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Marine-derived fungi surviving as symptomless endo-
phytes in seaweeds and seagrasses were screened for 
production of xylan-degrading enzymes. Of the eight  
endophyte isolates obtained from five different sea-
grasses and another eight from six different marine 
algae, half of them exhibited xylanase activity in an 
agar plate assay. Further examination of these lead 
candidates using spectrophotometric assays revealed 
that Trichoderma harzianum, endophytic in the brown 
alga Sargassum wightii, had the maximum secreted xy-
lanase and xylosidase activity. Moreover, this fungus 
could grow in NaCl-containing media (up to 1.2 M 
NaCl), and inclusion of 0.26 M NaCl in the media elic-
ited a two- and three-fold increase in extracellular  
xylanase and xylosidase activity respectively. These 
findings highlight the potential of prospecting marine-
derived fungal endophytes to identify novel cell-wall 
degrading enzymes of value to the biofuel industry. 
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Introduction 

LIGNIN, cellulose and hemicellulose are three polymers 
that make up the lignocellulosic biomass (LCB). While 
cellulose is the major component, the relative amount of 
the three polymers varies depending on the type of bio-
mass. Food, fibre and fuel industries depend on the eco-
nomical and efficient conversion of cellulose and 
hemicellulose polymers to their constituent monomers1–3. 
However, deconstruction of LCB remains a challenging 
goal. For example, the cellulase-catalysed conversion of 
cellulose (a glucose homopolymer) to glucose is impeded 
by hemicellulose that acts as a physical barrier4–6. The  
focus of this study is the enzymatic hydrolysis of hemi-
cellulose, an objective critical both for complete depoly-

merization of cellulose in LCB and for the generation of 
useful end-products from hemicellulose. 
 Hemicellulose refers broadly to branched non-cellulosic 
polymers and differs in make-up within and across higher 
plants/algae1,7–9. Xylans, linear polymers of 1,4-linked  
b-D-xylopyranosyl residues, are the major constituents  
of hemicellulose in angiosperms contributing up to 30% 
of the cell-wall content. Xylans are typically hetero-
polymers with side-chain substitutions containing  
D-glucoronopyranosyl (with or without methylation), D-
galactopyranosyl, L-arabinofuranosyl, acetyl, feruloyl, 
and p-coumaroyl groups, whose presence varies depending 
on the source. Given this heterogeneous composition, xylan 
degradation requires the concerted and synergistic action 
of main chain-deconstructing glycohydrolases and side 
chain-deconstructing esterases. However, xylanases and 
xylosidases are the principal enzymes in this repertoire. 
 Xylanases cleave xylan polymers to release short  
xylooligosaccharides (e.g. xylopentaose), which in turn 
are cleaved by xylosidases to release xylose. Although it 
has been appreciated for some time that xylanases are 
produced by a wide range of organisms spanning marine 
algae, protozoans, crustaceans, insects, plants and fungi8, 
bioprospecting for improved variants that fulfil a niche 
requirement has motivated studies of bacteria and fungi 
from deep-sea hydrothermal vents10, the Antarctic11,  
marine sediments12, insect gut13, alimentary canal of  
ruminant animals14, compost/soil15,16 and decaying wood/ 
litter17. Because xylan-degrading enzymes from marine 
sources are less studied compared to those from terrestrial 
organisms and filamentous fungi produce xylanases at 
much higher levels than bacteria18,19, we investigated  
xylanases and xylosidases produced by marine-derived 
fungi (MDF) surviving as endophytes in marine angio-
sperms and seaweeds. 
 There were two reasons that inspired our focus on 
MDF. First, they have not been studied for their cell wall-
restructuring catalytic potential, although marine fungi 
have been investigated for salt-tolerant, extracellular  
enzymes20. Fungi of the marine ecosystem are broadly 
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grouped into obligate marine fungi and MDF. The former 
grow and sporulate in the marine environment, whereas 
the latter are either terrestrial or freshwater forms that 
may be present in the marine habitat21. The MDF exist  
either as saprotrophs in wood and marine sediments, or as 
parasites and symbionts of various marine organisms 
such as algae, fish, coral, molluscs, sponges and sea-
grasses. There are many studies that highlight the syn-
thetic ability of endophytic MDF to generate bioactive 
secondary metabolites22–25, but few address their potential 
for producing industrially important enzymes26. This 
situation mirrors the fact that endophytes associated with 
terrestrial plants have been studied as a rich source of 
metabolites with bioactivities27–29, and only recently been 
explored as an excellent source of enzymes3,30,31. Second, 
since some seagrasses contain up to 40% xylan32, we pos-
tulated that endophytic fungi residing in seagrasses might 
have evolved efficient mechanisms for xylan degradation. 
We report here that indeed MDF isolated as endophytes 
from marine algae and seagrasses produce xylanases and 
xylosidases, thus underscoring the need to study these 
fungi for their biocatalyst inventory. 

