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ABSTRACT

Gonzaélez-Vera, A. D., Bernardes-de-Assis, J., Zala, M., McDonald, B. A.,
Correa-Victoria, F., Graterol-Matute, E. J., and Ceresini, P. C. 2010.
Divergence between sympatric rice- and maize-infecting populations of
Rhizoctonia solani AG-1 IA from Latin America. Phytopathology
100:172-182.

The basidiomycetous fungus Rhizoctonia solani anastomosis group
(AG)-1 IA is a major pathogen in Latin America causing sheath blight
(SB) of rice. Particularly in Venezuela, the fungus also causes banded leaf
and sheath blight (BLSB) on maize, which is considered an emerging
disease problem where maize replaced traditional rice-cropping areas or
is now planted in adjacent fields. Our goals in this study were to elucidate
(i) the effects of host specialization on gene flow between sympatric and
allopatric rice and maize-infecting fungal populations and (ii) the
reproductive mode of the fungus, looking for evidence of recombination.
In total, 375 isolates of R. solani AG1 IA sampled from three sympatric
rice and maize fields in Venezuela (Portuguesa State) and two allopatric
rice fields from Colombia (Meta State) and Panama (Chiriqui State) were

genotyped using 10 microsatellite loci. Allopatric populations from
Venezuela, Colombia, and Panama were significantly differentiated (®dgr
of 0.16 to 0.34). Partitioning of the genetic diversity indicated differ-
entiation between sympatric populations from different host species, with
17% of the total genetic variation distributed between hosts while only 3
to 6% was distributed geographically among the sympatric Venezuelan
fields. We detected symmetrical historical migration between the rice-
and the maize-infecting populations from Venezuela. Rice- and maize-
derived isolates were able to infect both rice and maize but were more
aggressive on their original hosts, consistent with host specialization.
Because the maize- and rice-infecting populations are still cross-
pathogenic, we postulate that the genetic differentiation was relatively
recent and mediated via a host shift. An isolation with migration analysis
indicated that the maize-infecting population diverged from the rice-
infecting population between 40 and 240 years ago. Our findings also
suggest that maize-infecting populations have a mainly recombining
reproductive system whereas the rice-infecting populations have a mixed
reproductive system in Latin America.

Anastomosis group (AG)-1 of the anamorphic basidiomycetous
fungus Rhizoctonia solani Kiihn is a major pathogen on important
Poaceae staple crops worldwide, including rice and maize
(33,53,54). The distinction among subgroups within AG-1 (called
1A, IB, IC, ID, IE, and IF) is based upon the anastomosis
criterion, colony morphology, type of sclerotia produced, and
pathogenicity differences (50,62). Ribosomal DNA sequence data
support the distinction among the six AG-1 subgroups as
phylogenetic species (21,23).

The fungus causes sheath blight (SB) of rice and banded leaf
and sheath blight (BLSB) on maize (33,53,54). Both leaf and
sheath blight diseases already have a worldwide importance but
BLSB is considered to be an emerging disease problem in Asia
(Bhutan, India, Indonesia, Nepal, Philippines, southern China,
Vietnam), Africa, and Latin America (53,54,73).

In Latin America, BLSB may become a constraint to maize
production as the use of maize in rice-cropping systems increases
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(54). This appears to be the case in Venezuela, where maize re-
placed traditional rice-cropping areas or is now planted in adja-
cent fields (12,13,54). In Venezuela, BLSB and SB are currently
considered the first and second most important diseases of maize
and rice crops, respectively (12,13). The average yield losses
caused by the fungus in Venezuela were reported to reach 30% in
states such as Portuguesa, where warm and humid environmental
conditions are favorable for the pathogen (12). Maize in
Venezuela is mainly a rain-fed crop produced between May
and October, whereas rice is cropped year round under irrigation
(20).

Rice was introduced into Venezuela’s Llanos grasslands by
Spanish settlers during colonial times (=1,550) but rice cropping
was not important until the 1940s. With support from two
government subsidy programs (Plan de Fomento Arrocero, in
1931, and Plan Arrocero de la Corporacién Venezolana de
Fomento, in 1949) (67), the area planted to rice increased from 36
to 4,106 ha (44,45) from 1937 to 1950. By 2001, the rice-
cropping area in Portuguesa State expanded to 71,995 ha,
representing 51.2% of total rice production in Venezuela (31).
Although rice cropping is recent, archaeological evidence indi-
cates that maize was grown by indigenous tribes on the shores of
the Orinoco River in the Venezuelan Guayana region (66,67). In
1937, maize cropping in Portuguesa State was significantly higher
than rice, with maize planted on a total of 9,125 ha (44). By 2001,
the area planted to maize reached 185,339 ha (31), representing



40.3% of Venezuela’s maize production. Maize cropping is cur-
rently three times larger than rice and has expanded to areas
formerly cropped with rain-fed upland rice. Although maize has
been cultivated for much longer than rice in Venezuela, the
Rhizoctonia diseases on maize occurred very recently. Rice sheath
blight was first reported in Venezuela in 1949, a few years after
the introduction of the first rice cultivars from the United States
(39). However, the first report of BLSB on maize was in 1995,
also in Portuguesa State (12).

The disease biology and dispersal ecology of R. solani AG-1 on
Poacea has been extensively studied. In general, the Poaceae-
infecting R. solani AG-1 IA survives as mycelium and sclerotia in
soil and on seed (50). Recurring disease cycles increase natural
inoculum in the soil (50). Sharing of planting and harvesting
equipment between rice- and maize-cropping areas is common in
Venezuela (22); hence, their role in inoculum dispersal among
rice and maize fields is likely to be important. The dispersal of
inoculum associated with common weeds infected by the
pathogen may also have played a role in spreading the pathogen
between the two crops. Several exotic perennial Poaceae weed
species that have invaded rice and maize fields in Venezuela are
susceptible to R. solani AG-1 1A (e.g., Rottboelia exaltata L.1.,
Ischaemun rugosum Salisb, Cynodon dactylon (L.) Pers., Sor-
ghum verticilliflorum (Steud.) Stapf, and S. halepense (L.) Pers.)
(11).

Knowledge of the reproductive mode of Rhizoctonia solani
AG-1 IA has just started to accumulate (6,38,59). The fungus was
thought to be predominantly asexual (50). Although basidiospore
formation in paddy rice has been frequently observed, the role of
sexual spores in the disease cycle is not fully understood
(33,47,51). When the sexual stage (teleomorph = Thanatephorus
cucumeris Frank Donk) is formed, meiospores (i.e., basidio-
spores) are assumed to have limited dispersal and to be of little or
no importance in the disease epidemiology (47). However, sexual
spores produced as a result of heterothallic mating might consti-
tute an important aspect of the fungal life history that contributes
to the genetic diversity of field populations of R. solani AG-1 IA
on Poaceae. Analysis of the variation found for neutral markers in
field populations supports this assertion. A mixed model of
population structure that includes both recombination and
clonality was indicated for R. solani AG-1 IA of rice in Texas
(59), Louisiana (6), India (38), and China (7,8). The role of the
sexual stage in the epidemiology of maize-infecting populations
of R. solani AG-1 IA is presently unknown, because infection by
basidiospores has not been reported.

