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Coffee leaf rust is the most limiting disease for coffee cultivation in Brazil. Despite its importance, relatively little is known

about the genetic diversity of Hemileia vastatrix, the rust causal agent. In this work, the DNA from 112 monopustule

isolates from different geographic locations and coffee genotypes were analysed by amplified fragment length polymor-

phisms (AFLP). The objectives were to assess the influence of the host and geographic origin on the diversity and popula-

tion differentiation in H. vastatrix. The fungal population showed a low level of genotypic diversity. Gene diversity (h)

was 0�027 and the hypothesis of random mating in the total population was rejected, but evidence for recombination was

found for two subpopulations (S~ao Paulo and Paran�a). The analysis of molecular variance revealed that 90% of the

genetic distribution of the pathogen occurs among isolates within the subpopulation (states or host of origin). There was

no correlation between geographic and genetic distance (r = �0�024, P = 0�74), which together with the high number of

migrants and the low degree of differentiation in populations of H. vastatrix, is consistent with the fact that the inoculum

is probably easily dispersed by wind over long distances, allowing dispersal of the pathogen among coffee growing areas

in Brazil. Therefore, it is difficult to predict the durability of resistant sources to coffee rust. The recommendation for the

breeding programmes is thus to incorporate multigenic resistance as a control strategy.
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Introduction

Brazil is the largest coffee producer in the world, with a
planted area of 2�33 million hectares (Beling & Neves da
Silveira, 2013). Brazilian coffee crops are composed of
70% Coffea arabica (arabica coffee) and 30% Coffea
canephora (conilon coffee). Arabica coffee is grown in
regions above 800 m in the states of Minas Gerais, S~ao
Paulo, Paran�a, Bahia, Rio de Janeiro and parts of
Esp�ırito Santo. Conilon predominates in regions of low
altitude and higher temperatures in the states of Esp�ırito
Santo, Rondônia and parts of Bahia and Minas Gerais.
Despite the importance of coffee production in Brazil
and although resistant cultivars are available to farmers,
95% of planted varieties are susceptible to rust.
Rust, caused by the biotrophic fungus Hemileia vasta-

trix, is the main disease of coffee, and is widely distrib-
uted in producing regions. First reported in Brazil in
1970 in the state of Bahia, the disease spread rapidly
throughout the country (Chaves et al., 1970), leading to
crop losses of 35–50% depending on weather conditions
(Zambolim et al., 1999).

Although the primary method of rust control is the
application of protective or systemic fungicides, the most
popular method for disease control is the use of resistant
varieties, due to its efficiency, low cost and reduced
impact on the environment (Zambolim et al., 1999).
H�ıbrido de Timor, a natural hybrid between C. arab-

ica and C. canephora, has been extensively used as the
main source of resistance to rust. Resulting from this
breeding strategy, different coffee cultivars resistant to
rust have been released. However, over time the majority
of these cultivars have become susceptible to disease due
to the emergence of variants of the pathogen. The high
genetic variability of H. vastatrix favours the emergence
of new pathogen races capable of overcoming resistance
in the field (V�arzea & Marques, 2005). Cultivation over
large areas also offers a favourable environment for
rapid evolution of the pathogen, permitting the gradual
movement of rust epidemics and the distribution of geno-
types (Nunes et al., 2009).
The mechanisms leading to the emergence of new

races of H. vastatrix are still not clear. Because the sex-
ual stage of the fungus has not been encountered (Gopal-
krishnan, 1951; V�arzea & Marques, 2005), mutation has
been hypothesized as the principal mechanism for vari-
ability of the fungus (V�arzea & Marques, 2005).
Although morphological evidence has indicated the
occurrence of karyogamy and meiosis in asexual spores
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since 1967 (Rajendren, 1967), only in 2011 did an image
cytometry study of DNA content reveal the presence of a
novel type of sexual reproduction hidden within asexual
spores of H. vastatrix, called cryptosexuality (Carvalho
et al., 2011). According to the authors, this type of
reproduction could explain the frequent and rapid emer-
gence of new physiological races of H. vastatrix.
It is therefore of great importance to investigate the pat-

terns of genetic variability of H. vastatrix, allowing evalu-
ation of the development potential of the predominant
populations where breeding programmes are being devel-
oped, and in those where it is intended to introduce resis-
tant material (Nunes et al., 2009). Despite the importance
of rust for coffee production in Brazil, little is known
about the diversity of H. vastatrix. It is not known, for
example, how the fungal population behaves in conilon
and arabica coffee, if the fungal haplotypes are indepen-
dent of the host species or geographic region, if there is
dispersion of isolates among coffee species, or if mating
occurs among the isolates. This information is important
for development of rust control strategies, epidemiological
studies of the disease and determination of evolutionary
behaviour of the predominant fungal populations.
The objective of this study was therefore to assess the

genetic diversity and population structure of H. vastatrix
with respect to the host and geographical origin, using
single-uredinial isolates from C. arabica, C. canephora
and derivatives of H�ıbrido de Timor and Icatu (HDTI),
from the five major producing states in Brazil.

