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ABSTRACT: Papaya (Carica papaya L.) is one of the main tropical fruits consumed in Brazil. The
country is also one of the main papaya exporters, but one of the factors hindering its production lies on foliar
diseases such as papaya black spot, which is caused by fungus Asperisporium caricae. This pathogen is widely
distributed in the main producing regions of the Brazilian coastal area. Phylogeographic studies contribute to
the knowledge about the genetic diversity and geographical distribution of genealogical lineages (haplotypes)
and help better understanding the reproductive and evolutionary processes of closely related species or of a
single species. Such information is useful in studies about phytopathogenic fungi because it enables identifying
the most prevalent genealogical lineages in a given location, as well as inferring dispersal routes and providing
information on the origin and frequency of exotic material introduction events. Results in this type of study can
significantly help developing new disease control strategies. Literature still lacks studies on the Papaya x A.
caricae pathosystem. Based on the phylogenetic and phylogeographic analysis applied to nucleotide sequences
of the Internal transcribed spacer (ITS) gene, we herein address the genealogical and dispersal events recorded
for this pathogen in order to better understand its evolution in, and adaptation to, Brazilian orchards. Three
haplotypes were identified among the A. caricae isolates; their distribution was mostly related to the geographic
distance between sample collection regions rather than to any reproductive or evolutionary processes presented
by the species. The low variability among the herein studied isolates may result from the physiological
specialization (survival exclusively associated with the host plant) and from the regional transport of
contaminated fruits (with lesions and spores), besides the low contribution of reproductive events, which
corroborate the lack of knowledge about the sexual stages of A. caricae.
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INTRODUCTION

Papaya (Carica papaya L.) is one of the
most cultivated and consumed fruits in the tropical
and subtropical regions around the world due to its
nutrition and digestive properties (WALL, 2006).
Papaya black spot is caused by the fungus
Asperisporium caricae (Speg.) Maubl. This disease
can hinder crop yield, since it affects plant vigour by
reducing its photosynthetic area. It also causes
quantitative and qualitative damages that lead to the
commercial depreciation of fruits (SANTOS;

BARRETO, 2003) and, consequently, affects the
agriculture in the Country (SANTOS et al., 2017a).
There are reports about papaya plants
infected by such fungus in different countries such
as Brazil, where the black spot disease was first
described by Maublanc (MAUBLANC, 1913) in
Rio de Janeiro State. Since then, it has been
described in several states such as Minas Gerais,
Espirito Santo, Sao Paulo, Santa Catarina, Bahia
(SILVA, 2010), Rio Grande do Norte and
Amazonas (SOUZA et al., 2014). Assumingly, this
fungus is distributed in almost all Brazilian regions
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where papaya plants are grown. However, little is
known about the diversity of these isolates and
about their distribution in the main Brazilian papaya
producing regions.

A. caricae is inserted in the cercosporoid
complex, although there is no evidence that it is a
Mycosphaerella anamorph. Fungi belonging to the
cercosporoid complex are hyphomycetes, many of
them are anamorphous species belonging to genus
Mycosphaerella. This complex comprises more than
20 genera of phytopathological importance.
Literature lacks studies addressing the biology of
this fungus probably due to the possible biotrophic
condition of Asperisporium, which leads to growth,
colony maintenance and sporulation difficulties in
vitro. Most studies mainly focus on disease control
strategies (SANTOS; BARRETO, 2003; VIVAS et
al., 2015; SANTOS et al., 2017a).

Interactions between plant genotypes and
fungal isolates throughout the evolution of living
beings can bring harm to the host. It is possible
setting effective disease control strategies when the
variations between different pathogen isolates are
known (SANTOS et al., 2017b). A practical
example of it can be seen when fungi with
pathogenic potential keep their ancestral ability to
explore other hosts as endophytes. This ability
reduces the success rate in crop rotations (FILIPE et
al., 2012; STERGIOPOULOS; GORDON, 2014),
since these pathogens can have endophytic action in
secondary plants until the main host becomes
available again.

Phylogeographic  studies about fungi,
although scarce, may contribute to the knowledge
about the pathogen diversity and help understanding
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the geographical distribution of genealogical
lineages, mainly of the ones within and among
closely-related species (AVISE, 2000; SANTOS et
al., 2017b). The literature still lacks studies relating
the geographic and phylogenetic distribution of the
fungal species A. caricae. The aim of the current
study was to apply molecular strategies to help
better understanding the C. papaya x A. caricae
pathosystem, based on pathogen evolution, genetic
variability, adaptation to the host and on the species’
distribution and ancestral entrance in the main
papaya producing Brazilian states.