There is currently no information available regarding the popu-
lation genetic structure of R. solani AG-1 IA infecting rice and
maize in Latin America. Information on the extent of genetic
differentiation and host specialization between rice- and maize-
infecting populations of R. solani AG-1 IA also is lacking. Host
specialization has been detected within the R. solani complex (14)
and, specifically, for AG-1 IA (6). Host specialization can lead to
divergence between populations of plant pathogens (52). To infer
whether host specialization is the main cause for the divergence, it
is necessary to sample sympatric host populations to determine
the extent of genetic differentiation. Cross-inoculation tests are
also needed to determine the extent of host specialization. Analy-
sis of the distribution of genetic diversity within and among
distinct sympatric host-specific populations of the fungus could
be used to identify patterns of between-host migration and to
reveal recombination, with possible implications for the effective-
ness of control strategies on both hosts (41).

Our goal in this study was to elucidate the population structure
of the rice- and maize-infecting R. solani AG-1 IA pathosystem in
Latin America. We sampled sympatric rice- and maize-infecting
populations in Venezuela and two allopatric rice-infecting popu-
lations from Colombia and Panama. We focused on two main
aspects of the system: (i) the effect of host specialization on gene

flow between rice- and maize-infecting fungal populations and
(ii) the reproductive mode of the fungus, looking for evidence of
recombination within each field population. We tested the hy-
potheses of (i) no genetic differentiation between sympatric or
allopatric rice- and maize-infecting populations and (ii) no
differences in aggressiveness between rice- and maize-derived
isolates. Our null hypothesis was that no differences would exist
among the pathogen populations obtained from these two Poaceae
hosts. Our alternative hypothesis was that specialized pathogen
populations would exist on each host population but populations
would not be genetically isolated or would be only partially
isolated. A secondary goal was to determine the reproductive sys-
tem on both hosts. Based on our earlier findings in Brazil (15),
China (7,8), India (38), and the United States (Louisiana [6] and
Texas [59]), we tested the null hypothesis that Latin American
populations from rice and maize would be mainly random-
mating, with local dispersal of a few asexual clones. We also
considered two alternate hypotheses: rice- and maize-infecting
populations from Latin America are mainly clonal or rice- and
maize-infecting populations from Latin America have different
degrees of clonality.

MATERIALS AND METHODS

Population sampling and data collection. Three geographi-
cally paired rice- and maize-infecting populations of R. solani
AG-1 TA from Venezuela were sampled from naturally infected
fields in Portuguesa State. In total, 211 isolates (139 from rice cv.
Fedearroz 50 and 72 isolates from maize cv. Dekalb 777) were
obtained in 2005 from three different counties—Turén, Santa
Rosalia, and Esteller—representing the most important rice and
maize production areas in Venezuela (Fig. 1). The sympatric rice
(VNZ R) and maize (VNZ M) field populations were =5 km
apart, while the three locations were separated by 10 to 35 km.
Rice was cropped under paddy irrigation while hybrid maize was
cropped under upland conditions. All fields were sampled using
the same collection strategy to allow a meaningful comparison of
clonal fractions among distinct field populations. Plants showing
symptoms characteristic of rice SB or maize BLSB were collected
using transect sampling from six fields (three from rice and three
from maize). In each field, infected plants from five to six disease
foci (at least 10 m apart) were collected along each transect from
a total of six to eight transects per field (totaling 30 to 48 foci per
field). Isolates were obtained as formerly described (6,34). One
isolate was kept from each focus to include in the analysis.
Sclerotia produced by each isolate were transferred into 1.8-ml
cryo-tubes (Nunc CryoLine System, Denmark) containing
sterilized silica gel (Fluka Chemie GmbH, Germany) for long-
term storage at 4°C. The AG of each isolate was determined by
sequencing the internal transcribed spacer 5.8S region and
comparing with sequences from AG-1 IA isolates (23).

Two rice-infecting populations of R. solani AG-1 TA were
included as allopatric populations: one from Colombia (n = 103
isolates, sampled in Meta State from upland rice cv. Tailandia 3)
and another from Panama (n = 61 isolates, sampled from Chiriqu{
State from an irrigated field of paddy rice Fedearroz 50).
Collections from both fields were made using the same transect
sampling described earlier. The population from Colombia (COL
R) was 1850 km distant from the rice- and maize-infecting
populations from Venezuela while the population from Panama
(PAN R) was 1,500 km distant. The field populations from
Colombia and Panama were separated by £900 km.

Fungal mycelia production and genomic DNA extraction were
done as described earlier for R. solani AG-1 IA (38). Ten
polymorphic co-dominant microsatellite simple sequence repeat
(SSR) loci were used to genotype the isolates using fluorescent-
labeled primers as reported by Zala et al. (72). Two control
isolates (TcO5US_KatC6 and TcOSVNZ_A1A1) were included in
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every run of 94 samples. An additional test for reproducibility of
the microsatellite allele assignments was made by comparing
sizes of each allele at every locus for the maize population from
Santa Rosalfa, which was independently genotyped twice. The
data from this second independent genotyping were used to
describe the microsatellite genotyping system (72). The statistical
binning of alleles into fragment size categories consistent with the
respective unit increment described by Zala et al. (72) was imple-
mented using the program Flexibin (3). Based on the observed
number of repeats found for the microsatellite loci in this and
three other studies (6,7,15), we assumed a stepwise mutation
model (SMM) in all of the analyses. We also performed the
neutrality test proposed by Vitalis et al. (68,69) on the microsatel-
lite data and found no evidence for selection at any of the ten loci.

Data analyses. In all analyses, we assumed that R. solani AG-1
IA is a functional diploid (i.e., it is a dikaryon) (1). All of our data
were consistent with this assumption.

Genotypic diversity. A multilocus microsatellite genotype
(MLMG) for each strain was determined using the program
GENOTYPE (Institute for Biodiversity and Ecosystem Dynamics,
Universiteit van Amsterdam, Amsterdam) (43). Isolates with the
same MLMG were treated as clones. Several indices of clonal
diversity were calculated, including: (i) the number of genotypes
per population; (ii) site-specific genotypes; (iii) the clonal fraction
(or the proportion of fungal isolates originating from asexual
reproduction), calculated as 1 — [(number of different genotypes)/
(total number of isolates)]; (iv) both the Stoddart and Taylor’s
genotypic diversity, G, = 1/Zp? where p; is the frequency of the
ith genotype (64), and its evenness (G, scaled by the maximum
number of expected genotypes) an indicator for how evenly the
genotypes are distributed over the population. These measures
were determined using GENODIVE (v.2.0b7; Institute for Bio-
diversity and Ecosystem Dynamics, Universiteit van Amsterdam,
Amsterdam) (43). To test whether pairs of populations differed in
their clonal diversity, we used a bootstrapping approach (resamp-
ling with replacement), where the individuals were resampled
from the populations and the diversity indices were compared
after every replicate, using 1,000 permutations, with subsampling
to match the size of the smallest population (25).

