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A B S T R A C T

Previous study about Fusarium solani THIF01, isolated from deteriorated sandstones of Angkor Wat, Cambodia,
has suggested that this fungal strain harbored an endobacterium Bradyrhizobium sp. and oxidized elemental
sulfur (S0) in carbon-free media. Here we eliminated the endobacterium in THIF01 and confirmed that the cured
THIF01 retained the ability of chemolithoautotrophic growth on S0. In addition, thirteen out of eighteen
identified fungal strains formed clearing zone on the agarose-solidified basal salts medium containing S0. F.
solani f.sp. pisi NBRC9425 grew in carbon-free liquid medium oxidizing S0 to thiosulfate and sulfate.
Furthermore, we proved that various fungi were capable of growth chemolithotrophically on S0. An addition of
up to 15 mg l−1 of yeast extract to mineral-salts medium containing S0 enhanced the production of thiosulfate
and sulfate, and higher concentration of yeast extract shifted the metabolism from chemolithotroph to che-
moorganotroph. Fungal hyphae were observed to attach to the S0 granules when growing with less than
100 mg l−1 yeast extract in the medium, but no such association was evident when incubated with 200 mg l−1 or
more yeast extract. Glucose at concentrations of up to 1 mg l−1 did not show any negative effect on the sulfur
oxidation, indicating there was a threshold concentration of organic compounds affecting the chemolithotrophic
growth that has been observed before in the chemolithoautotrophic and chemolithomixotrophic sulfur oxidizing
bacteria.

1. Introduction

Deterioration by fungi has been found on diverse inorganic mate-
rials of natural or man-made: cave rocks, minerals, antique marbles,
and concrete by means of mycelia invasion and organic acids excreting
(Gorbushina et al., 1993; Gómez-Alarcón et al., 1994; Gu et al., 1998;
Burford et al., 2003; Bastian and Alabouvette, 2009). It is believed that,
in these oligotrophic environments, autotrophs form a chemosynthetic
base through sequestration of CO2 to support the different life forms of
heterotrophs (Pedersen, 2000). In such a scenario, fungi utilize the
nutrients provided by prokaryotic autotrophs under these nutrient-
limiting environments. Sulfate was detected in the MPN-positive liquid
medium inoculated with deteriorated sandstone samples from Angkor
Wat, Bayon, and Phnom Krom temples as a result of the sulfur-oxidation
by bacteria such as the chemolithoautotrophic Mycobacteria spp.
(Kusumi et al., 2011). Li et al. (2010) isolated nineteen sulfur-oxidizing

fungal strains from the deteriorated sandstones of Angkor temples.
Ammonia oxidizing archaea were more abundant than ammonia oxi-
dizing bacteria on several Angkor temples in Cambodia (Meng et al.,
2017). Collectively, current knowledge on the microorganisms involved
in the deterioration of sandstones of Angkor monuments suggests that
fungi rely on the organic compounds synthesized by autotrophic pro-
karyotes for the sulfur oxidation in the deteriorated stones.

Some members of prokaryotes can utilize the generated reductants,
such as NADPH and ATP molecules, in sulfur oxidation for respiration
and/or CO2 fixation (Ghosh and Dam, 2009; Mattes et al., 2013), but
fungi cannot. In the early part of the twentieth century, heterotrophic
sulfur-oxidation by fungi was discovered (Waksman, 1918; Armstrong,
1921; Abbott, 1923). It is in the past decades that the biotechnological
and environmental importance of sulfur-oxidizing fungi has been rea-
lized. It has been reported that various fungi were able to oxidize in-
organic sulfur compounds and play an important role in sulfur
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oxidation in nature (Wainwright, 1978, 1989). Notably, in all of the
studies about sulfur-oxidizing fungi, organic compounds were supple-
mented into the culture media. For example, Wainwright's group re-
ported that Trichoderma harzianum oxidized elemental sulfur in a syn-
thetic soil supplemented with 10–100 μg glucose-C g−1 (Wainwright
and Grayston, 1988). They proposed that Aspergillus niger and T. har-
zianum may grow chemolithoheterotrophically, using both thiosulfate
and sucrose as energy sources (Grayston and Wainwright, 1987). Oxi-
dation of inorganic sulfur compounds has been found over a wide range
of fungal genera: Absidia, Acremonium, Alternaria, Amanita, Aspergillus,
Aureobasidium, Cephalosporium, Epicoccum, Fusarium, Geosmithia, Hy-
menoscyphus, Hypholoma, Monilia, Mortierela, Mucor, Myceliophthora,
Paecilomyces, Paxillus, Penicillium, Phanerochaete, Pisolithus, Rhizopogon,
Rhodotorulla, Suillus, Trichoderma, and Zygorhynchus (Czaban and
Kobus, 2000; Wainwright, 1989). However, the knowledge about sulfur
oxidation pathway and enzymes involved in fungi is still unclear, nor is
the ability of chemolithoautotrophic sulfur oxidation by fungi.

