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ABSTRACT                        This study is the first to adopt a hypothetical approach to establish the influence 
of the complex endophyte-host interaction on endophyte survival and antifungal expression. 
Three key interactions were evaluated; (I) influence of host-induced enzymes on endophyte 
growth (biomass) and colonization, (II) link between endophyte-produced cellulase, their 
growth and colonization, and (III) the influence of host environment on antifungal expression 
of endophytes. The interactions with the host were performed using plant slurry (PS) to mimic 
in planta (host) environment with analysis on interactions evaluated using Pearson correlation 
coefficients (r). Results revealed that host induced enzymes may be a limiting factor to coloniza-
tion of endophytes with inverse correlations observed (-0.046 ≤ r ≤ -0.7164). These enzymes may 
also limit growth of endophyte although, PAL (r = 0.536) and TPC (r = 0.8894) appeared contrary. 
Results were also suggestive that endophytes produced cellulase to aid in colonization in host 
plants (r = 0.7073 in PS), and cellulase activities are continuously produced even when growth 
of endophytes are limited (r = -0.314 in PS). Endophytes are presumed to produce antifungal 
compounds in planta (r = 0.2760 in PS), and these compounds may be secondary metabolites, 
which are primarily produced under nutrient-depleted conditions where growth is poor (in host 
plant). The superior growth of endophytes in synthetic PDB media has an inverse correlation to 
antifungal activity (r = -0.5129), confirming that secondary metabolites are involved in antifungal 
activities. This study clearly presents that success of inoculated endophytes in colonizing, grow-
ing and expressing antifungal activities is dependent on the host plant.
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Introduction

Endophytes are microorganisms that exist or spend part of 
their life cycle in the host plant. Their roles as biocontrol 
agents of various diseases are attributed to several mecha-
nisms; direct inhibitory effect towards the pathogen (Liu et al. 
2007; Ting et al. 2010a, 2011a), indirect disease suppression 
via plant growth improvement (Ting et al. 2008, 2009a), and 
induced host resistance against pathogens (Sundaramoorthy 
et al. 2012; Ting et al. 2009b, 2010b, 2012a). Endophytic 
biocontrol agents are typically isolated from an array of host 
species, and screened for bioactivity prior to introduction to 
commercially important crops. Although, the approach in 
using biocontrol agents is more environment-friendly, field 
applications seldom yield satisfactory biocontrol results (Ting 

et al. 2009a). For many years, poor soil conditions have been 
identified as the primary factor in contributing the absence of 
disease control in the field. The survival of introduced bio-
control agents was impeded by the intense competition with 
indigenous microflora in the soil, as well as physicochemi-
cal soil conditions (extreme pH, poor oxygen level/aeration, 
poor moisture level) (Sylvia and Neal 1990; Donnison et al. 
2000). This has led to the emergence of studies in microbial 
bioformulations, to innovate and improve delivery and ap-
plication of biocontrol agents in the field (Ting et al. 2009c; 
Manikandan et al. 2010; Shanmugam and Kanoujia 2011; 
Ting et al. 2011b).

In this study, we proposed that the complex endophyte-
host plant interaction may be a contributing factor that in-
fluences endophyte survival in planta and their subsequent 
biocontrol activity towards the pathogen. This hypothesis 
is a refreshing perspective, which suggests that introduced 
endophytes are influenced by host plant factors and not 
solely dependent on soil factors. To establish this, an in vitro 
study was designed to determine interactions of the growth 
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of introduced endophytes (biomass, colonization extent, 
cellulase activities for colonization) with host plant factors 
(host defense enzymes) and their subsequent influence on 
the antifungal activity of endophytes against the pathogen 
(Fusarium oxysporum f. sp. cubense tropical race 4, FocR4). 
The in vitro study was performed using plant slurry derived 
from banana plantlets to mimic in planta conditions. The 
links between the factors are validated by Pearson correlation 
coefficients (r).

