
1 23

Organic Agriculture
Official journal of The International
Society of Organic Agriculture Research
 
ISSN 1879-4238
Volume 8
Number 3
 
Org. Agr. (2018) 8:207-223
DOI 10.1007/s13165-017-0185-7

A simple, efficient, and farmer-friendly
Trichoderma-based biofertilizer evaluated
with the SRI Rice Management System

Febri Doni, Che Radziah Che Mohd
Zain, Anizan Isahak, F. Fathurrahman,
Azwir Anhar, Wan Nur’ashiqin Wan
Mohamad, Wan Mohtar Wan Yusoff, et
al.



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer

Science+Business Media B.V.. This e-offprint

is for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



A simple, efficient, and farmer-friendly Trichoderma-based
biofertilizer evaluated with the SRI Rice Management System

Febri Doni & Che Radziah Che Mohd Zain & Anizan Isahak & F. Fathurrahman &

Azwir Anhar & Wan Nur’ashiqin Wan Mohamad & Wan Mohtar Wan Yusoff &
Norman Uphoff

Received: 26 April 2017 /Accepted: 1 June 2017 /Published online: 16 June 2017
# Springer Science+Business Media B.V. 2017

Abstract Trichoderma spp. are highly interactive fungi
that live in soil, root, and foliar environments. In addition
to assisting plants to resist various diseases and drought
stress, Trichoderma has been reported to have positive
effects on the growth of many crops. While Trichoderma

inoculants have been developed for use with numerous
crops, explorations of the use of Trichoderma inoculants
in rice farming systems are still in a nascent stage. In this
study, a field experiment using a randomized complete
block design was conducted to determine the ability of
Trichoderma-based biofertilizer (TBF) to enhance the
growth, physiological traits, and yield of rice under
System of Rice Intensification (SRI) management. The
results showed significant potential for TBF to increase a
rice crop’s growth, physiological traits, and productivity.
Trichoderma-inoculated rice plants exhibited significant-
ly greater plant height, photosynthetic rate, chlorophyll a
and b content, stomatal conductance, and tiller and pan-
icle numbers. The grain yield of Trichoderma-inoculated
rice plants was 30%more than that from the uninoculated
SRI control plots, which simply due to changes in man-
agement practices produced paddy yields that were twice
the current average in Malaysia. A simple, efficient, and
farmer-friendly method for producing TBF, developed
for SRI farmers’ use to get these results, is reported here.

Keywords Biofertilizer . Symbiotic fungus . System of
Rice Intensification (SRI) . Sustainable rice production .

Trichoderma

Introduction

Trichoderma is a fungal genus with numerous functions
in agricultural systems, e.g., promotion of plant growth,
induction of plant defenses against pathogens, and re-
sistance to both biotic and abiotic stresses (Hermosa
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et al. 2012; Brotman et al. 2013; Atanasova et al. 2013).
As an endophytic symbiont, Trichoderma establishes
direct links with the plant by colonizing its root system
(Martinez-Medina et al. 2016a). During Trichoderma-
plant interactions, the fungus establishes chemical com-
munication with the plant and enhances the expression
of numerous plant genes (Martínez-Medina et al. 2016b).
Although Trichoderma becomes endophytic in plant
roots, the greatest changes in gene expression are report-
ed to occur mostly in plant shoots (Harman et al. 2012).

Species belonging to the genus Trichoderma are al-
ready economically important, being used in a wide range
of crop plants as microbial inoculants for plant-growth
promotion and in the management of different pathogens
(Contreras-Cornejo et al. 2013). Consequently, the search
for Trichoderma isolates that have significant antagonistic
and biofertilizer potentials has increased in recent years
(López-Bucio et al. 2015). With growing concern world-
wide about the adverse effects of agricultural chemicals on
the environment (Heong et al. 2015), agricultural practi-
tioners are looking increasingly for environmentally-
friendly inputs such as biofertilizers to manage their crops
and cropping systems (Rivera and Fernandez 2006; Viera
and Alvarez 2006; Sahoo et al. 2013).

Recently, we successfully isolated a local strain of
Trichoderma, namely Trichoderma asperellum SL2,
which has been proven to enhance rice plant growth,
physiological traits, nutrient uptake, and yield under gno-
tobiotic greenhouse conditions (Doni et al. 2017, 2014a).
This isolate, henceforth referred to simply asT. asperellum,
has thus far usually been used in the form of a suspension
of fungal cells applied to rice seeds or seedlings.

