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Screening of Cellulose-degrading Fungi in Forest Litter
and Fungal Effects on Litter Decomposition

Sigi Sun, Yuetai Weng, Xueying Di, Zhihua Liu and Guang Yang*

Fungi were isolated using a rose bengal chloramphenicol agar as the
culture medium. Congo red staining was used on sodium carboxymethyl
cellulose medium to screen fungal strains that have potential to produce
cellulolytic enzymes according to the cellulolytic index (CI). The ability of
these isolates to break down holocellulose in three forest litter substrates
(broad-leafed: Juglans mandshurica; coniferous: Larix gmelinii; broadleaf-
conifer mixed: J. mandshurica and L. gmelinii) was tested over 80 days of
incubation. The holocellulose content and the decomposition rule were
studied. The strain with the most efficient degradation effect on natural
cellulose in forest litter was selected. The growth of fungi was observed by
scanning electron microscopy (SEM). The hydrolytic circles indicated the
activity of cellulase produced by the fungi, and it implied that the fungi
could degrade cellulose. The results showed that eight strains were able
to degrade cellulose. The strain A2 (Peniophora incarnate) showed the
highest Cl, while A4 (Sarocladium strictum) was most capable of
degrading holocellulose in various litter substrates. The SEM micrographs
revealed that A4 had the ability to invade leaf tissue and degrade
holocellulose in leaves. This study could be helpful for forest litter
management, which provides a new way to cleanup forest litter using
cellulose-degrading fungi.
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INTRODUCTION

The natural decomposition of forest litter is usually a slow process, which leads to
the accumulation of materials in the forest and increases the risk of forest fires when the
weather is hot and dry (Nakayama and Siegert 2001). Cellulose is one of the main
components of forest litter, and it largely controls the decomposition process of litter
(Steffen et al. 2007; Yue et al. 2016). The litter decomposition in temperate forests is
mainly affected by microorganisms including fungi, bacteria, etc. (Watling and Harper
1998; Hattenschwiler et al. 2005). Fungi degrade macromolecular compounds, such as
cellulose, through enzymes secreted by fungi; in contrast, other microorganisms cannot
decompose such compounds into simpler molecules. Therefore, fungi could accelerate the
decay of litter (Kjgller and Struwe 1982; Djarwanto and Tachibana 2009).

The cellulose component in forest litter is not easy to break down. Therefore,
screening for efficient cellulose-degrading fungi to decompose cellulose can provide a way
to reduce litter accumulation, and in turn decrease forest fire risk. Highly active strains,
which can completely decompose cellulose-containing substances in forest litter, are
scarce, and the strains with high cellulase activity are not necessarily capable of
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decomposing forest litter (Kwon et al. 1996). Therefore, it is essential to select strains that
can effectively degrade natural cellulose in litter.

Previous studies have attempted to select such active strains. Djarwanto and
Tachibana (2009) collected fruiting bodies and wood material with mycelia of fungi from
mangium forest plantations in south Sumatra (Indonesia). Six fungi were isolated and
tested for activity to degrade mangium wood meal. Those in the genus Polyporus were the
most effective fungal strain for degrading mangium lignin and holocellulose. Boberg et al.
(2011) tested the ability of nine fungi isolated from coniferous litter to decompose Pinus
sylvestris needles. Clavulina sistotrema strains, Chalara longipes, and three other strains
within the genus Helotiales appeared to exhibit cellulolytic activity. Lophodermium
pinastri (Rhytismatales) readily decomposed cellulose and caused considerable loss of
lignin as well.

Given the few studies in this area, the authors screened and selected fungi from
both broad-leafed and coniferous forest litters to find additional fungal species that can
efficiently degrade cellulose in a variety of litter types and have potential for forest fire
prevention.

