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ABSTRACT

Strausbaugh, C. A., Schroth, M. N., Weinhold, A. R., and Hancock, J. G. 1992. Assessment of vegetative compatibility of Verticillium dahliae

tester strains and isolates from California potatoes. Phytopathology 82:61-68.

Many strains of Verticillium dahliae previously considered vegetatively
incompatible based on microsclerotial color mutants were found to be
compatible when reassessed using nitrate-nonutilizing (nif) mutants. Six-
teen vegetative compatibility groups (VCGs) were found previously when
strains of V. dahliae were assayed using microsclerotial color mutants.
When 26 strains representing 16 VCGs were reassessed using nit mutants,
only four VCGs were identified. Three strains were assigned to VCG
1, 13 to VCG 2, seven to VCG 4, and one to VCG 5. The two remaining
strains could not be assigned to any of the identified VCGs. Within VCG
2 and 4, subgroups were evident when percentages of similarities were

compared. Strains were assigned to VCGs based only on strong com-
patibility reactions, because weak and incompatible reactions were un-
reliable. Isolates from potatoes growing in the Bakersfield region of
California were only compatible with tester strains from VCG 1. Twenty-
six of 30 isolates from potatoes growing in the Tulelake region of California
were only compatible with strains from VCG 4. The remaining four were
not strongly compatible with any tester strains, and thus may represent
new VCGs. Two strains from VCG 4, TA and 277, were found to be
significantly (P = 0.05) more virulent than strains PU, MC, 207, and
PCW on the potato cultivar Netted Gem.

Potato early dying, incited by Verticillium dahliae Kleb. is
widespread and a serious problem in some regions where intensive
cultivation and high summer temperatures occur (11,30,32,38,39).
Although this disease is caused primarily by V. dahliae, in some
areas this disease has a complex etiology involving the interaction
of host, environment, and a number of pathogens (3,21,26,28,
33,39). V. dahliae can infect a wide range of annual and perennial
dicotyledonous plants as well as many ornamentals, weeds, and
monocotyledonous plants (22,25,41,45).

Although there are few reports of host specialization in V.
dahliae, it is well documented that isolates from one host can
cause disease in different hosts and colonize others resulting in
no apparent symptoms (5,8,36,41). However, little is known about
the breadth of host range and pathotypes within a vegetative
compatibility group (VCG) (36). Because strains of V. dahliae
do not appear to have the same potential for virulence and host
range (36), it will be important to identify strains more precisely
to enable us to understand the epidemiology of specific Ver-
ticillium wilt diseases, estimate potential for spreading, screen
for resistant cultivars, and establish control measures. Also, the
geographical distribution of certain strains appears to be restricted
(36). Such strains can be identified through their VCGs and
thereby monitored and quarantined.

Vegetative incompatibility is widespread in many fungi and
has been used to classify fungal isolates and establish the genetic
diversity or subgroupings present in fungal populations (4,19,
24,27,35). Members of a VCG are considered to be genetically
interactive and genetically isolated from strains in other VCGs.
Establishing VCGs for strains of V. dahliae can be done by pairing
complementary auxotrophic, nitrate-nonutilizing (nitf) mutants
(19,43). If two nit mutants are complementary and belong to
the same VCG, hyphae from the two strains will anastomose,
heterokaryons will be formed, and prototrophic growth will occur
at the mycelial interface. Nit mutants can be recovered through
a technique based on the use of chlorate, a nitrate analog, that
has been very useful in studying nitrate assimilation in fungi as
well as bacteria, algae, and plants (4,7,10,35). Chlorate toxicity
in these organisms presumably results from the reduction of

©1992 The American Phytopathological Society

chlorate to chlorite by nitrate reductase (4). Although other modes
of action may be possible, in general, chlorate-sensitive strains
can reduce nitrate to nitrite but chlorate-resistant strains (e.g.,
nit mutants) cannot (4,6). The nir mutants are then further char-
acterized by their ability to use various other nitrogen sources
4,7).