Organic compounds, especially organic carbon, were indispensable
to the sulfur oxidation of fungi in all of the existing studies except for
the one that we previously reported about F. solani THIF01. This fungus
was isolated from deteriorated sandstones of Angkor monuments and it
was able to grow chemolithoautotrophically using S0 as a sole energy
source (Li et al., 2010). F. solani is a group of more than 50 phylogenetic
species known as the “Fusarium solani species complex” (O'Donnell,
2000). In 2001, F. solani invaded and covered the floor of Lascaux Cave,
a nutrient poor environment (Dupont et al., 2007). F. solani THIF01
harbored an endobacterium Bradyrhizobium sp. which might be the
player of sulfur oxidation because Bradyrhizobium has a sulfur-oxidation
ability (Masuda et al., 2010; Xia et al., 2014). Bacterial endosymbionts
play essential roles for many organisms: rice seedling blight fungus
Rhizopus microsporus and its bacterial symbiont Burkholderia rhizoxinica
worked together to produce toxins that killed rice plants (Moebius
et al., 2014); the endosymbionts controlled the ability of R. microspores
to reproduce asexually (Partida-Martinez et al., 2007); “Candidatus
Glomerbibacter gigasporarum” severely affected the presymbiotic
growth and sporal morphology of its host Gigaspora margarita (Lumini
et al., 2007). As a consequence, it is of importance to investigate the
role of the host or the symbiont mediating the sulfur oxidation in strain
THIF01.

In this study, the endobacterium in F. solani THIF01 was eliminated
through curing and S0 oxidation was examined. We also performed the
activity screening of sulfur-oxidation in some additional fungi from
culture collections and commercial company. S0 oxidation by the ob-
tained endosymbiont-free fungus and F. solani f.sp. pisi NBRC9425 was
examined in carbon-free media. Moreover, the growth characteristics of
F. solani f.sp. pisi NBRC9425 were investigated in mixotrophic media.
The present work is the first study of chemolithoautotrophic growth of
symbiont-free fungi using S0 as a sole energy source.

2. Materials and methods

2.1. Elimination of endobacterium from F. solani THIF01

F. solani THIF01 harboring endubacterium Bradyrhizobium sp. was
used in this experiment (Table 1). The endobacterium was eliminated
by a serial antibiotic treatment. Plates were prepared with PDA (Potato-
Dextrose-Agar, DAIGO, NIHON SEIYAKU Co., Tokyo, Japan) supple-
mented with one of the following antibiotics: 500 mg l−1 rifampicin
(LKT Laboratories, St. Paul, MN, USA), 500 mg l−1 carbenicillin (Wako,
Osaka, Japan), 100 mg/L streptomycin (Sigma-Aldrich Co., St. Louis,
MO, USA), and 200 mg l−1 ciprofloxacin (Sigma-Aldrich Co., St. Louis,
MO, USA). After grown at 30 °C for 7 days, fungal hyphae were re-
inoculated to new plates. This procedure was repeated 4 times. Mycelia
disc growing on PDA-antibiotics was then transferred to a submerged
culture of Potato Dextrose Broth (Difco Laboratories, Detroit, MI, USA)
dispensed in Erlenmeyer flasks and incubated at 30 °C and 120 rpm

orbital shaking for 4 days. The collected mycelia were subjected to DNA
extraction using ISOPLANT DNA extraction kit (Nippon Gene, Toyama,
Japan). After treatment with RNAase A (0.02 μg μl−1), DNA solutions
were analyzed using UV-Vis Spectrophotometer (Nano Drop 2000,
Thermo Fisher Scientific, Wilmington, DE, USA). 16S rRNA gene-tar-
geted polymerase chain reaction (PCR) has been used to analyze the
successful elimination of endofungal bacteria from fungi such as Giga-
spora margarita (Lumini et al., 2007) and Rhizopus microsporus (Partida-
Martinez et al., 2007). In this study, PCR was performed in 20 μl re-
action volumes with 2.0 μl 10 × PCR Buffer (HotStarTaq Plus, QIAGEN,
Germantown, MD, USA), 0.2 M dNTPs, 0.5 μM Forward-primer SF,
0.5 μM Reverse-primer 520R, 0.5 unit HotStarTaq Plus DNA poly-
merase, 1 μl DNA template (0.5 ng, 5 ng, or 50 ng), and 12.9 μl MiliQ
water. Cycle sequencing was achieved with an initial denaturation step
of 5 min at 95 °C; 10 cycles of 1 min at 94 °C, 1 min at 65 °C–55 °C
(decease by 1°C/cycle), 1 min at 72 °C; 20 cycles of 1 min at 94 °C,
1 min at 55 °C, 1 min at 72 °C; and 10 min at 72 °C.

