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Aphids are one of themost common insect pests in greenhouse and field crops worldwide,
causing significant crop yields and economic losses. The objective of this study was to
determine the mortality, enzymatic antioxidant activity and gene expression of cabbage
aphids (Brevicoryne brassicae L.) in response to Trichoderma longibrachiatum T6 (T6) at
different time points from Day 1 to 7 after inoculation. Our results showed that the highest
mortality of B. brassicae was observed on Day 7 at a concentration of 1 × 108 spores ml−1

(73.31%) after inoculation with T6 compared with the control on Day 7 (11.51%). The
activities of the enzymes superoxide dismutase (SOD), peroxidase (POD) and catalase
(CAT), ascorbate peroxidase (APX), glutathione peroxidase (GPX) and glutathione
S-transferase (GST) were increased by 52.98%, 44.77%, 48.26%, 49.39%, 45.13%
and 39.67%, respectively on Day 3 after inoculation with T6 compared to the control.
Howerver increased days post treatment (dpt) decreased the activities of SOD, POD,CAT,
APX, GPX and GST enzymes by 20.79%, 21.05%, 13.75%, 20.45%, 25.38%, and
19.76% repectively on Day 7 compared to control. The transcript levels of SOD, POD,
CAT, GPX, and GST genes were increased by 10.87, 9.87, 12.77, 6.22 and 4.07
respectively at Day 3 after inoculation with T6 in comparison to the control. However,
the SOD, POD, CAT, GPX, and GST transcription levels decreased by 0.43, 0.44, 0.35,
0.52 and 0.47 respectively, compared to control at Day 7. Our results suggest that the T6
strain has a potential effect on the antioxidant activity and mortality of B. brassicae and
therefore could be used as a natural biocontrol agent against B. brassicae in the future.
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INTRODUCTION

Brevicoryne brassicae L. (Hemiptera: Aphididae), the cabbage aphid, is a major pest endemic to
Europe but now occurring internationally (Kessing and Mau, 1991; Munthali, 2009). The
Brassicaceae family has been severely damaged in many areas, including Canada, Netherlands,
South Africa, India, and China (Carter and Sorenson, 2013). It causes significant damage to
commercially important crops such as cauliflower (Brassica oleracea var. botrytis), canola
(Brassica napus), brussels sprouts (Brassica oleracea var. gemmifera), broccoli (Brassica oleracea
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var. italica), white and black mustard (Brassica nigra), toria
(Brassica campestris), Chinese cabbage (Brassica rapa subsp.
pekinensis), and other crops such as kale (Brassica oleracea)
(Kessing and Mau, 1991). It also causes yellowing and wilting
and acts as a vector of several viral infections in cruciferous crops
such as turnip mosaic virus and cauliflower mosaic virus (Chivasa
et al., 2002; Opfer and Mcgranth, 2013). In severe conditions,
plants become infested with aphids, and as a result of the
production of honey dew from aphid cornicles, formation of
black mold takes place covering the entire leaf surface, which can
eventually lead to plant death (Blackman and Eastop, 2008;
Griffin and Williamson, 2012; Jabbar and Sasdoon, 2019).
However, the increasing use of chemicals over time has
detrimental effects on the biotic complex of nature and affects
plants, animals, and humans (Baweja et al., 2020). The focus on
alternative pest control methods has gained attention in the pest
management and currently, the application of cultural and
biological control strategies can help reduce aphid infestations
and pesticide use while maintaining yield and produce quality. As
a result of recent developments in biotechnology, there has been
renewed interest in the use of entomopathogenic fungi as
biological control agents (BCAs), and further progress is being
made in the development and production of these agents
(Khachatourians, 1986). Entomopathogenic fungi are used for
healthy and natural control of insects and arthropods such as
grasshoppers, mosquitoes, aphids, and thrips (Sparagano and
Giangaspero, 2011). A number of fungi, including Paecilomyces
fumosoroseus, Metarhizium spp., Lecanicillium lecanii, Buveria
bassiana, Hirsutella thompsonii, and Nomuraea rileyi, have
recently been shown to provide protection against whiteflies,
thrips, aphids, beetles, grasshoppers, grasshopper worms, and
grasses (Charnley, 1984; Srinivasan, 2008; Mnyone et al., 2009;
Lwetiojera et al., 2010).