EXPERIMENTAL

Materials and Methods
Collection of fungal isolates

The fungal isolation materials comprised the litters in the undecomposed layer (L
layer, Litter), semi-decomposed layer (F layer, Fermentative layer), and decomposed layer
(H layer, Humus horizon) (Cooke and Rayner 1985). The litters were collected from
various plantations of Larix gmelinii, Juglans mandshurica, Fraxinus mandshurica, and
Picea asperata Mast. in the Maoer mountain experimental forest farm of Northeast
Forestry University (Harbin, China).

Isolation of fungi

Fungi were isolated using a dilute solution of rose bengal chloramphenicol agar as
the culture medium (see media, below). First, impurities in the litter samples were removed,
and the samples of different tree species and layers were placed in flasks containing 90 mL
of sterile water. The flasks were incubated on a rotary shaker at 200 rpm for 20 min. The
mother liquor was diluted to 10, 20, and 30 times to form a series of concentration
gradients, and approximately 200 pL was absorbed and spread on the rose bengal
chloramphenicol agar medium in Petri dishes and then incubated at 28 °C. When the
mycelium had grown on the medium, the sample was transferred to fresh potato dextrose
agar medium in Petri dishes. The process was repeated until pure cultures were obtained;
the purified cultures were then transferred to potato dextrose agar slants and stored at 4 °C
for future use.

Media

The rose bengal chloramphenicol agar medium contained peptone 5.0 g/L, glucose
10.0 g/L, monopotassium phosphate 1.0 g/L, magnesium sulfate 0.5 g/L, agar 20.0 g/L,
rose bengal 0.033 g/L, and chloramphenicol 0.1 g/L. The sodium carboxymethyl cellulose
(CMC-Na) agar medium contained sodium carboxymethyl cellulose 10.0 g/L, ammonium
sulfate 4.0 g/L, monopotassium phosphate 2.0 g/L, magnesium sulfate heptahydrate 0.5
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g/L, peptone 1.0 g/L, and agar 15.0 g/L. The potato dextrose agar (PDA) medium contained
peeled potato 200.0 g/L, dextrose 20.0 g/L, and agar 18.0 g/L. The malt extract medium
contained approximately 20.0 g/L malt extract. All media were sterilized at 121 °C for 20
min. All reagents were purchased from Solarbio Science & Technology Co., Ltd. (Beijing,
China).

Selection of cellulose-decomposing fungi

Cellulose-decomposing fungi were screened for activity on the CMC-Na medium
using Congo red stain (AR) (Fu et al. 2010). First, pure isolates were inoculated in a
triangle shape onto CMC-Na agar medium. Then, the medium was incubated at a
temperature of 28 °C. When visible colonies formed in the medium, the hydrolyzed zones
were examined by saturating the CMC-Na medium with 0.2% Congo red solution for 15
min and de-staining with 0.5% NaCl solution for 15 min. The diameter of the hydrolytic
circle (Dnc) around each colony was measured, and the cellulolytic index (CI) of each
isolate was obtained by Eq. 1,

— Dhc

Cl= Do 1)
where CI is the cellulolytic index, Dxc is the diameter of hydrolytic circle (mm), and Dx is
the diameter of fungal colony (mm).

Identification of cellulose-decomposing fungi

The fungi were identified by observing their colony characteristics and microscopic
morphology such as mycelia, phialides, conidiophores, and conidia. In addition, the fungi
were assessed by amplifying the ribosomal DNA (rDNA), internal transcribed spacer
(ITS), and querying the GenBank database of the National Center for Biotechnology
Information of the US National Institutes of Health (Bethesda, MD, USA).

Degradation of litter sample

The petioles of broad-leaves were removed, and the litter was cut into 1 cm x 1 cm
fragments; the coniferous litter was cut into fragments of 2-cm length. The litter samples
were dried at 65 °C to a constant weight. To prepare the decomposition substrates,
approximately 0.8 g of each coniferous and deciduous litter was placed into a 50-mL flask
that contained 10 mL malt extract liquid medium. Then, 0.4 g coniferous litter and 0.4 g
deciduous litter were mixed, and the mixture placed into a flask to obtain a mixed
decomposition substrate.

