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Abstract: [Objective] To understand the growth characteristics of deep subseafloor fungi adapted to the in-situ 

environment. [Methods] The growth rates of four strains of Schizophyllum commune isolated from coal-bearing 

sediments about 2 km below the seafloor and two strains isolated from marine and terrestrial habitats were studied 

by comparative culture under different environmental factors, mimicking the in-situ conditions (except for pressure) 

such as temperature, pH, salinity, Fe2+, lignin, and NH4
+. [Results] All the strains of subseafloor fungus grew 

significantly better than terrestrial (CFCC7252) and marine (MCCC 3A00233) isolated strains under the given 

culture conditions, including temperature (20, 30, 40, 45 °C), oxygen (aerobic and anaerobic), pH (6, 8, 10), salinity 

(freshwater, in-situ water, artificial seawater), Fe2+ (0.27, 8.93, 89.28 μmol/L), lignin (1, 5, 10 g/L), and NH4
+ (0.5, 

1.0, 5.0 g/L). However, there were also differences among different strains in the sedimentary environment below 

seafloor. The growth rate of strains 6R-2-F01 and 24R-3-F01 under anaerobic conditions was significantly higher 

than that of aerobic conditions. [Conclusion] Fungi from the subseafloor, such as S. commune, may have distinct 

biological traits that help them adapt to the extreme marine subsurface environments. 
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Fungi are the most diverse and abundant 
eukaryotic organisms on the Earth and have been 
found in almost all ecosystems, from land to deep 
sea, and play essential ecological roles in 
biogeochemical cycles in these ecosystems[1–2].  

Since the pilot study of fungi in marine 
sediment from the Chagos Trench in the Indian 
Ocean[3], fungi have been documented to be the 
dominant eukaryotes in a range of shallow ocean 
provinces including ridge flanks, continental 

margins, and abyssal plains[4]. Up to date, many 
fungi have been isolated from sediments ranging 
from a few centimetres to 2457 meters below 
seafloor (mbsf)[5–6]. Members of Basidiomycetes and 
Ascomycetes are the dominant fungal communities 
in the deep biosphere (>1 mbsf) based on culture- 
dependent and culture-independent methods[4–7]. The 
deepest distribution of fungi was reported to be in 
coal-bearing subseafloor sediments for 20 million 
years off the Shimokita Peninsula, Japan[6]. In 
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addition, it has been reported that fungi originated 
from subseafloor sediments are not significantly 
different from the fungi inhabiting in terrestrial 
environment[6,8], indicating that fungi from the land 
and water environment might have the ability to 
adapt to the deep biosphere. A limited study also 
showed that fungi developed mechanisms such as a 
metabolic shift from oxidative phosphorylation to 
fermentation, to sustain development and growth in 
response to low concentration of oxygen[9–10]. This 
stunning ecological and morphological flexibility 
makes fungi the most versatile phylogenetic lineage, 
which helps them to survive the most extreme 
habitats, such as the deep biosphere[11]. Despite the 
increasing research on fungal diversity in the deep 
subseafloor biosphere, the biological, physiological, 
and metabolic characteristics of fungal survival in 
such extreme environments remain unknown.   

The split gill fungus Schizophyllum commune 
(Agaricomycotina) is a mushroom forming fungus 
with world-wide occurrence due to its production of 
a large number of hydrolases, such as xylanase, 
pectinase, cellulase, endoglucanase, glycoside 
hydrolase, and oxidordeuctase[12]. Our previous 
study showed that S. commune was one of the 
dominant fungal species in the coal-bearing 
sediments and widely distributed in 1496, 1923, 
1966, and 1993 mbsf[6], respectively. This study 
aims to investigate the growth characteristics of 
these strains and their adaptability to the extreme 
environment of submarine surface by comparing 
them with two strains isolated from terrestrial (S. 

commune CFCC7252) and marine (S. commune 
MCCC 3A00233) environments under different 
culture conditions. 

