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Abstract: Gene-associated simple sequence repeat (SSR) markers were devel oped for Puccinia triticina through the data mining of existing
EST libraries. Analysis of 7134 expressed sequence tags (ESTs) from cDNA libraries of P. triticina detected 204 EST-SSRs with a minimum
of 12 repeating nuclectides. The majority of EST-SSRs contained short di- or tri-nucleotide repeats. These EST-SSRs were evaluated on 35 P.
triticina isolates collected in Canada and 21 EST-SSRs were polymorphic and informative in determining intraspecific genetic diversity.

A comparison of virulence and EST-SSR genotypes showed a strong correlation between virulence to Lr2a, Lr2c and Lr17a and EST-SSRs
genotypes. The differentiation of the P. triticina population based on EST-SSR genotypes was comparable to that obtained with genomic
SSRs, despite differences between two types of SSR markers. Eight of the 21 EST-SSRs produced the cross amplification in Puccinia
coronata and Puccinia graminis, suggesting that EST-SSRs are more applicable than genomic SSRsfor interspecific analysis. In summary,
our study suggests that the data mining of EST databases is afeasible way to generate informative molecular markers for genetic studies of
P. triticina.
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Résumé: Des marqueurs microsatel lites (SSR) associés a des genes ont été congus pour Puccinia triticina a partir I’ exploration de données
contenues dans des banques d’ étiquettes de séquences exprimées (EST). L’ analyse de 7134 EST issues de banques d ADNc de P. triticina ont
permis de détecter 204 EST-SSR avec un minimum de 12 répétitions de nucléotides. Lamajorité des EST-SSR contenaient de courtes
répétitions di- ou tri-nucléotidiques. Ces EST-SSR ont été évaluées sur 35 isolats de P. triticina collectés au Canada. Parmi celles-ci, 21
étaient polymorphiques et ont fourni de |’ information servant a établir ladiversité génétique intraspécifique. Une comparaison de lavirulence
et des génotypes EST-SSR a montré une forte corrélation entre lavirulence al’ égard de Lr2a, Lr2c et Lr17a ainsi qu'al’ égard des génotypes
EST-SSR. Ladifférenciation de la population de P. triticina, basée sur les génotypes EST-SSR, était comparable a celle obtenue avec les SSR
génomiques, malgré les différences entre les deux types de marqueurs. Huit des 21 EST-SSR ont engendré la transférabilité chez Puccinia
coronata et Puccinia graminis, ce qui suggere que les EST-SSR sont plus adaptables al’ analyse interspécifique que les SSR génomiques. En
résumé, notre étude suggere que I’ exploration de données des banques d’' EST permet de générer des marqueurs moléculaires informatifs pour
les études génétiques portant sur P. triticina.
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Introduction L. var. durum) in Canada and worldwide (Samborski, 1985).

N A Depending on the leve of resistance in wheat cultivars or
Wheat leaf rudt, caused by Puccinia triticina Eriks, is a ) o )
sious problem in the production of common whest the developmental stage of crops during the initia infection,

o o v
(TriticumaestivumL.) and durum wheat (Triticum turgidum P. triticina can case up o 25%yield loss (K olmer, 2001).
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Populations of P. triticina in North American exhibit a
high degree of virulence and genetic variation. Over 40
P. triticina virulence phenotypes have been identified on
an annual basisin Canada since the 1980s (Kolmer et al.,
2005) and various molecular markers, such as amplified
fragment length polymorphism (AFLP) (Kolmer, 2001;
Mebrate et al., 2006) and random amplified polymorphic
DNA (RAPD) (Kolmer & Liu, 2000; Kosman €t al.,
2004), have been used to characterize the population
structure of P. triticina. Such information is fundamental
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to understand the genetic mechanism(s) underlying varia-
tionsin P. triticina, and is crucial for the development of
an effective control strategy for this disease.

Both RAPD and AFLP are dominant molecular mark-
ers, which cannot differentiate homozygous from hetero-
zZygous genotypes, whereas simple sequence repeat
markers (SSRs) are codominant markers, which are more
user-friendly and easier to adapt for automation (Zane
et al., 2002). Unfortunately, the development of genomic
SSRs can be very expensive and labour intensive (Zane

Table 1. Virulence phenotypes and group designations of Puccinia triticina isolates.

Virulence
Isolate phenotype!

