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ORIGINAL ARTICLE

Phylogenetic analysis reveals two genotypes of the
emerging fungus Mucor indicus, an opportunistic
human pathogen in immunocompromised patients

Saad J Taj-Aldeenl’Z, Muna Almaslamani?®3, Bart Theelen* and Teun Boekhout*®

Mucormycosis is a rare fungal infection caused by Mucor indicus. Phylogenetic analysis of many M. indicus isolates, mainly
sampled from different clinical and environmental specimens collected worldwide, revealed two genotypes, | and Il, based on
ITS and D1/D2 LSU rDNA sequences. A retrospective review of the literature revealed 13 cases. Eight (76.9%) patients had
disseminated infections, and the overall mortality rate was 30.7%. A pulmonary infection caused by M. indicus genotype | in
a liver transplant recipient was disseminated to include the skin and was successfully treated with liposomal amphotericin B
and aggressive surgery. M. indicus can infect a wide variety of patients with no real preference for the site of infection. We
concluded that M. indicus has emerged as a significant cause of invasive mycosis in severely immunocompromised patients
worldwide. Early diagnosis and initiation of appropriate therapy could enhance survival in these immunocompromised patient

populations.
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INTRODUCTION

Mucormycosis is a fungal infection caused by a variety of genera
belonging to the order Mucorales. The disease has re-emerged as a
cause of significant, life-threatening infections, particularly in immu-
nocompromised patients. The infection is most often acquired by
inhalation of spores from environmental sources, by direct inoculation
due to skin lesions or rarely by ingestion of contaminated food.> The
disease caused by Mucormycetes is characterized by angioinvasion
leading to thrombosis, infarction and necrosis of the involved tissue.3
The common clinical manifestations include rhinocerebral, cutaneous,
pulmonary, gastrointestinal and disseminated infections. In solid-
organ transplant recipients, the disease occurs at a rate of two cases per
1000 transplant surgeries* the majority of these cases occur in renal
transplant patients, with a mortality rate of 38% to 56.5%.> The most
common manifestation of the disease is rhino-orbito-cerebral, but
pulmonary and cutaneous infections occur to a lesser extent®6
Disseminated mucormycosis is a very rare and life-threatening form
of the disease.”® The prognosis of disseminated mucormycosis is poor,
with reported mortality rates in the neutropenic population ranging
from 46% to 100%.>!° In this paper, we describe the existence of two
genotypes, I and II, of the emerging pathogenic fungus Mucor indicus
and a case of disseminated mucormycosis in a liver transplant patient
caused by genotype I. The infection was successfully treated with
liposomal amphotericin B in combination with surgical intervention.

MATERIALS AND METHODS

Strains

Two clinical strains of M. indicus, viz., Q1088 and Q1106, isolated
from a liver transplant patient at Hamad Hospital, Doha, Qatar, were
studied and characterized during this study. In addition, we also
analyzed the sequences of three isolates from clinical sources obtained
from Dr Josepa Gené at Unitat de Microbiologia, Facultat de Medicina
I Ciéncies de la Salut, Universitate Rovira I Virgilli, Reus, Spain and 24
reference strains from Westerdijk Fungal Biodiversity Institute
(formerly CBS Fungal Biodiversity Centre, Table 1). The clinical
strains of M. indicus were characterized for their genotypes during
this study.

Isolation

Tissue, bronchoalveolar lavage (BAL) and bronchial wash (BW)
specimens from the patient were processed for direct microscopy
and cultured as previously described for filamentous fungi.!' Four
drops each of BAL and BW were used to inoculate culture plates,
while small pieces of tissue were inoculated into brain heart infusion
broth and then onto two sets of plates containing Sabouraud dextrose
agar (Oxoid Ltd., UK) +40 U/mL streptomycin and 20 U/mL peni-
cillin (SDA+SP), Sabouraud dextrose agar (without antibiotics) (SDA),
and brain heart infusion agar (Mast Diagnostics, UK)+40 U/mL
streptomycin and 20 U/mL penicillin. Each plate was inoculated with
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Table 1 Source and GenBank accession numbers of CBS and FMR reference strains of Mucor indicus and the strains isolated from Qatar

