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Trichoderma spp., a genus of fast-growing and highly adaptable fungi that form

symbiotic relationships with plant roots, rendering them ideal for practical use in

controlled environment agriculture. Herein, this paper aims to understand how

the Nicotiana benthamiana with inoculation of Trichoderma harzianum strain

TRA1-16 responds to light intensity variation. Pot experiments were conducted

under low and high light intensities (50 and 150 mmol·m-2·s-1, respectively) and

microbial treatments. Plant growth, physio-biochemical attributes, activities of

antioxidant enzymes, and phytohormones regulation were investigated. The

results showed that for non-inoculated plants, the reduction in light intensity

inhibited plant growth, nitrogen (N) and phosphorus (P) uptake, chlorophyll a/b,

and carotenoid content. Trichoderma inoculation resulted in 1.17 to 1.51 times

higher concentrations of available N and P in the soil than the non-inoculated

group, with higher concentrations at high light intensity. Plant height, dry weight,

nutrient uptake, and antioxidant activity were significantly increased after

inoculation (p<0.05). However, the growth-promoting effect was less effective

under low light conditions, with lower plant height and P content in plants. We

suggested that when the light was attenuated, themutualism of the Trichoderma

turned into parasitism, slowing the growth of the host plant. The application of

fungal inoculation techniques for plant growth promotion required coordination

with appropriate light complementation. The mechanisms of coordination and

interaction were proposed to be incorporated into the biological market theory.

KEYWORDS

artificial light supply, mutualism,Nicotiana benthamiana, parasitism, stress resistance,
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Introduction

With accelerated urbanization, modern agriculture puts

forward new requirements for agricultural industrialization,

such as localization of food production, biosecurity, pest and

drought mitigation, and year-round crop production (Benke and

Tomkins, 2017; Engler and Krarti, 2021; Tan et al., 2021).

Controlled environment agriculture (CEA), which is currently

manifested as sustainable intensification (Pretty, 2018), is seen as

a strategy to address these challenges. In CEA systems,

practitioners create a suitable plant growth environment and

improve the quality and yield by regulating environmental

factors such as temperature, nutrients, light, and CO2

concentration (Kalantari et al., 2018; Farhangi et al., 2020).

Aiming to obtain sustainability of CEA systems requires a

high level of coordination between the environment and

organisms (both plants and microbes), and it is possible to

develop microbial inoculants for agricultural biotechnology

(Berg, 2009; Sammauria et al., 2020). Co-regulation of plant

growth and metabolism can enable novel strategies for future

sustainable food security and a new green revolution (Li

et al., 2018).

As a plant growth-promoting fungi (PGPF), Trichoderma is

the fungus gaining attention from agricultural practitioners

(Bononi et al., 2020), and Trichoderma inoculation has

become an effective method to improve yield in CEA systems

(Wipf et al., 2019). Studies showed that Trichoderma could

promote the growth of various crops in the field, such as

tomato, maize, and rice (Mahato and Neupane, 2018;

Khoshmanzar et al., 2020; Singh et al., 2020). Because of the

vigorous survival and reproduction ability, Trichoderma can

efficiently enhance plant vitality by forming symbionts with

crops (Guzmán-Guzmán et al., 2019). When the hyphae of the

Trichoderma sense signals from the plants, they grow toward the

host plant’s root and eventually coil around it or attach to it by

forming hook-like structures (Chet et al., 1981; Cortés et al.,

1998). Fungal mycelia excrete compounds that promote plant

root elongation, thereby improving water availability (Harman,

2000; Shoresh et al., 2010) and nutrient uptake (De Jaeger et al.,

2011; Singh et al., 2019; Bononi et al., 2020). In addition,

Trichoderma produces phytohormones that enhance plant

tolerance to abiotic stresses, thereby stimulating plant growth

and productivity (Zhao and Zhang, 2015; Illescas et al., 2021;

Kredics et al., 2021).

In addition to soil-based cultivation systems, numerous

benefits are provided by hydroponic systems, which, if

properly managed, can provide optimal water and nutrients to

the roots, contributing to improved plant growth and yield and

resource use efficiency compared to soil (Paradiso et al., 2017).

However, the high consumption of chemical fertilizers in

nutrient solutions and the sensitivity of closed hydroponic

systems to salinity are issues that need to be addressed. The

application of Trichoderma in hydroponic systems may facilitate
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more efficient nutrient use, environmental control, and

avoidance of soil-borne diseases, thus further improving crop

productivity in hydroponics (Lee and Lee, 2015; Tarroum et al.,

2021). Research showed that in a hydroponic environment,

Trichoderma hyphae was observed to grow between plant cell

walls at an early colonization stage of 10 h, while by 24 h, the

root surface was extensively colonized (Moran-Diez et al., 2015).