Virulence (Lr genes)

Grouping based on
Region of virulence to
collection? Lr2a, Lr2c and Lri7a

237-1 MBBS 1, 3,24, 17a, b, 3bg, 10, 144, 14b, 15, 20 ON 1
189-1 MBPS 1, 3, 3ka, 17a, 30, b, 3bg, 10, 144, 14b, 15, 20, 23 SK 1
252-1 MGNS 1, 3, 16, 26, 3ka, 173, B, 3bg, 10, 14b, 15, 20 PEI 1
168-2 MDPN 1, 3, 24, 3ka, 173, 30, B, 3bg, 143, 14b, 15, 20 SK 1
234-2 MLDK 1,3,9,17a, b, 3bg, 10, 144, 14b, 15, 20, 23 ON 1
218-1 MBDS 1, 3,17a, b, 3bg, 10, 144, 14b, 15, 20, 23 BC 1
251-1 MCNQ 1, 3, 26, 3ka, 173, b, 3bg, 10, 143, 14b, 15, 20 PEI 1
128-2 MDNS 1, 3, 24, 3ka, 173, B, 3bg, 10, 144, 14b, 15, 20 MB 1
2-2 MLDJ 1, 3,9, 17a, B, 3bg, 10, 144, 14b, 15, 20 MB 1
193-1 MLDS 1, 3,9, 17a, B, 3bg, 10, 144, 14b, 15, 20, 23 SK 1
243-2 MLBN 1,3,9,17a, B, 3bg, 10, 143, 14b, 15, 20, 23 ON 1
187-1 MDDS 1, 3,24, 173, B, 3bg, 10, 14a, 14b, 15, 20 SK 1
36-2 MFPS 1, 3, 24, 3ka, 173, 30, B, 3bg, 10, 143, 14b, 15, 20 MB 1
243-1 MLBN 1, 3,9, 17a, B, 3bg, 10, 144, 14b, 15, 20, 23 ON 1
251-2 MFPS 1,3, 24, 26, 17a, B, 3bg, 10, 144, 14b, 15, 20 PEI 1
188-2 MDPS 1, 3, 24, 3ka, 173, 30, B, 3bg, 10, 143, 14b, 15, 20 SK 1
215-1 MBBK 1, 3, 3bg, 10, 144, 14b, 14b, 15, 20, 23, 28 BC 2
245-1 MFRS 1, 3, 24, 26, 3ka, 11, 30, 3bg, 10, 144, 14b, 15, 20, 23, 28 ON 2
215-2 MBGJ 1, 3,11, 10, 144, 14b, 15, 20, 23, 28 BC 2
245-2 MFRJ 1, 3, 24, 26, 3ka, 11, 30, 3bg, 10, 144, 14b, 15, 20, 28 ON 2
48-2 TDBK 1, 2a, 2b, 2c, 3, 24, 10, 144, 14b, 15,20, 23, 28 MB 3
153-2 TDBQ 1, 2a, 2b, 2c, 3, 24, 3bg, 10, 14b, 15, 23, 28 MB 3
250-1 TBBJ 1, 23, 2b, 2c, 3, 24, 3bg, 10, 143, 14b, 15, 20, 28 QC 3
246-1 TFBS 1, 2a, 2b, 2c, 3, 24, 3bg, 10, 14b, 15, 23, 28 QC 3
41-2 TDBT 1, 23, 2b, 2c, 3, 24, 3bg, 10, 143, 14b, 15, 20, 23, 28 MB 3
248-2 TBBS 1, 2a, 2b, 2c, 3, 24, 10, 144, 14b, 15, QC 3
244-1 TBBG 1, 2a, 2b, 2c, 3, 24, 3bg, 10, 143, 14b, 15, 20, 23, 28 ON 3
205-2 TDBG 1, 2a, 2b, 2c, 3, 24, 3bg, 10, 14b, 15, 28 SK 3
172-2 TFBJ 1, 23, 2b, 2¢, 3, 24, 10, 1443, 14b, 15, 20, 28 SK 3
42-1 TDBS 1, 23, 2b, 2c, 3, 24, 3bg, 10, 143, 14b, 15, 20, 23, 28 MB 3
185-2 TDBJ 1, 2a, 2b, 2¢, 3, 24, 3bg, 10, 14b, 15, 28 SK 3
30-1 TDGH 1, 2a, 2b, 2c, 3, 24, 10, 14b, 15, 28 MB 3
13-2 TFBG 1, 2a, 2b, 2c, 3, 24, 26, B, 3bg, 10, 14b, 15, 23, 28 MB 3
199-2 TBBG 1, 2a, 2b, 2c, 3, 24, 3bg, 10, 14b, 15, 28 SK 3
141-2 TFBG 1, 23, 2b, 2c, 3, 24, 3bg, 10, 14b, 15, 28 MB 3

Notes: 1Puccinia triticina nomenclature according to Long & Kolmer (1989).

