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Abstract: [ Objective] The objectives of this study are to obtain the sequences of ITS, EF-1a and f-tubulin gene regions from

plant pathogen, Fusarium spp., compare the suitable gene sequences for species identification, and to analyze the population
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distribution and genetic variation of Fusarium spp. in Shanxi Province by using the suitable gene sequences. [Method] A total of
625 Fusarium strains were collected from 28 counties and 11 cities in Shanxi Province from 2013 to 2015. The ITS, EF-/a and
p-tubulin gene fragments of the morphology of clear strains from 625 strains were sequenced and analyzed. The sequences were
assembled and edited using Sequencher software, then blasted in GenBank in NCBI and FUSARIUM-ID databases. The sequences
from the clearly documented and reference species were downloaded. All the sequences were aligned and edited manually using
ClustalX and GelDoc. The inter- and intra-specific variations of Fusarium spp. were analyzed with MEGA, Excel, DNAstar and
TaxonGap. All the three gene sequences consisting of ITS, EF-1a and S-tubulin were selected for the taxonomy of the Fusarium
species and then the best optimal fragment genes were used in the analysis of the population distributions of Fusarium spp. in Shanxi
Province. [Result] EF-Ia was the best gene fragment for identifying Fusarium species among the three candidate gene fragments.
Intra-specific pairwise distances was 24 times higher than that of the inter-specific pairwise distances. The intra-specific variation
was smaller than those of the inter-specific variation by 73% of the tested species. The accuracy rate for identification was the
highest, reached 87%. The phylogenetic relationships derived from the EF-J/a sequences showed that different strains in 22 of 27
Fusarium species were monophyly, clustering in a same clade with high supporting values. Among the 27 species of Fusarium, F.
oxysporum was the dominant species with 22.1% frequency and covered the largest geographical distribution in the 23 counties or
regions in Shanxi Province. Followed by F. solani with 13.8% in 14 counties or regions. The results of population distribution of
Fusarium in different geographical regions in Shanxi Province showed that F. oxysporum was the dominant species in Yuncheng,
Linfen, Xinzhou, Changzhi, Liiliang, Jinzhong and Taiyuan city; F. lateritium was the dominant species in Shuozhou, F. solani in
Datong, F. verticillioides in Jincheng and F. incarnatum in Yangquan. Among the different regions in Shanxi Province, the most
abundant Fusarium species was in Jinzhong and Xinzhou, followed by Linfen, and the least distribution was in Shuozhou. The
results of the population distribution of Fusarium from different hosts showed that the 15 Fusarium species extracted from
Lycopersicon esculentum, 13 species from Solanum tuberosum and 12 from Glycine max. In these hosts, F. oxysporum was the
dominant species in Lycopersicon esculentum, Cucumis sativus, Citrullus lanatus, Solanum tuberosum, Solanum melongena,
Cucurbita pepo and Brassica oleracea. F. verticillioides was the dominant species in Glycine max and Zea mays. F. avenaceum and
F. graminearum were the dominant species in Triticum aestivum. [ Conclusion] There are abundant genetic variation between inter-
and intra-specific of Fusarium. Of the three gene regions, EF-Ia is the most suitable region for Fusarium species identification.
Fusarium morphological taxonomy results are not fully agreed with the molecular phylogenetic results using EF-/a sequences. F.
oxysporum is the dominant Fusarium species in Shanxi Province. There are obvious genetic variations of Fusarium populations in
different districts and hosts. The research results will provide a theoretic and scientific basis for Fusarium taxonomy, DNA barcode
screening, quarantine and integrated control.
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Table 1 Primers used for PCR amplification and sequencing
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Sequence name Primer Sequence (5'-3) Source

ITS ITS1 (forward) TCCGTAGGTGAACCTGCGG SCHR[15] References [15]
ITS4 (backward) TCCTCCGCTTATTGATATGC SCHR[15] References [15]

EF-la 728F (forward) CATCGAGAAGTTCGAGAAGG SCHR[16] References [16]
1567R (backward) ACHGTRCCRATACCACCRATCTT SCHR[17] References [17]
1567Ra (backward) ACHGTRCCRATACCACC http://www.aftol.org/pdfs/EF 1primer.pdf