To the best of our knowledge, this study is the first to test 
several key novelties. Firstly, we explored the influence of 
host-induced enzymes on endophyte growth and their colo-
nization. This is an atypical approach to link and evaluate in-
duced host defense enzymes as a factor influencing endophyte 
colonization in planta. Secondly, we explored the influence of 
endophyte-produced cellulase, a cell wall-degrading enzyme 
(CWDE) on endophyte growth and colonization. Finally, this 
in vitro study also examined the antifungal activities of en-
dophytes expressed under an artificial in planta environment 
(using plant slurry) to mimic host plant environment. The 
varying degree of inhibition suggests the possible potency 
of antifungal compounds produced in planta. Therefore, this 
in vitro study provides new insights on the endophyte-host 
plant interaction and its influence on endophyte survival and 
antifungal expression towards the pathogenic F. oxysporum 
f. sp. cubense tropical race 4.

Materials and Methods

Culture establishment

The fungal pathogen F. oxysporum f. sp. cubense race 4 
(FocR4) (VCG 01213/16) (Bentley et al. 1998) was obtained 
from Prof. Dr. Sariah Meon from University Putra Malaysia 
as cultures on Potato Dextrose Agar (PDA, Merck). Five 
endophytic isolates were selected; two isolates from weeds 
(Diaporthe sp. MIF01; Diaporthe sp. WAA02) and three 
isolates from banana plants (Penicillium citrinum BTF08; 
Cladosporium sp. BTF21; Trichoderma sp. T2), and all cul-
tures maintained on PDA (Merck) at 25 ± 2 ºC. These five 
endophytes have demonstrated antagonistic properties against 
FocR4 in plate screenings (dual culture assays) in our previ-
ous studies (Ting et al. 2009d, 2010a, 2012a).

Assays for host-induced enzymes

Tissue-cultured banana plantlets (Pisang berangan cv. Intan, 
3-4 leaf staged) were obtained from United Plantations Pte. 
Ltd. To induce production of host-induced enzymes, the 
plantlets were inoculated by immersing (root-dipping) into 30 
ml of endophyte suspension (inoculum concentration of 106 

cfu mL-1) (Ting et al. 2012a). The inoculated plantlets were 
maintained in sterilized soil, watered daily with sterile dis-
tilled water, and kept isolated in a growth chamber from other 
plants. At a daily interval (for the next 7 days), plantlets were 
harvested and assayed for the following enzymes; peroxidase 
(PO), polyphenol oxidase (PPO), phenylalanine ammonia 
lyase (PAL) and total phenolic content (TPC). Triplicates 
were prepared for each isolate at every sampling interval.

To detect PO and polyphenol oxidase PPO levels, crude 
extracts were first prepared by grinding 1 g (fresh weight) of 
the tissues in 1 mL of chilled 0.05 M Sodium Acetate Buffer 
(SAB) (pH 5) supplemented with 5 mg of polyvinylpyrroli-
done (PVP) (British Drug Houses, BDH). The slurry was 
centrifuged (20 min, 4 ºC, 14 000 rpm) and the supernatant 
(50 µL) incubated with 0.75 mL of reaction substrate [80 mL 
Sodium Phosphate Buffer (SPB, pH 6), 1 mL of 30% H2O2 
(Merck), 20 mL of guaiacol (2-methoxyphenol, Merck)] at 
room temperature (25 ± 2 ºC). Blanks were prepared by sub-
stituting the supernatant with distilled water. The absorbance 
was measured (470 nm) using a spectrophotometer (Genesys™ 

20; Thermo Fisher Scientific) after 5 min of reaction. The total 
amount of PO was calculated using the equation as described 
by Ting et al. (2012a):
Units g-1 fresh weight of tissues = (absorbance  at  470 nm )(dilution  factor )

Amount  of  tissue  assayed ,   g 
 x 1000 

For PPO, 50 µL of the supernatant was mixed with 750 µL 
of the reaction substrate [SPB (50 mM) with 5 x 10-4 M 
chlorogenic acid (Aldrich)] and allowed to stand at room 
temperature for 20 min. The absorbance was read at 410 nm 
and the PPO levels calculated (as for PO) and expressed as 
total PPO produced (units g-1 fresh weight of tissues). Blanks 
were prepared by substituting the supernatant with distilled 
water (Ting et al. 2012a).