Trichoderma inoculants can be mass production
through liquid or solid fermentation (Oancea et al.
2016; Kobori et al. 2015; Cavalcante et al. 2008).
However, mass propagation of T. asperellum using solid
agar medium in petri dishes is not an economically
feasible approach for the production of large supply of
this microorganism. Substrates for the production of
Trichoderma species can come from crop residues, live-
stock wastes, industrial wastes, and any other natural
material (Isahak et al. 2014). Our investigations looking
for a carrier from among different locally available
organic materials for scaled-up production of
T. asperellum have shown that corn kernels can be a
cheap and efficient carrier in the local production of this
fungal agent (Doni et al. 2014b).

The System of Rice Intensification (SRI) is an agro-
ecological approach to rice production with the

following features: (i) healthy young seedlings are se-
lected and transplanted into the rice field preferably in
their two-leaf stage, which under Malaysia’s tropical
conditions means at an age of 5–7 days; (ii) single
seedlings are planted at a spacing of 25–30 cm to
encourage vigorous root growth by reducing competi-
tion for nutrients and also to support profuse tillering;
(iii) mechanical weeding is carried out to eliminate
weeds as well as to surface-aerate the soil; (iv) instead
of continuous flooding, SRI rice paddies are flooded
only intermittently to achieve better soil aeration and
growth of beneficial soil microorganisms; and (v) or-
ganic fertilizers are used/preferred over chemical fertil-
izers (Thakur et al. 2013, 2015, 2016; Styger and
Uphoff 2016; Wu and Uphoff 2015; Uphoff 2015).
One factor contributing to the robust growth of SRI rice
plants is the beneficial effects of symbiotic microbes
such as Trichoderma (Doni et al. 2017; Anas et al.
2011).

One of the practices employed by SRI farmers in
Malaysia is to produce home-made biofertilizers from
agricultural wastes by conventional fermentation in a
liquid form to be sprayed on the plants during rice
cultivation (Yusoff et al. 2013). This technique is unable
to produce reliable biofertilizers, however, because it
combines and uses many unknown, even non-
functional microorganisms in a single-culture solution.
Moreover, various environmental factors such as mois-
ture content, temperature, pH and oxygen levels affect
the quality of any liquid biofertilizer produced from the
fermentation of agro-wastes (Lim and Matu 2015).
Given this background, we developed a standardized
procedure for producing a Trichoderma-based
biofertilizer using corn kernels as the substrate, which
could meet the field requirements that are common to
farmers in Malaysia. Producing and using this
biofertilizer, details discussed in a supplement to this
paper, could free farmers from their current dependence,
or at least reduce this reliance, on purchased chemical
fertilizers which are commonly used in rice farming
systems.

The objective of this study was to refine and assess
the effectiveness of a Trichoderma-based biofertilizer
(TBF) formulated using corn kernels as the carrier,
monitoring key changes in growth parameters, physio-
logical traits and yield. This work involved also devel-
oping a simple, efficient and farmer-friendly procedure
for producing reliable, good-quality, practical
biofertilizer for application in SRI rice fields.
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Materials and methods

Fungus culture

Trichoderma asperellum SL2 (UPMC 1021) was grown
in petri dishes containing potato dextrose agar (PDA)
medium and incubated for 7 days at 30 °C until the
fungal colony became green and produced spores.
These spores were then removed from the plates by
flooding the plates with sterilized distilled water and
transferring the spores immediately to an Erlenmeyer
flask. These spores were diluted by adding sterilized
distilled water until the concentration reached 107

spores/ml, based on hemocytometer counts.

Carrier preparation

Corn kernels were sterilized by autoclaving them at
121 °C for 15 min and then cooling them in a laminar
air flow for 10 min. This treatment made the kernels non-
viable for germination, but a suitable substrate for micro-
bial nutrition. The kernels were sprayed with a suspen-
sion of T. asperellum spores (1 ml spores with a concen-
tration of 107 spores per ml for 50 g of kernels) and then
stored in sterilized polyethylene plastic bags, incubated
for 15 days at 30 °C before their use (Doni et al. 2014b).