Materials and methods

Geographical and host origins

Coffee leaves infected by H. vastatrix were sampled in C. arab-
ica, C. canephora and derivatives of H�ıbrido de Timor and Icatu

in the main coffee producing regions of Minas Gerais (27 fields),

Esp�ırito Santo (31 fields), S~ao Paulo (20 fields), Bahia (24 fields)
and Paran�a (10 fields). One hundred infected leaves were col-

lected from 10 plants of the same coffee tree genotype within

the same production field. Spores from the 100 leaves from each

field were then bulked, and single uredinial isolates were pro-
duced by inoculating the bulked spores at a low density on a

susceptible host. In total, 112 isolates of H. vastatrix were

obtained using this strategy. A summary of the origins, hosts
and georeferences of each H. vastatrix isolate is presented in

Table S1.

Storage and inoculation

Isolates of H. vastatrix were stored according to the previously

described methodology (Zambolim & Chaves, 1974). Inocula-
tion of the plants was performed with the aid of a camel hair-

brush, depositing urediniospores of H. vastatrix on the abaxial

surface of young and completely expanded leaves of the cultivar
Catua�ı Vemelho IAC 44, a susceptible host. Next, distilled water

was sprayed on the leaves with a spray bottle until slight wet-

ness was achieved. After this procedure, the plants were covered

with plastic bags and transferred to a dark cloud chamber at
22 � 2°C for 48 h and relative humidity near 100%. After this

period, the leaves were cleaned with cotton to remove uredini-

ospores remaining on the abaxial side of the leaf, to prevent

subsequent colonization by fungal hyperparasites such as Lecan-
icillium lecanii. The plants were maintained in growth chambers

with individual sections, at 22 � 2°C and a photoperiod of

12 h, until the onset of signs of the pathogen.

To obtain the single-uredinial isolates, the methodology used
was the same as that described by Capucho et al. (2009) and

similar to that described for other rust-causing pathogens such

as Puccinia coronata (Leonard et al., 2005) and Puccinia tritici-
na (Elyasi-Gomari & Panteleev, 2006; Kolmer & Ordonez,

2007). The monopustule isolates were multiplied to obtain suffi-

cient urediniospores for DNA extraction.

The fungal hyperparasite L. lecanii was isolated on potato
dextrose agar (PDA) for extraction of its DNA.

DNA extraction

Genomic DNA from each of the monopustule isolates ofH. vasta-
trix and L. lecanii was extracted from 30 and 50 mg of uredini-
ospores and mycelium, respectively (Raeder & Broda, 1985).

DNA quantification of each isolate was performed in a NanoDrop

2000 spectrophotometer and its quality confirmed by electropho-

resis in 1% agarose gel. The DNAs were diluted to a final concen-
tration of 100 ng lL�1 and stored at �20°C until use.

Genomic DNA of the host for pathogen multiplication, Catu-

a�ı Vemelho IAC 44, was extracted according to the protocol of

Diniz et al. (2005).

AFLP markers

The DNA amplification reactions for each isolate of H. vasta-
trix, L. lecanii and the host for pathogen multiplication Catua�ı

Vemelho IAC 44 were performed according to the protocol
described by Brito et al. (2010), with modifications. Samples of

genomic DNA (800 ng) from the 112 monopustule isolates of

H. vastatrix were cleaved with the restriction enzymes EcoRI
and MseI to obtain fragments that were bound to specific dou-
ble-strand adapters by T4 DNA ligase. The samples were ampli-

fied by PCR using DNA bound to adapters. The ligation

mixture was diluted to 1:10 in distilled water and stored at

�20°C.
Pre-amplification was conducted using 2�5 lL of diluted tem-

plate DNA, 2�5 lL of 109 PCR buffer (200 mM Tris-HCl (pH

8�4), 500 mM KCl), 0�75 lL MgCl2 (50 mM), 0�5 lL primer
EcoRI+A (75 ng lL�1), 0�5 lL primer MseI+C (75 ng lL�1),

