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Abstract: Sporothrix (Ophiostomatales) comprises species that are pathogenic to humans and other mammals as well as environmental fungi. Developments in
molecular phylogeny have changed our perceptions about the epidemiology, host-association, and virulence of Sporothrix. The classical agent of sporotrichosis,
Sporothrix schenckii, now comprises several species nested in a clinical clade with S. brasiliensis, S. globosa, and S. luriei. To gain a more precise view of outbreaks
dynamics, structure, and origin of genetic variation within and among populations of Sporothrix, we applied three sets of discriminatory AFLP markers (#3 EcoRI-GA/
MseI-TT, #5 EcoRI-GA/MseI-AG, and #6 EcoRI-TA/MseI-AA) and mating-type analysis to a large collection of human, animal and environmental isolates spanning the
major endemic areas. A total of 451 polymorphic loci were amplified in vitro from 188 samples, and revealed high polymorphism information content (PIC = 0.1765–
0.2253), marker index (MI = 0.0001–0.0002), effective multiplex ratio (E = 15.1720–23.5591), resolving power (Rp = 26.1075–40.2795), discriminating power
(D = 0.9766–0.9879), expected heterozygosity (H = 0.1957–0.2588), and mean heterozygosity (Havp = 0.000007–0.000009), demonstrating the effectiveness of AFLP
markers to speciate Sporothrix. Analysis using the program STRUCTURE indicated three genetic clusters matching S. brasiliensis (population 1), S. schenckii (population 2),
and S. globosa (population 3), with the presence of patterns of admixture amongst all populations. AMOVA revealed highly structured clusters (PhiPT = 0.458–0.484,
P < 0.0001), with roughly equivalent genetic variability within (46–48 %) and between (52–54 %) populations. Heterothallism was the exclusive mating strategy, and the
distributions of MAT1-1 or MAT1-2 idiomorphs were not significantly skewed (1:1 ratio) for S. schenckii (χ2 = 2.522; P = 0.1122), supporting random mating. In contrast,
skewed distributions were found for S. globosa (χ2 = 9.529; P = 0.0020) with a predominance of MAT1-1 isolates, and regional differences were highlighted for
S. brasiliensis with the overwhelming occurrence of MAT1-2 in Rio de Janeiro (χ2 = 14.222; P = 0.0002) and Pernambuco (χ2 = 7.364; P = 0.0067), in comparison to a
higher prevalence of MAT1-1 in the Rio Grande do Sul (χ2 = 7.364; P = 0.0067). Epidemiological trends reveal the geographic expansion of cat-transmitted sporotrichosis
due to S. brasiliensis via founder effect. These data support Rio de Janeiro as the centre of origin that has led to the spread of this disease to other regions in Brazil. Our
ability to reconstruct the source, spread, and evolution of the ongoing outbreaks from molecular data provides high-quality information for decision-making aimed at
mitigating the progression of the disease. Other uses include surveillance, rapid diagnosis, case connectivity, and guiding access to appropriate antifungal treatment.
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INTRODUCTION

Sporothrix (Ascomycota) is embedded in the plant-associated
order, Ophiostomatales, and comprises at least 53 reported
species (Rodrigues et al. 2020b). This largely saprotrophic
genus is frequently associated with decaying wood, insects, and
soil; however, several members have emerged in recent years
with the ability to cause infections in mammalian hosts. Sporo-
thrix develops a filamentous form in the environment (25–30 °C)
however undergoes a dimorphic switch to a yeast phase at
elevated temperatures (35–37 °C). Infections follow two main
routes of acquisition, one of which involves animal (zoonotic)
transmission (e.g., cat-to-cat and cat-to-human), and the other
involves exposure to infected decaying plant material (i.e.,
Peer review under responsibility of Westerdijk Fungal Biodiversity Institute.
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org/licenses/by-nc-nd/4.0/).
classic sapronosis). The resulting disease is called sporotri-
chosis, a subacute or chronic infection of the skin, subcutaneous
tissues, and adjacent lymphatics, which usually suppurate, ul-
cerate, and drain (Rippon 1988, Orofino-Costa et al. 2017,
Queiroz-Telles et al. 2017).

In humans, cutaneous and subcutaneous lesions develop at
the inoculation site, and fungal spreading typically occurs
through the lymphatics in the course of the first 2–3 wk
(Rodrigues et al. 2017). As a polymorphic disease, clinical pre-
sentation varies from fixed localized cutaneous lesions, lym-
phocutaneous lesions to severe, disseminated sporotrichosis
(Al-Tawfiq & Wools 1998, Silva-Vergara et al. 2012). In cats,
Sporothrix meets a highly susceptible host population, and the
most common clinical symptoms include multiple skin nodules
ute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
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and ulcers, often related to nasal mucosa lesions and respiratory
signs (Schubach et al. 2004, Gremi~ao et al. 2015, Seyedmousavi
et al. 2018). Feline sporotrichosis can progress to severe forms
that are difficult to treat and may lead to the death of infected
animals (Schubach et al. 2003, Pereira et al. 2010, Rodrigues
et al. 2018).

Benjamin R. Schenck first described human sporotrichosis in
1898, and the etiologic agent was two years later assigned to the
genus Sporothrix by Hektoen and Perkins (Hektoen & Perkins
1900). Several years lapsed before animal sporotrichosis was
described in naturally infected rats in Brazil (Lutz & Splendore
1907). Thus, for over a century, human and animal sporotri-
chosis was attributed to a sole etiologic agent, the classical
Sporothrix schenckii. However, the application of molecular tools
has led to the description of four cryptic species recognized in
clinical practice (Marimon et al. 2006, Marimon et al. 2007). The
classical species, S. schenckii, now comprises S. brasiliensis,
S. schenckii s. str., S. globosa, and S. luriei (Marimon et al. 2007,
Rodrigues et al. 2013b, Zhou et al. 2014). Outside this clinical
clade, pathogenicity to mammals is rarely observed, and only a
few reports have appeared in the literature of infections by
members of the S. pallida and S. stenoceras complexes (de Beer
et al. 2016, Makri et al. 2020) or by relatives in the genus
Ophiostoma, e.g., O. piceae (Bommer et al. 2009).

Sporotrichosis has a worldwide occurrence, but endemic
areas are located in tropical and subtropical regions (Pappas
et al. 2000) with high occurrences reported in South Africa, In-
dia, Australia, China, Japan, the USA, and Mexico (Chakrabarti
et al. 2015). In South America, endemic areas include Argentina,
Brazil, Colombia, Peru, Uruguay, and Venezuela (Rodrigues
et al. 2020b). In Brazil, the South/Southeast axis has been the
epicentre of zoonotic sporotrichosis, and cats are the main
vectors of disease transmission to humans and other animals
(Rodrigues et al. 2013b; Gremi~ao et al. 2017). Thousands of
Sporothrix infections persist for many months in infected cats,
leading to sustained transmission of sporotrichosis by cat-to-cat
and cat-to-human contact patterns (Rodrigues et al. 2016b;
Macêdo-Sales et al. 2018). The predominant etiologic agent in
cats is S. brasiliensis, which is known to be the most virulent
Sporothrix species (Arrillaga-Moncrieff et al. 2009).

Until recently, the occurrence of S. brasiliensis was
geographically restricted to Brazil's South and Southeast regions
(Rodrigues et al. 2013a; Maschio-Lima et al. 2021). However, a
geographic expansion of sporotrichosis driven by S. brasiliensis
has occurred in Brazil and neighbouring countries such as
Argentina and Paraguay (García Duarte et al. 2017, C�ordoba
et al. 2018, Etchecopaz et al. 2019, Aldama et al. 2020). In
Table 1. Primers used in this study for genetic characterization of S

Target Primer Sequence

ITS1/2+5.8S ITS1 TCCGTAGG
ITS4 TCCTCCGC

MAT1-1 SPMAT1-1F GATCCCTA
SPMAT1-1R CTGCAATTG

MAT1-2 SPMAT1-2F CCAATTTCC
SPMAT1-2R GCTTGATA

ATP9-COX2 975–8038F GCTAGAAA
975–9194R CCTTCCATT
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addition, suspected cases have been reported in Bolivia,
Colombia, and Panama (Rios et al. 2018, PAHO 2019).

Here we sought to identify aspects that underpin the emer-
gence of sporotrichosis in South America. To gain insights into
the trends in the epidemiology and genetic diversity of clinical
isolates, we explored Brazilian isolates of Sporothrix collected
over 70 years to determine the genetic diversity, population
structure, and recognize different genotypes associated with
Sporothrix species. In addition, a well-characterized collection of
isolates from Argentina, Austria, Brazil, Chile, Italy, Japan,
Mexico, Peru, Spain, South Africa, the USA, Uruguay, and
Venezuela was used to evaluate our hypotheses in a wider in-
ternational context.
MATERIAL AND METHODS

Fungal isolates and DNA extraction

We included 188 Sporothrix isolates previously identified by
species-specific PCR and phylogenetic analysis of the calmod-
ulin, ITS1/2+5.8S, and β-tubulin loci as S. brasiliensis (n = 72),
S. schenckii (n = 67), S. globosa (n = 34), S. luriei (n = 1),
S. mexicana (n = 4), S. pallida (n = 3), S. chilensis (n = 2),
S. brunneoviolacea (n = 2), S. dimorphospora (n = 2), and
S. stenoceras (n = 1), and representing both clinical and envi-
ronmental clades (Marimon et al. 2008, Arrillaga-Moncrieff et al.
2009, Madrid et al. 2010, Rodrigues et al. 2014, Zhou et al. 2014,
Rodrigues et al. 2015, Zhang et al. 2015, Moussa et al. 2017).
These isolates were recovered from Argentina, Austria, Brazil,
Chile, Italy, Japan, Mexico, Peru, Spain, South Africa, the USA,
Uruguay, and Venezuela (Supplementary Table S1) and are
deposited in the Laboratory of Emerging Fungal Pathogens
culture collection at the Federal University of S~ao Paulo (UNI-
FESP), S~ao Paulo, Brazil.

