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Abstract Race 2SASS5 of the wheat stem rust pathogen,
Puccinia graminis f. sp. tritici, was described for the
first time during 2000 in South Africa. This race is of
particular interest as it was the first local report of
increased virulence towards barley cultivars by wheat
stem rust. Using three original accessions of 2SAS55
from the rust collection of the University of the Free
State, nine single pustule isolates were established. Phe-
notyping of isolates to characterise 2SASS5 according to
the North American nomenclature system revealed var-
iation in virulence for Sr9g on the tester lines Kubanka
and Acme, which was not detected in the initial descrip-
tion of 2SA55. Seven isolates coded as BNGSC, which
except for virulence on Sr9h resembled the initial
avirulence/virulence description for 2SAS5S5. The re-
maining two isolates with Sr9¢ virulence coded as
BPGSC. The seedling infection types for the two
2SASS derived races BNGSC and BPGSC on the
Stakman differential set as well as on an extended set
of Sr lines and 144 South African wheat cultivars and
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advanced breeding lines revealed no further distinction
in reaction between them. Microsatellite analysis indi-
cated that while race BN/PGSC shares phenotypic sim-
ilarity with several of the South African non-Ug99
races, it was genetically distinct.
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Introduction

Nine races of Puccinia graminis f. sp. tritici (Pgt), three
of which were new, were detected in South Africa (SA)
from 2009 to 2013 (Terefe et al. 2016). Although no
major epidemics have been experienced recently, Pgt
continues to evolve and threaten wheat production in
SA. The persistent change in variability can be ascribed
to foreign incursions and mutation of existing races.
Using microsatellite markers, Visser et al. (2009, 2011)
showed that the South African Pgt population consists
of two major groups, one containing four South African
members of the Ug99 race group and another containing
several non-Ug99 races, presumed to have developed
from races detected in SA at the turn of the nineteenth
century. The first variant in the Ug99 group was detect-
ed in SA in 2000 (Boshoff et al. 2002), followed by
three others in 2007, 2009 and 2010, respectively
(Visser et al. 2011; Pretorius et al. 2012b).

One of the older non-Ug99 Pgt races, reported ac-
cording to the Agricultural Research Council-Small
Grain (ARC-SG) notation as race 2SAS5S5, was first

@ Springer


http://orcid.org/0000-0003-2769-5546
http://crossmark.crossref.org/dialog/?doi=10.1007/s10658-018-1527-3&domain=pdf
https://doi.org/10.1007/s10658-018-1527-3

784

Eur J Plant Pathol (2018) 152:783-789

collected in SA in 2000 (Boshoff et al. 2002). This race
has appeared infrequently in recent years and except for
its original avirulence/virulence description has not been
considered in a genetic context with other Pgt isolates
from the region. In addition, the original description
lacks details from an avirulence/virulence perspective
for additional stem rust (Sr) resistance genes. The ob-
jective of this study was to characterise the race more
comprehensively in terms of pathogenicity and micro-
satellite profile.

Methods

The ARC-SG carries out annual rust surveys in the
major wheat producing areas of SA. Phenotyping of
field isolates on a standard SA stem rust differential set
is done following procedures customary for rust race
analysis. Any isolate differing in its phenotype from
previously identified SA stem rust races is further
characterised using a more complete set of international
differential lines.

Phenotyping

Three single pustule isolates of each of three accessions
of 2SAS5, stored at the University of the Free State as
UVPgt54.A, UVPgt54.B and UVPgt54.C, were
phenotyped with the appropriate stem rust differential
set. In addition, seedling infection types (ITs) for isolates
UVPgt54.C1 and UVPgt54.B1 were determined on the
Stakman differentials, an extended set of 56 Sr gene
tester lines, 144 SA wheat cultivars and advanced breed-
ing lines, and one barley cultivar. Seedling inoculation,
incubation in the dew chamber and glasshouse, and
infection type evaluations were performed as previously
described (Pretorius et al. 2012a).