0�625 lL dNTPs (10 mM), 17�425 lL water and 5 U Taq DNA

polymerase. The pre-selective amplification programme consisted

of 23 cycles of denaturation at 94°C for 30 s, annealing at 56°C
for 60 s and extension at 72°C for 60 s. The mixture from pre-

amplification was diluted to 1:40 in distilled water and stored at

�20°C.
In selective amplification, seven primer combinations were

used with three selective nucleotides (Table S2). The Eco (E)

selective AFLP primers were marked with the fluorescent dyes

FAM and NED at the 50 end. Each amplification reaction con-
tained 5 lL of the diluted pre-amplified DNA, 0�5 lL of the pri-

mer E-ANN (50 ng), 0�6 lL of the primer M-CNN (50 ng),

0�5 lL dNTPs (10 mM), 2 lL of 109 PCR buffer (200 mM Tris-

HCl (pH 8�4), 500 mM KCl), 0�6 lL MgCl2 (50 mM), 10�7 lL
water and 5 U Taq DNA polymerase. The selective amplifica-

tion programme included 13 cycles consisting of denaturation at

94°C for 30 s, annealing at 65°C for 30 s (with a decrease of

0�7°C every cycle) and extension at 72°C for 60 s. The amplifi-
cation programme consisted of 32 denaturation cycles at 94°C
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for 30 s, annealing at 56°C for 30 s and extension at 72°C for

60 s, and one final extension cycle at 72°C for 20 min.
Subsequently, the resulting amplification fragments were sepa-

rated and detected by the capillary electrophoresis system with

automated sequencer ABI 3130XL (Applied Biosystems, Inc.),

using ROX500 as the internal standard.

Data analysis

Differences in electrophoretic patterns among the isolates were

evaluated using the software GENEMAPPER v. 4.1 (Applied Bio-

systems). The AFLP fragments were coded as binary characters
for the presence (1) and absence (0) of the fragment.

To increase the consistency of the data, only fluorescence emis-

sion peaks greater than 100 rfu within the range from 50 to

500 bp were included in the analysis. Reliability of the data was
ensured by amplification of 10% of the isolates in duplicate for

each primer combination, where the patterns that presented many

polymorphic peaks were repeated. The peaks present in the
C. arabica and L. lecanii controls were not considered for analysis.

Genotypic diversity was estimated by measures of richness,

diversity and evenness. In order to reduce the error due to dif-

ferent sample sizes of the population under study, genotypic
richness E(gn) was estimated based on rarefaction curves

(Gr€unwald et al., 2003), using the packages VEGAN and VEGETAR-

IAN implemented in the R software (R Development Core Team,

2014).
To measure the genotypic diversity, N1 (Hill, 1973) and G

indices (Stoddart & Taylor, 1988) were calculated. Confidence

intervals for the values of N1 and G were calculated from 1000

bootstrap, resampling the original frequency of the multilocus
genotypes identified by the VEGAN and VEGETARIAN packages of

the R software (R Development Core Team, 2014).

Similarly, genotypic evenness was evaluated using the index
E5 = [(G � 1)/(N1 � 1)] (Gr€unwald et al., 2003). After estimat-

ing the allelic frequency for each locus, analysis of the genetic

diversity of Nei (1973) was also performed used the program

POPGENE v. 1.3.2 (Yeh et al., 1999).
To investigate the population structure of H. vastatrix, a K-

means hierarchical clustering approach and DAPC were per-

formed. To assess the genetic relationship among haplotypes

(multilocus genotypes, MLGs) of H. vastatrix and the presence/
absence of any structuration of the population, the Nei genetic

distance (1973) was calculated and a minimum spanning net-

work (MSN) was constructed using the packages POPPR and ADE-

GENET (Kamvar et al., 2014) in the R software.

Correlation between genetic similarity and geographic dis-

tance among isolates of H. vastatrix was analysed with the

Mantel test (Mantel, 1967) in the R program (R Development
Core Team, 2014). For this, a geographical distance matrix was

generated by calculating the distance between isolates using the

geographical coordinates, which was then compared with a

matrix of genetic distances. Moreover, genetic differentiation
(GST) and the number of migrants (Nm) were calculated pair-

wise between populations of H. vastatrix in the program POP-

GENE v. 1.3.2 (Yeh et al., 1999).
The distribution analysis of genetic variability within and

among populations was performed by analysis of molecular var-

iance (AMOVA), as suggested by Excoffier et al. (1992), using the

program ARLEQUIN v. 3.5 (Excoffier et al., 2006). For this, popu-
lations of H. vastatrix classified by the state of origin were

divided into subpopulations, which were defined by producing

regions within each state. Those grouped by host were subdi-

vided into subpopulations defined by the state of origin.