Trichoderma species as biocontrol agents against plant-infecting
pathogens has been documented since the 1920s. There is a long
history of fungal biocontrol research and the use of myco-biocontrol
agents such asTrichoderma has focused on enhancing their ability to
directly attack a fungal or bacterial plant pathogen or even live
insects through competition for resources and space, parasitism, and
antimicrobial production (Harman, 2006; Harman et al., 2008;
Boamah et al., 2021b). Trichoderma also has a very effective
biocontrol mechanism to suppress the development of pathogens
such as mycoparasitism, antibiosis and competition (Chamzurni
et al., 2013; Boamah et al., 2021a). In previous studies, T.
longibrachiatum T6 was reported to have higher potential
parasitic and lethal activity against Heterodera avenae (Zhang
et al., 2014). In addition, T. longibrachiatum was an effective
entomopathogenic agent for the control of the insect Leucinodes
orbonalis, an important pest of brinjal, where field application of a
formulated product of this strain showed efficacy similar to that of
the pesticide malathion (Ghosh and Pal, 2016). Lastly, T.
longibrachiatum revealed a mortality of 73% against Bemisia
tabaci nymphs at 4 × 108 conidia ml−1 after 144 h of exposure,
while the maximum adult mortality under the same conditions was
40% (Anwar et al., 2016).

The performance of an insect on plants is influenced by the
balance between the production and elimination of reactive

oxygen species (ROS) (Krishnan and Sehnal, 2006). The
antioxidant enzyme system of aphids and other herbivorous
insects reduces the levels of ROS (Durak et al., 2021). The
antioxidant system of an insect consists of several antioxidant
enzymes (superoxide dismutase-SOD, catalase-CAT, peroxidase-
POD, glutathione transferase-GST, glutathione reductase-GR,
ascorbate oxidase-AO, ascorbate peroxidase-APX). These
enzymes play an essential role in combating oxidative stress
(Valko et al., 2006). Jia et al. (2016) reported that the SOD
and POD enzyme activities of Locusta migratoria nymphs were
increased at the first period, and decreased later after treated with
M. anisopliae. However, the determination of mortality and
enzymatic antioxidant activity and gene expression of B.
Brassicae in response to T. longibrachiatum T6 (T6) has never
been investigated in previous studies. In the present study, the
aims were to determine the toxic and parasitic effect of T6 on the
B. brassicae at different time points after inoculation, and
determine the enzymatic antioxidant activity and gene
expression of B. brassicae in response T6 inoculation.

MATERIALS AND METHODS

Fungal Preparation
Trichoderma longibrachiatum T6 was obtained from the Plant
Pathology laboratory of Gansu Agricultural University and was
inoculated in freshly prepared potato dextrose agar (PDA) media.
PDA media was incubated in an artificial growth chamber for
6 days 25°C and 16: 8 h (light: dark). After 6 days of incubation,
the spores of freshly grown T6 were collected and the spores
suspension was prepared according to the method decribeed by
Zhang et al. (2014). The concentration of the spore suspension
was determined with a hemacytometer (Hausser Scientific™
Bright-Line™ Counting Chamber, China), and the final
concentration was prepared and adjusted to 1 × 103, 1 × 104,
1 × 105, 1 × 106, 1 × 107 and 1 × 108 spores ml−1 and 0.01% Tween
80 was added to the suspensions for further use.

Cabbage Cultivation
The super-elite variety of cabbage was grown in seedling trays
with compost in a greenhouse (photoperiod-16: 8 h (light: dark),
temperature-26 ± 1°C, relative humidity - 70 ± 5%). The seedling
tray was kept moist until the seeds germinated and were ready for
transplanting. Transplanting occurred when the seedlings had
developed at least two mature leaves and were transplanted into
larger plastic pots. These pots were watered every 2 days to keep
the cabbage fresh for aphid culture. The transplanted seedlings
were kept in insect cages to minimize the risk of contamination by
other pests in the greenhouse.

