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Restriction fragment length polymorphism (RFLP) and vegetative Compatibility analyses were undertaken 
to assess genetic relationships among 52 isolates OP Fiisuriiirir o.xysporzcnz f. sp. vasirlfectuin of worldwide origin 
and representing race A, 3, or 4 on cotton plants. Ten distinct vegetative compatibility groups (VCGs) were 
obtained, and isolates belonging to distinct races were never in the same VCG. Race A isolates were separated 
into eight VCGs, whereas isolates of race 3 were classified into a single VCG (0113), as were those of race 4 
(0114). Ribosomal and mitochondrial DNA (rDNA and nitDNA) RFLPs separated four rDNA haplotypes and 
seven mtDNA haplotypes. Race A isolates displayed the most polymorphism, with three rDNA haplotypes and 
four mtDNA haplotypes; race 4 isolates formed a single rDNA group but exhibited three mtDNA haplotypes, 
while race 3 isolates had unique rDNA and mtDNA haplotypes. Two nilDNA molecules with distinct sizes were 
identified; the first (45-kb nitDNA) was found in all race A isolates and seven race 4 isolates, and the second 
(55-kb mtDNA) was found in all race 3 isolates and in two isolates of race 4. These two mtDNA molecules were 
closely related to mtDNAs of F. oxysporum isolates belonging to other formae speciales (conglrrtinans, Zycopersici, 
mattlzioli, and raphuni). Isolates within a VCG shared the same rDNA and mtDNA haplotypes, with the 
exception of VCGOl14, in which three distinct mtDNA haplotypes were observed. Genetic relationships among 
isolates inferred from rDNA or mtDNA site restriction data were different, and there was not a strict 
correlation between race and RFLPs. However, the races in F. oxysporzim f. sp. vusirlfecturn constituted three 
distinct genetic groups with regard to VCG and nuclear and mtDNA RFLPs. 

In many soil-borne fungal pathogens, the apparent absence 
of a sexual stage may be compensated by other processes in 
ensuring genetic exchanges and diversity buildup (23, 27). In 
Fiisaiiurn o.xysporziin Schlechtend.:Fr., in which genetic ex- 
changes may occur via hyphal anastomosis between strains 
within vegetative compatibility groups (VCGs), several models 
of evolution of formae speciales, races, and VCGs have been 
proposed (8, 17, 24). The relative importance of host special- 
ization and genetic isolation (as represented by a VCG) was 
considered to explain the observed diversification within F. 
o~'Spoi7tln. 

Extensive DNA analyses have recently been conducted with 
several formae speciales of F. o.xyspoiz~rri to assess these 
models. Most of the studies failed to show a correlation 
between races and the genomic evolution as determined by 
restriction fragment length polymorphism (RFLP) analyses of 
nuclear or mitochondrial DNA (nitDNA1 (19, 22, 25, 2S, 29). 
However, examination of DNA variation among isolates be- 
longing to different VCGs provided new insight into F. o.xyspor- 
urn population structure. Correspondences between RFLP 
patterns and VCGs were obtained with randomly cloned DNA 
probes in F. o.xysponirn formae speciales diaiitlii, gladioli, and 
pisi (29,31,40) and with mtDNA in F. oxyspoiziin f. sp. ineloiiis 
(16, 17). Recently, Elias et al. (13) used 50 randomly cloned 
fragments representing single-copy as well as repetitive DNA 
in F. o.yspomm f. sp. lycopersici. They showed that (i) VCGs 
are genetically distinct subpopulations (clonal lineages) and 
that (ii) races arose independently in each VCG. In addition, 
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Boehm et al. (6) showed that the variation in electrophoretic 
karyotypes among 11 VCGs in F. o.xysponim f. sp. cubeiue was 
highly correlated with VCGs. 