20N, Ontario; MB, Manitoba; SK, Saskatchewan; QC, Quebec; PEI, Prince of Edward Island.
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et al., 2002; Dutech et al., 2007). The increasing availabil-
ity of expressed sequence tags (ESTS) derived from
expression libraries has provided an aternative resource
for the generation of new codominant markers (Squirrell
et al., 2003). These EST-SSR markers are also more trans-
ferable to related taxa than genomic SSRs due to the con-
served nature of gene-associated sequences (Keiper et al.,
2006). Although few genomic SSRs have been generated
from enriched genomic DNA libraries of P. triticina (Duan
et al., 2003; Szabo & Kolmer, 2007), EST-SSRs were not
yet available in P. triticina. More SSRs are needed to bet-
ter understand the population structure of P. triticina.

Herein, we report the development of EST-SSRs by the
data mining of existing P. triticina EST databases. These
markers were evaluated for polymorphism on 35 P. tritic-
ina isolates collected in Canada. The correlation between
virulence and genetic variability was analyzed within and
between groups of P. triticina isolates. Two clustering
methods were applied to virulence and SSR datasets and
results were then compared. Furthermore, we examined
the transferability of P. triticina EST-SSRs in taxa related
to P. triticina, such as P. coronata and P. graminis.

Materials and methods

Pucciniatriticina isolates and determination of virulence
phenotypes

Thirty-five genetically pure isolates of P. triticina
collected in Canada during the 2007 annual field survey
were used (Table 1). Most virulence phenotypes were
represented by a single isolate. Virulence of P. triticina
isolates was determined using the method described
previously (McCalum & Seto-Goh, 2004, 2005). The
infection types produced on a set of 16 standardized
differentials [Set 1: Lrl, Lr2a, Lr2c, Lr3; Set 2: Lr9,
Lr16, Lr24, Lr26; Set 3: Lr3ka, Lr11, Lr17a, Lr30; Set 4:
LrB, Lr10, Lr14a, Lr18] were used to determine a four-
letter code according to the virulence phenotype
nomenclature proposed by Long & Kolmer (1989).

SSR characterization and primer design

A tota of 7134 ESTs generated from five different life
stages of P. triticina (Hu et al., 2007) were analyzed for the
presence of SSR motifsusing MICAS (http://210.212.212.7/
MIC) and RepeatMasker (http://www.repeatmasker.org).
Sequences that contained at least 12 repeating nucleotides
were chosen and PCR primers were designed using
PRIMER3 (Rozen & Skaetsky, 2000) to amplify flanking
regions. Primers were synthesized by Invitrogen™. For the
isolation of total genomic DNA, fresh urediniospores were
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Fig. 1. Distributions of 14 classes of di- and tri-nucleotide simple
sequence repeat motifs in the EST database of P. triticina. Classes
of simple sequence repeats described by Jurka & Pethiyagoda
(1995) and Katti et al. (2001) were listed as following: 1=AT/AT;
2=AG/GA/CTI/TC; 3=AC/CA/TGIGT; 4=GC/CG; 5=AAT/ATA/
TAA/ATT/TTAITAT; 6=AAG/AGA/GAA/CTT/TTCITCT; 7=A
ACIACA/CAAIGTTITTGITGT; 8=ATG/TGA/GAT/CATIA TC/
TCA; 9=AGT/GTA/TAG/ACT/CTAITAC; 10=AGG/GGA/GAG/
CCT/CTCITCC; 11=AGC/GCA/CAGIGCT/CTGITGC; 12= ACG/
CGA/GACICGT/GTCITCG; 13=ACC/CCA/CACIGGT/GTGITGG;
14=GGC/GCG/CGG/GCC/CCG/CGC.

H.m.ﬂﬂﬁ.mmﬂm
3 4 7 8

5 6 9 10 11 12 13 14

Class of simple sequence repeat

germinated on the surface of digtilled water and mats of
germinated urediniospores were collected. Spore mats were
then vacuum-dried and ground with glass beads. Genomic
DNA was extracted from spore mats using the method
described by Kolmer et al. (1995). DNA concentration was
determined using spectrophotometer readings at A,gy and
Ag, and aworking solution of 50 ng uL~* was made. PCR
was carried out in a 25 uL reaction volume containing 1 x
PCR buffer (Applied Biosystem), 1.5 mM MgCl,, 0.2 mM
dNTPs, 25 mM forward and reverse primers, 0.5 U Tag
polymerase (Invitrogen) and 30 ng sample DNA.
Amplifications were performed in a therma cycler
(GeneAmp PCR 9700) using the following temperature
profile: initid denaturation step at 95 °C for 2 minutes, then
35 cyclesat 95 °C for 30 s, 60°C for 30sand 72 °C for 1
minute, followed by afina extension step a 72 °C 5 minutes
after. PCR products were anadlyzed in a 6% polyacrylamide
gel and visudized by silver staining (Chalhoub et al., 2007).
Alleles were scored by length in base pairs using a 25 bp
DNA ladder (Invitrogen) as size standard.

