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Abstract

diversity results with those obtained with SSR markers.

somewhat less, 89 %, for REMAPs, than for SSR, with 93 %.

Timothy

Background: Timothy (Phleum pratense L), a cool-season hexaploid perennial, is the most important forage grass
species in Nordic countries. Earlier analyses of genetic diversity in a collection of 96 genebank accessions of timothy
with SSR markers demonstrated high levels of diversity but could not resolve population structure. Therefore, we
examined a subset of 51 accessions with REMAP markers, which are based on retrotransposons, and compared the

Results: Using four primer combinations, 533 REMAP markers were analyzed, compared with 464 polymorphic alleles in
the 13 SSR loci previously. The average marker index, which describes information obtained per experiment (per primer
combination or locus) was over six times higher with REMAPs. Most of the variation found was within accessions, with

Conclusions: SSRs revealed differences in the level of diversity slightly better than REMAPs but neither marker type
could reveal any clear clustering of accessions based on countries, vegetation zones, or different cultivar types. In our
study, reliable evaluation of SSR allele dosages was not possible, so each allele had to be handled as a dominant
marker. SSR and REMAP, which report from different mechanisms of generating genetic diversity and from different
genomic regions, together indicate a lack of population structure. Taken together, this likely reflects the outcrossing
and hexaploid nature of timothy rather than failures of either marker system.

Keywords: Genetic diversity, Genetic structure, Phleum pratense L, REMAP, Retrotransposon marker, SSR, Microsatellite,

Background

Timothy (Phleum pratense L.), a cool-season perennial,
is the most important forage grass species in Nordic
countries. Genetic diversity has been previously assessed
[1] in a collection of 96 timothy accessions, of which 88
were of Nordic origin. Simple sequence repeat (SSR)
markers revealed Nordic timothy accessions to be very
polymorphic, having significant differences in the levels
of diversity between countries, vegetation zones, and dif-
ferent cultivar types. However, most of the variation
(94 %) existed within accessions, and no clear clustering
of accessions based on any grouping was observed. This
lack of resolution may either reflect the outcrossing and
hexaploid nature of timothy or that SSR markers are not
suitable for resolving population structure in timothy.
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A wide range of DNA markers are available for di-
versity studies, which all have their advantages and
disadvantages. SSRs are amplified from single loci, but
are multiallelic and highly polymorphic. Although
they are inherited codominantly, separation of differ-
ent genotypes may not be possible in a polyploid spe-
cies such as timothy. Therefore, each allele has to be
treated as a dominant marker [1]; consequently, the
markers that are amplified from the same SSR locus
are not independent of each other, and consequen-
tially information is lost. In the REMAP (retrotrans-
poson-microsatellite amplified polymorphism) markers
[2, 3] assay, the diversity is generated by the integra-
tion of retrotransposons, which move in the genome
by a copy-and-paste mechanism but are fixed in pos-
ition upon insertion [4]. They are ubiquitous and
abundant in plant genomes, where they are dispersed
on all chromosomes [5]. REMAP markers are amp-
lified using a primer designed to a conserved
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retrotransposon region and another anchored to a
simple sequence repeat. Products from multiple loci
are produced in one PCR reaction, each with only
two allele alternatives, a dominant one (amplification)
and a recessive one (non-amplification). Because the
mechanisms that activate retrotransposons [6] and
thereby generate insertional polymorphisms are fully
different than that generating SSR allelic variation
(polymerase slippage) [7], the two marker systems
assay different components of genetic diversity. For
potato [8], alfalfa [9], and grapevine [10], retrotrans-
poson and SSR markers in combination were shown
to be highly discriminatory and effective.

In the previous study [1], a collection of 96 timothy
accessions was analyzed using 13 SSRs, thus describing
diversity only at this number of loci. On the other hand,
these 13 SSR loci harbored as many as 499 alleles. In the
present study, we used REMAP markers for studying di-
versity in a subset of 51 accessions and compared the re-
sults with those obtained with SSR markers. We wanted
to determine if another type of marker, which would re-
port from many more locations in the genome and as-
sess different genomic regions where diversity is
generated by a different mechanism, could describe di-
versity more efficiently and also reveal population struc-
ture, particularly for a polyploid species. Especially the
autonomous nature of retrotransposon diversity gener-
ation and display, which is independent of the syntenic
organization of polyploids, appeared suited to clonal
polyploid species such as timothy. We expected that the
retrotransposon markers should thereby be more likely
to find genetic structure in timothy, should it exist.