1  Materials and methods 

1.1  Fungal strains   

Four strains 6R-2-F01, 15R-5-F01, 20R-7-F01, 
24R-3-F01 of S. commune were isolated from deep 
coal-bearing sediments at different depths below sea 
floors during IODP Expedition 337 and maintained 
on mPDA (Potato Dextrose Agar in artificial 
seawater) at 4 °C in the laboratory[6]. Strain 
CFCC7252 isolated from terrestrial plant of 
Pterocarya stenoptera, was purchased from China 
Forestry Culture Collection Center. Strain MCCC 
3A00233 collected from marine sediment of the 
Atlantic Ocean was purchased from Third Institute 
of Oceanography, State Oceanic Administration, 
People’s Republic of China. The detailed inform 
about the in-situ condition and strains are shown in 
Table 1[13]. 

1.2  Medium 

mPAD medium was used in this study, which 
was prepared by dissolving 46 g of PDA powder 
(Ourchem, Sinnopharm Chemical Reagent Co., Ltd, 
China) in 1 L of the artificial seawater (ASW) or 
in-situ water (ISW)[6]. ASW contains (per liter) NaCl 
33.43 g, NaSO4 0.64 g, KCl 5.05 g, NH4Cl 0.16 g, 
MgCl2 4.17 g, CaCl2 2.94 g, KBr 0.10 g, H3BO3 0.02 g, 
according to the salinity of seawater drilling 
sampling points (the ion concentration is 4.08%). 

 
Table 1.  Characteristics of fungi-derived seafloor sediments 

Fungal strains Depth/mbsf Lithology T/ºC pH Salinity/‰ NH4
+/(mmol/L) TOC/wt% TN/wt%  Fe/(µmol/L)

6R-2-F01 1496 Sandstone 38.91 8.55 41.47 2.69 0.3 0.0 0.59 

15R-5-F01 1923 Coaly shale 46.25 7.91 29.31 1.35 3.4 0.1 0.73 

20R-7-F01 1966 Sand 46.99 8.17 28.82 1.34 0.1 0.0 3.11 

24R-3-F01 1993 Coal 47.45 ND ND ND 50.0 1.2 ND 

CFCC7252 – Plants         

MCCC 3A00233 – Marine sediment        

TOC=Total Organic Carbon; TN=Total Nitrogen; ND=Not detected. The pH, salinity and Fe values of samples at depths of 1923 and 
1966 mbsf were actually measured at adjacent depths of 1926 and 1962 mbsf, respectively. 
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ISW, according to the salinity of interstitial water of 
the cores (the ion concentration is 2.92%), consists 
(per liter) of NaCl 27.25 g, Na2SO4 0.16 g, KCl   
0.11 g, NH4Cl 0.08 g, MgCl2 3.05 g, CaCl2 1.69 g, 
KBr 0.08 g, H3BO3 0.01 g, FeSO4 0.5 mg, ZnSO4   
0.3 mg, MnCl2 2.0 mg, and CuSO4 0.5 mg. 

1.3  Determination of optimum growth conditions 

Growth observation was set up on mPDA 
prepared with ASW, in 9-cm diameter Petri dishes[6]. 
The colony radius in the Petri dishes was measured 
daily and expressed as mm/day to reflect the growth 
rate at given conditions, including oxygen (aerobic, 
anaerobic), temperature (20, 30, 40, 45 °C), pH (6, 8, 
10), Fe2+ (0.27, 8.93, 89.28 µmol/L), salinity 
(freshwater, ASW, ISW), sodium lignin sulfonic acid 
(1, 5, 10 g/L), and NH4Cl (0.5, 1.0, 5.0 g/L), 
respectively. In addition to the oxygen and 
temperature experiments, the other experiments were 
carried out under anaerobic chamber (YQX-II, 
Shanghai, China) at 30 ºC for a total of five days. The 
morphology of each strain was photographed at the 
fifth day of incubation under aerobic and anaerobic 
conditions. Each experiment was repeated three times. 

1.4  Statistic analysis 

The results of the experiments were analyzed 
with GraphPad Prism (version 3.02) software to 
estimate the significance of the differences 
(P<0.05) using an unpaired Student’s t test, 
one-way ANOVA and the Dunnett’s test. SPSS 
software (version 19) was used to perform 
hierarchical cluster analysis (default parameters) 
on the growth rates of fungal strains under 
different culture conditions. 

