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Summary

Thirty-seven isolates of Fusarium graminearum species complex obtained from wheat heads with Fusarium head blight symptoms
were selected and used for phylogenetic studies. They were collected from different localities of Moghan plain (Ardebil province, Iran).
Partial sequences of translation elongation factor 1-alpha (TEF), putative reductase (RED) and UTP-ammonia ligase (URA) genes were
amplified using specific primers and sequences were analyzed using Maximum Parsimony method. Almost all strains of F. graminearum
species complex belonged to F. graminearum sensu stricto. The results indicated homogeneity within F. graminearum species complex.
Inter-simple sequence repeat markers (ISSR) were employed to study the genetic structure of F. graminearum s.s. populations collected from
five localities in Moghan plain. The ISSR markers were generated by five primers and data analysed using UPGMA method with Jaccard's
coefficient. Cluster analysis showed that all isolates were divided into four clades with 82% similarity level. The analysis of molecular
variation indicated that most of the gene diversity (97%) was distributed within populations, whereas 3% of the variation was found among
populations. Phylogenetic species identification and genetic diversity knowledge of major agent of FHB disease will be useful in defining the
risk of pathogen evolution as well as benefiting disease management strategies.

Keywords: Microsatellite markers, RED, TEF, URA, wheat scab
Ol Slidizes g pale oty ofT olKtils ands polie 5 (55,5LiS 0aSLiils s 00 Ayl £l Jgmsy 1358 g 00l o Lo e 1iSs slesly a4y gl 00 )55 (6158 s, 5l s *




VY2 (OONVA fcew, [ ... Fusarium graminearum S ,o 4345 S5 935 9 (Siokd | o) Kan o o2 10

Y'Y

(Gaiod ol mls Bsged Siskd Jdod g 430 28S IDNA
D) ohgy 1y egS nl 5o sszee Slelel I gk
Waz 4565 TY wond oold jaseis 458 FO 5l a5 (5,9
L Siijold 4555 pogie (oo Yoo v dnd blgl jo .ai0g
o, 55 (535 ol iz (b Iy 5l oslisid i IS
S s,y Lwly ol yo (Taylor et al. 2000) o coaas
S sk 4 285 Sjge 5 FGSC 055 (ogas )3 (so0ais
SIS 09,5 (nl a5 wmsoe plis p2 ass gla g
O'Donnell et al. 2004, ) cuwl S55sld 4555 V0 51 Sacs
gl laisl p 5 i g e (Sarver et al. 2011
MUltilocus sbagygesl » (sive (Seiifoked loom, n L2 ye
Jols lassS oyl genotyping  (MLGT)
F. meridionale T. (F. austroamericanum T. Aoki et al.
. boothii  O'Donnell AoKi

et al et al
F. acaciae-mearnsii (F. mesoamericanum T. Aoki et al.
O'Donnell et al.

(F. asiaticum O'Donnell et al.

F. aethiopicum (F. graminearum s. str. Schwabe

[F. cortaderiae O'Donnell et al. .O'Donnell et al.
JF. ussurianum T. Aoki et al. (F. gerlachii T. Aoki et al.
[. louisianense Gale et al. (. vorosii B. Toth et al.
F. brasilicum T. Aoki et al. 5 F. nepalense T. Aoki et al.
Gilbert & Haber 2013, O'Donnell et al. 2008, ) aib go
sy oobely (Sarver et al. 2011, Yang et al. 2008
ks F. graminearum sensu stricto 8 FGSC  S.555L8
oyl 5o ohasle 9 Hleds lapbaw! ;o puiS FHB (5 )l
(Sharifi et al. 2016) cewl ooy asLii
bug bz,B o cores S5 Ol adlae
LBl ol Gloo S 5 5uds wledbl JoUge sla Silis
Sy Eai5 g jlaail 5l B ol cwl ools L3 liioe
e 2P Olsie 4 Camez (59)0 0 Sl S
33 ol Cuglie oo (55lml YWl 5 S low (6 p0d i
890 Zupide sLiwly 55 (sunde Sl Wil o (55low 2l

DNA (s,5cussl (Keesing et al. 2006) o ,51 ool )3 (s Lo
5 080> S5 g9 adllas o aalylS 5 38 sl by, 5 (S

