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Abstract Dissolved oxygen (DO) concentration was
selected as a principal parameter for translating results
of shake flask fermentation of Trichoderma viride
(biocontrol fungi) to a fermenter scale. All fermenta-
tions were carried out in a 7.5 | automated fermenter
with a working volume of 4 . Fermentation perfor-
mance parameters such as volumetric oxygen transfer
coefficient (ki a), oxygen uptake rate (OUR), rheology,
conidia concentration, glucose consumption, soluble
chemical oxygen demand, entomotoxicity and inhibi-
tion index were measured. The conidia concentration,
entomotoxicity and inhibition index were either stable
or improved at lower DO concentration (30%). Vari-
ation of OUR aided in assessing the oxygen supply
capacity of the fermenter and biomass growth. Mean-
while, rheological profiles demonstrated the variability
of wastewater during fermentation due to mycelial
growth and conidiation. In order to estimate power
consumption, the agitation and the aeration require-
ments were quantified in terms of area under the
curves, agitation vs. time (rpm h), and aeration vs. time
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(Ipm h). This simple and novel strategy of fermenter
operation proved to be highly successful which can be
adopted to other biocontrol fungi.

Keywords Biocontrol agents - Conidia - Dissolved
oxygen - Rheology - Starch industry wastewater -
Trichoderma viride

Nomenclature

T shear stress (mPa)

T o yield stress (shear stress at 0 rpm of spindle, mPa)
y  shear rate (s™)

K  consistency index (mPa s")

n  flow behaviour index (dimensionless)

up plastic viscosity (mPa s)

Introduction

The biocontrol agents (BCAs) market has been
growing continuously over the last few decades due to
the adverse environmental impacts of chemical pesti-
cides [11]. Additional factors such as production cost,
resistance development in pests, and stricter govern-
ment policy have also inhibited the utilization of
chemical pesticides. In particular, fungal BCAs share
considerable market due to their broad spectrum of
biological activity and environmental safety [29].
Amongst fungal BCAs, conidial formulations of many
Trichoderma spp. have been shown to be effective in
killing and/or preventing growth of several plant
pathogens, namely Rhizoctonia, Pythium, Fusarium
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and Cylindrocladium [7, 10]. In addition to the pro-
duction of antimicrobial compounds, conidia of
Trichoderma fungi are preferred over mycelia and
chlamydospores due to their high rate of production
[18]. However, a significant amount of conidia are lost
during the formulation step and soil application due to
air-drying and mechanical stress during handling. Thus,
higher Trichoderma viride conidia concentrations
would be required at the end of the submerged fer-
mentation process in the formulated product for field
application [15]. The biological control properties of
Trichoderma spp. can be further enhanced by applying
them in combination with existing novel crop protec-
tion strategies [28]. Moreover, production cost has
been a major obstacle to the success of many biopes-
ticides [15], including Trichoderma spp. This stimu-
lated the exploration of cheap and waste-based raw
materials, e.g. wastewater sludge [31] and food-pro-
cessing waste [35], to minimize the overall production
cost. However, none of the studies using waste as a
substrate were carried out in fermenter, a pre-requisite
for mass-scale production.

Although conidiation in submerged fermentation is
a difficult phenomenon [15, 26], it offers several
advantages over solid state fermentation. Trichoderma
spp. fermentation is an aerobic process and oxygen
mass transfer therefore is a prominent obstacle.
Moreover, conidiation and production of antimicrobial
compounds are highly affected by oxygen transfer
(aeration and agitation). Furthermore, the oxygen
transfer in submerged fermentation is also largely af-
fected by viscosity and morphology (mycelia and pellet
formation) [5, 25]. These parameters create heteroge-
neity in the medium, resulting in compartmentalization
of the fermentation broth in terms of dissolved oxygen
concentration, pH, and substrate availability [14, 36].
Therefore, scaling up is a function of rheological
parameters that needs to be studied explicitly. Further,
more complex rheology of a fermentation medium
necessitates study on bioreactors for the optimization
of critical parameters such as agitation and aeration
(oxygen transfer), which have a direct impact on
operating costs [14, 26]. It has also been reported that
high shear on fungal cells resulted in sporulation and
cell rupture, which hampered the conidia production
rate [12]. Therefore, a critical analysis of operating
parameters would be a vital step in economizing the
mass production of Trichoderma sp.-based BCAs.