Filamentous colonies were grown on Sabouraud Dextrose
Agar (SDA) at 25 °C and co-cultured every fourteen days
(Brilhante et al. 2015). DNA extraction was performed from a 14-
d-old monosporic culture using the FastDNA kit (MP Bio-
medicals, Solon, OH, USA) as previously described (Rodrigues
et al. 2014). The genomic DNA concentration and purity were
analysed by spectrophotometry (NanoDrop 2000; Thermo Fisher
Scientific, Waltham, MA, USA). We considered a good quality
DNA extraction when the OD 260/280 ratio was between
1.8–2.0, and an amplicon was detected by PCR using the
primers ITS1 and ITS4 (White et al. 1990), indicating that the
sample was free of PCR inhibitors (Table 1).
porothrix species.

(5’/3’) Reference

TGAACCTTGCGG White et al. (1990)
TTATTGATATGC White et al. (1990)

CAAAAGCAAATGGACCATG de Carvalho et al. (2021)
GGTTGTGCCTGATG de Carvalho et al. (2021)

TCTTCCACTATTCGTCGC de Carvalho et al. (2021)
TCCACGGCCATCTTG de Carvalho et al. (2021)

TCCTTCTTTAAGAGGAC Kawasaki et al. (2012)
TGAGGTGTAGC Kawasaki et al. (2012)
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AFLP fingerprinting

To perform the AFLP, we followed the protocol of Vos et al. 1995
with modifications described by de Carvalho et al. 2020. Briefly,
Sporothrix genomic DNA (200 ng) was digested using EcoRI
(ĜAATTC) and MseI (T̂TAA) restriction enzymes (New England
Biolabs, Ipswich, MA) and ligated to EcoRI and MseI adapters
simultaneously. A pre-selective PCR was carried out with
EcoRI+0 and MseI+0 primers (Vos et al. 1995). Fluorescent
AFLP was performed with 6-carboxyfluorescein (FAM; blue)
EcoRI primer with two bases selection (50-GAC TGC GTA CCA
ATT CNN-30) and unlabelled MseI primer with two bases se-
lection (50-GAT GAG TCC TGA GTA ANN-30). Three combina-
tions were chosen for genotyping Sporothrix isolates (#3 EcoRI-
GA/MseI-TT, #5 EcoRI-GA/MseI-AG, and #6 EcoRI-TA/MseI-
AA). AFLP fragments were resolved by capillary electropho-
resis with an ABI3730xl Genetic Analyzer alongside a GeneScan
LIZ600 internal size standard (35–600 bp; Applied Biosystems.
Foster City, CA, USA) at the Human Genome and Stem Cell
Research Centre Core Facility (University of S~ao Paulo, S~ao
Paulo, Brazil) under previously described conditions (de
Carvalho et al. 2020). To evaluate the ability to reproduce re-
sults accurately, electropherograms are representative of two
independent assays.
Bioinformatics analysis

The raw data were imported into BioNumerics v. 7.6 software
(Applied Maths, Sint-Martens-Latem, Belgium). To reduce
scoring errors, each electropherogram was carefully examined to
exclude low confidence peaks, setting the minimum threshold at
100 relative fluorescence units (RFU), and considering only
peaks with sizes in the range of 50 and 500 base pairs. AFLP
fragments were converted to the dominant presence (1) or
absence (0) at probable fragment positions.

Distance-based techniques were used to assess relationships
among Sporothrix isolates and taxa. The band-based Jaccard
similarity coefficient was used to compute pairwise genetic dis-
tances (Jaccard 1912) combined with a "Fuzzy logic" option.
Dendrograms were inferred using the unweighted pair group
mean arithmetic method (UPGMA). To evaluate the consistency
of a given cluster, we employed the cophenetic correlation co-
efficient and its standard deviation.

The congruence index (Icong), as defined by de Vienne and
colleagues, was used to assess the presence of topological
correspondence among AFLP dendrograms and the associated
confidence level (de Vienne et al. 2007), based on maximum
agreement subtrees (MAST). In addition, to calculate the
congruence between the three AFLP experiments, we calculated
the Pearson product-moment correlation coefficient (Pearson
correlation) (Schober et al. 2018).

Dimensionality reduction methods such as principal compo-
nent analysis (PCA) and multidimensional scaling (MDS) were
used to create three-dimensional plots with the isolates
dispersed according to their similarity. Automated fragment
matching was implemented on all fingerprint profiles within the
comparison, considering a minimum profiling of 5 %, with the
optimization and position tolerances for picking fragments
established for 0.10 %. Default settings were applied for PCA
and MDS, subtracting the average for characters. In addition, the
www.studiesinmycology.org
Self-Organizing Map (SOM), a typical artificial neural network
algorithm in the unsupervised learning category, was utilized to
categorize AFLP data in a two-dimensional space (map) ac-
cording to their similarity (Kohonen 2001). The size of the
Kohonen map was set to 100 (i.e., the neural network nodes in
each direction).

The evolutionary relationships among all the genotypes of
Sporothrix species were investigated using AFLP-derived Mini-
mum Spanning Trees (MSTs). All figures were exported and
treated using Corel Draw X8.
Genetic diversity analysis and linkage
disequilibrium

To assess the potential of the three selective primer combina-
tions evaluated here, the following descriptive genetic parame-
ters for dominant markers were calculated: polymorphic
information content (PIC) (Botstein et al. 1980), expected het-
erozygosity (H) (Liu 1998), effective multiplex ratio (E) (Powell
et al. 1996), arithmetic mean heterozygosity (Havp) (Powell
et al. 1996), marker index (MI) (Powell et al. 1996, Varshney
et al. 2007), discriminating power (D) (Tessier et al. 1999), and
resolving power (Rp) (Prevost & Wilkinson 1999).

Linkage disequilibrium (LD) was estimated by the standard-
ized disequilibrium coefficient (D'), as well as squared allele-
frequency correlations (r2) between pairs of polymorphic loci
using the software package TASSEL v. 5.0 (Bradbury et al.
2007). A two-sided Fisher's Exact test determined P-values for
each r2 estimate, and loci were considered to be in significant LD
when P < 0.001 (Slatkin 2008). Mapping positions were not
available for the AFLP markers.
Structure analysis

Analysis of AFLP data in STRUCTURE v. 2.3.4 (Pritchard et al. 2000)
was performed using the admixture model, allowing alpha to be
inferred and assuming correlated allele frequencies, using a
burn-in period of 10 000 Markov chain Monte Carlo (MCMC)
replications followed by 10 000 sampling replications, with 20
independent runs performed for K values one to twenty. We
evaluated the posterior distribution of alpha to ensure all chains
for K values 2–20 converged. All data were analysed using the
method of Evanno and colleagues as implemented in Structur-
eHARVESTER (v. 0.6.94) (Evanno et al. 2005, Earl & vonHoldt
2012) to determine the optimal number of clusters (K).
Consensus population distributions were obtained with CLUMPP
(v. 1.1.2) (Jakobsson & Rosenberg 2007), using the greedy al-
gorithm over 104 replicates. Final plots were generated using
ggplot2 (Wickham 2016) in R (The R Core Team 2014).
Recombination analysis

A split network (Neighbor-Net) was created using the program
SplitsTree v. 5.0.0 alpha to examine the relationships among
Sporothrix species on AFLP profiles (Huson & Bryant 2006). We
used the Hamming distances method (Hamming 1950) with the
Neighbor-Net algorithm (Bryant & Moulton 2004) adapted for
binary sequences (Huson & Kloepper 2005) for the construction
of networks.
3
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Analysis of molecular variance (AMOVA)

The AFLP data was converted into a binary matrix of presence/
absence of each allele for each individual, and employed for
further analysis of molecular variance using GenAlex v. 6.5
(Peakall & Smouse 2006, Peakall & Smouse 2012). The genetic
differentiation among populations was determined using PhiPT
(ΦPT). This measure allows intra-individual variation to be
suppressed and is ideal for comparing binary data with 9 999
permutations (Teixeira et al. 2014).
Statistical analysis

To ascertain the degree of concordance between AFLP typing
and species-specific PCR (Rodrigues et al. 2015) or
phylogenetic-based identification (Rodrigues et al. 2014), we
calculated Cohen's kappa coefficient (κ) and its 95 % confidence
interval (CI). Kappa values were read as follows: 0.00–0.20,
poor agreement; 0.21–0.40, fair agreement; 0.41–0.60, mod-
erate agreement; 0.61–0.80, good agreement; 0.81–1.00, very
good agreement (Altman 1991). A P-value � 0.05 was consid-
ered significant. All statistical calculations were performed with
MedCalc Statistical Software v. 20.013 (MedCalc Software,
Ostend, Belgium; http://www.medcalc.org; 2021). We calculated
Simpson’s diversity (Simpson 1949) and Shannon’s diversity
(Shannon 1948) for each organism/genetic group with the rela-
tive abundances estimated with frequency data.
Characterization of the mating-type idiomorphs
and mitochondrial DNA typing.