These results led us to study whether such genetic related- 
ness among individuals within a VCG actually exists in F. 
ogsponina f. sp. vasitfechim (Atk.) Snyder & Hansen, the 
causal agent of Fiisaiiiini wilt of cotton (Goss).piuin spp.). This 
fungus has a wide host range and displays variation in virulence 
on distinct host species and genera (2, 3). In a previous study, 
we characterized 46 F. o.~yspoi.nni f. sp. i~asiiifectiim isolates of 
worldwide origin on the basis of the pathogenicity of the 
isolates on diEerentia1 cotton species (Gossyyiuin Airsuturu, 
Gosypium barbadense, and Gosypium arboreuni) and by ran- 
dom amplified polymorphic DNA (RAPD) analysis (4). Three 
distinct races were identified which however are not defined in 
a gene-for-gene system: race A, race 3, and race 4, correspond- 
ing to those previously characterized (race A regrouped the 
former races 1, 2, and 6, which were not distinguishable by 
their pathogenicity on cotton, but only on secondary host 
plants) (2, 3) .  These races are distinctly separated geographi- 
cally; race A is found in Anerica and most of Africa; race 3 is 
found in Egypt, Sudan, and Israel; and race 4 is found in India, 
China, and Uzbekistan. 

The RAPD analysis separated the 46 F. o.~ysporciiiz f. sp. 
vusinfectiini isolates into three groups corresponding to the 
races A, 3, and 4 and provided useful markers for race 
identification (4). Such genetic differentiation of races is not 
common in F. o.xyspomni (19, 22, 25, 28, 29) and may be 
attributed to the large host species range of F. oxysponirn f. sp. 
vaskfectuiiz and to their geographical separation. 

In the present study, we assessed F. o,xyspoizmi f. sp. iwsiiz- 
fectziin population structure and tested whether isolates within 
a VCG displayed genetic similarity. We analyzed the vegetative 
compatibility of F. o.xysponiin f. sp. vusiiflechiin isolates, and we 
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TABLE 2. DN,4 probes tested in this study 
Probe Characteristic(s) 

Nuclear rDNAd ................... 

nitDNA"' (from F. oqspomni f. sp. 

............ Sordatia i~iocrospor~i 8.5-kb-rDNA 
repeat unit in pBR329 

cuizglutiiions) 
Whole purified mtDNA 52-kb molecule 
pUF1-9 ............................ 3.7-kb EcuRI fragment in pUC119 
pUF1-11 ............................................... 5.8-kb EcoRI fragment in pUC119 

3-kb EcoRl fragment in pUC119 
.O-kb EcoRI fragment in pUCl19 

Provided by Landry and Lechevanton, Orsay, France. 
Provided by Kistler and Benny (21). 

RESULTS 

Vegetative compatibility analysis. Among 52 isolates of our 
collection, 10 VCGs were identified (Table 1). All isolates were 
self-compatible (10). Race A isolates were separated into eight 
VCGs, whereas those of race 3 were all in VCG0113 and those 
of race 4 were all in VCGO114. No isolates of distinct races 
were compatible. 

Half of the race A isolates (the majority being from Africa) 
were in VCGOl12. The other seven VCGs found among race A 
isolates each contained one to seven isolates. The three type 
isolates representative of the previously described races 1, 2, 
and 6 (2, 3) were classified into three separate VCGs as 
follows: ATCC16421, representing race 1, which was the only 
member of VCGOlll; ATCC16611, representing race 2, which 
was a member of the relatively large VCG0112; and 
ATCC36198, representing race 6, which was grouped with 
three isolates from South America and Africa in VCG0116. 
The most variability was found among isolates from the Ivory 
Coast and the United States, each of which had representatives 
in three VCGs. 

rDNA RFLPs. Among the 11 restriction enzymes tested, 
only 3 detected polymorphisms among the isolates (EcoRI, 
"1, and KpnI); no polymorphism was shown with BarizHI, 
BglI, EcocoRV, HirzdIII, PstI, Sucl, SalI, and SiizaI. The length of 
the ribosomal repeat unit of F. oqspoini~z f. sp. vasirzfechiriz was 
calculated as 8.0 kb on the basis of the sizes of the DNA 
fragments hybridizing with the rDNA probe, and no evidence 
of size polymorphism among the isolates was apparent. On the 
basis of the number of EcoRI, B O I ,  and KpnI sites present in 
the ribosomal unit, four rDNA haplotypes (designated 1, II, 
III, and IV) were identified (Table 3). Isolates within a VCG 
had the same rDNA haplotype (Table 4). Cluster analysis 
separated the 52 F. o-xysponiiii f. sp. vasiizfectuni isolates into 
four groups, which corresponded to the four rDNA haplo- 
types; for convenience, Fig. 1 presents the resulting dendro- 
gram showing relationships among VCGs. rDNA group I was 
composed of the isolates of VCGO111, VCG0112, VCG0119. 