This study was conducted for process development of
Trichoderma viride conidia and antagonist metabolites
production by using starch industry wastewater (SIW)
as raw material. The optima of aeration and agitation
intensities and incubation time were determined, so as
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to decrease the final cost of these BCAs. Bioassay of
fermented broth was also conducted on larvae of a forest
pest, spruce budworm (Choristonuera fumiferana),
and on a fungal phytopathogen, Cylindrocladium
floridanum, to assess the biocontrol efficacy of the
fermentation process.

Materials and methods
Chemicals

The analytical grade chemicals were purchased from
Sigma-Aldrich or BDH (Toronto, Canada). Microbio-
logical media and fermentation-related chemicals (e.g.,
anti-foam, acid and base) were of commercial grade.

Raw material (starch industry wastewater)

Starch industry wastewater (SIW) used in this study was
obtained from a local starch industry (ADM-Ogilvie,
Candiac, Quebec, Canada). Table 1 represents the
physio-chemical characteristics of SIW, which showed
metal concentrations in accordance with Québec
guidelines for agricultural application [21]. The SIW
was stored for a maximum of 3 weeks at 4 + 1°C to
minimize microbial degradation.

Table 1 Characteristics of starch industry wastewater

Concentration + ¢*
(mg/kg, unless stated otherwise)

Parameter

Total solids (g/1) 16.7 = 0.872
Total volatile solids (g/1) 13.1 + 0.601
Suspended solids (g/1) 2.1 + 0.060
Suspended volatile solids (g/1) 1.9 + 0.104

pH 4.0 = 0.01
Total carbon 401012.0 + 25161
Total nitrogen 59187.6 + 2753
Total phosphorus 12014.7 + 808

N-NH; 578.9 + 47
N-NO; , N-NO; 428 +2.7
P-POT 782.6 = 56
Al 195.8 = 8.8
Ca 26063.7 = 1768
cd 0.9 + 0.06
Cr 9.6 = 0.64
Cu 100.5 = 6.56
Ni 12.6 = 1.06
Fe 56233 = 306
K 17853 + 141.7
Pb 153 + 0.883
Mn 542 +28

S 6842 + 51.5
Zn 612.1 + 35
Na 6809.6 = 50

% ¢ Standard deviation
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Starter culture, pathogens and inoculum

The Trichoderma viride fungus was a commercial
strain [31] isolated from soil. It was found to be active
against phytopathogenic fungi, Fusarium sp. and
Cylindrocaldium floridanum and spruce budworm
(SB) insect larvae, as verified in our laboratory. For
fungal pathogen testing, Cylindrocladium floridanum,
pathogenic to spruce trees was obtained from the
Laurentian Forestry Centre (LFC, Quebec, Canada).
The insecticidal bioassay was carried out using third
instar larvae of eastern spruce budworm (SB)
(Choristoneura fumiferana, Lepidoptera: Tortricidae)
provided by Natural Resources Canada (Sault Ste.
Marie, Ontario).

The Trichoderma viride strain was grown on potato
dextrose agar (PDA) plates for 4-7 days, under dark
conditions at 28 + 1°C and 35 + 2% relative humidity.
It was subsequently maintained at 4 + 1°C and sub-
cultured monthly. For starter culture, a ~ %2 in. X % in.
scraped piece of 32-36 h old mycelial mat of subculture
was taken. Afterwards, it was aseptically homogenized
in 4 ml of sterile tryptic soya broth (TSB, Difco) with a
Micro Tissue Grinder® (VWR, Canada) submerged in
an ice bath. The starter culture was inoculated into
500 ml Erlenmeyer flasks containing 150 ml of sterile
TSB at pH 6.0 + 0.01. Subsequently, the flasks were
incubated in a rotary shaker at 28 +1°C and
250 + 5 rpm for 48 h, and used immediately as inocula
for the fermenter.