A duplex PCR using primers targeting the MAT1-1 or MAT1-2
region was used to determine the mating-types idiomorphs, as
described before (de Carvalho et al. 2021). Approximately 50 ng
of genomic DNA was used for PCR with two sets of oligonu-
cleotide primers: SPMAT1-1F and SPMAT1-1R, which amplify a
673 bp fragment from the α box region of the MAT1-1 idiomorph,
or SPMAT1-2F and SPMAT1-2R, which amplify a 291 bp frag-
ment from the HMG domain gene, present in the MAT1-2 idio-
morph (Table 1). Mitochondrial DNA (mtDNA) typing in
Sporothrix was performed using primers 975–8038F and
975–9194R (Table 1) that selectively amplify an intergenic locus
between the ATP9 and COX2 genes (Kawasaki et al. 2012).
Amplicons were resolved using 1.2 % agarose gel in 1× TBE
buffer at 100 V for 1 h at room temperature in the presence of
GelRed (Biotium, Hayward, CA, USA) (Sambrook & Russell
2001). DNA fragments were detected by UV illumination with
the L-Pix Touch imaging system (Loccus Biotecnologia, S~ao
Paulo, Brazil). Fragment size was based on comparison with a
100 bp GeneRuler DNA Ladder (Thermo Fisher Scientific,
Waltham, MA, USA).
RESULTS

Identification of medically relevant Sporothrix

We conducted a retrospective molecular epidemiological study
using a temporally and geographically diverse collection of
Sporothrix isolates (n = 188). Species-specific PCRs were used
4

to speciate Sporothrix isolates confirming 72 S. brasiliensis, 67
S. schenckii, and 34 S. globosa. The remaining Sporothrix iso-
lates (n = 15), mainly in the environmental clade, were classified
based on molecular phylogenetics analysis of the calmodulin
gene and included as members of the S. pallida and
S. stenoceras complexes, S. brunneoviolacea, and
S. dimorphospora (Supplementary Table S1).

Mitochondrial DNA typing revealed that the distribution of
genotypes of S. brasiliensis and S. globosa remained as ex-
pected, carrying the genotypes 1157 bp or 557 bp, respectively
(Supplementary Fig. S1). For S. schenckii, we observed a dis-
tribution of 46 isolates with the mtDNA genotype 557 bp, pri-
marily present in South America after the 1990 decade, and 18
isolates with the mtDNA genotype 1157 bp, widely distributed
before the 1990 decade. Only three S. schenckii isolates did not
present any amplicon (i.e., Ss192, Ss194, and Ss214).
AFLP markers for Sporothrix

To evaluate the hypothesis of diversity in Sporothrix species, we
employed three AFLP markers to investigate genetic variation in
these agents (#3 EcoRI-GA/MseI-TT, #5 EcoRI-GA/MseI-AG,
and #6 EcoRI-TA/MseI-AA). A total of 451 scorable fragments
were amplified in the range of 50 to 500 bp, combining the three
selective primers. From this total, 153, 160, and 138 were
considered polymorphic fragments of the combinations #3, #5,
and #6, respectively. A cut-off of 60.000 % ± 5.00 % was
established to identify subclades that generated similarity levels
ranging from 58.040 % ± 5.14 % to 91.320 % ± 0.30 %
(Supplementary Table S2). Typical AFLP dendrograms estab-
lished on Jaccard's similarity coefficient for Sporothrix species
are shown in Figs 1–3. Clustering analysis shows three well-
supported clades (I– III) with a significant global cophenetic
correlation coefficient (97 %) for all markers supporting a great
degree of confidence in the association obtained for 188 isolates
of Sporothrix (Supplementary Table S2). This clustering pattern
agrees with the broadly applied calmodulin-based phylogeny
(Marimon et al. 2006).

The first clade represents S. brasiliensis isolates (n = 72) and
has global similarities ranging from 29.920 % ± 4.05 % to
46.913 % ± 4.43 %. Clade I was divided into subclades Ia to Ik in
combination #3 (Fig. 1), Ia to Ih in combination #5 (Fig. 2), and Ia
to Ii in combination #6 (Fig. 3). Isolates originating from the
Northeast, represented by clade Ia in all combinations, had
higher genetic similarity (i.e., lowest genetic diversity) than iso-
lates from other Brazilian regions (e.g., Rio de Janeiro and Rio
Grande do Sul). The second clade comprises S. schenckii iso-
lates (n = 67) and presented global similarity levels ranging from
26.747 % ± 4.38 % to 31.766 % ± 5.33 %. The clade was divided
into subclades IIa to IIk in combination #3 (Fig. 1), IIa to IIj in
combination #5 (Fig. 2), and Ia to Ih in combination #6 (Fig. 3).
The isolates from Venezuela remained grouped in the three
combinations (e.g., Ss452, Ss453, Ss454, Ss455, Ss459, and
Ss465), except for combination #5, where one isolate (Ss455)
was distanced. The remaining isolates followed a similar pattern
in all combinations, except for isolate Ss51, which clustered with
S. mexicana isolates. In previous studies, isolate Ss51 formed a
cluster with isolates Ss16 and Ss107 (Rodrigues et al. 2014).
The S. globosa clade (III, n = 34) showed global similarity values
ranging from 38.780 % ± 4.29 % to 42.007 % ± 5.14 %. Clade III
was subdivided into clades IIIa to IIIc in combination #3 (Fig. 1),



Fig. 1. The UPGMA dendrogram, based on AFLP fingerprint, generated with a total of four selective bases (#3 EcoRI-GA/MseI-TT) for 188 Sporothrix isolates originated
worldwide. The dendrogram shows cophenetic correlation values (circles are represented by colour ranges between green-yellow-orange-red according to decreasing
cophenetic correlation) for a given clade and its standard deviation (grey bar). For pairwise genetic distances calculation, the Jaccard similarity coefficient was used. The
cophenetic correlation of the dendrogram is 97 %. Further information about isolate sources can be found in Supplementary Table S1.
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Fig. 1. (Continued).
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IIIa to IIIe in combination #5 (Fig. 2), and IIIa to IIId in combi-
nation #6 (Fig. 3). Interestingly, two Japanese isolates
(i.e., Ss584 and Ss585) remained grouped in a subclade
separately in all combinations, suggesting differentiation of Asian
isolates. The remaining isolates (non-clinical species) clustered
6

in the environmental clade, including representative members
of the S. pallida or S. stenoceras species complexes,
S. brunneoviolacea, and S. dimorphospora.

To determine the level of concordance of the results of the
species-specific PCR and any AFLP assay, we calculated the



Fig. 2. The UPGMA dendrogram, based on AFLP fingerprint, generated with a total of four selective bases (#5 EcoRI-GA/MseI-AG) for 188 Sporothrix isolates originated
worldwide. The dendrogram shows cophenetic correlation values (circles are represented by colour ranges between green-yellow-orange-red according to decreasing
cophenetic correlation) for a given clade and its standard deviation (grey bar). For pairwise genetic distances calculation, the Jaccard similarity coefficient was used. The
cophenetic correlation of the dendrogram is 97 %. Further information about isolate sources can be found in Supplementary Table S1.
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Fig. 2. (Continued).
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kappa (κ) statistic and its 95 % confidence interval (CI). A very
good agreement was observed for S. brasiliensis (κ = 1.0, 95 %
CI 1.000–1.000), S. schenckii (κ = 0.98 ± 0.01, 95 % CI
0.965–1.000), and S. globosa (κ = 1.0, 95 % CI 1.000–1.000).
To evaluate the existence of topological congruence between
any two dendrograms, we used the congruence index (Icong) (de
Vienne et al. 2007) and the Pearson product-moment correlation
8

coefficient (Pearson correlation). Pairwise comparisons revealed
a similar and consistent clustering pattern, as evidenced by the
excellent congruence index values and their significant associ-
ated P-values (Fig. 4), as well as a strong positive correlation for
the Pearson product-moment correlation coefficient (Fig. 4).
Therefore, the dendrograms were more congruent than expected
by chance and in full agreement with species-specific PCR,



Fig. 3. The UPGMA dendrogram, based on AFLP fingerprint, generated with a total of four selective bases (#6 EcoRI-TA/MseI-AA) for 188 Sporothrix isolates originated
worldwide. The dendrogram shows cophenetic correlation values (circles are represented by colour ranges between green-yellow-orange-red according to decreasing
cophenetic correlation) for a given clade and its standard deviation (grey bar). For pairwise genetic distances calculation, the Jaccard similarity coefficient was used. The
cophenetic correlation of the dendrogram is 97 %. Further information about isolate sources can be found in Supplementary Table S1.

GENETIC DIVERSITY IN EMERGING SPOROTHRIX SPECIES

www.studiesinmycology.org 9

http://www.studiesinmycology.org


Fig. 3. (Continued).
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supporting the use of AFLP markers to speciate medically
relevant Sporothrix and accessing genetic diversity.

The highest number of fragments were noted for combination
#3 (EcoRI-GA/MseI-TT) and varied per species between 15–47
for S. brasiliensis (median = 26; CV = 18.12 %), 11–32 for
S. schenckii (median = 21; CV = 20.09 %), and 17–38 for
S. globosa (median = 23; CV = 17.61 %). The averages of
10
fragments for combination #5 (EcoRI-GA/MseI-AG) varied be-
tween 15–39 for S. brasiliensis (median = 24; CV = 15.18 %),
12–33 for S. schenckii (median = 24; CV = 24.47 %), and 16–30
for S. globosa (median = 22; CV = 13.25 %). The lowest number
of fragments was observed for combination #6 (EcoRI-TA/MseI-
AA) and varied between 9–23 for S. brasiliensis (median = 14;
CV = 19.30 %), 8–25 for S. schenckii (median = 15;



Fig. 4. The correlation between AFLP experiments evaluated for 188 Sporothrix isolates. (A) and (B): combination #3 EcoRI-GA/MseI-TT vs. combination #5 EcoRI-GA/MseI-
AG; (C) and (D): combination #3 EcoRI-GA/MseI-TT vs. combination #6 EcoRI-TA/MseI-AA; (E) and (F): combination #5 EcoRI-GA/MseI-AG vs. combination #6 EcoRI-TA/
MseI-AA. A similarity plot for two experiments was assessed using the Pearson correlation coefficient (scatter plot) to plot each pair of similarity values as one dot, and the
Pearson correlation coefficient (histogram) representing the average the number of dots in each area. A multi-colour scale ranges continuously from white over blue, green,
yellow, orange, and red to black. Icong = Congruence index.
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Table 2. Polymorphic statistics calculated for three combinations of selective primers for Sporothrix spp.