The Petri dishes of pure culture-dominant strains were opened on a clean bench,
and 20 agar disks with a diameter of 6 mm were made in the areas where mycelia grew
vigorously. The agar disks were placed in a flask containing 100 mL sterile water and then
incubated at 28 °C on a rotary shaker at 160 rpm for 7 days to generate suspension. The
suspension was then centrifuged at 4000 rpm for 10 min.

The suspensions of different dominant strains were inoculated into flasks (300 pL
each) with the three decomposition substrates and cultured in a constant temperature
incubator at 25 °C (80% relative humidity, no light). Three hundred pL of sterilized water
was added into flasks containing three kinds of decomposition substrates as control
treatment, and other culture conditions were the same. The degradation lasted for 80 days.
Samples were taken every 20 days from three flasks for each substrate.
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Scanning electron microscopy (SEM)

The SEM analysis was used to observe the growth of fungi at various degradation
stages of litter. First, the litter leaves cultured with suspensions of dominant strains were
randomly selected; then, the selected leaves were cut with dissecting blades to expose the
cross and vertical sections. Finally the leaves were adhered to the sample plate of the
microscope. The samples were sprayed with gold using an ion sputtering instrument (JEC-
3000FC; JEOL Ltd., Akishima, Japan), and the sections of the leaves were observed by
SEM (JSM-7500F; JEOL Ltd., Akishima, Japan).

Determination of holocellulose (cellulose and hemicellulose) and lignin contents

The holocellulose and lignin contents were determined using the fiber tester (F800;
Hanon Instruments Co., Ltd., Jinan, China) (Van Soest 1963). The litter substrates were
carefully removed with tweezers and placed in sterile Petri dishes. The samples were then
rinsed with sterile water several times and separated using tweezers from mycelium.
Initially, the treated litter samples were oven-dried to a constant weight at 65 °C. Then they
were crushed into a fine powder by mortar and pestle and sieved through 40-mesh screen.
The control group was treated in the same way. One gram of sample was weighed precisely
and transferred to a crucible (40 um to 100 um) with ashed diatomite. The sample was
digested in a digestion tube for 60 min with neutral detergent (3% sodium dodecyl sulfate
solution). After digestion, the residue, consisting of hemicellulose, cellulose, lignin, and
silicate was dried and weighed. Acidic cationic detergent (2% cetyltrimethylammonium
bromide solution in 1 M sulfuric acid) was used to digest the residue from the last step, and
the residue of this digestion was composed of cellulose, lignin, and silicate. The residue
from the last step was further digested with 12 mol/L sulfuric acid at room temperature;
the residue after this step contained lignin and silicate and was dried and weighed. The
residue was later ashed in a muffle furnace at 550 °C for 2 h. After cooling to room
temperature, the residue was weighed, which provided the weight of silicate. The
holocellulose and lignin contents were calculated using Egs. 2 and 3, respectively,

Holocellulose content = % x 100% (@)
Lignin content = Bm;c x 100% 3

where A is the mass (g) of dried hemicellulose, cellulose, lignin, and silicate, B is the mass
(9) of dried lignin and silicate, C is the mass (g) of dried silicate, and m is the sample mass,
which was 1.0 g.

The degraded holocellulose and lignin contents (relative to the control) were
calculated using Egs. 4 and 5, respectively,

Degraded holocellulose content (relative to the control) = % x 100% (4)

c

Degraded lignin content (relative to the control) = LCL_—Le x 100% (5)

c

where H¢ and L are the holocellulose and lignin content (%) of the control group, He and
Le are the holocellulose and lignin content (%) of the experimental group.
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RESULTS AND DISCUSSION

Screening and Isolation of Fungi

Using the rose bengal chloramphenicol medium, 15 fungal species were isolated by
colony morphology. Among these 15 isolates, four species were from the plantations of P.
asperata Mast., six from the plantations of F. mandshurica, two from the plantations of L.
gmelinii, and three from the plantations of J. mandshurica. The 15 species were designated
as Al, A2, A3, and A4 (for P. asperata Mast.), B1, B2, B3, B4, B5, and B6 (for F.
mandshurica), C1 and C2 (for L. gmelinii), and D1, D2, and D3 (for J. mandshurica).