Methods

Plant material

In the previous study [1], SSR markers were analyzed in
a collection of 96 timothy accessions. Fifty-one of these
were selected for the present study to be screened also
with REMAP markers (Table 1). Fifteen to twenty ran-
domly selected individuals per accession were investi-
gated, in total 945 individuals. The number of
individuals analyzed from each accession in the two
studies was not exactly the same because 20 individuals
had to be omitted due to their poor amplification in RE-
MAP analysis.

The 51 accessions were mostly wild (30, locations in
Fig. 1 in [1]); seven each were classified as landraces,
cultivars, and of unknown cultivar types. Accessions
were derived from all Scandinavian countries (Denmark,
8; Finland, 10; Iceland, 2; Norway, 10; Sweden, 13). In
addition, eight gene bank accessions (so-called exotics)
originating from non-Scandinavian countries were in-
cluded in the study.
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Marker analyses

DNA was extracted using the method of Tinker et al.
[11] with some modifications as described in Tanhuan-
pad and Manninen [1]. Using the iPBS (inter- primer
binding site) method, retrotransposon segments were
isolated from the timothy genome, sequenced, and long
terminal repeats (LTRs) identified [12]. LTR primers
were designed to match conserved motifs at or near
their termini, according to the methods of Kalendar
et al. [13]. For REMAP marker amplification, four differ-
ent retrotransposon primers (TIM1 - 4) for grasses were
used. These were combined with 19 microsatellite-based
primers (ISSR + number) that contain repeat units (com-
posed of two or three bases); the 3’ ends of the primers
were anchored by a single nucleotide. Because analyzing
markers by gel electrophoresis is very laborious, the
retrotransposon primers were labelled with a fluorescent
dye, FAM (5-carboxyfluorescein), HEX (hexachloro-6-
carboxyfluorescein), or TET (6-carboxytetrachlorofluor-
escein) to enable resolution and visualization of amplifi-
cation products with a MegaBACE™ 500 Sequencer
(GE Healthcare, Buckinghamshire, UK).

Fifty-nine REMAP primer combinations were first
tested in a small set of individuals for their functionality
and efficiency to produce polymorphic bands. The four
best primer combinations were chosen for final analyses
(TIM1 with ISSR1, 15 and 20, and TIM2 with ISSR5).
These primers, together with their sequences and prop-
erties, are shown in Table 2. The REMAP markers were
amplified in a reaction volume of 10 pl, using 0.25 U of
FIREPol® DNA polymerase I (Solis BioDyne OU, Tartu,
Estonia), buffer B with 2.5 mM MgCl, as supplied by the
enzyme manufacturer, 200 pmol/L each dNTP, 10 ng of
DNA, and 500 nmol/L each primer. The PCR program
was run on a PTC-220 DNA Engine Dyad'™ Peltier
Thermal Cycler (M] Research, Waltham, MA, USA) and
consisted of an initial denaturation step of 2 min at 94 °
C; 32 cycles of 30 s at 94 °C, 30 s at 60 °C and 2 min at
72 °C; a final extension step of 10 min at 72 °C. After
PCR, the amplified products with different labels were
combined for MegaBACE runs. SSRs were developed for
timothy [14], and analyses were run as described previ-
ously [1].

Data analyses

Each REMAP fragment represents a separate locus, and
the presence and absence of the fragment was scored in
a binary code (1/0). Likewise, each SSR allele was treated
as a separate locus and scored in a binary code, even
though SSRs are codominant markers. This was because
we found the evaluation of allele dosages very unreliable
in hexaploid timothy. Diversity indices for markers, in-
cluding polymorphic information content (PIC), gene di-
versity, and major allele frequency, were calculated with
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Table 1 Fifty-one Phleum pratense ssp. pratense accessions analyzed in the study

Number code Accession no. Genebank Name Country Cultivar type' Veg. zone?
3 NGB10830 Nordgen VA88119 Denmark W 1
4 NGB10831 Nordgen HF88266 Denmark W 1
5 NGB15461 Nordgen Vildbjerg AC0103 Denmark W 1
6 NGB16650 Nordgen Ejsing Denmark W 1
7 NGB1672 Nordgen BILBO Denmark cv

