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The coating agent is critical in ensuring the success of seed biopriming. In this study, various biopolymers
(sodium alginate, carboxymethylcellulose, gum arabic, xanthan gum) were tested for their efficacy as a
coating agent for bioagent (Trichoderma asperellum) bioprimed to Brassica rapa (pak choy) seeds. Seeds
and bioagent were first treated separately in biopolymer solutions, and examined for seed germination
and spore viability, respectively, as a measure of compatibility. The suitable biopolymers and concentra-
tions were then used to coat T. asperellum to the seeds, and the percentage of spore entrapped, and viable
spore count were determined to reflect coating efficacy. The biopolymer with efficient coating efficacy
was selected and employed as coating agent with various spore concentrations on seeds, and seed ger-
mination and radicle length were determined. Results revealed that coating with biopolymers benefited
seeds. Spore viability was higher when treated with all biopolymers (89–100%) than without (84%).
Higher coating efficacy was achieved with sodium alginate (1.5% w:v) which entrapped more spores dur-
ing biopriming (83.63 ± 0.86%) and retained more viable spores (4.01 ± 0.01 log spore seed-1) after 24 h
post-priming. Biopolymers have no adverse effect on radicle length and seed germination, although
increasing spore concentrations inhibited radicle elongation. In short, biopriming using sodium alginate
(1.5% w:v) with 102 spores/mL of T. asperellum is therefore recommended for Brassica seeds as higher seed
germination (90.67 ± 2.88%) and overall benefits can be achieved.
� 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vegetables such as lettuce, cabbage, pepper, cucumber, tomato
and pak choy provide major nutritional sources to our daily diet.
Unfortunately, vegetables are susceptible to both abiotic and biotic
threats, leading to food insecurity. One of the primary causes of
poor vegetable yield is disease outbreak, which farmers counter
through the application of agrochemicals. Chemicals, however,
leave toxic residues on crops and accumulates in the field
(Ahmad et al., 2018). As such, environmental-friendly alternatives
are sought to control diseases and to reduce environmental
pollution.
Biological treatment is an example of environmental-friendly
alternatives, and for vegetable crops, growers are inclined to adopt
the seed treatment approach (via seed priming, biopriming) (John
et al., 2011; Ruttanaruangboworn et al., 2017). The key compo-
nents for seed treatments are coating agents (biopolymer carriers),
bioagents (microbial strains) and seeds. Among the many treat-
ments available, seed biopriming is one of the most effective as it
integrates beneficial microorganisms (e.g. biocontrol agents,
plant-growth promoters) onto the seeds under hydrated condi-
tions (John et al., 2011; Shukla et al., 2015; Rajput et al., 2019).
Seed biopriming introduces beneficial microorganisms to the
seeds, so that bioprimed seeds have better tolerance towards biotic
(seed-borne, soil-borne diseases) and abiotic stress, as well as to
achieve better germination rate and seedling emergence (Singh
et al., 2016a, 2016b).

A successful seed biopriming approach is achieved when bioa-
gents and coating agents (e.g. biopolymer carriers) are employed
at optimum imbibition time. Bioagents selected are often biocon-
trol agents or plant-growth promoters, while coating agents are
biopolymer carriers or stickers that prolong the viability of the
bioagent (John et al., 2011; Singh et al., 2016b). In this study, the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssas.2021.01.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jssas.2021.01.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:adeline.ting@monash.edu
https://doi.org/10.1016/j.jssas.2021.01.006
http://www.sciencedirect.com/science/journal/1658077X
http://www.sciencedirect.com


Table 1
Biopolymers and their concentrations used in the coating test. All seeds were imbibed
at five different imbibition time. (Concentrations were modified from Abuamsha
et al., 2014; Le et al., 2016; Singh et al., 2016b).

Biopolymer Concentration
(% w:v)

Seed imbibition time
(h)

Sodium Alginate (SA) 0.1, 0.5, 1.0, 1.5 0.5, 1.0, 6.0, 12.0, 24.0
Carboxymethylcellulose

(CMC)
0.5, 1.0, 1.5, 2.0

Gum Arabic (GA) 25.0, 30.0, 35.0, 40.0
Xanthan gum (XG) 0.1, 0.2, 0.3, 0.4
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bioagent selected is the mycoparasite Trichoderma asperellum. T.
asperellum is a promising biocontrol agent against diseases such
as Fusarium wilt of tomato (Li et al., 2017), Ganorderma boninense
in oil palm (Cheong et al., 2017), Pythium damping-off disease in
tomato (Elshahawy and El-Mohamedy, 2019), and Rhizoctonia
solani in corn seedlings (Herrera et al., 2020). Kipngeno et al.
(2015) reported that biopriming with T. asperellum showed 50%
reduction in damping-off disease incidence. A similar species of
T. asperellum (strain BHUT8) has also demonstrated plant
growth-promoting properties in peas, increasing root establish-
ment, shoot length and weight (Singh et al., 2016b). In this study,
the isolate T. asperellum has also shown a degree of metal-tolerant
characteristics, which may be beneficial in conferring tolerance
towards abiotic stress when cultivated on marginal soils (Chen
et al., 2017). Therefore, T. asperellum is an ideal bioagent for seed
biopriming as the isolate is expected to enhance tolerance of seeds
towards biotic (biocontrol) and potentially for future use to miti-
gate abiotic (metal-tolerance) stress.