Selection and Identification of Cellulose-decomposing Fungi

To test whether the isolated fungi could degrade cellulose, all 15 isolates were
cultivated in CMC-Na medium. After dyeing and decolorizing, the size of the hydrolytic
circle around the colony varied with the inoculated fungal species. The hydrolytic circles
indicated the activity of cellulase produced by the fungi, and it implied that the fungi could
degrade cellulose. The hydrolytic circles of eight isolates (A2, A3, A4, B2, B4, B6, D2,
and D3), were relatively distinct, with diameters that ranged from 5.24 mm to 13.43 mm
(Table 1). The CI of the eight isolates ranged from 1.89 to 3.19. The B2 isolate showed the
highest CI value, indicating that it had the highest potential to produce cellulolytic
enzymes. These isolates were identified to genus or species (Table 1) types. The eight
isolates were selected for further screening.

Table 1. Fungal Colony Diameter (Dsc), Hydrolytic Circle Diameter (Dnc) on CMC-
Na Medium and Cellulolytic Index (CI) for Different Fungal Taxa

Isolates Fungal Taxa Dtc (mm = SD) | Dhc(mm = SD) | Cl (mm + SD)
B2 Cladosporium ramotenellum 5.24 £ 0.30 16.69 £ 0.42 3.19+0.26
Ad Sa/:‘é‘r:'ean‘:gjn”i‘uir'sctﬁ‘crpu%’“' 6.48 + 1.06 18.06 + 6.02 275+ 0.48
A3 Pleosporales sp. 6.66 £ 0.63 17.39+£0.36 2.63+0.30
A2 Peniophora incarnate 7.84+1.71 19.17 £ 2.09 250+0.34
D2 Fungal sp. 13.37 £ 0.22 32.09+0.73 2.40+0.04
B4 Aspergillus foetidus 5.72 £ 0.60 12.73+£0.92 2.23+£0.09
Cc2 Dothideomycetes 11.68 £ 0.51 25.74 + 0.88 2.21 +£0.06
D3 Penicillium griseofulvum 7.58 £0.30 14.34 £ 0.98 1.89+£0.10

SD: standard deviation

Ability of Selected Fungi to Break Down Holocellulose and Lignin

The holocellulose content of broad-leaved substrate was initially 30.4%. After 20
days of incubation, the content had decreased to 28.0% to 29.5%, depending on the selected
fungi (Table 2), resulting in a 0% to 4.6% reduction relative to a control. Furthermore, after
80 days of incubation, the holocellulose content was 18.2% to 22.4%. As shown in Table
2, isolate A4 was the most capable of degrading holocellulose (25.7% relative to the
control), followed by A2 (24.4% relative to the control). Isolate A3 was the least capable
(8.6% relative to the control). However, as mentioned previously, the isolate B2 showed
the highest CI (Table 2), indicating that the strain with the strongest cellulase activity may
not have the strongest ability to decompose forest litter.

