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Abstract 
Fungi are the key agents in litter decomposition in forest ecosystems. Howev-
er, the specific roles of the interactions between different fungal species during 
litter decomposition process are unclear. To evaluate the interactions, two 
fungi strains with significantly different morphs were isolated from the soils 
of Quercus acutissima forest and Pinus massoniana forest, and inoculated in 
the litter powder of Quercus acutissima leaves and Pinus massoniana needles 
with grown separately and in coexistence equally through a microcosm expe-
riment. The enzyme activities were determined as a proxy for microbial activ-
ities. The results showed that the degradative enzymes involved in litter de-
composition showed varying dynamics pattern during the incubation period. 
The interactions between the two fungi strains are synergism, and benefit to 
each other according to enzyme activities, suggesting that a fungi strain 
growth was accelerated by the presence of other fungi strain during litter de-
composition process. However, the interactions of the two fungi strains were 
bilateral antagonism inoculated in the litter powder of Quercus acutissima 
leaves according to cellobiohydrolase activities. The synergism, despite bila-
teral antagonism in an exceptional case, may be an important factor control-
ling the fungal colonization and growth on litter substrate. The results implied 
that more fungal species may accelerate litter decomposition rates due to their 
mutual cooperation. 
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1. Introduction 

The leaf litter aboveground is the main input of nutrients into the forest soil. 
Therefore, the leaf litter decomposition and its accompanied release of nutrients 
and formation of soil organic matter are fundamental processes in ecosystem 
carbon (C) flux, nutrient cycling, and humus formation [1]. 

It is well known that microorganisms, mainly bacteria and fungi, despite their 
relatively petty body, are the major primary decomposers involved in litter de-
composition and the nutritional basis for the entire soil food web [2]. While, the 
complete litter decomposition requires the combined actions of a diverse range 
of microorganisms [3]. Thus, studying the interactions that take place within 
micro decomposer community can hence be essential for understanding the 
functioning of forest ecosystems [4], particularly the nutrient cycles. There are 
some studies to discuss the interactions of bacteria and fungi during litter de-
composition process [5] [6] [7] [8]. However, fungi are thought to be more im-
portant than bacteria in terms of litter decomposition and play pivotal roles in 
nutrient cycling [9]. The reason may be due to that fungi can produce a wider 
range of exoenzymes than bacteria [10] and they are the primary decomposers of 
recalcitrant compounds, such as lignin which is a major structural component of 
leaf litter and often limit litter decomposition processes [11]. Therefore, the 
study of the interactions between different fungal species during litter decompo-
sition process is important to understand their roles in the functioning of forest 
ecosystems. Regretfully, to our knowledge, only sporadic information exists on 
the interactions of different fungal species during litter decomposition process 
[12] [13]. Thus, this study is to assess the interactions of different fungi strains 
involved in leaf litter decomposition. 

It has long been recognized that litter decomposition was driven by exoen-
zymes [14]. Meanwhile, some studies suggested that exoenzymes are commonly 
interpreted as indicators of changes in the function of soil micro decomposer 
communities in response to environmental variation [15] [16]. Thus, the enzyme 
activities can be used as an indicator of decomposer activities [17] and microbial 
decomposition [18]. Therefore, the enzyme activities were determined as a proxy 
for microbial activities to study the interactions between different fungi strains 
during litter decomposition process in this study. 

This study was carried out through microcosm experiment to assess the inte-
ractions between two fungi strains with significantly different morphs during 
decomposition process of the two dominant litters [Quercus acutissima (domi-
nated in broad-leaved forest) leaves and Pinus massoniana (dominated in con-
iferous forest) needles] in Zijin Mountain, China. 