MATERIAL AND METHODS

Isolation, DNA Extraction and Sequencing

We collected papaya leaves (fresh or dried
in the shade) presenting black spot symptoms, but
no sporulation caused by hyperparasite fungi, in
different Brazilian regions comprising Bahia, Rio
Grande do Norte, Rio de Janeiro, Espirito Santo,
Minas Gerais and Sao Paulo states. We isolated 25
isolates of the pathogen from 30 samples (Table 1).
Monosporic isolates were collected in colonies
resulting from conidia germination in PDA (potato-
dextrose-agar) medium. The fungus grown in the
same PDA medium, and their cultures, were
incubated in growth chambers (BOD) at 25+2°C,
12-h photoperiod, under 20W fluorescent light (cold
white). We maintained and cultivated the cultures in
the same medium, in sloped tubes. We deposited all
the herein obtained pure cultures in the plant disease
clinic collection of Universidade Estadual do Norte
Fluminense Darcy Ribeiro.

Table 1. GenBank accession numbers of A. caricae DNA sequences used in the analyses

Isolate County ITS'
Northeast

AC1 Cruz das Almas/BA MHO014906
AC2 Cruz das Almas/BA MHO014907
AC3 Cruz das Almas/BA MHO014908
AC4 Cruz das Almas/BA MHO014909
AC5 Cruz das Almas/BA MHO014910
AC6 Mossor6/RN MHO014911
AC7 Mossor6/RN MHO014912
Southeast

AC9 Buzios/RJ MHO014913
ACI12 Duque de Caxias/RJ MHO014914
AC13 Linhares/ES MHO014915
AC14 Ibiracu/ES MHO014916
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ACIS5 Itaocara/RJ MHO014917
AC16 Ituverava/SP MHO014918
AC17 Janaiba/MG MHO014919
ACI19 Mimoso/ES MHO014920
AC21 Alegre/ES MHO014921
AC22 Rio Bonito/RJ MHO014922
AC23 Mimoso/ES MHO014929
AC24 Rosdrio da Limeira/MG MHO014923
AC25 Campos dos Goytacazes/RJ MH014924
AC26 Mimoso/ES MHO014925
AC27 Linhares/ES MHO014926
AC28 Linhares/ES MHO014927
AC29 Linhares/ES MHO014928
AC30 Campos dos Goytacazes/RJ MHO014930

We macerated mycelium from pure cultures
with a cell disruptor (Loccus L-Beader 3) based on
instructions by Santos et al. (2017b), whereas other
DNA extraction steps were based on Pinho et al.
(2013). We applied Primers ITS5 and ITS4 (WHITE
et al., 1990) to amplify the reactions in the Internal
Transcribed Spacer (ITS) region and used the
commercial purification system Agencourt AMPure
XP (Magnetic Stand-96 Ambion) to purify the
amplified products, based on the recommendations
of the manufacturer. ACTGene  Andlises
Moleculares Ltda (Centro de Biotecnologia,
Universidade Federal do Rio Grande do Sul, Porto
Alegre, RS, Brazil) was responsible for the
sequencing procedure.

We edited the nucleotide sequences in the
DNA Dragon software (HEPPERLE, 2011) and
manually corrected all sequences . We corrected the
arrangement of nucleotides at ambiguous positions
through primer sequences in directions 5°-3" and
3’-5’. New sequences of each isolate were
deposited in the GenBank database
(http://www.ncbi.nlm.nih.gov) (Table 1).

Haplotypical Distribution

We conducted Bayesian inference (BI)
analyses, based on the Markov Chain Monte Carlo
(mcmc) method, to confirm the identity of the
isolates and set the best nucleotide substitution
model in the MrMODELTEST 2.3 software before
launching the BI (POSADA; BUCKLEY, 2004).
Once the likelihood scores were calculated, we
selected the model based on the Akaike Information
Criterion (AIC). We used the K80 evolution model.

