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Abstract

Background Chromoblastomycosis is the World Health Organization (WHO)-recognized fungal implantation disease
that eventually leads to severe mutilation. Cladophialophora carrionii (C. carrionii) is one of the agents. However,
the pathogenesis of C. carrionii is not fully investigated yet.

Methods We investigated the pathogenic potential of the fungus in a Galleria mellonella (G. mellonella) larvae infec-
tion model. Six strains of C. carrionii, and three of its environmental relative C. yegresii were tested. The G. mellonella
model was also applied to determine antifungal efficacy of amphotericin B, itraconazole, voriconazole, posaconazole,
and terbinafine.

Results All strains were able to infect the larvae, but virulence potentials were strain-specific and showed no cor-
relation with clinical background of the respective isolate. Survival of larvae also varied with infection dose,

and with growth speed and melanization of the fungus. Posaconazole and voriconazole exhibited best activity
against Cladophialophora, followed by itraconazole and terbinafine, while limited efficacy was seen for amphotericin B.

Conclusion Infection behavior deviates significantly between strains. In vitro antifungal susceptibility of tested
strains only partly explained the limited treatment efficacy in vivo.

Keywords Galleria mellonella, Chromoblastomycosis, Cladophialophora carrionii, Virulence, Antifungal efficacy in vivo

*Dongmei Shi and Zhiya Yang contributed equally as first authors. “ Key Laboratory of Environmental Pollution Monitoring and Disease
Control, Ministry of Education of Guizhou & Guizhou Talent Base

for Microbiology and Human Health, School of Basic Medical Sciences,
Guizhou Medical University, Guiyang, China

Shuwen Deng is the senior corresponding author, Sybren de Hoog is the
co-corresponding author.

*Correspondence: > Department of Dermatology, The First Affiliated Hospital of Sun Yat-Sen
Sybren de Hoog University, Guangzhou, China

sybren.dehoog@radboudumc.nl 5 Department of Dermatology, the First Affiliated Hospital of Xinjiang
Shuwen Deng Medical University, Urumgi, China

danyanghhh@gg.com 7 Institute of Dermatology, Chinese Academy of Medical Science, Nanjing,
! Departmen/t of Dermatology &Laboratory of Medical Mycology, Jining SChma , o ,

No. 1 People’s Hospital, Shandong, China Department of Dermatology and Venereology, First Hospital in Peking
2The Laboratory of Medical Mycology, Jining No. 1 People’s Hospital, University, Beijing, China

Shandong, Chmya yeoea ? : . ° Center of Expertise in Mycology of Radboud University Medical Center,
? Department of Dermatology, Shanghai Key Laboratory of Molecular Canisius Wilhelmina Hospital, Nijmegen, The Netherlands

Medical Mycology, Changzheng Hospital, Shanghai, China 19 Department of Medical Microbiology, The People’s Hospital of Suzhou

New District, Suzhou, Jiangsu, China

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43008-023-00134-5&domain=pdf

Shi et al. IMA Fungus (2024) 15:5

Introduction

Chromoblastomycosis (CBM) is a chronic, severely
mutilating fungal skin disease with hyperendemicity
in Brazil, China and Madagascar (Queiroz Telles et al.
2017). Patients develop dry, expanding, acanthotic
lesions, where the fungus is present in the form of
spherical, melanized “muriform cells”. A wide diversity
of clinical types is known, with or without expansion
of host tissue, but invariably lacking the tissue necro-
sis that characterizes phaeohyphomycosis. Without
appropriate long-term therapy, the disease continues,
frequently with satellites elsewhere on the body result-
ing from self-inoculation by scratching (Shi et al. 2016).
CBM is regarded to be an implantation disease, i.e., an
infection after traumatic inoculation of the fungus from
an environmental source (Queiroz Telles et al. 2017),
and is prevalent in rural populations in tropical and
subtropical regions deprived from appropriate medical
care. Etiologic agents are isolated from the environment
with difficulty (Vicente et al. 2008), but metagenomics
revealed their presence (Costa et al. 2020), suggesting
that they have requirements for axenic growth differ-
ing from those of their strictly environmental coun-
terparts that are isolated much easier (Vicente et al.
2014). Environmental occurrence of causative agents
is also suggested by their differential prevalence under
deviating climatic conditions. In humid, subtropical cli-
mate zones around the globe, Fonsecaea species are the
prime cause of CBM, while in arid zones, Cladophial-
ophora species are prevalent (Rasamoelina et al. 2020).
Both Fonsecaea and Cladophialophora are members of
the most advanced family (Quan et al. 2020) of Chaeto-
thyriales, the Herpotrichiellaceae, comprising the black
yeasts and relatives, which are characterized by a con-
sistent degree of melanization of hyphae and yeast cells.

Page 2 of 10

Cladophialophora carrionii (C. carrionii) is primarily
known from CBM patients in desert-like areas, where
cactus thorns are thought to be the prevalent source of
inoculation (Zeppenfeldt et al. 1994). However, a close
non-pathogenic relative, Cladophialophora yegresii (C.
yegresii), was also found to inhabit thorns of a cactus
fence surrounding the home of a CBM patient whose
infection was caused by C. carrionii (de Hoog et al. 2007).
Consequently, closely related Cladophialophora species
seem to deviate significantly in infection potentials, but
the pathogenesis of C. carrionii is not fully understood
yet.