P-tubulin T1 (forward) AACATGCGTGAGATTGTAAGT SCHR[18]  References [18]
T222 (backward) GACCGGGGAAACGGAGACAGG SCHR[18] References [18]
Bt2b (backward) ACCCTCAGTGTAGTGACCCTTGGC SCHR[19]  References [19]
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Table 2 Base composition and variation rate of sequences
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Sequence Average length of the Content of G+C Convert/ Variable Conserved sites ~ Parsimony-informative
sequence (bp) (%) transversion sites sites

ITS 405-541 50.4 0.78 132 (23.6%) 419 (74.96%) 115 (20.6%)

EF-la 443-509 51.8 1.37 295 (55.6%) 230 (43.3%) 242 (45.6%)

P-tubulin 330-550 54.2 1.41 302 (52.6%) 260 (45.3%) 209 (36.4%)
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Fig. 1 Comparisons of intra- and inter-specific variations of the gene sequence generated by the softwares TaxonGap and DNAstar
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Fig.2 Frequency distribution of intra- and inter-specific pairwise distances of the gene sequence generated with MEGA and Excel
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Fig. 3 Neighbor-joining (NJ) phylogenetic tree inferred from EF-1a sequences
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Fig. 4 Neighbor-joining (NJ) phylogenetic tree inferred from S-tubulin sequences

(10.1%) « F. incarnatum (8.6%) ; 73 B >2%
HIH 8 Fl, HKIKH F. equiseti (6.7%) « F. coeruleum
(6.1%) « F. redolens (4.6%)  F. acuminatum (3.4%) .
F. lateritium (3.1%) « F. proliferum (2.2%) . F.
subglutinans (2.2%) F F. avenaceum (2.1%) ; 435
PR <2%WH 15 F, HH F heterosporum 1 F.
trichothecioides ¥J73 1.8%, F. sporotrichioides F.
camptoceras~ F. ventricosum F F. chlamydosporum 3

N 1.3%, F. udum. F. tricinctum. F. culmorum F1 F.

graminearum 35N 1%, F. illudens~ F. sambucinum F
F. aquaeductuum ¥J} 0.6%, F. sambucinum var.
coeruleum M F. merismoides 3J} 03% . #§ F.
oxysporum A \LIVGE BRAE LT (B 7 .

CL F. oxysporum sy a5 iz, 78 23 N E(X)
YJH 5540 HIKIE F. solani F1 F. incarnatum, 43 3A{E
14 F1 13 A~H (X)) ¥WEHSAH; F. sambucinum var.
coeruleum F F. graminearum 43 Aji 35 [H 52 /N, (N AE 5§
sEE (8 .



10 3

IR 7 RS R BRI 0 A S AR AR R W

1809

63| - culmorum_KP265349

78 F. culmorum_U85535
29 F. graminearum_U34578
64 F. graminearum_KU939070
| F. sambucinum_KM231813
100

91

99

F. incarnatum_GQ505696 Q

Y

) F. incarnatum_KJ572780 &
7 F. equiseti KU939063 =

98l sambucinum_KP265345

|— F. sporotrichioides_ AB587025
99! F. sporotrichioides_AB587026

g3|[ F- equiseti_ KU939067

56 £ equiseti KU939068

F. verticillioides KR071630
F. subglutinans_U34559

84

67 9

76

100

100

F. subglutinans_AB587008
F. oxysporum_KU939033

97 ~ F. oxysporum_KU939039
651 oxysporum_KU939034

F. verticillioides_AB587011
100 F. redolens_KP265347
F. redolens_KP295497
F. proliferatum_KU939073
99 || F- proliferatum_KU939072
F. proliferatum_KU939077
F. tricinctum_AB587029
86| F. lateritium_AB587004
F. lateritium_KJ125582
F. avenaceum_AB587016
F. avenaceum_KP170730
75 VF. tricinctum_AB587028

1°Pe[D

11 2PED

F. solani_KU939061

0.01

@]
100 !- F. solani KU939051 | &
F. solani KU939058 | <

Neonectria ramulariae. HM054150

E5 MEET ITS FIIMMSERFLER
Fig. 5 Neighbor-joining (NJ) phylogenetic tree inferred from ITS sequences