S s G PP 5SS p e Gl Lol ez
ISSR (Inter simple sequence repeats) L oolw oaigd,,SG

34

doddo

oz il SVsame (nykel I (S puS
AYAF Lo 0 0sd o0 gt Gl o pldé 5Lo el
Syalp S ygudia BIY dg0> 9iS jo puiS cilop o
Yy 05;.\9 g)...u))‘ QL"“"‘ o ‘bdj AT ).1) C.‘a«: R PR
@ baye ol 5l LSe Jhe ao 5l o a5 cwl [ e
(Anonymous 2016) el ;jlee cuiso

ool (SFgw oS mre slasilen IS
&ylews .owwl FHB L (Fusarium head blight) aiss
oy ale e Kilng gilen S paS Al (SiSge
é)il.o.c ‘5..\.0)0 Y-V k).&ls e ol as Qj.u)LSA O
slal,a; @ 0ol Lo aw 5l ool oy slaasly 4 ous
o9dly; o (Trichothecenes) o s oSG 5 aiile cote (2,8
S gl g Ll cdle sl a5 598 o (Zearalenone)
3 Gl opl (McMullen et al. 2012) owe SU,ls
golim.lf ‘QL:.M))'? ‘(QU&A Cd) J:.go)| dL:aQLI.ml )’l 6Q‘ﬁ‘
Babadoost 1995, Golzar ) ouss (5,155 80,2 ¢ o055k
§ S ol Jb a4 b a5 (1998, Zare & Ershad 1997
WLl bl ohi pnS gile 0 2 BB S
Sl 05903 8l Jgame (pl 4y lae o ¢ o) 0550

I sleass 4 Gl ales (SiSgw len Jlse
Fusarium Lo ,quS 5l (g ke ,o a5 i pgsl599 iz
F. culmorum .graminearum Schwabe species complex
F. avenaceum 4 F. sambucinum Fuckel (W.G. Sm.) Sacc.
Microdochium majus (Wollenw.) Glynn ¢,é  (Fr.) Sacc.
Bottalico & ) wis, oo jleis 4 Lol Jslge & S.G. Edward
o) Jele o 5o (Perrone 2002, Gilbert & Haber 2013
F. graminearum species complex (FGSC) > o 5,lew
olel ;5 ¢ (O'Donnell et al. 2008, Sella et al. 2014)
Davari et ) cewl ouls 3,20 F. culmorum 4 FGSC slaz )8
.(al. 2013, Sharifi et al. 2016

4 arg b (Seiekd 495 porde N ans o
S eels sk 4 g, B pgas o (Jese SG5 slaazdly
5 SUPRe SausS porde LS Ho it (ldixe (o
5 Jgosl .(Koufopanou et al. 1997) o #)ae SS5elem
o by glala> (O'Donnell et al. 1998) Koo
oKl 5l eslaxul L 1, Gibberella fujikuroi species complex
5 mitochondrial small subunit (mtSSU) rDNA 4-tub 3



o VY42 (VA feiiws, | ... Fusarium graminearum S . aisS Seit5 £4i5 9 (Shskd [ o) Ko g s i

or e ame Glen ol e olabis
oz ) Gowie Db (g kel Shol Jole (S £555
dibio )3 Slew (ol oo (SB) JLSle Gad et
Slom e Slaslinl Gud 5 e 0,5 aleS 4l
I3 el 158 3 Lyl 8,Slac g LSl g elge 5l cslis

09,5 4 atuly Comex (S HLSle g (SS5ekd ow)
il oo 10,95 1 g0l Coeal g Caglgl SIFGSC (glasss

2 )
ol -

Sloasgs 5l sasl Caws 4 FGSC alas YFY Ls
&5 4 axgi b alax YV slaws FHB (g ke s o041 pusS
Sy 9 S8 e 5D (Sieledee Sleogas 5 ol
CE,F 15 oolitul 090 yol> Gais o 5 bl (af ),
5 95035 bl b bleMul Ggaidlol dilaie ziu 5l laaslos
Wb Ol () Jgaz) glke cbs o adly lewals