Galleria mellonella (G. mellonella) is a widely adopted
insect model to investigate the virulence of a broad range
of human pathogens (Perdoni et al. 2014). Its response
to infections, managed exclusively by an innate immune
response, is considered a useful model for understand-
ing the first steps of human host—pathogen interactions
(Trevijano-Contador et al. 2015). Until now, G. mel-
lonella, as an invertebrate host has been never used to
study the pathogenesis of Cladophialophora spp.

In the present study, we compare clinical and envi-
ronmental strains of C. carrionii and its environmental
relative, C. yegresii using physiological parameters, anti-
fungal resistance, and pathogenicity with a G. mellonella
infection model.

Material and methods

Strains

Nine strains of the CBM agent C. carrionii (clinical and
environmental isolates) and its molecular relative C.
yegresii (environmental isolates) were selected; metadata
of the 9 strains are listed in Table 1. Strains were obtained
from the reference collection of the Centraalbureau
voor Schimmelcultures (CBS, housed at the Westerdijk

Table 1 General information of the nine strains of Cladophialophora spp. tested in this study

Species Isolate Nr Source Origin Growth Temp. (°C) MIC (mg/L)

Range/optimum 37°C AmB ITR VOR POS TER
C. carrionii ~ CBS 131838  Human CBM China, Shandong 12-37/30 + 4 0016 0063 0016 0016
C.carrionii ~ CBS 114402 Human CBM Venezuela, Falcon 9-37/30 + 2 0.125 025 0.031  0.063
C. carrionii ~ CBS 100434  Human Madagascar 12-37/30 + 0.5 0.031 025 0.031  0.031
C. carrionii ~ CBS 117900 Human CBM Venezuela, Falcén 15-37/27-30 + 1 0.063 1 0.063 0.125
C. carrionii ~ CBS 861.96 Dry plant debris  Venezuela, Falcén 9-37/27 + 8 0.031 05 0.031  0.063
C.carrionii~ CBS 131736 Soll Venezuela 9-37/30 + 4 0.031 0125 0063 025
C. yegresii CBS 114405  Cactus Venezuela, Falcén State  12-33/27 - 0.25 0.25 0063 0125 0.063
C. yegresii CBS 114406  Cactus Venezuela, Falcon State  12-33/27 - 0.25 0.5 0125 0125 0063
C. yegresii CBS 114407  Cactus Venezuela, Falcon State  12-33/27 - 0.5 0.25 0.125 0125 0063

C. carrionii: Cladophialophora carrionii; C. yegresii: Cladophialophora yegresii; Growth Temp: growth tempreture on Sabouraud’s Glucose Agar. MIC: Minimum inhibitory
concentration; AMB: Amphotericin B; ITR: Itraconazole; VOR:Voriconazole; POS: Posaconazole; TER: Terbinafine
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Fungal Biodiversity Institute, Utrecht, The Netherlands).
Identification of strains was confirmed by sequencing
of the internal transcribed spacer regions of rDNA, as
described previously (Deng et al. 2013).

Fungal physiology and melanization

Expansion growth was measured on Oatmeal agar (OA),
2% Malt Extract Agar (MEA) and Potato Dextrose agar
(PDA), all obtained from Oxoid (Basingstoke, U.K.) in
90-mm culture plates at 25 °C for 2 weeks. Temperature
relations were determined on Sabouraud’s Glucose Agar
(SGA; Difco, Vianen, The Netherlands) in 90-mm culture
plates at 12, 18, 24, 30, 36, and 42 °C; colony diameters
were recorded weekly for 28 days. Degrees of melaniza-
tion were determined in cultures grown on PDA plates
at 25 °C for 10 days. Ten mL phosphate-buffered saline
(PBS) was poured onto the growing colony, carefully
scratched with a sterilized swab, and conidial suspen-
sions were pipetted, filtered using a syringe containing
glass wool, transferred to a fresh tube and adjusted to a
final concentration of 5x10° conidia/mL. Suspensions
were measured spectrophotometrically at 405 nm to
determine melanin contents.

Galleria mellonella infection and survival assays

Final sixth instar G. mellonella larvae were acquired from
Vellinga Voedseldieren (Ridderkerk, The Netherlands)
and maintained at room temperature on wood shavings
in the dark until use. Larvae were used within 2 days of
receipt. Larvae of approximately 300-500 mg showing
no discoloration were selected for the experiments. Fun-
gal strains were subcultured on MEA at 25 °C for 5 days
and conidia were harvested in phosphate-buffered saline
(PBS). Filtered conidial suspensions were quantified with
a Biirker-Tiirk hemocytometer. Groups of 15 larvae were
inoculated with increasing conidial densities (1x10%
1x10° and 1x10° conidia/larva) of each strain tested.
Inoculation was performed by injecting 40 pL fungal sus-
pension in the last left pro-leg with an insulin 29G U-100
needle (BD Diagnostics, Sparks, MD, U.S.A.). As con-
trols, untouched larvae, larvae pricked with the needle
and larvae injected with PBS were included. Larvae were
checked daily for survival for 10 days in parallel at 27 °C
and 37 °C. If during these 10 days larvae formed pupa,
these individuals were removed from the experiment.