Gene diversity and differentiation among distinct host-
specific populations. For these analyses, we used a clone-cor-
rected data set in which only a single individual for each MLMG
was included per population. Nei’s unbiased gene diversity was
estimated as n/(n — 1) x (1 — Zp?), where p is the observed
frequency of the ith allele (48). Allelic richness was estimated as
the mean number of alleles per locus (17) using rarefaction (29)

as described by Petit et al. (55). To test whether groups of samples
differed for gene diversity and allelic richness, we used FSTAT v.
2.9.3.2 (24). P values for the pairwise comparisons were obtained
after 1,000 permutations.

The degree of population subdivision and the distribution of
gene diversity among sympatric host and allopatric regional
populations of R. solani AG-1 IA was evaluated using contrasts
based on hierarchical analyses of molecular variance (AMOVA)
(18,70). By defining groups of populations, two series of contrasts
were tested: (i) among sympatric rice- and maize-infecting popu-
lations from Venezuela: rice versus maize, populations within the
rice-infecting group, and populations within the maize-infecting
group; and (ii) among allopatric country populations from Latin
America: Colombia versus Venezuela rice or maize, Panama
versus Venezuela rice or maize, and Colombia versus Panama. As
the distance measure, we used the sum of squared size differences
(Rs7) between two haplotypes, according to Slatkin (61). A hier-
archical analysis of variance was conducted to partition the co-
variance components into: among groups of host or regional
populations, among populations within groups, and within popu-
lations. Significance of the fixation indices (®g; statistics, analo-
gous to Fgp) was tested using 1,023 permutations by a non-
parametric approach. This analysis was conducted using the
program ARLEQUIN (v.3.11; Zoological Institute, Department of
Biology, University of Bern, Switzerland) (18).

We also determined whether population subdivision followed
the isolation-by-distance (IBD) model proposed by Mantel (40).
Mantel’s test was carried out using GENODIVE v.2.0b7 (43),
assuming a linear relationship between pairwise values of ®gy/
(1 — ®gy) and the natural logarithm of geographical distances
(km) between all rice-infecting population pairs (60). The signifi-
cance of the relationship was assessed with 1,000 permutations
using GENODIVE v.2.0b7 (43).

Hardy-Weinberg and gametic equilibrium tests. To assess
the relative contributions of asexual and sexual reproduction in
different hosts and regional populations, we first tested for Hardy-
Weinberg equilibrium (HWE) using a measure analogous to the
Fisher exact test (26). The P values were obtained using a Markov
chain Monte Carlo (MCMC) approach, generating an exact
probability distribution not biased by rare alleles (58). This test
was implemented in ARLEQUIN v.3.11 (18). Inbreeding, a pos-
sible cause of deviation from HWE, was quantified based on
measures of Fjg (71) to test for a significant deficit or excess of
heterozygotes (when compared with HWE expectations), calcu-
lated with ARLEQUIN v.3.11 (18). Significance was assessed
with 1,023 permutations.
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Fig. 1. Geographical population samples of sympatric rice- and maize-infecting populations of Rhizoctonia solani anastomosis group (AG)-1 IA from Venezuela
and allopatric rice-infecting populations from Latin America. The latitude (N-S) and longitude values (W-E) are indicated in the maps.
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Gametic equilibrium (GE) was tested using a multilocus
association test (10). The hypothesis that genotypes at one locus
are independent from genotypes at another locus was tested using
Fisher’s exact test and an MCMC algorithm (with 1,000 batches
and 1,000 iterations/batch). This test was implemented using the
program GENEPOP (v.3.4; Institut des Sciences del’Evolution,
Université Montpellier 2, Montpellier, France) (58). A Bonferroni
correction was applied to this analysis to avoid false rejections of
the null hypothesis due to the large number of comparisons
performed (9). Two loci were considered in GE when their associ-
ated P value was >0.05/n, where n is the number of comparisons.
We also measured the index of association (/) for each
population using the program MULTILOCUS (v.1.3; Department
of Biology, Imperial College, Silwood Park, U.K.) (2) based on
1,000 randomizations. We tested the hypothesis of complete
panmixia by comparing the observed dataset to datasets in which
an infinite amount of sexual recombination has been imposed on
the data by randomly shuffling the alleles amongst individuals
independently for each locus. An I, significantly different from
zero means disequilibrium. The absence of gametic disequi-
librium between loci is considered evidence for the occurrence of
recombination. For these analyses, we used a clone-corrected data
set.

Test for admixture or hidden population structure. Popu-
lation admixture could be one of the causes of observed depar-
tures from HWE and GE. To determine whether any individuals
in a sample were immigrants with respect to their reference
geographical population, we used an assignment test performed
with a Bayesian statistical model (57) implemented by
STRUCTURE 2.2 (57). This program calculates the membership
coefficients (Q ) of every MLMG to each of the populations. The
MLMGs are assigned a priori to their reference population. By
including this prior information, MLMGs in the sample are
assigned probabilistically to their reference population or jointly
to two or more populations, if their genotypes are consistent with
admixture. We performed 10 runs of MCMC simulations, with an
initial burn-in of 10,000 followed by 100,000 iterations.
Parameters were set using eight clusters (K = 8), an admixture
model, and Fgr values previously calculated with ARLEQUIN
3.11 (18).

Test for population size fluctuation and historical migra-
tion. Population size fluctuation was tested using an MCMC
method implemented in LAMARC (v.2.1.3; Department of
Genome Sciences, University of Washington, Seattle) (36,37).
Estimates of population growth among populations were obtained
using five independent replicates of 10 initial chains and five long
final chains, and a static heating scheme with four temperatures
(1.0, 1.3, 2.6, and 3.9). The 10 initial short chains were performed
with 2,000 samples and a sampling interval of 20 (40,000 steps),
using a burn-in of 1,000 samples for each chain and 2,000
genealogies recorded per chain. The five final long chains were
carried out with 20,000 samples and a sampling interval of 20
(400,000 steps) and burn-in of 10,000, and 20,000 trees recorded
for each chain. The credibility or confidence interval for the
growth rate was calculated using the percentile approach.
LAMARC reports a probability density curve containing the
highest point as the estimate for that parameter and credibility
intervals (Cls) at distinct percentiles. The combination of the
0.025 percentile and the 0.975 percentile gives the 95% Cls. The
ancestral N, at time (f) ago was calculated using the following
equation of population growth: 0, = 0,,,,e " , where 0 is 4N,, ¢ is
the time in mutational units, and g is the exponential growth
parameter.