2. Materials and Method 
2.1. Site Description 

Five upper-layer (0 - 5 cm) soil samples were collected from each of three dis-
crete sites of two main forest types, a broad-leaved forest (dominated by Quer-
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cus acutissima) and a coniferous forest (dominated by Pinus massoniana) in Zi-
jin Mountain (32˚5'N, 118˚48'E), Nanjing, China, in September 2015 for fungi 
isolated. Zijin Mountain has an area of 24 km2, an altitude of 447.1 m, and a 
subtropical humid climate. The annual mean temperature is 15.4˚C, with a 
monthly mean temperature reaching a maximum of 28.2˚C in July and a mini-
mum of 1.9˚C in January. The rainy season is from June to July, and the average 
annual precipitation is 1106.5 mm. The litter coverage rate reaches 90%. The soil 
is classified as slightly acidic Humic Cambisol with a pH of about 5.0 [19]. Con-
siderable amount of nutrients and organic matters are accumulated in the hu-
mus layer. The bedrock materials are sandstones and shales. The annual average 
pH value of rainfall is approximately 4.98, with an acid rain frequency of ap-
proximately 55.8% [16]. 

2.2. Experimental Design 

All the soil samples were then kept in sealed bags and immediately (after ~2 h) 
taken back to the laboratory for further study. Soil samples were passed through 
a 2-mm sieve to remove foreign matters, such as leaves, plant root, and gravel. 
All replicated soil samples were then homogenized by thorough mixing and kept 
in a refrigerator at 4˚C for in preparation for further processing. 

Fungi were isolated from soil samples using dilution plate method with spread 
plates using Rose Bengal Agar plates (5 g∙L−1 peptone, 18.5 g∙L−1 agar, 10 g∙L−1 
glucose, 1 g∙L−1 KH2PO4, 0.5 g∙L−1 MgSO4, 0.0133 g∙L−1 Rose Bengal, and 0.1 g∙L−1 
chloramphenicol). The plates were incubated at 28˚C ± 2˚C in darkness for 3 - 6 
d, and fungal colonies were recognized on the basis of morphological characte-
ristics. About 25 most common fungi strains were isolated. These strains were 
then incubated in Cellulose Congo-red Medium (20 g∙L−1 CMC, 15 g∙L−1 agar, 2 
g∙L−1 KNO3, 0.5 g∙L−1 MgSO4, 1 g·L−1 NaCl, 1 g∙L−1 Na2HPO4, 1 gL−1 KH2PO4, and 
0.2 g∙L−1 Congo-red) for cellulose-degradative fungi strains isolated. In the end, 
two fungi strains (sp. A and sp. B) with significantly different morphs were iso-
lated with the biggest diameters of hydrolytic zone. 

Quercus acutissima leaves (BF) and Pinus massoniana needles (CF) were col-
lected from the forest floor of the previously described forest site in the previous 
section of the paper in September 2014 (initial litter quality is shown in Table 1). 
All the litter samples were then taken back to the laboratory and oven dried at 
70˚C for 24 h to achieve constant weight and grind thoroughly. The litter powd-
er of BF and CF were sterilized before fungal incubation, and then selected as C 
resource for fungal incubation with 9-mm diameter agar plugs taken from a 
growing edge of fungal colony, respectively. The two fungi strains were incu-
bated with grown separately and in coexistence equally, respectively. All the cul-
tures were grown in liquid medium (20 g∙L−1 litter powder, 2 g∙˚C∙L−1 KNO3, 0.5 
g∙˚C∙L−1 MgSO4, 1 g∙˚C∙L−1 NaCl, 1 g∙˚C∙L−1 Na2HPO4, and 1 g∙L−1 KH2PO4). All 
the incubations were performed at 28˚C ± 2˚C in darkness, in 18 × 180 mm 
test-tube kept on gentle agitation (120 rpm) for 30 days. Three replicates per 
treatment were systematically harvested from a batch culture after 5, 10, 20, and 30 
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Table 1. Initial litter quality of Quercus acutissima leaves and Pinus massoniana needles. 

Composition Leaves Needles 

Lignin (mg∙g−1) 301.40b 385.35a 

Total carbohydrate (mg∙g−1) 485.29b 526.75a 

N (mg∙g−1) 9.25a 7.99b 

Lignin: N 32.57b 48.21a 

C: N 52.44b 65.90a 

Data with different superscript letters in a row indicate a significant difference (P < 0.05). 

 
of incubation for the activities of some degradative exoenzymes determined. 