26.2 T EMXEBEMALEE I oA B
(33.3%) ~ Ifi¥y (16.1%) + I (18.4%) . K
(27.3%) B (158%)  Hrh (23.1%) FIAJSH
(46.2%)¥JLL F. oxysporum 4 x5 WM LL F. lateritium
HE (60%) 5 KIFELLF. solani HE (33.3%) ; i
LA F. verticillioides 1 3 (27.3%); AR UL F. incarnatum
HE (50%) (B 9> o HHTTRMIT N 4 2 2 ik
WA ERZ 20D , MRS (195D o A
22 L K LMD L B (8 R
KIFE 7R« BHIRFUR R (3 0D FOi (2 D (&
10) o DA, 3% rda A T R B s A Rt
GG TTIRZ, T .

2.6.3 TRFETRBAMBEM oA A

TR FIEES ) S AT T iR 4 Pios. R 4
AW, EF RSO L KGR R Ak
KOCESR. BB, M) & 10 M E RBRE S EIA
AR BRI A, 23 B PRI TR AR Bt 20 1) oy 38 A
FEHRECRI 92.6%F1 71.5%. i -5 2 21 1 Hidte
WMEERZ (158D ; HKESRE (38 . KE
(12 B L 3K (6 FlD FIEK (8 FlD , HAwE
W53 B2 3—4 Bl Foahs BN, PHIR. SERE, AT,
PaE A U H W, BILLF. oxysporum ARFEF; K
M EKLL F verticillioides N HLFF, /NFELLF
avenaceum 1 F. graminearum HJ L # F; F.

[ S

aquaeductuum F F. sambucinum var. coeruleum 7F_i&

JURREF AR B 2



aanyrey Suouanbag XX Affiift ¢ .,

tssooons Surouanbog (ARIL(fift ¢ .+,

+ 66 P61 ETINA Wnuonqups o wnuronqus 1-OdNH

+ 86 C-STINIL + 66 9LTYL9aV Soproutsioul ", Soprowisiioul ", € STNZM
+ 86 [-dDOL + 86 [-HNAA
+ 86 88€10 Ad SOPIOIIINAPA "o SOPLONIIONA2A "o €-Z0X0 + 86 S80vLAL wnyLw] o wnyLIv] "o 7-04X0
+ S6 P61 TN WNSOILIUIA "] wnsooLuaA "o -0dDA + 6 -Z0X0
+ 96 SLT091dV wnpn oA wnpn "o 1-STNIC + 6 €-0d0L
+ L6 YoTrLodv wngouIoLy "o wngouoLy "o 1-Z0d1 + 6 015S160D wnpuoul o wnpuvoul "o #-040L
* SOPIOIGHIOYIL o] [-STINDL + L6 SE61ETINA suapnjjt A suopnjit A ["THXDL
+ 86 91-0dDL + 66 geeLcend un.iodso212y "o wintodso.212y o 11-aas.t
+ 86 09110 ad SUDUPMSQNS of - SubuIn3qns o 7-aD4x + 66 8€TTTOIM WU o WnpUIUDAT o] DHOL
+ 66 YOEvLIdY SopIO1Yd10.10ds "] - SIPIOWILYOL0AS "o $-040L + L6 STHO
+ 66 6H + L6 8L6800d> yasmba o yasmba o €1HD
+ 66 1-a10 + 66 TroLeND wn.owno "o wn.iouwno "o -040L
+ 66 6L6800d> 1uvjos "o 1uvjos A 0CHO + 66 [-INHL

Wnapn.L203 "IeA
* wWnuonquivs [-AMZM + 66 wL901DA wnapn203 "o wnapnta0o "o €AHLA
+ 66 €-AdaAd + $6 L9SSSIN wnodsopduvyys o - wniodsopdunyyd o 1-a0OL
+ 66 LLOTO ad suajopad A SuajopaL A C¢-DHZO + 86 #0SS160D sp.1200)dund "o SD.42203dun> o CINXAT
+ 86 €ad + 86 1-ZS7X
+ 86 6£7CT0dA wn.iafijoud o unafijoid 1-as + 86 1787rLNA wWnaovu2av “,f WUnaovUusAD "o ¢-ajnlia
+ 66 ¢-49d5H * wnnonpavnby . [-AHMN
+ 66 1-49d9X + 66 1-04D1
+ 66 P98€TELN wn10dsdxo . wn.10dsdxo . 0€HO + 66 97L10 ad WpUInoD “of WnIpUpUnoD “of 1-0ddX
(%) ojeul 1s9q uoneOnuopI uoneOYNUOpI yojew uoneOynuepI uoneOYNUOPI

