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ABSTRACT 

Ciampi-Guillardi, M., Baldauf, C., Souza, A. P., Silva-Junior, G. J.,  
and Amorim, L. 2013. Recent introduction and recombination in 
Colletotrichum acutatum populations associated with citrus postbloom 
fruit drop epidemics in São Paulo, Brazil. Phytopathology 104:769-778. 

Citrus crops in São Paulo State, Brazil, have been severely affected by 
postbloom fruit drop disease (PFD), which is caused by Colletotrichum 
acutatum. This disease leads to the drop of up to 100% of young fruits. 
Previous studies have assumed that this pathogen exhibits a clonal 
reproductive mode, although no population genetic studies have been 
conducted so far. Thus, the genetic structure of six C. acutatum popula-
tions from sweet orange orchards showing PFD symptoms was deter-
mined using nine microsatellite markers, enabling inference on 
predominant mode of reproduction. C. acutatum populations exhibit a 
nearly panmictic genetic structure and a high degree of admixture, 
indicating either ongoing contemporary gene flow at a regional scale or a 

recent introduction from a common source, since this pathogen was 
introduced in Brazil only very recently. Sharing haplotypes among 
orchards separated by 400 km suggests the natural dispersal of fungal 
propagules, with the possible involvement of pollinators. A significant 
population expansion was detected, which was consistent with an 
increase in host density associated with crop expansion toward new areas 
across the state. Findings of moderate to high levels of haplotypic 
diversity and gametic equilibrium suggest that recombination might play 
an important role in these pathogen populations, possibly via parasexual 
reproduction or a cryptic sexual cycle. This study provides additional 
tools for epidemiological studies of C. acutatum to improve prevention 
and management strategies for this disease. 

Additional keywords: fungal dispersal, microsatellites, reproductive 
strategies, sweet orange. 

 
Filamentous fungi of the genus Colletotrichum (teleomorph 

Glomerella) are economically significant plant pathogens world-
wide, acting as causal agents of anthracnose and other diseases of 
the leaves, stems, and fruits of numerous plant species, including 
several important crops (70). C. acutatum causes postbloom fruit 
drop disease (PFD) in citrus crops by infecting the flower petals, 
resulting in peach to orange lesions on open flowers and flower 
buds under favorable conditions (58), leading to a subsequent 
abscission of the fruitlet with the calyx, and leaving only the 
floral disk attached to the twig (2,58). The disease was first 
described in Belize in 1979 (27), and during the 1980s it was 
reported in several locations from Central America, Mexico, and 
the United States (USA), as well as Argentina and Brazil (8). 
Later, PFD was distributed to all of the citrus-growing areas of the 
Americas, most likely by movement of plant material bearing 
appressoria (58). In Brazil, the disease has been reported since the 
1970s, first in the orchards of the Rio Grande do Sul and later in 
São Paulo State (59). The disease is most severe when consecu-
tive rainy days occur during bloom (2). Severe outbreaks have 

occurred in Florida (USA) and Brazil, leading to a drop of up to 
100% of the young fruits (63,74). All sweet orange varieties 
cultivated in São Paulo State are susceptible to this disease, which 
has been controlled by protectant fungicide sprays (31). 

C. acutatum usually produces abundant conidia in acervuli on 
diseased petals under moist conditions, and the conidia are 
typically dispersed by rain-splash to healthy flowers over short 
distances, although the dispersal of droplets by wind during 
rainstorms can reach much greater distances (2,47,58). With con-
secutive cycles of infection in sweet orange flowers, citrus PFD 
can reach large areas in a single season (2,58). Because flowers 
are the only susceptible tissue and they occur only seasonally, the 
fungus survives as appressoria on the surface of leaves, twigs, and 
persistent calyces, or as a quiescent infection of vegetative struc-
tures after the plants are established (58,79). Quiescent infections 
occur prior to the development of PFD symptoms. After bloom-
ing, leachates from flowers induce the production and germina-
tion of conidia that infect and, subsequently, colonize new flowers 
to produce acervuli (58,79). 

C. acutatum associated with PFD is thought to spread via 
asexual propagules (conidia) from infected tissues, since there is 
no evidence that ascospores act in the dispersal of any disease 
caused by C. acutatum (57,58). Because no teleomorph has been 
reported for C. acutatum so far (19), it is considered to have only 
a minor role in the pathogen life cycle (58). Sexual reproduction 
for C. acutatum was previously described based on the mating of 
compatible strains in the laboratory (33,34), but the teleomorph 
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Glomerella acutata was recently revaluated and assumed to be an 
interspecific hybrid between C. acutatum and C. fioriniae (19), 
which is known to reproduce sexually (49). The parental strains 
used in the crosses could have originated from geographically 
distant populations that could have lost their post-mating repro-
ductive isolation barriers as noted in other fungal groups (19). The 
production of a sexual state in nature has been reported for  
C. acutatum on Vaccinium corymbosum (highbush blueberry) in 
Norway (71). However, without performing sequence-based 
identification, and considering that the blueberry pathogen is 
usually C. fiorinae, the identity of this population and thus the 
presence of C. acutatum-producing teleomorphs in nature remains 
uncertain (19). Additional studies on the biology and population 
genetics of C. acutatum would be instructive in terms of its 
population dynamics, means of survival and dissemination, and 
the importance of recombination to its life cycle (19,58). 

At a global scale, C. acutatum populations display variable 
levels of genetic and phenotypic diversity. Low genotypic diver-
sity was detected in C. acutatum isolates from strawberry and 
citrus in Florida (76), just as a few clonal genetic groups were ob-
served among C. acutatum isolates from olives in Portugal (72). 
Very little genetic diversity was found in C. acutatum isolates in 
association with citrus PFD from Brazil, Costa Rica, Belize, 
Mexico, the Dominican Republic, and Florida, which did not 
form phylogenetic groups based on their geographic origin (57). 
There was also no haplotype variation among C. acutatum iso-
lates for either ITS-5.8S rDNA or partial glyceraldehyde-3-phos-
phate dehydrogenase (G3PD) sequences and there was a single 
nucleotide difference in the glutamine synthase (GS) sequences 
associated with PFD in Florida (46). On the other hand, seven 
vegetative compatibility groups (VCGs) were identified in Brazil 
among 13 C. acutatum isolates from distinct hosts, which were 
not related to their geographic origin (29), and nine VCGs were 
detected in a single apple orchard infected with C. acutatum in 
the United States (34). Discrepancies in sequence tree topologies 
from C. acutatum isolates from distinct hosts suggest a history of 
recombination among them in Florida, where novel C. acutatum 
genotypes might be produced from lineages with no apparent 
sexual stage (46). 