For PAL assay, 1 g fresh weight of the plant tissues were 
ground in 5 mL of 0.1 M Sodium Borate Buffer (SBB) (pH 
8.8), supplemented with 5 mM mercaptoethanol (Merck). 
The slurry was centrifuged (10 min, 4 ºC, 15 000 rpm) and 
the supernatant collected. The supernatant (1 mL) was mixed 
with 3 mL of 300 mM SBB amended with 30 mM L-pheny-
lalanine (Alfa Aesar). The reaction mixture was incubated 
in a water bath at 40 ºC for 1 h. Spectroscopic measurement 
was made at 290 nm, and the PAL activity was expressed as 
mg of cinnamic acid produced per g fresh weight of tissues. 
Blanks were prepared by substituting the enzyme extract with 
distilled water (Podille and Laxmi 1998). Trans-cinnamic 
acid (Aldrich) (0 to 0.5 mg mL-1) was used to construct the 
standard curve.

To detect TPC, 1 g (fresh weight) of plant tissues were 
ground in 9 mL of distilled water. The mixture was transferred 
to a universal bottle (wrapped in aluminum foil), and agitated 
at 150 rpm for 1 h. For colorimetric analysis, 100 µL of the 
plant extract was mixed with 0.75 mL of 1/10th diluted Folin-
Ciocalteu reagent (FS Chem), and after 5 min, 0.75 mL of 
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6% Na2CO3 (Amresco) solution and 5 mL of distilled water 
were added. The solution was mixed for reaction to occur at 
room temperature for 90 min. The absorbance was gradually 
read at 725 nm and TPC quantified based on standard curve 
plotted using gallic acid (FS Chem) of 0.01 to 0.5 mg mL-1 
(Amin et al. 2004).

Determining colonization extent and growth of 
endophytes

Banana plantlets were inoculated by root-dipping into 30 mL 
fungal suspensions (106 cfu mL-1 of MIF01, WAA02, BTF08, 
BTF21, T2 or FocR4 separately). At a daily interval (for the 
next 7 days), the plantlets were sampled and cut into root, 
corm, pseudostem and leaf tissues (of approximately 1 cm2 
each), and surfaced disinfected (1 min in 5% NaOCl, 1 min 
in 75% ethanol, 1 min in 95% ethanol, rinsed with sterile dis-
tilled H2O) (Schulz et al. 1993). The disinfected tissues were 
subsequently cut longitudinally to expose the internal tissues, 
which were then plated on PDA and supplemented with 50 
mg L-1 streptomycin sulfate (Sigma) (to inhibit bacterial 
growth). The seeded plates (containing 3 pieces each of root, 
corm, pseudostem and leaf tissues per plate) were incubated 
at room temperature for 7 days. The extent of colonization 
is expressed as the percentage of colonization according to 
Akello et al. (2009), where the number of tissue pieces with 
endophyte growth detected is compared against total number 
of tissue pieces plated (12 pieces).

To determine the growth (proliferation) of endophytes 
in host tissues, endophytes were first inoculated into three 
different media: plant slurry (PS), a diluted Potato Dextrose 
Broth (PDB), and a mixture of PS + PDB. Plant slurry me-
dium (PS) was designed to mimic conditions in the plant. 
It was prepared by blending fresh banana plantlets (150 g 
fresh weight) in 100 mL of sterile distilled water, then 3 
mL of this homogenized plant material was added to 10 mL 
of sterile distilled H2O. When PDB was prepared, 3 mL of 
sterile distilled H2O was added to 10 mL of Potato Dextrose 
Broth. PS + PDB medium was prepared by mixing 3 mL of 
homogenized plant material with 10 mL of Potato Dextrose 
Broth. Two agar plugs (5 mm diameter) were then inoculated 
into each medium, and incubated at room temperature, with 
100 rpm for 30 days. At every 10-day interval, the fungal 
biomass was filtered with a cheesecloth and oven-dried (60 
ºC) overnight prior to weighing.