We concluded the BI analysis in the
MrBayes v.3.1.1 software (RONQUIST;

HUELSENBECK, 2003). We ran four MCMC
chains simultaneously, starting from random trees
for 10,000,000 generations. We sampled the trees
every 1,000th generation for 10,000 trees, in total;
the burnin was set at 25%. The posterior
probabilities (RANNALA; YANG, 1996) were
based on a majority-rule consensus tree generated
from the remaining 7,500 trees. We analyzed the
likelihood log convergence in the TRACER
software v. 1.4.1 (RAMBAUT; DRUMMOND,
2013), visualized the trees in FigTree (RAMBAUT,
2009) and exported the data to the graphic software.
We rooted the trees with Amycosphaerella africana
CBS 680.95 and CBS 134927.

We used the median-joining (MJ) algorithm
for the ITS gene in the DnaSPv5 software to
investigate phylogenetic relationships between
haplotype-network  populations  to  identify
individual haplotypes and their
frequencies(LIBRADO; ROZAS, 2009). We
adopted the same software to estimate haplotype
and nucleotide diversity (NEI, 1987).

Population Structure

We set the genetic structure of the herein
studied population based on country region (genetic
diversity within and between populations). We
subjected samples grouped in populations deriving
from Southeastern (SP, RJ, MG and ES) and
Northeastern (BA and RN) coastal regions to
molecular variance analysis (AMOVA) in the
ARLEQUIN v.3.1 software (EXCOFFIER et al.,
2005).

We applied the Median-Joining (MJ)
method to investigate genealogical relationships
between haplotypes in the Network 4.6.0.0 software
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(Bandelt et al., 1999). The maximum number of
parsimonious connections between sequences was
estimated at 95% probability for all haplotype
connections within the network. Haplotypes were
presented in colour-coded circles and their sizes
were proportional to the frequency of isolates in
each haplotype.

We constructed a clustering analysis by
associating the Bayesian approach and the
phylogeographic grouping through the Bayesian
Phylogeographic and Ecological Clustering (BPEC)
method, based on Manolopoulou et al. (2011, 2016).
We conducted the analysis in the R software (R
DEVELOPMENT CORE TEAM, 2015) wherein
the following parameters were set: ds = 3
(parsimonious relaxation parameter), maximum
number of migrations = 3, and 50 million steps in
the MCMC.
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RESULTS

Haplotypical Distribution

The Internal Transcribed Spacer (ITS)
region, sequenced for 25 A. caricae isolates,
resulted in 308 bp fragments; we deposited all
sequences in the GenBank (Table 1). Phylogenetic
analysis was the instrument applied to 37 taxa; the
sequence alignment totaled 341 characters, 19 of
them were informative for parsimony, 20 were
varying and 321 were conserved. Based on the
phylogenetic analysis, we identified isolates at
species level; these isolates were allocated to the A.
caricae clade, which was well supported by
posterior probability (pp) = 1.0 (Figure 1). The
alignment showed 4 polymorphic sites, besides
enabling the identification of only 3 haplotypes in
the sampled population. Such outcome characterized
low haplotype (H = 0.22 + 0.106) and nucleotide (n
=0.0013 + 0.0034) diversity (Table 2).
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Figure 1. Phylogenetic tree based on the Bayesian Inference of sequences from the Internal Transcribed Spacers (ITS)
region of Asperisporium caricae isolates associated with Papaya. The posterior probability is indicated near the
branch nodes. The tree was rooted in Amycosphaerella africana CBS 680.95 and CBS 134927.

Table 2. Haplotype (H) and Nucleotide diversity (m), and their respective standard deviations (SD) in A. caricae found in

Brazilian Northeastern and Southeastern regions

Region N S K H(SD) 7 (SD) - Hlf‘lglmype I;rgq“encyTotal
Northeastern 7 1 2 ?0218 96) ?00(())(())3 6) 6 1 - 7
Southeastern 18 4 3 ?0212 24) ?008(}39) 16 1 1 18
Total 25 4 3 ?0212 06) ?0080133 1) 22 2 1 25

*N = number of individuals; S = number of polymorphic sites; and K = number of haplotypes.

