK119256) cDNA cloning of whole gene 1.00E-09
PE-1 473 T. aestivum retrotransposon (AY368673) HMW-glutenin Bx subunit 3.00E-155
PE-2 495 T. aestivum transposon (AM932682) Transposon 7.00E-114
PE-3 363 Hordeum vulgare subsp vulgare protein (AK249655) cDNA cloning of whole gene 8.00E-105
PE-4 300 T. turgidum transposon (EU835198) Wheat kinase-START domain protein 4.00E-133
PE-5 272 T. aestivum retrotransposon (AB298185) Gene of protein P450 9.00E-109
PE-6 551 T. monococcum transposon (AF459639) Hypothetical threonine kinase 3.00E-24
PE-7 248 Oryza sativa drought resistance-related regulatory protein (AF366563) Coding region of this protein 4.00E-68
PE-8 339 Triticum aestivum protein (AK332042) cDNA cloning of whole gene 4.00E-07
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were related to transposable elements, implicating transposable elements as main targets for
genomic structure alterations in the addition lines. Further analysis revealed that 50% of the
sequences detected by EST-SSR showed significant similarities to protein-coding sequences,
while only 29% of the sequences detected by AFLP were located in a protein-coding region.
Eight MSAP fragments that displayed methylation alterations were analyzed. Five (62.5%) of
the eight bands were found to be related to transposable elements and the other three (37.5%)
showed significant similarities to sequences encoding proteins (Figure 6).

Figure 6. Different distribution regions of the polymorphic fragments analyzed. A. Polymorphic fragments obtained
by genomic changes. B. Polymorphic fragments obtained by epigenomic changes.

DISCUSSION

Wide genetic variations in genomic structure and remodeling of DNA methylation
patterns in recipient species could be induced by the introduction of foreign germplasms,
allopolyploids, or hybrids (Shaked et al., 2001; Ma et al., 2004; Szakacs and Molnar-Lang,
2010; Liu et al., 2014). Ma et al. (2004) discovered extensive polyploidization-induced
genome variation in triticale (x Triticosecale Wittmack), using both AFLP and RFLP analyses.
They also investigated genome variation in wheat-rye addition lines and found that the
observed genome variation in these lines was similar to that in triticale. Since the genome
compositions of the addition lines were much simpler than the corresponding triticales’, the
wheat-rye addition lines could be used to study the genome evolution of polyploid triticale
(Ma et al., 2004). Another study investigated the genetic stability of wheat-rye (“Chinese
Spring” x “Imperial”’) disomic addition lines, by using the Feulgen method and fluorescent in
situ hybridization (Szakacs and Molnar-Lang, 2010). Subsequent research on wheat-rye 2R
and 5R indicated that wheat-rye monosomic addition lines could induce different and drastic
genetic/epigenetic variations, and these variations might not be caused by introgression of rye
chromatins into wheat (Fu et al., 2013).

In the present study, the AFLP, EST-SSR, and MSAP analyses suggested that the
existence of alien germplasm evoked obvious and diversiform variation of genomic primary
structure, and it also caused alterations in the extent and pattern of the recipient genomic DNA
methylation. In genomic variations, the frequency of parental band loss was much higher
than the frequency of gaining novel bands. This suggests that deletion might be a major force
causing genomic structural variation in wheat-rye addition lines. In epigenetic variations, the
hemi-methylated level was much higher than fully methylated level in all analyzed materials
and hyper-methylation was the major response of the wheat genome to rye chromosome
addition. Interestingly, polyploidization-induced genetic and epigenetic variation in triticale
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showed high similarity to that of the addition lines. This result was consistent with that of Ma
et al. (2004).

Moreover, the loci underwent diverse genetic changes or methylation alterations,
comprised of both transposon/retrotransposon-related sequences and protein-coding genes,
where the former was the most common (Figure 6). Previous studies have demonstrated that the
methylation modification patterns of a set of loci, including repetitive sequences, transposable
elements, promoter sequences, and protein-coding regions, were changed in the process of wide
hybridization. In addition, transposable elements, and other repetitive sequences, are the main
targets for methylation mutations. Meanwhile, these variations could affect a series of plant
phenotypic characteristics, such as flowering time, fertility, and morphology (Cheng et al., 2006;
Dong et al., 2006; Cantu et al., 2010). In our study, sequence PM-24 identified from polymorphic
methylated fragments, showed high similarities to a drought resistance-related regulatory gene
cloned from rice. This indicates that variation in methylation may influence gene expression
and agronomy traits in a given addition line. Previous studies have also demonstrated that alien
DNA introgression into the plant genome could induce extensive alterations in DNA methylation
without causing obvious variations in the genomic primary structure in the same introgression
and translocation lines separated at an advanced generation (Dong et al., 2006). It was presumed
that in the process of “addition, fragmentation and integration”, the genetic variations evoked
in addition lines, an early hybrid generation with unstable genetic background, would disappear
in those highly stabilized introgression lines, while the epigenetic variations evoked in early
generations might be stably inherited to the progeny.
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