Determining cellulase activities by endophytes

Endophytes were inoculated (5 mL, 106 cfu mL-1) into 100 mL 
of PS, PDB and PS + PDB. At a daily interval (for the next 
7 days), 50 μL of the culture filtrate was sampled and mixed 
into 200 μL acetate buffer solution (125 mM, pH 5) contain-
ing 1.25% w/v carboxymethyl cellulose (CMC). The mixture 

was incubated at room temperature (25 ± 2 ºC) for 15 min. 
The reaction was terminated by adding 250 μL of reaction 
solution [1% DNS reagent (dinitrosalicylic acid solution: 1% 
DNS (Bio Basic Inc), 0.05% sodium sulphite (Bendosen), 1% 
sodium hydroxide (Riendemann Schmidt), 2% sodium tartrate 
(Riendemann Schmidt)] and boiled in water bath for 5 min. 
The absorbance was measured at 575 nm (Tecan Infite M200 
Multi detection Microplate reader) (Ting et al. 2012b), and 
the cellulase activities derived from a standard curve (0-100 
μmol mL-1 of glucose).

Antifungal activities of endophytes

Five mL of fungal inoculum (106 cfu mL-1) was first inocu-
lated to PS, PDB and PS + PDB. After 2 weeks, 30 mL of 
the culture was pipetted, centrifuged (9000 rpm, 10 min) and 
the supernatant filtered through sterile filter syringe (0.45 
µm, MCE membrane, Biofil). The filtrate (6.5 mL) was then 
mixed with 6.5 mL of sterile double-strength molten PDA 
in Petri dishes. After the agar has solidified, mycelial plug 
of FocR4 was inoculated at the center of the plate and their 
growth was measured after 10 days. The antifungal activity 
is expressed as Percentage Inhibition of Diameter Growth 
(PIDG, %), where D1: diameter of FocR4 in control plates, 
D2: diameter of FocR4 in agar plates supplemented with 
filtrate (Zacky and Ting 2013):

PIDG (%) = D1-D2 x 100% 
                        D1    

  

Statistical analysis

The experiments were carried out in a Complete Randomized 
Design (CRD). Data was analyzed using One-way Analysis 
of Variance (ANOVA) at the significance level of p<0.05. 
Tukey’s test (HSD (0.05)) was used to compare the means of 
the triplicate. Data analysis was performed using the soft-
ware SPSS (Statistical Program for Social Science) ver. 20.0 
(IBM). The Pearson correlation coefficients (r) were derived 
and the relationships/interactions between key areas was 
interpreted based on the following coefficient values; where 
0.5 ≤ r ≤ 1.0 indicates high correlation, 0.3 ≤ r ≤0.5 indicates 
moderate correlation, 0.1 ≤ r ≤0.3 indicates weak correlation 
and r ≤ 0.1 indicates no correlation.

Results

Production of host-induced enzymes elicited by 
endophytes

The PO, PAL and TPC levels in plantlets upon infection by 
various endophytes (MIF01, WAA02, BTF08, BTF21, T2) 
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and pathogenic FocR4 were not significantly different from 
one another; with PO levels of 171.54 to 285.96 units g-1 fresh 
weight of tissues, PAL levels of 0.63 to 0.78 mg cinnamic 
acid g-1 fresh weight of tissues, and TPC levels of 0.08 to 
0.14 mg mL-1 (Fig. 1A, 1C, 1D). The PO and TPC levels were 
however, significantly different between isolates BTF08 and 
FocR4 for PO, and isolates WAA02 and FocR4 for TPC. This 
suggested that different species may elicit different response 
from the host plant. On the contrary, the PPO levels varied in 
plants induced by different endophytic isolates. PPO levels 
were the highest in plants triggered by BTF21 (62.11 units g-1 
fresh weight of tissues), while BTF08 (14.00 units g-1 fresh 
weight of tissues) resulted in the least PPO produced. The 
pathogenic FocR4 was observed to elicit comparable levels 
of PO (171.54 units g-1 fresh weight of tissues), PPO (39.53 
units g-1 fresh weight of tissues), PAL (0.63 mg cinnamic acid 
g-1 fresh weight of tissues) and TPC (0.08 mg mL-1), when 
inoculated to plants (Fig. 1A-D).