2.2. Cultivation of bacteria-free THIF01 (THIF01BF) with S0

In order to exclude the interference of sulfate salts in the medium,
sulfate-free WS5 medium (WS5-S (g l−1); 3.0 KH2PO, 0.16 NH4Cl, 0.41
MgCl2·6H2O, 0.007 FeCl2·4H2O, 0.25 CaCl2·2H2O, 10 S0, pH 5.0 (Li
et al., 2010)) was used to monitor the metabolites of sulfur. With the
aim of avoiding the carbon contaminants in the laboratory atmosphere
and the autoclave chamber, 15 ml screw capped tubes (16.5 mm dia-
meter × 130 mm length) containing 5 ml liquid WS5-S medium were
put in screw-capped glass bottles (101 mm diameter × 218 mm length)
and were subjected to autoclave for 20 min at 120 °C. Granules of
crystal S0 (KANTO CHEMICAL CO., INC., Tokyo, Japan) were auto-
claved three times at 105 °C for 30 min for each time, and added in the
medium before inoculation.

2.3. Sulfur-oxidation activity screening of named fungal strains

Fungi kept at culture collections and commercial company were
used to screen the S0 oxidation ability (Table 1). Presence of en-
dobacterium was examined by the PCR method. Sulfur-oxidation ac-
tivity of fungi was examined by clear-zone formation on WS5-S medium
containing S0 as the sole energy source at 30 °C for 7 days. Instead of
agar containing traces of available carbons (Payton et al., 1976), pure
agarose (SeaKem, Lonza Rockland, Rockland, ME, USA) was used to
solidify the medium that was prepared according to the procedure de-
scribed by Wieringa (1966). Fungal strains that were able to develop a
colony and formed a clearing zone were further considered.

Screening for lithotrophic sulfur oxidation was performed in liquid
WS5-S medium. Each strain was inoculated in 15 ml screw capped tubes
(three biological replicates) containing 5 ml medium and incubated at
30 °C with 110 rpm reciprocal shaking for 7 days. The inoculum for
each tube was prepared with a mycelia disc (3 mm diameter) cut from
the growing edge of a PDA plate stock culture.

2.4. Chemolithotrophic sulfur oxidation by F. solani f.sp. pisi NBRC9425

To ensure the absence of organic compounds, spores suspension was
prepared and used as the inoculum instead of mycelia discs. After the
fungus grew for 10 days on WS5-S agarose plates, chlamydospores were
harvested and rinsed with 2 ml sterilized saline onto a plate. One ml
chlamydospores suspension was then inoculated into 200 ml
Erlenmeyer flasks containing 40 ml WS5-S medium and incubated at
30 °C without shaking. After 15 days, 20 μl clear liquid culture was
pipetted and transferred into the fresh medium, and incubated for an-
other 15 days. This procedure was repeated twice. The obtained culture
was filtered (Filter Paper, 6-μm-pore size, ADVANTEC, Toyo Roshi
Kaisha, Tokyo, Japan) to remove the S0 particles and fungal hyphae,
and the spores suspension (3.2 × 103 spores ml−1) was stored at
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−80 °C. Fifteen ml screw capped tubes containing 5 ml liquid WS5-S
medium were autoclave-sterilized as described above. In the experi-
ments of fungal growth with thiosulfate, thiosulfate solution was sub-
jected to filtration sterilization and added into the sterilized WS5-S
medium to a final concentration of 2 g l−1. Ten μl spores stock sus-
pension was pipetted and transferred into the tubes (three biological
replicates) and incubated at 30 °C with reciprocal shaking at 110 rpm
for 50 days in the dark. The cells absorbing onto S0 granules were
stained with 4,6-diamidino-2-phenylindole (DAPI) and micro-
photographs were taken using a BZ-8000 fluorescence microscope
(KEYENCE, Osaka, Japan).

To investigate the effect of organic compounds on sulfur oxidation,
the fungus was cultured in WS5-S media supplemented with
0–200 mg l−1 yeast extract (BD Bacto™, Becton, Dickinson and
Company, Sparks, MD, USA) in five biological replicates. The spores
stock suspension was inoculated into 200 ml Erlenmeyer flasks con-
taining 40 ml WS5-S medium and incubated at 30 °C with 110 rpm
orbital shaking for 5 days. In the experiment of fungal sulfur oxidation
in the presence of trace amount of glucose, 0–10 mg l−1 glucose was
supplemented into WS5-S medium.