Calculation of colony-forming units for shelf-life study

Samples of the TBF were kept in the laboratory for
estimating numbers of colony-forming units (CFU).
Measurement of CFU of T. asperellum in the corn-
kernel carrier was conducted by suspending 1 g of
T. asperellum corn formulation and serially diluting it
in sterilized distilled water. The suspension was then
homogenized using a vortex apparatus, and 1 ml of
suspension plated on fresh potato dextrose agar under
aseptic conditions using spread-plate plating method, in
triplicate. These plates were incubated at 30 °C, and
population counts were taken at 15-day intervals, being
continued up to 120 days. During the period of storage,
the formulations were stored in sealed polythene bags at
30 °C (Sriram and Savitha 2011; Singh et al. 2007). We
also developed at the same time a simple, efficient and
farmer-friendly procedure for producing TBF at
farmers’ level with their knowledge and skills. Besides
this, we also looked at the costs and economics of this
methodology. Our findings are reported in the
Supplementary File 1.

Seedling preparation

In this experiment, theMalaysian rice varietyMRQ74, a
medium-duration rice variety (120–125 days), was used.
Before sowing, the seeds were surface-sterilized to min-
imize contamination from pathogenic microbes. For
this, the seeds were soaked in 70% ethanol for 30 min,
followed by soaking in 5% sodium hypochlorite for
30 min, and then washing repeatedly with sterilized
distilled water. The seeds were then grown in
30 cm × 50 cm seedling trays containing a mixture of
equal amounts of sterilized compost, soil and sand. The
young plants were watered carefully two times a day
using a small sprayer. The soil was kept moist, but
without standing water. The seedling trays were kept
inside a 3 m × 3 m growth chamber made of wood, with
bamboo leaves and plastic forming a roof. Seedlings
were transplanted into the open field at 7 days after
sowing.

Experimental site and soil

This research was conducted at the SRI Lovely Farm, a
certified organic farm in Sik, Kedah Malaysia (N
6.047668, E 100.8414271; 104 m above sea level).
The experiment was performed during the wet season
(December 2015 to April 2016) on a soil classified as
sandy loam, with pH 5.33; EC 2.2 dS/m; total N 0.72%;
total P 0.40%; total K 0.66%.

Experimental design and land preparation

The experiments were conducted using a randomized
complete block design, with two treatments and five
replicates, and each replicate plot measuring
5 m × 5 m. Each plot was separated by bunds 0.5 m
wide to prevent cross-contamination of treatment ef-
fects, and irrigation channels 0.5 mwide were construct-
ed to surround the plots for the purpose of controlling
water. In each plot, for transplanting with regular spac-
ing, a wooden marker was used to trace a square grid
pattern on the soil’s surface with demarcated distances
of 30 cm × 30 cm between the perpendicular lines.

Seedlings transplanting and crop management

Rice seedlings were carefully lifted from the seedling
trays to ensure that their roots were not separated from
the plants, and each seedling was transplanted singly.

Org. Agr. (2018) 8:207–223 209

Author's personal copy



Seedlings were established at a shallow depth (≤1 cm),
with no standing water on the muddy field during
transplanting. Mechanical weeding was performed at
10-day intervals, at 10, 20, 30, and 40 days after
transplanting, using a two-row motorized weeder.
Details of crop management are described in Table 1.

Application of TBF

The TBF was applied as a soil application at 20 days
after transplanting as indicated in Table 1, mixed with
sterilized compost (N 16.2%; P 6.7%; K 11.4%) in a
ratio of 1:2. The mixture of TBF and compost was then
applied to the field at the rate of 60 g/m2. This applica-
tion was carried out before weeding, so that during the
weeding, the mixture could be mixed into the soil. On
the control plots, compost was applied at a rate of 40 g/
m2, so all plots had the same amount of compost
applied.

Physiological parameters measurement

Physiological traits of rice plants on the respective
Trichoderma and control plots were evaluated at 50 days
after transplanting. Measurements were made on the
flag leaves of the respective rice plants on a clear sunny
day between 09:45 a.m. and 11:30 a.m. with solar

radiation of >1200 μmol m−2 s−1. Five plants were
selected randomly from each of the five plots to repre-
sent each replicate with measurements of photosynthe-
sis rate (μmol m−2 s−1), leaf stomatal conductance
(mmol m−2 s−1), internal CO2 concentration (ppm),
and transpiration rate (mmol m−2 s−1). These measure-
ments were done using a LICOR 6400 (Lincoln,
Nebraska, USA) and an infrared gas analyzer (IRGA)
as previously described in Doni et al. (2017).