Reproductive strategies, geographic patterns, ongoing gene 
flow, and the historical movement of fungal strains can be in-
ferred by using population structure information of plant-patho-
genic fungi (5,14,41,69), which reflects the evolutionary potential 
of pathogens, an important input for appropriate long-term 
disease management strategies (52). Therefore, a pathogen popu-
lation with high genetic variation has higher evolutionary poten-
tial and is more likely to quickly adapt to unfavorable conditions 
such as resistant hosts or fungicide application than a population 
with low genetic diversity, which has a more limited potential to 
persist in the field over many seasons (52). Gene flow among 
populations and recombination are two important sources of new 
allelic and genotypic variation that may act to increase genotypic 
or haplotypic diversity in a population. These are essential bio-
logical forces to consider in disease management because they 
can have profound effects on the management of outbreaks (52). 

Fungal species have great diversity in their modes of reproduc-
tion, ranging from fully asexual lineages to obligate outcrossers, 
with direct consequences for genetic variation and persistence 
within populations; therefore, making inferences about predomi-
nant reproductive modes is essential to understanding fungal life 
cycles and evolution (38,53). Asexual lineages may be inclined to 
accumulate deleterious alleles and might be unable to rapidly 
adapt to heterogeneous environments (44). On the other hand, 
sexual or parasexual recombination generates genotypic diversity 
in pathogen populations, allowing rapid adaptation to unfavorable 
conditions (61). Many fungi have the ability to switch between 
clonal and recombinant reproduction during their life cycles (73), 
which provides great adaptive potential once they can produce 

new genotypes through recombination, and rapidly spread the 
highly adapted traits through clonal reproduction (5,52). 

Despite its negative impact on sweet orange production, little 
information is available about the epidemiology of PFD disease, 
which remains unknown in terms of its inoculum variability 
inside orchards, distance of inoculum dispersal, and level of 
clonality of C. acutatum. Studying genetic variation within and 
among C. acutatum populations could provide information on 
their geographical patterns and explain the potential for the 
fungus to change in response to environmental pressures. In 
aiming to address these questions, the objectives of this study 
were designed to assess the degree of haplotypic diversity and 
population differentiation in C. acutatum populations associated 
with PFD in six sweet orange orchards. We used nine micro-
satellite markers that were recently developed for the species (13) 
to study the geographic distribution of genetic diversity at the 
population level. Based on the typical conidia dispersal over short 
distances and the lack of evidence for the role of ascospores in the 
life cycle of C. acutatum, we tested the following two hypotheses: 
(i) that the pathogen was composed of subdivided or well differ-
entiated populations across sweet orange orchards; and (ii) that 
these C. acutatum populations were clonal in structure. A high 
degree of population differentiation, low haplotypic diversity (few 
distinct haplotypes detected at high frequencies), and significant 
gametic disequilibrium would be expected under these hypothe-
ses, as supported by earlier studies of this pathogen. The low 
levels of host genetic diversity imposed low selective pressure on 
the pathogen, so we expected the clonal spread of a few virulent 
and well-adapted fungal strains to be most common. 

MATERIALS AND METHODS 

Sampling and isolation of C. acutatum. Flowers showing 
typical symptoms of blossom blight were collected from six 
commercial sweet orange orchards that were naturally infected 
across São Paulo State, Brazil. The flowers were collected while 
the orchards were in bloom during 2008 and 2009. A description 
of the sampling sites is given in Table 1 and their relative position 
is illustrated in Figure 1. It was possible to track the origin of 
citrus seedlings in three out of six sampled orchards; all of the 
seedlings came from nurseries located in São Paulo State. Citrus 
seedlings planted in Taquarituba came from nurseries located in 
different municipalities, such as Casa Branca, Gavião Peixoto, 
Novo Horizonte, and Mendonça. Citrus seedlings planted in Santa 
Cruz do Rio Pardo were locally produced or came from nurseries 
located in Engenheiro Coelho, Limeira, Sales Oliveira, and 
Mendonça. In Gavião Peixoto, citrus seedlings were obtained 
from nearby nurseries. The origin of citrus seedlings is unknown 
for the other three sampled orchards. Most of the orchards from 
which samples were taken had received two to four fungicide 
sprays (carbendazim or difenoconazole), depending on the weather 
conditions. The only sweet orange orchard where no chemical 
control was used against any citrus disease was Pedranópolis 
(PD). Pairwise approximate distances between sampled orchards 
ranged from 98 to 467 km (Table 2). In each sweet orange 
orchard, only one infected flower with PFD symptoms was 
collected from each orange tree distributed randomly throughout 
a single orchard. The number of sampled trees ranged from 19 to 
69, depending on the orchard size and disease incidence (Table 1). 
For fungal isolations, symptomatic petals were surface disinfested 
by placing them in 95% ethanol for 30 s, then 1% sodium 
hypochlorite for 1 min, and rinsed twice in sterile distilled water. 
Small pieces of diseased tissue were plated on agar medium (15 g 
of agar per liter) and incubated at 25°C for 3 days. The fungi 
hyphal tips emerging from the tissue pieces were transferred to 
potato dextrose agar (PDA) media and grown at 25°C. All isolates 
were single-spored prior to use. Monosporic cultures were stored 
on dry filter papers colonized by the fungus at –20°C (40). 
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DNA extraction and genotyping. For the DNA extractions, 
isolates were grown for 7 days on PDA dishes at 25°C. Mycelium 
plugs were collected from the media and ground in sterilized 
sand, and fungal genomic DNA was extracted following the 
method by Kuramae-Izioka (40). The identification of each fungal 
isolate as C. acutatum was performed by selective amplification 
of part of the ITS-5.8S rDNA region with the specific primer 
CaInt2 (5′-GGCCTCCCGCCTCCGGGCGG-3′) (62) in com-
bination with primer ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) 
(78). 