Colonization extent and growth of endophytes

Isolate T2 had the highest percentage of tissue colonization 
(60.42%), followed by isolates WAA02, FocR4, BTF08, and 

MIF01 with 41.37, 31.85, 29.76, and 22.62%, respectively 
(Fig. 2). Isolate BTF21 was not detected in any of the plant 
tissues sampled (root, corm, pseudostem, and leaf). Isolates 
T2, WAA02, MIF01, BTF08 and FocR4, demonstrated bet-
ter colonization in the corm tissues (65.08%), compared to 
pseudostem (29.56%), root (26.98%) and leaf tissues (2.38%) 
(data not shown). For fungal growth (proliferation), higher 
biomass was recovered from isolates cultured in PDB and 
PS + PDB compared to PS. Cultures from PDB weighed 
between 0.032-0.051 g, which were significantly higher 
than biomass collected from cultures in PS (0.003-0.110 g) 
(Fig. 3). An atypical growth response was demonstrated by 
isolate WAA02, where similar biomass was recovered from 
PS (0.030 g), PDB (0.047 g) and PS + PDB (0.028 g) (Fig. 
3). This suggested that among the isolates tested, isolate 
WAA02 may have better survival potential in planta, while 
other isolates grew better in synthetic media (PDB).

Cellulase production by endophytes

Isolates inoculated in PDB produced higher cellulase levels 
compared to their production in the presence of PS. In PS, 
cellulase production is severely limited especially for isolates 

Figure 1. Plant defence response, when inoculated with various fungal isolates. (A) PO activity, (B) PPO activity, (C) PAL activity, and (D) TPC. 
Means with the same letters are not significantly different according to Tukey’s test (HSD (0.05)). Bars represent standard error of means.
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BTF21, BTF08 and WAA02 as the differences of cellulase 
levels in PS and PDB were 19.56, 19.36 and 12.04 μmol mL-1 

cellulase, respectively. Isolates BTF21, BTF08 and WAA02 
produced only 0.35, 0.41, and 0.07 μmol mL-1 cellulase com-
pared to 19.90, 19.77, and 12.11 μmol mL-1, respectively, 
when inoculated in PDB (Fig. 4). On the contrary, cellulase 
levels by isolate T2 were the least affected by growth condi-
tions (PS, PDB, PS + PDB), with similar cellulase levels 
derived from cultures cultivated in PS (4.09 μmol mL-1), PDB 
(14.84 μmol mL-1) and PS + PDB (9.03 μmol mL-1) (Fig. 4). 
This suggested that endophytic isolates could produce cellu-
lase in nutrient-deprived conditions (in PS) to possibly aid in 
colonization, but the cellulase levels were inferior compared 
to nutrient-rich conditions (PDB).

Antifungal activities by endophytes

The antifungal activities by endophytes cultured in PS were 
relatively stronger than, if not comparable, to those derived 
from PDB and PS + PDB. Filtrate derived from isolates 
BTF21 (50.6% PIDG) and T2 (34.8%) cultured in PS showed 
stronger inhibitory effect compared to filtrates of the same 
isolates derived from PDB (7% for BTF21, 0.9% for BTF08) 
(Fig. 5). For isolates WAA02 (28.3%), BTF08 (12.0%), and 
MIF01 (10.7%), their respective filtrates from PS demon-
strated similar inhibitory effect as filtrates derived from 

Figure 2. Overall colonisation (%) of the banana plantlets by FocR4 and 
the five antagonistic endophytes. Means with the same letters are not 
significantly different according to Tukey’s test (HSD (0.05)).

Figure 3. Mean biomass (g) of six investigated fungal isolates cultured 
in PS, PDB and PS + PDB. Comparison of mean dry mass was determined 
among the culture media for each fungal isolate. Means with the same 
letters are not significantly different according to Tukey’s test (HSD 

(0.05)). Bars represent standard error of means.