2.5. Measurement of sulfur compounds and ergosterol

Thiosulfate and sulfate ions were measured by ion chromatography
as described by Li et al. (2010). Tetrathionate was estimated using a
cyanolysis and spectrophotometric method (Kelly et al., 1969). Sulfite
was determined with Fuchsine method (Kletzin, 1989). Ergosterol as an
indicator of living fungal biomass was extracted from the culture and
analyzed using high-performance liquid chromatography (HPLC) as
described before (Masaki et al., 2016).

3. Results

3.1. Curing of bacteria from F. solani THIF01

Elimination of the endobacterium Bradyrhizobium sp. from THIF01
was achieved by culturing the fungus in medium supplemented with

one of the following antibiotics: carbenicillin, streptomycin, and ci-
profloxacin because no 16S rRNA gene was amplified using 0.5 ng, 5 ng
or 50 ng of genomic DNA as a temple for PCR amplification of bacteria.
However, neither the addition of rifampicin nor the serial monosporic
isolation of F. solani THIF01 was successful to cure the endobacterium
from the fungus (data not shown). The bacteria-free fungus was de-
signated as THIF01BF.

3.2. Chemolithotrophic growth of F. solani THIF01BF with S0

Slight changes to physiological characteristics of THIF01 were ob-
served after eliminating the intracellular bacteria from its host, but the
endobacterium-free fungus THIF01BF was still capable of lithotrophic
sulfur oxidation in culture medium free of organic carbon sources. The
culture medium pH decreased from the initial 5.0 to 4.0 in 12 days after
inoculating the strain THIF01BF into WS5-S medium (Fig. 1) whereas
the culture pH of medium inoculated with the THIF01 decreased to 3.8
for the same period of time. These results clearly indicate that the ob-
served sulfur oxidation was not derived from the endobacterium but
from fungal cells of F. solani THIF01BF.

3.3. Sulfur-oxidation activity screening of fungi

We selected eighteen fungal strains belonging to genera of
Amylomyces, Aspergillus, Fusarium, Gliocladium, Rhizopus, and
Trichoderma available from culture collections and commercial com-
pany (Table 1). Thirteen of these strains formed clearing zone beneath
and beyond the periphery of the colony on a S0-containing solid
medium: insoluble S0 granules were oxidized to soluble sulfur com-
pounds because thiosulfate and sulfate were detected from the extract
of the agar located within the clearing zone (data not shown). Seven of
these sulfur oxidizers, with the larger area of clearing zone (> 3.4 cm2)
than the other strains after 7 day of growth (Fig. 2), were then cultured
in WS5-S liquid medium by inoculating the mycelia discs from the WS5-
S agar plates to examine the presence of endobacteria and the activity
of sulfur oxidation.

Genomic DNA extracted from the fungal strains with an amount of

Table 1
Fungi, their sulfur oxidation capability, occurrence of endobacteria and sources for this study.

Strain No.a Species names Sulfur oxidation activityb Endobacteriac Notes

THIF01 Fusarium solani + + Bradyrhizobium sp. Isolated from deteriorated stones in Angkor Wat, Cambodia (Li et al., 2010)
THIF01BF Fusarium solani + + –d The cured THIF01
NBRC9425 Fusarium solani f.sp. pisi + + –
AOKB1466 Gllocladium virens + + –
NBRC6790 Gliocladium deliquescens + + –
NBRC9462 Fusarium graminearum + + – Accession No. as received in this study: IFO 9462
AOK1606 Trichoderma viride + + –
AOK12-2 Aspergillus oryzae + + –
JCM22676 Trichoderma reesei + + –
NBRC31095 Fusarium equiseti – N.D.e Accession No. as received in this study: IFO 31095
NBRC32209 Fusarium roseum f.sp. cerealis – N.D. Accession No. as received in this study: IFO 32209
NBRC32000 Fusarium oxysporum f.sp. raphani + N.D. Accession No. as received in this study: IFO 32000
NBRC31660 Fusarium decemcellulare – N.D. Accession No. as received in this study: IFO 31660
CBS438.76 Amylomyces roouxii + N.D.
NBRC5442 Rhizopus javanicus + N.D.
NBRC4707 Rhizopus oryzae – N.D.
NBRC30499 Rhizopus chinensis + N.D.
JCM1876 Trichoderma harzianum + + N.D.
NBRC30467 Fusarium oxysporum f.sp. spinaciae – N.D. Accession No. as received in this study: IFO 30467
AOKB650 Aspergillus niger – N.D.

a NBRC: Biological Resource Center, National Institute of Technology and Evaluation, Tokyo, Japan. JCM: Japan Collection of Microorganisms, Tsukuba, Japan. IFO, 2002 IFO:
Institute for Fermentation, Culture Collection of Microorganisms, Osaka, Japan. All cultures preserved in the IFO have been transferred to the NVRC, in July 01, 2002. AOK: Stock
collection in Akita Konno Co., Ltd.