Multilocus haplotypes (MLHs) of C. acutatum isolates were 
characterized with nine microsatellite loci (CA04, CA08, CA11, 
CA12, CA13, CA15, CA16, CA26, and CA27), which were 
individually amplified by polymerase chain reaction (PCR) as 
previously described (13). Amplifications were performed in a  
15 µl volume containing 5 ng of template DNA, 0.8 mM of 
fluorescently labeled forward and common reverse primers,  
20 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl, 0.15 mM of each 
dNTP, and 1 U of Taq DNA polymerase in a PTC-100 thermal 
cycler (MJ Research, Waltham, MA) using the following pro-
gram: 96°C for 1 min, followed by 30 cycles of denaturation at 
94°C for 1 min, specific annealing temperature (57 to 62°C) for  
1 min and a final extension of 72°C for 10 min. The amplified 

microsatellite fragments were electrophoretically separated on an 
automated DNA sequencer ABI 377 (Applied Biosystems, Foster 
City, CA) using GS-500 TAMRA (Applied Biosystems) as an 
internal size standard. Raw data were collected, scored, and ex-
ported as a fragment size for simple sequence repeats (SSRs) 
using GeneScan v3.1.2 and Genotyper v2.5.2 software (Applied 
Biosystems). To avoid any error bias, the genotype of each 
individual was confirmed by two independent repeats, revealing 
that the amplification patterns were highly reproducible. Statis-
tical binning of the alleles into fragment size categories consistent 
with the repeat unit increments was performed with FLEXIBIN 
software (B. Amos, Cambridge University, UK). 

Data analysis. An MLH code was constructed for each C. 
acutatum isolate according to the observed allele sizes across the 
nine microsatellite loci. Only one allele was amplified per locus, 
as expected for a haploid organism. Isolates with the same alleles 
at all loci were treated as clones of the same MLH. Every group 
of C. acutatum isolates collected from the same orchard was con-
sidered as part of a distinct population, using the definition of a 
population as a group of organisms of the same species occupying 
a particular space at a particular time (39). Genetic and haplotypic 
diversity analyses were performed by using a complete data set 
from C. acutatum isolates. A clone-corrected data set was gen-

TABLE 1. Estimates of genetic and genotypic diversity among Colletotrichum acutatum isolates from six sweet orange orchards in São Paulo State, Brazila 

 
Population 

 
Code 

 
Nb 

 
MLHsc 

Clonal 
fraction 

 
Ĝd 

 
Ĝ/Ne 

 
NA

f 
 

AR
g 

 
Hh 

 
rD

i 
 

P 

Barretos BT 19 9 0.53 4.81 a 25 2.11 ± 0.26 2.11 a 0.32 a 0.086 0.06 
Gavião Peixoto GP 20 12 0.40 5.13 a  26 2.56 ± 0.41 2.52 ab 0.38 a –0.057 0.92 
Mogi-Guaçu MO 24 14 0.42 5.76 a 24 2.67 ± 0.37 2.46 ab 0.30 a –0.021 0.73 
Pedranópolis PD 27 19 0.30 14.88 b 55 4.78 ± 0.55 4.00 c 0.56 b 0.019 0.20 
Santa Cruz do Rio Pardo ST 64 32 0.50 14.95 b 23 4.33 ± 0.58 3.13 ac 0.41 ab 0.007 0.37 
Taquarituba TQ 69 44 0.36 23.45 c 34 5.67 ± 0.55 3.69 bc 0.47 ab 0.024 0.06 
Total  223 101 0.55 17.77 8 3.69 ± 0.26 10.33 0.35       – – 

a Means followed by the same letter are not significantly different (P ≥ 0.05) in pairwise comparisons based on 1,000 permutations. 
b Sample size. 
c Number of distinct multilocus haplotypes. 
d Stoddart’s genotypic diversity (68). 
e Stoddart’s genotypic diversity scaled by sample size. 
f Number of distinct alleles averaged across loci ± standard deviation. 
g Allelic richness with rarefaction to 19 (24). 
h Nei’s unbiased genetic diversity averaged over all loci and corrected for sample size (54). 
i Index of association measures (51) and associated P values as determined by 1,000 randomizations. 

Fig. 1. Sampling location of six Colletotrichum acutatum populations collected from sweet orange orchards during 2008 and 2009 in São Paulo State, Brazil:
Barretos (BT), Gavião Peixoto (GP), Mogi-Guaçu (MO), Pedranópolis (PD), Santa Cruz do Rio Pardo (ST), and Taquarituba (TQ). Pie charts show the relative 
frequencies of multilocus haplotypes (MLHs) found in each orchard. Unique haplotypes, which were detected only once, were grouped into a singletons category 
and represented as black in the pie charts. The highlighted area on the map represents the extent of the citrus growing area in the state. 
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erated for all other population-level genetic analyses, in which 
each MLH was represented only once in each population. This 
approach was taken to minimize the effects of clonal reproduction 
during epidemics on population differentiation estimates. 

Genetic and haplotypic diversity. Allele frequencies and the 
number of alleles (NA) per locus (and across loci in each popu-
lation) were estimated using GenAlex v.6.4 software (R. Peakall 
and P. Smouse, The Australia National University, Canberra, 
Australia), which was also used for the identification of private 
alleles. To compare allele frequencies among populations with 
different sample sizes, we estimated allelic richness (AR) and un-
biased Nei’s gene diversity (H) (54) by using a rarefaction method 
(24), which enables comparisons among populations of unequal 
sample sizes by calculating the expected number of alleles in a 
subsample of n genes corresponding to the sample size of the 
smallest population, which is based on 1,000 permutations, using 
FSTAT v.2.9.3 software (J. Goudet, University of Lausanne, 
Switzerland). 

To determine the haplotypic diversity of C. acutatum popu-
lations, unique MLHs were identified in GenAlex v.6.4, as well as 
MLHs shared among populations. Stoddart and  Taylor’s geno-
typic diversity index ( Ĝ ) was estimated for each population (68) 
and scaled by sample size ( Ĝ /N) using GenoDive software  
(P. Meirmans, Universiteit van Amsterdam, Netherlands). A boot-
strap resampling method was implemented in GenoDive and used 
to test whether these indices were significantly different among  
C. acutatum populations on the basis of 1,000 permutations with 
subsampling (48). 