Puhalla (34) tested strains of V. dahliae for their ability to
form heterokaryons through the use of microsclerotial color
mutants. In a subsequent study using microsclerotial color
mutants, Puhalla and Hummel (36) found 16 VCGs when 96
strains of V. dahliae were tested. Recently, strains previously
assigned to 15 VCGs using color mutants were reassessed using
nit mutants and only four distinct VCGs were identified (19).
The results demonstrated that many strains considered to be
vegetatively incompatible using microsclerotial color mutants
were compatible when nit mutants were utilized (19).

In this investigation, strains of V. dahliae previously assigned
to VCGs by Puhalla and Hummel (36) using microsclerotial color
mutants were reassessed using nir mutants. These data confirm
and extend research done by Joaquim and Rowe (19). The study
by Joaquim and Rowe (19) established VCGs for V. dahliae using
nit mutants, but did not provide a detailed analysis of the
relationships between and within VCGs. By including more tester
strains and doing a more comprehensive pairing of testers than
the study by Joaquim and Rowe (19), we were able to perform
a statistical analysis on the data. Through this analysis, we can
compare and separate testers based on similarity values and thus
develop a better understanding of the relatedness of tester strains.
This study also establishes the vegetative compatibility and dis-
tribution of isolates of V. dahliae from potato plants from
California. A secondary objective was to evaluate the virulence
of V. dahliae strains from different VCGs. A preliminary report
has been published (43).

MATERIALS AND METHODS

Isolation of V. dahliae from potato stems. Basal stem sections
of potato plants showing symptoms of Verticillium wilt were col-
lected from commercial potato fields in two regions of California:
the areas around Tulelake and Bakersfield. Isolates designated
with a T as the first letter are from one of 10 fields sampled
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in the area around Tulelake and those with a B are from one
of four fields sampled in the area around Bakersfield.

To isolate V. dahliae from potato plants, stems were surface
sterilized for 1 min in 0.5% (v/v) NaOCI, rinsed in sterile distilled
water, sliced crosswise, and transferred to water agar. Colonies
with verticillately branched conidiophores formed in and around
the vascular tissue in the potato stem slices. A needle was used
to streak spores from these colonies onto water agar amended
with 0.3 g/L of streptomycin sulfate. Germinated single spores
or hyphal tips were transferred from the water agar onto potato-
dextrose agar slants and cultured in the dark at 22-25 C. Mono-
conidial subcultures of all isolates were maintained on potato-
dextrose agar or minimal agar medium (MM) at 5 C (4,35,37).
Minimal agar medium was prepared as follows (per liter of distilled
H,0): sucrose, 30 g; KH,PO,, 1 g; MgS0,4-7H,0, 0.5 g; KCl,
0.5 g; FeSO,*7H,0, 10 mg; NaNO,, 2 g; agar, 20 g; and trace
element solution, 0.2 ml. The trace element solution contained
(per 95 ml of distilled H,0): citric acid, 5 g; ZnSO,-7H,0, 5 g;
Fe(NH4),(S0,),:6H,0, 1 g; CuS0,4:5H,0, 0.25 g; MnSO,:H,0,
50 mg; H3BO;, 50 mg; and NaMoOy-2H,0, 50 mg.

Generation and characterization of nif mutants. A procedure
developed by Cove (7) and modified by Puhalla (35) was adapted
to recover nit mutants of V. dahliae. To obtain nit mutants, a
mycelial transfer from a monoconidial culture was placed in the
center of a 9-cm-diameter petri dish on chlorate medium (MM
amended with 25 g/L of KCIO, and 1.6 g/L of L-asparagine)
(4,18). After incubation for 1-2 wk at 22-25 C, chlorate-resistant
sectors were subcultured onto MM, which contained nitrate as
the sole nitrogen source. When placed on MM, sectors that grew
as expansive colonies with thin mycelial growth, no aerial my-
celium, and little or no sporulation were considered nir mutants.