b Sulfur oxidation activity was expressed according to the radius of clearing zone: −, < 0.1 cm; 0.1 ≤ +<0.5 cm; + + ≥ 0.5 cm.
c The presence of endobacteria was examined by PCR method.
d –: No endobacteria.
e N.D.: not determined.
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0.1 ng, 0.5 ng, and 5 ng was subjected to PCR amplification of the 16S
rRNA gene for the presence of bacteria. No bands on agarose electro-
phoresis indicated an absence of the targeted DNA for any bacteria. For
all of these seven strains, a decrease of culture pH was observed in
liquid WS5-S medium (Fig. 2), suggesting that S0 was oxidized to sul-
furic acid. On the 7th day, the lowest culture pH value was found with
the inoculation of F. solani f.sp. pisi NBRC9425, showing the highest
ability of sulfur-oxidation among all of the strains tested. Thus, strain
NBRC9425 was used for further experiments.

3.4. Lithotrophic sulfur oxidation by F. solani f.sp. pisi NBRC9425

Nutrients are a cue for chlamydospore formation for various fungi
and chlamydospores of Fusarium species are the principal means of
long-term survival during unfavorable periods in the soil (Couteaudier
and Alabouvette, 1990; Lin and Heitman, 2005). F. solani THIF01
formed chlamydospores on WS5 agar medium and macroconidia on
CMA medium (Li et al., 2010). We observed chlamydospores and mi-
croconidia of strain NBRC9425 when growing on WS5-S medium and
PDA, respectively. PDA medium is rich in nutrients and more preferable
for the proliferation of this fungus. In order to minimize involvement of
the trace organic contaminants in the medium or pre-formed mycelium,
inoculum was prepared using chlamydospores suspension instead of
mycelia disks taken from the agar plate. The culture pH value remained
unaltered at 5.0 on the 5th day after inoculation of the chlamydospores
to WS5-S liquid medium and dropped to 4.8 on the 30th day of in-
cubation. Fig. 3 shows the growth of strain NBRC9425 with reduced
inorganic sulfur compounds and oxidation of S0 in WS5-S medium. The
concentration of thiosulfate increased to 0.12 mM on the 20th day and
decreased to 0.06 mM on the 50th day, while sulfate concentration kept
increasing to 0.07 mM and 0.12 mM on the 20th and 50th day, re-
spectively. The content of ergosterol, an indicator of living fungal
biomass, increased to 13.81 mg l−1 by day 30. These results indicate
that this fungus oxidized S0 to thiosulfate, which was then oxidized to
sulfate. Moreover, the generated reductants and ATP molecules during

Fig. 1. pH decrease of the culture inoculated with the endobacterium-haboring (THIF01)
and -free (THIF01BF) Fusarium solani THIF01 (duplicate replicates). The WS5-S medium
contains basal salts and S0. Symbols: , THIFO1; , THIF01BF; , no fungal inoculation.
Error bars correspond to s.d..

Fig. 2. Clear zone formation on powdered sulfur dispersed agarose medium (A) and
culture pH of WS5-S liquid medium (B) inoculated with F. solani f.sp. pisi NBRC9425 after
7 days growth (3 biological replicates). The basal salts medium of WS5 with elemental
sulfur was solidified with pure agarose. Error bars correspond to s.d..

Fig. 3. Growth of F. solani f.sp. pisi NBRC9425 with S0 or/and thiosulfate. Error bars
indicate s.d., n = 3. Symbols: , S0 (10 g l−1); , thiosulfate (2 g l−1); , S0 plus thio-
sulfate.
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the sulfur oxidation could be used for biosynthesis and cell growth.
After the fungus was cultivated in medium containing basal salts and
thiosulfate, the production of sulfate was detected with a notable de-
crease after 5 days of cultivation. Ergosterol content was too low to be
quantified with HPLC, however sporulation occurred and hyphal ex-
tension was found with microscopic observation. An addition of thio-
sulfate enhanced the growth and oxidation of S0 in WS5-S medium. At
30 days of incubation and growth, sulfate concentration and ergosterol
contents increased to 0.27 mM and 38.52 mg l−1, respectively.

3.5. Effects of organic compounds on sulfur oxidation by strain NBRC9425

Chemolithoautotrophic metabolism of sulfur oxidation can be af-
fected by simultaneous presence of organic substance (Wainwright and
Grayston, 1988). Therefore, the effects of yeast extract and glucose on
sulfur oxidation by strain NBRC9425 were further examined. Different
amount of yeast extract (0–200 mg l−1) was added to WS5-S medium.
As supplemented yeast extract increased in the medium, the oxidized
sulfur compounds accumulated in the culture medium (Fig. 4A) and the
fungal biomass increased accordingly (Fig. 4B).