Historical migration between populations was estimated with
MIGRATE (v.3.0.3; Department of Biological Science, Florida
State University, Tallahassee) (5). MIGRATE is based on coales-
cent theory and uses a maximum likelihood approach to estimate
effective population sizes (theta = 0, also called population

diversity) and a migration matrix. It allows for estimation of
asymmetrical migration (M) between population pairs. The pro-
gram assumes that populations have a constant population size
through time, that they follow a Wright-Fisher model of equi-
librium between migration and drift, and that the mutation rate, p,
is constant (4,5). Estimates of gene flow among populations were
obtained using five independent replicates of 10 initial short
chains and five final long chains, and a static heating scheme with
four temperatures (1.0, 1.3, 2.6, and 3.9). The data type chosen
was microsatellite data with Brownian motion, assuming the step-
wise mutation model. The initial chains were performed with
1,000 samples and a sampling interval of 20 (20,000 steps), with
1,000 trees recorded per short sample. The five final chains were
carried out with 5,000 samples and a sampling interval of 20
(200,000 steps), a burn-in of 10,000, and 10,000 trees recorded
per long chain. The confidence interval for 6 and migration
parameter M was calculated using a percentile approach (5).
Likelihood ratio tests (LRTs) were used to test the hypothesis of
asymmetric M. The LRT implemented in MIGRATE v.3.0.3
compares the maximum likelihood of the migration rate estimates
with the likelihood when M is restricted to the same value as the
mean of the estimates from a population pair. If P < 0.05 for a
particular LRT, we would reject the null-hypothesis and accept
the alternative that the values are not equal (i.e., asymmetrical).

IM estimation of splitting parameter (s) and divergence
time (f). We used the IM program (Evolutionary Genetics Lab,
Department of Genetics, Rutgers University; revision from 5
March 2007) to estimate s and 7. The IM program estimates
Bayesian posterior likelihood distributions of 0 of the ancestral
founding population and of the two present-day populations; ¢, the
population divergence time; m, gene flow between populations
(the number of migrants exchanged per generation between the
two populations); s, the splitting parameter (the fraction of the
ancestral population that founded the maize-infecting population
of R. solani AG-1 TA, where 0 < s < 1); and p (mutation rate)
given (i) a demographic model, (ii) the entire set of data (the 10
microsatellite loci) and the likelihood of their possible underlying
genealogies calculated using a MCMC approach, and (iii) a
mutational model. Based on previous MIGRATE and LAMARC
estimates of the demographic parameters 0 and population growth
(g), we assumed constant population size since divergence and
equal population sizes for both maize-infecting (0,) and rice-
infecting (6,) populations of the pathogen (i.e., 0, = 6; = 0,). We
used a stepwise mutation model, common for microsatellite loci,
which is useful for analyses of recent cases of population splitting
(28).

Bayesian posterior likelihood distributions for 0, m (m = mp),
and ¢ (¢ = tu) were calculated using ~1,000,000 simulations and a
burn-in time of 50,000. We used Metropolis Coupling based on
five chains and a two-step increment model as described by
Nielsen and Wakeley (49) and Hey and Nielsen in the IM
documentation from 2007 (Evolutionary Genetics Lab, Depart-
ment of Genetics, Rutgers University). Scalar for maximum 6
values was 42.75, and was set at 5 as maximum migration rates
(m) and 20 as maximum divergence time (#). Inheritance scalar
was set at 1 for autosomal loci. We repeated independently every
run five times with different random number seeds. Marginal
histograms were compared between all independent runs for all
parameters. Lower and upper bounds of the estimated 95%
confidence intervals were calculated for each parameter.

The IM analysis uses the estimate u (mutation rate per locus per
year of each locus) to infer 7 (time since divergence of
populations). To convert the estimates of ¢ into real time, an
overall mutation rate per locus per year is needed. We applied to
locus TCO2 (for which IM estimated a mutation rate scalar = 1.0)
the mean mutation rate estimate inferred by Dettman and Taylor
(16) for microsatellite loci in Neurospora spp. (u = 1.39 x 107
mutation per site per year). The mutation rates of the other nine
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microsatellite loci were then estimated using their corresponding
mutation rate scalars estimated by IM. We assumed four fungal
generations per year (n = 4) because a complete infection cycle,
from basidiospore germination and infection to secondary
basidiospore dispersal, would take 2 weeks and would likely be
repeated four times during a growing season (27,46). Thus, the
mean mutation rate across the 10 microsatellite loci was estimated
as 7.6 x 107% substitutions per site per year (ranging per locus
from 5.3 x 107 to 15.9 x 107% substitutions per site per year).
The coalescence time ¢ in years was calculated as: r = t/u X n
(where t is the IM time estimate and p is the overall mutation
rate).

Cross-pathogenicity test. In all, 10 rice- and 9 maize-infecting
isolates of R. solani AG-1 IA were selected based on having
unique and representative multilocus SSR genotypes. A compari-
son of the two sets of host-associated multilocus SSR genotypes
yielded a pairwise @gr maize versus rice = 0.099, P < 0.01,
consistent with significant genetic divergence between the two
groups of isolates. The fungal inoculum was produced in plastic
bags containing 100 g of sterilized polished rice grains mixed
with 30 ml of water. Ten 9-mm-diameter potato dextrose agar
disks colonized with R. solani AG-1 IA isolates were transferred
to each bag and incubated for 8 days at room temperature. Plants
were inoculated by adding 1 g of inoculum to the stem base of
two healthy 30-day-old maize and rice plants per pot, at soil level,
as described by Pineda (56). Sterilized rice grains were used to
inoculate the checks. The plants were incubated for 8 days at
30°C and 100% humidity maintained by microchambers built
with 2-liter plastic bottles (32). The choice of cultivars (maize cv.
D-3273 and rice cv. Lemont) was based on information about the
susceptibility of these rice and maize cultivars. Up until now,
there are no reported sources of major resistance among the
cultivars or lines utilized in breeding programs (32,56). The
disease was scored using an index based on the ratio between the
length of typical rice SB or maize BLSB lesions and plant height
(32,56). The experiments were arranged in a completely random-
ized design, with three and four replicated pots for maize and rice,
respectively. The entire experiment was repeated twice. Analysis
of variance was performed using the SAS statistics software
package (version 9.1 of the SAS System for Windows; SAS Insti-

tute Inc., Cary, NC). Using PROC MIXED and CONTRAST
statements, we calculated two contrasts of interest for each ex-
periment: (i) inoculated versus noninoculated treatments and (ii)
maize-derived versus rice-derived isolates.

RESULTS

Microsatellite gene and genotypic diversity. The allele fre-
quency distributions per locus and per population are presented in
supplemental material (e-Xtra). Between 3 and 11 alleles were
found per locus (e-Xtra). Across all 10 loci, the total number of
private alleles was 19: 6 and 4 were detected on the rice- and
maize-infecting population from Venezuela, respectively; 4 in the
population from Colombia; and 5 from Panama.