Population differentiation. The distribution of genetic diver-
sity within and among C. acutatum populations was estimated by 
using a hierarchical analysis of molecular variance (AMOVA) and 
the squared number of repeat differences among haplotypes  
(RST) to calculate distances, assuming the stepwise-mutation 
model of microsatellite evolution, or SMM (64). This analysis 
was performed in Arlequin v.3.1.1 software (L. Excoffier,  
G. Laval, and S. Schneider, University of Bern, Switzerland), with 
significance testing by using 5,000 permutations. Pairwise com-
parisons among populations were conducted on the basis of 
Slatkin’s RST, assuming that a value of RST = 0 indicates panmictic 
populations; an RST < 0.05 denotes negligibly differentiated 
populations; 0.05 < RST, 0.25 indicates that populations are 
moderately differentiated and an RST > 0.25 reflects highly dif-
ferentiated populations. 

To test for the existence of divergent genetic pools among  
C. acutatum populations, we used a model-based Bayesian clus-
tering method to assign MLHs to distinct genetic clusters (28,60) 

without considering information on their geographic origin, 
which was performed in STRUCTURE v.2.3 software (J. K. 
Pritchard, X. Wen, and D. Falush, University of Chicago, IL). For 
this approach, multilocus genotype data are used to define a set of 
populations with distinct allele frequencies and to probabilisti-
cally assign individuals to populations. We used an admixture 
ancestry model-based clustering method, allowing mixed ancestry 
among individuals from different populations (K) with correlated 
allele frequencies among populations. Ten independent runs were 
performed using 500,000 Markov chain steps after a burn-in 
period of 200,000 steps, assuming 1 to 7 subpopulations (K = 1 to 
7). We compared the likelihood estimate of each of the K values 
to determine the number of K populations present in the C. acuta-
tum pool of haplotypes. The number of genetically discrete popu-
lations was estimated on the basis of the maximum log prob-
ability of data LnP(D) for different values of K and by using the 
statistic ΔK (25), which considers the rate of change in LnP(D) 
values among successive K runs to account for patterns of dis-
persal that are not homogeneous among populations. 

Since the STRUCTURE algorithm maximizes both the Hardy-
Weinberg equilibrium and linkage equilibrium among unlinked 
loci within clusters, the existence of an important asexual com-
ponent in the life cycle of some species could lead to spurious 
assignments (36). Thus, we also applied a principal coordinate 
analysis (PCoA) to corroborate the patterns of clustering pro-
posed by STRUCTURE, which is a nonparametric method that 
does not rely on any assumption of random mating or linkage 
equilibrium and is suitable for analyzing partially clonal species. 
PCoA was performed with GenAlex v.6.4, based on a matrix of 
Euclidean distances between all pairs of MLHs (65). 

Reproductive mode. To test for clonality, the nonrandom 
association of alleles between pairs of loci was measured by using 
the index of association (IA), a multilocus linkage disequilibrium 
estimate based on the variance of pairwise distances between 
individuals, such as the number of loci at which they differ (51), 
in MultiLocus v.1.3 software (P. M. Agapow and A. Burt, Uni-
versity College London, UK). Because the magnitude of IA de-
pends on the number of loci studied, we also estimated rD, a locus 
number independent measure (1). An IA value close to zero indi-
cates random mating and significant gametic disequilibrium is 
expected in asexual or inbreeding populations. To examine whether 
the observations deviated significantly from the null hypothesis of 
no linkage disequilibrium among loci, the observed variance was 
compared with the expected variance under random mating, 
which was obtained after reshuffling the alleles within each 
clone-corrected population data set over 1,000 permutations. 

TABLE 2. Probabilities of multilocus haplotypes (MLHs) of Colletotrichum acutatum (Pgen) and their reoccurrence resulting from distinct sexual events (Psex) 
within sweet orange orchards in São Paulo State, Brazil 

 Frequency by population   

MLH Alleles BT GP MO PD ST TQ Total Pgen Psex Pa 

MLH11 127 138 179 123 108 135 115 227 232 0 0 0 3 0 7 10 0.001 2.3 × 10–7 0.000 
MLH14 127 138 179 123 108 137 115 227 232 0 0 0 0 2 4 6 0.006 2.9 × 10–3 0.040 
MLH31 129 138 179 121 108 137 115 227 232 0 0 1 0 0 1 2 0.002 0.087 0.293 
MLH32 129 138 179 121 110 137 115 227 232 0 1 1 0 0 2 4 0.004 0.014 0.112 
MLH34 129 138 179 121 110 139 115 227 232 0 1 0 0 0 1 2 0.001 0.022 0.144 
MLH38 129 138 179 123 108 135 115 227 232 0 0 0 2 1 3 6 0.010 0.030 0.162 
MLH39 129 138 179 123 108 135 117 227 232 0 0 0 1 0 1 2 0.006 0.359 0.562 
MLH41 129 138 179 123 108 137 115 227 232 2 0 0 0 3 3 8 0.044 0.770 0.889 
MLH45 129 138 179 123 108 137 117 229 232 0 0 0 2 1 0 3 0.008 0.286 0.531 
MLH58 129 138 179 123 110 137 115 227 232 7 8 9 3 8 8 43 0.083 0.020 4.34 × 10–5

MLH60 129 138 179 123 110 137 115 227 264 0 0 0 0 2 1 3 0.003 0.023 0.148 
MLH61 129 138 179 123 110 137 115 229 232 1 0 1 1 0 0 3 0.029 0.958 0.985 
MLH63 129 138 179 123 110 137 117 227 232 1 0 0 0 1 0 2 0.045 1.000 1.000 
MLH64 129 138 179 123 110 137 117 229 230 0 0 1 1 0 2 4 0.001 1.9 × 10–5 0.002 
MLH65 129 138 179 123 110 137 117 229 232 4 2 2 3 9 1 21 0.016 1.0 × 10–5 0.000 
MLH71 129 138 179 123 110 139 117 229 232 1 0 0 0 6 0 7 0.004 2.9 × 10–5 0.002 

a Likelihood of Pgen and Psex estimates. 
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In order to test whether all MLH replicates are the result of a 
clonal spread rather than a distinct recombination event, prob-
ability Psex was estimated by MLGsim v.2.0 software (A. B. F. 
Ivens, M. V. Sanden, and J. Bakker, University of Groningen, 
Netherlands), based on the number of loci and allelic frequencies 
(3,56). The P value for testing the significance of Psex for each 
repeated MLH was estimated by simulating 1,000 randomly 
mating populations of size N with observed allele frequencies to 
generate a null distribution of Psex against which the actual value 
of Psex could be compared (67). 