No. Strain code Accession LSU Accession ITS Species Genotype Source Country Isolation/
deposite year

1 CBS226.29 FN650669 HM999956 M. indicus 2 Unknown Switzerland 1929

2 FMR 9922 KT359362 KT359357 M. indicus 2 Peritoneal fluid USA -

3 FMR 9947 KT359363 KT359358 M.indicus 2 Liver abscess USA -

4 FMR 9996 KT359364 KT359359 M. indicus 2 Liver abscess USA -

5 FJ M 55 KM527248 - M. indicus 2 Distiller's yeast China -

6 L7 KM527240 - M. indicus 2 Distiller's yeast China -

7 CNRMAO3 894 - DQ118993 M. indicus 2 Human, stomach Germany -

8 UTHSCO02 2453 - FN663956 M. indicus 2 Hand wound Rhode Island, -

USA

9 CBS 671.79 - JN206183 M. indicus 2 Fermentation of rice-tape; Fermenta-  Jakarta, Indonesia 1979
tion of cassava-tape

10 CBS 120.08 - JN206182 M. indicus 2 Unknown Unknown 1908

11 CBS 123974 - JN206181 M. indicus 2 Human; gastrointestinal infection Germany 2008

12 CBS 120585 - JN206180 M. indicus 2 Human; muscle India 2006

13 F502 - JN561265 M. indicus 2 Isolated from wine starter samples China

14  NN2703 - EU798706 M. indicus 2 Loogpang/amylolytic starter (produc-  Thailand -
tion process Sato, traditional Thai
rice wine)

15 ss6 - JN974014 M. indicus 2b Microbiology laboratory on board India -
Sagar Sampada

16 UTHSCO1 667 - FN663955 M.indicus 2a Stoma tissue Pennsylvania, -

USA
17 1607001088 (ATCC  KT359360 KT359355 M. indicus 1 BAL specimen from patient from a Qatar 2008
MYA 4678) disseminated mucormycosis infection

18 16071106 KT359361 KT359356 M. indicus 1 Wound/skin from patient from a dis-  Qatar 2008
seminated mucormycosis infection

19 CBS 535.80 - JN206184 M. indicus 1 Sorghum malt South Africa 1980

20 CBS 414.77 - JN206185 M.indicus 1 Dung of berber goat India 1977

21 CBS 422.71 - JN206186 M.indicus 1 Dioscorea; tuber Indonesia 1971

22 SUMS0707 - KF752482 M. indicus 1 Ulcer secretion, necrotizing fasciitis China -

23 CBS 837.70 JN206508 JN206175 M. variisporus - Unknown India 1970

24 CBS 763.74 HM849688 HM999957 M. amphibiorum - Amphibian Germany 1974

25 CBS 255.36 JN206502 JN206177 M.inaequisporus  — Spondias mombin; fruit Ghana 1936

26 CBS 674.88 JN206507 - M.ucrainicus - Soil of litter layer Germany 1988

27 CBS 221.71 - JN206191 M.ucrainicus - Dung of mouse Ukraine 1971

28 CBS 210.80 JN206504 JN206172 M.ardhlaengiktus - Garden soil India 1980

29 UTHSCO02 2090 FN650660 FN650647 M.ellipsoideus - Peritoneal dialysis fluid Florida, USA -

Accession numbers in bold are of sequences created in this study.

four drops; one set of plates was incubated at room temperature and
the other at 37°C. Fungal growth appeared on all types of media
within 48 h as fluffy golden gray cottony colonies. The fungus grew
faster at 37 °C but was able to grow at 40 °C. BAL or tissue samples
were mounted in 30% KOH and visualized under a light microscope
at X 400 magnification. Ribbon-like, broad and non-septate branching
hyphae were evident in this preparation.