Microsatellite analysis

The genetic relationship among nine isolates established
from the original race 2SASS5 and 11 other South Afii-
can Pgt races was determined using 22 polymorphic
microsatellite markers (Karaoglu et al. 2013). The prim-
er pairs used were PgSUN3, PgSUN7, PgSUNS,
PgSUNI11, PgSUN14, PgSUN16, PgSUN17,
PgSUN20, PgSUN22, PgSUN24, PgSUN2S5,
PgSUN28, PgSUN29, PgSUN33, PgSUN3S5,
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PgSUN38, PgSUN39, PgSUN40, PgSUNA42,
PgSUN44, PgSUN47 and PgSUNS3.

The 11 SA Pgt races were 2SA4 (SA race annota-
tion), TTKSF (North American race annotation;
2SA88), TTKSF+Sr9 h (2SA88 +Sr9 h), 2SA100,
BPGSC+S5r27 (2SA102), BNGSC+5r27 (2SA103),
BPGSC+Sr27,Kw (2SA104), BPGSC+Sr27,Kw,Satu
(2SA105), TTKSP (2SA106), PTKST (2SA107) and
BFBSC (2SA108) (Terefe et al. 2016). Race TTKSK
(Ug99) that was collected in Uganda in 1998 (Pretorius
et al. 2000), was also included. For these isolates, geno-
mic DNA prepared from germinated urediniospores and
germ tubes was used. For race 2SASS, genomic DNA
was extracted from three well separated pustules on
infected leaf tissue for each of three isolates using the
cetyltrimethylammonium bromide method (CTAB;
Saghai-Maroof et al. 1984; Visser et al. 2009).

Each 10 pl PCR reaction contained 2 ng genomic
DNA, 1 uM of each primer, and a 1x concentration of
KAPA Taq ReadyMix (KAPABIOSYSTEMS, Sigma-
Aldrich, Johannesburg, SA). The amplification regime
was one cycle of 4 min at 94 °C, followed by 35 cycles of
94 °C for 30 s, recommended annealing temperature for
30 s and 72 °C for 30 s. A 5 min final elongation step at
72 °C was added. After confirming successful amplifica-
tion on an 1.2% (w/v) agarose gel, the amplified DNA
was separated on a 5% (w/v) denaturing polyacrylamide
gel using 1x TBE (89 mM Tris-borate pH 8, 2.0 mM
EDTA) as running buffer (Sambrook et al. 1989). DNA
fragments were visualized using silver staining (Silver
Sequence™ DNA Sequencing System; Promega).

Statistical analysis of microsatellite data

A multi-locus allelic data matrix based on the microsat-
ellite data was generated for all genotypes. The genetic
relationships amongst the South African Pgf races were
determined using an unrooted dendrogram generated by
the unweighted neighbor-joining (NJ) cluster analysis in
DARwin 5.0.158 (Perrier et al. 2003). A total of 30,000
bootstraps were included for the data set.
STRUCTURE 2.23 software was used to determine
the genetic structure of the South African Pgt population
based on the nine single pustule 2SASS isolates and the
11 described races according to Bayesian model-based
clustering. The admixture model was used to calculate
the exact number of sub-populations according to
Evanno et al. (2005) using the ad hoc AK statistic. The
K-values ranged from 1 to 10, with 10 replicate runs
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included per K value. The burn-in period length and
Monte Carlo Markov Chain (MCMC) iterations were
initially both set at 10000. Once the definitive K value
was determined, the analysis was repeated with a burn-in
length of 100,000 and 100,000 MCMC iterations.

Analysis of molecular variance (AMOVA; Excoffier
et al. 1992) was done using the Arlequin 3.11 software
package (Excoffier et al. 2005) to assess the genetic
variation between sub-populations, between groups
within sub-populations and within groups based on the
STRUCTURE results. The significance level for all
AMOVA tests was set at 0.05 and the number of per-
mutations used was 16,000. The fixation index Fgr that
was calculated provided a measure of the genetic differ-
entiation of sub-populations and groups with a value
greater than 0.25 indicating significant genetic differen-
tiation (Hart and Clark 1997).