P. triticina EST-SSR genotypic analysis

The M13-tailed primer method (Zhou et al., 2001) was
used to label amplicons for the visuaization of PCR
products on a capillary DNA analyzer. Forward
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Table 2. Repeat motif, primer sequence, amplification conditions and characteristics.

Cross amplification

Allelesize

Locus Primer sequence Repeat motif Ta(°C) Na range(bp) Ho He FI P. coronata P. graminis

Ptssr0083 F: ATGGATTTGGAGACCAGTCG (GA)n 60 2 292-298 0921 0.497*** -0.853 - -
R: GTTGAAAGATCTGGGGGTGA

Ptssr6981  F: ACGTGGTGAGGTTTCTGCTC (ATC)n 59 2 163171 0.282 0.311 0.093 - -
R: TTCCGTTTTTGAAAGCAAGC

Ptssr0019 F: GTTCGGATACCCCGTTTCTC (ATC)n 60 2 148153 0.795 0.479*** -0.659 + +
R: TTTGGAGCATGTTGTTTTGG

Ptssr5649 F: CAGACGACCATCAACATTCG (CT)n 60 3 189195 0923 0.618*** -0.493 - -
R: CATGAACCAAACAAACAGCTTC

Ptssr0085 F: CCAAAATTATCCCGCCCTAT (TTT)n 60 2 289295 0487 0.369*** -0.319 - -
R: GCGAGGGGGTAGGAAGTAAT

Ptssr6259 F: GTTCAACACATTGCGCTGTT (TCA)N 59 2 238244 0.897 0611 —-0.468 - -
R: ATGGGTTGTGCAGATCGAGT

Ptssr2948 F: CACACACCACACAAAACCAA (GAT) 59 2 117121 0615 0.567 -0.084 - -
R: CCCAACAAGCTCGTGTCTTT

Ptssr0536 F: TGTTGCGAATTGATGGTACG (AAA)N 60 2 180-186 0.846 0.5** -0.692 - -
R: GAAGTTCTGCTCTGCTGTCG

Ptssr3233  F: GTAAGCTCGCTTTGGCTACG (GA)N 60 2 165167 041 0456***  0.101 + +
R: TTTGGAGCATGTTGTTTCCA

Ptssr5594  F: CGGACCAAACACAAAGGAAA (GAT)n 60 4 205217 0718 0.579*** -0.240 - -
R: CCCTGCGTTTAACACCTTGT

Ptssr0189 F: TCTCAACCAAAAATCAATCTACG (AT)n 58 4  102-118 0.897 0.495 -0.812 - -
R: CTTCCACGAAGACGAAGCAC

Ptssr0801 F: CAATGGTAGTGGCAAGCAAA (TG)n 60 2 201-204 059 0416 -0.418 + +
R: GCACCTCTCACGCTCTTAGC

Ptssr6863 F: TAGATGGGCACACAACCAAA (CT)n 60 2 212-248 0.231 0251 0.079 + +
R: AAGCAAAGTGCAAGGAGCAT

Ptssr0243 F: CTCACTCGCTCGCTTGTTCT (CAN+(AT)n 60 4  201-211 0487 0.369*** -0.319 + +
R: GACGAAAAGATCGGGTTTGA

Ptssr0125 F: ATCGTGTCATGCAACCAAAA (GAT)n 59 2 177-183 0.795 0.514 -0.546 - -
R: AGAGAGGGACGTGAGGGATA

Ptssr0481 F: CCACAATCCTCCGTTCTGAT (TTT)n 60 3 192199 0.897 0.495 -0.812 + +
R: CGAAAGCAAAACACATGAGG

Ptssr0639 F: TCTCCGCCTACCAACACTG (GAA)N 60 2 204210 0.077 0.163*** 0527 + +
R: AAAGGAGGGAGAGGGGAGG

Ptssr3145 F: TAGGTGCGTGGTTTTCATCA (TCTT) 60 2 181-189 0949 0.637 -0.4898 - -
R: CAAATGAGAGCGACGAACAA

Ptssr6542 F: TGTGATCTCGCCCGTACATA (CT)n 60 4  142-162 0574 0.325 —-0.766 - -
R: TGGGAATGATGGACACACAC

Ptssr0182 F: CGAATCCCTTGTCTTTTGCT (CT)n 59 2 172-174 0561 0.426 -0.316 - -
R: TGTAGAGAGCGGGAGAAGAAA

Ptssr6386 F: AATGAGGTGACTCGGATGGA (CAT)n 59 2 193199 0.753 0.653*** -0.153 + +

R: GAAGAAGGCGAAGTTGTTGC

Notes: F, forward primer; R, reverse primer; Ta, annealing temperature; Na, number of aleles; Ho, observed heterozygosity; He, expected heterozygosity; ***;
significant deviation from Hardy—Weinberg equilibrium, corrected for multiple comparisons (P < 0.001); FI, Fixation index.