8 NGB1675 Nordgen POTA Denmark cv

9 NGB4053 Nordgen SR SALTUM MH0202 Denmark W 1
10 NGB4548 Nordgen NR FARUP MH0202 Denmark W 1
1 NGB132 Nordgen LIPINLAHTI MEO901 SEP A Finland L 4
13 NGB14394 Nordgen KARKOLA HM0102 Finland W 3
16 NGB14404 Nordgen PAATTINEN MH0201 Finland L 2
18 NGB14417 Nordgen MEDVASTO MHO101 Finland W 2
20 NGB747 Nordgen NUWUS AK0401 Finland W 6
24 NGB1095 Nordgen LAITASAARI ME0O201 Finland L 4
27 NGB1111 Nordgen MALASKA MEO101 Finland L 4
30 NGB1119 Nordgen KATERMA ME0401 Finland L 4
32 NGB2791 Nordgen NORRGARD AP0101 Finland L 3
35 NGB4066 Nordgen TAMMISTO Finland v

36 NGB4140 Nordgen KORPA Iceland L

37 NGB4141 Nordgen ADDA Iceland cv

42 NGB7592 Nordgen SKI@LSVIK 01-5-46-5 Norway W 3
45 NGB10785 Nordgen SANDBU 01-6-49-4 Norway W 5
47 NGB17194 Nordgen [fiord 1-1-2-2 Norway W 5
48 NGB17198 Nordgen Karasjok 1-1-3-2 Norway W 5
49 NGB2169 Nordgen BODIN Norway (@Y

51 NGB2180 Nordgen GRINDSTAD Norway v

53 NGB2918 Nordgen HUSETER 01-9-70-1 Norway W 2
57 NGB4226 Nordgen HATLESTAD 01-7-56-3 Norway W 5
59 NGB4231 Nordgen GJERDAKER 01-7-58-1 Norway W 5
62 NGB7548 Nordgen NAMSVATN 01-5-40-1 Norway W 5
64 NGB722 Nordgen KUOSSENJARKA JP0404 Sweden W 5
65 NGB728 Nordgen PJESKER PH0405 Sweden W 4
66 NGB11428 Nordgen JONATHAN Sweden cv

69 NGB14224 Nordgen SONDRARP [B0101 Sweden W 2
71 NGB731 Nordgen RORMYRBERG JP0204 Sweden W 4
73 NGB16975 Nordgen NORRA KYLSATER FO0103 Sweden W 2
76 NGB16981 Nordgen BRACKETORP FO0501 Sweden W 2
78 NGB1306 Nordgen BRATTAKER GB0101 Sweden W 4
81 NGB1327 Nordgen HAMMARN PRO401 Sweden W 4
83 NGB1331 Nordgen VASTANSJO SH0102 Sweden w 4
85 NGB1537 Nordgen ESKELHEM TLO104 Sweden W 2
86 NGB2530 Nordgen RAMNE GJO0301 Sweden W 2
87 NGB4349 Nordgen BENESTAD JK1506 Sweden W 1
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Table 1 Fifty-one Phleum pratense ssp. pratense accessions analyzed in the study (Continued)
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89
90
91
92
93
94
95
9

PI1381926
P1406317
IHAR151908
P1210426
PI1325461
P1204480
14G2400116
RCAT040682

GRIN
GRIN
IHAR
GRIN
GRIN
GRIN
RICP

RCAT

France

Russia
Germany
Greece

Russia

Turkey

Czech Republic

g'U_U'U_U_U'U_U

Hungary

¢V advanced cultivar, L traditional cultivar, landrace, P pending, unknown cultivar type, W wild population, weedy

2vegetation zones, according to [21]

the program Powermarker v3.0 [15]. A marker index
(MI) for each REMAP primer combination and each
SSR locus was determined by multiplying the number of
polymorphic markers generated (EMF = Effective multi-
plex ratio) by average PIC value [16]. It illustrates the
amount of information obtained per experiment (per
primer combination or locus).

Genetic diversity in each accession was described with
five different diversity indices: 1) the number of all
markers observed (A,), corrected to a sample size of

n=15 with 1000 resamplings without replacement; 2)
the mean number of all markers observed in each individual
(Ay); 3) the mean number of pairwise differences (PWD)
(Euclidean distances) between individuals, which was
counted with the program ARLEQUIN version 2.000 [17];
4) Shannon’s diversity index I [18]; 5) the percentage of
polymorphic loci. The last two were calculated using
the program GenAlex 6.4 [19, 20]. Correlations between
diversity indices based on REMAP and SSR markers, and
differences in the level of diversity between different
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Fig. 1 Principal coordinate analysis based on Nei's genetic distances between accessions based on: a 533 REMAP markers; b 464 SSR markers; ¢ 997
REMAP and SSR markers
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Table 2 REMAP primers that were used in the analysis of timothy diversity, their sequences and properties