This study considered the following biopolymers as carriers or
stickers: sodium alginate, carboxymethylcellulose, gum arabic
and xanthan gum (Deaker et al., 2004). Biopolymers as carriers
assists in the distribution of the bioagent on the seed surface, pro-
mote better adherence and prolong the viability of the bioagent
(Abuamsha et al., 2014; O’Callaghan, 2016). The type of biopoly-
mers and their respective concentrations are known to influence
the gradual seedling emergence, seedling performance, and the
release and survival of bioagents (Rocha et al., 2019). Imbibition
time is also a crucial factor in dictating the success of seed germi-
nation and they vary according to the types of imbibing solution
(coating carrier). Among the many biopolymers, carboxymethyl-
cellulose is the most used, having been applied to tomato, chick-
pea, maize, beans, brinjal, rajma, okra, chilli, guar and ridge
gourd seeds (Pehlivan et al., 2017; Singh et al., 2016b; Yobo
et al., 2011). Other biopolymers such as chitosan, xanthan gum,
gum arabic, polyvinyl alcohol, starch, gelatin, polyacrylamide and
alginates, have also been used but mostly on legume crops such
as lupin, clover and soybean seeds (Deaker et al., 2004). These
biopolymers are generally safe for applications in agriculture, food
and pharmaceutical industries (Jung et al., 1982; Zeng and Shi,
2009; Vercelheze et al., 2019; Zahedi, 2019).

In this study, the isolate Trichoderma asperellum is bioprimed to
the seeds of Brassica rapa var. chinensis. This vegetable crop is more
commonly known as ‘‘pak choy” or ‘‘bok choy” and is one of the
most cultivated leafy vegetable in Asia and Malaysia. Land use ded-
icated to Brassica sp. has however, reduced over the years, from
15,522.6 ha in 2014 to 9,016.3 ha in 2018 (Department of
Agriculture Malaysia, 2018). This is attributed to infertile land, pest
attacks, diseases, soil pollution and climate change, leading to
reduced crop yield. Uncoated Brassica seeds may be more suscep-
tible to adverse environmental conditions, impacting yield. This
study therefore aims to introduce the use of biopolymers in seed
biopriming to enhance the efficacy of biological seed treatment.
It is hypothesized that effective seed biopriming is identified by
the compatibility of coating agent with bioagent and with seeds
as biopolymers are expected to promote and prolong viability of
bioagent on seeds. In this study, the efficacy of the biopolymers,
their influence on viability of bioagent and effect on seed germina-
tion are investigated. The type of biopolymer, concentration and
imbibition time that is most effective in promoting seedling emer-
gence will also be determined. Spore concentration is also opti-
mized in the selected biopolymer formulation (the highest
coating efficacy) and examined in Petri dish prior to pot trials. It
is expected that the selected biopolymer and its optimum condi-
tions would gradually be adopted to bioprime seeds of Brassica
rapa var. chinensis, so that the seeds can have tolerance to biotic
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and abiotic stresses when cultivated in both arable and marginal
soils, without implicating yield.

2. Materials and methods

2.1. Preparation of biopolymers

The biopolymers selected were sodium alginate (R&M Chemi-
cals, UK); carboxymethylcellulose (CMC) (Calbiochem, USA); gum
arabic (Sigma-aldrich, USA) and xanthan gum (Sigma-aldrich,
USA). The biopolymers were weighed (in powder form) as accord-
ing to Table 1 and sterilized via exposure to UV-rays for 30 min.
The biopolymers were dissolved in sterile distilled water and
placed on a shaker overnight at room temperature prior to use.
Additionally, the biopolymer solution (a loopful) was plated onto
nutrient agar (Merck, Germany) to ensure absence of microorgan-
isms (contamination free).

2.2. Biopolymer-bioagent compatibility

This preliminary experiment determines the effects of biopoly-
mers on the viability of bioagent. The fungal bioagent, Trichoderma
asperellum was cultured on potato dextrose agar (PDA) (Merck,
Germany) for a week. Fungal spores were harvested by pouring
sterile distilled water to the cultures to dislodge the spores with
a glass rod. The fungal suspension collected was filtered through
three layers of sterile cheesecloth to remove fungal mycelium.
The filtrate was then centrifuged (10 000 rpm, 10 min) and the
supernatant discarded. The pellet was resuspended in 1 mL of each
biopolymer solution to form spore suspension (105 spores mL�1

using a haemocytometer). The suspension was incubated for 48 h
and the viable spore count was enumerated at 0, 24 and 48 h via
the spread plate method. The viable count was assessed based on
the number of viable spore at the end of the incubation period
and calculated as in equation (1).

Spore viability ð%Þ ¼ Final viable spore count
Initial viable spore count

� 100% ð1Þ

The concentration of each biopolymer that gives the highest
percentage of spore viability was then selected as the optimum
concentration for subsequent studies. This test was performed
using sodium alginate, carboxymethylcellulose, gum arabic and
xanthan gum at concentrations stated in Table 1. Control treatment
was established by treating seeds with 1 mL of sterile distilled
water instead of biopolymers.