Fungal examination

A wet preparation from colonies revealed broad, non-septate branch-
ing hyphae and sporangia. The sporangia were globose, yellow to
brown and with a spherical columella. Sporangiospores were smooth
walled, subspherical to ellipsoid and consistent with those of fungi of
the order Mucorales. In contrast to most other Mucor species,
M. indicus is thermotolerant to temperatures up to 40 °C.'? Based
on the cultural and microscopic characteristics, the strains isolated
from all specimens were tentatively identified as M. indicus. To
visualize fungal hyphae in the tissue, part of the tissue specimen was
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embedded in paraffin and used to prepare histological slides. A
combination of histological stains, hematoxylin and eosin and Gomori
methenamine silver, were used to visualize both the tissue reaction and
the fungal etiology.

Molecular identification

Strains were maintained on malt extract agar for 48h at 25°C.
Genomic DNA was extracted according to Bolano et al.!* with minor
alterations. The internal transcribed spacers (ITSI and ITS2, including
the 5.8S gene) and the D1/D2 region of the large subunit ribosomal
DNA (LSU rDNA) were amplified and sequenced per methods
described previously by Cendejas-Bueno et al.'* The sequences were
trimmed and assembled, and consensus sequences were created with
SeqMan Pro software (Version 9.0.4, 418, DNAStar Inc., Madison,
WI, USA). The obtained sequences were compared with the available
data in the NCBI database using the Basic Local Alignment Search
Tool (BLAST).!> Sequences of the studied strains and downloaded
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Figure 1
shows bilateral opacities.

reference sequences from the BLAST search were aligned with
MegAlign (DNAStar) using the Clustal W method.

Phylogeny

Phylogenetic trees were created from the aligned sequences with
MEGAG6'¢ using maximum likelihood based on the Hasegawa-
Kishino-Yano model!” and by applying 1000 bootstrap repetitions.

RESULTS
Case study
A 55-year-old Qatari male underwent orthotopic liver transplantation
for progressive liver dysfunction due to alcoholic liver cirrhosis in
January 2007. His medical history included hypertension and alcohol
consumption. The immunosuppressive therapy consisted of tacroli-
mus and mycophenolate mofetil. The clinical course was uncompli-
cated until 5 months after the operation, when he developed a
Preumocystis jiroveci infection with bronchiolitis obliterans organizing
pneumonia and portal vein thrombosis, which were treated with TV
cotrimoxazole and high-dose methyl prednisolone 60 ml Q8 h. He was
discharged on cotrimoxazole 800/160 mg every other day and pre-
dnisolone 60 mg orally. At admission on 20 October 2007, the patient
presented with a history of fever (38.5 °C), productive cough of 1 day
duration, history of diarrhea of 3 days duration and bilateral leg pain.
At the time, the immunosuppressants tacrolimus (trough serum levels
of 10 ng/mL) and prednisone 35 mg daily were administered. Physical
examination on admission was normal. Laboratory tests revealed WBC
1500/mm?, absolute neutrophils 400/mm?>, hemoglobin 82
mg/mlL, platelets 85 000/mm?, and glucose 17.4 mmol/L. Liver and
kidney functions were normal. Routine stool microscopy and culture,
and the Clostridium difficile toxin assay were negative. A Doppler study
of the deep venous system revealed bilateral deep vein thrombosis. As
the patient was diagnosed with diabetes mellitus, acute deep vein
thrombosis and pancytopenia secondary to drugs, cotrimoxazole and
mycophenolate mofetil were stopped. The patient discharged himself
against medical advice. He was readmitted 3 days later with a
history of fever. Laboratory tests revealed WBC 14 700/mm?. Chest
radiography showed a thick-walled cavity at the base of the right upper
lobe (Figure 1A). A high-resolution computer tomography (CT) scan
showed bilateral opacities with air bronchograms occupying the upper,
posterior and peripheral parts of the lungs (Figure 1B). BAL and BW
samples obtained from a bronchoscopy were sent to the microbiology
laboratory, and cultures revealed the growth of a Mucormycete that
was later identified as M. indicus.