Figure 4. Cellulase activities (µmol mL-1) of fungal isolates cultured in 
plant slurry (PS), PDB and PS + PDB. Means with the same letters are 
not significantly different according to Tukey’s test (HSD (0.05)). Tukey’s 
grouping was determined for each fungal isolate among the culture 
media. Bars represent standard error of means.

Figure 5. Percentage inhibition of diameter growth (PIDG, %) of 
FocR4 under the influence of cell-free extracts of respective endo-
phytes cultured in PS, PDB and PS + PDB. Means with the same letters 
are not significantly different according to Tukey’s test (HSD (0.05)). 
Tukey’s grouping was determined across the different culture media 
within each of the fungal isolate. Bars represent the standard error of 
means. PS: plant slurry; PDB: Potato Dextrose Broth; PS + PDB: plant 
slurry + PDB.
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PDB (34.7, 15.8, and 4.8%, respectively). The potential of 
endophytes in producing potent antifungal compounds, while 
cultured in PS strongly suggests that this may also occur in 
planta (host environment), which is a valuable insight on 
antifungal expression by endophytes in host tissues. The 
observations here are also suggestive that despite the nutrient-
depleted host environment, endophytes are still capable of 
producing antifungal compounds.

Establishing endophyte-host interactions based 
on correlation coefficients (r)

The first endophyte-host interaction established is the possible 
influence of host-induced enzymes on endophyte growth and 
colonization. Correlation analysis using data from 3.1 and 3.2 
revealed that growth (biomass) of endophytes was generally 
inversely correlated to host-induced enzymes (except for PAL 
and TPC). The inverse correlation ranges from poor/weak 
correlation, i.e. for PO (r = -0.2404) and PPO (r = -0.001) on 
growth, and PO (r = -0.0406), PAL (r = -0.1246) and TPC (r 
= -0.1392) on colonization extent; to strong/high correlation 
such as for PAL and colonization extent (r = -0.7164) (Fig. 
6, 7). The inverse correlations are suggestive that the higher 
levels of enzymes, lesser the growth and colonization extent 

of the endophytes were detected. On the contrary, enzymes 
PAL and TPC have strong, positive correlations to growth of 
endophytes with r = 0.5366 and 0.8894, respectively (Fig. 6, 
7). This indicated that host-induced enzymes triggered by en-
dophytes, may be a limiting factor to the colonization extent 
(and possibly the growth to a certain degree) of endophytes 
in the host plant.

The second endophyte-host interaction validated is the 
association of endophyte growth and colonization extent 
to cellulase levels produced by endophytes in artificial host 
environment (achieved using PS). Correlation analysis was 
derived from data in sections 3.2 and 3.3. Endophyte growth 
was observed to have positive correlations to cellulase pro-
duction in PDB (r = 0.5454) and PS + PDB (r = 0.53054), 
but an inverse correlation when cultured in PS (r = -0.3140) 
(Fig. 8). This suggested that growth of endophytes may po-
tentially influence the cellulase production in nutrient-rich 
conditions (PDB, PS + PDB), but not in nutrient-depleted 
conditions (PS). The biomass and cellulase production in 
PS is inversely correlated, allowing the presumption that 
although growth may occur in PS, cellulase production is 
nevertheless limited and possibly vice versa. The interaction 
between endophyte colonization extent to cellulase levels 
were positively correlated for conditions in PS (r = 0.7073) 

Figure 6. Correlation coefficient (r) from Pearson correlation test, for interactions between host-induced enzymes (PO, PPO, PAL, TPC) and 
endophyte growth (biomass).
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and PS + PDB (r = 0.0778), but inversely correlated for PDB 
(r = -0.1906) (Fig. 9). This result illustrates the importance of 
cellulase production in aiding colonization of endophytes as 
the extent of colonization is strongly correlated to cellulase 
activities by the endophytes. This strong correlation observed 
in PS, further suggests that this phenomenon is typical in host 
environments.