Fungal morphology in hemolymph

Fungal morphology in the hemolymph of G. mellonella
larvae was verified at different time points in the course
of infection. As controls, larvae injected with PBS were
included. Hemolymph was removed through an incision
made in the last proleg at 24 h, 3d, 7d and 10d after inoc-
ulation and slides were made in Shear’s mounting fluid
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without pigments (de Hoog et al. 2020). Micrographs
were taken with a Nikon Eclipse 80i microscope and
DS Camera Head DS-Fil/DS-5 m/DS-2Mv/DS-2MBW
using NIS-Element freeware package (Nikon Europe,
Badhoevedorp, The Netherlands). Dimensions were
taken with the Nikon Eclipse 80i measurement module
on slides and the mean and standard deviations were cal-
culated from 40 to 50 conidia.

Histopathology

At 24 h, 3d, 7d and 10d after inoculation, larvae were
dissected and fixed in 10% buffered formalin. Since the
larval exoskeleton is impenetrable to most fixative rea-
gents, 100 pL of the 10% buffered formalin was injected
into the larvae (Wayne 2017). After 24 h fixation, whole
larvae were dissected longitudinally into two halves with
a scalpel and fixed in 10% formalin for at least another
48 h (Perdoni et al. 2014). The two halves of larvae were
routinely processed for histology. Sections were stained
with Periodic Acid-Schiff (PAS). Micrographs were taken
by using K-viewer 1.5.3.1setup (www.kfbio.cn).

Antifungal susceptibility

Minimum inhibitory concentrations (MIC) of ampho-
tericin B (AMB), itraconazole (ITZ), voriconazole (VOR),
posaconazole (POS), and terbinafine (TER) were deter-
mined for all 9 strains tested according to CLSI M38-A3
as described previously (Deng et al. 2013). Two strains
(CBS 117900 and CBS 114406) were selected to deter-
mine antifungal efficacy of AMB, ITZ, VOR, POS, and
TER in vivo using the G. mellonella system. Larvae were
infected each with 1x10° conidia and injected with sin-
gle dose of each antifungal agent, respectively (Additional
file 2: Table S1). Each antifungal agent was administered
twice at 2 h and 4 h post-infection by a separate injec-
tion. Untouched larvae, larvae injected twice with PBS
(to rule out damage by double injection) and with the
drug diluted in PBS (to check for toxicity effects of the
respective drugs) served as controls. A different proleg
was used for each injection, starting from the left last
proleg and rotating left to right and moving proximally
(i.e., injecting through the left last proleg, right last pro-
leg, penultimate left proleg, and penultimate right proleg,
as needed). Larvae were incubated at 37 °C to enhance
comparison with vertebrate hosts. For each test group, 15
larvae were used, and experiments were repeated at least
three times.

Statistics

All experiments were performed independently at least in
triplicate. Survival rates were evaluated by Kaplan—Meier
survival curves and analyzed with the logrank (Mantel-
Cox) test using GraphPad Prism software. Comparisons
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between groups were performed by one-way analysis of
variance (ANOVA), Bonferroni test with correction for
multiple comparisons, or Student test. Differences were
considered significant at p <0.05. Statistical significance
was determined by applying logrank (Mantel-Cox) test,
comparing untreated groups with groups that received
antifungals.

Results

Growth speed and temperature

All fungal strains showed slow expansion growth when
cultivated on OA, PDA, and MEA, respectively, at 25 °C
for 2 weeks. The strains of C. yegresii were nearly identi-
cal with 10 mm diam, while those of C. carrionii showed
variation between 10 and 18 mm (Additional file 1: Fig.
S1). Slowest growth was observed in environmental
strain C. carrionii CBS 861.96, and fastest in environ-
mental strain C. carrionii CBS 131736 on all three media.
C. carrionii has optimum growth at 27-30 °C with a max-
imum at 37 °C; C. yegresii grows optimally at 27 °C and
has a maximum at 33 °C. No growth occurs at 37 °C; this
temperature is fungistatic as all isolates showed regrowth
when placed at 24 °C (Table 1).

Melanization measurement

Melanization, measured at 405 nm after 10 days growth
on PDA at 25 °C, varied significantly between strains
(Fig. 1). Lowest degree of melanization was observed in
environmental strain C. carrionii CBS 861.96, and high-
est in environmental strain C. carrionii CBS 131736
(p<0.001). The two isolates of C. yegresii (CBS 114405
and CBS 114407) showed similar degrees of melaniza-
tion (p >0.05) but significant difference with CBS 114406
(p<0.001) as observed in C. carrionii. On average, clini-
cal strains of C. carrionii were slightly more melanized
than environmental strains of C. carrionii and C. yegresii
(Fig. 1).