Fermentation

Fermentations were carried out in a bench top glass
fermenter (7.51 capacity) (LABFORS 3, INFORS
AG, Switzerland). The fermenter was equipped with a
programmable logic controller for pH, agitation, anti-
foam, dissolved oxygen and temperature. A data
acquisition and process control software (IRIS version
5.01; Infors, Switzerland) was utilized for process
automation. The agitator system consisted of two
equally spaced Rushton turbine-type impellers and
three baffles. Sterilization of 4 1 of SIW was carried out
for 30 min at 121 + 1°C. The inoculum comprised 10%
v/v starter culture. The pH during fermentation was
maintained at 6.0 + 0.1 by using 2 N H,SO4 and 2 N
NaOH, whereas the temperature was kept constant at
28 + 1°C. Three dissolved oxygen (DO) levels
(280,240 and >30%) were maintained in separate
experiments in duplicate by varying the agitation speed
(PID control) and aeration rate (manually). A maxi-
mum of 75-100 ml samples were drawn aseptically at
regular intervals and stored at 4 + 1°C for subsequent

analyses. The significance of the fermentation data
was based on the average of the duplicate set of
fermentations.

Spore assessment

A modified CFU plating method was utilized to mea-
sure the Trichoderma spore count. In this method, the
fungal conidia was separated from mycelia and media
agglomerates, as described elsewhere [31].

For CFU plating, appropriately diluted 100 pl sam-
ples of the separated conidia of Trichoderma viride
were plated on tryptic soya agar plates. The agar plates
were incubated at 28 + 1°C and 35 = 2% relative
humidity for 30-36 h in the dark. For statistical sig-
nificance of data, five replicates for three different
dilutions were used for ANOVA enumeration.
Standard deviation for CFU count was 8-10%.

Microscopy

Smear preparation was carried out with 20-50 pl of
fresh samples using a pipette tip cut at the end. Mor-
phological examination of the mycelia and conidia
were carried out to assess the effect of agitation during
mixing in the fermenter. To this end, a computer-
coupled optical microscope (Zeiss Axiolab) equipped
with a digital camera (Axiocam HRC Zeiss) was uti-
lized. Also, contamination was checked by qualitative
observation of all samples.

Soluble chemical oxygen demand (SCOD)

The closed reflux method as described in Standard
methods [2], was used for SCOD determination.
Standard deviation was 3-5%, based on triplicate
samples of two fermentation runs.

Volumetric oxygen transfer coefficient (kya),
oxygen uptake rate (OUR), and power
consumption measurements

The dynamic gassing-out method was used for kja
measurements [1]. The DO control was momentarily
stopped during the dynamic gassing-out method to
facilitate correct kra measurements. Oxygen uptake
rates were obtained by measuring the slope of DO
decrease during air-off of the dynamic gassing-out
protocol. For calculation of the cumulative oxygen
consumed, the area under OUR curves was manually
quantified by approximating the area with rectangles
and triangles. The oxygen probe used in this study was
based on the Clark polarographic sensor. The probe
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was equipped with a temperature compensation circuit
and a response time <30 s to attain 90% of the final
value at 25°C.

For measurement of power consumption in terms of
revolutions per min x h (rpmh) and 1 per min x h
(Ipmh), the area under the agitation and aeration
profiles, respectively, was measured. To this end, the
rectangles between two adjacent Y-ordinates of
respective parameters were calculated with the Excel
spreadsheet program.

Rheological measurements

Rheological analyses were carried out for fresh sam-
ples by using a rotational viscometer (DVII+,
Brookfield) equipped with small sample adapter
spindle (SC4 34, Brookfield). The calibration and the
rheological testing procedure used for the spindle
were carried out according to the instrument’s man-
ual. The viscosity data were examined by using the
software Rheocalc V2.6 (Brookfield Engineering Labs
1999). The Ostwald—deWaele power law, 1= k)",
Bingham equation, © =19 + upy, and Casson equa-
tion, /t= /70 + \/1py, were investigated to de-
scribe the rheological characteristics of all samples.

Enzyme activity

Protease activity (PA) was measured in centrifuged
supernatant (7,650 g for 20 min at 4 + 1°C) of fer-
mented broth. The supernatant was appropriately
diluted in borate buffer at pH 8.2 + 0.01 and used as
enzyme aliquot. A modified method [17] was employed
for PA measurements in IU/ml

Cellulase activity was measured as described by
Wang et al. [32]. Amylase activity was determined by
measuring the appearance of total reducing sugar in
the reaction mixture by utilizing the dinitrosalycylic
acid reagent method [23]. The enzyme reaction
mixture consisted of 40 pl of 0.5 M sodium acetate
buffer (pH 6.0), 100 pl of 0.5% soluble starch, 0 to
60 ul of enzyme solution, and ultrapure water to a
final volume of 200 ul [8]. The reaction was carried
out for 30 min at 50°C and stopped by heating at
96°C for 5 min. One amylase unit was defined as the
amount of enzyme which releases 1 mmol of glu-
cose per min (saccharifying activity) from soluble
starch.