2  Results and analysis 

2.1  Effect of oxygen on S. commune growth and 
morphology   

To determine the impact of oxygen on fungal 
growth, all S. commune strains were grown under 
aerobic and anaerobic conditions. The strains  

6R-2-F01, 20R-7-F01, and 24R-3-F01 showed 

almost similar morphology when grown on mPDA 

medium for five days of incubation at 30 °C. The 

mycelia were relatively dense at aerobic conditions 

as compared to anaerobic conditions (Figure 1). In 

both conditions, the morphology of fungus looks 

like white cotton and has no concentric ring pattern. 

The growth behavior of strain 15R-5-F01 closely 

related to terrestrial strain CFCC7252. However, the 

strain MCCC 3A00233 showed significant 

morphological differences, the mycelium was found 

fluffy like white wool shape, as compared to other 

strains. The aerobic culture of all strains was less 

dense than that of anaerobic except for MCCC 

3A00233, where the aerobic culture was more dense 

than anaerobic. These results indicated that the 

phenotype of S. commune isolated from different 

habitats (terrestrial plant, marine sediment, and deep 

subseafloor sediments), showed significant 

morphological differences, and also influenced by 

the availability of oxygen. 

In addition, the growth rates of the four 

subseafloor strains were all significantly higher 

than CFCC7252 and MCCC 3A00233 under 

anaerobic conditions. However, only strains 

15R-5-F01 and 6R-2-F01 were significantly higher 

than CFCC7252 and MCCC 3A00233 under 

aerobic conditions. Moreover, the growth rates of 

strains 6R-2-F01 and 24R-3-F01 under anaerobic 

conditions were significantly higher than those 

under aerobic conditions. On the contrary, the 

growth rate of strain MCCC 3A00233 under 

aerobic conditions was significantly higher than 

that under anaerobic conditions. Overall, the 

growth rates of all the subseafloor strains and 

CFCC7252 were significantly higher than strain 

MCCC 3A00233 under both aerobic and anaerobic 

conditions (Figure 2). These results indicated that 

the deep subseafloor strains might have more 

extensive oxygen adaptability than the terrestrial 

and marine strains. 
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Figure 1.  Mycelium growth morphology of S. commune isolated from different sources under aerobic and 
anaerobic conditions. O–: anaerobic conditions; O+: aerobic conditions. 

 

 

Figure 2.  Effects of oxygen on the growth rate of different S. commune strains. Capital letters indicate significant 
growth differences among the test strains under the same oxygen (One-way ANOVA test, P<0.05). * indicates that 
there is a significant difference in the growth of the same strain under aerobic and anaerobic conditions (t-test, 
P<0.05). 

 

2.2  Effect of temperature on S. commune 
growth  

To determine the effect of temperature on 

growth, six strains of S. commune were cultured on  

mPDA under anaerobic condition with different 

temperatures. Except for strains 6R-2-F01 and 
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MCCC 3A00233, the three subseafloor strains and  

the terrestrial strain CFCC7252 grew well at 
30–40 °C, but slowed down significantly at 20 °C, 
and grew worst at 45 °C. Moreover, the growth 
rates of subseafloor strains were significantly 
higher than that of the marine and terrestrial strains 
at given temperatures, except that of strain 
CFCC7252 at 40 °C (Figure 3). These results 
demonstrated that the subseafloor and terrestrial 
strains of S. commune showed similar temperature 
adaptability, and were significantly different from 
the marine strain. 

2.3  Effect of pH on S. commune growth 

To determine the effect of pH on the growth of 
S. commune, all strains were cultured at pH 6, 8, 10 
(Figure 4). Except for the growth of strains 
24R-3-F01 and CFCC7252, which were significantly 
affected by pH (marked as a and b), the growth of 
other strains did not show significant difference 
under the given pH values. However, all strains 
collected from the deep subseafloor sediments grew 
faster than those isolated from terrestrial and marine 
environments at any given pH. In addition, the 
growth rate of strains 15R-5-F01 and 24R-3-F01  

 

Figure 3.  Effects of temperature on mycelium growth rate of different S. commune strains. Lowercase letters 
indicate significant differences in the growth rate of the same strain at different temperatures, while capital letters 
indicate significant differences in growth rates among strains at the same temperature (One-way ANOVA test, 
P<0.05). The same indication of letters was used in the figures below. 