#3 EcoRI-GA/MseI-TT

Species (n) Fragments H PIC E Havp MI D Rp

S. brasiliensis (72) 100 0.3781 0.3066 25.3194 0.0001 0.0013 0.9359 21.0278

S. schenckii (67) 115 0.3008 0.2555 21.2089 0.0000 0.0008 0.9660 29.2537

S. globosa (34) 71 0.4478 0.3475 24.0294 0.0002 0.0045 0.8855 14.7647

Clinical clade (173) 149 0.2662 0.2308 23.5606 0.0000 0.0002 0.9750 38.9132

S. mexicana (4) 36 0.4996 0.3748 18.5000 0.0035 0.0642 0.7377 28.0000

S. pallida (3) 49 0.4998 0.3749 25.0000 0.0034 0.0850 0.7414 29.3333

S. chilensis (2) 31 0.4370 0.3415 21.0000 0.0070 0.1480 0.5447 20.0000

S. brunneoviolacea (2) 36 0.4753 0.3623 22.0000 0.0066 0.1452 0.6299 28.0000

S. dimorphospora (2) 30 0.4061 0.3236 21.5000 0.0068 0.1455 0.4898 17.0000

Overall (186) 153 0.2588 0.2253 23.3709 0.000009 0.0002 0.9766 39.9032

#5 EcoRI-GA/MseI-AG

Species (n) Fragments H PIC E Havp MI D Rp

S. brasiliensis (72) 84 0.4100 0.3259 24.1806 0.0001 0.0016 0.9172 20.1389

S. schenckii (67) 110 0.3323 0.2771 23.1492 0.0000 0.0010 0.9557 27.5820

S. globosa (34) 67 0.4438 0.3453 22.2647 0.0002 0.0043 0.8897 15.7059

Clinical clade (173) 143 0.2742 0.2366 23.4566 0.0000 0.0002 0.9730 38.832

S. mexicana (4) 39 0.4815 0.3656 23.2500 0.0031 0.0718 0.6462 31.5000

S. pallida (3) 50 0.4992 0.3746 24.0000 0.0033 0.0799 0.7713 31.3333

S. chilensis (2) 34 0.1107 0.1046 32.0000 0.0016 0.0521 0.1150 4.0000

S. brunneoviolacea (2) 54 0.4957 0.3728 29.5000 0.0046 0.1354 0.7039 49.0000

S. dimorphospora (2) 30 0.4550 0.3515 19.5000 0.0076 0.1479 0.5814 21.0000

Overall (186) 160 0.2511 0.2195 23.5591 0.000008 0.0001 0.9783 40.2795

#6 EcoRI-TA/MseI-AA

Species (n) Fragments H PIC E Havp MI D Rp

S. brasiliensis (72) 75 0.3103 0.2622 14.4028 0.0001 0.0008 0.9632 14.5278

S. schenckii (67) 100 0.2903 0.2482 17.6268 0.0000 0.0007 0.9689 22.0895

S. globosa (34) 43 0.3912 0.3147 11.4706 0.0003 0.0031 0.9290 8.9412

Clinical clade (173) 126 0.2108 0.1886 15.0924 0.0000 0.0001 0.9856 25.3872

S. mexicana (4) 20 0.4688 0.3589 12.5000 0.0059 0.0732 0.6123 11.0000

S. pallida (3) 28 0.4955 0.3727 15.3333 0.0059 0.0904 0.7031 14.0000

S. chilensis (2) 14 0.0000 0.0000 14.0000 0.0000 0.0000 0.0000 0.0000

S. brunneoviolacea (2) 42 0.4898 0.3698 24.0000 0.0058 0.1399 0.6764 36.0000

S. dimorphospora (2) 33 0.4224 0.3332 23.0000 0.0064 0.1472 0.5175 20.0000

Overall (186) 138 0.1957 0.1765 15.1720 0.000007 0.0001 0.9879 26.1075

D: discriminating power; E: effective multiplex ratio; H: expected heterozygosity; Havp: mean heterozygosity; MI: marker index; PIC: polymorphism information content; Rp:
resolving power. The clinical clade included S. brasiliensis (n = 72), S. schenckii (n = 67), and S. globosa (n = 34). S. luriei (n = 1) and S. stenoceras (n = 1) were not
included in the analysis. A comprehensive view polymorphic statistics is presented in Supplementary Table S4.
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CV = 19.06 %), and 8–19 for S. globosa (median = 10.5;
CV = 24.05 %) (Supplementary Table S3). The characteristics of
marker attributes for different AFLP primer combinations are
given in Table 2.

The PIC values demonstrated the excellent capability of each
primer pair combinations to detect intra and interspecific poly-
morphisms revealing average polymorphism in S. brasiliensis
(PIC = 0.2622–0.3259), S. schenckii (PIC = 0.2482–0.2771),
and S. globosa (PIC = 0.3147–0.3475). The highest overall PIC
value was observed for primer combination #3 (PIC = 0.2253),
and the lowest was recorded for primer combination #6
12
(PIC = 0.1765), indicating good diversity among the studied
Sporothrix. In general, S. brasiliensis, S. schenckii, and
S. globosa showed equivalent levels of polymorphic information
content (Table 2). Discriminating power (D) is considered as the
probability of two random individuals present a different pattern
of bands, and all markers demonstrated overall high discrimi-
nating power (D = 0.9766–0.9879), especially among medically
relevant species (Table 2).

Marker index (MI) was calculated as the product of the
effective multiplex ratio (E), and the average expected hetero-
zygosity (Havp) for polymorphic markers and was used to
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estimate the overall utility of each marker system. Comparable
overall MI values (MI = 0.0001–0.0002) were obtained for all
combinations. The resolving power (Rp), which is the ability of
each primer combination to detect the level of variation among
individuals, was found to be higher in primer combination #5
(Rp = 40.2795) and lower for primer combination #6
(Rp = 26.1075) (Table 2). A moderate positive correlation was
observed between PIC and MI values (Pearson correla-
tion = 0.6039, r2 = 0.3647) or Rp and MI values (Pearson cor-
relation = 0.608, r2 = 0.3697), only for combination #6.

We also calculated the expected heterozygosity (H), which is
described as the likelihood that an isolate is heterozygous for the
locus in the population. The expected heterozygosity corresponds
to Nei’s unbiased gene diversity (HS), as it has been modified for
dominant markers based on the assumptions of Hardy-Weinberg
equilibrium and the Lynch-Milligan model (Lynch & Milligan 1994).
The whole average expected heterozygosity for Sporothrix spe-
cies ranged between 0.1957–0.2588 (Table 2). Considering the
previous report of clonality among members of the clinical clade,
the high combined expected heterozygosity for S. brasiliensis
(H = 0.3103–0.4100) and S. globosa (H = 0.3912–0.4478) was
surprising when compared to S. schenckii isolates
(H = 0.2903–0.3323), confirming that the three markers can un-
cover cryptic diversity in medically relevant Sporothrix.
Structure analysis

The Delta K plot revealed the maximum peak at K = 3 (Fig. 5A),
supporting the division into three genetic clusters as the most
probable number of genetically distinct populations with a great
signal of admixture (Supplementary Figs S2–S4). We found a
strong correlation between population structure and Sporothrix
species (r2 = 0.995, P < 0.00001). For K = 3, S. brasiliensis
isolates clustered with population 1, S. schenckii clustered with
population 2, and S. globosa isolates correspond to population 3.
In contrast, members of the environmental clade show some
degree of admixture, as we might expect, given their low relat-
edness – but the small sample number likely explains why they
were not consistently partitioned into their own groups (Fig. 5C).

The AFLP markers were used to generate pairwise genetic
distance matrices using Jaccard's similarity coefficient, which
were then subjected to a PCA utilizing BioNumerics. Fig. 6 de-
picts the PCA plots for combinations #3, #5, and #6, and the
distribution of 188 Sporothrix isolates among the three co-
ordinates illustrated a similar trend to cluster analysis. Combi-
nation #3 revealed the highest cumulative percentage explained,
with 43.3 % of the variation described by the first three com-
ponents (coordinates X, Y, and Z), indicating a robust genetic
structure. The dimensioning technique revealed an excellent
level of intraspecific clustering and a significant genetic distance
between any two taxa (interspecific variation). The structure
evidenced by PCA supports the separation of S. brasiliensis, S.
schenckii, and S. globosa, consistent with the higher level of
intraspecific variability shown in dendrogram analysis. Although
PCA is explicitly a non-parametric data summary, the dispersion
of sample projections along an axis was diagnostic of the
samples being admixed among populations at the axis ends
(McVean 2009). Therefore, PCA was a robust analysis to reveal
outliers in S. brasiliensis (e.g., Ss34, Ss128, and Ss265),
S. schenckii (e.g., Ss16, Ss51, Ss107), and S. globosa pop-
ulations (e.g., Ss41, Ss49, and Ss211).
www.studiesinmycology.org
We performed an independent dimensioning analysis for
S. brasiliensis from the South, Southeast and Northeast regions
using the three AFLP combinations (Supplementary Fig. S5).
The cumulative percentages were 37.5 %, 47.5 % and 46 % for
combinations #3, #5, and #6, respectively. We observed that
isolates originating from Rio Grande do Sul remained distinct
from Rio de Janeiro in all combinations. Only one isolate
belonging to Rio Grande do Sul clustered with isolates from Rio
de Janeiro. Isolates from Pernambuco represent a recent
expansion of S. brasiliensis to Northeast Brazil. These isolates
followed the same clustering pattern of isolates from Rio de
Janeiro, indicating a possible dissemination route within the
country (Supplementary Fig. S5).