Evidence of sexual recombination in the total population of

H. vastatrix (n = 112) was evaluated by the association index
(IA) and the �rd statistic (Maynard Smith et al., 1993), by compari-

son among the observed values and expected values in 1000 repli-

cations by randomization of indices using the program

MULTILOCUS v. 1.3 (Agapow & Burt, 2001), and the POPPR package.
Estimates of linkage disequilibrium (IA and �rd) for the total popu-
lation, and for each of the hierarchical subsets (states or hosts),

were compared with the expected distribution for each locus
when in random association (null hypothesis). Deviation from the

null hypothesis was evaluated with 1000 permutations of alleles

among individuals of each locus. The expected values for 1000

permutations, for each subset, were used for constructing histo-
grams for subsequent graphical analysis of the values of IA and �rd.

Results

AFLP markers

The seven primer pairs allowed the detection of 184 loci,
of which 86 (46�7%) were polymorphic. The number of
polymorphic fragments per primer combination ranged
from 5 to 22, with sizes between 54 and 480 bp
(Table S2). Among the 112 isolates analysed, 68 geno-
types, i.e. AFLP patterns, were found, of which 59
(86�76%) were represented by a single isolate. Reliability
of the data was confirmed by the same pattern presented
for the amplified isolates in replicates and by the DNA
controls (L. lecanii and Catua�ı Vemelho IAC 44) that
showed distinct AFLP patterns when compared to each
other and to the H. vastatrix isolates, indicating no con-
tamination.

Total population

Genetic diversity was assessed in the total population
(n = 112) by the Hill’s and Stoddart & Taylor’s indices,
which were, respectively, 40�394 and 18�447 (Table 1).
Nei’s gene diversity (h) for all loci was 0�027
(SD � 0�064). A total of 68 haplotypes were detected in
112 isolates analysed, of which 59 were unique.

Subdivided populations

Populations from Esp�ırito Santo and from C. arabica
showed an elevated number of polymorphic loci, 34 and
39%, respectively. The lowest percentages of polymor-
phic loci were found in populations from Paran�a and
HDTI derivatives (3�8 and 6�5%, respectively)
(Table S3). The total genetic diversity (HT) in the patho-
gen population ranged from 0�0118 to 0�0352
(Table S3).
The number of genotypes present in each population

was classified as the genotypic richness (‘pobs’), and for
the purpose of multiple comparison, the values were
scaled by the rarefaction curve based on the lowest ‘n’
value of the populations (Eg(n)). In populations grouped
according to hosts of origin, this value ranged from 5 in
C. canephora to 6 in HDTI derivatives (Table 1). Con-
sidering the populations grouped by state, the Eg(n) ran-
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ged from 5�8 for populations from Bahia to 9�3 from
S~ao Paulo (Table 2).
Genotypic diversity was estimated by the N1 and G

indices. When the genotypic diversity of isolates was
analysed based on the host of origin, the population of
HDTI derivatives showed higher genotypic diversity
compared to populations of C. arabica and C. canephora
(Table 1). The population from Bahia showed lower
genotypic diversity compared to other populations when
grouped by state of origin (Table 2).
The uniformity of distribution of genotypes within pop-

ulations was assessed by the index of evenness (E5), where
the highest value was found in the population of HDTI
when grouped by host (Table 1). In relation to the state of
origin, the population of Bahia showed the lowest even-
ness compared to the other populations (Table 2).
The pairwise comparison of genetic differentiation and

number of migrants among populations of H. vastatrix
grouped both by host and by state of origin was reported
to be low to moderate (Tables 3 & 4). When grouped by

host species, the highest value of Nm was found between
populations of C. canephora and C. arabica
(Nm = 19�61; Table 3). Upon analysing grouping by state
of origin, the populations of Bahia and Esp�ırito Santo
had the highest number of pairwise migrants among
these populations (Nm = 22�14; Table 4).
From the analysis of molecular variance, the percent-

age of total variation was estimated among isolates
grouped by host of origin, among isolates from different
states and the same host, and among isolates belonging
to the same state, with 90�39% of total variation due to
variations within the state of origin (Table 5). Grouping
of the data according to the state of origin of the isolates
showed that 90�16% of the total variation was due to
variation within producing regions of the same state
(Table 6). The variations between populations of H. vas-
tatrix belonging to the same host or the same state were
low (0�94 and 0�31, respectively), indicating an absence
of population structure in the set of isolates evaluated
(Tables 5 & 6).