primers were 5'-tailed with 23-base pair M13 (unit-43)
sequence (AGGGTTTTCCCAGTCACGACGTT). The
entire  forward primer is Smilar to 5-
AGGGTTTTCCCAGTCACGACGTTXXXXX, whereas

Xs denote SSR specific primer sequence. PCR was
carried out in a 12.5 uL reaction volume containing 1 x
PCR buffer (Applied Biosystem), 1.5 mM MqgCl,, 0.2
mM dNTPs, 1.25 uM of each SSR specific primers,
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Fig. 2. The clustering structure in the data sets derived from viru-
lence and EST-SSRs. a, Functions of K with the number of clus-
tersfor Puccinia triticina isolates based on virulence (CJ) and EST-
SSR genotypes (H) and b, two-dimensiona depiction of clustersat
K=12 differentiated by virulence to 16 differentid lines (O, A, O)
and 21 EST-SSR markers (H, A, @). |solates were grouped based
on the virulence to resistance gene Lr2a, Lr2c and Lr17a. Group |
(C],M) are avirulent to Lr2a and Lr2c but virulent to Lr17a. Group
Il (A,A) are avirulent to Lr2a, Lr2c and Lr17a. Group Il (O, @)
arevirulent to Lr2a and Lr2c but avirulent to Lr17a.

0.5 uM of 5'-fluorescently labelled M13 (unit-43) primer,
0.5 U Tag polymerase and 30 ng sample DNA. M13
primer was 5’-fluorescently tagged with HEX, 6-FAM
or NED to facilitate multiplexing. Amplifications were
performed in a thermal cycler (GeneAmp PCR 9700)
using the following temperature profile: initial
denaturation step at 95 °C for 2 minutes, then 35 cycles
at 95°Cfor 30 s, 60 °C for 30 sand 72 °C for 1 minutes,
followed by a final extension step at 72 °C 5 mintues
after. Amplification products were analyzed with a
ABI3730 DNA analyzer. A fluorescent DNA size
standard ranging from 50-500 was included in each
run.
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Data analysis

Virulence dissimilarity of P. triticina was calculated
using the complement of simple match coefficient
(Kolmer et al., 1995). For genetic diversity study, the
alleles of each EST-SSR locus were scored based on the
absence (0) or presence (1) of the dlele. The dissimilarity
of EST-SSR genotypes was determined using the
complement of Dice-coefficient (Kolmer & Ordonez,
2007). The number of clusters within the datasets were
analyzed with MODECLUS procedure (SAS Institute
Inc., 1997) using the method described previously
(St-Laurent et al., 2000; Harder et al., 2001). A
smoothing parameter (K-value) was used to determine
the region of stability for clusters. The clusters taken
from the region of stability were then evaluated by
subjecting the original data matrix to an ordination
through canonica discriminant analysis (CDA) using
SAS CANDICS procedure (SAS Ingtitute Inc., 1997).
The unweighted pair group arithmetic mean method
(UPGMA) (SHAN program, NTSYS version 2.1) was
used to construct dendrograms representing virulence
and genetic dissimilarity. The COPH module in NYSY S
pc was used to derive a cophenetic value matrix from the
dendrogram to confirm the correlation between the
dendrogram and original matrix. The matrices derived
from virulence and SSR genotypes were transformed
with Dcenter module in NTSYS and the degree of
correlation between matrices derived from virulence and
EST-SSRs were determined with MXCOMP module in
NTSY S-pc.