The nit mutant phenotypes were determined by growing each
nit mutant twice on basal medium (BM), MM without nitrate,
amended with one of three nitrogen sources: nitrate, nitrite, and
hypoxanthine (4,7). Mutants were divided into two phenotypic
classes based on mutations to the nitrate assimilation process.
These classes presumably represent a mutation at a nitrate reduc-
tase structural locus (nit/) and loci that affect the assembly of
a molybdenum-containing cofactor necessary for nitrate reductase
activity (NitM) (4,12,29). A total of 322 strains or isolates were
characterized, although only 46 were used as testers and 53 as
isolate nir mutants in the pairings. The characterized nif mutants
not used were strains related to the mutants included in the
pairings.

Source of fungal strains. The nit] mutants for strains 115, MT,
HY, and TC and the NitM mutants for strains V44, 115, PG,
MT, TO, PCW were produced by T. R. Joaquim and R. C.
Rowe (19) and provided by Lynn Epstein (Berkeley, CA). All
the other nit mutant testers were produced from wild-type strains
previously assigned to VCGs by Puhalla and Hummel (Table
1) (36) and provided by L. Epstein. The cultures provided by
L. Epstein had been stored as spore suspensions in 259 glycerol
at —80 C.

Complementation tests. Strains of V. dahliae were tested for
vegetative compatibility by pairing nit/ and NitM mutants on
MM. Nit mutants were paired by placing a mycelial transfer in
the center of the 9-cm-diameter petri dish on MM with four
transfers of a different mutant type around it. The four mycelial
transfers around the central tester were 1.5 cm from the central
tester. All nit mutant testers, produced from strains previously
assigned to VCGs by Puhalla and Hummel (36), were paired
with each other and with nir mutants from the field isolates in
all possible combinations at least twice, most four or more times.
Plates were observed at weekly intervals for 4 wk after pairing.
Complementation, a result of heterokaryon formation, between
nit mutants was evident by the prototrophic growth resulting
in dense aerial mycelium and/or profuse sporulation and micro-
sclerotia formation at the mycelial interface. To preclude the
possibility that paired strains were not anastomosing but simply
cross-feeding extracellularly, pairings that yielded prototrophic
growth were repaired and separated by a 19 mm X 42 mm X
0.2 uM polycarbonate membrane (Nucleopore Co., Pleasanton,
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CA) on a petri dish filled with MM, Data from the comple-
mentation tests were analyzed using Jacquard’s similarity
coefficient, S; = afa + b + ¢ (42, page 305). This coefficient
does not take into account negative matches. Based on these
coefficients, similarity matrixes and dendrograms were produced.

Pathogenicity tests. The pathogenicity experiments were done
twice between March 1988 and July 1988. The stem half of the
seed tubers (cv. Netted Gem) was discarded, and the remainder
was allowed to suberize at room temperature for three days. The
seed pieces were then planted in sterilized U.C. mix (peat and
Colma sand; 1:1, v/v). After 2.5 wk, sprouted eyes at similar
stages of growth were removed from the mother tubers, rinsed
in sterile distilled water, and dipped in a spore suspension of
10° conidia per milliliter. Sterile distilled water was used as the
control. The inoculated sprouts were replanted in 15.3-cm-diam-
eter clay pots containing sterilized U.C. mix. The pots were
incubated at 20-30 C in the greenhouse and arranged in a ran-
domized complete block design (eight blocks). After 9 wk, plants
were scored for disease severity on a scale of 0-4, in which 0
represents a healthy plant, and 4 represents a completely chlorotic
and/ or necrotic plant.

Inoculum production. Inoculum for the pathogenicity tests was
prepared from the following strains of V. dahliae: PU, 207, TA,
277, MC, and PCW (Table 1). Conidia from 3-wk-old mono-
conidial cultures growing on potato-dextrose agar (PDA) (Difco,
Detroit, MI) slants were suspended in sterile distilled water and
spread over one-fourth PDA (one-fourth strength PDA plus 7 g/L
of bacto agar amended with 200 mg/L of streptomycin sulfate).
These 9-cm-diameter plates were incubated in the dark at room
temperature (approx. 25-27 C) for 10-14 days. The cultures from
five plates were placed in 200 ml of sterile distilled water and
homogenized in a blender. The conidial suspension was quantified
with a hemacytometer and adjusted with sterile distilled water
to yield 10° conidia per milliliter.