TABLE 3. Determination of rDNA haplotypes based on the 
numbers of EcoRI, Niof, and miII restriction sites in the 
ribosomal units of F. o.qxporztnz f. sp. vminfecnirii isolates 

Restriction site number rDNA 
haplotype EcoRI .1%JI KpttI 

I 
11 
III 
IV 

4 1 0 
4 1 1 
4 O 1 
3 O 1 

TABLE 4. mtDNA and rDNA haplotypes of the 10 F. o.qspomm f. 
sp. v~7siiifecrcrin VCGs determined in this study 

No. of mtDNA rDNA 
isolates haplotype tiaplotype Race" VCG no. 

. .  

0111, 0112, 0119, 16 I I A 

0115 2 I II A 
0117 2 II II A 
0118 1 III III A 
0116 4 IV III A 
0113 12 V III 3 

and O1110 

o114 1 (CH7) VI IV 4 
0114 1 (CHS) VI1 IV 4 
0114 7 III 1V 4 

Determined h} Assigbetse et al. (4). 

and VCGOllO (race A); group II contained isolates of VCG 
O115 and VCGOl17 (race A), and group III contained isolates 
of VCGOllG and VCG0118 (race A) and isolates of VCGOl13 
(race 3), while isolates of VCGOl14 (race 4) clustered apart. 
The dendrogram was divided into two main branches, separat- 
ing the isolates belonging to rDNA haplotypes I and II and 
those belonging to rDNA haplotypes III and IV. 

mtDNA RFLPs. The whole mtDNA of F. ogsponiin f. sp. 
corzglutiizarn was labelled and used to probe filters containing 
enzyme digests of total DNA of the 52 strains of F. oq~sporz~nz 
f. sp. vusirzfectuin. mtDNA polymorphisms were detected with 
several enzymes (BglII, CfoI, EcoRI, HneIII, HiizfI, KpnI, MspI, 
PstI, and XioI). On the basis of the restriction patterns 
observed with the enzymes BglII, EcoRI, and HneIII (Fig. 2 
and 3), seven mtDNA RFLP haplotypes were defined (from I 
to VI1 [Table 51). Four haplotypes were detected among 
isolates of race A and three were detected among isolates of 
race 4, but only a single haplotype was detected among isolates 
of race 3. Apart from VCG0114, all of the isolates within a 
VCG had the same nitDNA haplotype (Table 4). 

Site polymorphisms (presence or absence) as well as 
mtDNA size differences were observed (Fig. 3). Discrepancies 
in mtDNA total size values were obtained with different 
restriction enzymes, particularly with HaelII. Repeated exper- 
iments did not allow us to identify fragments that might not 

genetic distance 
O . O06 .O11 .O17 .O22 .O28 .O33 .O39 
I b 

VCG 
rDNA IV 

O l l 4  I Race4 + 
, I r D N A m  1 

0118 

0119 
O1110 

FIG. 1. Dendrogram showing the genetic relationships between F. 
o.xysporuni f. sp. iwsiilft.ctrir?i VCGs, which were derived from genetic 
distances obtained by rDNA RFLP analysis with restriction enzymes 
EcoRI, ZWzoI. and Y p d .  rDNA haplotypes identified are indicated on 
each branch of the dendrogram. 
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h e  heen detected. suggesting that some bands t h a t  mere 
considcrcd single are doublets. Hnnever. mtDN.-\s from hap- 
lotype> V ti, VI1 \\ere always larger than mtDN.J.5 from 
haplotypes I to I\ '  tvith the three enzymes tc3ted. 