The third endophyte-host interaction studied the influence 
of endophyte growth on antifungal activity towards FocR4. 
Correlation analysis was performed using data from sections 
3.2 and 3.4. Endophyte growth in PDB has an inverse correla-
tion to antifungal activities (r = -0.5129), while positive cor-
relations were obtained for growth and antifungal activities 
in PS (r = 0.2760) and PS + PDB (r = 0.4381) (Fig. 10). The 

Figure 7. Correlation coefficient (r) from Pearson correlation test, for interactions between host-induced enzymes (PO, PPO, PAL, and TPC) and 
colonization extent for endophytes.

Figure 8. Correlation coefficient (r) from Pearson correlation test, for interactions between endophyte growth (biomass) and cellulase activi-
ties.
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inverse correlation strongly suggests that antifungal activi-
ties are compromised by the abundant growth of isolates. On 
the contrary, in nutrient-depleted conditions such as in host 
tissues (PS), the correlation is present where good fungal 
growth may appear to be necessary for effective production 
of antifungal compounds.

discussion

We obtained several profound insights from this study. Firstly, 
the inverse correlation between colonization extent (and 
to a certain degree for growth) of endophytes and induced 
host enzymes provides hypothetical assumptions, that the 

rate and efficiency of endophyte colonization may be lim-
ited by the enzymes produced. These enzymes, produced 
as a natural response to presence or infection by biotic or 
abiotic stimulators, have conventionally been thought to be 
advantages as it forms mechanisms to disease resistance. 
These enzymes are typically studied for their roles in the 
production of antimicrobial compounds (quinone molecules) 
and the reinforcement of cell walls (lignification) to prevent 
spread of pathogens (Raju et al. 2008; Naveen et al. 2013). 
Nevertheless, here we discovered that the induction of these 
enzymes may also limit endophyte colonization as the en-
zymes are non-specific in their effect towards endophytes. 
The influence of induced host defense enzymes on endophytic 
colonization is demonstrated particularly for isolates BTF21 
and T2. Although, we did not further determine the extent of 

Figure 9. Correlation coefficient (r) from Pearson correlation test, for interactions between endophyte colonization with cellulase activities.

Figure 10. Correlation coefficient (r) from Pearson correlation test, for interactions between endophyte growth and antifungal activities.
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structural lignification, elevated levels of PO, PPO and PAL 
suggests that lignification may have occurred and restricted 
endophyte colonization (Ting 2014). The interaction of fac-
tors here revealed that although, BTF21 would have been a 
desirable biocontrol agent (high levels of induced enzymes), 
the endophyte is highly susceptible to induced-host enzymes 
where endophytic colonization is compromised. On the con-
trary, isolate T2, which elicited the least levels of enzymes, 
demonstrated better colonization. Endophytes also revealed 
that they are not immune to these induced enzymes, despite 
being natural colonizers of the host tissues.

The influence of induced host-defense enzymes on endo-
phyte growth was tested in PS, PDB and PS + PDB. In this 
experiment, PS hypothetically mimics the host tissues (host 
environment) due to the presence of blended tissue extracts 
(slurry). This approach is novel and takes the lead from a 
study by Stevens et al. (1988). In their study, they used diced 
cortical tissues of apples to determine the degradation of cell 
wall of apple by human fecal bacteria. Similarly, the blended 
plant slurry used in this study mimics the possible in planta 
condition. We do not deny that this may not accurately dem-
onstrate in planta conditions, especially in replicating all the 
major substrates present in the plant tissues; nevertheless, the 
use of plant slurry is deemed the closest possible approach 
to creating a mimicry of in planta environment. Blended 
plant slurry provided at least some of the plant metabolites, 
which benefited the experiment especially when it is almost 
impossible to replicate in planta conditions, definitely. The PS 
used in this experiment was also sterilized, therefore induc-
tion of defense enzymes in PS is not possible. As such, the 
growth of endophytes particularly BTF21 and WAA02 in PS, 
which produced relatively higher biomass compared to other 
isolates, clearly suggested that better growth (of BTF21 and 
WAA02) in planta (PS) was possible and achievable when in-
dependent of the presence of induced host-defense enzymes. 
Hence, induced enzymes not only influence colonization 
extent, but may also influence the growth and proliferation 
of endophytes in planta.