All together, 184 MLMGs were detected. No MLMGs were
shared among the regional populations. Higher clonal fractions
(of 0.62 to 0.83) and significantly lower genotypic diversities (G,
of 3.6 to 8.8) were observed for the populations from Panama and
Colombia when compared with the rice- and maize-infecting
populations from Venezuela.

Within Portuguesa State, Venezuela, there were significant
differences in clonal fractions among sympatric populations from
rice and maize (Table 1). In total, 82 MLMGs were detected in
the sympatric rice-infecting populations from Venezuela. Within
this group, every isolate sampled from Santa Rosalia had a
different genotype. In contrast, higher clonal fractions (of 0.22 to
0.53) were observed in the rice-infecting populations from Turén
and Esteller. Three of the MLMGs observed on rice were found in
more than one rice field but none of the rice-infecting MLMGs
were found in populations originating from maize. Within the
maize-infecting group, all isolates from Esteller had different
MLMGs. Clonal fractions were 0.13 to 0.25 in Santa Rosalfa and
Turén populations. Of the 61 MLMGs, 1 was shared among
maize fields. When populations were combined into host-specific
groups, the genotypic diversity was significantly higher (P = 0.05)
for the maize-infecting population (G, = 48.0), which also had
genotypes occurring at more even frequencies (evenness = 0.79).
Santa Rosalia was the population with the highest genotypic
diversity for both host-specific populations (G, = 27.0 and 22.3
for the rice- and maize-infecting populations, respectively).

TABLE 1. Measures of genetic diversity in sympatric rice- and maize-infecting populations of Rhizoctonia solani anastomosis group 1 IA from Venezuela and

allopatric rice-infecting populations from Latin America®

Country, host populations, Sample size No. of Site-specific Clonal Allelic
location (n)t genotypes genotypes" fraction G,Y Evenness¥ HXY richnessY*
Venezuela, rice-infecting

Populations combined 139 82 82 (0) 0.41 20.44 B 025C 0.50 A 3.84 A

Turén 18 14 13 (1) 0.22 853¢ 0.61c 0.56 a 3.63a

Santa Rosalia 27 27 25(2) 0.00 27.00 a 1.00 a 0.55 ab 3.44 ab

Esteller 94 44 41 (3) 0.53 10.16 e 0.23d 0.56 a 3.60 a
Venezuela, maize-infecting

Populations combined 72 61 61 (0) 0.15 48.00 A 0.79 A 047B 3.61 A

Turén 24 18 17 (1) 0.25 13.71d 0.76 bc 0.49 be 3.26 bc

Santa Rosalia 32 28 27 (1) 0.13 22260 0.80b 0.53 ab 3.48 ab

Esteller 16 16 16 (0) 0.00 16.00 ¢ 1.00 a 0.46 ¢ 3.18 ¢
Colombia, rice-infecting

Meta 103 18 18 (0) 0.83 357D 0.19C 0.51 A 3.06 B
Panama, rice-infecting

Chiriqui 61 23 23 (0) 0.62 8.80C 0.38B 0.51 A 3.62A
Total 375 184

S Capital letters compare regional and combined host populations and lowercase letters compare individual ones within the rice- and maize-infecting groups in
Venezuela; means followed by the same letter are not significantly distinct (at P = 0.05) based on pairwise bootstrap test for differences in clonal diversity
indices between populations calculated with GENODIVE (43); 1,000 permutations with subsampling to match the size of the smallest population.

t Sample size of each population.

U Number of genotypes shared with other populations are shown in parentheses; light shading indicates the main groups of host and country populations.

v Stoddart and Taylor’s genotypic diversity (63,64).

Y G, scaled by the maximum number of expected genotypes; an evenness value = 1.0 indicates that all genotypes have equal frequencies.
* Nei’s unbiased gene diversity (48), also known as expected heterozygosity, averaged over all loci and corrected for sample size.
¥ To test whether pairwise samples differed for Nei’s unbiased gene diversity and allelic richness, we used FSTAT v.2.9.3.2 (24), based on 1,000 permutations.

% Calculated according to El Mousadik and Petit (17).
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Among the 143 MLGTs from sympatric rice and maize from
Venezuela, 142 were heterozygous for at least one locus. All the
MLMGs were heterozygous for at least one locus in Colombia
(n = 18) and Panama (n = 23). The mean expected heterozygosity
(Hg = Nei’s unbiased gene diversity) was significantly higher in
all the rice-infecting populations from Latin America (Hg sice-infecting
= 0.50-0.51 and Hg maize-infeciing = 0.47) (Table 1). The mean allelic
richness values were not significantly different (P < 0.05)
between the sympatric rice- and maize-infecting populations from
Venezuela and also between these two populations and the
population from Panama. The Colombian population had the
lowest allelic richness (= 3.06). In Venezuela, the lowest allelic
richness (= 3.18) was observed in the maize-infecting population
from Esteller.

Differentiation among host populations. AMOVA contrasts
between sympatric distinct host populations from Venezuela
indicated that the rice-infecting populations were significantly
differentiated from the maize-infecting populations (®gr = 0.17,
P <£0.001) (Table 2). Pairwise comparisons between sympatric
rice- and maize-infecting populations indicated that they were
subdivided in all three counties (pairwise @y of 0.16 to 0.22, P <
0.001). The within-group comparisons also indicated subdivision

among the rice-infecting (O = 0.03, P < 0.02) and among the
maize-infecting populations (®gr ~ 0.06, P < 0.001) from the
three locations (Table 2). However, these within-group @ values
were significantly smaller than the ones observed for the be-
tween-group comparisons (¢ values ranged from 3.16 [P = 0.034]
to 5.67 [P = 0.005]). The two allopatric rice-infecting populations
from Colombia and Panama were significantly subdivided from
both the rice-infecting (®gr = 0.15 to 0.16, P < 0.001) and the
maize-infecting (Ogr = 0.19 to 0.34, P < 0.001) populations from
Venezuela.

The significant correlation between genetic distance [®g/(1 —
@gr] and geographical distance among the rice-infecting popu-
lations (R? = 0.59; P < 0.05) provided evidence that gene flow
decreases as the distance between populations increases.

HWE and GE tests. The sympatric rice-infecting populations
from Venezuela showed significant deviations from HWE for
many loci, with HWE rejected 12 times out of 28 total tests in the
individual populations. When all three rice populations were
combined, only 3 of 10 loci were in HWE. In the sympatric maize
populations from Venezuela, either individually or combined,
most of the loci were in HWE (8 to 9 of 10) (Table 3). In
Venezuela, only the rice-infecting population from Esteller had a

TABLE 2. Hierarchical distribution of gene diversity and comparisons of pairs of sympatric rice- and maize-infecting populations of Rhizoctonia solani
anastomosis group 1 IA from Venezuela and allopatric rice-infecting populations from Latin America*

Contrasts Ogr P value
Sympatric rice- and maize-infecting populations from Venezuela
Rice-infecting versus maize-infecting 0.173 0.001
Populations within rice-infecting group 0.030 0.020
Populations within maize-infecting group 0.056 0.001
Allopatric populations from Latin America
Colombia rice-infecting versus Venezuela rice-infecting 0.164 0.001
Colombia rice-infecting versus Venezuela maize-infecting 0.345 0.001
Panama rice-infecting versus Venezuela rice-infecting 0.150 0.001
Panama rice-infecting versus Venezuela maize-infecting 0.188 0.001
Colombia rice-infecting versus Panama rice-infecting 0.187 0.001

z Analysis of molecular variance performed using the program ARLEQUIN v.3.11 (18). Distance method based on the sum of squared size differences (Rgr)
between two haplotypes, for microsatellite data (61); number of permutations = 1,023. Light shading indicates the groups of contrasts between populations.