 

Figure 4.  Effects of pH on the growth rate of different S. commune strains. 
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was significantly slower than that of strains 
6R-2-F01 and 20R-7-F01 when they were close to 
the in-situ pH 8 (Table 1). These results suggest that 
the subseafloor strains of S. commune grow well at a 
wide range of pH values compared with strains from 
other habitats. 

2.4  Growth capacity of S. commune at different 
salinities 

To evaluate the adaptability and tolerance of S. 

commune to salinity, all the strains were grown in 

mPDA prepared with freshwater, ISW, and ASW 

respectively, and the growth rate was determined. 

With the exception of strain 24R-3-F01, the growth 

rates of all subseafloor strains and marine strain in 

the ISW (2.92% salinity) and ASW (4.02% salinity) 

media were significantly higher than that of 

freshwater medium (0% salinity) (Figure 5). The 

terrestrial and marine strains showed different 

salinity response growth behaviors. The growth rate 

of the terrestrial strain decreased significantly with 

the increase of salinity, while that of the marine 

strain increased significantly with the increase of 

salinity. All subseafloor strains showed good 

tolerance to salinity by exhibiting high growth rate 

in media prepared with ISW and ASW as compared 

to control strains CFCC7252 and MCCC 3A00233. 

The growth pattern of the subseafloor strains in the 

tested salinity is the same as that of marine strain, but 

its growth ability in freshwater is not different from 

that of terrestrial strain, which reflects that 

subseafloor strains have stronger salinity adaptability.   

2.5  Effect of Fe2+ concentrations on S. commune 
growth 

Iron is one of the mineral nutrients necessary 
for microorganisms and is relatively abundant in 
subseafloor sediments (Table 1). To evaluate its 
effect on the growth of S. commune, all strains were 
exposed to different Fe2+ concentrations, and their 
mycelia growth rates were measured. There was no 
significant difference in growth rate of all tested 
strains under the given ion concentration, except that 
the growth rate of strain 20R-7-F01 was 
significantly inhibited at 89.28 µmol/L. However, 
the subseafloor strains showed significantly higher 
growth rate at any level of iron ions, then marine and 
land strains (Figure 6). 

2.6  Effect of lignin on growth capacity 

Since the subseafloor strains of S. commune 
were recovered from coal-bearing sediments with 
lignin as the main component, lignin was used as the 

 

Figure 5.  Effects of salinity on the growth rate of different strains of S. commune. 
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Figure 6.  Effect of Fe2+ on the growth rate of different strains of S. commune. 
 

carbon source to study the growth capacity of these 
strains. The results showed that the growth behavior 
of subseafloor strains 6R-2-F01 and 15R-5-F01 was 
similar to that of terrestrial strain CFCC7252, and 
the growth rate was the highest at 5 g/L lignin. 
Overall, the growth rates of all the subseafloor 
strains were not significantly different from that of 
the terrestrial strain, but significantly higher than 
that of the marine strain (Figure 7).  

2.7  Effect of NH4
+ on growth capacity of S. 

commune 

Since NH4
+ is the only nitrogen-containing 

inorganic  compound detec ted  in  the  deep 
subseafloor sediments, we studied the growth 

c a p a c i t y  o f  S .  co mm u n e  u n d e r  d i f f e r e n t 
concentrations of NH4Cl. Except that the growth 
rates of strain 24R-3-F01 and CFCC7252 were not 
significantly different, the growth rates of other 
strains were significantly different at the given 
concentrations of NH4Cl. The highest growth rate of 
strains 6R-2-F01 and 15R-5-F01 was monitored at 
1.0 g/L while that of strains 20R-07-F01 and 24R-3-F01 
was at 0.5 g/L. The growth rate of all subseafloor 
strains was higher than that of strain MCCC 
3A00233 when NH4Cl concentration was 0.5 g/L 
and 1.0 g/L (Figure 8). In addition, the growth rate 
of all subseafloor strains in ISW medium with in-situ 
concentration of NH4Cl (0.08 g/L) was significantly 

 
Figure 7.  Effects of lignin concentrations on the growth rate of different strains of S. commune.  
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Figure 8.  Effects of NH4Cl on the growth rate of different S. commune strains. 
 

higher than that of terrestrial and marine strains 
(Figure 5), but there was no significant difference in 
the growth rate of different strains at high 
concentration of NH4Cl (5.0 g/L) (Figure 8). This 
result reflects that the growth of subseafloor fungal 
strains has a strong low ammonium adaptability. 