The AFLP-derived MSTs in Figs 7–9 effectively confirm the
genetic structure of members of the clinical clade in Sporothrix in
dimensioning analysis, with most isolates having a single ge-
notype. However, similar to the dendrogram, a few isolates in
S. brasiliensis (e.g., Ss34) and S. schenckii (e.g., Ss51) were
more randomly distributed in the minimum spanning tree anal-
ysis, notably for combination #3 (Fig. 7). A MST is a tree that
connects all samples (individual sequences) to minimize all tree
branches' summed distance. Thus, MSTs provide an indication
of evolutionary directionality, which may be used to understand
pathogen transmission (Salipante & Hall 2011). Accordingly, the
oldest isolates in our collection assumed a more internal position
in our MSTs analysis (e.g., Ss05, Ss14, Ss128). In contrast,
those isolates recovered more recently in outbreaks taking place
in Northeast Brazil were usually placed in terminal nodes (e.g.,
Ss607, Ss608, Ss609, Ss610, Ss611, Ss612, Ss613, Ss614,
Ss615, and Ss616). Associated with the low diversity (Havp) of
the Northeast isolates (See cluster Ia in all combinations;
Supplementary Table S4) suggest the direction of migration
(southeast-northeast), producing a founder effect and explaining
the expansion dynamics of S. brasiliensis outbreaks.

In all combinations it was possible to notice S. brasiliensis,
S. schenckii, and S. globosa coming from a single ancestor,
which is consistent with many conserved fragments observed.
Furthermore, the overall high similarity of > 70 % between the
fingerprints supports the monophyletic origin of these isolates
(Supplementary Table S2).

Self-organizing maps based on AFLP fingerprints (character
data and similarity matrix) were used and are plotted according
to species identification. A self-organizing map (SOM) is a
category of an artificial neural network trained using an unsu-
pervised learning algorithm and usually applied to explore input
spaces, for which there is no previous information, and is,
therefore, a method to make dimensionality reduction (Kitani
et al. 2010). In Fig. 10, SOMs contain areas of high distance
and regions of high similarity, and samples are organized into 2-
dimensional genetic distance maps, in which samples with low
genetic distance form clusters (represented by black blocks).
The relative genetic distance between neighbouring groups
(black blocks) is indicated by the intensity of white lines sepa-
rating the clusters, with closely related clusters separated by
dark lines and more distantly related isolates separated by
increasingly lighter lines. Therefore, in S. brasiliensis, those
isolated from recent outbreaks appear in cells separated by faint
lines, indicating little diversification from the outbreak's beginning
(founder effect). The older the isolates are, the more robust and
intense the lines separate individual isolates, showing the
intraspecific diversity inherent to S. brasiliensis. Sporothrix
schenckii isolates are as different from each other as distinct
13
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Fig. 5. Population structure of clinical and environmental Sporothrix isolates. (A) Structure HARVESTER results. The most plausible number of genetic clusters (K) within the
complete data set of 188 individuals based on the method depicted by Evanno et al. (Evanno et al. 2005). Population genetic structure of the estimated ΔK value determined the
maximum value at K = 3. (B) PhiPT values for all pairwise comparisons among the S. brasiliensis (population 1), S. schenckii (population 2), and S. globosa (population 3). (C)
Bayesian cluster analyses with STRUCTURE (k = 3) of 188 Sporothrix isolates based on AFLP combinations #3 EcoRI-GA/MseI-TT, #5 EcoRI-GA/MseI-AG, and #6 EcoRI-TA/
MseI-AA. Each vertical bar represents one individual and its probabilities of being assigned to clusters. Further information about isolate sources can be found in Supplementary
Table S1.
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from other species, demonstrating marked intraspecific diversity.
Sporothrix globosa isolates are roughly similar to each other, and
we highlight the formation of two groups, one belonging to a
global population recovered from Argentina, Brazil, Chile,
Venezuela, Mexico, and Spain. The Japanese isolates represent
the second group (Asian cluster). A limitation of our study was
the absence of S. globosa isolates from other regions of Asia,
14
such as India and China. It is essential to highlight that all the
isolates belonging to the same species remain close to each
other on the self-organizing maps, but bright solid lines were
observed separating clusters interspecifically (Fig. 10).

Phylogenetic networks represent conflicting and incompatible
signals in the AFLP data set to reveal recombination or hybrid-
ization events. Relationships among Sporothrix are depicted in



Fig. 6. Principal component analysis (PCA) and Multidimensional scaling (MDS) analysis of the #3 EcoRI-GA/MseI-TT (156 loci), #5 EcoRI-GA/MseI-AG (163 loci), and #6
EcoRI-TA/MseI-AA (142 loci) informative AFLP markers plotted in three-dimensional space coloured according to the genetic groups. (A) PCA, and (B) MDS based on
combination #3 EcoRI-GA/MseI-TT (n = 188). (C) PCA, and (D) MDS based on combination #5 EcoRI-GA/MseI-AG (n = 188). (E) PCA, and (F) MDS based on combination #6
EcoRI-TA/MseI-AA (n = 188). PCAs and MDS were created in the software BioNumerics v. 7.6.
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Fig. 7. Minimum Spanning Trees (MSTs) showing the genetic relationship between 188 Sporothrix isolates using for combination #3 EcoRI-GA/MseI-TT (Total network length
4 034.00). Isolates were colour-coded according to their genetic groups. Therefore, the distance between genotypes in the diagram does not reflect any relationship between
genotypes' genetic distance.
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Fig. 8. Minimum Spanning Trees (MSTs) showing the genetic relationship between 188 Sporothrix isolates using for combination #5 EcoRI-GA/MseI-AG (Total network length
3 907.00). Isolates were colour-coded according to their genetic groups. Therefore, the distance between genotypes in the diagram does not reflect any relationship between
genotypes' genetic distance.
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Fig. 9. Minimum Spanning Trees (MSTs) showing the genetic relationship between 188 Sporothrix isolates using for combination #6 EcoRI-TA/MseI-AA (Total network length
2 524.00). Isolates were colour-coded according to their genetic groups. Therefore, the distance between genotypes in the diagram does not reflect any relationship between
genotypes' genetic distance.
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Fig. 10. The distribution of the studied AFLP genotypes of 188 Sporothrix isolates originated worldwide, using self-organizing mapping (SOM). The dimensioning analyses were
performed using BioNumerics v. 7.6 to determine the consistency of the differentiation of the populations defined by the cluster analysis. (A) and (B) show the SOM for
combination #3 EcoRI-GA/MseI-TT (n = 188) using character data (binary matrix) and similarity matrix, respectively. (C) and (D) show the SOM for combination #5 EcoRI-GA/
MseI-AG (n = 188) using character data (binary matrix) and similarity matrix, respectively. (E) and (F) show the SOM for combination #6 EcoRI-TA/MseI-AA (n = 188) using
character data (binary matrix) and similarity matrix, respectively. The lighter and thicker the line (white, grey) between black blocks, the more distant are those samples
contained in the black block from the adjacent black block. Isolates were colour-coded according to their genetic groups.
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Fig. 11. Neighbor-Net network showing genetic relationships based on AFLPs #3 EcoRI-GA/MseI-TT among Sporothrix species (scale equals genetic distance). Analysis was
performed using SplitsTree v. 5.0.0_alpha (Huson & Bryant 2006) for binary sequences (Huson & Kloepper 2005), and the original input consisted of 188 standard character
sequences. Method: Neighbor-net. Weights: NNet2004. Original input: 188-character sequences. Length: 156 characters. No. of splits: 604 cyclic. Split’s network: 3 990 nodes
and 7 374 edges.
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Figs 11–13 by the Neighbor-Net results obtained from Hamming
Distances method. All members of the clinical clade are differ-
entiated from each other in all markers. Large splits/reticulations
provided molecular evidence of recombination in Sporothrix in
Neighbor-Net, confirming previous results based on DNA
sequencing (Rodrigues et al. 2014). However, in S. brasiliensis,
we noticed that the isolates recovered from recent epidemics in
the Northeast of Brazil. (i.e., 2017) have fewer splits and shorter
branches. The discrete recombination events detected occurred
with isolates recovered in the long-lasting outbreak of cat-
transmitted sporotrichosis in Rio de Janeiro, suggesting prox-
imity between these samples (Figs 11–13).
AMOVA

We used AMOVA as a statistical framework for hypothesis
testing of different patterns of population structure, including 173
individuals of the three genetic populations in Sporothrix
(S. brasiliensis, n = 72, population 1; S. schenckii, n = 67,
population 2, S. globosa, n = 34, population 3). The AMOVA
results for the population analysis are shown in Table 3. AMO-
VAs performed for combination #3 showed that 48 % of the total
genetic variance was triggered by variability among populations,
whereas 52 % was driven by variability within populations
20
(PhiPT = 0.484, P < 0.0001). A similar trend was observed for
combinations #5 and #6 with 46 % of total variation among
genetic populations and 54 % within populations (PhiPT
#5 = 0.461, PhiPT #6 = 0.458, P < 0.0001) (Supplementary
Fig. S6). The hierarchical analysis of molecular variance
demonstrated significant genetic differentiation among pop-
ulations and within populations (P < 0.0001), indicating that the
total genetic variation was almost evenly split between intra-
population and interpopulation variations, irrespective of the
marker used. This pattern could have resulted from substantial
differentiation among the populations and relatively frequent
gene flow among S. brasiliensis, S. schenckii, and S. globosa
populations represented by the presence of frequent patterns of
admixture in the three populations evaluated (e.g., Ss34, Ss51,
Ss49). Pairwise PhiPT comparison revealed that all three pop-
ulations differed significantly from one other. The lowest PhiPT
values were found between the S. brasiliensis and S. schenckii
populations and ranged from 0.396 to 0.405. PhiPT values be-
tween the S. schenckii and S. globosa populations ranged
from 0.438 to 0.484. The largest range of PhiPT was found
between the S. brasiliensis and S. globosa populations
(PhiPT = 0.563–0.614) (Fig. 5B).