TABLE 3. Hardy-Weinberg equilibrium (HWE) and gametic disequilibrium tests for sympatric rice- and maize-infecting populations of Rhizoctonia solani
anastomosis group 1 IA from Venezuela and allopatric rice-infecting populations from Latin America

No. of
loci Locus pairs at
Country and host Clone under significant
populations Location corrected (n)  HWE" Fi¢¥ P value¥ 1Y P value* disequilibrium?¥  Percent
Venezuela, rice-infecting Populations combined 82 3/10 0.07 0.13 1.042  <0.01 21/45 46.7
Turén 14 7/9% —-0.13 0.77 1.390 <0.01 1/36 2.8
Santa Rosalia 27 5/9% -0.10 0.74 1.621  <0.01 14/36 389
Santa Rosalia with no admixture” 20 6/9% -0.10 0.31 1.388  <0.01 9/36 25.0
Esteller 44 4/10 0.27 0.00 1.105 <0.01 16/45 35.6
Esteller with no admixture* 35 6/9% 0.27 0.00 0.833  <0.01 13/36 36.1
Venezuela, maize-infecting  Populations combined 61 8/10 -0.05 0.07 0.261 0.06 4/45 8.9
Turén 18 9/10 0.04 0.34 0.422 0.08 3/45 6.7
Santa Rosalia 28 8/10 —-0.19 0.96 0.250 0.20 1/45 2.2
Esteller 16 9/9%* -0.03 0.57 0.471 0.01 0/35 0.0
Colombia, rice-infecting Meta 18 4/9%* -0.38 0.99 2.17 <0.001 12/36 333
Panama, rice-infecting Chiriqui 23 7/10 0.43 0.00 0.62 <0.001 5/45 11.1

" HWE test performed according to an exact test analogous to Fisher’s, using a Markov chain with length of 100,000 (26); *one monomorphic locus.

v Population-specific Fg indices and P values calculated based on 1,023 permutations using ARLEQUIN 3.11 (18).

W1, is an index of multilocus gametic disequilibrium (for the random association of alleles among distinct locus pairs) (2).

* Testing H, = complete panmixia based on 1,000 randomizations; for diploid data, the two alleles at a locus are shuffled together (associations between alleles at a
locus are maintained in the randomized data sets); thus, the test is purely for associations between loci (2).

¥ Number of locus pairs with significant disequilibrium according to Fisher’s exact test (probability test) using a Markov chain with 1,000 batches and 1,000
iterations/batch, implemented by GENEPOP (58), after Bonferroni correction to avoid false rejections of the null hypothesis due to the large number of

comparisons performed (9).

z Admixture determined using an assignment test implemented by the computer program STRUCTURE (57); light shading indicates populations from Santa

Rosalia and Esteller after removal of admixed genotypes.
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significant Fjs (0.27; P < 0.01). Although the allopatric rice-
infecting population from Panama had most loci in HWE (7 of
10), only 4 of 9 loci were in HWE in the population from
Colombia. A significant Fg (0.43, P < 0.01) was detected for the
population from Panama.

Using the index of association test (I,), we rejected the null
hypothesis of random associations among loci for all rice
populations from Venezuela, individually and combined. In
contrast, GE was not rejected for the maize-infecting populations
from Turén and Santa Rosalia. No deviations from GE were
detected in the pooled maize populations. We also tested for
gametic disequilibrium in each population by using pairwise tests
among loci based on MCMC. After Bonferroni correction, we
used the percentage of significant disequilibrium values as a
measure of overall disequilibrium (Table 3). The proportion of
loci with significant pairwise deviations from equilibrium was 3
to 39% within the sympatric rice-infecting groups and 0 to 7% in
the sympatric maize-infecting group from Venezuela. GE was
rejected for both allopatric rice-infecting populations from
Panama and Colombia (significant I, and proportion of locus-
pairs in significant disequilibrium of 11 to 33%).

Test for admixture or hidden population structure. Overall,
15% admixture was detected in the sympatric samples from
Venezuela, corresponding to 22 genotypes that could be assigned
to more than one cluster or to a cluster distinct from the one
corresponding to its reference population (e-Xtra). However, the
amount of admixture varied considerably among host popula-
tions. No admixed genotypes were found in the maize-infecting
population from Esteller and only 3 to 5% in Santa Rosalia and
Turén. The rice-infecting populations had the most admixture,
with proportions of admixed genotypes of 21 to 35%. The
graphical representation of admixture is shown in the supple-
mental material (e-Xtra). No admixture was detected between the
populations from Venezuela and the allopatric population from
Colombia. The population from Panama had one admixed
genotype with the rice-infecting population from Esteller.

Test for historical migration and population size
fluctuation. The population parameter ® was used as a relative
measure of effective population size. The sympatric rice- and
maize-infecting populations from Venezuela and the allopatric
rice-infecting populations from Colombia and Panama had similar
population size estimates (® = 0.84 to 0.98) (Fig. 2; e-Xtra).
There was no evidence for either population expansion or contrac-
tion. All the populations showed either slightly positive (COL R)
or slightly negative growth rate estimates (VNZ_M, VNZ R, and
PAN R). However, these values were not significantly different
from zero (Fig. 2). Estimates of directional gene flow indicated
symmetrical historical migration between the sympatric rice- and
maize-infecting populations from Venezuela (migration rate
4NmVNZ R—>VNZM = 1.92 [CIQS% =1.57to 231] and 4NmVNZ M—VNZR
= 2.55 [Clysq, = 2.08 to 3.03]) (Fig. 2; e-Xtra). In contrast, the
allopatric rice-infecting populations from Colombia and Panama
exchanged significantly fewer migrants with the maize-infecting
population from Venezuela (4Nmcop r_svnz m = 0.49 [Closq, = 0.34
to 067] and 4NmpAN R>VNZM = 0.81 [CIQS% = 0.60 to 106]) The
two allopatric populations from Colombia and Panama also con-
tributed significantly fewer migrants (0.72 to 0.60 migrants/gen-
eration) to the rice—infecting population from Venezuela. The ex-
change of immigrants between Colombia and Panama rice-infect-
ing populations was significantly asymmetrical (4NmicorL r_spaNR =
1.07 [C195% =0.81 to 138] and 4NmpAN R—>COL R = 0.59 [CIgs% =
0.39 to 0.80]).