Aphid Cultivation
Adults of B. brassicae were collected from the experimental field
in Gansu Agricultural University and reared over home-grown
cabbage in the insect rearing room. The aphids were reared on
cabbage and maintained under controlled conditions in a climate
chamber [photoperiod-14: 10 h (light: dark), temperature-27 ±
1°C, relative humidity-60 ± 5%].
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Determination of the Toxic and Parasitic
Effect of T. longibrachiatum T6 on B.
brassicae
Aphids were treated with different concentrations of T6 spore
suspension (1 × 103, 1 × 104, 1 × 105, 1 × 106, 1 × 107 and 1 × 108

spores ml−1)using the detached leaf method. The fresh leaves of
cabbage were washed three times with distilled water and air
dried for the aphid inoculation. The leaves were placed on the
(9 cm diameter) plastic Petri dishes. The wet cotton wrapped
around the detached part of the leaves was used only to provide
water to the leaves to maintain relative humidity during the test.
A group of 30 adult aphids were dipped in each concentration of
T6 spores suspension one by one for 3–5 s using a sterilized camel
hair brush and then placed on each leaf. All treated aphids were
checked by touching and moving them with the brush to ensure
that they were still alive and had not died from being immersed in
the spore suspension. The Petri plates were placed in an incubator
operated at 25 ± 2°C and 60 ± 5% relative humidity with a 16:8 h
(light: dark), after making sure they were all alive and suitable for
bioassay studies. The adult aphids were treated with sterilized
water and 0.01% Tween 80 were used as the control. The
experiment was conducted with three replicates of each
treatment, and the aphid mortality was recorded daily for Day
1–7 after inoculation.

Determination of ROS Scavenging
Antioxidant Enzymes Activity of B.
brassicae After Inoculation
Aphids (30 individuals) were homogenized in a phosphate buffer
(0.1 M, pH 7.0) at 25°C with a homogenizer after exposure to
different concentrations of T6 and control from Days 1–7. The
enzyme activities were determined using commercial assay kits
(Beijing Solarbio Science and Technology Company Limited,
China) according to the manufacturer’s protocol. Briefly, the
homogenate was centrifuged at 8,000 g for 10 min at 4°C. The
supernatant was used to determine the enzymatic activity of
superoxide dismutase (SOD, EC1.15.1.1), peroxidase (POD,
EC1.11.1.7), catalase (CAT, EC1.11.1.6), glutathione
S-transferase (GST, BC0355), ascorbate peroxidase (APX,
BC0220), and glutathione peroxidase (GPX, BC1195) using a
spectrophotometer (SP -756P, Shanghai, China). Enzyme
activities were expressed as units of mg per fresh weight of
aphids (U mg−1 FW). The activity of SOD, POD, CAT, GST
APX, GPX was measured as the amount of crude enzyme extract
at 560, 470, 240, 340, 290, 480 nm.

Oxidant Contents of B. brassicae
Measurement After Inoculation
The contents of malondialdehyde (MDA) and H2O2 was
measured according to the manufacturer’s protocol using the
test kits provided (Solarbio, China). Briefly, MDA samples were
prepared from 0.2 g of aphid tissue homogenized in 0.1 M
potassium phosphate buffer (pH 7.0). The homogenate was
centrifuged at 12,000 g for 20 min at room temperature, and

then 0.5 ml of the supernatant was added to 2 ml of 20%
trichloroacetic acid (TCA) containing 0.5% thiobarbituric acid
(TBA). The mixture was incubated at 95°C for 30 min and then
the reaction was stopped by cooling the tubes in an ice water bath.
Another centrifugation was performed at 10,000 g for 10 min.
The absorbance of the MDA sample was measured at three
different wavelengths (450, 532, and 600 nm) and that of
H2O2 at 415 nm using a spectrophotometer (EPOCH2 Plate
Reader, BioTek, America). The content of MDA and H2O2

was expressed in μmol g−1 FW.