Demographic fluctuations. A test for detecting evidence of 
historical changes in population size was performed with the 
Bottleneck v.1.2 software (J. M. Cornuet, G. Luikart, and S. Piry, 
INRA, Montpellier, France). Gene diversity was estimated for 
each population and for each locus as expected under the assump-
tion of an equilibrium between mutation and drift (which is called 
expected gene diversity or heterozygosity), and the result was 
compared with the gene diversity directly calculated from data set 
allele frequencies (or observed gene diversity). In a population 
that has undergone a bottleneck, or a recent reduction in its effec-
tive size, gene diversity is higher than expected at equilibrium 
because of a high frequency of rare alleles, and the opposite is 
expected for a population experiencing demographic expansion 
(15). Gene diversity was estimated under the following two muta-
tion models: the strict stepwise mutation model (SMM), and the 
two-phase model (TPM), in which 70% of alleles were attributed 
to SMM and 30% to the infinite alleles model (IAM) (20), based 
on 1,000 replications. One-sided Wilcoxon signed rank tests (43) 
were performed to evaluate if the allele frequency distribution de-
viated significantly from the expected distribution under muta-
tion-drift equilibrium. 

RESULTS 

Genetic and haplotypic or clonal diversity. A total of 223  
C. acutatum fungal strains were isolated across the six sampled 
orchards, which were assumed to fall into six geographic patho-
gen populations and are reported as such from this point on. The 
average number of alleles per locus across the nine microsatellite 
loci was 3.69 ± 0.26 (standard deviation) within the entire 
collection of C. acutatum isolates. The number of alleles at each 
locus across populations ranged from 6 (loci CA08 and CA12) to 
15 (locus CA27). All loci exhibited one most common allele 
except for loci CA13 and CA16, which had two most common 
alleles across populations. The number of effective alleles was 
similar among loci and ranged from 1.17 ± 0.14 for locus CA08 
to 1.95 ± 0.26 for locus CA15 (Supplemental Table). CA08 was 
the locus with the lowest value for unbiased Nei’s gene diversity 
(0.10 ± 0.08), while CA15 (0.48 ± 0.09) and CA16 (0.48 ± 0.02) 
were the loci with the highest values. For each population, the 
number of alleles ranged from 2.11 ± 0.26 (population BT) to 
5.67 ± 0.55 (population TQ), which was proportional to their 
respective sample sizes (Table 1). When estimates of allelic rich-
ness across loci were considered, pop PD showed the highest 
significant number of alleles based on the size of the smallest 
population (BT, N = 19) (Table 1). The average gene diversity per 
locus (H) across populations ranged from 0.096 ± 0.08 (CA08) to 
0.476 ± 0.02 (CA16). Mean gene diversity across all loci was 
moderate (0.314 ± 0.03), with similar values across all popula-
tions, ranging from 0.22 to 0.49 (Table 1). 

Among the 223 C. acutatum isolates, 101 distinct MLHs were 
identified across the six populations, indicating the presence of 
clones at distinct scales (Table 1). The most frequent MLH was 
detected 43 times in all populations, accounting for 19% of the 
total sample and was most likely the founder strain that initiated 
the epidemic. This haplotype was found in the two most distant 
orchards, namely Mogi-Guaçu (MO) and Pedranópolis (PD), which 
were approximately 467 km apart. This clone was dominant in all 

but the PD population, in which two other MLHs were detected at 
equal frequencies. The 15 other MLHs (11.5% of total) were 
shared among at least two populations, but the majority of 85 
MLHs (65%) occurred just once. Based on the estimates and 
significance of Psex, we could not reject the null hypothesis that 
10 out of 16 shared MLHs arose independently by recombination, 
once the Psex estimates were high and did not significantly differ 
from zero (0.11 ≤ P ≤ 0.99), suggesting that these shared MLHs 
likely resulted from independent sexual reproductive events 
(Table 2). When those MLHs were included again in the data set, 
after having been removed during clone-correction, the results 
were essentially the same. For the most frequent MLHs (MLH 58 
and MLH 65), found in every population, the Psex values were 
significant (P = 4.34 × 10–5, and P = 0.0, respectively) and likely 
to have resulted from clonal propagation among the analyzed  
C. acutatum populations. 

Total haplotypic diversity was moderate (0.45) and the clonal 
fraction, or the proportion of isolates sharing the same MLHs, 
ranged from 0.30 in population PD, where 19 MLHs were 
detected in 27 isolates, to 0.53 in population BT, in which nine 
MLHs were distinguished out of 19 isolates (Table 1). As with the 
number of observed alleles, estimates of Stoddart’s genotypic 
diversity were proportional to C. acutatum population sample 
sizes, with lower values for the smallest (4.81 in BT) and higher 
values for the largest population (23.45 in TQ). When those esti-
mates were scaled to the maximum number of genotypes ex-
pected based on the smallest sample size, the highest genotypic 
diversity was found in population PD, which also had the highest 
estimates of allelic richness and Nei’s genetic diversity (Table 1). 

Population differentiation. Hierarchical AMOVA revealed 
that 98.3% of genetic diversity was distributed within popula-
tions, and only 1.7% among the sampled orchards. A corre-
sponding low total population differentiation (global ΦST = 0.017) 
was found among C. acutatum populations and was not statisti-
cally significant (P = 0.11). All but one pairwise comparison 
among C. acutatum populations revealed nonsignificant popula-
tion differentiation (Table 3), except between ST and TQ (Rst = 
0.036; P = 0.03), which were negligibly differentiated.  