J¥ el 4 Sl ol sl 5l S
Sk loymiy GRSTy 0 SR plsie 4 Laojlgaley,
Dby ol b Motz slo,Silas 135 j5laie 4 (PCR)
Sl Yla g_S)-’v\-')‘)S-' u...l.vlﬁ L| 9 J.;.m)}u 9 & w0dlw
iy g9 aslas (Muthu Kumar & Sharma 2011)
g9 3l LS ISSR ,Kiles wlul » F. graminearum coxo>
6L‘°)5—-5 )b 0l o 6[.&44‘&9 )é 6‘443.? L‘)j)‘) é...u)
(Mishra et al. 2004) 1sLlS” 4 (Consolo et al. 2015) w;;.;lj)’l
@5 4L blarer g 09,0 (55 Ol Sl 5 s
Seoked SoaisS SSi 4y ol Slas ) s pasie
JEEENIEREX S Y IO
g Zumez (9, ,o F. boothii 4 F. graminearum s.s.

(Gai & Gao 2017) s SLSas FGSC LS yo

» Jyame cpl e FHB (g Ley ‘5.4[; WL};@H P ‘SILQ

anlllas ol 50 eolitul 850 a5 aligs 5l ool Cews 4y Fusarium graminearum species complex sladlas  oLdl x> clice -\ Jgo
Table 1. Geographical origin of Fusarium graminearum species complex isolates obtained from wheat heads used in this study

Isolate code Geographic origin Population area Sample size
MF1 Aslanduz, Aslanduz, Moghan, Ardabil, Iran
MF2 Boran, Aslanduz, Moghan, Ardabil, Iran
MF3 Boran, Aslanduz, Moghan, Ardabil, Iran Aslanduz 6
MF4 Garagabag, Aslanduz, Moghan, Ardabil, Iran
MF5 Garagabag, Aslanduz, Moghan, Ardabil, Iran
MF6 Garagabag, Aslanduz, Moghan, Ardabil, Iran
MF7 Islamabad Jadid, Islamabad, Moghan, Ardabil, Iran
MF8 Islamabad Jadid, Islamabad, Moghan, Ardabil, Iran
MF9 Islamabad Jadid, Islamabad, Moghan, Ardabil, Iran
MF10 Islamabad Jadid, Islamabad, Moghan, Ardabil, Iran
MF11 Ultan, Islamabad, Moghan, Ardabil, Iran
MF12 Ultan, Islamabad, Moghan, Ardabil, Iran
MF13 Ultan, Islamabad, Moghan, Ardabil, Iran Islamabad 13
MF14 Ultan, Islamabad, Moghan, Ardabil, Iran
MF15 Ultan, Islamabad, Moghan, Ardabil, Iran
MF16 Shahrak, Islamabad, Moghan, Ardabil, Iran
MF17 Shahrak, Islamabad, Moghan, Ardabil, Iran
MF18 Shahrak, Islamabad, Moghan, Ardabil, Iran
MF19 Shahrak, Islamabad, Moghan, Ardabil, Iran
MF20 Majidabad, Parsabad, Moghan, Ardabil, Iran
MF21 Majidabad, Parsabad, Moghan, Ardabil, Iran
MF22 Majidabad, Parsabad, Moghan, Ardabil, Iran Parsabad 6
MF23 Iranabad, Parsabad, Moghan, Ardabil, Iran
MF24 Iranabad, Parsabad, Moghan, Ardabil, Iran
MF25 Parsabad, Parsabad, Moghan, Ardabil, Iran
MF26 Abbasabad, Tazehkand, Moghan, Ardabil, Iran
MF27 Firuzabad, Tazehkand, Moghan, Ardabil, Iran
MF28 Firuzabad, Tazehkand, Moghan, Ardabil, Iran
MF29 Firuzabad, Tazehkand, Moghan, Ardabil, Iran Tazehkand 6
MF30 Firuzabad, Tazehkand, Moghan, Ardabil, Iran
MF31 Tazehkand, Tazehkand, Moghan, Ardabil, Iran
MF32 Jafarabad, Bilehsavar, Moghan, Ardabil, Iran
MF33 Jafarabad, Bilehsavar, Moghan, Ardabil, Iran
MF34 Jafarabad, Bilehsavar, Moghan, Ardabil, Iran
MF35 Babak, Bilehsavar, Moghan, Ardabil, Iran Bilehsavar 6
MF36 Babak, Bilehsavar, Moghan, Ardabil, Iran
MF37 Bilehsavar, Bilehsavar, Moghan, Ardabil, Iran
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Table 2. Primers used for amplification and sequencing of TEF, RED and URA genes in this study