2.3. Enzyme Activity Determination 

Of all the naturally produced organic matters in litter, cellulose and lignin are 
the most recalcitrant matters, and are also the most in abundance [10]. Thus, in 
order to understand the fungal activities during incubation, changes in activities 
of four exoenzymes involved in the decomposition of cellulose and lignin were 
determined spectrophotometrically with little modification: cellulase (E.C. 
3.2.1.4) [20], cellobiohydrolase (E.C. 3.2.1.91) [20], invertase (E.C. 3.2.1.26) [21], 
and polyphenol oxidase (E.C. 1.10.3.1) [22]. Activities of the soil enzymes were 
assayed within 1 d after sampling. 

2.4. Statistical Analyses 

Data were checked for deviations from normality and homogeneity of variance 
before analysis. Analysis of variance was applied to assess significant differences 
between various treatments. Statistically significant differences were set with P 
values < 0.05, unless otherwise stated. All analyses were conducted with DPS 
(version 7.05). 

3. Results 

The activities of the four enzymes involved in litter decomposition showed va-
rying temporal dynamics pattern during the incubation period. Cellulase activi-
ties abruptly and significantly increased at first (5 - 10 d, P < 0.05) and then 
slowly decreased later in all treatments (Figure 1(a)). Cellobiohydrolase activi-
ties were not significantly changed at first (5 - 10 d, P > 0.05), then gradually and 
significantly decreased in the middle stage (10 - 20 d, P < 0.05), and slowly in-
creased in the last stage (20 - 30 d) (Figure 1(b)). Invertase activities sharply de-
creased at first (5 - 10 d) and then maintained steady or continuous decreased 
latter (Figure 1(c)). Polyphenol oxidase activities increased progressively to the 
end of the 30 d incubation in all treatments in most cases, and the activities in the 
end of incubation were higher 70.69% - 154.55% than initial value (Figure 1(d)). 

In this study, 1) cellulase activities of the fungi combinations was higher than 
those of the single-fungi, except inoculated in the litter powder of BF in the  
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Figure 1. Changes in enzyme activities during litter decomposition. Legend: (a) cellulase; (b) cellobiohydrolase; (c) invertase; (d) 
polyphenol oxidase. Symbols: open bar, sp. A; filled bar, sp. B; lined bar, sp. A and sp. B. Error bars indicate standard error (SE). 

 
sample of 5 d and inoculated in the litter powder of CF in the sample of 10 d 
(Figure 1(a)), 2) cellobiohydrolase activities of the fungi combinations was 
higher than those of the single-fungi, except inoculated in the litter powder of BF 
in the sample of 5 d and inoculated in the litter powder of CF in the sample of 30 
d (Figure 1(b)), 3) invertase activities of the fungi combinations was higher than 
those of the single-fungi (and there shows a significant difference between the 
fungi combinations and the single-fungi in the sample of 5 d and 30 d in the 
powder both of the two litters, P < 0.05), except inoculated in the litter powder 
of BF in the sample of 10 d and inoculated in the litter powder of CF in the sam-
ple of 20 d (Figure 1(c)), and 4) polyphenol oxidase activities of the fungi com-
binations was higher than those of the single-fungi inoculated in the litter 
powder of CF, while there shows opposite result with inoculated in the litter 
powder of BF (Figure 1(d)). 

To understand the interaction between the two fungi strains, the regression 
equation of the interactions between the two fungi strains during litter decom-
position process were calculated according to enzyme activities (Table 2). The 
regression equation showed that the interactions between the two fungi strains  
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Table 2. Regression analysis of the interactions between the two fungi strains (XA, sp. A; XB, sp. B; Y, sp. A and sp. B) inoculated 
in the litter powder of Quercus acutissima leaves and Pinus massoniana needles according to enzyme activities. 

Enzyme 
Leaves Needles 

Regression equation R2 Regression equation R2 

Cellulase Y = 83.7421 − 103.6762XA − 103.8427XB + 128.9102XAXB 0.9208 Y = 45.8284 − 59.9538XA − 56.1843XB + 74.2239XAXB 0.5446 

Cellobiohydrolase Y = −62.1652 + 50.5547XA + 53.8302XB − 43.3070XAXB 0.9891 Y = 77.1007 − 62.8307XA − 59.8783XB + 48.9322XAXB 0.8856 

Invertase Y = 138.2733 − 50.6023XA − 52.2688XB + 19.1748XAXB 0.7751 Y = 506.0160 − 201.9460XA − 205.2240XB + 81.9988XAXB 0.3426 

Polyphenol  
oxidase 

Y = 6.2803 − 8.8367XA − 8.8869XB + 13.0808XAXB 0.6965 Y = 9.8668 − 11.0435XA − 9.7123XB + 11.3387XAXB 0.5675 

 
are synergism, and benefit to each other, except the interactions is bilateral an-
tagonism between the two fungi strains inoculated in the litter powder of BF ac-
cording to cellobiohydrolase activities. 