Furthermore, seeds treated with Trichoderma were found to

have improved growth and physiological performance in a

hydroponic saline environment, as evidenced by constantly

faster and more uniform seed germination compared to

untreated seeds (Yasmeen and Siddiqui, 2018). Practices in

hydroponic systems showed that inoculation with Trichoderma

provided higher fresh leaf yields, resulting in a 15%-18%

reduction in fertilizer use (Moreira et al., 2022; Oliveira

et al., 2022).

Nicotiana benthamiana (hereafter N. benthamiana) is a

good choice of an infested host plant, which belongs to the

Solanaceae family and is a heterotetraploid plant containing 19

chromosomes. It is a widely used experimental host plant in

current phytopathological studies because it can be infected by

various pathogens, including bacteria, oomycetes, fungi and so

on (Goodin et al., 2008). Hence, N. benthamiana can be

employed for colonization by Trichoderma to obtain

symbionts that are environmentally sensitive and responsive

(Harman, 2011). However, since the effects of Trichoderma

inoculation varied under different conditions, some studies

have even found that Trichoderma negatively affected plants

(Kredics et al., 2021). Symbiotic growth is a multifactorial

process in which light plays an important role.

Light radiation controls the central processes of plant growth

and development for aboveground plant parts, including

germination, leaf proliferation and expansion, and flower bud

germination (Feng et al., 2019). Reductions in light intensity

could induce inhibition of metabolic potential of photosynthesis

and cell proliferation, render a reduction in the internal and

stomatal conductance of the leaves, and reduce the diffusion of

CO2 to the leaves, further damaging the leaf growth and

enlargement (Wu et al., 2017; Yang et al., 2017; Wu et al., 2018).

Furthermore, light radiation energy is obtained through long-

distance signal communication between different organs to

regulate rhizodeposition and thus influence microbial

colonization and metabolism (Hughes et al., 1999). Thus, smaller

and thinner leaves of the plants were observed under low light

conditions compared to full sunlight conditions (Wu et al., 2017).

Konvalinková et al. (2015) showed that as the light intensity

decreased (from 241.5 m mol·m-2·s-1 to 69 m mol·m-2·s-1), the

plant biomass was significantly reduced, and the benefits of

mycorrhizal growth and P uptake were lost at 69 m mol·m-2·s-1.

Gehring (2003) found that compared with high light intensity (157

m mol·m-2·s-1), low light intensity (54 m mol·m-2·s-1) inhibited the

growth of seedlings, reduced the root-to-shoot ratio, and increased

specific leaf area. Tester et al. (1985) found that a reduction in light
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radiation inhibited the root uptake of P (and plant growth was

impaired at 20 m mol m-2 s-l). The P content of infected plants was

significantly higher than uninfected ones.

The antioxidant system of the plant would respond to light

stress. Reactive oxygen species (ROS), such as singlet oxygen

associated with photooxidative damage, can cause severe

damage to the photosystems and put the entire photosynthetic

machinery into jeopardy (Triantaphylidès et al., 2008; Das and

Roychoudhury, 2014). To protect against ROS damage, plants

have developed efficient antioxidant machinery, known as

enzymatic and non-enzymatic scavenging systems (Scandalios,

1993). Indole-3-acetic acid (IAA) and gibberellic acid (GA) are

essential for plant growth and development (Hazzoumi et al.,

2014), and they are responsible for inducing plant stress

tolerance and improving plant growth by controlling the

activity of antioxidant enzymes to reduce oxidative damage

(Khalid and Aftab, 2020). Superoxide dismutase (SOD) and

peroxidase (POD) are essential enzymatic antioxidants for

promoting the scavenging of ROS (Zhang et al., 2020).

Elevated activities of SOD and POD facilitate the conversion

of toxic H2O2 to water and oxygen, thus protecting plants from

the toxic effect of oxygen free radical (Blokhina et al., 2003). Shao

et al. (2014) revealed that plants adapt to shade conditions by

increasing chloroplasts, grana and grana lamellae numbers, and

higher SOD and POD activities. The balance between SODs and

the different H2O2 scavenging enzymes is crucial in determining

cellular homeostasis (Mittler et al., 2004), and plays a protective

role in the functional structure of cells and photosynthetic

apparatus (Gama et al., 2009).