Length of
Gene . Use
Locus d PCR Primer Sequence (5'-3") P Reference
product product @ F/IRC PCR Sequence
aelation EFL ATGGGTAAGGARGACAAGAC F * O Dommel]
e, oanaion 650 EF2 GGARGTACCAGTSATCATG R x Do
clongation EF3-N GTAAGGAGGASAAGACTCAC F x 2000)
EF22T AGGAACCCTTACCGAGCTC R x
utative REDId  TCTCAGAAAGACGCATATATG F x x O’Donnell
RED reductase 990 REDIF CAGAAAGACGCATATATGTTC R x x (gtoglc))
onia URALL  GAGTATGCCCGCAACGTCATG F x x O’Donnell
URA ligase 570 URA16  AATTATCTCATCGAGACATCC R x x (gtoglzi)
2 base pair (bp)
bR= A/G; S= C/G

€ F/R= forward/reverse

ISSR _2sSly ,o eolitwl 0,50 sla S5lel =Y Jgo>
Table 3. ISSR primers used in this study

Primer Sequence 5'-3" SP NSB  NPB PPB PIC MI Reference
UBC825 (AC)sT 500-3000 12 4 333 012 0.16 (Mishra et al. 2004)
UBC828 (TG)sA 500-2500 8 5 625 0.39 1.22 (Mishra et al. 2004)
UBC846 (CA)$RT 700-2000 7 6 85.7 025 1.29 (Mishra et al. 2004)
UBC850 (GT)sYC 200-2000 8 8 100.0 0.35 2.8 (Mishra et al. 2004)
AYS3 (ACCA)4GC 500-3000 10 5 50.0 0.19 0.48 (Albayrak et al. 2016)

SP: Size of product (bp); NSB: Number of scored band; NPB: Number of polymorphic band; PPB: Percentage of polymorphic band;
PIC: Polymorphism information contents; MI: Marker index
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37



VY2 (OONVA fcew, [ ... Fusarium graminearum S ,o 4345 S5 935 9 (Siokd | o) Kan o o2 10 YA

A5 dwolwe  (RoOhIf 1998) 2.02e  asws NTSYS-pc
slabys  wp bale oo alis e Gy
UPGMA &g, ¢ SHAN  adby 51 eolaxwl L
&,90 (Unweighted Pair Grouping by Mathematical Average)

laadlie & 52 ()l paiges Bblie g aalaz (o Jolgd 235

Jie 903! 9 Principal Coordinate (Analysis ) PCoA | Lol

L bools a5 5l Jols ailis w10 (Mantel test)
Al plxl (Peakall & Smouse 2012) GenAlEX l38ls 5 51 ool
Joigine le sl (AMOVA) J5Sse uily ly 42528 aall o
S,90 F.oograminearum ss. caxex J31o 5 oo uibyls yog
JHls 5 o Jolsd amle (ly POPGENE ljdla s 5l .8
(oizen b oolaiwl (Nei) (5 alis cuyo SeS 4 blase>
(H) 5 (55 g5 ((Ne) Jge sl T «(Na) o T sloss
Sy g9 o(HY) JS sy 955 (1) Shannon cledsl yulio
bl J2b (5 g hie (Hs) blwse>
238 ale (Nm) boerex o G5 0bx s (Go)

.(Yeh et al. 2000)

L Yeeo L 5 Bootstrap Analysis oo ,eSl L Sasjelid
LB Sy (6 S Wiges
i £65 (sbvosls 4y o -

ISSR KXl 51 Jols slaosls a3l
Excel ,l38lp 5 55 (+) Wb jpa> pas b g (V) aib jpa> &)90 4
oads JSas laaily slass alax> 51 Wil odsd sla g ol o)l
L JSoaz sleasl olass (Number of Scored Bands) NSB L
Jsaiz sleail ws,o 9 (Number of Polymorphic Bands) NPB
&,a8 ok dwwle (Percentage of Polymorphic Bands) PPB L
PIC L ISsais cledlbl (glyime 5 oolinul b by, Kiles LS
Ml L s,5lis ja>Ls o (Polymorphism Information Content)
W ets gy dalgy sl eolaiul b SLas e (Marker Index)