The antifungal susceptibility minimum inhibitory concentration
(ng/mL) profile was as follows: amphotericin B 0.03, itraconazole >8,

Imaging of the chest. (A) X-ray showing the thick-walled cavity (fungal mass) at the base of the right upper lobe. (B) A high-resolution CT scan

Figure 2 Necrotic ulcer of the skin above the knee with excessive redness
and swelling around the wound.

voriconazole >8, posaconazole 2 and caspofungin 8. The patient
started on piperacillin/tazobactam and liposomal amphotericin B
5 mg/kg/day (250 mg IV QD), but he absconded after two days. The
patient was readmitted 5 days later with a history of high-grade fever
(38.3°C) and skin lesions. Physical examination showed no abnorm-
alities except that the patient had developed two necrotic skin lesions
with pus, one below the left knee over the left shaft measuring
3 cmx 3 cm, and one on the left thigh measuring 6 cm x 3 cm, both
with sloping edges and a painful pus base covered with necrotic tissue
(Figure 2). CT scans of the head and sinus were normal. Medication
was resumed with liposomal amphotericin B 5 mg/kg/day and
meropenem 1 mg IV Q8h. The skin eschars were debrided, and
cultures derived from the tissue revealed the growth of M. indicus,
Escherichia coli and Pseudomonas aeruginosa. Histopathological exam-
ination confirmed the presence of necrotic soft tissue characterized by
a sheet of neutrophils and Mucormycetes hyphae (Figure 3). After
3 weeks of antifungal therapy, a new specimen from the skin lesions
was negative for bacterial and fungal growth. A repeated CT scan of
the chest showed a nodular cavitation lesion with thick walls located
peripherally in the posterior segment of the right upper lobe without
any calcification. A right anterolateral 5th intercostal thoracotomy
with the removal of the fungal ball was done after two months of
antifungal therapy. Gram staining and culture of the tissue showed
fungal hyphae, which failed to grow. A histopathological lung biopsy
was consistent with Mucormycetes hyphae. The patient was discharged
in good condition after he received antifungal therapy for 3 months
and surgical intervention.

Emerging Microbes & Infections



Two distinct genotypes of Mucor indicus
SJ Taj-Aldeen et al

Figure 3 Dissemination of fungal hyphae of M. indicus into the tissue of the skin ulcer showed ribbon-like, right-angle branching hyphae. (A) Fungal hyphae
(arrow) in skin tissue stained with hematoxylin and eosin (x400), bar=10 pm. (B) Darkly stained right-angle branched hyphae of M. indicus (arrow) on a
green-stained cellular background as seen in histological sections of the skin tissue of the ulcer showed blood vessel invasion. Stained with Gomori

methenamine silver (x200), bar=20 pm.

Phylogenetic analysis

The morphological traits of fungi can vary substantially from culture
to culture and are subject to environmental influences.!® Thus,
phenotypic characteristics may be subject to ambiguities induced by
environmental stress. However, recent molecular techniques have been
introduced to provide more objective criteria for fungal identification.
To explore the phylogenetic relationships among the clinical isolates
and global reference isolates, we analyzed the nucleotide sequences of
the two new isolates in the present study and three clinical isolates
from invasive infections; FMR 9922 was obtained from peritoneal
fluid and the other two isolates (FMR 9947, and FMR 9996) were
from liver abscesses (Table 1). These strains were analyzed and aligned
with data from 19 clinical and environmental reference strains.
Unexpectedly, the sequences of the M. indicus isolates investigated
in our study were classified into two distinct groups in the
phylogenetic tree based on the ITSI+2 and LSU rDNA sequences
(Figure 4). Group 1 (designated herein as genotype 1) included seven
strains, viz., the two strains from Qatar, Q1088 and Q1106, with four
reference strains from CBS, including three environmental strains,
CBS 414.77 from India, CBS 422.71 from Indonesia, and CBS 535.80
from South Africa, and one clinical strain, SUMS0707, from China
(Table 1). In contrast, the FMR strains were grouped in genotype 2
together with 15 clinical and environmental strains isolated from all
over the world (Table 1). Substantial genetic diversity was observed.
There were four mutations in the ITS sequences that distinguished the
two M. indicus genotypic groups. Three of these were single nucleotide
substitutions (C—T, A—T, G—A), and one was an insertion/deletion.
Furthermore, there were two sequences from GenBank that showed
some deviations from the rest of the sequences. The sequence with
accession number JN974014 showed six mutations (4X A>T, 1X
C>A, 1x G>A) compared to the other sequences in genotype 2, and
the sequence with accession number FN663955 exhibited a single
nucleotide substitution at two positions (A>G and T>G). Two
strains, ss6 and UTHSCO1667, showed some unique nucleotide
substitutions in the ITSI, 5.8S and ITS2 regions that placed them
apart from both genotype 1 and 2, potentially indicating additional
genotypic variation. However, as these sequences were obtained from
NCBI, validation of these substitutions using the original trace files
was not possible.