Chlorophyll content

Chlorophyll content of the leaves was monitored at
50 days after transplanting. Five plants were selected
randomly from each plot representing each replicate for
measurement. Samples of 0.1 g of comminuted plant
leaves (fragments ~2mm)were placed in a test tube, and
20 ml of 80% acetone was added to the tube. The
mixture was homogenized using a vortex apparatus
and then incubated for 2 × 24 h under dark conditions.
Concentrations of chlorophyll a and chlorophyll b were
analyzed using a spectrophotometer at the respective
wavelengths (λ) of 663 and 645 nm. Chlorophyll a
and b content were calculated according to the equations
given below and were expressed as μg/g fresh leaf
weight (Shibghatallah et al. 2013).

Table 1 SRI crop management

Day after
transplanting

Water management Weed
management

Nutrient management

1–8 Soils were kept moist, with no standing water allowed

9–10 Water was added overnight, not >2 cm 1st weeding

11–18 Water was drained out, and soil conditions were
maintained slightly aerobic

19–20 Water was added overnight, not >2 cm 2nd weeding Application of mixture of TBF and compost,
application rate of 60 g/m2 on Trichoderma
plots; for control plots, compost was
applied at rate of 40 g/m2

21–28 Water was drained out, and soil conditions were
maintained slightly aerobic

29–30 Water was added overnight, not >2 cm 3rd weeding

31–38 Water was drained out, and soil conditions were
maintained slightly aerobic

39–40 Water was added overnight, not >2 cm 4th weeding

45–100 Water was maintained at 2 cm level from the soil surface

100–120 Soils were dried and maintained with slightly cracked
top soil surface, but enough soil humidity to sustain
plant growth
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Cchl−a ¼ 12:7A663−2:69 A645

Cchl−b ¼ 22:9A645 −4:68 A663

Chlorophyll content was also determined by using a
SPAD 502 Plus Chlorophyll Meter (Konica Minolta
Ltd.). Five plants were selected randomly from each
plot, and three different rice leaves were chosen ran-
domly from every rice plant and clipped in a SPAD
meter, with the readings recorded carefully (Doni et al.
2017).

Measurement of growth and yield components

Growth and yield parameters were evaluated at
120 days after transplanting. Five plants from each
plot in each replicate were randomly chosen for the
measurement of growth parameters. Plant height
(cm) was measured from ground level to the tip of
the highest leaf using a tape meter. To measure the
fresh weight of canopy and roots, the rice plants were
separated carefully from the soil, then cleaned using
flowing tap water, and weighed using a digital scale
(in g). For the measurement of biomass in roots and
canopy, the plants were dried in an oven at 65 °C for
7 days before weighing (in g).

Yield components—tiller number, panicle number,
spikelets per panicle, unproductive tillers, biomass (g),
filled and unfilled grains, and 1000-grain weight (g)—
were all evaluated at maturity stage (Doni et al. 2017).
Yield calculation was done based on yield component
calculations using the amount of panicle m−2, 1000-
grain weight at 14% humidity, and the number of
grains per panicle. Yoshida et al. (1976) and Casanova
et al. (2002) have observed that calculations based on
produce component are closely related to the number of
panicles, rice grains, existence of weeds, and planting
uniformity. Grain yield (Y) was calculated using this
formula:

Y ¼ PANO� SPP� FSP�Wf � 10−5;where Y

¼ grain yield t ha−1
� �

; PANO

¼ panicle number m−2; SPP

¼ spikelets per panicle; FSP

¼ fraction of filled spikelets;Wf

¼ 1000−grain weight gð Þ

Statistical analyses

All data were statistically analyzed using analysis of
variance (ANOVA). The significance of the treat-
ment effect was determined using an F test, and
calculation of least significant difference (LSD) at
the 5% probability level was used to determine the
significance of the differences between the means of
two treatments.