This low genetic differentiation was in accordance with global 
clustering results (Fig. 2). The level of affiliation for individual 
genotypes is presented in Figure 2. The most likely number of 
clusters (K), which was the one with the highest likelihood 
[Pr(K)] based on Evanno’s ΔK method, was obtained for K = 3. 
Regardless of the value of K, the populations displayed various 
and admixed membership to the proposed genetic clusters. There-
fore, there was evidence of admixture in all six sampling points, 
with fungal individuals from distinct populations sharing the same 
genetic clusters, indicating a genetic continuity for C. acutatum 
within São Paulo State. When the genetic diversity distribution 
among groups proposed by Bayesian clustering analysis was 
evaluated, hierarchical analyses of molecular variance revealed 

TABLE 3. Pairwise population differentiation among Colletotrichum acutatum
populations associated with postbloom fruit drop in sweet orange orchards of
São Paulo State, Brazila 

  Population 

Population BT GP MO PD ST TQ 

BT ... 154 189 307 324 385 
GP –0.063 ... 286 197 187 233 
MO –0.051 –0.052 ... 467 339 416 
PD 0.062  0.049 0.047 ... 345 325 
ST 0.006  0.009 0.010 0.021 ... 98 
TQ 0.031  0.017 0.016 0.019 0.036b ... 

a RST values are presented below the diagonal and approximate geographic 
distances are shown above the diagonal (in kilometers). 

b Significant genetic differentiation (P ≤ 0.05) in pairwise comparisons based 
on 1,000 permutations. 
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that most of the variation (77.5%) was distributed within 
STRUCTURE clusters. The three genetic clusters of C. acutatum 
isolates inferred from genetic clustering methods accounted for a 
greater proportion of the genetic variance (22.5%) than popu-
lation-based (2%) hierarchical structures. 

Genetic similarity among isolates was additionally visualized 
using PCoA, which revealed a clear overlap among isolates from 
all six C. acutatum populations (Fig. 3). The first two coordinates 
together explained 59.7% of the genetic variation. Overall, the 
haplotypes identified in the six fungal populations formed a con-
tinuous cloud of points across axes 1 and 2 and no distinct MLH 
clusters were evident. 

Reproductive mode. Based on multilocus linkage disequi-
librium (LD) estimates, the null hypothesis for a random associa-
tion of alleles between pairs of loci was not rejected for all fungal 
populations (Table 1) with low and non-significant IA (ranging 
from –0.007 to –0.051) and rD values, suggesting free genetic 
recombination in these pathogen populations investigated. These 

estimated LD results were consistent with gametic equilibrium 
associated with a recombinant mode of reproduction for C. acu-
tatum populations in sweet orange orchards sampled in São 
Paulo. 

Estimates of Psex values, which measure the chance that identi-
cal MLHs have been generated from asexual reproduction (67), 
estimated for the 16 MLHs shared between at least two C. acu-
tatum populations, revealed that six of them most likely arose 
from selfing, including the two most common MLHs, which were 
observed in all evaluated fungal populations (Table 2). The Psex 
values indicated that the remaining 10 shared haplotypes could 
have arisen from distinct recombination events that happened 
independently in each population, on the basis of the allele 
frequencies at each locus for each MLH (Table 2). 

Demographic fluctuations. The consequences of demographic 
fluctuations on genetic diversity were assessed by a heterozy-
gosity excess test. The outcome of the demographic fluctuation 
analyses indicated that most C. acutatum populations might not 

Fig. 3. Two-dimensional principal coordinate plot based on pairwise genetic distances between simple-sequence repeat haplotypes from 223 isolates of 
Colletotrichum acutatum from six populations collected from sweet orange orchards during 2008 and 2009 in São Paulo State, Brazil. Percent variation explained 
by each axis (principal coordinate) is shown in parentheses. 

Fig. 2. Genetic clusters of Colletotrichum acutatum isolates from six populations sampled from sweet orange orchards of São Paulo State, Brazil, during 2008 and
2009. Each bar represents one sampled haplotype and the proportion of the individual’s genome originating from each of the three inferred clusters is shown in 
shades of gray. The most likely number of clusters (K), based on Evanno’s ΔK method, is also presented. 
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be considered to be at demographic stability because they had 
more loci exhibiting a significant deficit in gene diversity than 
expected at equilibrium (Table 4). Wilcoxon rank tests revealed 
that populations MO, PD, ST, and TQ deviated significantly from 
mutation-drift equilibrium (P < 0.05) (Table 4) under both models 
of evolution (TPM and SMM), which is consistent with a recent 
population demographic expansion. On the other hand, it seems 
that populations BT and GP have not been submitted to recent 
demographic changes (population expansion or reduction) or the 
changes were too small to be detected under the given statistical 
power of the tests performed here. 

DISCUSSION 

This investigation represents the first study of C. acutatum 
population genetic structure as associated with PFD in sweet 
orange orchards of São Paulo State, Brazil. Moderate to high 
levels of haplotypic diversity were detected in C. acutatum iso-
lates, which were notably distinct from those found in earlier 
studies of this pathogen, where isolates associated with citrus PFD 
in the Americas were highly similar to one another considering 
the distinct DNA sequences in a whole collection of isolates from 
PFD-affected citrus (46,57). The current study has focused on a 
population-level distribution of genetic diversity across pathogen 
populations sampled from distinct orchards in São Paulo State, 
thereby allowing us to evaluate the genetic patterns at a regional 
spatial scale. We based our analysis on microsatellite markers, 
which are expected to be more sensitive to recent phylogeo-
graphic and demographic events (e.g., bottlenecks or population 
expansions) due to their higher rate of evolution in comparison to 
other molecular markers (41). The high variation typical of 
microsatellite loci make them particularly sensitive for detecting 
population changes (66) and were shown here to be very effective 
in the intraspecific characterization of C. acutatum populations. 
The low levels of genetic and genotypic diversity previously 
reported for C. acutatum could be due to the nonspecific and 
insufficient polymorphic markers used, which makes impractical 
any predictable conclusions on the reproductive mode or genetic 
structuring in this species. 

Because C. acutatum from PFD-affected citrus was assumed to 
be clonal, with no sexual stage reported for this host in naturally 
infected orchards (58), we tested the genetic differentiation hy-
pothesis among pathogen populations, with a widespread occur-
rence of identical and nonrecombinant MLHs, based on the fol-
lowing three criteria: the geographic distances between sampled 
orchards, the levels of clonality previously reported for the 
species (46,57), and the genetic uniformity of the host. We also 
expected to detect fungal populations experiencing significant 
multilocus linkage disequilibrium once this estimate can be 
inflated by asexual reproduction (53). Contrary to our initial hy-
potheses, surprisingly moderate to high haplotypic variation and 
moderate to low clonal fractions were detected, with no popula-
tion showing a significant departure from expectations under a 
random association of alleles. Because our findings did not allow 
us to confirm our initial hypotheses, we propose the following 
alternative hypothesis: C. acutatum populations were recently 
introduced from a common and genetically diverse source, having 
remained undifferentiated because fungal propagules have been 
naturally and gradually dispersed over at least 400 km across São 
Paulo State, following the continuous geographical distribution of 
the host, with the possible involvement of citrus pollinators and 
genetic recombination (most likely via hyphal fusion and mitotic 
recombination at the orchard level). 