PIC=1- ¥%, P;%, MI= PIC x EMR, EMR= np(zl)

Ny JSoas slaasl slaas np li JT Sl Pi daalal, opl o
(Powell 1996) il oo laaily S slass

Sl wlas wupe 5l eslitul boalss eyl
Jidles L SIMQUAL  asl, o (Jaccard's coefficient)

Sk 4 5o dalllas ;o 0uls oolaiwl Fusarium spp. slaaslos biw g oldlme clice -F Jgoo
Table 4. Geographical origin and hosts of Fusarium spp. strains used in the phylogenetic analysis

Isolate code Species Geographic origin Host Reference
NRRL34207 F. acaciae-mearnsii Australia soil Sarver et al. (2011)
NRRL26752 F. acaciae-mearnsii South Africa Acacia mearnsii Starkey et al. (2007)
NRRL46718 F. aethiopicum Gugsa Womberma, Ethiopia wheat O’Donnell et al. (2008)
NRRL46726 F. aethiopicum Bure, Ethiopia wheat O’Donnell et al. (2008)
NRRL13818 F. asiaticum Japan barley Ward et al. (2002)
NRRL6101 F. asiaticum Japan barley Ward et al. (2002)
NRRL2903 F. austroamericanum Brazil polypore O'Donnell et al. (2000)
NRRL36957 F. austroamericanum Paysandu, Uruguay wheat Ward et al. (2008)
NRRL26916 F. boothii South Africa corn Ward et al. (2002)
NRRL29105 F. boothii Kaski, Nepal corn Ward et al. (2002)
NRRL31238 F. brasilicum Brazil corn Sarver et al. (2011)
NRRL31281 F. brasilicum Brazil oats Sarver et al. (2011)
NRRL25805 F. cerealis Columbia soil Ward et al. (2002)
NRRL31171 F. cortaderiae Brazil barley Sarver et al. (2011)
NRRL34577 F. cortaderiae unknown unknown Ward et al. (2008)
NRRL25475 F. culmorum Denmark barley Ward et al. (2002)
NRRL29298% F. dactylidis Oceania, New Zealand cocksfoot Aoki et al. (2015)
NRRL29380? F. dactylidis Oregon, USA grass Aoki et al. (2015)
NRRL38380 F. gerlachii unknown unknown Starkey et al. (2007)
NRRL38405 F. gerlachii unknown unknown Starkey et al. (2007)
NRRL38369 F. graminearum Louisiana, USA wheat head Starkey et al. (2007)
NRRL13383 F. graminearum Iran corn Ward et al. (2002)
NRRL28063 F. graminearum Michigan, USA corn Ward et al. (2002)
NRRL28439 F. graminearum Rotterdam, Netherlands leather leaf Starkey et al. (2007)
NRRL29169 F. graminearum Kansas, USA wheat Ward et al. (2002)
NRRL6394 F. graminearum Hungary millet Sarver et al. (2011)
NRRL54196 F. louisianense Louisiana, USA wheat Sarver et al. (2011)
NRRL54197 F. louisianense Louisiana, USA wheat Sarver et al. (2011)
NRRL28723 F. meridionale Lalitpur, Nepal corn Ward et al. (2002)
NRRL29010 F. meridionale Transkei, South Africa soil Ward et al. (2002)
NRRL25797 F. mesoamericanum Honduras banana Ward et al. (2002)
NRRL29148 F. mesoamericanum USA grape Ward et al. (2002)
NRRL54220 F. nepalense Lamjung, Nepal rice Sarver et al. (2011)
NRRL54222 F. nepalense Nepal rice Sarver et al. (2011)
NRRL28062* F. pseudograminearum Darling Downs, Australia barely Ward et al. (2002)
NRRL45665 F. ussurianum Jewish Autonomous, Russia wheat Yli-Mattila et al. (2009)
NRRL45795 F. ussurianum Kamen-Rybolov, Russia wheat Yli-Mattila et al. (2009)
NRRL37605 F. vorosii Ipolydamasd, Hungary wheat head Starkey et al. (2007)
NRRL45790 F. vorosii Ussuriysk, Russia wheat Starkey et al. (2007)

2 Strains used as outgroups
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Fig. 1. Parsimony tree inferred from combined datasets of partial TEF, RED and URA genes comprising 2.1 kb of
aligned DNA sequence data rooted with sequences of F. pseudograminearum (NRRL28062) and F. ductylidis

(NRRL29380, NRRL29298). Bootstrap values of 60% or more are shown above branches based on 1000 bootstrap
repeats. Maximum likelihood bootstrap values are indicated under nodes.
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Fig. 2. UPGMA dendrogram clustering pattern for 37 individuals belonging to five populations of F. graminearum s.s.