Results

Shelf-life of TBF

For the values of measured microbial biomass in the
inoculation material, the average population count
(log CFU) was highest (7.14) at 15 days after the
preparation of the formulation. It was reasonably
stable thereafter at temperature 30 °C up to 120 days.
Then a gradual loss of stability started beyond this
period (Fig. 1).

Effects of TBF on rice growth

Soil application of TBF on rice fields evoked a sig-
nificant increase in plant growth (Table 2). Plant
height was significantly greater in the TBF-treated
plots at 56.2 cm (±0.27) compared to the control
plots, 45.9 cm (±1.04). Also, a positive and signifi-
cant correlation (p < 0.05) was observed between
TBF inoculation and root fresh weight (g). This was
13% higher in the TBF-treated plants compared to
controls. A similar relationship was observed in can-
opy fresh weight measurements, with average weight
of the canopies in TBF and control plants being
86.4 g (±0.72) and 66.9 g (±0.56), respectively
(Table 2). There was significantly greater below-
ground biomass production in TBF-inoculated plants
compared to control plants (p < 0.05). TBF-
inoculated plants had an average root biomass of
33.9 g (±0.29) while control plants had 24.5 g
(±0.33). Mean canopy biomass for the two treatments
was also statistically different at 43.57 g (±0.38) vs.
33.22 g (±0.40), respectively (Table 2). Note that
both sets of plants had been grown with SRI agro-
nomic methods, which gave greater plant productiv-
ity than from rice plants with conventional manage-
ment, as discussed below.
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Effects of TBF to rice physiological traits

TBF application significantly increased the main phys-
iological traits of rice plants (Table 3). Net photosyn-
thetic rate (μmol m−2 s−1) was higher in rice plants
inoculated with TBF compared to control plants.
Inoculated plants had a rate of 18.2 μmol m−2 s−1

(±0.32), while control plants recorded a value of
10.7 μmol m−2 s−1 (±0.20). Significantly higher values
(p < 0.05) of stomatal conductance were exhibited in
i n o c u l a t e d p l a n t s . T h i s h a d a m e a n o f
863.57 mmol m−2 s−1 (±3.77), while for control plants
the mean was 658.53mmol m−2 s−1 (±3.76). Inoculation
of rice plants with TBF also influenced their internal
concentration of CO2 as compared to control plants
since the former had significantly lower concentrations
(<30%) (Table 3). Note that a lower value on this
parameter is physiologically a more favorable value
for plant performance.

The rice plants inoculated with TBF had signifi-
cantly greater water use efficiency compared to con-
trol plants. This was seen in their respective transpi-
ration rates (mmol m−2 s−1), with TBF plants record-
ing much lower values compared to control plants
(Table 3). The ratio of photosynthetic rate to transpi-
ration rate was 2.5× greater in TBF-inoculated plants

(3.05) vis-à-vis the ratio in control plants (1.19). At
the same time, the TBF-treated rice plants also dem-
onstrated higher levels of chlorophyll a and chloro-
phyll b in their leaves (Table 3), about 2.5 times more
of both forms compared to these levels in untreated
plants. This was consistent with the relative chloro-
phyll content (SPAD value) which was observed to
be significantly higher in TBF-treated plants
(>41.45%).

Effects of TBF on yield parameters of rice plants
and on yield

Treatment with TBF had a significant effect on all of the
yield parameters of rice (Table 4). A significant increase
in the number of tillers was observed in TBF-treated rice
plants as their mean number (57.3 ± 1.03) was two-
thirds more than that for control plants (34.3 ± 0.65).
Significantly larger numbers of panicles (30.9 ± 0.33)
were also observed in TBF-treated rice plants, compared
to control plants (24.2 ± 0.56). Spikelets per panicle
were also higher in the TBF-treated plants compared
to control plants (Table 4).

Further, the rice plants with TBF amendments
showed a small enhancement in 1000-grain weight, at
24.2 g compared with 23.8 g in untreated plants (Fig. 2).