Results
Occurrence and distribution

From 2000 to 2013 a total of 1083 stem rust isolates
were phenotyped in SA with only 38 isolates being
classified as race 2SASS5 (Table 1). This represents less
than 4% of the total number of stem rust isolates
phenotyped. This race has not been found in subsequent
surveys conducted during 2014 to 2016. The occurrence
of 2SA55 was restricted to the Western Cape.

Phenotyping

Single pustule isolates originating from the original
accessions of race 2SA55 revealed variation for

virulence on Sr9g, which was not detected with the
initial description of this race. Seven isolates coded to
race BNGSC whereas two were virulent for Sr9¢ and
thus classified as BPGSC (Table 2). All isolates were
avirulent for the triticale cultivars Coorong, Kiewiet and
Satu and therefore differed from three other South Afii-
can BPGSC variants that attack one or more of the Sr
genes in these triticales. Race 2SASS isolates belonging
to BNGSC were virulent only for Little Club and Spelmar
whereas isolates classified as BPGSC were also virulent
on Kubanka and Acme (Table 3). Seedling ITs for race
BNGSC on the entries (from left to right) Little Club,
Marquis, Reliance, Kota, Arnautka, Mindum, Spelmar,
Kubanka, Acme, Einkorn, Vernal and Khapli are shown
in Online Resource la and 1b. Comparative seedling
infection types for races BNGSC and BPGSC on seed-
lings carrying Sr9¢g is shown in Online Resource 2.

ITs recorded for races BNGSC and BPGSC on 56
additional tester lines are shown in Table 4. Represen-
tative isolates of races BNGSC and BPGSC did not vary
in their response on a set of 144 South African wheat
cultivars and breeding lines. The majority of the wheat
entries were resistant to races BNGSC and BPGSC with
88 exhibiting a 0; to a;1 reaction. Only three entries were
susceptible as seedlings. Thirty entries showed interme-
diate responses with ITs of 2 to 2+. The remainder of the
lines were mixed in their response to races BNGSC and
BPGSC. BNGSC and BPGSC produced X+ seedling
ITs on the barley cv. SSG564.

Genetic analysis of race 2SAS55
The genetic comparison of races BNGSC and BPGSC

with the other SA Pgr races and TTKSK revealed the
presence of four main groups within the dendrogram

Table 1 Distribution and frequency of Puccinia graminis f. sp. tritici race 2SA55 (BNGSC) detected in the main wheat growing areas of

South Africa during four seasons

Year® No of isolates Total Frequency (%)
wcP (Riens) WC® (Swartland) KZN¢ Free State Mpumalanga

2000 22 4 0 0 0 26 65

2004 4 0 0 0 0 4 32

2007 2 1 0 0 0 33

2008 1 0 0 0 5 4.5

 Total number of isolates pathotyped during 2000, 2004, 2007 and 2008 were 40, 124, 92 and 112, respectively. During 2001-2003 and 2009—
2013, 198 and 517 isolates collected from different wheat growing regions were pathotyped but none of these isolates were typed as 2SA55

Y WC = Western Cape Riens,  WC = Western Cape Swartland, 4 KZN = KwaZulu-Natal
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Table 2 Avirulence/virulence profile of Puccinia graminis f. sp. tritici race 2SAS5 coded as BNGSC and BPGSC as well as five