Name Sequence nt Tm (°C) CG % Linguistic
complexity (%)
TIM1 GGTGCCGGCATCGATCCTTTCA 22 624 59.1 88
TIM2 ACGAGTGAGGACAAAGTGCGCAGA 24 619 54.2 79
ISSR1 ACCACCACCACCACCACCC 63.2 684 24
ISSR5 AGCAGCAGCAGCAGCAGCG 644 684 30
ISSR15 GTGGTGGTGGTGGTGGTGGTGA 22 64.2 63.6 28
ISSR20 TGCTGCTGCTGCTGCTGCC 64.6 684 30

nt nucleotides, Tm melting temperature, CG % percentage of C and G bases

groups such as countries, vegetation zones [21], or cultivar
types were determined by ANOVA Proc GLM (SAS
Enterprise Guide 4.3).

The program GenAlex 6.4 [19, 20] was used to per-
form analysis of molecular variance (AMOVA) [22]
which partitions total genetic variation to within- and
among-accession variance components. The significance
of the results was tested by permuting the data 999
times. Principal coordinate analyses (PCA) based on
Nei’s genetic distances [23] between accessions, and a
Mantel test [24], which was used to compare Nei’s dis-
tances based on REMAP or SSR data, were carried out
with the software GenAlex.

Results

Diversity at marker loci

Four REMAP primer combinations were used for study-
ing diversity of the 51 accessions. Because not all frag-
ments could be read as marker peaks, selections were
made on the basis of the size and shape of the peaks.
The numbers of scored polymorphic markers produced
by different primer combinations were as follows: TIM2
+1ISSR5, 91; TIM1 +ISSR20, 84; TIMI +ISSR1, 209;
TIM1 +ISSR15, 149. A total of 533 REMAP markers
were analyzed, ranging in size from 80 to 650 bp. A total
of 464 polymorphic alleles in the 13 SSR loci were amp-
lified from the 51 accessions, the number varying from
13 to 71 per accession [1]. The average diversity indices
of REMAP markers were higher than those of SSR
markers (Table 3) leading to a six-fold higher MI for
REMAPs.

Genetic diversity within accessions

The observed number of REMAP markers per accession
varied from 195 (PL204480) to 352 (NGB1672) (Table 4),
and the number of SSR alleles from 95 (NGB10785) to
194 (NGBI1111). There was only one private REMAP
marker (in accession PL325461), but 43 private SSR al-
leles were found [1]. Diversity indices of accessions stud-
ied with REMAP or SSR markers, respectively, varied as
follows: A; from 47.5 (PL204480) to 84.8 (NGB1672)
and from 28.4 (NGB10831) to 35.2 (NGB7592); PWD

from 53.1 (PL204480) to 100.2 (NGB1672) and from
28.9 (NGBI10785) to 44.9 (NGB7592); I from 0.159
(RCAT040682) to 0.280 (NGB1672), with mean of 0.203
+0.029, and from 0.109 (NGB722) to 0.156 (NGB1111),
with mean of 0.138 +0.014; the percentage of poly-
morphic loci from 35.8 % (PL204480) to 649 %
(NGB1672), with a mean of 49.0+7.3 %, and from
19.8 % (NGB10785) to 41.4 % (NGB1095), with a mean
of 34.4+5.1 % (Table 4). The A; values based on SSRs
changed slightly from the previous results [1] due to ex-
clusion of 20 individuals (see Methods).

The strength of correlation between diversity indices
based on REMAP or SSR markers varied depending on
the index. No correlation existed in the level of A;. PWD
and [ correlated weakly at r=0.27 (P=0.059) and r=
0.25 (P =0.073), respectively. The number of markers
per accession (A,) correlated moderately at r=0.37 (P =
0.0075) and the percentage of polymorphic loci strongly
with r=0.44 (P=0.0012). Neis genetic distances be-
tween accessions based on REMAP and SSR data corre-
lated strongly (r=0.67, P <0.001) with each other.