Fig. 1 Population density and
shelf life of T. asperellum

Table 2 Rice plant growth responses to T. asperellum inoculation

Treatments Plant height (cm) Root fresh weight (g) Canopy fresh weight (g) Root biomass (g) Canopy biomass (g)

Trichoderma 56.20 ± 0.27 74.00 ± 0.55 86.42 ± 0.72 33.90 ± 0.29 43.57 ± 0.38

Control 45.92 ± 1.04 60.96 ± 0.43 66.92 ± 0.56 24.51 ± 0.33 33.22 ± 0.40

LSD 2.37 1.55 1.76 0.91 1.14

All means were significantly different between treatments at p < 0.05
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All these factors together culminated in significantly
higher grain yield, 10.02 t ha−1 from the TBF-
inoculated rice plants, compared with 7.67 t ha−1 from
control plants (Fig. 3). The yield from TBF-treated plots
was thus 30% more than the yield from control plots
without TBF inoculation.

Note that all of these comparisons were made be-
tween plants, inoculated vs. uninoculated, that had been
grown with SRI cultivation methods. The yield from the
uninoculated SRI plots in this experiment was more
double than Malaysia’s national average paddy yield
(2–3 tons/ha), while the yield from plots that had TBF
inoculation was more than triple.

Discussion

Production and shelf-life of TBF

This study has demonstrated that Trichoderma
biofertilizer can be successfully formulated using
corn kernels as the carrier. The green coloration on
the surface of the corn kernels indicated that the
Trichoderma mycelium grew successfully and had
colonized the carrier as intended (Fig. 4). The good
growth of Trichoderma in corn kernels was due to

having sufficient amounts of essential components
of nutrition such as carbohydrates, proteins, min-
erals, and amino acids (Kim et al. 2008; El-Fattah
et al. 2013). No expensive equipment is necessary as
simple pressure cookers can be used to achieve
sterilization at household level (Fig. 5). Material as
inexpensive and accessible as corn kernels can be
used effectively and safely as the delivery carrier for
field application of Trichoderma. Possibly rice
grains could be also used for this purpose if properly
sterilized and treated, but this has not been
investigated.

A viable microbial inoculant should give farmers
microbial persistence in the soil to as to apply bioac-
tive material to the target plants. Our study showed
that a viable inoculum of Trichoderma produced with
comminuted corn kernels can have a shelf-life of up
to 120 days. However, to be widely adopted by
farmers, a microbial inoculant must also be cheap
and easy to apply, enabling farmers to deliver the
desired microbes to host plants in an appropriate
manner and form (Herrmann and Lesueur 2013). In
our field trials, farmers found this technology to be
operational, and our economic analysis, in the sup-
plement, showed the technology to be quite
affordable.

Table 3 Rice plant physiological responses to T. asperellum inoculation

Parameters Treatments LSD

Trichoderma Control

Photosynthetic rate (μmol m−2 s−1) 18.22 ± 0.32 10.71 ± 0.20 0.79

Stomatal conductance (mmol m−2 s−1) 863.57 ± 3.77 658.53 ± 3.76 12.46

Internal CO2 concentration (ppm) 288.06 ± 0.67 375.58 ± 4.28 11.00

Transpiration rate (mmol m−2 s−1) 5.96 ± 0.090 9.01 ± 0.080 0.22

Chlorophyll a (mg/g) 2.66 ± 0.037 1.00 ± 0.028 0.11

Chlorophyll b (mg/g) 0.98 ± 0.42 0.39 ± 0.018 0.05

Chlorophyll relative content (SPAD) 32.79 ± 0.60 23.18 ± 0.97 2.28

All means were significantly different between treatments at p < 0.05

Table 4 Rice plant yield responses to T. asperellum inoculation

Treatments Tiller number Panicle number Spikelets per panicle Filled grains

Trichoderma 57.32 ± 1.03 30.88 ± 0.33 121.96 ± 0.40 120.96 ± 0.37

Control 34.32 ± 0.65 24.08 ± 0.56 119.88 ± 0.31 119.00 ± 0.23

LSD 2.38 1.45 1.05 0.93

All means were significantly different between treatments at p < 0.05
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TBF for increasing rice plant growth and yield

Effects on growth

As seen from the results reported, TBF soil treatment
showed consistent and significant effect for increas-
ing rice plants’ performance and production. The
increases in rice growth observed in this study—in
plant height, root fresh weight, canopy fresh weight,
root biomass, and canopy biomass—were all signif-
icantly related to the effect of Trichoderma as a plant
growth-enhancer. Several reports from previous stud-
ies have shown that adding Trichoderma to soil sys-
tems can promote growth in a variety of plants, e.g.,
radish, tomato, pepper and cucumber (Kleifeld and
Chet 1992), strawberry (Porras et al. 2007), tomato
(Morsy et al. 2009), soybean (John et al. 2010),
maize (Kumar et al. 2016), and grapes (Pascale
et al. 2017).