TABLE 1. Wild-type strains of Verticillium dahliae from which nitrate-
nonutilizing (nir) mutants were derived for vegetative compatibility
analysis

Strai v VCG®

train Host Geographical

designation® origin origin JEP TRJ CAS
T9 Cotton USA (CA) 1 1 1
Va4 Cotton USA (TX) 1 1 1
138 Cotton USA (MO) 1 1 1
PH Pistachio USA (CA) 2 2 2
WM Cotton USA (TX) 2 2 2
PU Potato U.K. 3 NG NG
207 Potato S. Australia 3 2 2
115 Cotton Syria 3 2 2
BB Potato USA (ID) 4 4 4
TA Potato USA (ID) 4 4 4
277 Sugar beet USA (WA) 4 NT 4
PHI Pepper Italy 5 NT 2
PG Pepper Greece 5 2 2
PJ Pepper Canada 5 NT 2
MT Maple Canada 6 4 4
CS-1 Cotton Swaziland 7 2 2
CA Cotton Argentina 7 NT 2
CF Cotton France 8 2 2
RI Redbud USA (IL) 9 NT 2
Cu Catalpa USA (IL) 10 NG 5
cw Cherry USA (WA) 11 4 NG
HY Hops USA (WA) 12 4 4
TC Tomato Canada 13 2 2
MC Mum USA (CA) 14 2 2
TO Tomato Canada 15 3 4
PCW - Pepper USA (CA) 16 3 4

*Wild-type strains and some nit mutant strains were obtained from L.
Epstein, Berkeley, CA, as indicated in Materials and Methods.

"VCG = vegetative compatibility group; JEP = VCGs determined by
J. E. Puhalla and M. Hummel using microsclerotial color mutants (36);
TRJ = VCGs determined by T. R. Joaquim and R. C. Rowe using
nit mutants (19); CAS = VCGs determined in this study using nir mutants;
NG = not assigned to a numbered VCG; NT = not tested.



RESULTS

Recovery of nit mutants. On MM amended with chlorate, the
wild-type colonies grew slowly in a dense appressed manner with
little or no aerial mycelium, while the nit mutants appeared as
fast growing fanlike colonies exhibiting sparse appressed growth.
The nit mutants were characterized as nit/ and NitM based on
their ability to utilize various nitrogen sources. Because the mu-
tants were nitrate-nonutilizing, they grew in a sparse manner on
BM amended with nitrate. Nit/ mutants exhibited dense wild-
type growth on BM amended with hypoxanthine, while NitM
isolates grew in a sparse manner. Distinguishing i/ mutants
from nit3 mutants (4) was difficult, because 54% of the mutants
would not grow on BM amended with nitrite. All the mutants
that did grow on BM amended with nitrite, grew in a dense wild-
type manner, characterizing them as nitr/ mutants. From the 140
mutants isolated from Puhalla’s strains (Table 1), 49% were
characterized as NitM and 51% as nitl (some possibly nit3).
Although approximately half the mutants were NitM, it was not
unusual to predominately isolate only one nif mutant phenotype
from a particular strain. Nit mutants were not obtained from
some of the isolates. From the 131 mutants obtained from the
California potato isolates, only 28% were NitM, while 72% were
nitl (some possibly nit3). Again, it was not unusual to isolate
predominately one mutant type from a particular strain. Nit
mutants were not obtained from some of the isolates.

Prototrophic growth responses. Pairing nit mutants can result
in a variety of growth types at the mycelial interface, which were
categorized as either strong or weak. Reactions were considered
strong when the prototrophic growth, profuse sporulation, and/
or abundant microsclerotial formation and/or abundant aerial
mycelium occurred at the mycelial interface. When there was only
growth within the agar or scattered growth on the agar surface
at the mycelial interface, the reactions were considered weak.
To preclude the possibility of cross-feeding and insure that the
prototrophic growth at the mycelial interface was due to anas-

tomosis and heterokaryon formation, all nir mutant combinations
resulting in strong reactions were repaired and separated with
a polycarbonate membrane. In all cases, no prototrophic growth
occurred when the two mutants were separated by the membrane,
but prototrophic growth did occur at the mycelial interface on
the agar surface when no membrane was present. Thus, the proto-
trophic growth presumably results from anastomosis and hetero-
karyon formation and not cross-feeding at the mycelial interface.