We performed an in-depth analysis of S. brasiliensis isolates
by dividing them into three geographic populations, namely:
population S matching the southern region (isolates from Rio



Fig. 12. Neighbor-Net network showing genetic relationships based on AFLPs #5 EcoRI-GA/MseI-AG among Sporothrix species (scale equals genetic distance). Analysis was
performed using SplitsTree v. 5.0.0_alpha (Huson & Bryant 2006) for binary sequences (Huson & Kloepper 2005), and the original input consisted of 188 standard character
sequences. Method: Neighbor-net. Weights: NNet2004. Original input: 188-character sequences. Length: 163 characters. No. of splits: 585, cyclic. Split’s network: 3 733 nodes
and 6 879 edges.
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Grande do Sul and Paran�a), population SE covering isolates
from the southeast region (Rio de Janeiro, S~ao Paulo, Minas
Gerais, and Espírito Santo), while population NE corresponds to
isolates from northeast Brazil (Pernambuco & Cear�a). The most
significant PhiPT values were found between the South and
Northeast isolates (PhiPT = 0.184–0.193). Moreover, the lowest
values were found in pairwise comparisons between the
Southeast and Northeast, demonstrating the genetic proximity of
these isolates (PhiPT = 0.030–0.103). AMOVAs indicated that
only 7–10 % of the total genetic variance was triggered by
variability among geographic populations, whereas 90–93 %
was driven by variability within populations (PhiPT = 0.071–
0.104, P < 0.0001) (Supplementary Fig. S7, Supplementary
Table S5).
Linkage disequilibrium (LD)

Squared allele frequency correlations (r2) were estimated in the
complete set (n = 173) using 149 (combination #3), 143 (com-
bination #5), and 126 (combination #6) AFLP markers
(Supplementary Figs S8–10). Only around 11.3 % out of 11 026
www.studiesinmycology.org
(combination #3), 10.51 % out of 10 153 (combination #5), and
6.60 % out of 7 875 (combination #6) possible genome-wide
marker pairs were in LD at P < 0.001, indicating that the LD
level remained low in the Sporothrix isolates included in this
study. Splitting the Sporothrix species eliminated some of the
observed LD levels, though residual patterns remain. In
S. brasiliensis (n = 72), a total of 383 out of 11 211 (3.41 %)
genome-wide marker pairs were in LD at P < 0.001, and the
strongest LD (r2 = 1) was observed for 14 marker pairs (0.12 %).
In S. schenckii (n = 67), a total of 389 out of 17 500 (2.22 %)
genome-wide marker pairs were in LD at P < 0.001, and the
strongest LD (r2 = 1) was observed for 16 marker pairs (0.09 %).
In S. globosa (n = 34), a total of 145 out of 5 599 (2.58 %)
genome-wide marker pairs were in LD at P < 0.001, and the
strongest LD (r2 = 1) was observed for 89 marker pairs (1.58 %)
(Table 4).
Mating-type

A mating type-specific duplex PCR assay was used to suc-
cessfully amplify either the MAT1-1 or the MAT1-2 region among
21
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Fig. 13. Neighbor-Net network showing genetic relationships based on AFLPs #6 EcoRI-TA/MseI-AA among Sporothrix species (scale equals genetic distance). Analysis was
performed using SplitsTree v. 5.0.0_alpha (Huson & Bryant 2006) for binary sequences (Huson & Kloepper 2005), and the original input consisted of 188 standard character
sequences. Method: Neighbor-net. Weights: NNet2004. Original input: 188-character sequences. Length: 142 characters. No. of splits: 660, cyclic. Split’s network: 6 498 nodes
and 12 334 edges.
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173 medically relevant Sporothrix isolates. The MAT1-1 region
was observed in 83 isolates (47.97 %), while the MAT1-2 region
was observed among 90 isolates (52.02 %). Thus, molecular
data suggest that heterothallism (self-sterility) is the universal
mating strategy amongst Sporothrix species. The distribution of
each sexual idiomorph within Sporothrix is presented in Table 5.
The distributions of the MAT1-1 or MAT1-2 idiomorph were not
significantly skewed (1:1 ratio) for S. brasiliensis s. str.
(χ2 = 2.000; P = 0.1573) and S. schenckii (χ2 = 2.522;
22
P = 0.1122), but for S. globosa (χ2 = 9.529; P = 0.0020), sup-
porting the presence of random mating within each species.
However, regional partition highlighted a biased distribution of
S. brasiliensis, such as Rio de Janeiro (χ2 = 14.222; P = 0.0002),
Rio Grande do Sul (χ2 = 7.364; P = 0.0067) and Northeast Brazil
(χ2 = 7.364; P = 0.0067) with an overwhelming presence of a
single idiomorph. The dominance of MAT 1-2 in Northeast Brazil
suggests a close connection with isolates from the Rio de
Janeiro epidemic (Supplementary Table S6).



Table 3. Analysis of molecular variance (AMOVA) shows the partitioning of genetic variation within and between Sporothrix species
populations.

Marker Source of variation df SS MS Est. var. % P-value

AFLP #3 Among Population 2 961.086 480.543 8.540 48 % 0.0001

Within Population 170 1 546.232 9.095 9.095 52 % 0.0001

Total marker #3 172 2 507.318 17.636 100 %

AFLP #5 Among Population 2 879.705 439.852 7.803 46 % 0.0001

Within Population 170 1 551.786 9.128 9.128 54 % 0.0001

Total marker #5 172 2 431.491 16.931 100 %

AFLP #6 Among Population 2 611.680 305.840 5.424 46 % 0.0001

Within Population 170 1 092.991 6.429 6.429 54 % 0.0001

Total marker #6 172 1 704.671 11.853 100 %

df = degree of freedom, SS = sum of squares, MS mean squares, Est. var. = estimate of variance, % = percentage of total variation, P-value is based on 9 999
permutations.
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Phylogenetic trends in Sporothrix

We explored distribution patterns by combining our dataset
(n = 188) with data from 2 394 Sporothrix isolates reported in the
literature using molecular methods (e.g., multilocus sequence
analysis, DNA fingerprint, species-specific PCR, and whole-
genome sequencing). The search strategy is available in
Supplementary Table S7. Despite its high transmissibility in
epizootic and zoonotic episodes, S. brasiliensis shows an
endemic geographic distribution to date. However, molecular
trends revealed that S. brasiliensis is widely distributed in Brazil
and is rapidly spreading to different countries in South America,
especially those bordering Brazilian Southern states such as
Argentina and Paraguay. In Brazil, most molecular siblings occur
in sympatry, as exemplified by S. brasiliensis, S. schenckii, and
S. globosa, with a clear overlapping distribution (Fig. 14).

The source of isolation revealed an overwhelming occurrence
of clinical isolates (68 %, n = 1 768/2 582) followed by animals
(e.g., cats, dogs, and armadillos; 28 %, n = 716/2 582), and from
the environment (e.g., soil and decaying wood; 3 %, n = 77/
2 582). The source of isolation was unknown for 21 isolates
(1 %). Most molecularly characterized isolates are from Brazil
(56.66 %, n = 1 470), followed by China (21 37 %, n = 552), India
(3.25 %, n = 84), Venezuela (2.20 %, n = 57), Malaysia (1.66 %,
n = 43), Mexico (1.62 %, n = 42), Colombia (1.51 %, n = 39),
South Africa (1.39 %, n = 36), Spain (1.39 %, n = 36), Argentina
(1.35 %, n = 35), and Japan (1.16 %, n = 30). These data
emphasize the urgency to increase genetic surveillance efforts in
endemic areas (Fig. 14A).

In Brazil, a striking difference in the geographical occurrence
of each phylogenetic species was observed, especially if we
consider a temporal variable (Fig. 14B and C). The south
(Simpson Index = 0.7896; Shannon Index = 0.5928) and
southeast regions (Simpson Index = 0.8042; Shannon In-
dex = 0.5507) corresponds to most S. brasiliensis infections and
present the highest levels of diversity, with all medically relevant
species being reported. In the central-west region, cases are
mainly due to S. schenckii, followed by S. brasiliensis (Simpson
Index = 0.3333; Shannon Index = 1.0000). Sporothrix schenckii
was the prevalent agent in Northeast Brazil in the past
www.studiesinmycology.org
(2007–2014) but is currently losing space to infections driven by
S. brasiliensis (Simpson Index = 0.3896; Shannon In-
dex = 1.3950). No diversity was found for the North Brazil, as
only three isolates were recovered from this region (Fig. 14B and
C). A comparative Simpson and Shannon diversity indexes are
presented in Supplementary Table S8.
DISCUSSION

Our study provides a comprehensive view of genetic diversity
and population structure for the mammalian pathogen Sporothrix
in Brazil and globally. Many evolutionary processes, such as
mutation, local adaptation, migration (gene flow), genetic drift,
and natural selection, clearly depend on a species’ past and
present population structure (Chen et al. 2017). Consequently,
our approach is relevant towards defining evolutionary relation-
ships in order to gain insights into the epidemiology of emerging
sporotrichosis in humans and animals. To obtain a robust view of
the genetic basis of ongoing outbreaks, three sets of highly
discriminatory AFLP markers were applied in a vast collection of
isolates spanning the major endemic areas in order to dissect
both deep and fine-scale genetic structures.

Our AFLP dendrograms for Sporothrix species are compat-
ible with the evolutionary history of the etiological agents of
sporotrichosis, as determined by multilocus sequencing analysis
of proteins-encoding genes such as calmodulin, β-tubulin,
elongation factor 1-α, or phylogenomic analyses (Marimon et al.
2006, Marimon et al. 2007, Huang et al. 2016, Rodrigues et al.
2016a, New et al. 2019). Likewise, convergence between fin-
gerprints and DNA-sequencing methods has already been
demonstrated for Paracoccidioides (Roberto et al. 2021), Spor-
othrix (de Carvalho et al. 2020), Fusarium (Al-Hatmi et al. 2016),
or Candida auris using AFLP (Vatanshenassan et al. 2020), short
tandem repeat typing (de Groot et al. 2020), and whole-genome
sequencing (Lockhart et al. 2017). Moreover, phylogenetic
studies of Sporothrix suggest that S. brasiliensis, S. schenckii,
and S. globosa are closely related taxonomic entities (Rodrigues
et al. 2013a; de Beer et al. 2016), and this clustering profile was
easily recognized in our AFLP dendrograms. Therefore, we
23
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Table 4. Linkage disequilibrium (LD) analysis in the complete Sporothrix database (n = 173) and within members of the clinical clade.