Antioxidant Enzymes Genes Expression of
B. brassicaeMeasurement After Inoculation
The gene expression level of ROS scavenging enzymes SOD,
POD, CAT, GPX and GST genes in B. brassicae were determined
after inoculation with T6 spores suspension at different time
points after inoculation. Total RNA was extracted using the Total
RNA extraction kit from 100 mg of treated and untreated aphids
(Solarbio Biotechnology, Beijing, China). The concentration of
RNA was measured using a Nano-Drop spectrophotometer at
absorbances of 260 and 280 nm. The cDNA was synthesized
using M5 Hiper RT cDNA Synthesis Kit (Mei5 Biotechnology,
Beijing, China) according to manufacturer’s protocol. In the RT-
qPCR studies, primer sequences were constructed using the
software Primer Express 3.0 based on the NCBI target gene
sequences and listed in Table 1. The key information of the
genes has been provided as supplemental material
(Supplementary Table S1). These primers were used in the
analysis of the RT-qPCR data. The actin gene of aphid was
used as an internal control (Khurshid et al., 2021). The
relative expression level was quantified using the comparative
2−ΔΔCt method (Livak and Schmittgen, 2001).

Data Analysis
The data was subject to one-way ANOVA using the SPSS Version
26.0 (SPSS, Inc., Chicago, IL, USA). Each treatment had three
replicates. Treatment effects were determined using Duncan’s
multiple range test and the significances were expressed at
p < 0.05.

RESULTS

Effect of T. longibrachiatum T6 on the
Mortality of B. brassicae
The results of inoculation by the aphid dip method showed that
increased concentration of T6 spore suspension significantly
increased the mortality of B. brassicae (Figure 1). Compared
to the control, the highest mortality of B. brassicae was observed
at 7 days after inoculation with 1 × 108 spores ml−1 T6 spore
suspension. The lowest mortality was observed with 1 × 103

spores ml−1 T6 spore suspension at Day 1 after inoculation
(Figure 1). Increasing the number of days after T6 spore
suspension inoculation significantly increased aphid mortality.
The mortality of B. brassicae was 21.12% (Figure 1A), 26.41%
(Figure 1B), 41.21% (Figure 1C), 53.12% (Figure 1D), 63.21%
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(Figure 1E), 67.72% (Figure 1F), and 73.31% (Figure 1G) from
Days 1 to 7 after inoculation with T6 at 1 × 108 spores ml−1,
respectively.

Parasitic Effect of T. longibrachiatum T6 on
B. brassicae
Our results showed that the strain of T6 had a significant parasitic
effect on B. brassicae from Day 1 to 7 after inoculation. On Day 1,
B. brassicae inoculated with T6 (Figure 2B) showed no visible
change in morphology compared to the control (Figure 2A). On
Day 2, the color of treated aphids (Figure 2D) began to change
from light green to dark green compared to the control (Figure
2C). On Day 3, the surface of B. brassicae was parasitized by the
mycelium of T6 and the color changed from dark green to brown
(Figure 2F) compared to the control group, which showed
normal growth and development (Figure 2E). On Day 4
(Figure 2H), the mycelium of T6 colonized the entire body of
the dead aphids compared to the control group (Figure 2G). On
Day 5–6 (Figures 2J–L), the color became darker and the aphid
body surface deformed compared to the control (Figures 2I–K).
On day 7, the T6 spores parasited on different body parts of the
dead aphids (Figure 2N) compared to the control, which showed
fully grown winged adult (Figure 2M).

Effect of T. longibrachiatum T6 on the
Antioxidant Enzyme Activities of B.
brassicae
The enzyme activity of SOD, POD, CAT, APX, GPX, and GST of
B. brassicae was increased initially after inoculation with T6 spore
suspension compared with the control. The activities of SOD,
POD, CAT, APX, GPX, and GST were significantly increased at
Day 3 after inoculation compared to those of controls. A
significant decrease in all activities was recorded at Day 7 after
inoculation compared to control. The activities of SOD, POD,
CAT, APX, GPX, and GST showed maximum increase at Day 3
which was 52.98% (Figure 3A), 44.77% (Figure 3B), 48.26%
(Figure 3C), 49.39% (Figure 3D), 45.13 (Figure 3E), and 39.67%
(Figure 3F) respectively post inoculation compared to control.
However, the maximum decrease in the activities of SOD, POD,
CAT, APX, GPX, and GST was recorded at Day 7 which was

20.79% (Figure 3A), 21.05% (Figure 3B), 13.75% (Figure 3C),
20.45% (Figure 3D), 25.38% (Figure 3E), and 19.76%
(Figure 3F) respectively post inoculation compared to control.