1NsaI YDd Amuopy im oouonbog paseq aouanbog [eo13ojoydIoy ojefosy|| nsarYDd (%) Auop]  1seq yim douanbag paseq oouonbag [eo13ojoydIoy 91e[0S]
47 9Dd iy (1 T R[] ESarzs] B el W Hh780d Y I i ] ERares] ER e W

soouanbas v -,/ U0 Paseq UOHEIJUIPI Je[Nds[owW pue Jnsal YDd € d[qel

KHEIF O Yod s LT -4 £F ¢ %



10 4] IR 7 RS R BRI 0 A S AR AR R W 1811

99

100

94

88

99

100

F. graminearum_KF022238
TGHG

TGFQ-2

97

92

100

CH

F. culmorum_GU370422

|' F. sporotrichioides_ AB674304
100' TGFQ-5

F. venenatum_KM231942

YCFQ-2
HMFQ-1

98" F. sambucinum KM231941

TGCD-1

F. chlamydosporum_KM655867

LFXM-2
F. camptoceras_GQ915504

99 CHI13

15

F.equiseti_KP008978

F. incarnatum_GQ915510

TGFQ-4
100 TGFQ-3

67 QXQz-2

F. coer:

——a

uleum_KC106742

100 - DTHM-3
95" JKHM-1

90

51
100

1

100

F.
L

99| FYMH-1
100 oxFoo

F. lateritium_JF740854
FYDD-3

HG-2

97
100 |—| cz
F. redolens FD 01077

991 HGDBF-2

F.

oxysporum_KT323864

XGDBF-1
CH30

proliferatum_KF022239
CD-1

99' CD-3
100— QxXQz-3

=l oo ! JKMLS-2
TGCD-1
F. verticillioides FD_01388
00

F. udum_AF160275
JKMLS-1

F. subglutinans_FD_01160

TGFQ-16

98— XFCD-2

100y TGXHL-1
F. illudens KM231935

100 F. solani_KP008979
100 QLD-1
954 CH20
H9

90
100 — TGDD-11

_67|

I'F. heterosporum_EU327338
| WZMLS-3

51

100 —— F. merismoides_AB674276

99| XFFQ-1

TG

LF

FQ-1

F. avenaceum_EU744841
F. tricinctum_AB674264

Qz-1

Neonectria ramulariae_ HM054091

6 BT 1o FIMEMLARRRESEREREN

Fig. 6 Neighbor-joining (NJ) phylogenetic tree of Fusarium in Shanxi Province inferred from EF-1a sequences
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Table 4 Distribution of Fusarium species in different hosts in Shanxi Province
i 75 L M HEHACE (BF) Host origin and strains count &t
Species w0 UL pUK wRE T mEE W ke A% Bk o
Solanum Cucumis  Citrullus ~ Solanum  Solanum  Cucurbita  Brassica Glycine Triticum  Zea mays
lycopersicum  sativus lanatus ~ tuberosum melongena pepo oleracea max aestivum
F. oxysporum 12 15 10 13 17 12 7 13 0 2 101
F. solani 9 11 0 11 5 5 0 13 0 54
F. verticillioides 0 0 0 6 15 0 0 16 0 26 63
F. incarnatum 6 0 7 0 0 0 0 6 0 16 35
F. equiseti 5 0 0 7 7 0 5 6 0 0 30
F. coeruleum 9 0 0 8 0 0 0 10 0 0 27
F. redolens 7 5 0 4 0 0 1 4 0 0 20
F. acuminatum 6 0 0 11 0 0 0 0 0 0 17
F. lateritium 4 0 0 0 0 0 2 8 0 0 14
F. proliferum 0 0 0 1 0 0 0 2 0 9 12
F. subglutinans 7 0 0 0 0 0 0 0 0 0 7
F. avenaceum 0 0 0 0 0 0 0 9 2 0 11
F. heterosporum 0 0 0 0 0 0 0 2 0 0 2
F. trichothecioides 0 0 0 1 0 0 0 0 0 0 1
F. sporotrichioides 2 2 0 0 0 0 0 0 0 1 5
F. camptoceras 0 1 0 1 0 0 0 1 1 1 5
F. ventricosum 6 0 0 0 0 0 0 2 0 0 8
F. chlamydosporum 2 0 4 0 0 0 0 0 0 0 6
F. udum 0 0 0 4 0 0 0 0 0 0 4
F. tricinctum 0 0 0 0 2 0 0 2 0 0 4
F. culmorum 1 0 0 0 0 0 0 1 0 3 5
F. graminearum 0 1 0 0 0 0 0 1 2 1 6
F. illudens 0 0 0 0 0 6 0 0 0 0 4
F. sambucinum 1 0 0 3 0 0 0 0 0 0 4
F. aquaeductuum 0 0 0 0 0 0 0 0 0 0 0
F. sambucinum var. 0 0 0 0 0 0 0 0 0 0 0
coeruleum
F. merismoides 0 0 0 2 0 0 0 0 0 0 2
&1t Total 15 6 3 13 4 3 4 12 3 8 447