#3 EcoRI-GA/MseI-TT

LD characteristic Clinical clade (n = 173) S. brasiliensis (n = 72) S. schenckii (n = 67) S. globosa (n = 34)

Total number of markers 149 100 115 71

Number of markers pairs 11 026 4 950 6 555 2 485

Number of markers pairs at 0 � P � 0.001 1 246 (11.3 %) 114 (2.30 %) 190 (2.89 %) 112 (4.50 %)

Number of markers pairs at 0.001 � P � 0.01 442 (4 %) 132 (2.66 %) 141 (2.15 %) 52 (2.09 %)

Number of markers pairs at r2 = 1 3 (0.02 %) 5 (0.10 %) 14 (0.21 %) 31 (1.24 %)

Mean r2 0.0379 0.0472 0.0436 0.1666

Mean D0 0.6729 0.6931 0.6737 0.7983

#5 EcoRI-GA/MseI-AG

LD characteristic Clinical clade (n = 173) S. brasiliensis (n = 72) S. schenckii (n = 67) S. globosa (n = 34)

Total number of markers 143 84 110 67

Number of markers pairs 10 153 3 486 5 995 2 211

Number of markers pairs at 0 � P � 0.001 1 067 (10.51 %) 188 (5.39 %) 145 (2.41 %) 22 (0.99 %)

Number of markers pairs at 0.001 � P � 0.01 420 (4.13 %) 134 (3.84 %) 139 (2.31 %) 102 (4.61 %)

Number of markers pairs at r2 = 1 0 8 (0.22 %) 0 43 (1.94 %)

Mean r2 0.0370 0.0697 0.0453 0.1247

Mean D0 0.6299 0.6959 0.6193 0.7527

#6 EcoRI-TA/MseI-AA

LD characteristic Clinical clade (n = 173) S. brasiliensis (n = 72) S. schenckii (n = 67) S. globosa (n = 34)

Total number of markers 126 75 100 43

Number of markers pairs 7 875 2 775 4 950 903

Number of markers pairs at 0 � P � 0.001 520 (6.60 %) 81 (2.91 %) 54 (1.09 %) 11 (1.21 %)

Number of markers pairs at 0.001 � P � 0.01 298 (3.78 %) 59 (2.12 %) 91 (1.83 %) 22 (2.43 %)

Number of markers pairs at r2 = 1 0 1 (0.03 %) 2 (0.04 %) 15 (1.66 %)

Mean r2 0.0271 0.0543 0.0322 0.1167

Mean D0 0.7111 0.7084 0.6968 0.7505
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highlight that the extensive in silico screening of selective bases
was fundamental to guarantee the efficacy of these markers (de
Carvalho et al. 2020), avoiding, for example, splitting mono-
phyletic clades into paraphyletic groups as previously reported
for S. brasiliensis and S. schenckii using the combination EcoRI-
AA/MseI-G (Zhang et al. 2015).

Pairwise comparisons of our dendrograms were more
congruent than expected by chance, supported by the Icong value
and a positive Pearson correlation, confirming that different
markers reveal compatible evolutionary histories. In each case,
S. brasiliensis and S. schenckii are sister species, and this clade
is sister to S. globosa. This indicates that members of the clinical
clade share a more recent common ancestor than they do with
members of the environmental clade, confirming previously re-
ported evolutionary analyses (Marimon et al. 2006, Marimon
et al. 2007, de Beer et al. 2016).

Our AFLP technique revealed significant polymorphisms
among closely related isolates formerly thought to be clonal
(Rodrigues et al. 2013b, Rodrigues et al. 2014, Rangel-Gamboa
et al. 2016, Moussa et al. 2017, Rudramurthy et al. 2021), which
may help resolve local epidemiological patterns as well as
broader changes within populations over time and in response to
selection pressures imposed by the environment and host dy-
namics (McDonald & Linde 2002). In addition, all Sporothrix
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species in the clinical clade showed high diversity, suggesting
that these lineages have high fitness that may have favoured its
dispersion, allowing the survival and adaptation to varied
geographic conditions worldwide, as population heterogeneity
might pool together individuals that contribute disproportionately
to the spread of infection or enhanced virulence (Ekroth et al.
2021).

The combination of genetic diversity and population structure
reveals a plethora of S. brasiliensis genotypes circulating in the
Brazilian South/Southeast axis. A geographic analysis of the
isolates indicates that unidirectional migration from the Southeast
to Northeast Brazil is the most parsimonious explanation for the
observed genetic patterns. Temporal trends reveal that
S. brasiliensis was detected earlier than recent reports in the
Northeast region (e.g., Ss43, Ss44, Ss244, since 1997)
(Rodrigues et al. 2014, Rodrigues et al. 2016b, Rodrigues et al.
2020b). However, recent outbreaks are not related to these
specific isolates but rather to the genotypes circulating in Rio de
Janeiro. Thus, the introduction was probably a recent phenom-
enon, suggestive of a founder effect, given the low diversification
of isolates in the Northeast compared to the epicentre in Rio de
Janeiro (RJ). Indeed, the samples from the parental population,
such as RJ, have significantly high levels of genetic diversity over
small geographic distances, as RJ genotypes were hitchhiking



Table 5. Chi-square value and P-value calculated for Sporothrix isolates based on the distribution of mating-type alleles.

Species No. of isolates No. of isolates by mating-type χ2 P-value

MAT 1-1 (%) MAT 1-2 (%)

S. brasiliensis 72 30 (41.66) 42 (58.33) 2.000 0.1573

S. brasiliensis (RJ) 18 1 (5.55) 17 (94.44) 14.222 0.0002

S. brasiliensis (RS) 11 10 (90.90) 1 (9.09) 7.364 0.0067

S. brasiliensis (NE) 11 1 (9.09) 10 (90.90) 7.364 0.0067

S. schenckii 67 27 (40.29) 40 (59.70) 2.522 0.1122

S. globosa 34 26 (76.47) 8 (23.52) 9.529 0.0020

Overall 173 83 (47.97) 90 (52.02) 0.283 0.5946

RJ: Rio de Janeiro; RS: Rio Grande do Sul; NE: Northeast Brazil (Pernambuco and Cear�a States).

GENETIC DIVERSITY IN EMERGING SPOROTHRIX SPECIES
through most of the interspecific clades (e.g., AFLP#3, clades
Ia– Ik). Small, local outbreak events explain the genetic drift
hypothesis after an initial migration of a small number of
diseased cats into a new region. Indeed, proof for a founder
effect is rarely accompanied by evidence for fast population
growth, but this illustrates that founders rarely colonize a newly
accessible environment and must compete with an already
existing group (Böhme et al. 2007, Allcock & Strugnell 2012).
However, contact patterns (e.g., scratches and bites) shown in
the epizootic and zoonotic transmission chain are effective
drivers of the emergence of the disease (Fig. 15). On the other
hand, weak genetic differentiation among isolates from different
outbreak areas resulted in their grouping into a single genetic
cluster using STRUCTURE.

A different perspective was proposed by Eudes Filho et al.
(Eudes Filho et al. 2020), which suggests that the S. brasiliensis
population in the city of Brasília is extremely unlikely to be
derived from the one in Rio de Janeiro, as the latter has a
shallow genetic diversity, suggesting an extreme bottleneck.
However, such a conclusion was founded on sequencing only
two isolates from Brasília (A001 and A005) and four isolates from
Rio de Janeiro (s15677, s28606, s34180, and s48605). Here we
show that isolates from Rio de Janeiro are highly diverse and are
scattered across dendrograms, suggesting a large contribution
by the Rio de Janeiro epidemic in seeding the ongoing outbreaks
taking places in other states, such as those bordering Rio de
Janeiro (e.g., S~ao Paulo, Espírito Santo, and Minas Gerais), or
even those areas spanning over 2 000 km from the epicentre,
such as Pernambuco, Rio Grande do Norte, and Cear�a (Zhang
et al. 2015, do Monte Alves et al. 2020, de Oliveira Bento et al.
2021). Therefore, combining a broader sampling and markers
designed to reveal genetic variation in a temporal and spatial
setting, we likely captured most of the diversity in S. brasiliensis.
Additional sampling and genotyping efforts may well uncover
new, rare genotypes, but substantial changes are unlikely.

Temporal and spatial information revealed the evolutionary
potential to jump to new hosts, as recently witnessed in epizootic
events taking place in Brazil that are caused by S. brasiliensis.
Such diversification via host jumps may be followed by
specialization, and speciation (Thines 2019) if gene-pools remain
distinct. In an evolutionary setting, host jumps are expected to
initiate following a suboptimal interaction of a pathogen with a
new host and progress by adaptation to infecting the new host
with higher efficacy (Thines 2019). If this holds true, it is expected
that the archetypical S. brasiliensis would show lower fitness in
animal infection. A low virulence profile has been observed in
some plesiomorphic lineages of S. brasiliensis (e.g., Ss34, Ss67,
www.studiesinmycology.org
Ss104, Ss99), which have little capacity for infection and
dissemination in a murine host (Fernandes et al. 2013, Sasaki
et al. 2014). Subsequently, adaptation following the initial host
jump occurs when the new host can be subsequently colonized
with similar efficiency to that of the original pathogen on the
original host (Thines 2019). Likewise, for the host-adapted
lineage of S. brasiliensis, we would expect a greater fitness in
animal infection compared to the ancestral relative. In support of
this argument, it has been shown that isolates where admixture
analysis revealed evidence of shared ancestry (e.g., Ss174,
Ss226, Ss252, Ss265) have a greater capacity for infection,
dissemination, leading to impaired development and death of
infected animals (Della Terra et al. 2017). This suggests that
hybridization between two closely related species could lead to
the emergence of genotypes that combine the virulence traits of
each species (Maxwell et al. 2018).