F. ogsporiirn E sp. vasinfectlm mtDNA characterization. A 
single isolate representative of e x h  RFLP haplat)pe vas 
sclccted. The foiir nitDN.-\ clones listed in Table 3 were tested 
iiii total DN.As of F. t j . \ y p ~ r 7 r r r i  f. \p. iwiirfcc-ritrrr icolates 
digestcd with restriction enzymes pret ic)usly ninpped in the 
formxe zpecialeh of F. i) w r i m  tha t  arc pathogenic f i r  
inemherx of the famill C'rit rtw: Ecr,RI. X h i I .  BtrrriH1. KprrI. 
S t r l l .  S t r c l .  lind S r r i [ r I  (31 ). Probes pUFI-(2 m d  pUFl-3s 
stronglj h>-hridizcti to all of the isolates. whercis prohe< 
pLlF1-I1 and pUF1-22 hyhriidi& strongly only ti, the DN,& 
of the race 3 isolatez and to DN.-\s of hvo of the r;xe 4 isolates. 
CH7 and CHX (Fig. 4). Thus. the largeht part uf the mtDN.4 
zequcnces ccintained in pliismids pUF1-Il and pUF1-22 dnes 
not seem tcl he prcsent in thc mtDN.4s of raw .A isolates or in 
those of nirist of the r:ice 4 isolates. The s;imc selecti\e 

c)f probe pUF1-I 1 w s  a l z o  ohsenrd among the 
formar specialcs that are pathogenic t i )  the 

Rerentiating F. o.iy.cpjrrtrri f. sp. rqdituri from F. 
i J . g ' , p J T i W ?  t .  sp. ( . ~ 7 r r , ~ l r { ~ i r i t r r i . s  m d  F. (i.iy.y,miriuiz f. sp. irirrttlrio/i 
(33).  

Restrictic-m sire position\ \vere deduced from the I1ybridiz:i- 
ricin results n i t h  e;ich prohe m d  \vere cunipared with those in 
the F. ci.t7:vporirrri t. ';p. cori,qluriiilrris mtDNA (21 1: h(we\er. \vc 
have not c(.instructed :in ;ic'cur;ite restriction map for F. r j . y -  

,sptirruri t'. sp. i w f r r f k r u r i r  intDN:i. The positions (.if the zitcs tor 
each enzyme i ì l l w u l  u3 t h  conclude. that in our F. o. iyp~r i t i r i  
t'. sp. i . t l s i r r $ w t i ? i  cc)llection. two distinct si,m o i  mtDN.4 

moleculez are present. The first type. designated 45lih- 
mtDNA. is ahout 45 kb in length and is found in the isolates of 
r x e  A and in most race 4 iscil;ìtea: the numbers of the 
restriction sites for the seven enzymes :incl their reqpectile 
positions ;ire identic;ì1 to those of F. o.ty.prim f. sp. rtrphttiii 
(21 1. The second tj-pe, designatcd 55kb-mtDNA. is about 55 kh 
in length and is carried h>- rwe 3 isolates and by two r x e  4 
isolates (CH7 and CHS). The mtDNA restriction patterns of 
race 3 isolates \\ere close ta those of F. o.ty.sporiuri f. sp. 
cor~~/iitirrrrru (31 ). differing hl- the presence of one additional 
EcoRI site and one :iclditional.~7ioI site and the absence of two 
SmI sites; the mtDNAs carried hj- the two r;ice 4 isolstes CH7 
and CH8 prewntcd restriction patterns close t o  those of F. 
(-~.xy,cpor7~rii f. sp. rritrrrlrioli ( 2  1). differing hy a n  :idditional K p i I  
qite. ;I ditt'erent pwition for two Strcl sites. and the absence of 
c>ne EcoR1 site. 