Complementation tests. Results from pairing the NitM mutants
with the nit/ (some possibly nit3) mutants from Puhalla’s tester
strains and isolates from California potatoes in all possible com-
binations are presented in Tables 2 and 3. Reciprocal pairings
(e.g., BB nit]l X 277 NitM and BB NitM X 277 nit/) did not
always result in the same degree of compatibility, therefore only
the strongest compatibility reaction of the reciprocal pair was
reported in Tables 2 and 3. Dendrograms (Figs. 1, 2, and 3)
of the data presented in Tables 2 and 3 were constructed based
on strong compatibility reactions and Jacquard’s similarity co-
efficient (42). Figure 1 shows four VCGs are present when using
nit mutants derived from Puhalla and Hummels’s tester strains
(Table 1). The designated VCGs for the strains that were reassessed
using nit mutants are given in Table 1. Strains T9, V44, and
138 form VCG 1. A second group which is considered VCG 2,
contains two subgroups. One subgroup consists of the following
strains: WM, TC, CA, PH, and CS-1. The other subgroup contains
strains 207, MC, 115, PJ, RI, PHI, PG, and CF. Also within
the one subgroup, strains CS-1 and PH are not very closely related
to strains WM, TC, and CA. VCG 4 includes strains TA, BB,
277, TO, PCW, HY, and MT. Based on Figure 1, strain MT
appears to be distantly related to the other strains in VCG 4.
However, when the strains in VCG 4 were compared based on
their compatibility to strains isolated from California potatoes,
a different pattern of similarity was evident (Fig. 2). Based on
the information from these field isolate comparisons, there seems
to be a stepwise trend in similarity between the isolates, with
MT on one extreme and TA on the other. Thus, strain MT may

TABLE 2. Vegetative compatibility of nitrate-nonutilizing (nir) mutants derived from strains of Verticillium dahliae previously assigned to com-

patibility groups by Puhalla and Hummel (36)

Compatibility of tester strain to other testers®

Tester

strain Strong Weak

T9 V44,138 i

Va4 T9,V44,138

138 T9,V44,138

PH WM,CA* Wil

WM PH,CS-1* 207,115,PHIL,PG,PJ
PU s e

207 207,115,PHL,PG,PJ,CF,RI,MC WM,BB,CS-1,CA
115 207,115,PHI,PG,PJ,CF,RIMC WM,CA,CS-1#
BB BB,TA,277,HY, TO,PCW 207,PHLPG,PJ,MT,RI
TA BB,TA,277 HY* PHILLMT,RI,MC,CS-1* ,CF,PCW
277 BB, TA,277,HY, TO e

PHI 207,115,PHI,PG,PJ,CA,CF,RI,MC WM,BB,TA,CS-1,HY
PG 207,115,PHLPG,PJ,CA,CF,RI,MC WM,BB,CS-1,TC
PJ 207,115,PHL,PG,PJ,CF,RI,MC WM,BB,CS-1,CA,TC
MT MT,HY BB, TA, TO*

CS-1 WM* CA,TC 207,PHLPG,PJ, TA* 115*
CA PH*,PHI,PG,CS-1,CF*TC 207,115,P1,RI

CF 207,115,PHI,PG,PJ,CA* RI TA

RI 207,115,PHLPG,PJ,CF,RI,MC BB,TA,CA

Cu Cu T

CW S ...

HY BB,277,MT TA,PHI

TC CS-1,CA PJ.PG

MC 207,115,PHL,PG,PJ,RI TA

TO BB,277,TO,PCW MT*

PCW BB,TO,PCW TA

" Tester strains were paired in all possible combinations. There was no data from the following pairings: T9 X T9; PH X PH,CF,CW,MC,PCW:
CS8-1 X CS-1; CA X CA,HY; CF X CF,CW,MC,PCW; CW X CW,MC,PCW; HY X HY; MC X MC,PCW. Because reciprocal pairings frequently
varied, only the most compatible reaction from a reciprocal pair of nit mutants was recorded. Strong = abundant aerial mycelium and/or sporulation
and/or microsclerotial formation at the mycelial interface. Weak = scattered thin growth and/or poor sporulation and/or poor microsclerotia
formation at the mycelial interface. * = variable reactions. Source of strains mentioned in Table 1.