2.3. Biopolymer-seed compatibility assessment

This preliminary assessment determines the effects of biopoly-
mers (type, concentration) and the respective imbibition time
used, on seed quality (germination percentage, germination rate
and seed vigour). Approximately 450 seeds (Green World Genetics
Sdn. Bhd., Malaysia) were surface sterilized (1.5% sodium
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hypochlorite, 5 min) and double-rinsed with sterile distilled water
(Singh et al., 2016a), prior to air-drying in the laminar air-flow. The
concentrations of biopolymers were prepared with sterile distilled
water as in Table 1. Seed imbibition was then performed in 1 mL of
biopolymer solution (100 seeds in 1 mL of solution) for 0.5, 1.0, 6.0,
12.0 and 24.0 h. The imbibed seeds were air-dried on sterile filter
paper and placed onto 1% water agar for seed germination (with
12 h photoperiod). Triplicates were performed per treatment with
each replicate comprising of 25 seeds. Seeds with radicle protru-
sion are considered as germinated and the germination percentage
was recorded daily for two weeks (Singh et al., 2016b). Germina-
tion rate were calculated according to equation (2) (Bhatt et al.,
2015). The length of radicle and hypocotyl was measured to
evaluate seed vigour (equation (3)) (Bhatt et al., 2015). The
interactive effects of biopolymer concentration and imbibition
time were examined using a two-way analysis of variance
(Two-way ANOVA). The optimum imbibition time with the highest
germination rate index and seed vigour index was selected for
subsequent studies.

Germination rate index ;GRI ¼ X1

Y1
þ X2 � X1

Y2
þ � � �

þ Xn � Xn�1

Yn
ð2Þ

where

X1: Number of seeds germinated on day 1;
X2: Number of seeds germinated on day 2;
Xn: Number of seeds germinated on day n;
Y1: Number of days from sowing to first count;
Y2: Number of days from sowing to second count;
Yn: Number of days from sowing to n count

Seed v igour index; SVI ¼ percentage germination ð%Þ
� ðseedling lengthÞ ð3Þ
2.4. Coating efficacy of selected biopolymers on seeds

From the preliminary assessments (Sections 2.2 and 2.3),
biopolymers with concentrations compatible with pak choy
seeds and the bioagent (T. asperellum), were selected to deter-
mine their coating efficacy. Coating efficacy was assessed based
on two key areas; (1) on number of T. asperellum spores
entrapped to seed by the biopolymer and their viability after
24 h, and (2) the extent of encapsulation of the biopolymers
on seeds. To initiate the experiment, 100 seeds were bioprimed
with 1 mL of selected biopolymer (and concentration) containing
spores (107 spore mL�1). The bioprimed seeds were then air-
dried in the laminar air-flow for 2 h. To determine the number
of T. asperellum spores entrapped to seeds by the biopolymer,
20 seeds were sampled at the 1st and 24th h for viable plate
count. The seeds were soaked in 2 mL of sterile distilled water,
vigourously vortexed, and serially diluted and plated onto PDA
supplemented with rose bengal (0.008 g L-1) (Sigma-Aldrich,
USA). Viable plate count allows the recovery of bioagents from
seed surface, expressed as log spore count seed-1. In addition,
the percentage of spore entrapped onto the seed from the bio-
priming process (spore distribution) was also evaluated (Equa-
tion (4)) at the 1st and 24th h (Singh et al., 2016b). The
biopolymer with superior coating efficiency was selected for
subsequent seed germination study.

Percentage of bioagent entrapped to bioprimed seed ðC;%Þ

¼ Log
Ci � Cv

Ci
� 100% ð4Þ
200
where

Ci: Initial spore count per seed;
Cv: Viable spore count at 1st h (or 24th h).

To determine the extent of encapsulation of biopolymers on the
seed surface, bioprimed seeds were observed using the stereomi-
croscope (Motic SMZ-140, China) and the scanning electron micro-
scope (SEM). For stereomicroscopy, bioprimed seeds were selected
at random and observed with images captured to illustrate the
appearance of biorprimed seeds. For SEM, five bioprimed seeds
were sampled randomly, fixed in 2.5% glutaraldehyde (in 0.1 M
phosphate buffer, pH 7.4) and incubated overnight at 4 ± 2 �C.
The seeds were then washed with three changes of 0.1 M phos-
phate buffer (5 min each), followed by dehydration in a series of
ethanol solutions (30, 50, 70, 80, 90, 95 and three changes in
100% for 20 min each). The seeds were then dried overnight in a
desiccator (25 ± 2 �C), prior to placing on aluminium spud (with
carbon tape) and sputter-coated with platinum (sputter coater
Quorum Q150RD). The surfaces of the bioprimed seeds (seed
coated with biopolymer and spores) were observed under variable
pressure scanning electron microscope (VP-SEM) (Hitachi S3400N-
II, Japan) (at 20 kV). The procedure was repeated, substituting
seeds with mycelial plugs of T. asperellum and processed similarly.
The comparative observations enabled the determination of coat-
ing efficacy from the biopriming process.