C h t e r  analyses were conducted on thc basis o f  the mtDN.4 
rcmiction site dato of F. o . i y s p i w r i i  f. \p. i m i r $ ~ r r t r t i  isolates. 
In u first analysis. \ve used ECORI. .7t7iol. BtzriiHI, KpriI. Stzll. 
SrrcI, and S m i I  site dut;i. iind n e  included those from F. 
o.q:spwrm f. \p. ! w p m i c i  (30) and F. (~.xyspm7uri forniae 
speciales of the Cr7rcifcrtre (21 1. F. 0.1yspor7uri f. sp. t.tisirifecriiiri 
isolates were separated into three groups: isolates carqing 
45kh-mtDNA. iso1:itcl.i. CH7 and CHS. and race 3 isolates (Fig. 
5 ). Isolates of each F. tziypi.mm f. sp. imiri.fccrrtrii group were 
closer to isolates of andher form:ì specialis than to  i d a t e s  of 
another F. my\p7r7{ r r i  f. sp. imirifecriirii group. This anal>xis 
swluates the average number of nucleotide changes henyeen 
individuals on the bnsis of shared restriction sites. Since ive 
coded each mtDNA for the presence or absence of restriction 
sites. this an:ilj-sis thus underestimates genetic distance\ he- 
tneen isolates when mut:itions such a s  inwxtions o r  deletions 
occur heta.een two restriction sites in their mtDNAs (7) .  A 
second cluster anall-sis (dendrogram nut shown) hased on 
BglII. EcoRI. ;inci Hm9111 site data \viis conducted tu ;issess 
relationshipz ;inir.ing -ISl\h-mtDN;I\ and 55kh-nitDNA isolate\ 
scparatelj.. in ilrder to ;i\ oid errcm in distancc calculation due 
to length changes. Isolates \vere sepxated into several group:, 
corresponding to tiaplotypez: hci\ve\er. distiinces separating 
the group.; \vere smdl (less than 11.01~~) .  Onxill. the resulti. 
\vere consistent with the dendrogram presented in Fig. 5. 

DI SC US SI O N  

In this study. ivc hnw ch:iracteri.xd wgetative c*omp:itihility 
grcoups in the cotton \tilt funguz F. (nyspirmr f. ~ p .  iw i i r r , f i c r i t i i i .  
\Ve investigated thc genetic relstedness among thcm m d  
among the different r;tce:'r \\hich had heen char;icterized pre- 
viously (4). \Ve found 10 dirtinct \ ' C G  in our collection of F. 
tn~;\porwii f. sp. iw.sii&*cturri isol:ites. 4 rDNA haplotypes. m d  
7 mtDNA hspliitypes. 

Isiilates helonging to the three different ri c ~ ~ s  . - .  on cotton 
plants constituted distinct VCGs. and \ve never ohsrn-ed tha t  
i s u h t e s  uf Jifferent r x e s  w r e  ieget:itixely compatible. Riice .4 
isolate\ could he separated inti) eight VCGs. \?iliereas all 
isdates of r ;m 3 were in \'CGUI 13 and oll i\ol:ites of race 4 
were in \'CG111 14 (Tahle 1 ) .  hïost isnl;ite\ within the s m c  
\'CG had the s;ime rDNX :incl mtDNX hqdotypes (Tible 4). 
Ho\\e\-er. in une \,'CG (\'CG[ll Id). thrw cliztinct mtDN.4 
tiapl~itgpcs occurred and amnng r;ic*c .A isd;ites. the \ame 
Iiaplntypes Lberc cihsened in four distinct \'CG\. Our tindings 
ftor F. (J.iy,rVV7W! f. zp. wr.\-it&t.rrrirz ;ire in good ;igrceinetit with 
thcisr ohtained for other p;ithogenic F. t/.ty.spriritrrr formae 
ywciales. i n  nliich \-CGz anci RFLP grcitips corresponded ( I?. 
17. 28. 40): htwcvcr. the. ciirrespwdence that \ve u h z c n u l  
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Restriction enzyme pattems 