HT EF-lo ENTHIMRF R E iR, &
A% LESBKE F. tricinctum M F. acuminatum
HARAR BRI R, (HTE R R IR 12858
GRFR. WHIESS LR RS K E ML AT
RN, Wik, EMAESen, FErEY
YoE Al B, NG 5w A Re A S Nk )
F W o

PG AN R IX L ANTR) 27 3 1R S A vl AR &5 44

KARFAPAEAE 22 57, ULEH L 78 24 S 18 5 b A A 70 1
B, NI RES AN [ H DX R R B R A ER
B K. WRIREE R, ISR ZELLF oxysporum
AR, X L ST PR gEU ) T A R
AL B AR R A 5 AL, AR bR e, X
A e HUIERT S 22 A 0% RS ERL F. verticillioides
ALFFN, HIKA F. oxysporum. F. solani F F.
coeruleum, BREECI MBI R 4 PR Y
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Fig. 10 The species and amounts of Fusarium strains in 11 cities of Shanxi Province
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Table S1 The information of strains and sequences

il LS A7 kU M B AP GenBank 5{, FUSARIUM-ID ¥4# ¢ /7515
Species Isolate Host origin Geographical origin GenBank or FUSARIUM-ID accession number
ITS EF-la [-tubulin
F. acuminatum XFFQ-1 Solanum lycopersicum FEY} Xiangfen
TGFQ-1 Solanum tuberosum KA¥ Taigu
%% Download FD_01726
F. aquaeductuum NWHY-1 Buxus sinica 7 Ningwu
F. avenaceum DTCD-2 Glycine max “K[F] Datong
XZSZ-1 Triticum aestivum T M Xinzhou
T4k Download AB587016 AB674293 AB587064
% Download KP170730 KP170732 KP170733
%% Download EU744841
F. camptoceras LFXM-2 Triticum aestivum I Linfen
“N#k Download GQI15504
F. chlamydosporum TGCD-1 Citrullus lanatus KA¥ Taigu
T4k Download KM655867
F. coeruleum DTHM-3 Linum usitatissimum K[} Datong
JKHM-1 Linum usitatissimum ZZ I Jiaokou
%% Download KC106742
F. culmorum TGFQ-2 Solanum lycopersicum KA Taigu
T4k Download U85535 GU370422 U85569
T4k Download KP265349 KP674192 KP710631
F. equiseti LNHD2 Solanum lycopersicum FEYy Xiangfen KU939063 KU939015 KU938967
CHI13 Solanum melongena 183k Yuncheng KU939067 KU939019 KU938971
CHIS5 Solanum tuberosum 1&3k Yuncheng KU939068 KU939020 KU938972
T4 Download KP008978
F. graminearum TGHG Cucumis sativus KA¥ Taigu KU939070 KU939022 KU938974
7%k Download U34578 AF212455 U34436
% Download KF022238
F. heterosporum TGDD-11 Glycine max K4 Taigu
%% Download EU327338
F. illudens TGXHL-1 Cucurbita pepo KA Taigu
T4k Download KM231935
F. incarnatum TGFQ-4 Solanum lycopersicum K4¥ Taigu
TGFQ-3 Solanum lycopersicum K4¥ Taigu
QXQz-2 Citrullus lanatus BE Qixian
%% Download GQ505696 GQI915510 GQ915444
Nk Download KJ572780 KJ572786 KJ572785
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{3 1 Continued table S1