Survival curves

Killing rates of the nine strains selected in this study was
dose-dependent of fungal inocula, regardless whether
strains were clinical or environmental, and regard-
less of species affiliations (Fig. 2). For each experiment
three different controls were used, and high survival was
obtained for all control groups (untouched larvae, lar-
vae only pricked by the needle and larvae injected with
PBS; data not shown). In general, the 10° and 10° inoc-
ula resulted in 80-90% death with strains CBS 114402,
CBS 117900 and CBS 131838 (clinical, C. carrionii); CBS
131736 (environmental, C. carrionii) (log-rank, p <0.001),
and CBS 114406 (environmental, C. yegresii) (log-rank,
p<0.001). The most virulent strain was a soilborne isolate
of C. carrionii, CBS 131736, where inocula of 10*-10°
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Fig. 1 Melanin contents of studied strains of Cladophialophora spp.
Strains cultured on PDA at 25 °C for 10 days. Optical densities of 10%/
mL conidia suspensions were measured at 405 nm. P values shown
with *p <0.05, **p <0.01, ***p < 0.005; ns, not significant

conidia resulted in 100% death of G. mellonella larvae
(logrank, p <0.00) within 4—7d. By the time of death, lar-
vae were deeply melanized as observed with other fun-
gal pathogens (Cotter et al. 2000). An inoculum of 10°
resulted in 90% survival after injection of CBS 114405
and CBS 114407 (environmental, C. yegresii) and CBS
861.96 (environmental, C. carrionii) (log-rank, p>0.05),
and 80% survival with CBS 100434 (clinical, C. carrionii)
(log-rank, p>0.05). In seven of the nine strains tested,
the survival rate obtained with inocula of 10* did not dif-
fer significantly from the survival obtained in the PBS
injected controls (log-rank, p>0.05) except CBS 131736
(p<0.001) and CBS 114406 (p<0.01). To determine the
influence of temperature, infection rates were compared
at 27 °C and 37 °C; no statistically significant difference
was obtained in the survival of G. mellonella larvae.

Fungal morphology in hemolymph and histopathology

Fungal distribution and morphology in the hemolymph
of G. mellonella, and the host’s immune response were
observed microscopically and using PAS staining. At day
1 after G. mellonella infection, hemocyte nodules were
observed, some containing fungal cells in the fat body
(Fig. 3A). At days 3, 7 and 10, various degrees of filamen-
tation were observed in all strains. Nodule formations
contained conidia and hyphae (Fig. 3B—C), frequently
surrounding tracheae, but also intestinal walls (Fig. 3D).
Invasive branched hyphal formation was noted in two
strains (CBS 117900, CBS 114402, clinical, C. carrionii)
(Fig. 3C-D). Fungal elements reached solid organs, with
significant tropism for the digestive tract (Fig. 3D). The
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Fig. 2 Strain and dose-dependent killing of Galleria mellonella larvae by Cladophialophora carrionii (red = clinical, green=environmental)
and Cladophialophora Yegresii (blue) at 10, 10° and 10° conidia/larve in G. mellonella and kept at 37 °C for up to 10 days. Curves were plotted

from single experiment using 15 larvae

infection was highly destructive and induced an intense
inflammatory response (Fig. 4B, D). In dead larvae, oeno-
cytes were produced more abundantly (Fig. 4B) than in
living larvae (Fig. 4A); hyphae were produced in signifi-
cantly larger amounts (Fig. 4D) in dead larvae than in liv-
ing larvae (Fig. 4C).

In the infection model with environmental, non-viru-
lent C. carrionii strain CBS 861.98, both tissue invasion
and inflammatory response were subjectively less than
in larvae infected with highly virulent C. carrionii clini-
cal strains CBS 117900 and environmental strain CBS

131736, even in surviving larvae of up to day 3-7 post
infection. Less solid-organ invasion is seen, and fungal
elements were frequently seen in subcuticular regions
and fat bodies. Nodule formation was scattered and
smaller than observed in strains CBS 117900 and CBS
131738, and no hyphae were found (Fig. 4).

Antifungal susceptibility in vitro and in vivo

In vitro susceptibility test results of the nine strains
are shown in Table 1. Six strains of C. carrionii had
the following MIC ranges: AMB 0.5-8 mg/L, ITZ
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Fig. 3 Histopathology with PAS staining (upper images A-D) and microscopy (lower images A-D) with hemolymph of G. mellonella. Larvae
infected with Cladophialophora carrionii (clin., CBS 117900) at a dose of 10° CFU per larva, incubated at 37 °C. Aat day 1; B atday 3; C.atday 7, D
at day 10, post infection respectively. A-D from dead larvae. In upper images: A-C, fat body, magnification 40x, Nodule formations contained
conidia and hyphae, and usually isolated into in the fat body; D digestive tract, magnification 20x, The fungus showed a tropism for the intestinal