2.8  Hierarchical cluster analysis   

Growth characteristics and environmental 
conditions of the selected strains are summarized by 
using systematic cluster analysis model. The results 
showed that all the subseafloor strains were 
concentrated in one group, and the terrestrial and marine 
strains were two independent groups (Figure 9).  

 

Figure 9.  The dendrogram of the hierarchical cluster 
analysis of the growth characteristics of S. commune 
strains isolated from different habitats.  

In the subseafloor strains, 6R-2-F01 and 20R-7-F01 

clustered on one branch, indicating that they had 

more similar growth characteristics than 15R-5-F01 

and 24R-3-F01. 

3  Discussion 

The recent discovery of fungi in the deep 

biosphere beneath the seafloor pose seroius 

questions on the limit of life on earth. How fungi 

survived and adapted to the harsh and extreme 

conditions of the subseafloor is still unknown, and 

are these fungi are the actual resident of these 

environments or migrated from land or marine? It is 

also believed that these microboes are in the 

dormant form with physiological standby nature and 

are not sufficiently active in the deep biosphere 

ecosystems[2,14]. However, many studies have 

cultured various fungi from the subseafloor sediment 

samples, showing that these fungi are in an active 

form and adapted well to survive these conditions[2,6]. 

In this study, it was found for the first time that S. 

commune could grow well under both aerobic and 

anaerobic condit ions;  however,  s ignif icant 

differences among strains from different habitats 

were monitored. Compared with terrestrial and 

marine strains, the deep subseafloor strains of S.  
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commune, which were buried in about 2 kmbsf 
sediments at 20 million years ago, have stronger 
anaerobic growth capacity under different 
environmental factors such as lignin, NH4

+, Fe2+, 
temperatures, and pH. These results suggest that the 
ancient strains of S. commune have a strong 
environmental adaptation capacity than the strains 
derived from other habitats.   

Radial growth and mycelia dry weight 
measurements are two common methods for 
measuring fungal growth. Although the former is not 
well correlated with the biomass, it has the 
advantages of being fast, simple and easy to operate, 
so it is often used to detect the response of fungal 
growth to environmental factors[15]. The latter is 
relatively accurate, but requires a large amount of 
hyphae, and the operation is relatively complex and 
time-consuming[16]. Our preliminary study showed 
that S. commune strains grew well in both solid and 
liquid medium, but the growth rate of the fungal 
strains was faster in solid medium than that in liquid 
medium (data not shown). Therefore, all the 
experiments in this study were carried out on solid 
medium in order to quickly compare the growth 
differences of the test strains.   

Oxygen is the most critical factor for life, and 
eukaryotic organisms usually do not survive 
anaerobic conditions; however, all the selected 
strains exhibited vegetative growth under anaerobic 
conditions with modification in their colony 
morphology (Figure 1). The subseafloor strains even 
showed a higher growth rate under the anaerobic 
conditions as compared to aerobic conditions 
(Figure 2). Although few studies have been reported 
on anaerobic fungi, there is evidence that fungi use 
various strategies to cope with the presence or 
absence of oxygen. For instance, Fusarium 
oxysporum, grow well under both aerobic and 
anaerobic conditions, but the nitrate reductase of the 
strain plays assimilation and dissimilation functions 
under aerobic and anaerobic conditions, 
respecticely[17]. Some anaerobic fungi have complex 

respiratory chains that contain alternative oxidases 
that allow electrons to bypass the electron transport 
chain if necessary[18]. It has also been reported that 
fungi can adapt to anoxic environments by metabolic 
changes from oxidative phosphorylation to 
fermentation and by reduced translation and cell 
growth[9–10]. The multiple mechanisms by which 
fungi cope with oxygen may partly explain why S. 
commune is one of the most widely distributed 
fungal species on Earth, even in the deep subseafloor 
environments up to approxmately 2 kmbsf for 20 
million years were explored[6].  