2.5. Germination of seeds bioprimed with selected biopolymer

The influence of spore concentrations on seed germination is
determined by first preparing spore suspensions of T. asperellum
in different concentrations (102, 103, 104, 105, 106, 107, 108 spore
mL�1). The suspension from each concentration was centrifuged
(10 000 rpm, 10 min), supernatant was discarded, and the pellet
was resuspended in 1 mL of 1.5% (w:v) sodium alginate solution
to form a mixture. Surface-sterilized pak choy seeds were then
introduced into the mixture and bioprimed for 0.5 h. Seeds were
then air-dried in the laminar air-flow, transferred into Petri dish
(90 mm diameter) with sterile moist paper towel, and observed
for germination. Germination percentage and seedling radicle
length were measured after a week. The spore concentration which
produced the highest germination percentage and radicle length
was selected as the optimal bioformulation for pak choy seeds.

2.6. Statistical analysis

All experiments were conducted in triplicates. The data
obtained was subjected to Analysis of Variance (ANOVA) using
the Statistical Package for the Social Sciences (IBM SPSS) version
23.0. The data means were compared with Tukey’s Honestly Signif-
icant Difference test (p < 0.05) and independent t-test (a < 0.05)
where relevant.
3. Results

3.1. Biopolymer-bioagent compatibility assessment

All biopolymers were able to confer better viability of T. asperel-
lum compared to control (0% biopolymer), with the exception for
seeds coated with 0.3% w:v and 0.4% w:v of xanthan gum
(Fig. 1). Generally, biopolymers enabled T. asperellum to achieve
viability range of 89–100%; whereas, seeds without biopolymers
(control) retained 85% viability. Among the biopolymers, gum ara-
bic (GA), carboxymethylcellulose (CMC), and sodium alginate (SA),
retained significantly higher percentages of viability (with 100%



Fig. 1. Viability (%) of Trichoderma asperellum in different biopolymers and concentrations after 48 h incubation. Biopolymers used were: sodium alginate (SA),
carboxymethylcellulose (CMC), gum arabic (GA) and xanthan gum (XG), in various concentrations (numerical attached to the biopolymer). Note: SA0.1 indicates 0.1% w:v
sodium alginate. Values are means of triplicates. Means with the same letters are not significantly different (One-way ANOVA, Tukey’s Test, p < 0.05). Bars indicate standard
error of means (±SE).
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viability) compared to xanthan gum (XG) (89–97%) (Fig. 1). These
biopolymers (GA, CMC, SA, XG) are considered as compatible for
use as coating agents or stickers for T. asperellum.

Results also indicated that most concentrations tested were
fairly effective in enhancing viability of the bioagent (T. asperel-
lum). The increase in concentrations did not necessarily lead to bet-
ter viability, and in most cases, a lower percentage of biopolymers
is sufficient. For gum arabic, concentrations of 25 (GA25.0), 30
(GA30.0), 35 (GA35.0) and 40% (GA40.0) w:v, produced spore via-
bility of 100, 100, 98 and 100%, respectively (Fig. 1). As such, 25%
w:v (GA25.0) is concluded as having the potential to maintain
the viability of the bioagent (99%) effectively among the tested
concentrations. Similarly, carboxymethylcellulose (CMC) elicited
similar trend with 95, 96, 100 and 99% viability recorded for seeds
bioprimed with 0.5 (CMC0.5), 1.0 (CMC1.0), 1.5 (CMC1.5) and 2.0%
(CMC2.0) w:v (Fig. 1). The concentration 1.5% w:v (SA1.5) was also
suitable for sodium alginate, with 99% viability recorded. On the
contrary, xanthan gum revealed a decreasing trend in compatibil-
ity when increasing concentrations were used. The most effective
concentration was 0.1% w:v xanthan gum (XG0.1) (98% viability)
and the least effective concentration was 0.4% w:v (XG0.4) (89%
viability) (Fig. 1). In short, the results suggested the most effective
concentration to retain viability of T. asperellum were 1.5% w:v
sodium alginate (SA1.5), 1.5% w:v carboxymethylcellulose
(CMC1.5), 25% w:v gum arabic (GA25.0) and 0.1% w:v xanthan
gum (XG0.1). These concentrations and their corresponding
biopolymer were then applied for coating efficacy assessment.

3.2. Biopolymer-seed compatibility assessment

Biopolymers were generally compatible with the pak choy
seeds. Although various concentrations of biopolymers were
tested, they did not have any adverse effect on seeds, bearing
exception for sodium alginate and carboxymethylcellulose. The
concentrations of sodium alginate and carboxymethylcellulose
impacted the rate of seed germination (F = 5.180, p = 0.001), and
percentage of seed germination (F = 7.349, p = 0.000098) and rate
of germination (F = 279.701, p = 0.000009), respectively (Table 2).
The influence of imbibition time has rendered seeds susceptible to
higher concentrations of biopolymers. Carboxymethylcellulose,
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gum arabic and xanthan gum have revealed that the rate of seed
germination and seed vigour (gum arabic only) were influenced
by the interaction of concentration of biopolymer with imbibition
time (Table 2).