When studying levels of diversity between countries,
vegetation zones, or different cultivar types, we found no
significant differences in A, and PWD based on REMAP
markers (Table 5). On the other hand, statistically sig-
nificant (P <0.05) differences in Ay and PWD between
different vegetation zones and in A, between different

Table 3 Comparison of diversity measures of REMAP and SSR
markers in the analysis of 51 timothy accessions

REMAP SSR
No. of primer combinations or loci 4 13
Total no. of markers 533 464
No. of markers per primer 1333 357
combination or locus = EMF'
PIC, average 0.131 0.086
Markers with PIC> 0.1 258=48 % 148=32%
Markers with MAF < 0.1 365 =68 % 371=80 %
Average gene diversity 0.152 0.098
Marker index (MI) = EMF x PIC 174 3.1

Teffective multiplex ratio
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Table 4 REMAP and SSR diversity in 51 timothy accessions

REMAP (total no. of markers = 533) SSR (total no. of markers' = 464)
Accession  No.ofind. No.markers AZ AP PWD* P % polymorphic No. markers Az AP PWD* P % polymorphic
loci loci
NGB10830 19 213 2005 558 610 0.170 386 124 116.7 288 307 0114 267
NGB10831 18 221 2073 50.1 562 0.161 405 148 1379 284 325 0126 313
NGB15461 19 323 3022 731 857 0244 593 188 1715 333 440 0.155 405
NGB16650 18 281 2649 606 718 0206 520 142 1329 313 362 0127 306
NGB1672 19 352 3287 848 1002 0280 649 162 149.7 317 401 0137 347
NGB1675 20 297 2778 784 872 0244 548 119 110.1 300 325 0111 256
NGB4053 18 239 2269 588 653 0185 447 145 1352 307 362 0135 313
NGB4548 19 236 2192 548 613 0.177 433 154 1394 30.1 351 0137 332
NGB132 19 313 2930 756 847 0242 572 186 1675 31.1 391 0.144 39.7
NGB14394 19 276 2556 593 712 0204 508 175 1622 327 426 0148 377
NGB14404 20 295 2660 657 745 0214 546 176 1584 336 405 0144 377
NGB14417 18 213 2014 60.7 594 0.166 388 121 1152 284 325 0115 259
NGB747 20 310 2859 752 815 0235 56.8 144 1314 303 347 0126 308
NGB1095 20 330 3006 729 850 0245 61.2 192 1702 342 431 0153 414
NGB1111 19 308 2892 643 781 0229 56.7 194 172.7 338 443 0156 412
NGB1119 19 226 2101 528 586 0170 415 189 1709 319 405 0.149 407
NGB2791 19 315 2945 677 80.7 0238 582 186 169.8 333 425 0.152 401
NGB4066 19 259 2398 536 654 0.188 47.5 180 1645 327 386 0.149 384
NGB4140 18 263 2483 550 705 0201 49.0 193 1762 334 439 0.160 40.7
NGB4141 19 260 2466 665 716 0206 480 117 1112 313 346 0118 250
NGB7592 16 244 2392 645 686 0192 447 182 1684 352 449 0155 371
NGB10785 18 202 1920 670 599 0.165 366 95 868 327 289 0092 198
NGB17194 20 286 260.7 62.1 727 0213 527 166 1495 314 372 0134 358
NGB17198 18 336 3137 701 857 0245 619 179 1664 324 425 0150 386
NGB2169 19 290 2690 629 765 0219 538 167 1534 303 388 0.140 358
NGB2180 18 304 2846 677 774 0226 56.1 185 169.2 312 395 0146 397
NGB2918 20 332 3053 734 882 0252 61.7 164 1502 321 390 0.140 353
NGB4226 17 236 2284 644 679 0.191 433 158 1516 349 422 0142 341
NGB4231 19 230 2164 563 630 0.183 42.2 156 1436 313 384 0137 336
NGB7548 17 272 260.1 614 700 0201 49.7 150 1408 298 354 0131 319
NGB722 19 256 2419 774 717 0202 458 115 1088 295 327 0109 244
NGB728 18 265 2463 56.7 655 0.196 49.5 182 1712 339 434 0155 392
NGB11428 16 231 2262 589 644 0.180 420 139 138 342 398 0135 297
NGB14224 19 293 2736 657 792 0224 540 175 1584 334 422 0146 366
NGB731 20 31 2885 798 846 0241 570 182 1632 319 411 0150 392
NGB16975 19 258 2370 562 664 0.189 475 176 161.8 335 422 0150 37.7
NGB16981 15 245 2450 592 696 0.193 447 153 1498 336 417 0138 321
NGB1306 18 298 2805 640 760 0224 550 184 1736 329 414 0152 397
NGB1327 19 284 267.1 706 798 0225 522 162 1514 336 412 0144 349
NGB1331 19 223 2085 571 607 0172 403 170 1584 328 421 0.144 364
NGB1537 16 296 290.1 682 824 0231 546 139 1317 305 361 0125 289