Temperature is one of the most critical 
environmental factors limiting the survival of 
microorganisms. Fungi have relatively weak high 
temperature resistance, with the upper limit of 
growth temperature of 62 °C[19]. For S. commune, we  

found it could not grow at temperature ≥50 °C [6], 

but could grow well at temperature ≤45 °C (Figure  

3). Moreover, strains of S. commune recovered from 
the deep subseafloor sediments grew better than 
those from the terrestrial and marine environments. 
All these data suggest that S. commune is not only 
alive but also may have grown in the deep 
subseafloor environment up to 1993 mbsf. 

S. commune, a ubiquitous white rot fungus, is 
able to colonize at least 150 genera of woody plants 
with unique wood-degrading machinery[12]. Lignin is 
a major component of the cell wall of vascular plants 
and an important precursor of lignite. Since the four 
strains of S. commune in this study were isolated 
from coal-bearing sediments, their growth capacities 
were compared with those of two other strains 
isolated from land and marine environments in 
culture with lignin as a sole carbon source. The 
results showed that the growth rate of subseafloor 
strains was similar to that of terrestrial strain but 
significantly better than that of marine strain (Figure 
7). The possible explanation to this astonishing 
finding is that fungi below the seafloor is not 
migrated from the marine environments but might be 
the actual resident to these sediments living there for 
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more than 20 million years[6], where they developed 
new behaviors similar to terrestrial strain, to deal 
with the extreme conditions. Moreover, all 
subseafloor strains of S. commune showed similar 
growth characteristics under different culture 
conditions (Figure 9) and had more robust 
environmental adaptability against temperature, 
oxygen, Fe2+, NH4Cl, pH, lignin, and salinity. These 
data further confirmed our previous suggestion that 
fungi we isolated from the subseafloor sediments are 
likely to be deeply buried terrestrial fungi that may 
still reflect the original depositional conditions[6].   

Compared with other habitat strains, the 
subseafloor strains of S. commune showed stronger 
adaptability to various environmental factors 
mimicking the in-situ conditions. These abilities 
help the fungus to survive in the harsh, dark 
ecosystems below seafloor, and play an important 
role in the biogeochemical cycles. Moreover, the 
subseafloor strains unexpectedly showed striking 
similarities with the terrestrial strain and obvious 
differences with marine strain, which further 
indicated that S. commune 6R-2-F01, 15R-5-F01, 
20R-7-F01, and 24R-3-F01 were indigenous to deep 
subseafloor sediments. This study will provide a 
biological context for understanding fungal behavior 
in deep biosphere based cultural analysis. 
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洋底深部裂褶菌在不同环境条件的生长行为 

M. Zain Ul Arifeen#，杨心怡#，李方方，薛雅蓉，公丕贤，刘常宏* 

南京大学生命科学学院，医药生物技术国家重点实验室，江苏 南京  210023 

 

摘要：【目的】了解洋底深部真菌适应原位环境的生长特征。【方法】在模拟洋底原位环境因子(压力

除外)的培养条件(温度，pH，盐度，Fe2+，木质素和 NH4
+)下，比较了 4 株分离自洋底约 2 km 深处含煤

沉积物的裂褶菌和 2 株分离自海洋及陆地生境的裂褶菌的生长速率。【结果】在本实验所设置的温度(20，

30，40，45 °C)、氧气(有氧和无氧)、pH (6，8，10)、盐度(淡水，原位水，人工海水)、Fe2+(0.27，8.93，

89.28 μmol/L)、木质素(1，5，10 g/L)和 NH4
+ (0.5，1.0，5.0 g/L)条件下，洋底菌株均比陆地菌株(CFCC7252)

和海洋菌株(MCCC 3A00233)生长快，但不同洋底菌株之间也存在生长差异，菌株 6R-2-F01 和 24R-3-F01

在厌氧条件下的生长速率显著高于其在有氧条件下的生长速率。【结论】洋底真菌(如裂褶菌)可能拥有

独特的生物学特性，以帮助其适应洋底极端环境，相关研究值得进一步探讨。 

关键词：洋底，真菌，裂褶菌，适应性，生态系统，生物圈 
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