The combination treatment between type of biopolymers and
imbibition time shown in Table 3 involved only the selected effec-
tive concentrations. The combination treatment that produced the
highest rate of germination was recorded at 16.42 ± 0.74, 16.56 ± 0.
95, 18.03 ± 0.57 for CMC1.5, GA25.0 and XG0.1, respectively at 1 h
imbibition time. On the contrary, the combination treatment that
produced the highest seed vigour index was GA25.0 (519.83 ± 38.
03). This suggested that imbibition time have a greater impact on
almost all parameters, compared to the types of biopolymers used.
Imbibition time had stronger influence on the overall seed perfor-
mance (percentage of seed germination, seed vigour and rate of
germination) (Table 3). This was evident in seeds treated with all
biopolymers (sodium alginate, carboxymethylcellulose, gum ara-
bic, xanthan gum). The short imbibition time of 0.5–1 h was opti-
mum for sodium alginate (0.5 h), carboxymethylcellulose (0.5 h),
gum arabic (1 h) and xanthan gum (1 h). Prolonged imbibition time
beyond 1 h led to corresponding decrease in percentage of germi-
nation, seed vigour and rate of germination (Table 3). At imbibition
time of 6 h, the percentage of germination were <78%, seed vigour
index was 72.84 and the rate of germination index was <11.06
(Table 3).

3.3. Coating efficacy of selected biopolymers on seeds

Coating efficacy was determined by the percentage of spore
entrapped on seed surface, their viablity when recovered from
seeds, and the extent of encapsulation on seed surface. As
expected, biopolymers demonstrated high coating efficacy with
higher percentage of spores entrapped on seed surface (78.33–
83.63%) compared to control (60.49 ± 0.72%) (Fig. 2a). Coating with
1.5% sodium alginate (SA1.5) allowed the recovery of 83.63 ± 0.86%
of spores, reflecting the high number of spores successfully
entrapped on seed surfaces (Fig. 2a). In addition, coating with
sodium alginate (SA1.5) also retained viability of the spores. The
spore count was 4.01 ± 0.01 log spore seed-1 after 24 h, which
was significantly higher than control (2.76 ± 0.05 log spore seed-



Table 2
Influence of concentration, imbibition time, and the interaction of concentration with imbibition time, of various types of biopolymers on seed germination, vigour and rate of
germination. The F-values and p-values tabulated were determined from a Two-way ANOVA analysis.

Type of biopolymers Sources of Variation df Percentage of
germination

Seed vigour Rate of germination

F-value p-value F-value p-value F-value p-value

Sodium alginate Concentrationa (C) 4 2.130 0.091 1.279 0.291 5.180 0.001*
Imbibition timeb (T) 4 60.418 <0.001* 111.866 <0.001* 235.052 <0.001*
C � T interaction 16 0.478 0.947 1.702 0.077 1.549 0.120
Error 50 Mean square 46.720 Mean square 3981.597 Mean square 1.325

Carboxymethylcellulose Concentrationa (C) 4 7.349 <0.001* 2.140 0.090 7.480 <0.001*
Imbibition timeb (T) 4 35.754 <0.001* 54.003 <0.001* 416.012 <0.001*
C � T interaction 16 1.170 0.323 1.130 0.355 2.155 0.006*
Error 50 Mean square 60.160 Mean square 5155.380 Mean square 1.220

Gum arabic Concentrationa (C) 4 1.124 0.356 1.393 0.250 0.915 0.463
Imbibition timeb (T) 4 14.293 <0.001* 11.814 <0.001* 247.181 <0.001*
C � T interaction 16 1.289 0.241 3.469 <0.001* 2.648 0.004*
Error 50 Mean square 46.293 Mean square 3186.160 Mean square 0.976

Xanthan gum Concentrationa (C) 4 1.641 0.179 0.480 0.750 2.454 0.058
Imbibition timeb (T) 4 18.739 <0.001* 10.564 <0.001* 212.059 <0.001*
C � T interaction 16 0.925 0.547 1.363 0.199 1.862 0.048*
Error 50 Mean square 53.120 Mean square 4232.579 Mean square 0.923

a Distilled water (Control) and various concentrations of biopolymers listed in Table 1.
b 0.5 h, 1 h, 6 h, 12 h and 24 h.
* Indicates significant p value (p < 0.05).

Table 3
The measured parameters (percentage of germination, seed vigour index, germination rate) of pak choy seeds imbibed in selected sodium alginate, carboxymethylcellulose, gum
arabic and xanthan gum, corresponding to the various imbibition time (0.5, 1, 6, 12, and 24 h).