DISCUSSION
Mucormycetous fungi show minimal intrinsic pathogenicity to normal
individuals, but they can initiate aggressive and fulminant infections
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under certain clinical conditions, such as after solid-organ transplan-
tations. It has been shown by multivariate analysis that previous
exposure to voriconazole is a significant risk factor for
mucormycosis.'® Other factors likely associated with an increased risk
of mucormycosis include the severity and type of immunosuppres-
sion.?0 Disseminated mucormycosis is an extremely rare and fatal
form of the disease.?!=2®> Despite increasing reports of mucormycosis
in recent years®?* the disease remains uncommon.! It occurs in
0.4% —26.0% of solid-organ transplantation recipients and results in
high mortality rates, with the highest incidence among liver transplant
recipients (26%—55%).1%192%26 Mucormycosis in liver transplantation
recipients is an extremely rare but life-threatening fungal infection that
is frequently associated with impaired immune status, and this
population has the worst outcome among solid-organ transplant
recipients.”” Generally, mucormycosis has a very poor prognosis.

We retrospectively reviewed all human infections caused by the rare
emerging fungus M. indicus for the period January 1975 — December
2016 (Table 2). Of the 13 cases reported in the literature (including the
present case), six cases (46.1%) involved the gastrointestinal tract, four
cases (30.7%) involved hematologic malignancies and eight (76.9%)
patients had disseminated infections, and the mortality rate of patients
with M. indicus infections was 4/13 (30.7%). Our case is the first
pulmonary infection by M. indicus in a liver transplant recipient,
which disseminated to involve the skin.

Diagnosis remains challenging, as the clinical and radiological
presentation can be non-specific and can mimic other fungal
infections. Pulmonary mucormycosis progresses and disseminates
rapidly. Therefore, it is essential for the clinician to maintain a high
level of suspicion, as early diagnosis and aggressive treatment can
result in a more favorable outcome. The time between the onset of
symptoms and diagnostic procedures has been shown to be associated
with the likelihood of mortality.?® The most likely portal of entry in
the present patient was the lung. CT features of pulmonary mucor-
mycosis in solid-organ transplant recipients include consolidation or
mass-like lesions, nodules, or cavities in approximately 25% of
patients.?” Additionally, mucormycosis remains an uncommon disease
with limited options for treatment with which clinicians have only
limited experience. The ESCMID and ECCM guidelines for treatment
of mucormycosis include antifungal therapy with amphotericin B as a
first-line agent® and surgical intervention in most cases with reducing
predisposing factors.>’ Amphotericin B showed a low in vitro mini-
mum inhibitory concentration (0.03 pg/mL) value against M. indicus
with a successful clinical response. These findings were supported by
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Figure 4 Phylogenetic ML tree with 1000 bootstrap replications. (A) Based on the /TSI, 5.8S, and ITS2 regions of the ribosomal DNA. The scale bar
indicates 0.02 substitutions per site. (B) Based on the D1/DZ2 region of the large subunit of the ribosomal DNA. The scale bar indicates 0.01 substitutions

per site. Accession numbers in bold are sequences created in this study.

the data of other investigators who reported low in vitro minimum
inhibitory concentration values of amphotericin B against most
mucormycetes.>>*3 Despite profound immunosuppression and infec-
tion with M. indicus, the present patient made a full recovery, which
may in part be the result of early diagnosis, treatment, and aggressive
surgical intervention. Thoracotomy and removal of the fungal ball was
done 2 months after the initiation of antifungal therapy.