Plant growth-promoting effects induced by
Trichoderma are associated with several modes of ac-
tion, such as production of plant growth hormones,
solubilization of sparingly soluble minerals, buffering
of the immediate environment, control of root and foliar
pathogens, changes in the composition of micro-flora in
roots, enhancing the utilization of available nutrients
and water uptake, stimulating root and root hair devel-
opment, increasing plant systemic resistance, and pro-
duction of siderophores (Neumann and Laing 2006;
Nicolás et al. 2014). Besides increasing plant growth
(Fig. 6), the application of TBF can result in reduced
environmental contamination, thereby contributing to-
wards more sustainable farming systems.

Effects on yield

When the yield parameters of TBF-inoculated plants
were compared to those of control plants, there were

Fig. 2 1000-grain weight of rice plants upon application of TBF

Fig. 3 Grain yield of rice plants upon application of TBF

Fig. 4 Green coloration indicates good growth of Trichoderma

Fig. 5 Low-cost, simple equipment for TBF production at house-
hold level
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significant increases in tiller number, spikelets per
panicle, filled grains, 1000-grain weight, and grain
yield. These increases were correlated with higher
physiological capacities and greater growth of roots
and canopy. Further, Shoresh and Harman (2008)
have suggested a direct connection between the abil-
i ty of Trichoderma spp. to induce energy
metabolism and their ability to induce plant growth
and yield. Cai et al. (2015) have reported that the
contribution of endophytic Trichoderma maintaining
stable plant yields may be due to the capacity of
Trichoderma to enhance soil nutrient availability in
root systems.

Furthermore, Colla et al. (2015) have reported that
early and total yields of zucchini plants were respec-
tively and significantly increased by 59 and 15% by
the application of Trichoderma and Glomus. More
recently, Buysens et al. (2016) reported that co-
inoculation of Rhizophagus and Trichoderma can
increase yield of potato plants under low nutrient
conditions by up to 37%.

Physiological effects

Effects on photosynthesis

Benefits to rice plants from TBF inoculation include
impacts on physiological traits such as photosynthetic
rate, stomatal conductance, and specific and relative
chlorophyll content. Other beneficial effects of TBF
inoculation were significant decreases in rice plants’
transpiration rate and in their internal CO2 concentra-
tion. A higher photosynthetic rate with a lower internal
CO2 concentration and lower transpiration rate indicates
that TBF-inoculated plants have a more efficient car-
boxylation process (Thakur et al. 2010). Carboxylation
is a reaction in which Rubisco catalyzes RuBPwith CO2

to produce the carbon compounds that eventually be-
come triose phosphates which are used by the plant for
producing sugars and starches (Rezende et al. 2016).

Higher photosynthetic efficiency in TBF plants is
also indicated by their higher stomatal conductance, as
greater stomatal activity is linked to a higher capacity for
CO2 fixation (Valentine et al. 2006). During photosyn-
thesis, CO2 absorbed through the stomata is used by the
plants to produce sugars. Previous studies by Augé
(2000) have suggested that stomatal changes in
microbe-inoculated plants result in an alteration of the
plants’ hormonal status. We have reported previously
(Doni et al. 2017) that Trichoderma-inoculated rice
plants exhibit higher stomatal density which is also
associated with enhancement of the photosynthesis
process.

The results obtained in this study showed a signifi-
cant enhancement of the chlorophyll content in TBF-
inoculated plants. The higher chlorophyll content with
TBF application can be attributed to larger and better
functioning root systems, which enable the plants to
achieve greater nutrient and water up-take capacity
(Thakur et al. 2010). Colonization activity of
Trichoderma in plant roots could also activate some
pathway signals that are involved in the synthesis of
certain hormones, which play important roles in regu-
lating chlorophyll content (Martinez-Medina et al. 2014;
Guler et al. 2016). Furthermore, in their induction of
plant resistance to biotic and abiotic stresses,
Trichoderma strains enhance plant chloroplast pathways
which have been linked to the improvement of photo-
synthetic efficiency. This is done by reducing the dam-
age caused by superoxide anions and other reactive
species involved in photosynthesis (Harman 2011).