tract; the presence of hyphae around the intestinal tract; In lower images: A-D, magnification 20%, hemolymph. Arrows indicated conidia/hyphae.
Scale bar, 500 pm
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Fig. 4 Differences in infection patterns between dead and living larvae by histopathology (PAS staining in upper images) and microscopy
of hemolymph (in lower images) of G. mellonella. A-B: Larvae infected with Cladophialophora carrionii (CBS 861.96, envir) at a dose of 10° conidia
/ larva at day 10 post infection, In upper images; A living larvae;a few oenocytes present at fat body, magnification 40x; B dead larvae, oenocytes
produced a lot at fat body, magnification 40x. C-D. Larvae infected with C. carrionii (CBS 117900, clin.) at a dose of 1 0° conidia/larva at day 10
post infection; C living larvae; nodule formations contained conidia mainly and showed a tropism for tracheal system,magnification 40x, D dead
larvae, hyphae were produced in significantly larger amounts, and showed a tropism for the intestinal tract, magnification 20x. In lower images:
A-D, magnification 40x, hemolymph. Arrows indicated hemocytes /oenocytes /conidia/hyphae. Scale bar, 500 ym

0.016-0.125 mg/L, VOR 0.063-1 mg/L, POS 0.016—
0.063 mg/L, TER 0.016-0.25 mg/L, and three strains of
C. yegresii had MIC ranges: AMB 0.25-0.5 mg/L, ITZ
0.25-0.5 mg/L, VOR 0.063-0.125 mg/L, POS 0.125—
0.125 mg/L, TER 0.063-0.063 mg/L.

In vivo, isolates CBS 117900 (clinical, virulent, C. carri-
onii) and CBS 114406 (environment, virulent, C. yegresii)
were inoculated with 1x10° conidia/larva, while larvae
were treated with single doses of AMB (1 resp. 5 mg/
kg), ITZ, VOR, POS and TER (all 5 resp. 10 mg/kg).
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Treated larvae were compared with control groups (the
untouched group and PBS treated groups; Fig. 5). With
strain CBS 117900 (Fig. 5A-B), protection was achieved
with POS (5 and 10 mg/kg) and VOR (5 mg/kg) (logrank,
p>0.05). Itraconazole did not enhance larval survival
with 10 mg/kg with control groups (logrank, p <0.001),
as only 10% larvae survived. AMB with 1 mg/kg yielded
survival of 30% of larvae; with an increased dose to 5 mg/
kg, 80% of larvae survived at day 10 (logrank, p>0.05),
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however, TER (5 mg/kg and 10 mg/kg) yielded survival of
40-50% of larvae (at 5 mg/kg: logrank, p>0.05; at 10 mg/
kg: logrank, p<0.01). With strain CBS 114406 (Fig. 5C—
D), protection was achieved with ITZ (5 mg/kg and
10 mg/kg), VOR (5 and 10 mg/kg), POS (10 mg/kg) and
TER (5 mg/kg) (logrank, p >0.05). AMB did not or poorly
enhance larval survival with treatment with 1 and 5 mg/
kg (logrank, p <0.001).
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Fig. 5 Survival curves of larvae infected with Cladophialophora spp. and treated with 5 selected antifungal agents. Left panels: AMB (amphotericin
B) 1 mg/kg; ITZ (itraconazole), VOR (voriconazole), POS (posaconazole) and TER (terbinafine) all 5 mg/kg; Right panels: AMB 5 mg/kg and ITZ, VOR,
POS and TER all 10 mg/kg. A-B: Cladophialophora carrionii (CBS 117900, clin, virulent) at a dose of 10° conidia/larve; C-D: Cladophialophora yegresii

(CBS 114406, envir, virulent) at a dose of 10° conidia/larvae
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Discussion

Chromoblastomycosis is a severe public health prob-
lem in hyperendemic regions such as Maranhdo State
in Brazil (Silva et al. 1995). Patients are prevalently agri-
cultural workers with low socioeconomic status, who
often are deprived from nearby medical assistance.
When the infection has reached a severe state, effec-
tive management has become difficult. Prolonged ther-
apy is necessary, often with limited clinical adherence
and frequent relapses (Rasamoelina et al. 2020; Daboit
et al. 2013). Given the scale of severe infections, with
1.47 cases/100,000 persons in some areas (Rasamoelina
et al. 2020), the World Health Organization (WHO) has
declared chromoblastomycosis as a neglected infectious
disease. In clinical practice, despite the consistent pres-
ence of muriform cells in tissue, significant variation in
appearance and severity is observed, which cannot always
be explained by identity of the fungus or health status
of the host. For understanding of this variation, knowl-
edge on the mechanism and route of infection, and the
natural behavior of etiologic agents are essential. When
agents are traumatically inoculated from the environ-
ment, close relatives in Fonsecaea and Cladophialophora
are likely to have an equal chance to cause disease. When
particular species are more frequent in human tissue,
these are also expected to be prevalent in the environ-
ment. With repeated isolation experiments, Vicente et al.
(2008) yielded more unknown, strictly apathogenic spe-
cies than species known from host. However, Costa et al.
(2020) noted that the clinical species do commonly occur
in environmental sources. Consequently, closely similar
species show significant differences in growth and infec-
tive abilities.