Results and discussion

Two hundred and four EST-SSRs containing a minimum
of 12 repeating nucleotides were identified in 7134
Puccinia triticina EST unigene sequences and the number
of repeats in EST-SSRs ranged from 3 to 32 with an
average of 5. The incidence of EST-SSRs in P. triticina
(2.9%) is not only lower than incidences of EST-SSRsin
wheat (5.6%) (Holton et al., 2002) and in oat (3.2%)
(Becher, 2007), but is aso lower than those reported in
fungal grass entophytes, Neptyphodium coenophialum
(9.7%) and N. lalii (6.3%) (Jong et al., 2003) and in the
other rust fungi, such asin P. coronata (5%) (Dracatos et
al., 2007) and in P. graminis f. sp. tritici (6%) (Zhong et
al., 2009). The rarity of SSR motifsin P. triticina ESTs
indicates that SSRs are less abundant in P. triticina than in
other fungal or plant species. It is aso possible that this
difference is merely caused by the different selection
criteria of SSRs used in those studies. In addition, the
number and length of ESTs can aso affect the frequency
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Fig. 3. Genetic dissimilarity dendrogram of 35 Puccinia triticina isolates collected in Canada based on the unweighted pair group method
with arithmetic means clustering method using 1-Dice coefficient calculated from 21 EST-SSR markers. Numbers along the nodes are boot-
strap values > 70% in 1000 replicas. The first four letters of isolate designation represent virulence phenotypes of P. triticina isolates based on
16 differential lines and the last |etter represents the location where the isolate was collected. O, isolates collected in Ontario and Quebec; M,
isolates collected in Manitoba and Saskatchewan; B, isolates collected in British Columbia and Alberta; P, isolates collected in Prince of
Edward Island. Group I, Il and 111 represent three groups of isolates clustered based on virulence to Lr2a, Lr2c and Lr17a.

of EST-SSRs since many ESTs in the databases do not
represent the full length of the transcripts. The average
length of EST-SSRsin P. triticina was shorter than those
reported in wheat and oat (Holton et al., 2002; Becher,
2007) and EST-SSRs with long motifs were rare in
P. triticina. Similarly, Lim et al. (2008) reported that
short SSRs with five to seven repeating motifs were
predominant in genomes of 14 funga species. The low
density and shortness of SSRs in fungal genomes have
rendered the isolation of fungal SSRs through enriched
genomic DNA libraries very difficult and inefficient
(Dutech et al., 2007). In this regard, the identification of
SSRs from fungal ESTs provides a new aternative
because large sets of ESTs can be screened for SSRs with
short motifs through computation.

A variety of motifs were found in P. triticina EST-
SSRs. Tri-nucleotide (45%) and di-nucleotide repeats
(37%) were the most abundant, whereas other repeating
structures occurred at much lower frequencies (tetra-
nucleotide repeats: 13% and penta-nucleotide repeats.
5%). Tri-nucleotide motifs and low repeat numbers have
been found to be common features of EST-derived SSRs,

which differentiate them from genomic SSRs derived
from enriched genomic libraries where di-nucleotide
motifs predominate. The predominance of tri-nucleotide
repeats in EST-SSRs is likely due to the suppression of
non-trinucleotide SSRs in coding regions, which reduces
frame-shift mutations within transcribed genes (Metzgar
et al., 2008). Morgante et al. (2002) suggested that high
frequency of tri-nuclectide repeats in coding regions
could have resulted from the mutation pressure and puta
tive selection for specific amino acid stretches. Among
14 classes of di- and tri-nucleotide SSR motifs described
in eukaryotes (Jurka & Pethiyagoda, 1995; Katti et al.,
2001), ‘AG/GA/CTITC' (class 2) were the most predom-
inant di-nucleotide motifs, whereas AAG/IAGA/GAA/
CTT/TTC/TCT (class 6) and AGG/GGA/GAG/CCT/
CTCITCC (class 10) were the most common tri-nucle-
otide motifs in P. triticina (Fig. 1). Similar di- and tri-
nucleotide motifs were also found in EST-SSRs charac-
terized from P. graminis f. sp. tritici ESTs (Zhong et al .,
2009). Since P. triticina and P. graminis f. sp. tritici are
closely related, the similarity between EST-SSR motifs
from two cereal rust speciesis not surprising.
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Fig. 4. Virulence dissimilarity dendrogram of 35 Puccinia triticina isolates collected in Canada in 2007 based on the unweighted pair group
method with arithmetic means clustering method using simple mismatch coefficient (1-simple match coefficient) calculated based on viru-
lence on 16 leaf rust resistance genes. Numbers along the nodes are bootstrap values > 70% in 1000 replicas. The first four letters of isolate
designation represent virulence phenotypes of P. triticina isolates based on 16 differential lines and the |ast | etter represents the location where
the isolate was collected. O, isolates collected in Ontario and Quebec; M, isolates collected in Manitoba and Saskatchewan; B, isolates col-
lected in British Columbia and Alberta; P, isolates collected in Prince of Edward Island. Group I, 11 and |11 represent three groups of isolates

clustered based on virulenceto Lr2a, Lr2c and Lr17a.