1 2 3 4 1 2 3  1 2 3 4 5 6  
H@III EcoRI BgZII 

6.2 23.0 

5.8 21.0 21.0 
4.8 
4.8 4.8 13.0 13.0 

6.0 

4.6 4.6 4.6 
4.6 4.6 4.6 10.0 

4.3 4.3 5.8 6.0 
4.0 4.0 4.0 4.0 5.0 5.0 5.0 

3.9 3.9 
3.1 3.7 3.1 3.1 
3.1 

2.9 2.9 3.1 3.1 3.1 
2.8 3.3 3.3 

2.6 2.6 2.6 3.1 
2.5 2.5 2.5 2.5 
2.1 2.1 2.1 2.1 1.8 1.8 
2.0 2.0 2.0 

1.3 1.3 1.3 1.3 
1.1 1.1 1.1 1.1 
1.0 1.0 1.0 1.0 
0.8 0.8 0.8 0.8 

0.1 0.7 
0.6 
0.5 0.5 0.5 0.5 
0.2 0.2 0.2 0.2 
0.1 0.1 0.1 0.1 

1.9 

15.0 15.0 15.0 15.0 15.0 15.0 

12.0 12.0 12.0 12.0 12.0 12.0 

7.8 7.8 1.8 

4.0 4.0 4.0 4.0 4.0 4.0 
3.8 3.8 3.8 3.8 3.8 

3.6 3.6 3.6 
3.4 

2.5 
2.4 2.4 2.4 2.4 2.4 2.45 
2.3 2.3 2.3 2.3 2.3 

2.1 2.1 2.1 2.15 
2.2 

1.5 1.5 1.5 1.5 1.5 1.5 

1.2 1.2 1.2 1.25 1.25 1.25 
1.3 

1.1 
1.05 

1.0 1.0 1.0 1.0 1.0 1.0 

Total 
length 35.4 35.4 51.1 53.1 44.1 53.1 54.0 45.4 45.5 45.4 56.1 56.1 57.8 

FIG. 3. Restriction pattern numbers, fragment sizes, and total lengths of F. oxyporunz f. sp. i3usinfecninz mtDNAs observed with HueIll, EcoRI. 
and BgrII enzymes (fragment sizes are in kilobases). 

between race and VCG was not always obtained in other 
formae speciales (1, 12, 16, 36, 40). 

Use of several probes in RFLP experiments showed that 
race 3 isolates constituted a genetically homogeneous group, 
whereas race A and race 4 isolates formed two heterogeneous 

TABLE 5. F. o,ysporum f. sp. vnsirzfecrum mtDNA haplotypes 
bascd on HueIII, EcoRI, and BglII restriction patterns 

mtDNA pattern no." 

HaeIII EcoRI BglIII 
mtDNA haplutype 

I 1 1 1 
II 1 1 2 
III 2 1 1 
IV 
V 
VI 
VI1 

1 1 3 
3 2 6 
4 3 4 
4 3 5 

See Fig. 3 for a description of nitDNA patterns. 

groups. There was 110 strict correlation between race and 
genomic variability, but isolates within each race could be 
dzerentiated by combining rRNA and mtDNA RFLP data 
(Table 4). Genetic relationships among the isolates based on 
RFLP data were different, depending on whether they were 
inferred from nuclear rDNA data or mtDNA data. rDNA 
analysis (Fig. 1) differentiated VCGUll4 (race 4) and VCG 
0115 and VCG0117 (race A)  from VCG0111, VCGU112, VCG 
0119, and VCGOlllO (race A), whereas they were all grouped 
by mtDNA analysis (except for CH7 and CHS) (Fig. 4). In 
addition, rRNA data grouped VCG0113 (race 3) and VCG 
0116 and VCGOllS (race A) together, whereas mtDNA anal- 
ysis separated VCG0113 and grouped VCGO116 and VCG 
O118 with the other VCGs. 

Levels of variation within rDNA and mtRNAs differ widely 
among filamentous fungi, providing useful criteria for the 
identification of either species or populations (7). Variations in 
rDNA among closely related taxa are usually found in the 
internal transcribed spacer (ITS [subdivided into ITS1 and 
ITS2J) and in the intergenic spacer (IGS) which separates the 
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M l 2 3 4 5 6  

repeated rihosnmd unit.; (35). In nur cdlectioii of F. o.~yspor- 
r i r t i  f. 4p. i ' tr .s i i!f~,( .r ir i i i .  RFLP< \\ere detected in the rihosc-inial 
unit. sepmiting the isci1:iteS into four KFLP group\. Amplifi- 
cation by PCR [.if the ITS1 give risc to :t unique 33O-bp 
fragment for all ~ ? f  the ianlntes. and n o  RFLP vas dciected with 
wveral restriction enzymes ( 14). Sequencing of ITS rind IGS of 
F. t n ~ s p 0 t 7 u i i  belonging to several f w m e  specialcs re\ e;iled 
that must of  the nucleotide vari;itinn is found in the IGS (5). 