Higher concentration of yeast extract rendered more production of
thiosulfate and sulfate, but it does not necessarily mean that a better
sulfur oxidation was accomplished by the fungus because higher bio-
mass was achieved at the same time. We then divided the values of
produced sulfur compounds by the ergosterol contents, optimal values
of quotient were obtained at 15 mg l−1 yeast extract (Fig. 4B). These
values showed that when the fungus was cultivated on 15 mg l−1 yeast
extract, the highest oxidized sulfur compounds were produced on a
single fungal cell basis for comparison.

Fig. 5 shows the effects of yeast extract on the morphology of fungal

hyphae extension in WS5-S medium. In the absence of exogenous
carbon, strain NBRC9425 developed mycelia net and wrapped the S0

granules (Fig. 5A). The fungal hyphae adhered to S0 granules when the
medium was supplemented with less than 100 mg l−1 of yeast extract.
Fungal cells appeared hydrophilic and dispersed in the liquid medium
with an ergosterol content of 210 mg l−1 at a higher concentration of
yeast extract of 200 mg l−1 (Fig. 5C). Unexpectedly, this fungus hardly
grew when cultured in WS5-S medium in Erlenmeyer flasks incubated
on an orbital shaker. As displayed in Fig. 5B, the fungus in circular
shaking flasks was not likely prone to develop a fine mycelial sheet or
grow on the surface of S0 granules.

In this study, autoclaving medium was performed by putting the
medium-containing tubes in screw-capped bottles with the aim to avoid
the contamination of organic compounds from the laboratory atmo-
sphere and the autoclave chamber. In order to investigate how much of
the trace amount of organic contaminants could affect the sulfur oxi-
dation by this fungus, trace amount of glucose from 0 to 10 mg l−1 was
added to WS5-S medium and the production of sulfate was then mea-
sured. As show in Fig. 6, the fungus produced sulfate in carbon-free
medium, and the supplementation of 0.1 mg l−1 or 1 mg l−1 glucose
did not guarantee more produced sulfate. When the medium was added
with 1 mg l−1 glucose, sulfate production increased to 2.3 fold of that
without glucose (the control), however, higher concentration of glucose
at 10 mg l−1 did not further enhance sulfate production.

4. Discussion

4.1. Abundance of S-transforming microorganisms

Sulfur oxidation by microbes is of fundamental importance to the
global sulfur cycle. Not only prokaryotes but also fungi are important
players of this process (Wainwright and Grayston, 1988). The oligo-
carbotrophic growth capability of fungi has been highlighted in pre-
vious studies (Wainwright and Grayston, 1988). On the other hand,
some bacteria and archaea can use inorganic reduced sulfur as energy
source under carbon-limited condition, and the global abundance of
lithoautotrophic sulfur oxidation as an ancient microbial metabolic
process has been evident in prokaryotes (Friedrich et al., 2005). Angkor
temples at the UNESCO World Cultural Heritage site of Cambodia are
colonized by a wide range of microorganisms including archaea, bac-
teria and fungi (Lan et al., 2010) and fungi may play a very important
role in the dynamics of microbial biofilms on the sandstone because of
their ubiquity (Hu et al., 2013). Moreover, sulfur-oxidizing fungi were
found in nutrients-limiting deteriorated sandstone at Angkor Wat,
Cambodia and the population of them correlated to the severity of
deterioration of the sandstone (Li et al., 2008). It is reasonable to hy-
pothesize that fungi, like some prokaryotic sulfur oxidizers, may also be
able to oxidize inorganic reduced sulfur compounds chemolithoauto-
trophically and act as one of the main contributors to the deterioration
of sandstones in Angkor temples.

Several protocols of curing endofungal bacteria have been reported.
Endobacteria from Rhizopus microsporus were eliminated by continuous
treatment of ciprofloxacin (Partida-Martinez et al., 2007). Antibiotic
treatments were ineffective to cure Gigaspora margarita from its en-
dobacterium, successive subcultures of single-spore inocula leaded to
cured spores of this fungus (Lumini et al., 2007). We cultivated the
rinsed conidia of the sulfur-oxidizing fungus F. solani THIF01, isolated
from deteriorated sandstones sampled from Angkor Wat, Cambodia (Li
et al., 2010), to eliminate the endofungal symbiont, but this method
was unsuccessful, suggesting that the symbiont existed in the fungal
conidia. Antibiotics were tested to cure the endobacterium from the
fungal host. After the endobacterium was eliminated, the cured fungus
maintained the ability of growth chemolithoautotrophically on S0, but
culture medium pH inoculated with the cured fungus was slightly
higher than that of the wild type fungus, suggesting that the cured
fungus produced less sulfuric acid in the S0 containing medium, and