Two hundred and four primer pairs were designed to
amplify flanking regions of P. triticina EST-SSRs.
Seventy-six primer pairs produced amplification prod-
ucts with sizes consistent with initial primer designs. The
failure in amplifications could be caused by the presence
of introns, mutations, insertion or deletion in target
regions which generate PCR products with excessive
length or disrupt binding sites of PCR primers. In addi-
tion, the same annealing temperature was used in PCR
during the initial screening process which might be only
suitable for some primer pairs but not for others. Poly-
morphisms of these EST-SSRs were evaluated using 35
P. triticina isolates and 21 EST-SSRs were polymorphic
among these isolates. The percentage of polymorphic
EST-SSRs (10.2%) is lower than that reported in Puc-
cinia genomic SSRs, which was in the range of 25-50%
(Enjalbert et al., 2002; Szabo & Kolmer, 2007; Zhong et al.,
2008). Two to four alleles were detected by EST-SSRsin
P. triticina. The number of alleles detected by EST-SSRs
is similar to those detected by genomic SSRs from Duan
et al. (2003) but lower than the number reported by

Szabo & Kolmer (2007), in which two to nine alleles per
locus were detected by genomic SSRs from enriched
P. triticina genomic libraries. Differences in the percent-
age of polymorphic loci and number of alleles per locus
between EST-derived SSRs and genomic SSRs from
enriched genomic libraries are likely due to the origin of
these sequences, since sequences in coding regions are
more conserved then sequences in non-coding regions in
the fungal genome (Temnykh et al., 2000).

The mgjority of polymorphic di-nucleotide EST-SSRs
contained ‘AG/GA/CT/TC motifs (class 2). Similar
motifs were also found in genomic SSRs of P. triticina
(Duan et al., 2003; Szabo & Kolmer, 2007). Most poly-
morphic tri-nucleotide EST-SSRs contained motifs from
class 8, which were less common then class 6 and 10
motifsin P. triticina ESTs. Similar tri-nucleotide motifs
were aso common in polymorphic EST-SSRs found in
P. graminisf. sp. tritici ESTs (Zhong et al., 2009). Stud-
ies on fungal SSRs have shown that most fungal genomes
are dominated by AT rich motifs and highly iterated
repeats often contain A and T bases (Lim et al., 2008). It
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is possible that the polymorphism of EST-SSRs in Puc-
cinia species is not necessarily related to the abundance
of certain motifs but more likely related to the nucleotide
composition. Although SSRswith long motifs are usually
ignored during the generation of genomic SSRs due to
their rarity in the genome, one EST-SSR with tetra-nucle-
otide repeat motif was aso polymorphic in our study,
which suggested that they could also be useful for gener-
ating informative markers.

Since EST-SSRs are located within genes and tend to
have lower variability values, such as the number of ale-
les, dlele size and expected genetic diversity, than
genomic SSRs (Cho et al., 2000), there is an obvious
concern that they could be less polymorphic than
genomic SSRs. Nevertheless, a recent study by Wood-
head et al. (2005) showed that the differentiation of
population based on EST-SSRs were comparabl e to those
based on genomic SSRs and AFLPs. In addition, a
number of comparative studies also suggest that only a
small percentage of genes are under the positional selec-
tion (Clark et al., 2003). In our study, the level of hetero-
zygosity and deviation from Hardy—-Weinberg
equilibrium for EST-SSRs were analyzed on 35 P. tritic-
ina isolates using GENALEX6 (Peakal & Smouse,
2006) (Table 2). Seventeen EST-SSRs (80.9%) had sig-
nificantly higher levels of observed heterozygosity than
expected and 10 loci exhibited significant deviations
from Hardy—Weinberg equilibrium corrected for multiple
comparisons (P < 0.001). Given the fact that P. triticina
isolates used in this study were generated from the asex-
ua uredinial stage, these results were not surprising.
Similar deviations from Hardy—Weinberg equilibrium
were also found in asexua populations of P. triticina
(Szabo & Kolmer, 2007) and P. psidii (Zhong et al.,
2008) using genomic SSRs.

The structures in datasets derived from EST-SSRs and
virulence were analyzed using MODECLUS (Fig. 2) and
UPGMA methods (Figs. 3, 4). Both methods have been
used previously in the population genetic study of several
Puccinia species (Kolmer & Liu, 2000; Harder et al.,
2001; Kolmer, 2001). When the dissimilarity matrix
derived from EST-SSRs was anayzed with
MODECLUS, the plot of K-value versus the number of
clusters showed a large stable region (K = 7-17) at two
clusters (Fig. 2a). Subsequently, two clusters defined at
the region of stability were analyzed in a 2-D PCA plot.
P. triticina isolates that were avirulent on Lr2a and Lr2c,
but virulent on Lr17a (group 1) were separated from iso-
lates that were avirulent on Lr17a (group Il and group
1) (Fig. 2b). Similarly, two major groups of P. triticina
isolates separated at 41% dissimilarity were found when
the dissimilarity matrix derived from EST-SSRs was
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andyzed using the UPGMA method (Fig. 3). The first
group contained P. triticina isolates that were avirulent on
Lr2a and Lr2c but virulent on Lr17a (group I) and the
second group included P. triticina isolates that were avir-
ulent on Lr17a (group Il and I11). Similarly, Kolmer et al.
(1995; Kolmer, 2001) reported that the group of P. triticina
isolates that was avirulent on Lr2a and Lr2c but virulent
on Lr17a had molecular characteristics that were differ-
ent from other P. triticina isolates in North America
based on RAPD and AFLP analysis. It was proposed that
this group of isolates could be recently introduced into
North America, most likely from Mexico.