IM estimates of splitting parameter (s) and divergence time
(#). The IM estimates of demographic parameters indicated a
recent split, with similar fractions of the ancestral pathogen
population founding both the rice- and the maize-infecting
populations (s = 0.47, with a corresponding (1 — §)paize = 0.53).
The O and migration estimates were similar for IM and
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MIGRATE. The IM analyses indicated that the maize-infecting
population diverged from the rice-infecting population =110 years
ago (tymin = 39 and 1, = 243 years).

Cross-pathogenicity test. The rice- and the maize-derived iso-
lates of R. solani AG-1 IA were all cross-pathogenic to both
maize and rice. However, isolates were more aggressive on their
host of origin (significant contrasts of means between maize and
rice groups at P <0.001) (Table 4).

DISCUSSION

Genetic divergence between maize- and rice-infecting
populations. To test the hypothesis of no subdivision between
different host populations of R. solani AG-1 1A within the Poacea
group, we sampled sympatric maize and rice fields in three
different locations in Venezuela and allopatric rice-infecting
populations from Colombia and Panama. Despite the relatively
recent emergence of the BLSB disease on maize, significant
population subdivision was found between maize- and rice-
infecting populations, both in sympatry (©gr= 0.14 to 0.22) and
in allopatry (@gr = 0.19 to 0.35). In contrast, significantly less
subdivision (@gr = 0.03 to 0.04) was observed among rice-
infecting populations and between two of the maize-infecting
populations (©gr = 0.07 to 0.08). Thus, we rejected the hypothesis
of no subdivision between maize- and rice-infecting host
populations of R. solani AG-1 IA.

Two results from our study supported a postulated mutation or
drift equilibrium, an a priori assumption for analyzing patterns of
historical gene flow among populations. (i) We showed that
detectable population structure has arisen among allopatric rice-
infecting populations from Latin America, consistent with
isolation by distance (i.e., limited long-distance [regional] gene
flow). (ii) There was no evidence for significant population
size change. These two observations, together with infor-
mation about the history of the diseases on rice and maize in
the three countries, indicate that the three regional rice-
infecting populations and the maize-infecting populations of R.
solani AG-1 IA are likely close to migration or drift equilibrium
conditions.

We found evidence for symmetrical historical migration be-
tween the sympatric rice- and maize-infecting populations, sug-
gesting historical exchange of migrants and only recent emer-
gence of subdivision between sympatric rice- and maize-infecting
populations in Venezuela. In comparison with the allopatric rice-
infecting populations from Colombia and Panama, the Venezuelan
rice-infecting population contributed three times as many
migrants to the sympatric maize-infecting population. Maize- and
rice-derived isolates of R. solani AG-1 IA with different MLMGs
were cross-pathogenic to both rice and maize but were more
aggressive on their original host. This differential response in
aggressiveness toward the two sympatric host populations is
consistent with ecological adaptation to either maize or rice
(30,35), as recently reported for sympatric rice- and soybean-
infecting populations of R. solani AG-1 IA in Louisiana in the
United States (6). The extent of genetic differentiation between
pathogen populations likely depends on the degree of relatedness
of the hosts of origin. For example, when the sympatric rice- and
soybean-infecting populations of R. solani AG-1 IA from Louis-
iana were compared, the extent of differentiation was much
higher (@ = 0.39 to 0.40) (6) than observed in this study (® =
0.17 to 0.22), which included populations from two grass hosts.
Maize displaced rice crops in areas not appropriate for rice
cropping in Portuguesa State when R. solani AG1-1A was already
considered endemic on rice (13); therefore, it is likely that the
maize-infecting population is derived from a rice-infecting
population of R. solani AG1-IA.

Time scales for emergence can differ considerably among plant
pathogens but emergence through host shifts can occur very
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Fig. 2. Estimates of demographic parameters from the divergence among sympatric rice- and maize-infecting populations of Rhizoctonia solani anastomosis group
(AG)-1 IA from Venezuela and allopatric rice-infecting populations from Latin America based on variation at 10 microsatellite loci. A, Demographic parameters.
Theta (0) values represent a measure of effective population size (for diploids 6 = 4N.u, where N, = effective population size and p = mutation rate for each locus).
Most probable estimates of the exponential population growth rate (g) were calculated by Bayesian analyses using the program LAMARC v.2.1.3. Migration
between host populations was estimated using an isolation-with-migration model implemented in MIGRATE v.3.0.3. Migration model with the maximum
likelihood [Ln(L) = 117.4] among five independent replicates. All 6 and M values are significantly different from zero based on likelihood ratio tests (LRTS).
Migration rates followed by the same letter are not significantly different, based on LRT (original a = 0.05 lowered to o < 0.0025, after Bonferroni correction for
multiple comparisons). Parameters estimates are with 95% confidence intervals indicated by vertical (for © and g) or horizontal bars (for M migration rates). B,
Historical divergence between sympatric maize- and rice-infecting populations determined using IM. Estimates of 0,, 0, 6,, M, the splitting parameter (s), and the
divergence time (f) are with 95% confidence intervals indicated by vertical or horizontal bars. We assumed constant population size since divergence and equal
population sizes for both maize-infecting (6,) and rice-infecting (6,) populations of the pathogen (i.e., 05 = 0, = 0,).
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rapidly (65). Host shift is defined as pathogen adaptation to a new
host that is not genetically distant from the original host (65)
(e.g., the two Poaceae hosts from this study). Because the maize-
and rice-infecting populations are still cross-pathogenic, we
postulate that the genetic divergence could be relatively recent. In
fact, estimates of divergence time based on these microsatellite
loci indicated that the maize-infecting population diverged from
the rice-infecting population between 40 and 240 years ago.
Under the scenario of a more recent divergence (=40 years ago),
we postulate that adaptation of R. solani AG-1 IA to maize started
when maize began to displace rice in rain-fed upland areas that
were already infested with the pathogen inoculum. The rate of
divergence may have increased over the past few decades due to
continuous monoculture of maize. A less recent scenario (=240
years ago) places the population divergence at least two centuries
after the first introduction of rice cropping into Venezuela by the
Spanish settlers (67). Although we lack historical records pro-
viding evidence for possible rotations between rice and maize
crops earlier than the mid-twentieth century, this could be also a
plausible scenario.

Divergence could have been driven by different environmental
factors, including the specialized cropping system of each host
(e.g., rice is cropped under paddy conditions and maize on dry
land) (12,13,54). Divergence could also have occurred if the
maize-infecting populations originated from another crop or
location and were not descended from local rice-infecting popu-
lations in Venezuela. We rejected the latter hypothesis because the
maize- and the rice-infecting populations shared similar fractions
of the ancestor population. The latter scenario also seems unlikely
because BLSB disease on maize has been reported only since the
mid-1990s in Venezuela, when maize was introduced into areas

formerly cropped with rice (12,13,54), and no report exists
supporting the anthropogenic introduction of the pathogen into
the country (e.g., by trading infested seed).