In this study, we analyzed a large collection of M. indicus isolates,
mainly sampled from different clinical and environmental specimens
collected worldwide that showed two different genotypes, 1 and 2; the
latter was divided into three subtypes, 2a, 2b and 2c. For the D1/D2
region of the LSU rDNA gene, the two genotypes differ by only one

nucleotide substitution (A—G), whereas the ITS sequences yielded
four differences between the two genotypes. Based on the sequence
type and origin of the strains, we cannot see a correlation between the
two based on the available data.

In conclusion, two different M. indicus genotypes were
observed. Overall, further physiological and morphological studies
are needed to assess a possible link between the genotypes and possible
virulence factors. M. indicus has emerged as a significant cause of
invasive mycoses in severely immunocompromised patients, causing
serious human infections worldwide. M. indicus can infect a
wide variety of patients with no real predilection in the site of
infection. Early diagnosis and initiation of appropriate therapy

Emerging Microbes & Infections
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may enhance survival in these immunocompromised patient
populations.

ACKNOWLEDGEMENTS

Supported by grant number NPRP9-094-3-017 (proposal 16149 MRC, Hamad
Medical Corporation) from the Qatar National Research Fund (a member of
the Qatar Foundation) to Saad J Taj-Aldeen (Microbiology Division,
Department of Laboratory Medicine and Pathology, Hamad Medical
Corporation, PO Box 3050, Doha, Qatar).

1 Roden MM, Zaoutis TE, Buchanan WL et al. Epidemiology and outcome of zygomycosis:
a review of 929 reported cases. Clin Infect Dis 2005; 41: 634-653.

2 Prabhu RM, Patel R. Mucormycosis and entomophthoramycosis: a review of the clinical
manifestations, diagnosis and treatment. Clin Microbiol Infect 2004; 10(Suppl 1): 31-47.

3 Ribes JA, Vanover-Sams CL, Baker DJ. Zygomycetes in human disease. Clin Microbiol
Rev 2000; 13: 236-301.

4 Almyroudis NG, Sutton DA, Linden P et al. Zygomycosis in solid organ transplant
recipients in a tertiary transplant center and review of the literature. Am J Transplant
2006; 6: 2365-2374.

5 Hamdi T, Karthikeyan V, Alangaden GJ. Mucormycosis in a renal transplant recipient:
case report and comprehensive review of literature. /nt J Nephrol 2014; 2014: 950643.

6 Page AV, Evans AJ, Snell L et al. Primary cutaneous mucormycosis in a lung transplant
recipient: case report and concise review of the literature. Transpl Infect Dis 2008; 10:
419-425.

7 Ville S, Talarmin JP, Gaultier-Lintia A et al. Disseminated mucormycosis with cerebral
involvement owing to Rhizopus microsporus in a kidney recipient treated with combined
liposomal amphotericin B and posaconazole therapy. Exp Clin Transplant 2016; 14:
96-99.

8 Koteda S, Nomura K, Hashiguchi M et al. [Fatal zygomycosis caused by Mucor indicus
after haplo-identical stem cell transplantation]. Rinsho Ketsueki 2013; 54: 311-315.

9 Greenberg RN, Mullane K, van Burik JA et al. Posaconazole as salvage therapy for
zygomycosis. Antimicrob Agents Chemother 2006; 50: 126-133.

10 Karthaus M, Cornely OA. Second-line treatment in invasive mould infections. Mycoses
2006; 49(Suppl 1): 23-26.

11 Taj-Aldeen SJ, Gene J, Al Bozom | et al. Gangrenous necrosis of the diabetic foot
caused by Fusarium acutatum. Med Mycol 2006; 44: 547-552.

12 de Hoog GS, Guarro J, Gene J et al. (eds). Atlas of Clinical Fungi. 2nd ed. CBS, Utrecht,
The Netherlands, and Univesitat Rovira i Virgili, Reus, Spain, 2000, 88.