C. acutatum from PFD-affected citrus was thought to be clonal 
because no sexual stage has ever been reported in this host (58) 
nor in any other (19). The frequency distribution of distinct MLHs 
within population BT indeed suggests that clonal reproduction is 
dominant in this lineage, with the two most frequent MLHs 

representing 58% of all sampled isolates. In contrast, no single 
MLHs reached frequencies higher than 11% in PD population, 
which was the most variable among the examined fungal popu-
lations. This striking distinction could be attributed to the fact that 
the PD population was sampled from the only sweet orange 
orchard where no chemical control was employed. The selective 
pressure imposed by fungicide treatment is thought to affect the 
genetic diversity of fungal pathogens, increasing the frequency of 
resistant strains. This force could purge the strains that were not 
so well adapted to the new environment imposed by fungicide 
application and, consequently, extinguish a considerable part of 
the pathogen’s genetic diversity, leading to the selection of a few 
asexual haplotypes characterized by broad tolerance for changing 
environmental or biotic conditions, in accordance with the 
general-purpose-genotype hypothesis (45). 

Within orchards or fields, we also observed a high recombi-
nation rate among genotypes: there were few dominant genotypes 
and gametic equilibrium. Findings of moderate to high levels of 
haplotypic diversity, nonsignificant IA values and values close to 
zero, and nonsignificant Psex values for most shared MLHs sug-
gested that genetic recombination might play a significant role in 
the life cycle of these C. acutatum populations in sweet orange 
orchards from São Paulo. These results were surprising, as the 
presence of two mating types allowing sexual reproduction be-
tween fungal strains were never detected in any Colletotrichum 
species to date (19). If all the pathogen populations were under 
strict asexual reproduction, a diversification of haplotypes would 
be expected over time into distinct clonal lineages composed of a 
set of closely related haplotypes; however, in recombining popu-
lations, the exchange of genetic information among individuals 
should result in a more homogenous population structure (5). 
Haplotype frequencies were significantly different in some com-
parisons between C. acutatum populations, indicating that par-
ticular fungal MLHs were dominant in certain citrus orchards 
through asexual reproduction. In contrast, the detection of diverse 
combinations of alleles, resulting in 65% unique MLHs (single-
tons), nonsignificant genetic differentiation between most C. 
acutatum populations in pairwise comparisons, a mixed origin for 
every single sampled isolate, nonsignificant Psex values for some 
MLHs concomitantly found in distinct areas, and gametic equi-
librium for all populations indicated the occurrence of genetic 
exchange and recombination, despite the absence of evidence that 
the fungus has undergone outcrossing in nature (19,58). It is 
generally expected that recombining populations of plant patho-
gens will generate and maintain higher haplotypic diversity than 
asexual populations for the same allele frequencies (53). Given 
that the presence of teleomorphs in the field has not been docu-
mented for C. acutatum during PFD outbreaks so far (58), a more 
clonal population structure was expected than the actual observed 
result. The most definitive way to determine if sexual reproduc-
tion is occurring in a fungal pathogen population is to find fertile 
sexual reproductive structures (18). However, the sexual stage of 

TABLE 4. Demographic changes in Colletotrichum acutatum populations 
associated with postbloom fruit drop in sweet orange orchards of São Paulo
State, Brazil, under two mutational models of evolutiona 

  TPM SMM 

Population Deficit Excess Deficit Excess 

BT 0.055 0.961 0.055 0.109 
GP 0.156 0.875 0.098 0.963 
MO 0.010 0.994 0.010 0.994 
PD 0.014 0.990 0.005 0.997 
ST 0.005 0.010 0.001 1.000 
TQ 0.001 1.000 0.001 1.000 

a Stepwise-mutation model (SMM) and two-phased model (TPM). Probability 
of deviation from mutation–drift equilibrium was assessed using a two-sided 
Wilcoxon tests (15). 
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certain genetic subgroups of C. acutatum has only been charac-
terized under laboratory conditions and designated as Glomerella 
acutata (34), with fertile sexual structures produced as a result of 
what is now considered an interspecific hybridization event of 
strains within the C. acutatum complex clade (19,34). Thus, the 
use of molecular analysis for an indirect assessment of recombi-
nation in Colletotrichum, instead of a mating observation in the 
field, is likely to generate a more accurate evaluation of how 
recombination has been influenced by the population structure of 
this plant pathogen (16). 

Measuring the association of alleles among loci in a population 
takes only a few recombinant individuals per generation to create 
enough recombination to reject the null hypothesis of random 
mating (4). Considering that small amounts of recombination can 
have a large impact on the population structure, it is possible that 
C. acutatum is predominantly mitosporic, with rare recombination 
events, so the moderate to high haplotypic diversity observed here 
could be the result of somatic recombination, mutation, or 
immigration of new genotypes from distinct populations (9). The 
contribution of nonsexual genetic exchange to generate diversity 
has been clearly demonstrated for C. acutatum (29), so that hori-
zontal gene exchange via hyphal fusion among genetically differ-
ent strains could contribute to the perpetuation of haplotypic 
diversity and recombination levels observed here. Even if recom-
bination occurs only rarely, large effective populations, as was 
observed for plant pathogens such as C. acutatum, can maintain 
genetic diversity generated by previously recombinant ancestors, 
even if the phenomenon no longer occurs (35). These results are 
consistent with the population structure of many plant pathogens, 
as characterized by a mixed mode of reproduction, combining 
genetic recombination and clonal dispersal of a few haplotypes 
(51). The mechanisms of recombination and sexual production in 
Colletotrichum are still not fully understood (10), but as in most 
ascomycetes, sexual development is controlled for one mating 
type locus (MAT) with two idiomorphs (MAT1-1 and MAT1-2) 
(75). Although all Colletotrichum strains sampled to date possess 
only the MAT1-2 idiomorph (12,17,22), it is assumed that they are 
still capable of undergoing sexual or parasexual recombination 
(29), since classical genetic studies have indicated the existence 
of both homothallic and heterothallic isolates (10). 