Standard deviations for all enzyme measurements
were up to 9%, based on triplicate samples of two
fermentation runs.
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Insecticidal bioassay

Entomotoxicity (Tx) of the fermented samples was
determined using diet incorporation bioassay [4].
Sample preparation and diet protocol are described
elsewhere [6]. Industry standard contained spores and
crystals of the bacterium Bacillus thuringiensis at a
potency of 20.1 x 10° TU/l (International Unit) mea-
sured against cabbage looper (Trichoplusia ni). By
comparison, Tx as spruce budworm unit (SBU) of the
Trichoderma-fermented sludge reported in this study
was 20-25% higher than Tx reported as IU. Tx of
sample preparations was expressed in spruce budworm
units/pl (SBU/ul) with 8-10% of standard deviation.

Fungicidal bioassay

Two important fungal pathogens of the forestry sector
were investigated by slightly modified scored response
bioassays as described by Mischke [24]. This study
involved submerged fermentation, and therefore no
extraction of metabolites was needed as explained by
Mischke [24]. In this procedure, serial dilutions of 1/2,
1/4, 1/8 and 1/16, were used in 24-well tissue culture
plates. The standard times for scoring and for the
ordinal scale of inhibition were similar to those of the
original study [24]. The phytopathogen used in this
study was Cylindrocladium floridanum. The inhibition
effects were quantified as inhibition index / in Eq. 1:

fp Y [(Sl,i.Di.TZil) + (82..Di.T>)] ’ 0

where S is the degree of inhibition assigned as
numerical score for well “I”’ at time T in days. D is the
dilution factor for well ““I”’, e.g., 2, 4, 8, 16, respectively
for wells 1, 2, 3, 4 and so on. M is the maximum pos-
sible I for each row “i”’, i.e., S is presumed to be equal
to 2 for every well in each row ““i”” at every time so that;
M=3%"",[2.D.Ty) + (2.D;.T»)].

Results and discussion
Fermentation: conidium growth kinetics

In order to evaluate the feasibility of Trichoderma
viride conidia production using SIW as substrate,
minimum DO concentration was examined. The con-
stant range of DO levels varied between >30% and
<80% in independent experiments (Figs. 1, 2, 3). The
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Fig. 1 Fermentation profile
of T. viride in SIW at 230%
DO; a operational
parameters, b growth
parameters
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Fig. 2 Fermentation profile
of T. viride in SIW at > 40%
DO; a operational
parameters, b growth
parameters
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DO outside this limit was extremely deleterious for
fermentation (data not shown). In case of DO below
30%, problems like wall growth, very high viscosity
due to mycelia, and channeling of air bubbles were
observed. However, it was extremely difficult to
maintain DO above 80% due to design limitations of
the fermenter. In addition, higher agitation to maintain
DO>80% caused damage to the mycelial mass and
consequently resulted in lower conidia build up. The
detrimental effect of agitation on Trichoderma spp. has
already been reported by many researchers [12, 33].
Nevertheless, inhibitory effects of oxygen on fungal
physiology could not be ruled out. For example, high
oxygen concentration resulted in thinning and frag-
mentation of fungal mycelia, which consequently
affected rheological behaviour [20]. Therefore, it was
decided to maintain DO levels at <80, >40 and >30% in
three independent experiments.