Biopolymers Parameters Imbibition time (h)

0.5 1.0 6.0 12.0 24.0

Control PGA 86.67 ± 0.00a 82.67 ± 3.93a 61.33 ± 3.93b 62.67 ± 2.18b 69.33 ± 7.14b

SVIB 463.63 ± 35.67a 330.74 ± 33.67b 291.74 ± 28.85bc 236.40 ± 23.94bc 197.77 ± 14.77c

GRC 13.00 ± 0.55ab 13.81 ± 1.36a 9.55 ± 0.23bc 9.67 ± 0.36bc 6.94 ± 0.68c

Sodium Alginate (1.5% w:v) PGA 96.00 ± 2.31a 88.00 ± 4.00ab 58.67 ± 3.53c 68.00 ± 4.00c 70.67 ± 5.81bc

SVIB 628.12 ± 33.26a 206.85 ± 44.21b 132.17 ± 15.43b 230.18 ± 7.43b 236.59 ± 16.01b

GRC 17.11 ± 0.93a 17.03 ± 0.72a 8.64 ± 0.51b 6.67 ± 0.36b 6.70 ± 0.35b

Carboxymethylcellulose (1.5% w:v) PGA 92.00 ± 2.31a 82.67 ± 4.81ab 62.67 ± 3.53b 70.67 ± 7.42ab 73.33 ± 7.06ab

SVIB 508.55 ± 29.21a 317.45 ± 64.67ab 80.34 ± 15.15c 260.47 ± 36.37bc 250.29 ± 43.89bc

GRC 15.97 ± 0.55a 16.42 ± 0.74a 8.39 ± 0.07b 7.38 ± 0.80b 7.07 ± 0.49b

Gum Arabic (25.0% w:v) PGA 86.67 ± 3.53a 90.67 ± 2.67a 72.00 ± 6.11a 80.00 ± 4.00a 73.33 ± 5.81a

SVIB 262.33 ± 35.34b 519.82 ± 38.03a 397.58 ± 24.90ab 331.48 ± 30.73b 262.84 ± 5.51b

GRC 11.64 ± 0.39b 16.56 ± 0.95a 8.14 ± 1.06c 8.23 ± 0.12c 7.05 ± 0.36c

Xanthan Gum (0.1% w:v) PGA 85.33 ± 1.33ab 90.67 ± 3.53a 76.00 ± 4.00ab 72.00 ± 4.62c 73.33 ± 3.53c

SVIB 307.90 ± 18.11a 391.48 ± 38.67a 409.82 ± 64.59a 298.85 ± 24.32a 264.86 ± 33.97a

GRC 11.50 ± 0.69b 18.03 ± 0.57a 10.05 ± 0.69bc 7.72 ± 0.28 cd 7.52 ± 0.26d

Only the most effective concentration of each biopolymer was shown here. Data are means ± standard error of means from triplicates. Means with the same small letters
within a column are not significantly different (comparison of different imbibition hours) according to Tukey’s Test (p < 0.05).

A Percentage of Germination (PG).
B Seed vigour index (SVI).
C Germination rate (GR).
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1) (Fig. 2b). When observed under the steromicroscope, the bio-
primed seeds showed similar appearance (size, shape) with seeds
without biopolymer (control) evidencing that biopolymers do not
alter nor distort the shape and size of seeds (Fig. 3). Nevertheless,
observations using stereomicroscope were limited to only seed
appearance, and examinations using SEM are required to provide
further information. With SEM, it was revealed that the high recov-
ery of the bioagent may be attributed to the thin coating layer,
which had smaller pore-structures distributed evenly on the seed
surface (Fig. 4a), compared to larger pore size of the original seed
surface (Fig. 4e). The use of 0.5% carboxymethylcellulose
(CMC0.5) also showed similar results as sodium alginate (SA1.5).
Relatively high percentage of spores were entrapped (81.28 ± 0.7
7%) (Fig. 2a) and viable spores were recovered (3.84 ± 0.77 log
spore seed-1) (Fig. 2b). Carboxymethylcellulose also formed a thin
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coating film on the surface of the seeds, favouring entrapment of
spores and retaining spore viability (Fig. 4b).

On the contrary, gum arabic (GA25.0) and xanthan gum (XG0.1)
produced poorer spore viability. Coating with gum arabic (GA25.0)
resulted in 77.95 ± 1.20% of entrapped spores, but only 3.74 ± 0.02
log spore seed-1 viable count at 24 h post-biopriming (Fig. 2a). Both
stereomicroscopic and SEM observations revealed that gum arabic
resulted in the formation of a smooth but thick layer of coating film
covering the seed surface, with almost complete absence of perfo-
ration on the surface of seeds (Fig. 4c). For xanthan gum (XG0.1),
78.33 ± 1.76% of spores were entrapped on the seed surface, but
the viability count was only 3.62 ± 0.03 log spore seed-1 after
24 h post-biopriming (Fig. 2b). Surface examination revealed that
xanthan gum did not form a coating layer on seed surface. Instead,
xanthan gum formed clumps on the seed surface (Fig. 4d).



Fig. 2. (a) Percentage of spores entrapped (%) on seed surfaces and (b) viable spore count recovered from bioprimed seed after 1 and 24 h with selected biopolymer and their
concentrations. Values are means of triplicates. Means with the same letters are not significantly different (One-way ANOVA, Tukey’s Test, p < 0.05). * indicates sigificant
difference between two treatment group according to T-test (p < 0.05). Bars indicate standard error of means (±SE).

Fig. 3. Appearance of seeds coated with (a) sodium alginate, (b) carboxymethylcellulose, (c) gum arabic and (d) xanthan gum, as compared to (e) seed without biopolymer
(control). Observations were viewed from a stereomicroscope (Motic SMZ-140, China) at magnification of 30�.
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From this study, sodium alginate (SA1.5) was concluded to be
the most compatible and useful, and was selected for subsequent
studies. Sodium alginate retained the ellipsoidal shape and size
(3–5 mm) of T. asperellum while entrapped to the seed surface
(Fig. 5b), similar to the spore shape and size from pure fungal cul-
ture (Fig. 5a).