In the present research on C. carrionii and its close rel-
ative C. yegresii, we observed that the above differences
are not only between species, but also within the same
species. Significant differences were found in growth
velocity, melanization, virulence and antifungal suscep-
tibility, which were not linked to taxonomic differences.
An explanation why C. yegresii has not yet been found
on humans may be its lower thermotolerance, the fungus
being unable to grow at 37 °C, a property which seems to
be species-specific. Infective ability in the G. mellonella
larvae, conducted at lower temperature, is nevertheless
present in one out of three strains. C. carrionii environ-
mental strain CBS 131736 yielded highest killing rates,
and had most intense melanization and highest growth
speed, while another environmental strain of the same
species, CBS 861.96 with no virulence had lowest melani-
zation and grew rather slowly.

Larvae of G. mellonella inoculated with Cladophial-
ophora and controls were processed by hemolymph col-
lection (squeezing) and whole-larva embedding (sagittal
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sectioning) to evaluate morphological aspects of host—
pathogen interactions (Fig. 3). The progress of infec-
tion was monitored after 24 h (A), 3 days (B), 7 days (C)
and 10 days (D). G. mellonella induces an early immune
response at 24 h after inoculation, with appearance of
nodules that contain single cells only (Fig. 3A). From
3 days post inoculation, nodules contain both single cells
and hyphae (Fig. 3B-D). Nodules increased in number
and in dimension, depending on biological characteris-
tics of the Cladophialophora strain. This feature was par-
ticularly notable in larvae infected with CBS 17900 and
CBS 114406 (high virulence strains), where pronounced
filamentation resulted in large hyphal aggregates inter-
fering with phagocytosis (Fig. 3C). We observed tropism
of the fungus around the aero-digestive tract by day 10
(Fig. 3D). In larvae infected with CBS 861.96 (low viru-
lence strain), a small number of hemocytes was present
in the subcuticular area, in the hemolymph, and in close
association with the aero-digestive tract, with nodules
containing single cells only (Fig. 4A). In healthy larvae,
oenocytoids, which represent 5-10% of the total hemo-
cytes, contain cytoplasmic phenoloxidase and participate
in the melanization of the hemolymph (Altincicek et al.
2008). Oenocytes can also secrete nucleic acids that have
been described as “a new alarm signal” in the defense of
these insects (Trevijano-Contador et al. 2019).

In infection sites of dead larvae, hemocytes formed
multicellular aggregates containing much more oenocy-
toids than those in living larvae (Fig. 4A—B); this corre-
sponds with the observation that an exaggerated immune
response tends to be lethal for the larvae (Lu et al. 2014).

Several studies (Aufauvre-Brown et al. 1998; Fromtling
et al. 1989) have suggested that environmental and clini-
cal strains of Aspergillus fumigatus might differ in their
virulence potential (Cheema & Christians 2011). In our
study, differences in pathogenicity could not be linked to
origins of strains, either clinical or environmental. These
findings are in disagreement with previous murine exper-
iments with C. carrionii, where two isolates from patients
exhibited invasive abilities while an environmental isolate
failed to produce lesions in mice (Yegres et al. 1991).

All nine isolates proved to be susceptible to itra-
conazole, voriconazole, posaconazole and terbinafine.
Amphotericin B was less active, which agreed with pre-
vious studies (Vitale et al. 2009; Deng et al. 2013). Two
strains had relatively high virulence in vivo: clinical iso-
late C. carrionii CBS 117900, and environmental isolate
C. yegresii CBS 114406. The protective effect of itracona-
zole in these two strains appeared entirely different. Even
the three strains of C. yegresii, which were all isolated
from Sterinocerus cactus thorns in a limited area of Fal-
con state in Venezuela, showed large differences in inva-
sive potential. The observed clinical differences in CBM
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provoked by a single species may thus partly be due to
significant differences between individual strains. Species
affiliation thus appears to be poorly predictive for clini-
cal appearance and course of infection. It has long been
supposed, that patients with CBM are otherwise healthy
and immunocompetent. Interestingly, a significant share
of patients with severe CBM had an as yet undescribed
mutation (Sobianski Herman et al. 2023) in the Caspase
recruitment domain-containing protein 9 (CARDY), a
rare inherited immune disorder.

Regarding limitations that should be considered in this
study are that we did not statistically quantify the asso-
ciations between the fungus and cells type presented in
these tissues.

Conclusion

Clinical variation is an interplay of the abilities of the
coincidentally inoculated potential etiologic agent of dis-
ease, and the genetic condition of the human host. More
detailed analysis of these adverse parameters may lead to
personalized precision medicine to mitigate this severe
and recalcitrant disease. Studies with the G. mellonella
model are instrumental in understanding variable patho-
genesis and in vivo efficacy of antifungal agents.

Abbreviations

WHO  World Health Organization
CBM  Chromoblastomycosis

OA Oatmeal agar

MEA  Malt extract agar

PDA Potato dextrose agar

PBS Phosphate-buffered saline
MIC Minimum inhibitory concentrations
AmB  Amphotericin B

(1p4 [traconazole

VOR Voriconazole

POS Posaconazole

TER Terbinafine

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543008-023-00134-5.