Materials and methods 

Sources of endophytes 

We screened the secretomes of 16 marine-derived endo-
phytic fungi for xylanase activity. These fungi were  
isolated from algae and sea grasses33,34 growing in  
Kodiyakkarai (10¯17¡0±N, 79¯49¡0±E), Keezhakkarai 
(9.2314¯N, 78.7844¯E) and Mandapam (9.2800¯N, 
79.1200¯E), along the southeast coast of India. While the 
genera of these fungi were identified largely on the basis 
of their spore characteristics, two of them (644 and 516) 
were further identified at the species level by analysis of 
their ribosomal internal transcribed spacer (ITS) and one 
(562) was identified by analysing its translation elonga-
tion factor-1a (EF1a) DNA sequence; two of them (580 
and 568) had been identified before using their ITS  
sequence (Table 1). Representative cultures of these fungi 
have been deposited with either the Microbial Type  
Culture Collection (MTCC), Chandigarh or the National 
Fungal Culture Collection of India (NFCCI) Pune, with 
the following accession numbers: Curvularia tuberculata 
1 (NFCCI 2434), Phomopsis sp. 1 (MTCC10345), 
Trichoderma sp. 1 (MTCC10344). (Although brown al-
gae do not belong to the plant kingdom, we use the term  
‘endophytes’ in this study to denote the symptomless  
endosymbiotic fungi associated with them.) 

DNA extraction, amplification and sequencing of 
ITS and EF1a DNA 

Using a standard phenol–chloroform-based extraction 
method, genomic DNA was isolated from mycelia grown 

on potato dextrose agar (PDA) medium for a period of 7 
days. While ITS1-5.8S-ITS2 regions of fungal rDNA 
were amplified by PCR using the fungal-specific primers 
ITS4 and ITS5 (ref. 35), the EF1a-coding DNA was ampli-
fied using primers EF-728 and EF2 (refs 36 and 37). These 
amplicons (~500–600 bp in both cases) were electropho-
resed on a 1% (w/v) agarose gel, excised and extracted, 
and subsequently sequenced using either ITS4 or EF728 
in an automated sequencer (Applied Biosystems 3130 
Genetic Analyzer). The sequences obtained were used as 
queries in BLASTn (default settings) to find the closest 
match in GenBank and in MycoBank databases; the same 
hits were obtained regardless of the database used. These 
ITS and EF1a sequences were then submitted to Gen-
Bank and their accession numbers are listed in Table 1. 

Qualitative plate assay to assess secreted xylanase  
activity37 

Endophyte isolates were grown in oat spelt xylan medium 
(OX; 9 g oat spelt xylan (Sigma), 5 g yeast extract, 1 g 
NaNO3, 1 g KH2PO4, 1 g peptone, 0.3 g MgSO4Ö7H2O, 
1000 ml water, pH 5.5) for 5 days at 31¯C with shaking 
(120 rpm in a REMI orbital rotary shaker). The culture 
fluid was filtered through a Whatman #1 filter paper, cen-
trifuged at 9600 g for 20 min at 4¯C, and the supernatant 
was used as the enzyme input for the plate assay  
described below. 
 Oat spelt xylan (9 g) and agar (18 g) were dissolved in 
1000 ml of 100 mM sodium phosphate (pH 4.5, 5.5 or 
6.5), and autoclaved before being dispensed into petri 
dishes. After setting of the agar, a cork borer (5 mm  
diameter) was used to create the diffusion wells (Figure 
1). To each well, 10 ml of culture supernatant (crude  
enzyme) was loaded, and the agar plate incubated over-
night at 31¯C. Formation of a clear zone around the well 
was used to score a given endophyte secretome as posi-
tive for xylanase activity38. Ten microlitres of uninocu-
lated OX medium in lieu of a crude extract served as a 
negative control (Figure 1). 