Conidium growth kinetics for all fermentations were
interpreted in terms of aeration and agitation
requirements, CFU production, reducing sugar con-
sumption, and SCOD utilization (Figs. 1, 2, 3). At
230% DO, conidia production reached a maximum
(2.84 x 10® CFU/ml) after approximately 45 h of cul-
tivation. Total reducing sugar (TRS) depleted sharply
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Time, h

(3,982 to 984 mg/l) for 18 h, followed a by slow
decrease towards the end of fermentation (Fig. 1b).
The TRS concentration decrease was also evident from
the SCOD decrease (17,212 to 2,236 mg/l), which
accounted for all soluble constituents (including TRS)
of SIW. Furthermore, the decrease in TRS and SCOD
was concurrent with an increase in mycelia growth and
aeration requirements (024 h, Fig. 1a), a well-known
fact about Trichoderma fungi [26]. Conidiation of
Trichoderma reached its maximum at ~ 45 h so that
the batch kinetics at 230% DO suggested the fermen-
tation batch time to be =~ 45 h. However, TRS and
SCOD consumption and BCA efficacy (discussed
later) in terms of bioassay suggested 96 h as cultivation
time. In fact, at around 96 h, TRS and SCOD
decreased to a minimum level, and Tx and inhibition
index (/) attained their maxima. Meanwhile, micro-
graphs showed that the mycelial mass diminished
gradually from 18 to 96 h, leaving sparse fragments at
the end (Fig. 4). This observation suggested that con-
idiation after 96 h was not possible (nearly complete
absence of mycelia), thereby rendering it as batch time.

Figure 2 shows the batch kinetics of Trichoderma
at>40% DO. The profiles of conidiation, TRS con-
sumption and SCOD reduction were similar to batch
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Fig. 4 SIW 2 30% DO;

a vegetative growth as
mycelia at 18 h, b partial
conidiation at 36 h and

¢ 45 h, and d almost complete
conidiation at 96 h

kinetics at>30% DO. However, conidiation
(~2.42 x 10 CFU/ml at 40 h), the decrease in TRS
(4,225 to 88 mg/l at 72h) and SCOD (17,453 to
2,637 mg/l at 72 h) were faster with respect to batch
kinetics at>30% DO. Similarly, at<80% DO (Fig. 3),
the incubation time decreased to reach maximum
conidiation (x2.77 x 10* CFU/ml at 36 h). In addition,
a decrease in TRS (3,736 to 0 mg/l, at 48 h) and SCOD
(17,261 to ~ 2,800 mg/l at 72 h) was also observed.
Thus, conidiation, TRS and SCOD results showed that
the batch time of 4 days was sufficient in each case.
Nevertheless, it was observed that the increment in
final CFU concentration was only marginal at >40%
and <80% DO, in comparison to 230% DO (an
increase by a factor of 1.22-1.25). Furthermore, the
bioassay of final fermentation broth suggested superi-
ority of >30% DO over >40 and <80% DO (discussed
later).

Thus, DO >30% was found to be better for conidia
formation in Trichoderma viride and it resulted in
higher BCA activity in the fermented medium.

Rheology and mass transfer phenomena

Trichoderma fermentation is a highly aerobic process
[12, 18], and therefore, any increase in broth viscosity
can hamper oxygen transfer rates. It would conse-
quently be pertinent to examine the volumetric oxygen
transfer coefficient (kra), broth viscosity, aeration and
agitation as a function of time [4]. This would facilitate
predicting and ensuring a sufficient amount of oxygen

for Trichoderma viride growth during fermentation.
This would also help increase conidia production on
the one hand, and develop a strategy for scaling-up of
the bioreactor design for mass production on the other
hand [3]. Previously, some authors have reported broth
rheology and mass transfer limitations in Trichoderma
fermentation [16, 35]. However, none of them consid-
ered conidia production as a main product, which is
very important for the production of fungi as biocon-
trol agent.

Viscosity of SIW was a function of Trichoderma
fermentation, as observed in Figs. 1b, 2b and 3b. Broth
viscosity varied between 416 and 1.82 mPa.s for =30,
240 and <80% DO. The highest viscosity was observed
at DO concentrations in the increasing order as
30 > 40 > 80%. Irrespective of % DO, a major change
in viscosity took place during the first 36 h of cultiva-
tion. This was also visualized under microscope and
was apparent from the broth appearance inside the
glass bioreactor. Visual observation showed an
increase in mycelial mass during the first 36 h, followed
by a decrease until the end of fermentation (96 h).
Moreover, mycelial growth of fungi is well known to
impart a viscous behaviour during fermentation [26]. In
general, k;a decreases with viscosity; however, in the
case of 230% DO, the profiles of kya and the viscosity
were similar until 36 h (Fig. 1b). This was probably due
to an increase in aeration and agitation rates to main-
tain >230% DO (Fig. 1a). For 240% DO, kpa varied
inversely to viscosity until 36 h of fermentation.
Subsequently, the decrease in kya was independent of
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viscosity and followed aeration and agitation varia-
tions. At <80% DO, variation in kya until 36 h was
largely dependent on agitation and aeration rates. The
kya decrease between 36-54 h was possibly be due to
anti-foam addition.