phenotypically related races

Race® NA letter code

Avirulence/virulence formula®

2SAS55  BNGSC

2SAS55  BPGSC

2SA102  BPGSC+Sr27
2SA103  BNGSC+Sr27
2SA104 BPGSC+Sr27+ Kw

Sr5, 6, 7b, 8b, 9e, 9g,17, 21, 24, 27, 30, 31, 36, 38, Kw, Satu, Tmp/8a, 9a, 9b, 9d, 10, 11, McN
Sr5, 6, 7b, 8b, e, 17, 21, 24, 27, 30, 31, 36, 38, Kw, Satu, Tmp/8a, 9a, 9b, 9d, 9g, 10, 11, McN
Sr5, 6, 7b, 8b, e, 17, 21, 24, 30, 31, 36, 38, Kw, Satu, Tmp/Sa, 9a, 9b, 9d, 9g, 10, 11, 27, McN
S¥5, 6, 7b, 8b, e, 9g, 17, 21, 24, 30, 31, 36, 38, Kw, Satu, Tmp/8a, 9a, 9b, 9d, 10, 11, 27, McN
Sr5, 6, 7b, 8b, 9e, 17, 21, 24, 30, 31, 36, 38, Satu, Tmp/Sa, 9a, 9b, 9d, 9g, 10, 11, 27, Kw, McN

2SA105 BPGSC+Sr27+ Kw+ Satu  Sr5, 6, 7b, 8b, 9e, 17, 21, 24, 30, 31, 36, 38, Tmp/8a, 9a, 9b, 9d, 9g, 10, 11, 27, Kw, Satu, McN

2SA108 BFBSC+Sr27

Sr5, 6, 7b, 8b, 9b, 9e, 11, 17, 21, 24, 30, 31, 36, 38, Kw, Satu, Tmp/Sa, 9a, 9d, 9g, 10, 27, McN

#Races were named according to the Agricultural Research Council-Small Grain notation (Le Roux and Rijkenberg 1987)

® Formula based on resistance genes in the 20 North American differential lines plus supplemental lines Barleta Benvenuto (Sr8b), Coorong

(Sr27), Kiewiet (SrKw), Satu (SrSatu) and McNair

(Fig. 1). All four South African members of the Ug99
race group, together with TTKSK, formed the first
group supported by a 100% bootstrap value. The second
and third groups contained races BNGSC+Sr27,
BPGSC+Sr27,Kw, BFBSC and BPGSC+Sr27 (second
group) and 2SA4, 2SA100 and BPGSC+Sr27,Kw,Satu
(third group), respectively. Several of the tree branches
were supported by high bootstrap values.

The fourth group contained all nine single pustule
isolates of races BNGSC and BPGSC of 2SA55. Included
amongst the seven genetically identical single pustule
isolates were five isolates that were phenotyped as
BNGSC and two that were phenotyped as BPGSC. Iso-
lates 2SA55.B3 and 2SA55.C3 that were both phenotyped

Table 3 Comparative Puccinia graminis f. sp. tritici seedling
infection types obtained for race 2SA5S5 isolates which coded as
BNGSC (UVPgt54.C1) and BPGSC (UVPgt54.B1)

Line Sr gene(s) ITs BNGSC ITs BPGSC
Little Club Lc 4 4
Marquis 7b,18,20,.X 2 2
Reliance 5,16,18,20 0 0
Kota 7b, 18,28 Kt'2’ 2 2
Arnautka 9d X+ 2+3 2+3
Mindum 9d X+ 2+ 2+
Spelmar 9d,+ 4 4
Kubanka 9g+ 1+ 4
Acme 9g+ 12 4
Einkorn 21 2+ 2+
Vernal 9e 1- 1-
Khapli 7a,13,14 Ic len
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as BNGSC shared 95.5 and 93.2% genetic similarity
respectively with the other seven isolates. Collectively,
isolates of races BNGSC and BPGSC shared the closest
genetic similarity of 84.1% with 2SA100, 2SA4 and
BPGSC+Sr27,Kw,Satu and 81.2% with BPGSC+Sr27.

When all 21 Pgt isolates were used to determine the
genetic structure of the South African Pgt population,
two distinct sub-populations were found (results not
shown). The analysis grouped all Ug99 race group
members into the first sub-population and all non-
Ug99 isolates into the second. AMOVA analysis con-
firmed this grouping when 73.5% of the genetic varia-
tion was attributed to variation between the two sub-
populations, 12.7% to variation between groups within
the sub-populations and 13.8% to variation within
groups. An Fgr value of 0.86 confirmed the significant
variation between the two sub-populations.