A framework of evolutionary epidemiology theory assumes
that selection for horizontal transmission is maximum at the
onset of an epidemic but declines thereafter as the epidemic
depletes the pool of susceptible hosts (Berngruber et al. 2013).
Observational epidemiological studies indicate that severe,
atypical, and refractory cases of sporotrichosis are repeatedly
observed during S. brasiliensis epizootic and zoonotic episodes
(Almeida-Paes et al. 2014, Montenegro et al. 2014, Sanchotene
et al. 2015, Boechat et al. 2018, Nepomuceno Araújo et al.
2021), suggesting that we are perhaps at an early stage of the
sporotrichosis epidemic. This pattern is likely supported by
continuous founder events, leading to predominantly clonal
outbreaks in a naïve host population, followed shortly by genetic
expansion and diversification during geographical range
expansion (Fig. 15).

Judging from the founder effect perspective, the phylogeo-
graphic patterns described here demonstrate the ability of
S. brasiliensis to spread rapidly at local and regional scales,
perhaps vectored by the feline host. The centre of origin of
S. brasiliensis is Rio de Janeiro, based on greater genetic di-
versity and historical evidence (Schubach et al. 2001, Schubach
et al. 2002) and geographical distribution (Rodrigues et al.
2013b). The ubiquitous presence of S. brasiliensis in epizootic
events suggests that the most plausible mode of expansion of
this pathogens range occurs with the migration of a small number
of diseased cats into a new region. As Brazil borders ten
countries in South America, it is characterized as the third largest
land border globally; thus, increased biosecurity restrictions
should be taken to minimize the risk of pathogen movement to
neighbouring countries (via epizooty). Continued clinical and
environmental sampling within and beyond the regions evaluated
25
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Fig. 14. Distribution patterns of 2 582 medically relevant Sporothrix spp. isolates based on molecular characterization. (A) Distribution patterns observed worldwide show that
most endemic areas are in (sub)tropical areas, and Brazil and China are the main areas to carry out molecular identification. The sizes of circumferences are roughly
proportional to the number of strains included. (B, C) Temporal distribution patterns were observed in Brazil (n = 1 470). Codes reported within the pies denote Sporothrix
species. Further information about isolate sources can be found in supplementary files (see Search strategy, Supplementary Table S7).
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in this study and implementing an ecoepidemiological analysis
would be required to fully understand the progression of
Sporothrix.

The results of our study indicate strong signals of genetic
introgression among S. brasiliensis, S. schenckii, and S. globosa
with the presence of putative hybrids in these populations.
Therefore, a focus on whole-genome sequencing with a higher
depth of coverage would further increase the number of alleles
that can be detected and provide a clearer view of the genetic
26
diversity of these pathogens. The Chinese S. globosa population
was recently divided into eight distinct clustering groups with
high-resolution AFLP markers (Zhao et al. 2017) and three ge-
netic clusters using ten microsatellites (Gong et al. 2019), which
were not related to the clinical manifestations. On the other hand,
in India, AFLP results exhibited low genetic diversity, and like-
wise, no correlation was observed between genotypes and
clinical presentation or geographic distribution (Rudramurthy
et al. 2021). The typical lack of hierarchical phylogenetic



Fig. 15. The founder effect in Sporothrix brasiliensis. The parental population of S. brasiliensis represented by the epicentre of sporotrichosis outbreaks (in Rio de Janeiro or
Rio Grande do Sul, Brazil) could give rise to different founder populations. Population genetics analysis revealed that parental populations of S. brasiliensis possess more
significant genetic variation. Migration of new founder individual t(1), i.e., a diseased cat to a new region leads to direct animal horizontal transmission (cat-to-cat) and zoonotic
transmission (cat-to-human), generating a founder population, which is composed of a fraction of genotypes circulating in the parental population (i.e., less variation). The
absence of sanitary barriers and public police health to mitigate the epidemic leads to the continued contribution of other founders, accelerating the pace of diversification of the
founder population. Such diversification via host jumps is usually followed by radiation, specialization, and speciation.
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www.studiesinmycology.org 27

http://www.studiesinmycology.org


DE CARVALHO ET AL.
structuring is expected in an outbreak scenario where numerous
variants can be found before they finally go extinct (Eppinger
et al. 2014). Our analyses suggest that the S. brasiliensis
circulating in Rio de Janeiro and Rio Grande Sul are different.
This can be explained by clustering profile, neural networks,
recombination, dimensioning analyses, and skewed mating-type
idiomorph distribution. The fact that these variants were found
throughout Brazil and even in neighbouring countries indicates
the speed and extent of feline dispersal. This epizootic/zoonotic
mediated distribution pattern was not limited to the onset of the
outbreak, as phylogeographic patterns show a shallow popula-
tion structure even within the two largest Brazilian subclades
(i.e., Rio de Janeiro and Rio Grande do Sul). The mobility of the
human and animal populations may continue to complicate
eradication efforts in the long term (Eppinger et al. 2014).

Detection of recombination based on linkage disequilibrium
(LD) pattern is influenced by diverse selection pressures
(Stukenbrock & Dutheil 2018). Here, we used LD analysis to
determine if Sporothrix populations are predominantly clonal or
sexual. Meiotic recombination, a significant driver of rapid
pathogen evolution, results in the free exchange of alleles in a
panmictic sexual population (i.e., LD among loci is unexpected),
which produces their random association. On the other hand,
one practical consequence of the paucity or absence of sex are
populations that are in significant LD (i.e., considerable LD is
expected due to linkage among loci) (Little & Ebert 2000,
Schurko et al. 2009, Úbeda et al. 2011, Tibayrenc & Ayala 2012,
Ruggiero et al. 2018). Therefore, the low levels of LD found for
Sporothrix species provide robust estimates of recombination,
supporting that alleles may recombine freely into new genotypes
during the process of reproduction (Hosid et al. 2010).

Molecular data suggest that members of Sporothrix are het-
erothallic fungi with a single mating-type locus that produces two
alleles, MAT1-1 and MAT1-2, in agreement with previous reports
(Teixeira et al. 2015, de Carvalho et al. 2021). The sexual
development in Sporothrix has been demonstrated for isolates
embedded in the environmental clade; however, such observa-
tion seems to be complex-specific. For example, sexual devel-
opment has been frequently observed among members of the
S. stenoceras, S. gossypina, and S. candida complexes, leading
to the development of ophiostoma-like structures, such as
ephemeral asci and long-necked ophiostomatoid perithecia
through which the ascospores are passively discharged (de Beer
& Wingfield 2013). On the other hand, members of the S. pallida
complex (except for S. palmiculminata) and members of the
clinical clade (i.e., S. brasiliensis, S. schenckii, S. globosa, and
S. luriei) has never been linked to sexual development under
laboratory conditions (Rodrigues et al. 2020b). Recombination
events reported in population genetic studies could support the
hypothesis of a sexual cycle leading to diversification in these
pathogens (de Carvalho et al. 2020). Confirming previous re-
sults, mating-type markers were vital to tracking the emergence
of Sporothrix during outbreaks, as MAT1-2 isolates are frequently
associated with the Rio de Janeiro epidemic, and MAT 1-1 iso-
lates are commonly associated with the Rio Grande do Sul
epidemic. A single isolate from Rio Grande do Sul (i.e., Ss328)
was characterized as MAT1-2, and it did not group with the other
South clade isolates of S. brasiliensis, indicating a possible
introduction from Rio de Janeiro, or even an infection by
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S. brasiliensis in Rio de Janeiro that was diagnosed in Rio
Grande do Sul.

Murine models of infection and observational epidemio-
logical studies demonstrated that both mating-type idiomorphs
are highly virulent to the warm-blooded hosts (Montenegro
et al. 2014, Sanchotene et al. 2015, Della Terra et al. 2017,
Macêdo-Sales et al. 2020, Maschio-Lima et al. 2021). The
skewed MAT loci distribution observed here may be related to
the scarcity of sexual reproduction and/or the contact patterns
in the host population (cat-to-cat and cat-to-human trans-
mission), or even a phenomenon of small populations (Valero
et al. 2018). This paradoxical reproduction system has been
observed in Sporothrix (Teixeira et al. 2015, Rocha et al.
2020, de Carvalho et al. 2021), Histoplasma (Rodrigues
et al. 2020a), Paracoccidioides (Roberto et al. 2021), and
Cryptococcus (Nielsen et al. 2005), with species prevalently
clonal along with recombinant molecular siblings coexisting in
the same geographical range.
CONCLUSIONS

Our approach highlights AFLP as a powerful and inexpensive
tool to explore genetic diversity in medically relevant Sporothrix
species. For the first time in S. brasiliensis, S. schenckii, and
S. globosa, patterns of admixture were detected, which may
explain the sudden emergence of genotypes with increased
virulence traits. Our ability to reconstruct the source, spread, and
evolution of the ongoing outbreaks from molecular data provides
essential information for decision-making to mitigate the pro-
gression of the disease. Our analyses support the expansion of
S. brasiliensis in Brazil and identify Rio de Janeiro as the most
likely centre of origin. This region then appears to have vectored
the infection to other country regions as seen by the occurrence
of genetic founder effects. The detection of Sporothrix in frontier
countries reinforces the need for biosecurity measures to contain
further spread. These measures include surveillance, rapid
diagnosis, follow-up of the cases, access to appropriate anti-
fungal treatment, and education of the population about sporo-
trichosis. Moreover, our study highlights the urgency of improving
the availability of molecular diagnosis to speciate Sporothrix and
identify sources of epizootic and zoonotic pathogens that can
more widely threaten animals and humans.
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