F. graminearum s.s. cosxe> g J&>18 g s (S5 £45 -0 Jooo
Table 5. Genetic diversity within five populations of F. graminearum s.s.

Population Na Ne H | PPB (%) Ht Hs Gst Nm
Aslanduz 141 1.32 0.17 0.25 40.91
Islamabad 1.48 1.22 0.14 0.22 47.73
Parsabad 1.39 121 013" 0.20 38.60
Tazehkand 1.32 1.24 013 0.19 31.82
Bilehsavar 1.45 1.26 016 0.24 45.45
Average 1.61 1.27 0.17 0.27 40.90
Total - { - - - 0.17 0.15 0.15 2.86

Na, observed number of alleles; N, effective number of alleles; H, Nei’s gene diversity; I, Shannon’s information indices; PPB, percentage of
polymorphic bands; Hy, total genetic diversity; Hs, genetic diversity within populations; Gy, the relative magnitude of genetic differentiation among

populations; N, estimate of gene flow among populations.

£95 He (S Ses 45 H (JSiaiar sloailb dsye PPB (el Lasls |« 65 (S g9 H Fge sla T olows Ne conds saalive sla T slaas N,
boraz> 55 0l N docases (o (55 £035 Jlade G dacases 5o (205

Among Pops
3%

JAY oV i 5 @ blaras 510 5 o (S0i5 g9 cdimolis (AMOVA)  JsSge uil ylg 4y 500 -V S5
Fig. 3. Analysis of molecular variance (AMOVA) revealed that 3% of genetic variation is among populations and 97%

within populations.
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F. graminearum s.s. slacosas> 4 bg o ISSR Slis iy (AMOVA)  JsSse il )lg 45550 —F Jau
Table 6. Analysis of molecular variance (AMOVA,) for five ISSR markers among of F. graminearum s.s. populations

s o Degree of Sum of Mean Variance Percentage of total
ource of variations 5
freedom squares square components variance
Among populations 4 18.21 4.55 0.11 3
Within populations 32 119.79 3.74 3.74 97
Total 36 138.00 - 3.86 100

ol by blores o S8y bl co e
UPGMA g, 4 (Nei’s Unbiased Measures) 5 .o,lb
09,5 A &y (quyp Oy50 Comex gl (0 JSD) ab ey
Egozo g .A;So)‘U Coro> s)'jAJ)LA PN et DX o
ol beuaes [0 4 Coud (0L alold jguidloal Cores
Cazo dw 4 C on)bi)dlxmwu])‘wjd‘o
RORIRPICE VU SCTi ) CE I POVPY WP F [V PR B PS Y

Gble o bala 251, o8l (o) jokaie &

4575 (S g9 LB (e liel b plSouiul g 4l
Wb oy p Sy oS mls g plxil Lol sladilie 4
ol 098 aw o ashie my slaala> a5 g5k @
18V (s 955 cmlal (pl g ad T 18 Claisees
M 5o lgwals ddlhie glaaslas Cdel (F SK0) ol s
A )S 18 e O 0 wiSoll slaalas i g pgo
D553 008y M dus y2 10 Sbldll dilate 4y by e sladslo
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- L 2
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L 4 X TazehKand
L 4
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Coord. 1

F.graminearum s.s. slaaslos 4 b o Coroz gy (g0 90 ol sloadlie 4 4500 -F S
Fig. 4. Two-dimensional plot of principal coordinate analysis (PCoA) showing clustering of individual samples

belonging to five populations of F. graminearum s.s.
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Fig. 5. UPGMA dendrogram based on Nei’s (1972) unbiased measures of genetic distance among five populations of

F. graminearum s.s.
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