" Indicates no reaction of that type was obtained.
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not be distantly related to the other stains in VCG 4. Strain
CU, VCG 5, was found to be self-compatible, but incompatible
with all other strains. Based on their compatibility to field isolates,
strains V44 and 138 were again considered a separate VCG (VCG
1). Tester strains PU and CW in Figure 1 and field isolates T1E,
T2B, T2C, and T6G in Figure 3 were not included in these
respective figures, because nit mutants to these strains were not
compatible with the nit mutant testers in these respective studies.
Tester strains T9 and PCW were not included in Figure 2, because
neither strain was strongly compatible with any of the field isolates.
Weak heterokaryotic reactions often occurred between testers
from VCG 2 and 4. Testers from VCG | and 5 did not react
weakly with testers from other VCGs. Strain PU was considered
self-incompatible, because nit/ and NitM mutants from this tester
would not complement.

The strains isolated from potato plants from California formed
two VCGs. All three strains isolated from potatoes in the Bakers-
field region were included in VCG 1, because they were only
compatible with tester strains V44 and 138. Twenty-six of 30
isolates from the Tulelake region were assigned to VCG 4, because
they were only compatible with some or all of the following strains:
MT, HY, TA, 277, BB, and TO (Table 3). Among the strains
from the Tulelake region, a number of subgroups with varying
degrees of relatedness were evident (Fig. 3).

Some nit mutant testers, when paired with other testers, had
a tendency to produce only one type of prototrophic growth.
When strains V44, PHI, PG, PJ, MT, CA, and CU were paired
with other testers and strong prototrophic growth occurred,
usually only aerial mycelium was abundant at the mycelial

interface. Strains 138, 115, BB, TA, 277, CS-1, and RI had a
tendency to sporulate profusely and form abundant microsclerotia
at the mycelial interface only when pairing with other nir mutant
testers resulted in strong prototrophic growth. When tester strains
V44, HY, and MT were paired with field isolates, strong proto-
trophic growth usually resulted only in the formation of abundant
aerial mycelium. Strains 138, BB, TA, and 277 had a tendency
to sporulate profusely and form abundant microsclerotia only
when strong prototrophic growth resulted from pairings with nir
mutant field isolates.

Pathogenicity tests. Results from pathogenicity studies indicate
that significant differences in virulence exist between strains from
different VCGs. On the potato cultivar Netted Gem, strains TA,
277, PU, MC, 207, PCW, and the control (water) had mean disease
ratings of 2.2, 1.9, 1.1, 0.9, 0.9, 0.9, and 0.6 respectively, with
a Fisher’s least significant difference of 0.6 (P = 0.05). Thus,
strains TA and 277 were significantly more virulent than strains
PU, MC, 207, and PCW.

DISCUSSION

Many strains of V. dahliae previously considered incompatible
based on microsclerotial color mutants were found to be com-
patible when reassessed using nif mutants. Puhalla and Hummel
(36) had previously assayed 96 strains of V. dahliae using
microsclerotial color mutants and found 16 VCGs. When some
of the strains from each of the 16 VCGs were reassessed by
Joaquim and Rowe using nit mutants, only four VCGs were found
(19). We have obtained similar results, although the data in this

TABLE 3. Vegetative compatibility of strains isolated from potato plants in California based on nitrate-nonutilizing (nif) mutants

Compatibility of isolates to tester strains®

Field

isolates Strong Weak

B4A V44,138 i

B4B V44,138

B4D V44,138 .

TIA MT,HY BB, TO*

TIB TA277,MT,HY BB,115% PHI,RI

TID MT BB,PHI,RI,CU,TC

TIE i MT,HY

EE BB, TA277,TO?2,HY MT,PCW?