Fig. 6 Rice plants inoculated with TBF (a) show higher tillering
and better canopy growth compared to control plants (b). Both
pictures were taken at 30 days after sowing
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Effects on water use efficiency

In addition, the lower rates of transpiration along
with higher rates of photosynthesis in TBF-
inoculated plants indicate that these plants use water
more efficiently than do the control plants, thereby
yielding Bmore crop per drop.^ These results are
consistent with findings reported in Doni et al.
(2014a). The increased water use efficiency afforded
by Trichoderma can be a vital feature for rice pro-
duction in future as current water scarcity becomes a
more serious constraint.

Impact of Trichoderma on soil systems

Soil application of T. asperellum has been seen to en-
hance rice plant growth, physiological traits, and yield
as effectively as the application of Trichoderma by seed
treatment (Doni et al. 2017). Besides increasing rice
plant productivity, the application of Trichoderma as
soil treatment has been reported to increase the popula-
tions of Trichoderma from about 104 to about 106 CFU/
g of root (Harman et al. 2008). Although Trichoderma
spp. make up about 10 to 60% of the total culturable
fungi usually isolatable from soils (Zachow et al. 2016),
most Trichoderma strains are not endophytic, nor are
they good root-colonists (Harman et al. 2008). Also, we
know that not all Trichoderma strains are effective in
increasing rice plant growth (Doni et al. 2014a).
Therefore, there is a need to use a comprehensive func-
tional approach to identify and isolate more
Trichoderma strains that have biocontrol and growth-
promoting capabilities, which can be used for improving
soil health and plant productivity (Martinez-Medina
et al. 2014).

Trichoderma inoculants for sustainable rice production

The effects of Trichoderma inoculation have been
well studied and used with many crops as seen in
Table 5, but not much work has been done thus far
with Trichoderma and rice plants. As seen from our
literature review summarized in Table 6, studies of
Trichoderma inoculants for rice cultivation have not
been many and have been limited in use. Some
bacterial-based inoculants are becoming widely used
in rice plant production, especially from the
Pseudomonas genus. There is a need and opportunity
to formulate various microbial inoculants that would

have beneficial effects not only on plant growth and
productivity, but that are also able to improve soil
health in varied ways (Vassilev et al. 2015).

TBF and related opportunities for application in SRI
agroecosystems

In recent years, there has been a growth in worldwide
awareness of eco-friendly approaches to increasing the
yield and production of rice plants (Charoenrak and
Chamswarng 2016). Production approaches such as
using crop residues as surface mulch and using various
organic manures and microbial inoculants have been
shown to help enhance yields and sustain soil fertility
and health (Isahak et al. 2014; Doni et al. 2013; Rupela
et al. 2006). At the same time, reliance on chemical
fertilizers, herbicides and pesticides with their economic
and environmental costs is viewed with increasing dis-
satisfaction in many countries (Stehle and Schulz 2015;
West et al. 2014).

For inc reas ing r i ce p roduc t ion in more
environmentally-friendly and socially acceptable ways,
the development and use of microbial inoculants is a
promising approach for maintaining soil quality and
enhancing paddy production as seen in Table 6 above.
This research has shown that there are specific beneficial
effects to be obtained from utilizing a particular formu-
lation of a Trichoderma-based inoculation process for
rice, used in conjunction with the management practices
of the System of Rice Intensification, which is itself
conducive to the enhancement of beneficial soil biota
(Anas et al. 2011; Watanarojanaporn et al. 2013).

Conclusion

This research highlights the potential use of TBF as
sustainable inoculant in rice farming system. TBF
have the potential to enhance rice plant growth pa-
rameters, photosynthetic rate, stomatal conductance,
chlorophyll content, and yield. Besides that, TBF
was also able to decrease the internal CO2 concentra-
tion and transpiration rate, which indicated an effi-
ciency in converting CO2 into carbohydrates. A sim-
ple method for producing Trichoderma-based
biofertilizers is available for farmers to take up, there-
by reducing their dependency on chemical fertilizers,
giving them economic advantages, and producing
wider environmental benefits.
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