The initial holocellulose content of coniferous and mixed substrate was 37.0% and
33.4%, respectively. After 20 days of incubation, the content decreased to 25.9% to 29.5%
and 26.1% to 29.0%, respectively (Table 2). During this period, the isolates A3 and A2
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were the most powerful at decomposing holocellulose in the two litters, respectively.
Meanwhile, isolates D3 and B4 were the weakest; after 80 days of incubation, the
holocellulose content was 21.8% to 26.3% and 19.8% to 26.0%, respectively. The isolate
A4 appeared to be the most capable of degrading holocellulose in both substrates (30.1%
and 27.2% relative to the control) as well as in the deciduous substrate. For the degradation
of holocellulose, basidiomycetes were the most effective decomposers. Many of these
fungi grow on cellulose-rich dead wood or leaf litter, and they use a set of hydrolytic
enzymes typically consisting of endoglucanase, cellobiohydrolase, and B-glucosidase
(Baldrian and Vendula 2008). From the results obtained in this study, the fungal isolate
A4, selected from P. asperata Mast. plantation forests, was suitable for the degradation of
forest litter. This is consistent with the findings of Marcelo and Renato (2016) that
Sarocladium strictum, previously known as Acremonium strictum (Summerbell et al.
2011), grows relatively well on most plant-based substrates and its extracellular enzymes
can break down many of these compounds before their utilization as carbon and energy
sources. They also considered that the species might also be contributing to the degradation
of large plant polymers. Among of the lignocellulosic biomasses studied, the sugarcane
bagasse pretreated mildly was the best inductor that made the cellulase produced by S.
strictum show the highest hydrolytic activities (Goldbeck et al. 2013). Additionally, S.
strictum was found likely well adapted to saline environment (Cortes-Tolalpa et al. 2018),
as it was previously isolated from a marine ecosystem (Fuentes et al. 2015).

Table 2. Holocellulose Content of Three Decomposition Substrates Treated with
Selected Fungi

Holocellulose (% + SD); Substrate
After 20 Days After 80 Days
Fungi Deciduous Coniferous Mixed Deciduous | Coniferous Mixed
Control 29.4+0.1 35.7%0.1 32.2+0.1 245+0.1 | 31.2+0.1 | 27.2+£0.1
B2 29.2+2.4 29.0+75 28.7+3.1 188+1.7 26.3+1.0 | 224+6.7
A4 28.0+0.4 29.0+4.3 28.0+3.2 18.2+0.1 21.8+1.0 | 198+1.8
A3 29.5+6.0 259+1.1 27.7+0.6 224+04 | 223+32 | 21.7+£15
A2 28.1+4.4 28.2+3.0 26.1+0.2 18.5+0.3 21.8+0.1 | 201+1.3
D2 28.1+5.0 28.6 + 2.9 27.1+4.1 20.5+0.8 22.0+6.0 | 20.5+3.0
B4 28.0+3.8 29.4+3.4 29.0+0.9 22.0+2.7 235+2.6 | 26.0+0.5
C2 28.1+23 28.8+2.1 26.3+0.8 20.6+2.9 23.3+5.1 | 229+0.9
D3 285+1.3 29.5+4.7 285+4.1 20.6 +0.3 24.7+5.0 | 22457

Lignin content was also measured after incubation of the eight fungi for 80 days
(Table 3). This showed a different trend from the perspective of degrading holocellulose
content. The lignin content of deciduous substrate was initially 42.7%. After 20 days of
incubation, this content increased to the range 43.3% to 52.7%, depending on the fungi
(Table 3). Furthermore, after 80 days of incubation, the lignin content reached 45.8% to
53.0%. Similarly, the lignin content of coniferous and mixed substrate also increased
during the entire experimental period. After 20 days of incubation, the lignin content
increased from 44.7% and 42.5% to 45.7%-55.2% and 42.7%-49.7%, respectively. After
80 days of incubation, the content had risen to 50.5%-54.9% and 50.3%-54.5%. The results
supported previous studies. Kirk et al. (1976) and Reid (1979) reported that lignin
degradation by wood decay fungi is dependent on an additional source of carbon.
Weintraub and Schimel (2003) found that during the initial stage of decomposition, the
water-soluble compounds and non-lignified carbohydrates decomposed preferentially and
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their relative concentrations decreased, while lignin decomposed slightly and its relative
concentration increased.

In this study, holocellulose decomposition was distinct from lignin decomposition.
Berg et al. (1984) reported that, although cellulose decomposition and lignin
decomposition varied greatly during early stages, their decomposition rates became nearly
the same after two years.