Since the AMOVA results suggested the presence of
separate groups within the sub-populations, STRUC-
TURE analysis was repeated using only the non-Ug99
isolates (Fig. 2). Two groups were found. The first group
consisted of the nine single pustules of race BN/PGSC
while the second contained all the other non-Ug99 races.
Isolate 2SAS55.C3 was admixed containing equal
amounts of genetic contribution from both groups. This
confirmed the dendrogram results with 2SASS5 isolates
being genetically distinct from the other non-Ug99 races.

Discussion

Race 2SAS55 (BNGSC) was first reported in SA during
2000 and constituted the majority of Pgt isolates
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Table 4 Comparative Puccinia graminis f. sp. tritici seedling Table 4 (continued)
infection types obtained for race 2SASS5 isolates which coded as
BNGSC (UVPgt54.C1) and BPGSC (UVPgt54.B1) Line Sr ITs ITs
gene(s) BNGSC BPGSC
Line Sr ITs ITs
gene(s) BNGSC BPGSC Taf-2 Agi 3++ 4
H ; A A Golden Ball deriv. dp-2 2 2
SI'% 92 ) ) Medea Ap9d dp-2 1 1
BSH12T 1 i3 i3 Entrelargo de Montijo Em 1+ 2
L_t rR cl - 4++ 4++ BISIG(Gt Gi A+ 12
v&lfrzlt;m;elé i ) ) W2691S1GtGt Gt 22+ 24+
St464S 1r3PII92334 13 1 1 H 44 deriv: H e !
Lt, Ar y . ) Line AE sel. K2 4 4
v;2w691gN1:V12K s N x Fed*3/Gabo*51BL.IRS-1-1 R 1+
Prelud *;/S 5 5 ’1 - X_ Federation *2/SrTt-3 Tt-3 2+ 2+
ISrell(l) ; r 16 ;l 4 _ St Ac v N N
Cr - * i s 1 BYWId wid 2 2+
L";nlgﬁm i ; , LeSrWst2Wst Wst2 4 4
e McNair McN 4
LcSr19Mq 19 4 4
LcSr20Mq 20 4 4
SwS122T.B. 22 1 1 pathotyped during that year. However, this race was not
Exchange 23 4 4 found in 193 isolates pathotyped during 2001-2003.
LceSi25Ars 25 2+ 2+ From 124 isolates collected in 2004, only four (3%)
Line T sel. 26 1 1 were identified as 2SAS55. Similarly in 2007 and 2008,
Eagle 26 1 1 race 2SA55 was rare and detected at frequencies of 3
WRT 238-5 27 ; ; and 5%, respectively. Furthermore, the race was not
W26918r27 27 : ; found among 517 isolates collected during surveys of
W3498/Etoile de Choicy 29 2 2 six major wheat growing regions from 2009 to 2013
ER 5155 32 1 1 (Terefe et al. 2016). In addition, the occurrence of race
CnsSr32 Ass. 32 1 1 2SASS was restricted to the Western Cape Province
CSID 5405 33 2+ 2+ where wheat, barley and various forage crops are grown
Compare 34 3 3 under rain fed conditions. ITs obtained for BNGSC in
Mq(2)5XG2919 35 0; 0; the present work support the original description
W2691SrTt-2 37 : : (Boshofft et al. 2002), except for Sr9b which was previ-
VPM1 38 X X ously considered effective, most likely because of the
RL6082 39 1 1 use of differential line W2402 (Sr9b + Sr7b)
RWG-1 39 1 1 Except for the Sr9b response, 2SAS55 (BNGSC) re-
RL60SS 40 a2 5 sembles Pgt race 2SA32 (standard race 326) described
Waldron 41 1+ fr9m SA between 1981 and 1985 (Le Roux and
Norin 40 £ ) ) Rijkenberg 1987; Le Roux 1989). Lombgrd (1986) re-
RWG34 43 = 1 ported race 326 from the 1960’s but his ITs on the
CSID 5406 45 1= 1 Sta(l;man set do not match those obtained in the present
AUS 18913 46 1 1 StuTi - cted distribution and
DASI5 47 1= 1N ! e mirequent occurr.er%ce, restricted distr1 ut10n.an
relatively low pathogenicity to current South African
TS1-38 51 1+ 1 . .
wheat germplasm of 2SASS, suggest that this race is
F09-18-11 52 13Y 13Y . . g s
currently of little importance within SA. However, the
U6200-117 53 ; ;1 .. . .
current characterisation of 2SASS5 revealed interesting
TAM 107-1 IA.IR 2 2