In comparison, the dissimilarity matrix derived from
virulence was subjected to MODECLUS analysis. A large
region of stability were found at three clusters (K = 8-13)
(Fig. 2a). In the 2D-PCA plot, P. triticina isolates from
group | (avirulent on Lr2a and Lr2c, virulent on Lr17a)
remained separated from group Il and group 11, which
were both avirulent on Lrl7a (Fig. 2b). However, the
analysis of virulence dissimilarity matrix with the
UPGMA method revealed two major groups of P. tritic-
ina isolates which were separated at 29% dissimilarity.
Isolates in group | and group Il were grouped together
and were separated from isolates in group 11l (Fig. 4).
Although this discrepancy in virulence and EST-SSR
analysis could indicate that P. triticina virulence pheno-
types with different genetic backgrounds were al under
the selection of resistance genes deployed in the host
population, we could not rule out the possibility that such
discrepancy was merely caused by the limited P. triticina
virulence phenotypes used in this study. More P. triticina
virulence phenotypes, such asthose avirulent on Lr2a but
virulent on Lr2c and those avirulent on Lr2a, Lr2c and
Lr17a, should be included to study the clustering of P.
triticina virulence phenotypes in Canada.

To investigate the correlation between virulence and
EST-SSR genotypes, the dissimilarity matrices from vir-
ulence and EST-SSRs were analyzed with MXCOMP
module in NTSYS. A significant correlation was found
(r = 0.685, P < 0.001) between the dissimilarity matrix
derived from virulence and that from EST-SSRs. Dissim-
ilarity matrices based on virulence to the single resistance
gene were also compared with that from EST-SSRs. Vir-
ulenceto Lr2a, 2c and Lr17a had the highest correlations
with EST-SSR genotypes (0.636, 0.636 and 0.893,
respectively; P < 0.001). A strong correlation between
virulence and molecular phenotypes in P. triticina has
been reported using RAPDs (Kolmer & Liu, 2000),
AFLPs (Kolmer, 2001) and genomic SSRs (Kolmer &
Ordonez, 2007). For example, Kolmer & Ordenez (2007)
found that virulence to Lr2a and Lr2c was associated
with molecular phenotypes based on genomic SSR
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analysis. Since P. triticina population in North Amer-
icais asexual in nature and comprised of afew genetic
lineages which likely evolve over time, reflecting the
selection of host resistance genes used. The non-ran-
dom associations between virulence and molecular
phenotypesin P. triticina could result from the asexual
clonal reproduction and selection for virulence against
resistance genes deployed in the hosts in North Amer-
ica (Kolmer, 2001). It isinteresting that a strong corre-
lation was found between EST-SSR genotypes and
virulenceto Lr17a in this study, while such correlation
was not observed when genomic SSRs were used to
analyze the population of P. triticina in central Asia
and Caucasus (Kolmer & Ordonez, 2007). It is pos-
sible that the difference in the correlation between
EST/genomic-derived SSR genotypes and virulence to
Lrl7a in P. triticina populations from two regions
reflects the difference in the selection pressure from
resistance genes deployed in those regions.

It has been suggested that EST-SSRs are more effi-
cient than genomic SSRs in terms of transferability
among related species (Dracatos et al., 2007). In our
study, eight out of 21 pairs of primers produced ampli-
fication products from genomic DNA of P. graminis
and P. coronata (Table 2). Three primer sets produced
polymorphic products from single-pustule-derived
genomic DNA samples of P. graminis and P. coronata
(data not shown). These results indicate that EST-SSRs
are capable of producing a high proportion of cross-
species markers with distinct allele patterns in related
species which give them one clear advantage over
genomic SSRs.

In summary, EST-derived SSRs developed in this
study are effective in differentiating P. triticina popula
tion despite the smaller number of aleles detected by
EST-SSRs. While EST-SSRs are not without their draw-
backs, EST-SSRs offer some advantages over genomic
SSRs including rapid and inexpensive development and
higher levels of cross-taxon portability.
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