Table 3. Lignin Content of Three Decomposition Substrates Treated with
Selected Fungi

Lignin (% £ SD); Substrate
After 20 Days After 80 Days
Fungi Deciduous Coniferous Mixed Deciduous Coniferous Mixed
Control | 42.6+0.1 447+01 | 424+£01 | 41.0z%0.1 43.1+0.1 40.8+0.1
B2 43.8+1.1 47.1+3.0 | 46122 | 45783 521+15 50.3+1.0
A4 452 +£2.7 475+17 | 45.9+0.9 53.0+0.8 51.2+2.2 52.1+1.5
A3 47.8+0.1 51.0+1.7 | 43.7+0.8 | 49.4+04 53.5+4.0 545+2.6
A2 45.7+1.8 477+3.6 | 497+£09 | 49.6%0.2 54.9+4.4 52.9+0.4
D2 43.3+3.3 55.2+4.4 | 449+38 | 53.0+5.2 50.8+5.2 51.6+5.1
B4 52.7+2.0 50.1+3.4 | 46.4+0.9 51.1+3.7 50.5+6.0 50.3+0.8
C2 47.9+4.6 47.0+15 | 45.4+57 | 471+7.6 54.7 +5.7 50.8+0.2
D3 47.3+5.3 457+9.9 | 427+15 | 525+6.1 50.9+2.2 50.6 +1.8

Observation by SEM
This study found that the fungal strain A4 surpassed the other strains and exhibited
stronger ability to break down holocellulose.

Fig. 1. Scanning electron micrographs of Juglans mandshurica leaf sections after 20 d and 80 d
of incubation of Sarocladium strictum (isolate A4): (a) Leaf surface after 20 days of incubation; (b)
Leaf longitudinal section after 20 days of incubation; (c) Leaf surface after 80 days of incubation;
(d) Leaf longitudinal section after 80 days of incubation; (e), (f), (g), and (h) show details from the
maghnified red circles in (a), (b), (c), and (d), respectively
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The SEM analysis revealed the growth of its hyphae, adhering to the leaf surface
and invading leaf tissues. As shown in Fig. 1(a), after 20 days of incubation, there were
fewer myecelia on the leaf surface, and the mycelial morphology was simple. Slender
phialides arose from aerial hyphae and could be observed in Fig. 1(e). Ellipsoidal conidia
appeared as grouped in slimy heads (Giraldo et al. 2015) and scattered on the leaf surface
after being released from the phialides, resembling strings of grapes. However, as shown
in Figs. 1(b) and 1(f), no obvious hyphae and conidia were observed in the longitudinal
section of the blade. As shown in Fig. 1(c), after 80 days of incubation, the mycelia covered
the entire leaf blade and formed a dense network. The finger-shaped branches of the hyphae
extended along the leaf surface. The mycelia were developed, and they became thicker,
with a large number of conidia attached, as shown in Fig. 1(g). In the longitudinal section
of the blade, a small amount of mycelia began to invade the tissues, and a few attached
conidia were found in Fig. 1(h). The micrographs revealed that strain A4 was a powerful
holocellulose-degrading fungus, which had the ability to invade leaf tissue and degrade
holocellulose in leaves. This confirmed the initial finding that fungus A4 was most capable
of degrading holocellulose.

CONCLUSIONS

1. The results of this study demonstrated that Sarocladium strictum (A4), was the most
effective agent to degrade the natural cellulose in forest litter in the study area.

2. Among the 15 selected fungi, eight were able to degrade cellulose: Cladosporium
ramotenellum (B2), Sarocladium strictum (A4), Pleosporales sp. (A3), Peniophora
incarnate (A2), Fungal sp. (D2), Aspergillus foetidus (B4), Dothideomycetes (C2), and
Penicillium griseofulvum (D3).

3. Although Peniophora incarnata (A2) showed the highest cellulolytic index, its ability
to degrade cellulose in litter was weaker than Sarocladium strictum (A4), meaning that
the isolate with the strongest cellulase activity may not have the strongest ability to
decompose forest litter.

4. The scanning electron micrographs indicated that the mycelia of Sarocladium strictum
(A4) adhered to the leaf surface and invaded the leaf tissue, degrading holocellulose by
secreting cellulolytic enzymes.
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