Each of the six C. acutatum populations analyzed in this study 
comprised fungal isolates of a mixed origin, since only 35% of 
the MLHs had 70% or more of their ancestry assigned to one of 
the three clusters proposed in Bayesian analysis, and none of 
them clustered according to their geographical origin. Thus, most 
of the isolates represent admixed haplotypes among three diver-
gent genetic pools. The spatial distribution of MLHs suggested a 
considerable genetic recombination among these genetic pools 
and also reflected a history of multiple introductions of the patho-
gen since it was first reported in the 1970s. The strong signs of 
admixture detected may also reflect the commercial trade of 
nursery-infected seedlings, which are frequently produced in one 
region and cultivated in another, and could thus contribute to 
homogenize the pathogen allele frequencies in each orchard. 
Several of the sampled sweet orange orchards were composed by 
seedlings of mixed origin, which could have favored the observed 
admixture pattern among C. acutatum isolates. The exchange of 
plant material with quiescent or latent infections could result in 
inoculum transmission among orchards, as suggested for C. 
gloeosporioides associated with anthracnose disease of coffee in 
Vietnam (55). 

Virtually no genetic differentiation was observed in the gene 
frequencies among C. acutatum populations of sweet orange 
orchards across the state, as reflected in the low Rst values (2% of 
total genetic variation), even among populations sampled in sites 
more than 400 km apart. The only exception was between ST and 
TQ populations, which were negligibly differentiated (Rst = 0.036; 
P = 0.03), and intriguingly, were sampled in the nearest orchards. 

As described in the methodology section, the distinct origin of 
citrus seedlings composing each of these orchards, and the 
possibility of having been already infected by the pathogen in 
field nurseries between the 1970s and 2000s, might account for 
the detected differentiation. The origin of citrus seedlings also 
offers an explanation for the low degree of differentiation between 
C. acutatum populations sampled in distant orchards. For in-
stance, even though ST and BT populations were sampled in 
orchards more than 300 km apart, they are closely related pos-
sibly because part of the citrus seedlings in the ST orchard came 
from nurseries near BT and MO orchards, and might not be 
disease-free, because the production and commercialization of 
citrus seedlings in protected screen-houses has become mandatory 
in Sao Paulo State only since 2003. Even though asexual spores 
of C. acutatum were assumed to mainly disperse short distances 
of only a few hundred meters, sweet orange plantations are rela-
tively continuous across São Paulo State, occupying an extended 
area of approximately 500,000 hectares in the 2012 to 2013 
harvest (11). It seems reasonable that the continuity of host 
population in São Paulo may offer no virtual barrier to a gradual 
dispersal of the pathogen, leading to a continuous range expan-
sion at a regional geographic scale, reaching most of the citrus 
growing region, as has already been suggested for other Colletot-
richum diseases (12,17). In the field, the spatial pattern of dis-
eased trees was random during PFD epidemics, indicating that 
inoculum spread was due to mechanisms other than rain splash 
(63). Recent studies brought to light the possible involvement of 
citrus pollinators, such as bees, in transporting not only pollen but 
also conidia, or even pollen infected by conidia (50); citrus polli-
nators must also be taken into account when considering the 
fungal spread at a regional scale. The little population differen-
tiation detected could be explained by hypothesizing a stepping-
stone model of evolution (37), with fungal propagules gradually 
dispersed over short distances until connecting distant sweet 
orange orchards over spatial scales of tens to hundreds of kilom-
eters, although the sampling strategy was not specifically de-
signed to test this sort of association. Altogether, these results 
suggest that the recent introduction from a common source, the 
continuity in the geographical distribution of the host as well as 
the long-distance dispersal of fungal propagules by wind-blown 
rain and possibly by citrus pollinators have been important in 
keeping these C. acutatum populations undifferentiated in the 
sweet orange orchards from São Paulo State. 

Because PFD was first reported in the country only about three 
decades ago (59), the low subdivision among C. acutatum popu-
lations and the spatial distribution of admixed haplotypes inside 
São Paulo State likely reflect a recent colonization event, with 
multiple invasions of the pathogen in citrus orchards from a com-
mon source, whose sources of introduced lineages are unknown, 
especially if there has not been enough time for differentiation to 
arise, as proposed for Venturia inaequalis associated with apples 
(30). Therefore, multiple introductions from genetically distinct 
fungal genetic pools, coupled with local recombination of haplo-
types, might have generated this rich haplotypic diversity in C. 
acutatum populations associated to citrus PFD in São Paulo. 
Several studies investigating the genetic diversity of fungal inva-
sive plant-pathogenic species have revealed that, in general, 
founder populations show notably reduced diversity when com-
pared with source populations (6,7,23,32,69). However, multiple 
and successive introductions of an invasive plant pathogen from 
distinct source populations could indeed extenuate the erosion of 
genetic diversity and even increase the level of genetic variation 
(21). Multiple introductions may still favor admixture of genetic 
pools from originally distinct populations, allowing the emergence 
and spread of new fungal haplotypes that may be better adapted to 
a new area, which contributes to their invasive success (7,23,26). 

In summary, the results of this study demonstrated that C. 
acutatum populations associated with PFD in São Paulo State 
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have been recently established from multiple introductions, and 
have showed moderate to high levels of haplotypic diversity, lack 
of genetic structure, some genotype flow, population admixture, 
linkage equilibrium and the signature of demographic expansion, 
therefore having a mixed mating system, which includes recombi-
nation events followed by clonal expansion during the blooming 
season. According to the risk model framework proposed by 
McDonald and Linde (52), these characteristics place C. acutatum 
among pathogens with a high evolutionary potential to adapt to 
new or changing environments (52). There was evidence of a 
large dispersal range of fungal propagules at the regional scale, 
indicating a substantial risk for the spread of mutant alleles that 
could permit, for instance, the breakdown of fungicide resistance 
(42). Because all C. acutatum populations analyzed here were 
sampled during established phases of fungal infection, these re-
sults represent only a snapshot of the pathogen population struc-
ture during a single epidemic, which might be altered according 
to growing seasons. During different seasons, strains represen-
tative of a particular MLH may either increase or decrease in fre-
quency as epidemics progress (according to environmental 
conditions). Considering that the occurrence of PFD is highly 
dependent on climatic conditions, which vary by year in Brazil, 
collecting fungal isolates in new sweet orange orchards and over 
consecutive years is necessary to further examine temporal 
changes in the genetic diversity and demography of C. acutatum 
populations of citrus orchards in São Paulo. Such an investigation 
would assess whether the genetic patterns described here will be 
conserved across years. 
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