NGB2530 19 235 2180 579 618 0177 428 165 1528 319 396 0.141 356
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Table 4 REMAP and SSR diversity in 51 timothy accessions (Continued)

NGB4349 20 267 2440 627 707 0203 493
PL381926 19 240 2222 674 665 0187 439
PL406317 19 243 2268 565 64.1 0.183 445
IHAR151908 17 259 2490 603 664 0192 480
PL210426 17 245 2370 655 694 0194 448
PL325461 17 233 2234 555 612 0175 432
PL204480 19 195 1824 475 531 0.151 358
14G2400116 19 234 2202 571 658 0185 428
RCAT040682 20 209 1915 508 559 0159 386

171 1534 324 406 0.141 369
131 1223 311 346 0125 280
165 1517 318 385 0145 356
150 1374 31.1 348 0126 306
146 1389 318 383 0.131 306
170 1578 308 398 0.138 343
158 1443 316 376 0133 336
186 1705 342 440 0153 399
157 1435 305 391 0141 338

'each SSR allele treated as a separate marker
2corrected number of all markers in each accession
3mean number of all markers observed in each individual

“mean number of pairwise differences (Euclidean distances) between individuals in each accession

Shannon’s diversity index

cultivar types were found with SSR markers (Table 5). In
the previous study with 96 accessions analyzed with SSR
markers, we found significant differences (P < 0.05) in
levels of diversity in all groups [1]. When the total num-
ber of markers was studied on an individual rather than
accession level (A;), significant differences for each
grouping and with both marker types were discovered
(Table 5). However, these differences explained only a
minor fraction of variation between individuals (1 to
5 %).

Genetic divergence between accessions and groups

AMOVA was performed in order to divide the total gen-
etic variation into three components: variation within
accessions, among accessions, and among countries.
Most of the variation in the studied material was found
within accessions: 89 % when based on REMAP

markers, 93 % when based on SSR markers, and 91 %
when based on both marker types (Table 6).

No genetic divergence was observed between vegeta-
tion zones or cultivar types either using SSR or REMAP
markers or both (AMOVA, P<0.05), which might be
due to the small numbers of members in different clas-
ses. However, the same result was obtained with SSR
markers when 96 accessions were studied [1]. In PCA
analysis as well, no clustering of accessions based on
countries, vegetation zones, or cultivar types was seen
(Fig. 1). The first two axes respectively explained 44.1 %,
45.8 %, or 41.1 % of the variation when REMAPs, SSRs,
or both marker types were used in the analysis.

Discussion
Previously, SSR markers revealed timothy to be very di-
verse both on the individual and accession level when

Table 5 ANOVA tables indicating F-values, significance levels P and R? for comparisons between different groups for their levels of

REMAP and SSR diversity

REMAP Total no. of markers (An No. of pairwise differences (PWD) Number of markers per individual
Diversity index df  F P R F P R? F P R
Grouping

Accession 50 6.11 <0.001 0.25
Country 5 1.73 0.147 0.16 149 0210 0.14 5.08 <0.001 0.03
Vegetation zone 5 0.74 0.602 0.11 0.74 0.600 0.1 5.08 <0.001 0.04
Cultivar type 2 2.03 0.144 0.09 1.96 0.153 0.09 398 0.019 001

SSR Total no. of markers (A No. of pairwise differences (PWD) Number of markers per individual
Diversity index df F P R F P R’ F P R’
Grouping

Accession 50 3.18 <0.001 0.15
Country 5 1.15 0.348 0.11 153 0.200 0.15 528 <0.001 0.03
Vegetation zone 5 390 0.008 040 349 0.014 0.38 6.67 <0.001 0.05
Cultivar type 2 4.70 0.015 0.19 1.71 0.194 0.08 498 0.007 0.01
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Table 6 Analysis of molecular variance in 51 timothy accessions based on 533 REMAP markers, 464 SSRs or both
REMAP SSR REMAP and SSR
Source df SS MS Variance % SS MS Variance % SS MS Variance %
components  total components  total components  total

Among countries 5 896.84 17937 042 1 57409 11482 0.21 1 147168 294.34 0.63 1
Among accessions/ 45 518197 11515 421 10 371953 8266 245 6 8901.50 197.81 6.66 8
countries
Within accessions 894 3331258 3726 37.26 89 3327132 3722 3722 93 6658390 7448 7448 91
Total 944 3939139 41.89 100 37564.94 39.88 100 76957.08 81.77 100
Stat Value Value Value