Table 1 Indices of richness, diversity and evenness for the populations of Hemileia vastatrix subdivided according to host species

Statistic

Population defined by host

OverallCoffea arabica Coffea canephora

Derivatives of

H�ıbrido de Timor and Icat�u

Sample size (n)a 68 38 6 112

pobsb 45 24 6 68

Eg(n) for n = 6c 5�6 5 6 5�4
N1

d 33�986 (28�76–39�21) 15�816 (11�85–19�79) 6�000 (4�40–7�60) 40�394 (33�47–47�32)
Ge 22�891 (16�84–28�95) 8�914 (4�8 –12�97) 6�000 (4�44–7�56) 18�447 (11�96–24�93)
E5

f 0�664 0�534 1�000 0�443

Numbers in parentheses indicate the confidence interval calculated from the bootstrapping approach with 1000 replicates.
aNumber of individuals sampled.
bObserved number of genotypes.
cExpected number of genotypes based on the rarefaction curve for a sample of six individuals (smallest population).
dHill’s index of diversity.
eStoddart & Taylor’s index of diversity.
fE5 evenness index calculated by (G � 1)/(N1 � 1).

Table 2 Indices of richness, diversity and evenness for the populations of Hemileia vastatrix subdivided according to the state of origin

Statistic

Population defined by state

Bahia Esp�ırito Santo Minas Gerais S~ao Paulo Paran�a

Sample size (n)a 24 31 27 20 10

pobsb 12 24 22 17 8

Eg(n) for n = 10c 5�8 8�7 8�9 9�3 8

N1
d 6�539 (4�03–9�05) 19�705 (15�92–23�49) 19�038 (15�34–22�74) 16�245 (13�52–18�97) 7�192 (5�24–9�15)

Ge 3�646 (1�60–5�69) 14�343 (9�92–18�77) 14�878 (10�71–19�05) 15�385 (12�41–18�36) 6�250 (4�23–8�27)
E5

f 0�478 0�713 0�769 0�944 0�848

Numbers in parentheses indicate the confidence interval calculated from the bootstrapping approach with 1000 replicates.
aNumber of individuals sampled.
bObserved number of genotypes.
cExpected number of genotypes based on the rarefaction curve for a sample of 10 individuals (smallest population).
dHill’s index of diversity.
eStoddart & Taylor’s index of diversity.
fE5 evenness index calculated by (G � 1)/(N1 � 1).
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Cluster analysis

The cluster analysis performed by K-means and DAPC
revealed the presence of three genetic groups, but they
presented no relationship with the geographical origin
and hosts, as can be observed in the minimum spanning
network (MSN; Fig. 1a,b), based on the presence of the
same haplotype in different regions and/or hosts. The
Mantel test indicated that there was no correlation
between genetic and geographic distance (r = �0�024,
P = 0�74).

Sexual recombination

The hypothesis of sexual recombination in the total pop-
ulation (n = 112) of H. vastatrix was rejected, as this is
not expected for a population in random mating
(IA = 2�2670, P < 0�001; �rd = 0�0322, P < 0�001). How-
ever, when IA and �rd where calculated for isolates within
each state, there were indications of recombination in
the subpopulations of S~ao Paulo and Paran�a
(IA = 0�0014, P = 0�4505; �rd = 0�0001, P = 0�4505 and
IA = 0�479, P = 0�1476; �rd = 0�0401, P = 0�1476,
respectively), but not for the other three populations
(Minas Gerais, Esp�ırito Santo and Bahia; Table 7). The
same hypothesis was tested with clone-corrected data
and similar results were found (data not show).