Effect of T. longibrachiatum T6 on H2O2 and
MDA Contents of B. brassicae
Compared with the control, MDA (Figure 4A) and H2O2

(Figure 4B) contents were increased by 55.11% and 50.72%,
respectively, on Day 3 after inoculation with T6 spore suspension
compared with control. However, the MDA and H2O2 contents
showed minimal increase on Day 7 which was 20.14% and
17.01%, respectively, compared to control.

Effect of T. longibrachiatum T6 on
Antioxidant Enzyme Genes Expression of B.
brassicae
The expression of antioxidant enzyme genes varied at different
time points from Day 1 to 7 after inoculation. The expression
levels of the genes SOD, POD, CAT, GPX, and GST were
upregulated at first 5 days after inoculation with T6, whereas a
significant down regulation was observed at Day 7 compared to
control. For all transcription levels of the genes, there was
maximum increase in expression levels at Day 3 and then
decrease at Day 7. Briefly, the transcription levels of the genes
SOD, POD, CAT, GPX, and GST increased by 10.87 (Figure 5A),
9.87 (Figure 5B), 12.77 (Figure 5C), 6.22 (Figure 5D), and 4.07
(Figure 5E), respectively, on Day 3 after inoculation compared
with the control. However, the expression of SOD, POD, CAT,
GPX, and GST genes decreased with increasing duration of
inoculation and downregulated at Day 7 compared with the
control. The SOD, POD, CAT, GPX, and GST genes expression
were decreased by 0.43 (Figure 5A), 0.44 (Figure 5B), 0.35
(Figure 5C), 0.51 (Figure 5D) and 0.47 at Day 7 (Figure 5E)
respectively, compared to control.

Comparative Expression of Antioxidant
Enzyme Genes of B. brassicae
The transcript levels of all genes reached their maximum on Day 3
after inoculation and then declined. The comparative expression

TABLE 1 | Primers used in the qRT- PCR.

Gene name Primer sequences (59-39) Gene ID Organism

Actin depolymerizing factor F:ATTTTCCAGCGGCAAACGTC 112679496 Sipha flava
R: GTTCTTCCACAACGTAATCGTTT

Catalase F: TATACAGTGGCGTGGTCTGC 100159682 Acyrthosiphon pisum
R: ATCTCCCGGATGGATGGTCA

Glutathione peroxidase 2 F: GCCGTTAAGGGGCAGATTCA 112679719 Sipha flava
R: TCCGCTTGGATTAGGCTTGG

Glutathione S-transferase F: TAGCTGGTAGCGATGATTGGG 107169986 Diuraphis noxia
R: TATTGAGACACGGGCACCG

Peroxidase F: CCGGAAAGACACCGAAGAGT 111033629 Myzus persicae
R: GCACAGTTAGGGAACGGATG

Superoxide dismutase F: TGCTATAGGACAGGGTGCAG 113551032 Rhopalosiphum maidis
R: AAGCTCCTGGTTCATCGGTG
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levels of all genes showed that the CAT gene had the maximum
expression level (13.79) on day 3 after inoculation, whereas theGST
gene had the minimum expression level (5.09) on Day 3 after

inoculation compared with the control. However at Day 7 these genes
were downregulated and CAT gene decreased by 0.66 and GST gene
decreased by 0.53 compared to control at Day 7 (Figure 6).

FIGURE 1 |Mortality ofB. brassicae after treated with different concentrations of T. longibrachiatum T6 spore suspension at (A)Day 1, (B)Day 2, (C)Day 3, (D)Day
4, (E)Day 5, (F)Day 6 and (G)Day 7 by the dippingmethod. Different small letters represent the significant difference at the p < 0.05 level by Duncan’s newmultiple range
test. The line bars represent means ± standard error.
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DISCUSSION