This study also revealed that cellulase activities have 
valid interactions with colonization extent and growth of 
endophytes. Cellulase activities are found to have a key role 
in influencing endophyte colonization with strong correlation 
detected in conditions using PS. This illustrates the coloniza-
tion potential of endophytes in plants (PS), where higher cel-
lulase levels will lead to better colonization. On the contrary, 
cellulase activities have an inverse correlation with endophyte 
growth (biomass) in PS. The production of cellulase enzymes 
in PS by isolate T2, corresponded with the hypothesis sug-
gesting endophytes that colonize to great extents in planta, 
do so by producing significant amounts of cell wall degrading 
enzymes (CWDEs) such as cellulase to degrade plant cell wall 
for colonization (Deshmukh et al. 2006; Gao et al. 2010). The 
variations in cellulase levels produced by isolates suggest that 

cellulase production may be species specific, influenced by 
their mode of infection (penetration into cell wall) and colo-
nization (intercellular or intracellular) (Yedidia et al. 1999; 
Tucker and Talbot 2001; Moy et al. 2002; Gao and Mendgen 
2006; Rosenblueth and Martinez-Romero 2006; Vargas et al. 
2009). For PDB, the nutrient-rich condition elicited different 
sets of observations. We do not rule out the possibility that 
high cellulase levels may be the consequence of growth. Cel-
lulase levels are bound to or excreted by cell surface (Hurek 
and Reinhold-Hurek 2003), hence abundant biomass would 
naturally lead to higher cellulase levels.

In the final part of the study, growth/biomass of endo-
phytes have contrasting correlation responses to antifungal 
activity in PS and in PDB. In PS, growth somewhat influenced 
antifungal activities, whereby better growth leads to stronger 
antifungal activities. On the contrary, an inverse correlation 
was detected in growth and antifungal activities in PDB. 
This suggested that the probable reason could be attributed 
to the fact that antifungal compounds are usually secondary 
metabolites produced under nutrient-depleted (or nutrient 
stress) conditions, where growth of fungi is compromised 
(Pavithra et al. 2012). As such, growth in PS is important 
to ensure the production of antifungal compounds. In PDB, 
where a nutrient-rich condition is present, growth is abundant 
and secondary metabolite production may be absent. Hence, 
the more growth detected in PDB, lesser the antifungal 
compounds were produced. Our results on the response of 
isolates in PS (simulation study) are of interest as they may 
indicate the possible antifungal activity connected to endo-
phytes in planta. Although, we did not quantify the antifungal 
compounds produced, the results suggest that antifungal 
activities are expressed in planta and may be influenced by 
other factors.

In conclusion, this study has revealed some interesting 
insights. Firstly, we established that colonization and growth 
of introduced endophytes is influenced by the host plant, par-
ticularly, the role of induced defense enzymes. Low levels of 
plant defense enzymes led to better endophytic colonization 
and vice versa. The host enzymes also influenced growth of 
endophytes and their colonization within specific plant tis-
sues. Therefore, host-defense enzymes, which are typically 
important to curb pathogen spread, have now been revealed 
to restrict endophyte colonization. The limitations on the 
growth may also lead to poorer cellulase levels that hamper 
its colonization activities. However, endophytes retained 
their antifungal activity in planta, despite poor growth. This 
indicates that endophytes can be introduced as biocontrol 
agents as they have ability to express antifungal activities 
and colonize the plant. Nevertheless, the degree of success-
ful establishment and biocontrol expression is linked to the 
host plant. From this study, we do not propose a solution to 
managing endophyte-host plant interactions, but merely of-
fering a better understanding on factors that may influence the 
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colonization of endophytes in host plants. The complexity of 
the endophyte-host-pathogen factors remained to be further 
explored. In future, investigations into the association of 
host-defense enzymes with endophyte colonization and their 
subsequent biocontrol efficacy can be performed to enhance 
understanding on using endophytes as BCAs.
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