The most probable mechanism for the local emergence (in
Portuguesa State, Venezuela) of a very serious maize disease
(BLSB) is through host shift. Although locally described, the
emergence of a new maize pathogen in Venezuela’s agroeco-
system via host shift is internationally relevant. Devastating
epidemics of BLSB have been reported from Bhutan, India,
Indonesia, Nepal, Philippines, southern China, Vietnam, Africa,
and other Latin American countries (53,54,73). The emergence of
the BLSB disease on maize in all these countries, which tra-
ditionally grow rice, is unlikely to be a coincidence. We postulate
that the independent emergence of BLSB in agroecosystems
around the world likely followed a host shift mechanism similar
to the one we described in Venezuela.

Stukenbrock and McDonald (65) proposed three factors as the
main drivers of pathogen emergence in agroecosystems: (i) the
highly homogeneous environment of agroecosystems that is
conducive for propagation, dispersal, and the evolution of patho-
gen virulence; (ii) the vast scale of agroecosystems, resulting in
correspondingly large pathogen population sizes; and (iii) the
global expansion of trade in agricultural commodities and
germplasm, often associated with inefficient quarantine and
monitoring systems. The first two factors probably explain the
emergence of the maize-specialized populations of the BLSB
pathogen. The third factor justifies quarantine measures to confine
the pathogen to the area where it emerged. Although R. solani
AG-1 IA has already emerged as an important maize pathogen in
several countries, mainly in Asia, quarantine measures will likely
be needed to limit the spread of the maize-specialized populations

TABLE 4. Cross-pathogenicity test of rice- and maize-infecting isolates from distinct multilocus simple sequence repeat (SSR) genotypes of Rhizoctonia solani

anastomosis group 1 IA from Venezuela®

Muétisllgcus Aggressiveness on two Poaceae hosts?
Origin genotypeY Isolate cv. Lemont cv. D-3273
Maize-infecting isolates 129 M2B1 6.8 9.0
130 MI1D2 54 9.0
134 MIHI1 6.5 8.4
140 M1J3 6.0 9.0
147 M2D4 8.1 9.0
152 M3D1 6.3 9.0
155 M3EI1 5.1 9.0
156 M3F1 6.8 9.0
168 M4AS5 6.1 8.5
All maize-infecting 6.3 8.9
Rice-infecting isolates 43 AlA3 8.4 53
44 Al1AS5 8.2 6.6
48 AlIF2 7.6 4.9
60 A2C2 7.9 5.5
64 A5B4 8.4 5.1
70 A3D5 8.3 5.7
91 A4D4 8.2 5.3
94 A4F1 7.8 5.3
109 A5C4 7.4 4.6
117 A6D3 7.7 5.9
All rice-infecting 8.0 5.4
All isolates 7.2 7.1
Noninoculated 0.0 0.0
Contrasts Estimate F values P Estimate F values P
Inoculated versus noninoculated 136.93 68.5 <0.0001 134.05 178.2 <0.001
Maize versus rice isolates -14.88 17.3 0.0001 31.12 205.7 <0.001

X Rice and maize experiments were conducted independently. Experiments were arranged in a completely randomized design, with three and four replicates for
rice and maize, respectively. Shading indicates mean disease index for each group of isolates.
¥ Origin of isolates and multilocus SSR genotype. Two sets of host-associated multilocus SSR genotypes yielded a pairwise ®gr maize versus rice = 0.099, P <

0.01, indicating significant genetic divergence.

z Disease was scored using an index based on the ratio between the length of typical rice sheath blight or maize banded leaf and sheath blight lesions and plant

height (32,56).
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of the fungus to other important maize-growing areas, such as in
Australia, Brazil, Europe, and North America.

A mixed reproduction system. The first evidence for recom-
bination was based on the exact test of HWE (19). The maize-
infecting populations had 80 to 100% of loci with HWE expected
proportions, consistent with sexual production, suggesting that
basidiospores may play an important role in the epidemiology of
the maize BLSB disease. In Venezuela, only the Turén rice-
infecting population had the signature of recombination (78% of
loci in HWE). The rice-infecting population from Panama had
70% of loci in HWE. High levels of GE provided additional
evidence for recombination. GE was very high (92 to 100% of the
locus-pairs) in all maize-infecting populations and in the rice-
infecting population from Turén. A very different population
structure was observed for the rice-infecting populations from
Santa Rosalfa and Esteller. After clone correction, these two
populations showed a nonrecombining population structure, with
a lower proportion of loci in HWE (40 to 55% of the loci) and a
moderate degree of gametic disequilibrium (35 to 39% of the
locus pairs with significant GD). The same pattern was observed
for the allopatric rice-infecting population from Colombia.

We investigated the roles of population admixture and non-
random mating as possible causes for the observed departure from
HWE and GD in the rice-infecting populations from Santa
Rosalia and Esteller in Venezuela. After removing admixed
genotypes, the proportion of loci under HWE expectations in-
creased for both populations (Table 3). GD also fell in the popu-
lation from Santa Rosalia (as measured by /I, and the proportion
of locus pairs in GD) but not in the population from Esteller. Our
interpretation was that admixture had contributed to but was not
the sole explanation for the observed disequilibrium. We could
not explore admixture as one of the causes for departure from
HWE in Colombia because there were no other Colombian
sympatric populations available for comparison. The other
plausible cause for the disequilibrium was inbreeding (assortative
mating). Significant and positive Fjs values were found for
Esteller (F;s = 0.27) in Venezuela and also for the population from
Panama (F5 = 0.43), suggesting that these populations exhibited a
significant degree of inbreeding within the sexual component of
reproduction. Although inbreeding does not necessarily indicate a
homothallic mating system for the fungus, it could be the first
evidence for homothallism in R. solani AG-1 IA.

Our interpretation of these findings was that the maize-infect-
ing populations of R. solani AG-1 IA in Venezuela regularly
undergo sexual recombination, while the occurrence of recombi-
nation in the rice-infecting populations from Latin America was
population dependent. Taking all of these results together, we
propose a mainly recombining reproductive mode for the maize-
infecting populations and a mixed reproductive mode for the rice-
infecting populations, which includes recombination events fol-
lowed by clonal expansion during the growing season.

According to the risk model framework proposed by McDonald
and Linde (41,42), the characteristics of high genetic diversity,
high gene flow, and the evidence of a mixed reproductive system
place rice- and maize-infecting populations of R. solani AG-1 1A
among pathogens with a very high evolutionary potential. For
these pathogens, major resistance genes and fungicides that target
a single protein or biochemical pathway should be used with cau-
tion. Measures to minimize gene flow among populations (e.g.,
by reducing the spread of sclerotia via shared irrigation systems
or contaminated machinery) are also strongly recommended.
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