The OUR profiles of >30, 240 and <80% DO are
shown in Fig. 5. It shows that the oxygen consumption
at 230 and 240% DO reached maxima around 12 h
and, at <80% DO, around 18 h. This was also apparent
from mycelial mass formation during this period. The
OUR profiles also collectively showed that once sig-
nificant conidiation had occurred, the system did not
need higher oxygen supply. This explains the decrease
in OUR values after ~ 36 h in all cases. Moreover, it
was evident (Fig. 5) that the cumulative oxygen con-
sumption was approximately 158.8 mmol/l
at =2 30 =~ 40% DO and 106.1 mmol/l at <80% DO.
The higher OUR and oxygen consumption at lower
DO (=30 and 40%) with respect to <80% DO was
probably due to the detrimental effect of agitation on
mycelial biomass [12, 33]. This was also apparent in
micrographs (Fig. 4) and through visual observation of
the glass bioreactor. In addition, the viscosity change
(in the order of 30 > 40 > > 80% DO) was the indirect
indicator of mycelial growth. This should explain the
higher BCA efficacy of = 30 and 40% DO fermenta-
tion broths (discussed later).

Broth rheology was also analyzed for its non-New-
tonian behaviour as shown in Fig. 6. The time depen-
dent rheological profiles of Trichoderma-fermented
SIW at different fermentation times showed a decrease
in viscosity with time (thixotropic behaviour). The
fermentation samples obeyed the Ostwald-deWaele
power law with a confidence of fit of 275-93%, which
was the highest in comparison with Casson and Bing-
ham laws. The complexity of rheology was evident
from the variation in K and #, irrespective of % DO. It
was noticeable that the respective initial and final

values of K and n were almost similar in each case. The
range of K varied as 30 > 40 > 80% DO, and variation
in n closely followed the change in viscosity. The
characteristic plots between 7 and y showed all broths
to be pseudoplastic in nature, and their viscosity-time
profiles confirmed their thixotropic nature [27]. Thus,
the rheological profiles suggested that viscosity could
be a significant factor during fermentation but would
lose its importance during downstream processing.

Power consumption

The aeration and agitation requirements of any large-
scale fermentation facility could be correlated to their
power consumption [22, 30]. Therefore, it was possible
to obtain a preliminary estimate of power consumption
for a large-scale Trichoderma conidia production,
based on this study. In this study, the aeration and
agitation requirements were transformed into rpm. h
and lpm. h, respectively, in order to correlate them
with power requirements. The areas under the curves
of the aeration and agitation profiles in Figs. 1a, 2a and
3a were calculated and are presented in Table 2. The
information from this interpretation is very useful
when compared at the three DO levels. For example,
an increment of 14 to 80% in agitation and 47 to 350%
in aeration power was observed, when =30% DO
process was compared with 240 and <80% DO.
However, it can be concluded from previous discus-
sions that maintaining a DO level > > 30% would be
energy and cost intensive. Furthermore, this approxi-
mation would be improved if a pilot facility was studied
for this purpose.

BCA efficacy and enzyme activity

The samples of fermentation broths taken at different
times were subjected to insecticidal and fungicidal

Fig. 5 OUR profile of 8

T. viride in SIW at >30, 40

and <80% DO 74
6.