Additional file 1. Fig. S1 Growth speed on different medium of nine
strains of Cladophialophora spp., incubated at 25 °C for 2 weeks. Note: OA:
Oatmeal agar; PDA: Potato Dextrose agar; MEA: 2% Malt Extract Agar

Additional file 2. Table S1 Single dose of each antifungal drug injected
into larvae.

Author contributions

SD and SH conceived this study, analyzed the data, and wrote the manuscript;
DS, ZY, WL, CL, ZL, SH, WX, MH, MC and SY, conducted the experiments. All
authors have read and agreed to the published version of the manuscript.

Funding
We gratefully acknowledge funding from an international joint project in
National Natural Science Foundation of China (81720108026). Suzhou Bureau

Page 9 of 10

of Science and Technology (SKY2022037), the People’s Hospital of SND
(SGY2019D02; SGY2021HO1; SGY2021C01; SGY2022H01) to Shuwen Deng.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Adherence to national and international regulations
Not applicable.

Competing interests
Not applicable.

Received: 15 May 2023 Accepted: 22 November 2023
Published online: 08 March 2024

References

Altincicek B, Stotzel S, Wygrecka M, Preissner KT, Vilcinskas A (2008) Host-
derived extracellular nucleic acids enhance innate immune responses,
induce coagulation, and prolong survival upon infection in insects. J
Immunol 181:2705-2712

Aufauvre-Brown A, Brown JS, Holden DW (1998) Comparison of virulence
between clinical and environmental isolates of Aspergillus fumigatus. Eur J
Clin Microbiol Infect Dis 17:778-780

Cheema MS, Christians JK (2011) Virulence in an insect model differs between
mating types in Aspergillus fumigatus. Med Mycol 49:202-207

Cotter G, Doyle S, Kavanagh K (2000) Development of an insect model for the
in vivo pathogenicity testing of yeasts. FEMS Immunol Med Microbiol
27:163-169

Daboit TC, Magagnin CM, Ramirez HD, Castrillon M, Camargo Mendes SD,
Vettorato G, Valente P, Scrofernecker ML (2013) A case of relapsed chro-
moblastomycosis due to Fonsecaea monophora: antifungal susceptibility
and phylogenetic analysis. Mycopathologia 176:139-144. https://doi.org/
10.1007/511046-013-9660-1

de Costa FF, Menezes da Silva N, Voidaleski MF, Weiss VA, Moreno LF, Schneider
GX, Najafzadeh MJ, Sun J, Gomes RR, Raittz RT, Alves Castro MA, de Muniz
GBI, de Hoog GS (2020) Environmental isolation of black yeast-like agents
of human disease using metagenomics. Sci Rep 10:14229

de Hoog GS, Nishikaku AS, Fernandez Zeppenfeldt G, Padin-Gonzélez C,
Burger E, Badali H, Richard-Yegres N, Gerrits van den Ende AHG (2007)
Molecular analysis and pathogenicity of the Cladophialophora carrionii
complex, with the description of a novel species. Stud Mycol 58:219-234

de Hoog GS, Guarro, J, Gené J, Ahmed SA, Al-Hatmi AHS, Figueras MJ, Vitale RG
(2020) Atlas of Clinical Fungi, 4th ed. Foundation Atlas of Clinical Fungj,
Hilversum, 1599 pp.

Deng S, de Hoog GS, Badali H, Yang L, Najafzadeh MJ, Pan B, Curfs-Breuker
I, Meis JF, Liao W (2013) In vitro antifungal susceptibility of Cladophial-
ophora carrionii, agent of human chromoblastomycosis. Antimicr Agents
Chemother 57:1974-1977. https://doi.org/10.1128/AAC.02114-12

Fernadndez-Zeppenfeldt G, Richard-Yegres N, Yegres F, Hernandez R (1994) Cla-
dosporium carrionii: hongo dimorfico en cactaceas de la zona endémica
para la cromomicosis en Venezuela. Revta Iberoam Micol 11:61-63

Fromtling RA, Abruzzo GK, Ruiz A (1989) Virulence and antifungal susceptibility
of environmental and clinical isolates of Cryptococcus neoformans from
Puerto Rico. Mycopathologia 106(3):163-166. https://doi.org/10.1007/
BFO0443057

Lu A, Zhang Q, Zhang J, Yang B, Wu K, Xie W, Luan YX, Ling E (2014) Insect
prophenoloxidase: the view beyond immunity. Front Physiol 5:252

Perdoni F, Falleni M, Tosi D, Cirasola D, Romagnoli S, Braidotti P, Clementi E,
Bulfamante G, Borghi E (2014) A histological procedure to study fungal
infection in the wax moth Galleria mellonella. Eur J Histochem 58:2428.
https://doi.org/10.4081/ejh.2428. (PMID: 25308852)


https://doi.org/10.1186/s43008-023-00134-5
https://doi.org/10.1186/s43008-023-00134-5
https://doi.org/10.1007/s11046-013-9660-1
https://doi.org/10.1007/s11046-013-9660-1
https://doi.org/10.1128/AAC.02114-12
https://doi.org/10.1007/BF00443057
https://doi.org/10.1007/BF00443057
https://doi.org/10.4081/ejh.2428