13 Bolano A, Stinchi S, Preziosi R et al. Rapid methods to extract DNA and RNA from
Cryptococcus neoformans. FEMS Yeast Res 2001; 1: 221-224.

14 Cendejas-Bueno E, Kolecka A, Alastruey-lzquierdo A et al. Reclassification of the Candida
haemulonii complex as Candida haemulonii (C. haemulonii group 1), C. duobushaemulonii
sp. nov. (C. haemulonii group 1), and C. haemulonii var. vulnera var. nov.: three
multiresistant human pathogenic yeasts. J Clin Microbiol 2012; 50: 3641-3651.

15 Altschul SF, Gish W, Miller W et al. Basic local alignment search tool. J Mol Biol 1990;
215: 403-410.

16 Tamura K, Stecher G, Peterson D et al. MEGA6: Molecular Evolutionary Genetics
Analysis version 6.0. Mol Biol Evol 2013; 30: 2725-2729.

17 Hasegawa M, Kishino H, Yano T. Dating of the human-ape splitting by a molecular clock
of mitochondrial DNA. J Mol Evol 1985; 22: 160-174.

18 Seaby D. Differentiation of Trichoderma taxa associated with mushroom production.
Plant Pathology 1996; 45: 905-912.

19 Kontoyiannis DP, Lionakis MS, Lewis RE et al. Zygomycosis in a tertiary-care cancer
center in the era of Aspergillus-active antifungal therapy: a case-control observational
study of 27 recent cases. J Infect Dis 2005; 191: 1350-1360.

20 Nucci M, Marr KA. Emerging fungal diseases. Clin Infect Dis 2005; 41: 521-526.

21 Krasinski K, Holzman RS, Hanna B et al. Nosocomial fungal infection during hospital
renovation. Infecti Control 1985; 6: 278-282.

Two distinct genotypes of Mucor indicus
SJ Taj-Aldeen et al

22 ter Borg F, Kuijper EJ, van der Lelie H. Fatal mucormycosis presenting as an
appendiceal mass with metastatic spread to the liver during chemotherapy-induced
granulocytopenia. Scand J Infect Dis 1990; 22: 499-501.

23 Repentigny L, St-Germain G, Charest H et al. Fatal zygomycosis caused by Mucor
indicus in a child with an implantable left ventricular assist device. Pediatr Infect Dis J
2008; 27: 365-369.

24 Skiada A, Pagano L, Groll A et al. Zygomycosis in Europe: analysis of 230 cases accrued
by the registry of the European Confederation of Medical Mycology (ECMM) Working
Group on Zygomycosis between 2005 and 2007. Clin Microbiol Infect 2011; 17:
1859-1867.

25 Singh N, Aguado JM, Bonatti H et al. Zygomycosis in solid organ transplant recipients: a
prospective, matched case-control study to assess risks for disease and outcome.
J Infect Dis 2009; 200: 1002-1011.

26 Neofytos D, Treadway S, Ostrander D et al. Epidemiology, outcomes, and mortality
predictors of invasive mold infections among transplant recipients: a 10-year, single-
center experience. Transpl Infect Dis 2013; 15: 233-242.

27 Husain S, Silveira FP, Azie N et al. Epidemiological features of invasive mold infections
among solid organ transplant recipients: PATH Alliance(R) registry analysis. Med Mycol
2016; 55: 269-277.

28 Jeong SJ, Lee JU, Song YG et al. Delaying diagnostic procedure significantly
increases mortality in patients with invasive mucormycosis. Mycoses 2015; 58:
746-752.

29 Sun HY, Aguado JM, Bonatti H et al. Pulmonary zygomycosis in solid organ transplant
recipients in the current era. Am J Transplant 2009; 9: 2166-2171.

30 Cornely OA, Arikan-Akdagli S, Dannaoui E et al. ESCMID and ECMM joint clinical
guidelines for the diagnosis and management of mucormycosis 2013. Clin Microbiol
Infect 2014; 20(Suppl 3): 5-26.