Discussion

The results presented here showed low levels of popula-
tion differentiation and no apparent geographic pattern
in genetic diversity. The assessment of seven primer pairs
allowed the detection of 184 loci, of which 46�7% were
polymorphic. A total of 68 AFLP patterns were detected
in 112 isolates analysed, and of these 86�7% were repre-
sented by a single isolate. In previous studies, six AFLP
primer combinations were evaluated for H. vastatrix,
detecting 349 fragments, of which only 13�2% were
polymorphic (Rozo et al., 2012). On the other hand,
77% of unique genotypes in 120 isolates of H. vastatrix
were found with RAPD markers (Nunes et al., 2009).
Therefore, in comparison with the studies above, the
AFLP-based genetic markers used in the current study
were sufficiently polymorphic for discriminating all iso-
lates of H. vastatrix. The results suggest that AFLP
markers can be used to evaluate genetic diversity and
population structure of H. vastatrix through estimates of
variation at multiple loci across the genome.
The analysis of genotypic diversity was complemented

by the analysis of gene diversity considering the total
population studied. The results showed low values of
Nei’s gene diversity (h = 0�027 � 0�064), in contrast
with those obtained by Maia et al. (2013) and Nunes
et al. (2009), who found values seven (h = 0�194 �
0�130) and 10 times higher (h = 0�280 � 0�150), respec-
tively. However, medium genotypic diversity was found
in the total population studied (G = 18�447 and
N1 = 40�394), differing from those reported by the

Table 3 Estimates of population differentiation (above the diagonal)

and number of migrants (below the diagonal) between populations of

Hemileia vastatrix defined by host

Population

Coffea

arabica

Coffea

canephora

Derivatives

of H�ıbrido de

Timor and Icat�u

C. arabica – 0�02 0�10
C. canephora 19�61 – 0�21
Derivatives of

H�ıbrido de

Timor and Icat�u

4�67 1�92 –

GST total = 0�15.

Table 4 Estimates of population differentiation (above the diagonal)

and number of migrants (below the diagonal) between populations of

Hemileia vastatrix defined by state

Population Bahia

Esp�ırito

Santo

Minas

Gerais

S~ao

Paulo Paran�a

Bahia – 0�02 0�11 0�06 0�17
Esp�ırito Santo 22�14 – 0�06 0�03 0�08
Minas Gerais 3�94 8�04 – 0�05 0�04
S~ao Paulo 8�30 16�24 10�42 – 0�07
Paran�a 2�43 5�81 13�59 7�12 –

GST total = 0�12.

Table 5 Analysis of molecular variance (AMOVA) of isolates of Hemileia

vastatrix grouped based on the host of origin

Factor of variation df SSa CVb % Vc FId P

Among hosts 2 11�27 0�024 0�94 0�009 0�285
Among states

within the hosts

6 28�38 0�218 8�66 0�087 0�000

Within the state 102 231�74 2�272 90�39 0�096 0�000
Total 110 271�39 2�514 100�00 – –

aSum of squares.
bCoefficient of variance.
cPercentage variation.
dFixation indices.

Table 6 Analysis of molecular variance (AMOVA) of isolates of Hemileia

vastatrix grouped based on the state of origin

Factor of variation df SSa CVb % Vc FId P

Among states 4 22�46 0�008 0�31 0�003 0�283
Among regions

within the states

6 23�98 0�240 9�53 0�096 0�000

Among the regions 100 226�73 2�267 90�16 0�098 0�000
Total 110 273�17 2�515 100�00 – –

aSum of squares.
bCoefficient of variance.
cPercentage variation.
dFixation indices.
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former authors. In other rusts, such as Phragmidium vio-
laceum, Nei’s gene diversity was also low when using
AFLP markers and single lesion isolates (Gomez et al.,
2006). The differences in the results may be explained by
the method of collecting the isolates. In the present study
and those of Gomez et al. (2006), all isolates evaluated

were from single lesions (genetic uniform material),
whereas the methods of Maia et al. (2013) and Nunes
et al. (2009) consisted of bulk isolates. This fact may
mask the true genetic variability due to the presence of
different genotypes of the pathogen in a single sample;
consequently, the band patterns analysed were of DNA
fragments from several individuals.
The MSN analysis reinforces the low gene and med-

ium genotypic diversity found, consistent with a single
introduction event, and evolution of the Brazilian popu-
lation with a short genetic background, characteristic of
a founder effect. This fact is verified by the high degree
of similarity among the isolates (>90%), due to the intro-
duction of isolates among the states as a result of the
exchange of germplasm of the hosts or pathogen dis-
persal over long distances. The high number of unique
haplotypes may be due to the effects of mutation events.
The lack of formation of a spatial group, indicated by

no correlation between genetic and geographic distances
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Figure 1 Minimum spanning network of 68

haplotypes detected in the studied

population (112 isolates) of Hemileia

vastatrix. Each circle represents a unique

haplotype and the colours represent the

sampling sites. The circle size represents the

haplotype frequency. Line widths and

shading represent relatedness of the

haplotypes based on Nei’s genetic distance.