3.4. Germination of seeds bioprimed with selected biopolymer (SA1.5)

Results revealed that spore concentrations had no significant
impact on seed germination (81–90%) (Fig. 6a), but implicated
radicle length (Fig. 6b). Spore concentration of 102 spores mL�1 is
the preferred choice, as it generally led to relatively high germina-
tion percentage (90.67 ± 2.88%) (Fig. 6a). Most importantly, this
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concentration had the least impact on radicle growth (21.21 ± 4.
52 mm). With higher spore concentrations (103–108 spores
mL�1), radicle lengths were significantly reduced (5.76–
10.41 mm). When 103–108 spores mL�1 were applied, radicle
length was significantly inferior to radicle lengths in both controls;
control with water only (23.50 ± 2.00 mm) and with biopolymer
only (SA) (29.16 ± 1.47 mm) (Fig. 6b). Upon examination, the seed-
lings bioprimed with higher spore concentrations (106–108 spores
mL�1) led to formation of thicker, deformed radicle (Fig. 7). This
morphological change suggested that high spore concentration
was detrimental to seedling growth.

In summary, this study has revealed that the most suitable
biopolymer was sodium alginate, with a concentration of 1.5% w:
v (SA1.5), 0.5 h imbibition period and spore concentration of 102



Fig. 4. Scanning electron micrographs depicting surface appearance of pak choy seeds coated with (a) sodium alginate, (b) carboxymethylcellulose, (c) gum arabic and (d)
xanthan gum, as compared to (e) surface of seeds without biopolymer (control). Micrographs were produced from viewing using the scanning electron microscope (Hitachi
S3400N-II, Japan) at high magnification (�1.00 k).

Fig. 5. Scanning electron micrographs depicting spores and mycelium of T. asperellum (a) when growing on an agar culture and (b) when bioprimed onto pak choy seeds
surface, viewed using a VP-SEM (Hitachi S3400N-II, Japan) at high magnification (�2.00 k).
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spore mL�1. Sodium alginate retained high spore viability, pro-
moted seed performance and enabled high coating efficacy.
4. Discussion

All biopolymers demonstrated suitability as coating agent as
they showed compatibility with bioagent and seeds, maintaining
the spore viability of T. asperellum and promoting pak choy seed
germination and growth. Biopolymers achieve this as they are rich
in nutrients (monosaccharides, polysaccharides) (Mohan et al.,
2016; Mishra et al., 2018). Spore germination and viability are nat-
urally enhanced as these nutrients are beneficial for the bioagent
(Daryaei et al., 2016). Among the four biopolymers tested, sodium
alginate and carboxymethylcellulose demonstrated better poten-
tial as coating material. Both biopolymers promoted seed perfor-
mances, retained spore viability, and demonstrated efficient
coating of seeds with similar percentages of spores entrapped on
seeds. The similarities of sodium alginate and carboxymethylcellu-
lose may be attributed to their similar polysaccharide structure and
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less complex physicochemical properties. Both biopolymers are lin-
ear polysaccharides with similar molecular weight (Sodium algi-
nate: 216.12 g/mol; Carboxymethylcellulose: 262.19 g/mol)
(Aravamudhan et al., 2014). The efficacies of sodium alginate and
carboxymethylcellulose as seed coating have been reported,
whereby uniformed coating is often achieved that reduces the risk
of peeling off. As such, the bioagents adhere well to the seeds.
Several studies have demonstrated the effectiveness of sodium algi-
nate (1.0% w:v) and carboxymethylcellulose (1.0, 1.5% w:v) on Tri-
choderma strains, which include T. harzanium (Knudsen and Li,
1990; Shukla et al., 2015), and T. asperellum (Singh et al., 2016b).
Findings in this study affirms existing literatures. Biopolymers
may also render protective effect towards the bioagent from
adverse environmental stress (Ma, 2019; Vercelheze et al., 2019).
Sodium alginate and carboxymethylcellulose maintained viable
spores on seed surface effectively, compared to gum arabic and xan-
than gum. The physicochemical properties of sodium alginate and
carboxymethylcellulose such as low water activity and low heat
transferring properties (John et al., 2011; O’Callaghan, 2016), may
have favoured spore viability compared to other biopolymers.



Fig. 6. (a) Germination percentage (%) and (b) mean radicle length (mm) of pak choy seeds bioprimed with 1.5% w:v sodium alginate (SA) supplemented with various spore
concentrations (spores mL�1). Values are means of triplicates. Means with the same letters are not significantly different (One-way ANOVA, Tukey’s Test, p < 0.05). Bars
indicate standard error of means (±SE).