The haplotype network represented in
Figure 2B presents three distinct haplotypes

identified in the Internal Transcribed Spacer (ITS)
region, based on the median joining method. We did
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not observe haplotype distribution in the studied
regions, i.e., the same haplotypes were observed in
both the Southeastern and Northeastern coastal
regions, except for haplotype H3, which was only
found in the Southeastern region (Figure 2A).
Haplotype H1 was most often found in both herein
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studied regions, whereas haplotype H2 was more
common in the Northeastern than in the
Southeastern region (Figure 2 and Table 2).
According to the haplotype network, haplotype H3
presented a larger number of mutations than the
most often recorded haplotype(H1) (Figure 2B).
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\ \
=70 -60 -50 -40
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Figure 2. Distribution patterns of A. caricae haplotypes. (A) Frequency of haplotypes in the Internal Transcribed Space
(ITS) region and (B) haplotype network obtained through median joinning. The size of the graphs is
proportional to the number of isolates in each haplotype.

Population Structure

The AMOVA results, the variation within
populations was understood in its totality (Table 3).
The Fst value was negative; thus, it remained as null

value, according to Wright (1951, 1965), It did not
lead to statistical significance in the frequency of the
analyzed sequences (p>0.05)

Table 3. Molecular variance analysis (AMOVA) applied to A. caricae isolates deriving from different places in
Brazilian Southeastern (SP, RJ, MG and ES states) and Northeastern (Bahia and RN states) coastal

regions.
Source d.f. Sum of Squares  Variance components  Variation (%) Fst
Between Populations 1 0.085 -0.01155 0.0
0.0
Within Populations 23 4.63 0.20152 100
Total 24 4.72 0.18997

The BPEC analysis identified four clusters;
the highest posterior probability values were
recorded for the Southeastern region. Among the
observed clusters, two derived from the Brazilian
Southeast region, and two, from the Northeastern
region. The three sites most likely to be ancestors

were located at the intersection between the green
and blue clusters, which were highlighted by white
arrows (Figure 3). In other words, the BPEC
analyses attributed haplotypes to four
phylogeographic groups and divided the regions in
two groups.
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Figure 3. Bayesian phylogenetic and ecological clustering analyses (BPEC). Each colored contour plot indicates a
different phylogeographic grouping. The contour plots are placed at the ‘center’ of each population cluster, and
the coloured regions show the radius of 50% concentration contours around it. White arrows show the ancestral
locations presenting the highest probability calculated.

DISCUSSION

The low diversity indices recorded for the
Northeastern and Southeastern regions suggested
the occurrence of a founding effect. This evolution
phenomenon results from the settling of a new
population by few original founders (MAYR, 1940;
FUTUYMA, 2006). The aforementioned
phenomenon was evidenced in our study by two
main aspects of the herein investigated fungus: lack
of knowledge about its teleomorph stage and about
its parasitic relation with the host plant. Moreover,
A. caricae is a highly-specialized pathogen that may
not survive in the field when there is lack of host
plants - such outcome leads to low genetic variation
(MINNIS et al.,, 2011; CROUS et al., 2015;
VIDEIRA et al., 2017).

Haplotypes located in the center of the
network are ancestors, whereas the ones located at
the extremities are deriving or ancestral haplotypes
(FREIRE; OLIVEIRA, 2008; SANTOS et al,
2017b). "H1" stood out as the most central
haplotype in the herein obtained network (Figure
2B), besides being the most frequent haplotype in it,
fact that reinforced its ancestry. Haplotype HI1
showed ramifications towards two other haplotypes
located in the end of the network (Figure 2B).
According to Templeton et al. (1992) and Freire and
Oliveira (2008), ramifications in the networks are
directly associated with haplotype mutations that

take place at different stages in their evolution,
besides  generating  descending  haplotypes
(TEMPLETON, 1998; FREIRE; OLIVEIRA, 2008;
SANTOS et al., 2017b).

The biotrophic fungus A. caricae 1is
cosmopolitan due to the wide distribution and
commercialization of host species such as Carica
papaya in tropical regions (BAUTISTA-BANOS et
al., 2013; VIVAS et al.,, 2016; VIDEIRA et al.,
2017), fact that explains the low genetic diversity
and wide distribution of haplotypes in the country
(Figure 2A; Tables 2 and 3). Its wide distribution in
Brazilian coastal regions is directly linked to papaya
production sites. High host specificities may have
negatively contributed to pathogen settling in other
places.