Line length is arbitrary. Grouped isolates of

Hemileia vastatrix based on the state of

origin (a) and based on the host species (b).

Table 7 The observed values of association index (IA) and analysis of

�rd and the P value for each estimate for the total population (n = 112)

of Hemileia vastatrix and the subpopulations subdivided according the

state of origin

Population IA P � IA �rd P � �rd

Total 2�267 0�0009 0�0322 0�0009
Paran�a 0�479 0�1478 0�0401 0�1478
S~ao Paulo 0�001 0�4505 0�0001 0�4505
Bahia 1�057 0�0029 0�0732 0�0029
Esp�ırito Santo 3�024 0�0009 0�0514 0�0009
Minas Gerais 1�898 0�0009 0�0468 0�0009
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with the Mantel test (r = �0�024, P = 0�74), is indicative
of the dispersal of urediniospores over long distances.
The importance of wind in the dispersal of H. vastatrix
was proven by the presence of urediniospores at an ele-
vation of 1000 m with good viability and germination
(Martinez et al., 1975). Wind dispersal has been sug-
gested as the cause of introduction and rapid spread of
coffee rust in South America (Bowden et al., 1971), espe-
cially in Brazil (Chaves et al., 1970). The absence of a
correlation between geographic distance and genetic dis-
tance was also reported for other rust fungi, including
Cronartium ribicola, Melampsora epitea, P. triticina and
Melampsora larici-populina. These fungi also have an
efficient mechanism for dissemination over long distances
(Hurtado & Ramstedt, 2002; Hamelin et al., 2005; Me-
brate et al., 2006; Pei et al., 2007).
When the total population (n = 112) of H. vastatrix

was studied for the reproduction regime, the hypothesis
of sexual recombination was rejected. Maia et al. (2013)
found a similar result, indicating the absence of sexual
recombination in the population. In another study, Nun-
es et al. (2009) reported linkage disequilibrium in only
22% of pairs for the tests performed. In the other 78%
of tests, the null hypothesis of random association of
alleles was accepted. However, when a set of isolates col-
lected in S~ao Paulo and Paran�a were analysed in the
present study, the presence of a recombination signal
was observed. If sexual recombination does exist, it may
be explained by the phenomenon of cryptosexuality,
which consists of the occurrence of a recombination
within an asexual structure, the urediniospore (Carvalho
et al., 2011).
The effect of the host on genetic diversity and popula-

tion structure of H. vastatrix was verified in the subdi-
vided population of 68 isolates collected from
C. arabica, 38 from C. canephora and six from HDTI.
The statistical analysis of these isolates showed that the
highest value for the variables richness and evenness
were found in the population derived from HDTI. This
fact suggests the presence of a larger number of unique
genotypes in these populations, and that these genotypes
are more evenly distributed in relation to other popula-
tions (Gr€unwald et al., 2003).
When a pairwise comparison was conducted between

these isolate groups, low values of genetic differentiation
(GST) were found, indicating that there is a low variation
among isolates of H. vastatrix in the host species. Maia
et al. (2013) also found a low genetic differentiation
among isolates grouped according to the host species
(GST = 0�026). In contrast, Gouveia et al. (2005)
reported a high genetic differentiation among popula-
tions from C. arabica (GST = 0�788) and HDTI
(GST = 0�783). The high value of GST reported in this
study may be explained by the origins of the isolates of
H. vastatrix, which were from three continents: Africa,
Asia and South America. Analysing only isolates from
Minas Gerais, Nunes et al. (2009) found a high average
genetic differentiation (GST = 0�220), similar to that
found by Gouveia et al. (2005) (GST = 0�260), but this

value was low compared to isolates from Africa
(GST = 0�865) and Asia (GST = 0�768).
The AMOVA and cluster analyses also suggest that the

host does not affect the genetic structure of the H. vasta-
trix population. This is consistent with coffee genetic
breeding and the co-evolution of plant pathogens. In Bra-
zil, breeders use natural and artificial hybrids of C. cane-
phora and C. arabica (H�ıbrido de Timor or Icatu) to
transfer the rust resistance genes to arabica cultivars. In
this case some C. arabica cultivars have genes of both
species. Therefore, selection pressure exerted on the
pathogen population with high genotypic richness can
promote the selection of new and complex races of the
pathogen that are capable of infecting both species.
The 112 H. vastatrix isolates were also subdivided