TIH MT,HY TA?

T2B s 115

2E i 5:i5

T2E BB, TAIMT 115%277, PHLPJ,HY

T3A BB,MT PHI

T3B BBMT 115,277,PHL,TC,HY,TA

T3iD BB,MT 115,277, PHLRI?,TA
TC,HY,PCW?

TIE MT BB,PHI

T6G mae BB

T7B BB,277 TA,PHLLMT,RL,PCW

T7C BB, TA277,TO,HY PHIL,MT,RLLPCW,115,PJ*

TD MT BB, TO?

TG BB, TA,277,TO PHILMT,RLLHY,PCW, 115

T71 BB, TA?,277 MT,PCW

T7L BB, TA,277,TO MT,115

TIM BB, TA?,277 PHLPCWIMT

TN MT BB,TA?

T70 MT BB,PHI

T7Q BB, TA277,HY 115,PHLPJMT,RL,PCW

TBA BB, TA277T,MT PHLRI,PC,HY

TRC MT 207*,115,BB,TA,PHL,PJ,HY,RI

TRE BB,TA,277 PHILMT,RLPCW, TO

TYN MT BB,RI

TIOL MT BB

TiOP MT 115,BB,RI

* Field isolates and tester strains were paired in all possible combinations. Because reciprocal pairings frequently varied, only the most compatible
reaction from a reciprocal pair of nir mutants was recorded. If a tester is not listed as strong or weak, then there are no data for that combination.
Strong = abundant aerial mycelium and/or sporulation and/or microsclerotial formation at the mycelial interface. Weak = scattered thin growth
and/or poor sporulation and/or poor microsclerotial formation at the mycelial interface. * = variable reactions. ? = only tested once. Source

of strains mentioned in Table 1.
" Indicates no reaction of that type obtained.
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Fig. 1. Similarity of Verticillium dahliae tester strains (19) based on Jacquard’s similarity coefficient (42).
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Fig. 2. Comparison of Verticillium dahliae tester isolates from vegetative compatibility groups | and 4 based on Jacquard’s similarity coefficient
(42).
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study was analyzed differently and the results for a few of the
compatibility tests differed. Strains investigated in both studies
were placed in the same VCGs, except for strains TO, PCW,
and CU. Joaquim and Rowe (19) placed strains TO and PCW
in a separate VCG, VCG 3, even though they found strain TO
was strongly compatible to BB, which is a strain included in
VCG 4. In this study, strains TO and PCW were both found
to be strongly compatible to strain BB. Thus, we assigned strains
TO and PCW to VCG 4. Additional evidence to support this
conclusion is shown in Figure 1, in which strains TO and PCW
were found to be similar to other strains in VCG 4. The most
likely reason the two studies differed is due to the length of time
readings were taken. In this study, when strains TO and PCW
were paired with BB, they showed strong compatibility approxi-
mately 21-28 days after pairing. Thus, because Joaquim and Rowe
only collected data for 21 days (19), they may not have allowed
enough time for strong reactions to occur with strain PCW. In

this study, strain CU was considered a separate VCG, designated
VCG 5 (Table 2). Strain CU was not placed in a numbered VCG
by Joaquim and Rowe (19) because it was not compatible with
the 11 tester strains in their study.

All the strains of V. dahliae considered incompatible based
on the use of microsclerotial color mutants were also compatible
using nit mutants with the exception of strain PU. Strain PU
was found to be heterokaryon, self-incompatible in this study
as well as in the study by Joaquim and Rowe (19).

Some variability was found between the compatibility results
reported in this study and those reported by Joaquim and Rowe
(19). Most of the variability concerned differences in compatibility
involving pairings between strains that resulted in weakly com-
patible or incompatible reactions. Some variability was also ob-
served within this study as indicated in Tables 2 and 3. Most
of the variable reactions in this study involved strains in VCG
2. Also, most of the differences in compatibility reactions between
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this study and that done by Joaquim and Rowe (19) concerned
incompatible or weakly compatible reactions among strains from
VCG 2. The compatibility of strain BB in VCG 4 also varied
between the two studies. Where compatibility reactions differed
between the two studies, a consistent pattern of differences
occurred. For example, the pairings PH X 115, PH X 207, and
PH X CS-1 all resulted in weak compatibility reactions in the
previous study (19), whereas all these crosses resulted in incom-
patibility in this study (Table 2). Thus, these differences between
studies may only represent differences in the ability of it mutants
to complement one another and not differences in compatibility
between strains. This points out our lack of understanding of
exactly how and where these mutations occur and the influence
that environmental factors such as pH (9,15,31) may have on
compatibility reactions.