Aniilysiz i i f  the mitochon~lriiil genome rc\e:iled pdyniiir- 
phim<. ollrxt-ing u\ to diti'erentiair subgroups within I;.  tziy- 
sporrrrii f. \p. i m Y r i f k f i i i i i :  howrver. thaw pcilymnrphi~ms u ere 
not specific to the f i u "  specialis. The follo\ving mtDN.A 
mnltcules n-ith distinct sizes nere ch;iracterizcii: Sjkh-lntDN,A 
and 14lih-mtDN,4. \vhich. rczpeciivcly. tlift'crentiatcd r:icc: 3 

genetic distance 

O .O09 .O18 .O26 .O35 . O44 .O53 .O62 

F. o. ConglUn'nanr 

F. o. vasinfectwn 
(55 kb-mtDNNraca 3) 

F. o. vasinfectwn 
(55 kb-mtDNA1CH7-CHB) 

F. o. varinfectwn 
(45 kb-mtDNA) 

F. o. rophnni 
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(VCGO116) and had the same rDNA patterns as the race 3 
isolates. Isolates from the Ivory Coast displayed polymor- 
phisms and were separated into three VCGs corresponding to 
three RFLP haplotypes. The two isolates from Benin clustered 
apart (VCG0117), exhibiting particular rDNA and mtDNA 
haplotypes. Isolates from the United States (together with 
isolates of the formerly described races 1 and 2), Peru, and 
Tanzania constituted three VCGs but always clustered to- 
gether in RFLP experiments. 

Heterogeneity within race A isolates was expected, since 
RAPD analysis could separate these isolates into distinct 
subgroups (4). The high level of variation of race A isolates 
compared with isolates from races 3 and 4 may be attributed to 
several factors. First, the wide geographic distribution of race 
A (America and Africa) could account for a higher genetic 
diversification by local differentiation of genotypes. Second, F. 
o ~ s p o n n l z  f. sp. vasinfechinz is thought to have been introduced 
into Africa along with infected plant materials originating from 
the Americas. This hypothesis is supported by the VCG and 
RFLP aiialyses that group American isolates together with 
some African isolates. Such migration of pathogens may 
contribute to gene flow between populations and lead to the 
emergence of new genotypes. Third, differences in the patho- 
genicity of race A isolates toward secondary host plants were 
described, differentiating them into races 1,2, and 6 (2,3). The 
three type isolates representing these former races were 
grouped into three distinct VCGs (VCGO111, VCG0112, and 
VCG0116, respectively), suggesting genetic differences be- 
tween them. Isolates of races l and 2 were never differentiated 
by RFLP or by RAPD analysis (4), while race 6 isolates 
exhibited distinct RFLP haplotypes and RAPD patterns (4). 

Our results obtained in F. oxyspoium f. sp. vnsirifectuiiz 
reinforce the concept of VCGs as independently evolving 
lineages within F. ogspoizwz (13). Models of evolution of 
formae speciales, races, and VCGs have been proposed in 
several reviews (8, 17,24), and it is likely that data accumulat- 
ing in distinct formae speciales will help to test them. Our 
results also provide evidence that analysis of genetic variation 
within a single forma specialis must be undertaken at several 
genetic levels. For instance, it is striking that isolates CH7 and 
CH8 were not distinguished from other race 4 isolates either by 
RAPD analysis (4) or by rDNA RFLPs but did possess a 
mtDNA distinct from those of the other isolates. The VCG 
and RFLP studies were consistent with the RAPD analysis, 
which separated the F. o.yysportwi f. sp. vasirifect~rrn isolates 
into three main groups corresponding to their pathological 
specialization (4). Although they were insufficient to make 
complete distinctions, separate RFLP analyses of rDNA and 
mtDNA did provide useful data for estimating genetic rela- 
tionships among the races and among the VCGs in F. ogspo- 
inni f. sp. i~asitzjectum. 
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