observations. Firstly, we have shown that the original

@ Springer
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Fig. 1 An unrooted dendrogram
indicating the genetic
relationships between Pgt race
2SAS55 (BNGSC and BPGSC),

TTKSK (Ug99)
TTKSF+Sr9h (2SA88+Sr9h)
PTKST (2SA107)

11 other South African Pgt races
and race TTKSK (Ug99). The
dendrogram was constructed
using neighbor-jointing cluster
analysis based on allelic data of
22 SSR markers (Karaoglu et al.
2013). Bootstrap values above
70% are indicated

1

0

field isolates collected and described as 2SAS55 coded
predominantly to BNGSC but also contained variants
with undescribed virulence for Sr9¢g, which coded to
BPGSC. Races with a BPGSC notation have often been
detected in SA, but with virulence for one or more of the
Sr genes in Coorong, Kiewiet and Satu triticale. All
2SASS isolates, irrespective of their BNGSC or BPGSC
code, were avirulent on these triticale tester lines. From
common Pgt races detected in SA, 2SA102 (BPGSC+

Fig. 2 STRUCTURE analysis of
eight South African non-Ug99
Pgt races. The analysis was based
on allelic data of 22 SSR markers
(Karaoglu et al. 2013)
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100 TTKSF (2SA88)
\—TTKSP (2SA106)

BNGSC+Sr27(2SA103)
5 ~{

BPGSC+Sr27,Kw (2SA104)
BFBSC (25A108)
BPGSC+Sr27(25A102)

2SA100
o

BPGSC+Sr27,Kw,Satu (2SA105)
BPGSC (2SA55.C2)
BNGSC (2SA55.A2)
BNGSC (2SA55.A3)
BNGSC (2SA55.A1)
BNGSC (2SA55.B2)
BNGSC (2SA55.C1)
~|13PGSC (2SA55.B1)
BNGSC (2SA55.B3)
L —BNGSC (2SA55.C3)
0.2

Sr27), virulent on Coorong triticale (Sr27) shows a close
phenotypic resemblance to 2SAS55 (BNGSC or
BPGSC). Race 2SA55 (BNGSC) differs from 2SA102
being avirulent for Sr9g and Sr27 but 2SA55 (BPGSC)
and 2SA102 differ only at the Sr27 locus. Other com-
mon Pgt races related to 2SASS5 in virulence profiles
include 2SA104 (BPGSC+Sr27,Kw) virulent on
Coorong (S727) and Kiewiet (SrKw), 2SA105
(BPGSC+Sr27,Kw,Satu), virulent on Sr27, SrKw and

0'
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SrSatu in Satu, 2SA103 (BNGSC+Sr27) and 2SA108
(BFBSC+S5r27).

The avirulence/virulence profiles of BNGSC and
BPGSC, both without triticale virulence, appear to be
related to ancestral SA stem rust races which acquired
virulence for Sr9b, Sr9g, Sril, Sr27, SrKw and SrSatu.
However, despite being phenotypically similar to other
SA stem rust races, microsatellite analysis showed low
genetic similarity amongst them. This suggests the ex-
istence of different genetic lineages within the broad
BN/PGSC phenotype and warrants a more comprehen-
sive study.
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