The present study reported that the strain of T.
longibrachiatum T6 exhibited significant toxic effect on B.
brassicae. The highest mortality of B. brassicae was observed
on Day 7 with a concentration of 1 × 108 spores ml−1 after
inoculation with T6 spore suspension and the lowest with a
concentration of 1 × 103 spores ml−1 at day 1. Some previous
studies have shown that Verticillium lecanii conidia are highly
pathogenic to aphids (Fournier and Brodeur, 2000; Kim et al.,
2001). In addition, Ansari et al. (2004) found that the mortality
of Hoplia philanthus varied with the concentration of M.
anisopliae conidial suspension, exposure time, and
temperature. Similarly, several species of coleopteran
beetles, such as the coconut palm rhinoceros beetle (Oryctes
rhinoceros), reached a mortality nearly 100% after 15 days
exposure to Trichoderma (Nasution et al., 2018), the bean
weevil (Acanthoscelides obtectus) (Rodríguez-González et al.,
2017; Rodríguez-González et al., 2020), and the vineyard borer
(Xylotrechus arvicola) (Rodríguez-González et al., 2017), also
in eggs and larvae (Rodríguez-González et al., 2018).

In a previous study, Trichoderma parasitizes insects and
obtains nutrients from them to form new conidia on their

bodies (Poveda, 2021). Trichoderma longibrachiatum and T.
harzianum parasitized adults of silverleaf whitefly (Bemisia
tabaci) and tropical bed bug (Cimex hemipterus), causing
mortality of 40% at 5 days (Anwar et al., 2016) and 90% at
14 days (Zahran et al., 2017), respectively. In the current study, T.
longibrachiatum T6 (T6) spores attach to the surface of the aphid
and infect it by penetrating the cuticle of the aphid, often at the
joints or folds where the insect’s protective covering is thinner.
Once invaded, it grows by adsorbing nutrients and spreading
hyphae throughout the aphid’s body. Infected aphids died due to
T6 parasite infestation and a visible color change was observed
along with external hyphal growth on the dead body. Our results
are in agreement with those of who reported that in fungal
infection, the first step before penetration is adhesion of the
fungus to the host surface (Dong et al., 2009; Liu et al., 2009).
Gabarty et al. (2014) also reported that the entomopathogenic
fungi B. bassiana and M. anisopliae are pathogenic to Aipsilon
larvae as biocontrol agents.

Low concentrations of ROS are beneficial for signaling between
cells and for triggering genes that aid in insect defense (Kamata and
Hirata, 1999;Wang, 2001). ROS can lead to oxidative stress when the
concentration is high under stressful conditions (Lopez-Martinez
et al., 2008). The insects have the ability to eliminate excess ROS

FIGURE 2 | The parasitic effect of T. longibrachiatum T6 spore suspension onB. brassicae fromDay 1 to day 7 post-inoculation. (A,B) shows Day 1 control and T6-
treatedB. brassicae; (C,D) shows Day 2 control and T6-treated B. brassicae; (E,F) shows Day 3 control and T6-treated B. brassicae; (G,H) shows Day 4 control and T6-
treated B. brassicae; (I,J) shows Day 5 control and T6-treated B. brassicae; (K,L) shows Day 6 control and T6-treated B. brassicae; (M,N) shows Day 7 control and T6-
treated B. brassicae.
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from both their internal and extracellular fluids (Krishnan et al.,
2007). In this study, theMDA andH2O2 levels of aphids treated with
T6 increased compared to the control group. This might be due to

the less efficient activity of detoxifying and oxidoreductive enzymes
in the insects, so that the toxic substances secreted by T6 are
degraded less effectively. Our results are consistent with those of

FIGURE 3 | (A) SOD, (B) POD, (C) CAT, (D) APX, (E) GPX and (F) GST activity of B. brassicae at different time points after inoculation with T. longibrachiatum T6.
Different small letters represent the significant difference at the p < 0.05 level by Duncan’s new multiple range test. The line bars represent means ± standard error.

FIGURE 4 | The (A)MDA and (B)H2O2 contents of B. brassicae at different time points after inoculation with T. longibrachiatum T6. Different small letters represent
the significant difference at the p < 0.05 level by Duncan’s new multiple range test. The line bars represent means ± standard error.