31 Sun HY, Singh N. Mucormycosis: its contemporary face and management strategies.
Lancet Infect Dis 2011; 11: 301-311.

32 Arendrup MC, Jensen RH, Meletiadis J. In vitro activity of isavuconazole and
comparators against clinical isolates of the Mucorales order. Antimicrob Agents
Chemother 2015; 59: 7735-7742.

33 Chowdhary A, Kathuria S, Singh PK et al. Molecular characterization and in vitro
antifungal susceptibility of 80 clinical isolates of mucormycetes in Delhi, India.
Mycoses 2014; 57 (Suppl 3): 97-107.

34 Douvin D, Lefichoux Y, Huguet C. [Gastric phycomycosis. Early anatomo-pathological
and mycological diagnosis. Favorable course under medical then surgical treatment].
Arch Anat Pathol 1975; 23: 133-138.

35 Oliver MR, Van Voorhis WC, Boeckh M et al. Hepatic mucormycosis in a bone marrow
transplant recipient who ingested naturopathic medicine. Clin Infect Dis 1996; 22:
521-524.

36 Mata-Essayag S, Magaldi S, de Capriles CH et al. Mucor indicus necrotizing fasciitis. Int
J Dermatol 2001; 40: 406-408.

37 Sobel JD. Vaginal mucormycosis: a case report. Infect Dis Obstet Gynecol 2001; 9:
117-118.

38 Aboltins CA, Pratt WA, Solano TR. Fungemia secondary to gastrointestinal Mucor
indicus infection. Clin Infect Dis 2006; 42: 154-155.

39 Deja M, Wolf S, Weber-Carstens S et al. Gastrointestinal zygomycosis caused by Mucor
indicus in a patient with acute traumatic brain injury. Med Mycol 2006; 44: 683-687.

40 McDermott NE, Barrett J, Hipp J et al. Successful treatment of periodontal mucormy-
cosis: report of a case and literature review. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod 2010; 109: e64-e69.

41 Luo Y, Zeng F, Huang X et al. Successful treatment of a necrotizing fasciitis patient
caused by Mucor indicus with amphotericin B and skin grafting. Mycopathologia 2014;

177 187-192.
This work is licensed under a Creative Commons Attribution 4.0
Y International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license, users
will need to obtain permission from the license holder to reproduce the material. To view a
copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

Emerging Microbes & Infections


http://creativecommons.org/licenses/by/4.0/

	Phylogenetic analysis reveals two genotypes of the emerging fungus Mucor indicus, an opportunistic human pathogen in immunocompromised patients
	INTRODUCTION
	MATERIALS AND METHODS
	Strains
	Isolation
	Fungal examination
	Molecular identification

	Table 1 Source and GenBank accession numbers of CBS and FMR reference strains of Mucor indicus and the strains isolated from Qatar
	Phylogeny

	RESULTS
	Case study

	Figure 1 Imaging of the chest.
	Figure 2 Necrotic ulcer of the skin above the knee with excessive redness and swelling around the�wound.
	Phylogenetic analysis

	DISCUSSION
	Figure 3 Dissemination of fungal hyphae of M.
	Figure 4 Phylogenetic ML tree with 1000 bootstrap replications.
	Table 2 Cases of Mucor indicus mucormycosis reported in the literaturea
	ACKNOWLEDGEMENTS



 
    
       
          application/pdf
          
             
                Phylogenetic analysis reveals two genotypes of the emerging fungus Mucor indicus, an opportunistic human pathogen in immunocompromised patients
            
         
          
             
                Emerging Microbes & Infections ,  (2017). doi:10.1038/emi.2017.51
            
         
          
             
                Saad J Taj-Aldeen
                Muna Almaslamani
                Bart Theelen
                Teun Boekhout
            
         
          doi:10.1038/emi.2017.51
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 © 2016 Shanghai Shangyixun Cultural Communication Co., Ltd
          10.1038/emi.2017.51
          2222-1751
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/emi.2017.51
            
         
      
       
          
          
          
             
                doi:10.1038/emi.2017.51
            
         
          
             
                emi ,  (2017). doi:10.1038/emi.2017.51
            
         
          
          
      
       
       
          True
      
   