PhiRT 0.010 0.005 0.008

PhiPR 0.101 0.062 0.082

PhiPT 0.110 0.067 0.089

Probability, P(rand > data), for PhiRT, PhiPR and PhiPT =0.001, and is based on permutation across the full data set

PhiRT=AC/ (WA +AA +AC)=AC/ TOT
PhiPR=AA / (WA + AA)
PhiPT = (AA + AC) / (WA + AA + AC) = (AA + AC) / TOT

Key: AC = est. var. among countries, AA = est. var. among accessions, WA = est. var. within accessions

studied in a collection of 96 accessions. Because it was
impossible with SSRs to resolve any population or geo-
graphical structure [1], we here have applied a very dif-
ferent kind of neutral marker, REMAPs, which are based
on displaying retrotransposon insertions.

Both REMAPs and SSRs were highly polymorphic.
Variation was observed mostly within accessions but
with slightly smaller proportion for REMAPs (89 % vs.
93 %). This difference may be due to the biology of how
SSR and retrotransposon polymorphisms are generated.
SSRs are generated by replication slippage [7], a process
expected to be independent of the environment. In con-
trast, retrotransposons are known to be activated by
both biotic and abiotic stresses [6], conditions which
may well be greater in some populations compared with
others. Population-level stress would thereby lower the
proportion of polymorphism on the individual level and
increase it on population or geographic levels.

Diversity indices in accessions were lower for SSR than
for REMAP markers. This is likely because SSR markers
(i.e., alleles) are not independent of each other; there is a
theoretical maximum number of markers that can exist
in one individual. If all SSR loci would amplify from all
three genomes of Phleum, the maximum number of
markers would be 78 (13 loci, 6 alleles in each). How-
ever, there is evidence that timothy is an allopolyploid
[25]. Allopolyploidy is consistent with our earlier results
[1], with some SSR loci found only in one genome
whereas others were present in all three. Therefore, the
real maximum number of SSR alleles in any one individ-
ual lies somewhere between 26 and 78. In the present
study, the observed maximum was 45.

Polyploids represent about 50 % of flowering plants
[26]. In polyploids, the problem of lack of independence

between SSR loci is particularly a problem, but given a
very high number of loci developed from the genome se-
quences of major crops such as cotton or wheat,
chromosome-specific markers can be recovered [27]. For
agricultural species without reference genomes such as
timothy or for many wild species [28], selection of
markers with diploid inheritance can reduce the usable
loci to very low numbers.

In contrast to SSRs, no limit exists for the maximum
amount of REMAPs in one individual because retro-
transposon insertions are independent of each other.
Moreover, different retrotransposon families, such as in
the hexaploid wheat genomes [29], show different evolu-
tionary histories, enabling discrimination between home-
ologues. Retrotransposon markers have been deployed
effectively for even the highly polyploid sugarcane [30].
Although codominant REMAPs also exist, codominance
does not restrict the possibility of co-existence of
markers in one individual. The maximum amount for
REMAPs observed in one individual in the present study
was 121. Correlations between diversity indices based on
REMAP or SSR markers were mostly low or moderate
because the two marker systems report from different
genomic regions where polymorphisms are generated by
different processes. On the other hand, even though
SSRs could be treated as codominant markers, it has
been suggested that large similarities between diversity
indices with dominant markers but somewhat lower be-
tween dominant markers and SSRs are due to insuffi-
cient numbers of analyzed SSR loci [31].

When using markers for measuring distances, PWD
between individuals correlated weakly (r = 0.26) but gen-
etic distances between accessions strongly (r=0.67) be-
tween the two marker types. PWD is based on the
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Euclidean distances between individuals whereas dis-
tances between accessions are based on marker frequen-
cies. The same sort of result — poor or nonexistent
individual-by-individual correlations but moderate cor-
relation between accessions — was obtained when ampli-
fied fragment length polymorphisms (AFLPs), which are
comparable to REMAPs by being a multilocus and dom-
inant marker type, and SSRs were compared [32]. In po-
tato, a low correlation of SSR and REMAP markers (r =
0.17) in the Mantel’s matrix correspondence test was
found [8].