Reciprocal crosses were important in assigning strains to VCGs,
especially when establishing a strain as a distinct VCG. Reciprocal
crosses can be made only if nir] and NitM mutants are obtained
from each strain, thereby making it possible to make two-way
pairs of strains. If paired, nit mutants from two strains gave strong
compatibility reactions, we felt confident that these strains were
vegetatively compatible. Thus, doing reciprocal crosses under
these circumstances was not important. However, if two strains
were paired and only weak compatibility or incompatibility re-
sulted, reciprocal crosses were necessary. Reciprocal crosses may
indicate that the two strains are considerably more compatible.

The VCGs in V. dahliae were found to be stable. Once a strain
is established as part of a VCG based on strong compatibility
reactions, that strain was never found to mutate in a way that
would allow it to strongly complement other testers and fit into
a different VCG. However, some strains appeared to have a tend-
ency to readily lose there ability to complement some testers when
experiments were repeated a number of times. Some strains also
have a tendency to revert back to the wild-type. This variability
in V. dahliae strains may result from mutations or the repair
of mutant genes. Others believe that some process other than
background mutation is responsible for these chlorate-resistant
mutants (24). It has been proposed that these naturally occurring
mutations may be the result of transposable elements (23).
Transposon movement has been associated with high mutation
frequency in a number of eukaryotic organisms (23,29). It would
also appear that certain loci are more frequently mutated, because
only nit] and NitM mutants were predominantly isolated from
certain strains. A similar pattern has been found in other studies
(23,24).

Some of the testers used in the compatibility tests frequently
produced only a specific type of prototrophic growth, aerial
mycelium, or abundant sporulation and microsclerotial forma-
tion, at the mycelial interface. These results may be due to a
number of nonallelic genes, some cytoplasmic and some nuclear,
controlling the development of darkly pigmented structures (44),
The presence or absence of resting structures per se is at least
partially controlled by a cytoplasmic factor (44).

A distinct difference in the distribution of V. dahliae VCGs
was found on potatoes in California. Strains from the Bakersfield
region were included in VCG 1, whereas those strains from the
Tulelake region were included in VCG 4. Several strains from
Tulelake, T1E, T2B, T2C, and T6G, were not strongly compatible
with the testers and may represent new VCGs. Further testing
needs to be done before these strains could be considered new
VCGs. This is the first report of a VCG 1 strain being isolated
from a potato plant. The virulence of strains from VCG 1 on
potato is not known. The strains from VCG 4 are considered
the potato pathotype (5), although there is some diversity in
virulence among the strains within VCG 4 in this study and that
by Joaquium and Rowe (20). Other data has shown that not
all strains of V. dahliae have the same potential for virulence
and host range (1,2,13,14,16,17,34,36,40). Thus, there is a need
for more testing of the virulence and host range of the strains
included in the various VCGs not only for potatoes but for other
crops as well.

The data presented confirm that the method used to establish

VCGs for strains of V. dahliae can dramatically affect the number
of VCGs obtained from the same strains. Many of the strains
of V. dahliae assigned to VCGs based on microsclerotial color
mutants (36) were found to be compatible using nit mutants.
Through the use of nit mutants and strong compatibility reactions
in complementation tests, strains of V. dahlige can be reliably
assigned to VCGs. By more precisely identifying strains using
VCGs, and establishing their potential for host range and viru-
lence, researchers will be able to develop a better understanding
of the epidemiology of Verticillium wilt diseases, the potential
for spreading of strains, and the strains for which resistant cultivars
and controls are needed.
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