OUR, mmol/l/h
F'S

—e— OUR SIW30
—o— OUR SIW40
—a— OUR SIW80
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Fig. 6 Rheological profile of 0.8
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bioassays. Figure 7 presents the entomotoxicity (Tx),
inhibition index (), amylase activity and protease
activity profiles at all DO levels. A common feature
observed in the two bioassays was that BCA efficacy
decreased with increasing level of DO (entomotoxicity:
12467 to 10058 SBU/ul; inhibition index: 0.733 to

Table 2 Power requirements in terms of rpm.h and lpm.h for
fermentation

% DO rpm. h Ipm. h
80 63303 348.13
40 40139 133.26
30 35585 90.48

T T T T
12 18 24 30

R R B e — 0.0

T
36 42 48 54 60 66 72
Time, h

T T T
78 84 90 96

0.568). The near maximum Tx and [ increase could be
attained at approximately 66 h in all cases, which was
also concurrent with the protease activity. However,
the increase in Tx and [ was not totally dependent on
conidia production (Figs. 1b, 2b, and 3b). A time lag
was observed between conidia formation and Tx and /
increase. Moreover, physiological characteristics of
conidia (function of incubation time) might have
influenced Tx and [ by increasing virulence, i.e.,
biological efficacy [18]. As the final CFU concentration
was almost similar in all cases, the adverse effect on
BCA efficacy at higher DO could be due to a
decreased concentration of metabolites (lytic enzymes
and antibiotics) [7, 8, 34]. The lytic enzymes and
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Fig. 7 BCA activity of
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antibiotics have been considered as major synergistic
factors along with conidia in different bioassays
[16, 24]. Moreover, many researchers have suggested
that a wide range of microbes contain proteins and
polysaccharides (similar to starch, e.g., glycogen) in
their cell wall. This enables proteases and amylases
produced by Trichoderma spp. to antagonize patho-
gens by degrading their cell wall [32, 34].

Protease activity profiles (Fig. 7c) of the fermen-
tation broths showed a decrease in activity after 18, 24
and 31 h, respectively, for 230, 240 and <80% DO.
The decreasing DO profile continued until ~36-48 h,
followed by an increase or no net change until the
end of fermentation. This could be due to the adverse
effects of agitation on mycelial biomass and consec-
utive lower enzyme production, as reported in previ-
ous studies also [19]. It was noteworthy that many

@ Springer
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enzymes showed activity in the presence of certain co-
enzymes and/or co-factors (inducing agents). There-
fore, it was also possible that adverse growth condi-
tions due to agitation (breakage of mycelial mass)
might have affected the production of inducing
agents. Subsequently, it resulted in a decrease in
overall enzyme activity instead of the higher enzyme
concentration that could be present due to mycelial
lysis. Similarly, amylase and cellulase activity was
adversely affected by intense agitation. The decrease
in metabolites could be due to lesser mycelial growth
at higher agitation conditions, as reported in various
studies [9, 13].

The two types of bioassays carried out proved the
dual efficacy of Trichoderma viride, which would be
advantageous from an application point of view. Thus,
single application of Trichoderma formulation on
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spruce trees (commercially valuable) would control
two spruce pests: (a) an insect pathogen, the spruce
budworm, and (b) a fungal pathogen, Cylindrocladium
floridanum. This would result in pathogen control
via Trichoderma viride formulation, which would be
performant and cost effective.

Conclusions

This study investigated the kinetic behaviour of fer-
mentation and rheological parameters. Furthermore,
power consumption was estimated in correlation to
agitation and aeration requirements. Dissolved oxygen
concentration at 230% was the most suitable option for
Trichoderma conidia production (=10° CFU/ml) and
biocontrol efficacy (higher entomotoxicity and inhibi-
tion index). Higher dissolved oxygen concentrations
(240 and <80%) were ineffective in increasing conidia
as well as BCA activity. The amounts of total reducing
sugar and soluble COD consumed were similar, irre-
spective of dissolved oxygen levels, justifying 96 h as
optimal batch time. Maximum viscosity increased
(54, 188 and 416 mPa s, respectively, for <80% (31 h),
(40% (12 h) and 230% (18 h)) owing to less shear on
the mycelial mass. Rheological analyses (evaluation of
K and n) showed the pseudoplastic and thixotropic
(time-dependent) nature of Trichoderma-fermented
wastewater broths. The bioassay proved the dual
efficacy (against phytopathogens, Cylindrocladium
floridanum and spruce budworm larvae) of Tricho-
derma viride fermented starch industry wastewater.
Thus, a plausible alternative to costly synthetic med-
ium with simultaneous value-addition of a waste was
explored. This batch study will be a critical step for
modeling a pilot scale strategy and, finally, large-scale
fermentation of BCAs.
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