into the state in which they were collected, so as to eval-
uate the geographical structure of diversity. Using this
strategy, 34 isolates were grouped in the state of Bahia,
31 in Esp�ırito Santo, 27 in Minas Gerais, 20 in S~ao
Paulo and 10 in Paran�a. The lowest values for genetic
richness, diversity and evenness were found for isolates
from Bahia. The first report of H. vastatrix in Brazil
occurred in this state, and it is consistent with what is
expected for the founder population. During dispersion
and colonization of the new habitat, geographic isolation
will generally reduce the genetic diversity of the popula-
tion by means of genetic drift (Nei et al., 1975). Thus,
few haplotypes are present in Bahia state, but in high fre-
quencies. However, these haplotypes are also common to
other coffee producing regions.
The low value of genetic differentiation (GST) was also

observed in isolates grouped by geographic region, as in
those grouped by host. In clonal populations, migration
contributes to prevent genetic differentiation among pop-
ulations, because there can occur a ‘mixture’ of different
pathogen haplotypes. The fact that the inoculum is easily
dispersed by wind over long distances allows dispersion
of the pathogen and spread of the disease (Bowden et al.,
1971). Thus, the facilitated movement of propagules may
have contributed to dispersion of H. vastatrix in Brazil.
Another factor that facilitates dispersion of the uredin-

iospores of H. vastatrix is the presence of large continu-
ous areas of coffee plantations in Brazil, which is proven
by the higher number of migrants (Nm = 22�14) found in
the states of Bahia and Esp�ırito Santo. For other rusts
two situations were observed, high and low migration
(measured as gene flow), depending on the presence or
absence of large continuous areas of the hosts (Hamelin
et al., 2000; Keiper et al., 2006). For example, there was
a low migration rate (Nm < 1) among isolates of C. ribi-
cola (white pine rust) where the absence of hosts
between the east and west regions of the US prevented
migration of this fungus (Hamelin et al., 2000). In this
study, it was also possible to observe an association
between genetic differentiation and the geographic origin
of the pathogen populations. The presence of multiple
clonal lineages and subpopulations of the pathogen, as
well as wide dispersion of races and identical genotypes
were also found for Puccinia graminis f. sp. avenae in all
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grain-producing regions of Australia, confirming the high
rate of migration for this pathogen (Keiper et al., 2006).
Thus, areas of continuous coffee plantations allow a

gradual movement of coffee leaf rust epidemics and distri-
bution of genotypes. If any genetic differentiation is
detected in populations of H. vastatrix it is probably
caused by the cultural practices used (Nunes et al., 2009).
By means of the AMOVA it was shown that there was

no significant difference between the pathogen popula-
tions defined by the state of origin of the isolates. The
highest percentage of genetic variance (90%) occurred
among isolates within the subpopulation. Thus, mecha-
nisms of genetic variability, together with dispersion of
inoculum, promote high genetic variability within the
subpopulations. Variability is conserved among popula-
tions due to clonal admixture that maintained the same
allele frequencies in populations of H. vastatrix. The K-
means and DAPC approach confirmed that there is no
structuring of the populations in relation to the state of
origin of the isolates.
Genetic drift and migration are two evolutionary

mechanisms that may be associated with these results.
Coffee rust was first reported in Brazil in 1970, about
100 years after its report in Sri Lanka. Therefore,
recently established populations still reflect the founder
effect, with less genetic diversity among populations
(Nunes et al., 2009). On the other hand, it was found
that there is migration between populations, which con-
tributed to a lower differentiation between them.
The results obtained with the complete and subdivided

populations are in agreement with those observed by Gou-
veia et al. (2005) and Maia et al. (2013), confirming that
populations of H. vastatrix are dysfunctional in relation
to the type of host and geographical origin. Three hypoth-
eses are considered to explain these finds. First, the intro-
gression of rust resistance genes of C. canephora into
genotypes of C. arabica contributes to the lack of popula-
tion structure of H. vastatrix considering the host. Sec-
ondly, AFLP markers used in this study were not
associated with regions of the genome under selection
imposed by host resistance genes; and thirdly, of high
migration rates are occurring in the studied populations.
A low degree of differentiation in populations of

H. vastatrix shown in this study, together with facilitated
dispersal of the inoculum over long distances, allows for
pathogen dispersal among coffee-growing areas. Further-
more, the large variation within subpopulations of the
fungus suggests a high evolutionary rate and may explain
the breakdown of resistance in cultivars derived from
HDTI to the rust. Due to the occurrence of migration
between populations and the large variability within sub-
populations of the pathogen, it is recommended that
breeding programmes adopt the incorporation of hori-
zontal resistance as a control strategy.
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