Variation within populations (Table 4) can
be closely related to the frequent movement of
pathogen inoculum in different geographic
locations, since most of the investigated regions
were papaya producers and populations shared
Haplotype H1 (Table 2). Such outcome
substantiates the slight differences between
populations (Table 3). The Fst values (Table 3)
were negative because the Wright estimator
(WRIGHT, 1965) was biased towards small
samples. Thus, in order to solve this problem,
software such as Arlequim (EXCOFFIER et al.,
2005) adopt the Weir & Cockerham method (WEIR;
COCKERHAM, 1984) to allow negative results in
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some loci in order to compensate overestimates in
others. Although rare, negative locus means indicate
that the variation between individuals within
populations is higher than between populations
(HOLSINGER; WEIR, 2009). Low Fst values
increase the gene flow; therefore, negative Fst
values may indicate high genetic exchange between
populations.

The three sites designated as pathogen
ancestors (Figure 3) can be seen as the initial
inoculum entry in Brazil; they correspond to Rio de
Janeiro (pp = 60%) with two sites and Espirito
Santo (pp = 24%) states, with one site. However, we
must condition any conclusions drawn from these
inferences to their associated-probability values.,
There is higher uncertainty about A. caricae
inferences due to limited data information rather
than to convergence issues. Additional sampling
(more locations and more individuals per location)
may help improving posterior probabilities.
According to Manolopoulou (2016), it is possible
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developing BPEC scripts capable of incorporating
group sequences to the inference of ancestral
haplotypes in order to improve posterior
probabilities for ancestral areas.

Data about phytopathogen dispersion across
geographic locations are essential to help planning
management strategies such as the identification of
the pathogen entry site, which can help explaining
the way the pathogen settles in a given region. In
addition, genetic variations can differentiate the
pathogen’s response to different control strategies.
Therefore, our study showed that the low A. caricae
variability and its population structure, in
association with the geographic distance, which is
linked to the biotrophic characteristic of the fungus
and to the wide distribution and commercialization
of host species, favors the control of this fungus in
papaya plants. It happens because high-variability
pathogens develop evolutionary strategies to remain
in the population, because the adaptability of certain
organisms depends on their genetic variability.

RESUMO: O mamoeiro (Carica papaya L.), € uma das principais frutas tropicais consumidas no

Brasil. O pais é um dos principais exportadores de mamio e um dos gargalos da producdo mundial estd
diretamente ligado a ocorréncia de doengas foliares, podendo-se destacar a pinta-preta do mamoeiro, causada
pelo fungo Asperisporium caricae. O patégeno estd amplamente distribuido nas principais regides produtoras,
as quais englobam grande parte do litoral Brasileiro. Estudos filogeograficos contribuem ndo sé para o
conhecimento da diversidade genética e da distribuicdo geografica das linhagens genealdgicas (haplétipos),
como também contribuem para o conhecimento dos processos reprodutivos e evolutivos de uma espécie ou de
espécies estreitamente relacionadas. No estudo de fungos fitopatogénicos, tais informagdes sdo uteis para
identificar linhagens genealdgicas mais prevalentes em um determinado local, inferir as rotas de dispersdo e
fornecer informagdes sobre a origem e frequéncia dos eventos de introdugdo de material exético. Este tipo de
estudo produz resultados que podem colaborar significativamente na elaboragdo de novas estratégias de
controle da doencga. Nao existe, até o presente momento, este tipo de estudo para o patossistema Mamoeiro x A.
caricae. Neste trabalho, por meio da andlise filogenética e filogeografica, a partir de sequéncias nucleotidicas
do gene Internal transcribed spacer (ITS), discutimos os eventos genealdgicos e de dispersdo deste patdégeno
com o intuito de compreender melhor sua evolucio e adaptacdo nos pomares brasileiros. Dentre os isolados de
A. caricae foram identificados 3 haplétipos, sendo sua distribuicdo relacionada mais ao distanciamento
geogrifico das regides das coletas das amostras do que a eventuais processos reprodutivos ou evolutivos da
espécie. Acredita-se que a baixa variabilidade dentre os isolados estudados seja explicada pela especializagdo
fisiol6gica (sobrevivéncia exclusivamente associada a planta hospedeira) e ao transporte regional de frutos
contaminados (com lesdes e esporos), sendo baixa a contribuicdo de eventos reprodutivos, o que corrobora o
desconhecimento de fase sexual de A. caricae.

PALAVRAS CHAVE: Carica papaya. Pinta Preta do Mamoeiro. Modelos Evolutivos.
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