Fig. 4. Production of thiosulfate and sulfate from S0 (A) and the growth (B) of F. solani
f.sp. pisi NBRC9425 after 5 days cultivation in WS5-S medium supplemented with dif-
ferent concentrations of yeas extract. Error bars indicate s.d., n = 5. Symbols: , thio-
sulfate; , sulfate; , ergosterol; , thiosulfate/ergosterol content; ▲, sulfate/ergosterol
content.
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that the endobacteria were beneficial but not indispensable to the li-
thotrophic sulfur oxidation of the host. The strain THIF01 has not been
deposited in any microbial culture collections because it is a plant pa-
thogen isolated from Cambodia and is under the regulations of the Plant
Protection Station, Ministry of Agriculture, Forestry and Fisheries of
Japan. Further research on this strain becomes very difficult, so we
looked for another model strain for our investigation of lithotrophic
sulfur oxidation by fungi from available culture collections. Among the
eighteen fungal strains obtained and examined, thirteen of them be-
longing to the genera Aspergillus, Trichoderma, Fusarium, Rhizopus,
Amylomyces, and Gliocladium showed positive oxidation of S0 on
carbon-free plates.

The wide distribution of lithotrophic sulfur-oxidizing fungi raised a
question about the physiology of these sulfur oxidizers on the deterio-
rated sandstones in Angkor monuments. As various kinds of salts were
observed on the surface of the deteriorated sandstones especially at
lower part of the interior pillars, interior walls and window frames in
Angkor temples (Hosono et al., 2006), the microbes in such a highly
saline habitat might be salt-tolerant. The relationship between salt-
tolerance and sulfur oxidation in fungi is yet to be investigated.

4.2. S transformation by fungi

After examining the growth of the named fungal strains in liquid
medium, one strain, F. solani f.sp. pisi NBRC9425, was selected due to its
ability of S0 oxidation and the absence of any intracellular bacteria.
Chlamydospores suspension was used as inoculum for chemolitho-
trophic growth of strain NBRC9425. Mycelia discs were not ideal in-
ocula for the study of chemolithotrophic sulfur oxidation because some
fungi have been found greatly efficient at conserving endogenous or-
ganic compounds, and the carbon stock in hyphae allows for extensive
hyphal growth under oligocarbotrophic conditions (Dickinson and
Bottomley, 1980). Culture pH value dropped from the initial 5.0 to 4.1

in 5 days after inoculating mycelial disks into WS5-S medium. When the
inoculum was provided as chlamydospores suspension, no pH decrease
was detected on the 5th day. The difference in pH decrease indicated
that the trace amount of organic carbon in agar or the endogenous
carbon reserves could enhance the oxidation of S0 by the strain
NBRC9425. Although the culture pH did not change, production of
sulfate and yield of biomass were recorded.

Substitution of thiosulfate for S0 in WS5-S medium leaded to rare
fungal growth. It is noteworthy that sulfate production was observed,
but the concentration showed a decrease 5 days after inoculation. From
these results, it appeared that S0 could be used as a sole energy source
but thiosulfate could not. For the first 5 days of growth on thiosulfate,
the fungus seemed to utilize thiosulfate as sulfur source for biosynth-
esis, and the contaminated trace carbon in the medium as a carbon
source. It is likely that the decrease in sulfate after 10 days of growth
was due to sulfate assimilation by the fungus. No tetrathionate pro-
duction was observed in the culture, suggesting this fungus does not
follow “Tetrathionate Intermediate (S4I) pathway” which was found in
some beta- and gamma-proteobaceria, but not in alphaproteobacteria
(Trudinger, 1964; Ghosh and Dam, 2009). Although oxidation of thio-
sulfate seems not to be an energy-obtaining process in strain
NBRC9425, this compound could increase the sulfate production and
biomass in WS5-S medium remarkably. We assume that since the media
used in this study was lack of sulfate, generally regarded as the major
sulfur source used for the biosynthesis of sulfur-containing molecules
such as cysteine by fungi, thiosulfate might serve as a faster sulfur
source than S0 and subsequently leaded to the stimulation of transfor-
mation. From these results, strain NBRC9425, as well as THIF01BF, can
be concluded growing chemolithoautotrophically using S0 as a sole
energy source.

Now that S0 serves as an energy source for fungi, it becomes curious
where does the S0 come from and how does it become available to the
eukaryotic sulfur-oxidizers in Angkor temples. The freshly quarried
sandstones at the Angkor site contain 0.01–0.15% (wt.) sulfur, mainly
in the form of sulfate salts (Hosono et al., 2006). It is possible that
prokaryotes reduce sulfate to reduced inorganic sulfur compounds that
were then be used by sulfur-oxidizing fungi. It also explains the severer
deterioration at the inner part of the buildings: the rain washes the
nutrients off the exterior wall but the interior pillar and walls in Angkor
monuments provide sulfur for microbes and suffer from biodeteriora-
tion. In addition, many bats inhabit in some temples through Angkor
site and sulfur compounds in the bat guano could be a major source of
sulur. As a result, chemolithotrophic and chemoorganotrophic oxidizers
can utilize such compounds and grow in these temples.