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 9011157

Inayat et al. Effect of T6 on Cabbage Aphid

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Ju et al. (2014), who found that the increase in MDA caused by
thermal treatment indicates the possibility of damage by ROS
accumulation and oxidative stress in Corythucha ciliata, since
MDA is the endpoint of cell damage in most organisms
(Beaulieu and Costantini, 2014). Insects produce enzymes such as
SOD, CAT, POD, GPX, and APX, which serve to defend against
pathogens and other abiotic stressors (Felton and Summers, 1995).
Homayoonzadeh et al. (2022) found that topical application of B.
bassiana caused 100% mortality in adult Aphis gossypii after 7 days
because the activities of detoxification enzymes (glutathione
S-transferase, carboxylesterase, and acetylcholinesterase) were
reduced compared with controls. Digestive enzyme activities were
reduced in aphids from inoculated plants, which had higher activity
of SOD, APX, and phenoloxidase but lower catalase activity. Energy

reserves such as lipids, proteins, and glycogen were lower in aphids
of inoculated plants, and they exhibited lower fecundity, longevity,
and reproductive duration, as well as a 50% reduction in the LC50 of
pirimicarb. Thus, inoculation of plants with B. bassiana not only
caused direct pathogenicity but also negatively affected the
physiology and reproductive performance of A. gossypii.

Qasim et al. (2021) reported the enzymatic activity and
defense-related gene expression of nymphal and adult
populations of Asian citrus psyllids (ACP) on Huanglongbing-
damaged citrus plants under the attack of Cordyceps fumosorosea.
A total of five enzymes, namely SOD, POD, CAT, GST,
carboxylesterase (CarE), and four genes, namely SOD, 16S
gene, CYP4C68, CYP4BD1, were selected for corresponding
observations of ACP populations. The enzymatic activity of

FIGURE 5 | Relative expression of (A) SOD, (B) POD, (C) CAT, (D) GPX and (E) GST genes in B. brassicae at different time points after inoculation with T.
longibrachiatum T6. Different small letters represent the significant difference at the p < 0.05 level by Duncan’s new multiple range test. The line bars represent means ±
standard error.
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four enzymes (SOD, POD, GST, CarE) was significantly
decreased after 5 days post-treatment (dpt) and 3 days fungal
exposure in fungi-treated adult and nymphal ACP populations,
while the activity of CAT was significantly increased after the
schedule of treatment. In addition, there were drastic differences
in the expression of CYP4 gene in the fungi-treated ACP
populations. At 24 h post-treatment (hpt), the expression of
both CYP4 gene was higher in the fungi-treated populations
than in the control populations (adults and nymphs). However,
the expression of CYP4 gene declined in the treated populations
after 3 dpt. Similarly, fungal infestation worsened the resistance of
the adult and nymphal ACP populations, as the expression of
SOD was downregulated in the fungi-treated adult and nymphal
populations after 5 dpt and 3 dpt of exposure, respectively.
Similar to this study, T6 treatment significantly affected
antioxidant enzyme activity and gene expression of B.
brassicae. Inhibition of insect antioxidant activity on the later
days caused mortality. In addition, detoxification could be the
other crucial adaptive strategy in response to T6 treatment. T6
exposure leads to the expression of several genes involved in
detoxification, such as SOD, POD, CAT, GPX, and GST, which
were significantly upregulated across Days (1–3) and stimulated
stress response signals in T6-treated aphids. The transcript levels
of these genes increased from Days 1 to 3 and decreased sharply
from Days 4 to 7 in response to T6 treatment. Therefore, the high
mortality rate caused by T6 treatment at Days 4–7 may be due to
the inhibition of both enzymatic activity and expressions in B.
brassicae caused by T6 treatment. Further study may be required
to determine the molecular mechanisms of control of B. brassicae
by T6 both in vitro and in field.

CONCLUSION

Trichoderma longibrachiatum T6 exhibits significant effect in
controlling B. brassicae, and has the potential to infect B.

brassicae and affect its antioxidant enzyme activity and gene
expression. This study will provide basic knowledge about the
effect of fungal stress on aphids and its potential impact on the
enzyme activity of the insect, which will be helpful in further
studies of T6 in the field experiments. Further field and in vitro
studies can be carried out to find out the effect and safety of T6
as a safe insecticide against other non-target insects and
organisms.
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