il L3 A7 kU UL DS GenBank 8¢, FUSARIUM-ID ¥4# ¢ /7515
Species Isolate Host origin Geographical origin GenBank or FUSARIUM-ID accession number
ITS EF-la [-tubulin
F. lateritium QXFQ-2 Solanum lycopersicum FBE Qixian
FYMH-1 Glycine max V3P Fenyang
% Download AB587004 AB674281 AB587052
%% Download KJ125582 KJ126174 KJ125878
4% Download JF740854
F. merismoides WZMLS-3 Solanum tuberosum F1.7% Wuzhai
T4k Download AB674276
F. oxysporum CH30 Cucumis sativus K4¥ Taigu KU939033 KU938985 KU938937
XGDBF Citrullus lanatus K JF Taiyuan KU939034 KU938986 KU938938
HGDBF Cucumis sativus 5 H Xiaxian KU939039 KU938991 KU938943
4% Download KT323864
F. proliferatum CHO98 Zea mays K9 Changzhi KU939077 KU939029 KU938981
CD-1 Glycine max K4¥ Taigu KU939072 KU939024 KU938976
CD-3 Zea mays K4 Changzhi KU939073 KU939025 KU938977
%k Download KF022239
F. redolens CZHG-2 Cucumis sativus K¥f Changzhi
FYDD-3 Glycine max ¥ Fenyang
Nk Download KP265347 KP674190 KP710629
T4k Download KP295497 KP400744 KP674300
4 Download FD_01077
F. sambucinum HMFQ-1 Solanum lycopersicum 3%y Houma
%% Download KM231813 KM231941 KM232078
Nk Download KP265345 KP674188 KP765703
F. sambucinum var. WZWD-1 Pisum sativum F1.7% Wuzhai
coeruleum
F. solani CH20 Solanum tuberosum K% Taigu KU939051 KU939003 KU938955
QLD-1 Glycine max 4B 4 Qixian KU939058 KU939010 KU938962
H9 Solanum lycopersicum 7K Qinshui KU939061 KU939013 KU938965
% Download KP008979
F. sporotrichioides TGFQ-5 Solanum lycopersicum K4} Taigu
%k Download AB587025 AB674303 AB587074
% Download AB587026 AB674304 AB587075
F. subglutinans XFCD-2 Solanum lycopersicum FEYy Xiangfen
TGFQ-16 Solanum lycopersicum K4¥ Taigu
% Download AB587008 AB674285 AB587056
% Download U34559 AF160289 U34417
4% Download FD_01160
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il L3 A7 kU UL DS GenBank 8¢, FUSARIUM-ID ¥4# ¢ /7515
Species Isolate Host origin Geographical origin GenBank or FUSARIUM-ID accession number
ITS EF-la [-tubulin
F. trichothecioides TGMLS-1 Solanum tuberosum K% Taigu
F. tricinctum LFQZ-1 Solanum melongena %%} Linfen
% Download AB587028 AB674264 AB587077
%% Download AB587029 AB674263 AB587078
F. udum JKMLS-1 Solanum tuberosum ZZM Jiaokou
4% Download AF160275
F. ventricosum YCFQ-2 Solanum lycopersicum BA% Yangcheng
%k Download KM231942
F. verticillioides QXQz-3 Solanum melongena FRE Qixian
TGCD-1 Glycine max KA Taigu
JKMLS-2 Zea mays ZZ [ Jiaokou
Nk Download KR071630 ABG674287 AB587058
T4k Download AB587011 AB674288 AB587059
4% Download FD_ 01388
Neonectria ramulariae % Download HM054150 HM054091 HM054124

FUA DR S BoRARUEE BT 51 GenBank ‘515 KA BIRAHIFHIRZ S GenBank S15;  “ F#” AEF5)K T GenBank 5{ FUSARIUM-ID %

Y

Italic bold word displayed GenBank number of standard strain sequence; Bold word displayed new submission of this study to GenBank number; “Download ”
meant sequence derived from GenBank or FUSARTUM-ID database
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