Comparing the two marker types, REMAP markers
were more cost-efficient. The PCRs of four REMAP pri-
mer combinations were made separately, and products
from two different combinations with different fluores-
cent labels were combined for MegaBACE runs. As a
consequence, for the whole diversity analysis study (945
samples), 40 PCRs on 96-well microtitre plates were
made and analyzed in 20 Megabace runs. A total of 533
polymorphic markers was produced. On the other hand,
the 13 SSR loci were multiplexed into 5 PCR reactions
and analyzed in 5 MegaBACE runs, requiring in total 50
PCR plates and 50 MegaBACE runs. In addition, some
planning and optimization was required in order to
multiplex the PCR reactions for the various SSR loci. A
total of 464 SSR markers (i.e., alleles) was amplified. Ac-
cordingly, more REMAP markers (i.e., loci) were pro-
duced with less labor, money, and time. The MI was
over six-fold higher with REMAPs, which is not due
only to the need to interpret SSR alleles as separate
markers but is also typical for markers with an effective
multiplex ratio, and has been detected also when AFLPs
have been compared with SSRs [16].

Knowledge of genetic variation and relationships be-
tween individuals and accessions is essential when con-
serving and using genetic resources. Evaluation of
genetic diversity requires analysis of multiple markers as
efficiently as possible. Choosing a suitable marker type,
several aspects have to be taken into account, not only
expected heterozygosity and marker index, but also tech-
nical difficulty, ease of genotyping, cost, and availability.
Technically, there were no differences between REMAPs
and SSRs and we encountered analysis difficulties with
both marker types. All SSR peaks contained some degree
of stutter, which complicated the identification of alleles.
On the other hand, interpretation of REMAP markers
was very slow because several markers were amplified in
one PCR reaction and there was a wide variation in peak
heights. All peaks could not be analyzed and selections
had to be made according to peak heights and fre-
quency. Difficulties in scoring hindered the use of auto-
mated analysis programs for both marker types.
Regarding availability, there are universal retrotrans-
poson primers that can be used in any species, and
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primers specific for Graminae also have a vast range of
use. Moreover, SSRs have not been developed for every
species, and transform rates from one species to another
depends on the genetic distance of the taxa [33]. These
general conclusions regarding the utility of SSR and
retrotransposon markers alone and in combination are
consistent with those for four diverse dicot species, dis-
tant from the monocot timothy [8—10].

Conclusions

When diversity in a polyploid species is examined, where
the codominant nature of SSRs is of no use, dominant
REMAP markers, as analyzed by size on a sequencer,
were more cost-efficient. REMAPs also described diver-
sity from a larger segment of the genome compared to
the same number of SSR alleles. On the other hand,
SSRs detected differences in the level of diversity in dif-
ferent groups better than REMAPs. Furthermore, private
SSR alleles were found, making SSRs better for accession
identification. Private alleles, however, can be developed
from retrotransposon markers using the RBIP (retro-
transposon-based insertion polymorphism) and ISBP
(insertion site-based polymorphism) methods, which are
locus-specific [34]. Genetic distances between accessions
were similar with REMAP or SSR markers, but neither
marker type could reveal any clear divergence between
vegetation zones, cultivar types or countries in the poly-
ploid, very polymorphic and heterozygous timothy spe-
cies. SSR and REMAP polymorphisms derive from very
different mechanisms. Variations in SSR numbers at in-
dividual loci derive from polymerase slippage during
replication. In contrast, retrotransposon insertions,
which can be stress-driven, generate the priming sites
for retrotransposon-based marker methods. Given the
vastly different numbers of microsatellite and retrotrans-
poson loci queried by the marker systems used, which
report from very different genomic regions, the fact that
they together show a lack of structure likely reflects the
outcrossing and hexaploid nature of timothy rather than
failures of either marker system. Both retrotransposons
and SSRs, however, are neutral markers; patterns of vari-
ation in the gene space of timothy, such as through sin-
gle nucleotide polymorphism (SNP) genotyping, remain
to be explored. These would allow the possibility to
evaluate allele dosages, thereby increasing the informa-
tion embodied in each locus. SNP markers have been
used in sugarcane, a complex autopolyploid species, to
estimate ploidy level and also the dosage of SNPs [35].
The availability of SNP markers has increased with the
invention of the genotyping by sequencing strategy
(GBS) [36] and a recent study presents its use to evalu-
ate allele frequencies in populations in an outbreeding
species, perennial ryegrass [37]. Such techniques could
be applied to timothy as well to study the structure of
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accessions. On the other hand, the importance of using
both molecular and phenotypic markers for assessing di-
versity especially when evaluating adaptive potential has
been emphasized in a study where timothy accessions
were characterized with SSRs, chloroplast DNA se-
quences, as well as by morphological and phenological
traits [38].
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