4.3. Availability of organic C on S transformation

In the absence of organic compounds, fungal hyphae of strain
NBRC9425 attached to the surface of S0. High concentrations of yeast
extract (200 mg l−1) made hyphae more hydrophilic and disperse in the
medium. Smits et al. (2003) reported that the growth condition affected
the surface hydrophobicity of filamentous fungi. Distinct fungal contact
angles were found when Laccaria trichodermophora grew on potato
dextrose agar and Modified Melin Norkrans (MMN) media, which the
author proposed was attributed to be the depletion of carbon source in

Fig. 5. Hyphae extension of F. solani f.sp. pisi
NBRC9425 in S0-containing WS5-S medium with
or without yeast extract (200 mg l−1).
Fluorescence microphotographs of WS5-S liquid
medium culture five days after inoculation.
(A) + fungus, – yeast extract, – shaking,
(B) + fungus, – yeast extract, + circular shaking,
(C) + fungus + 200 mg l−1 yeast extract, –
shaking. The scale bars indicate 30 μm.

Fig. 6. Production of sulfate by F. solani f.sp. pisi NBRC9425 grew in liquid WS5-S
medium supplemented with different concentration of glucose (mg l−1): , 0; , 0.01; ,
0.1; ▲, 1; , 10. Solid lines, + NBRC9425; dashed lines, – fungi.
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MMN medium as compared to PDA medium (Chau et al., 2009). Acid-
ithiobacillus ferrooxidans cells were found to adhere onto hydrophobic
surfaces when growing on S0 and attached exclusively to negatively
charged compounds when growing on ferric iron (Gehrke et al., 1998).
An alteration in outer membrane proteins and extracellular polymeric
substances composition was observed when A. ferrooxidans utilized S0

and ferric iron (Kucera et al., 2012). Similar phenomena were observed
for a Mycobacterium isolate which grew on the surface of S0 particles
(Kusumi et al., 2011).

Strain NBRC9425 grew chemolithoautotrophically in screw-capped
tubes with reciprocal shaking or in flasks without shaking. When grown
in circularly shaken flasks, the fungus was unable to develop mycelial
sheet and tended to fragment. It seems that the fragile fungal hyphae
grown on carbon-deficient media cannot extend well in vigorously
shaking flasks. Our morphological study revealed that the experiments
of chemolithotrophic sulfur oxidation of fungi cannot be performed
with shaking flasks. On the contrary, culturing in shaking flasks is a
universal way to culture fungi in liquid media, it might be one of the
reasons why the ability of chemolithotrophic sulfur oxidation of fungi
had been disapproved.

Organic compounds as contaminants are a concern for experiments
of autotrophic growth of microbes. Beside conserved nutrients in in-
oculum, the contaminants of organic compounds in autoclave chamber
and laboratory atmosphere could affect autotrophic growth of micro-
organisms during medium preparation, sterilization and culturing.
When the supplemented glucose increased from 0.01 mg l−1 to
1 mg l−1, the produced sulfate increased by more than 20 folds. The
dramatic enhancement in sulfur oxidation by the trace amount of or-
ganic compounds explained the frequently observed fungi-like micro-
organisms in positive MPN cultures of deteriorated sandstone samples
from Angkor monuments (Li et al., 2010): firstly, the ability of che-
molithotrophic sulfur oxidation makes the fungi obtain energy and
survive on the nutrients-poor sandstone. Secondly, these “precursor”
provides a chemosynthetic base for the sulfur-oxidizers to thrive.

5. Conclusions

The cured F. solani THIF01BF still oxidized sulfur and grew che-
molithoautotrophically in an S0-containing liquid medium. Thirteen
strains belonging to genera Amyloyces, Gliocladium, Rhizopus, Fusarium,
Trichoderma, and Aspergillus oxidized S0 on a C-free and S0-containing
agarose medium. F. solani f.sp. pisi NBRC9425 grew chemolithoauto-
trophically using S0 as a sole energy source. Thiosulfate could not serve
as a sole energy source, but it stimulated the lithotrophic sulfur oxi-
dation of the fungus greatly in S0-containing medium. In the presence of
organic compounds, S0 was utilized as both sulfur substrate and energy
source, and fungal hyphae did not attach to sulfur granules as compared
to carbon-free media. Currently, only a few studies were conducted on
lithotrophic sulfur oxidation by fungi. Since CO2 fixation by fungi has
been observed (Parkinson et al., 1991), our study paves the way to
further investigations of the biochemistry and molecular biology of
chemolithotrophic sulfur oxidation in fungi.
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