Preparation of crude secretome extracts for  
xylanase and xylosidase assays 

Endophyte isolates were grown in birch wood xylan (BX) 
medium (10 g birch wood xylan, 5 g yeast extract, 1 g 
NaNO3, 1 g KH2PO4, 1 g peptone, 0.3 g MgSO4Ö7H2O) 
for 5 days at 31¯C in an orbital shaker (120 rpm). The 
culture fluid was then filtered through a Whatman #1 fil-
ter paper, and the filtrate centrifuged at 9600 g for 20 min 
at 4¯C. The supernatant was dialysed against water (with 
three changes over 16–18 h) at 4¯C and lyophilized. The 
protein amount in these dried secretomes was measured 
using either the Bradford or the bicinchoninic acid assay, 
with bovine serum albumin serving as the standard. 
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Table 1. Summary of endophytes displaying xylanase activity 

 Isolate from seagrass (1–8) Xylanase activity Accession numbers for ITS 
Fungus (isolate number) or algal (9–16) species (pH 4.5, 5.5, 6.5) or EF1a sequences 
 

Aphanocladium sp. (508) Thalassia sp. –  
Aspergillus terreus (644) Cymodocea serrulata + KP122964 
Cladosporium sp.1 (505) Thalassia sp.1  –  
Curvularia tuberculata (503) Thalassia sp.1 –  
Curvularia tuberculata (516) Syringodium sp. + KP122965 
Gonatophragmium mori (622) Thalassia sp. +  
Nodulisporium sp. (679) Thalassia sp. 3 +  
Torulomyces sp. (683) Syringodium sp. +  
Cladosporium sp.1 (547) Ulva lactuca –  
Drechslera sp. 1 (583) Sargassum wightii –  
Drechslera sp. 2 (610) Turbenaria sp. –  
Fusarium oxysporum (580) Sargassum wightii + KC254033* 
Nigrospora sp. (538) Jania adherens –  
Phoma sp. 1 (605) Sargassum sp. –  
Phomopsis sp. (562) Portieria hornemonii + KP204449 
Trichoderma harzianum (568) Sargassum wightii + KC330218* 

*These species were identified in an earlier study33. +, Positive; –, Negative. 
 
 

 
 

Figure 1. Agar plate assay for secreted xylanase activity. Culture fil-
trates of endophytes were tested for their ability to hydrolyze oat spelt 
xylan impregnated in an agar plate. Endophytes were scored as positive 
if their filtrates resulted in a zone of clearance, as observed here with 
Aspergillus terreus (644), Nodulisporium sp. (679) and Torulomyces 
sp. (683). Uninoculated culture filtrate served as the negative control. 
While three representative species are shown here, similar studies were 
conducted to obtain the data summarized in Table 1. 
 

 

Enzyme assays 

Xylanase assays: Xylanase activity was assayed as descri-
bed elsewhere39. The underlying principle is that xylan 
degradation releases xylose, which in turn can reduce 3,5-
dinitrosalycilic acid (DNS) to 3-amino, 5-nitrosalicylic 
acid that absorbs at 540 nm. Using a standard curve gener-
ated with known quantities of xylose, the amount of  
xylose released in an enzymatic assay is easily deter-
mined. 
 We employed two variants of this xylanase assay. For 
the end-point measurements (Figure 2), we used a 2 ml 
assay mixture containing 1.8 ml of 1% (w/v) birch wood 

xylan in 50 mM sodium citrate (pH 5.3) and 0.2 ml of  
secretome (crude enzyme). The reaction was initiated by 
incubation at 50¯C for 5 min, and immediately added to 
3 ml of 1% DNS prior to boiling for 10 min and subse-
quent addition of 1 ml 40% (w/v) potassium tartrate. The 
Abs540 of these solutions was measured using a Unico 
SpectroQuest 4802 spectrophotometer. 
 For the kinetic assays at 37¯C (Figures 3 and 5), we 
used a final concentration of 50 mM sodium acetate (pH 
5.5) and 0.5% (w/v) birch wood xylan. A 360 ml reaction 
mixture contained 0.5% (w/v) birch wood xylan in 
50 mM sodium acetate (pH 5.5). The substrate in buffer 
(310 ml) and the secretome resuspended in phosphate-
buffered saline (PBS; ~30 to 300 mg in 50 ml) were indi-
vidually pre-incubated for 10 min at 37¯C, before they 
were mixed to initiate the reaction. Five aliquots were 
withdrawn over 15 or 75 min (depending on strong or 
weak activity), and each 72 ml aliquot was mixed with 
72 ml 1% (w/v) DNS and boiled for 10 min. The boiled 
samples were cooled and added to 72 ml 40% (w/v)  
potassium tartrate. The final volume (216 ml for each time 
point) was divided into two equal parts to enable two  
independent measurements at 540 nm by a Flexstation 3 
Multi-Mode Microplate Reader (Molecular Devices, 
Sunnyvale, USA). 
 For each secretome, a specific blank was generated to 
ensure that xylose carryover (if any) was accounted for. 
Rather than performing a time course after addition of a 
pre-incubated crude secretome to the substrate, the blanks 
entailed immediate boiling with 1% (w/v) DNS. The sub-
sequent steps were the same as those described above for 
the corresponding test assays. 
 
Xylosidase assays: b-Xylosidase activity was deter-
mined by measuring the amount of p-nitrophenol (pNP)