Fig. 7. Examination of radicles formed from pak choy seeds with 1.5% w:v sodium alginate with different spore concentration. Ctrl: Control (without biopolymer); A: treated
with SA only, B: 102, C: 103, D: 104, E: 105, F: 106, G: 107 and H: 108 spores mL�1.
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For gum arabic, results revealed that higher concentrations (40%
w:v) were more effective in enhancing spore viability. Although it
is not certain if concentrations exceeding 40% w:v would have fur-
ther enhanced spore viability, higher concentrations are often dis-
couraged due to feasibility, practicality and economical limitations.
In fact, having exceedingly nutrient rich conditions can be detri-
mental to spores. High carbon levels weaken spore germination,
viability and bioactivity. In another nutrient-rich condition, sup-
plementation of high glucose and peptone levels (C:N ratio of
160:1), resulted in 22% reduction of Trichoderma spore germination
compared to conditions with C:N ratio of 5:1 (Daryaei et al., 2016).
Gum arabic had slightly poorer coating efficacy as well, as spore
recovery was generally lower from the bioprimed seeds. This
may be due to the smooth and thick coating film covering the seed
surface and the absence of pores, resulting in lesser surface area
available for spores to adhere to. Interestingly, the inferiority of
gum arabic discovered in this study contrasted with findings by
Temprano et al. (2002). In their study, Rhizobium and Bradyrhizo-
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bium sp. had higher viability when coated with 20% gum arabic
than in 2% carboxymethylcellulose. This revealed that the compat-
ibility of biopolymers with bioagents may vary, particularly in
compaing bacterial and fungal bioagents, and reiterates the impor-
tance of preliminary testing for compatibility and optimization.

The least suitable biopolymer was xanthan gum, as their func-
tion as coating agent resulted in inferior viability, especially with
increasing concentrations of xanthan gum. This may be linked to
the properties of xanthan gum, that has high acidity and high vis-
cosity. These properties resulted in low water activity, leading to
poor mobilisation of solutes, rendering the nutrients less bioavail-
able to the bioagent (Deaker et al., 2004). Although the link
between bioagent viability and biopolymer is still not known, it
is presumed that the survival of microorganisms may be highly
dependent on the water activity and rheological properties of the
solution (Lenovich, 2017).

In addition to the types (and concentrations) of biopolymers,
imbibition time is also a crucial factor that influenced the viability
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of pak choy seeds as well. The percentage of seed germination, seed
vigour index and rate of seed germination was higher when imbi-
bition time was within 1 h. There are no existing literature on the
effects of imbibition time on Brassica seed germination, although
other seed type such as soybean have been reported to respond dif-
ferently to imbibition time (Mohamed et al., 2018). Interestingly,
pak choy seeds demonstrate better attributes when imbibed in
sodium alginate and carboxymethylcellulose for 0.5 h. The biopoly-
mers may influenced the rate of imbibition as well, as each
biopolymer has different water activity that dictate the rate of dif-
fusion (Chen and Nussinovitch, 2000). Gum arabic and xanthan
gum have larger polysaccharide molecules, compared to lower
molecular weight alginate and carboxymethylcellulose. Although
gum arabic is highly soluble in water, the gum structure forms high
resistance against hydrolysis and may have resulted in low
water activity (Chen and Nussinovitch, 2000). Prolonging the
imbibition time beyond 6 h were detrimental to seed vigour and
germination due to imbitional injury, which is hazardous to seeds
like pak choy as the seed coat is soft and thin. With rapid water
absorption from prolonged imbibition, water-saturation occurs
where oxygen is rapidly depleted, resulting in restricted
embryo respiration attributed to hypoxia or anoxia (Tarquis and
Bradford, 1992; Tschiersch et al., 2011). This often leads to death
of the seed embryo.

The seedling emergence of bioprimed seeds is also affected by
the concentration of bioagent used. Although preliminary observa-
tions indicated good compatibility of sodium alginate with pak
choy seeds and bioagent; high spore concentration of bioagent
was however, detrimental and inhibited radicle growth and elon-
gation. A study by Singh et al. (2016b) reported similar observa-
tions where radicle length of tomato and brinjal seeds were
significantly reduced when applied with high spore concentrations
of T. asperellum (105–108 spores mL�1). The inhibitory effect
towards radicle growth remains unclear, but it has been presumed
that high numbers of Trichoderma spp. may lead to overproduction
of antibiotics or metabolites that are toxic to plants. Higher con-
centrations of antibiotics such as harzianolide and peptaibol pro-
duced by Trichoderma spp. have been reported to inhibit root
elongation of tomato and Arabidopsis plants, respectively (Cai
et al., 2013; Shi et al., 2016). Although the percentage of germina-
tion was not affected, shorter radicle length of seedlings could fur-
ther weaken their growth and development and subsequently
lower crop yield.
5. Conclusion

This study has discovered that biopolymers effectively
entrapped the bioagent on seeds and preserved their viability
without affecting seed germination. Sodium alginate and car-
boxymethylcellulose have higher coating efficacy than gum arabic
and xanthan gum. Of all, sodium alginate (1.5% w:v) is preferred, as
it promotes spore viability and seed performances, and is able to
provide uniform coating and retain higher number of viable spores
on seeds (4.01 ± 0.01 log spore seed-1). Overall, sodium alginate is
effective in coating and sustaining viability of bioagent on seeds
that benefit the bioprimed pak choy seeds. This technology may
be transferred to other seed crops in the future, with clearer under-
standing on the biopolymers, their compatibility with seeds
a188nd bioagent, and their coating efficacy.
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