Shi et al. IMA Fungus (2024) 15:5

Quan Y, Muggia L, Moreno LF, Wang M, Al-Hatmi AMS, Menezes da Silva N, Shi
D, Deng S, Ahmed SA, Stielow JB, Qing T, Hyde KD, Vicente VA, Kang Y, de
Hoog GS (2020) A re-evaluation of the Chaetothyriales using criteria of
phylogeny and ecology. Fung Div 103:47-85

Queiroz-Telles F, de Hoog GS, Wagner Santos D, Salgado CG, Vicente VA, Boni-
faz A, Roilides E, Xi L, Pedrozo e Silva Azevedo CM, da Silva MB, Pana ZD,
Colombo AL, Walsh TJ (2017) Chromoblastomycosis. Clin Rev Microbiol
30:233-276

Rasamoelina T, Maubon D, Andrianarison M, Ranaivo |, Sendrasoa F, Rakoto-
zandrindrainy N, Rakotomalala FA, Bailly S, Rakotonirina B, Andriantsi-
mahavandy A, Rabenja R, Andrianarivelo MR, Cornet M, Ramarozatovo
L (2020) Endemic chromoblastomycosis caused predominantly by
Fonsecaea nubica, Madagascar. Emerg Infect Dis 26:1201-1211. https://
doi.org/10.3201/eid2606.191498

Shi D, Zhang W, Lu G, de Hoog GS, Liang G, Mei H, Zheng H, Shen Y, Liu W
(2016) Chromoblastomycosis due to Fonsecaea monophora misdiag-
nosed as sporotrichosis and cutaneous tuberculosis in a pulmonary
tuberculosis patient. Med Mycol Case Rep 11:57-60

Silva CM, da Rocha RM, Moreno JS, Branco MR, Silva RR, Marques SG, Costa JM
(1995) The coconut babacu (Orbignya phalerata martins) as a probable
risk of human infection by the agent of chromoblastomycosis in the State
of Maranhdo, Brazil. Rev Soc Bras Med Trop 28:49-52

Sobianski Herman T, Gomes RR, Queiroz Telles F, Pedrozo e Azevedo C,
Lorenzetti Bocca A, Marques SG, Razzolini E, Nunes N, Jacomel Favoreto
de Souza Lima B, Beato-Souza CP, Wagner Castro Lima Santos D, de Hoog
GS, Vicente VA (2023) CARD9 mutation and chromoblastomycosis. One
Health Mycol. (in press).

Trevijano-Contador N, Zaragoz O (2019) Immune response of Galleria mel-
lonella against human fungal pathogens. J Fungi 5:3

Trevijano-Contador N, Herrero-Ferndndez |, Garcia-Barbazan |, Scorzoni L,
Rueda C, Rossi SA, Garcia-Rodas R, Zaragoza O (2015) Cryptococcus
neoformans induces antimicrobial responses and behaves as a facultative
intracellular pathogen in the non mammalian model Galleria mellonella.
Virulence 6:66-74. https://doi.org/10.4161/21505594.2014.986412

Vicente VA, Attili-Angelis D, Pie MR, Queiroz-Telles F, Cruz LM, Najafzadeh MJ,
de Hoog GS, Zhao J, Pizzirani-Kleiner A (2008) Environmental isola-
tion of black yeast-like fungi involved in human infection. Stud Mycol
61:137-144

Vicente VA, Najafzadeh MJ, Sun J, Gomes RR, Robl D, Marques SG, Azevedo
CMPS, de Hoog GS (2014) Environmental siblings of black agents of
human chromoblastomycosis. Fung Div 65:47-63

Vitale RG, Perez-Blanco M, de Hoog GS (2009) In vitro activity of antifungal
drugs against Cladophialophora species associated with human chromo-
blastomycosis. Med Mycol 47:35-40

Wayne P (2017) Reference method for broth dilution antifungal susceptibility
testing of filamentous fungi, 3rd ed. Approved standard. CLSI document
M38-A3. Clinical and Laboratory Standards Institute.

Yegres F, Richard-Yegres N, Nishimura K, Miyaji M (1991) Virulence and patho-
genicity of human and environmental isolates of Cladosporium carrionii in
new born ddY mice. Mycopathologia 114:71-76

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10


https://doi.org/10.3201/eid2606.191498
https://doi.org/10.3201/eid2606.191498
https://doi.org/10.4161/21505594.2014.986412

	Galleria mellonella in vitro model for chromoblastomycosis shows large differences in virulence between isolates
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Strains
	Fungal physiology and melanization
	Galleria mellonella infection and survival assays
	Fungal morphology in hemolymph
	Histopathology
	Antifungal susceptibility
	Statistics

	Results
	Growth speed and temperature
	Melanization measurement
	Survival curves
	Fungal morphology in hemolymph and histopathology
	Antifungal susceptibility in vitro and in vivo

	Discussion
	Conclusion
	References