4. Discussion 

Previous laboratory studies have shown that the interactions between microbial 
communities can be important for coexistence and community structure [23]. 
Three cases expected to manifest in the interactions between different fungal 
species mostly: 1) single-fungi grew better in the absence of one another than 
when they occurred together. This inferred the bilateral antagonistic relationship 
between different fungal species. The expression of antagonism may be the 
competition for substrate and/or space, particularly when the substrate and/or 
space was limited for fungal metabolism; 2) the interactions are synergism, of 
benefit to one or both groups from intermediate decomposition products re-
leased by the other; and 3) there may be no obvious interactions between differ-
ent fungal species. 

Some studies suggested that the competitive or synergistic interactions be-
tween different fungal species may retard or accelerate litter decomposition [13]. 
For example, the antagonistic interactions among fungi in a diverse community 
can result in reduced litter decomposition rates [24], and the synergistic interac-
tions among fungal species increased litter decomposition rates significantly 
[25]. Our results showed that the interactions between the two fungi strains are 
synergism, and benefit to each other, suggesting that a fungi growth was accele-
rated by the presence of other fungi in decomposition process. However, the in-
teractions of the two fungi strains were bilateral antagonism in an exceptional 
case. This suggested that the interactions of the different fungi strains inoculated 
indifferent resource were varied according to different parameter of fungal 
growth characteristics, such as the activities of different degradative exoenzymes. 
It cannot be ignored that the synergistic, despite bilateral antagonism in an ex-
ceptional case, may be an important factor controlling the fungal colonization 
and growth on litter substrate. The mutual cooperation between different fungal 
species in most cases of the decomposition process may be for the purpose of 
obtains nutrition, probable utilized intermediate decomposition products re-
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leased by other one. This was corresponding with previous study [25]. The re-
sults implicated that more fungal species may accelerate litter decomposition 
rates duo to their mutual cooperation according to the results of this study. 
Naeem et al. found a positive correlation between number of microbial species 
and litter decomposition [26], which Morin attributed to greater numbers of 
functional groups [27] and Cox et al. attributed to greater numbers of pivotal 
microbial species [13]. However, Cox et al. suggested that decomposition rates of 
pine litter inoculated with a single fungal species were higher than when colo-
nized by a diverse community of fungi [13]. Meanwhile, other studies also indi-
cated that litter decomposition by two or three species mixtures of fungi did not 
exceed that in the best performing monoculture [12]. This suggested that the in-
teractions between different fungal species may vary with different fungal species 
and/or different substrate. The reason may be that litter decomposition requires 
the enzyme excretion and activities expression of different fungal species to de-
compose the structural components of plant litter with different physicochemi-
cal properties and recover organic nutrition. Thus, the interactions of enzyme 
cooperation and population competition create a temporal dynamic that at any 
particular time is dominated by a relatively small number of populations, whose 
identity varies with different substance type and habitat [28]. Therefore, the 
temporal dynamics pattern of litter decomposition was controlled by the fungal 
activities (or the enzyme excretion and activities expression) and/or the chemical 
composition of the litter substrate. 

Despite an apparent need for cooperation, fungal succession is driven by 
competition for a dwindling and continually changing substrate [29]. Therefore, 
we expect that there might be an antagonistic relationship between the two fun-
gal species owing to the competition for substrate and/or space if the incubation 
period was last for longer time in this study. Meanwhile, there are many micro-
bial species involved in litter decomposition and mineralization [2] and the 
complete litter decomposition requires their combined actions [3]. Thus, further 
studies are required to characterize the interactions of greater numbers of dif-
ferent fungal species and/or functional groups to determine their roles in litter 
decomposition process for longer time. 
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