It is a highly intricate process in symbiosis growth, nutrient

transport, and substance exchanges under varying light

intensities. Our understanding of the response of plant-

Trichoderma symbionts to artificial light management is

hampered by the fact that there is only a minimal number of

available studies on the regulation of the growth processes,

especially from a holistic perspective of symbiotic growth from

light supply to rhizosphere microenvironment (Konvalinková

and Jansa, 2016). This study aimed (1) to characterize the effect

of Trichoderma inoculation on the growth, physiological, and

biochemical traits of N. benthamiana under different light

intensities and (2) to further reveal the mechanism of

transition of mutualistic Trichoderma to parasitism during

energy conservation of artificial light supply.
Material and methods

Experimental preparation

This experiment involved N. benthamiana plant cultivation

with/without Trichoderma harzianum inoculation in pots. The

method of Trichoderma isolation and purification was followed

by Xu et al. (2022), and this procedure was performed before
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plant cultivation. Briefly, the Trichoderma strain was isolated

from soybean monoculture soil by serial dilution technique on a

Trichoderma-selective medium (TSM). For purification, the

single spore of the putative Trichoderma colonies was

transferred on potato dextrose agar (PDA) plates and cultured

at 28°C. The mycelia of fungal isolates were collected from 7-

day-old isolates on PDA dishes and then ground in liquid

nitrogen with a disposable pellet pestle. The total genomic

DNA of all isolates was extracted for molecular identification

using an SP Fungal DNA Kit (Aidlab Biotech, Chengdu, China)

according to the manufacturer’s protocols. Trichoderma species

were therefore identified by amplifying the sequences of

ribosomal DNA internal transcribed spacer. Prior to planting,

suspension of Trichoderma spores was made for inoculation.

The plates covered with green mycelia were rinsed with sterile

water, and the liquid was filtered through two layers of gauze to

obtain spore suspension. The concentration of conidia in the

suspension was determined under a microscope using a blood

counting chamber, and the concentration of conidia suspension

was calculated as 6×107 CFU/mL. The prepared Trichoderma

strain was stored at 4°C before use.
Seed germination

The substrate soil for seed germination and plant growth was

a mixture of peat substrate (Pindstrup Mosebrug A/S,

Ryomgaard, Denmark) and vermiculite (3:1, v:v). Before

cultivation, the pH of the substrate soil was measured to be

5.36 ± 0.20, the dry matter content was 55 to 75 g·L-1, and the N-

P-K fertilizer was 0.650 kg·m-3. Due to the low nutrient content

of the substrate soil, the macro elements required by the plants

were provided through the Murashige and Skoog (MS) solution

during cultivation, including CaCl2 332.02 mg/L, KH2PO4

170.00 mg/L, KNO3 1900.00 mg/L, MgSO4 180.54 mg/L,

NH4NO3 1650.00 mg/L.

The N. benthamiana seeds were sterilized in sodium

hypochlorite for 3 min, washed five times in sterile water, and

soaked in distilled water at 4°C for 48 h. Each pot (10×10×9 cm)

was filled with 100 g of substrate soil. Then the pots were soaked till

the soil was saturated with water. Five seeds were sown in each pot

and budded in an incubator. After five days of germination, all

plants were moved to the laboratory. The seedlings with similar

growth conditions were retained (one seedling in each pot), and

then 15 mL of MS solution was added to each pot.
Growth conditions and
experimental design

All plants were kept under a light intensity of 150

mmol·m-2·s-1 for 14 days, and then the plants were divided into

two groups for growth experiments at different light intensities.
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Considering the essential photosynthetic intensity for plant

growth while stimulating plant interactions against

Trichoderma colonization, the value of L1 = 50 mmol·m-2·s-1

was used as suggested by Carvalho et al. (2008). Meanwhile, the

light intensity L2 = 150 mmol·m-2·s-1 opted for normal growth of

N. benthamiana as suggested by Kotakis et al. (2010). When the

plants were observed to have two true leaves, half of the pots

under L1 and L2 were inoculated with Trichoderma spore

suspension (denoted as Tri). 120 mL of the suspension was

injected into the rhizosphere with a pipette. For non-

Trichoderma inoculated plants (denoted as NTri), the same

120 mL of the medium as the Tri group was injected, but

without Trichoderma spores. Each combination had four

replicates. All the plants were grown in controlled conditions,

with a temperature of 25°C–26°C, 16/8 h (light/dark)

photoperiod, and relative humidity of 70%–80%. The plants

were watered daily with distilled water to approximately 80% of

the soil water holding capacity.
Analysis of soil and plant samples

Plant height was measured from the root collar until the tip

of the inflorescence, and the stem diameter above the root collar

was measured for each plant before harvest by a vernier caliper.

The leaf area was determined by the coefficient methods (at

k=0.75) (Koubouris et al., 2018). Then the plants were harvested

after five weeks of the growth period. The rhizosphere soil of

each treatment was sampled and air-dried in a shady place. The

shoot dry weight (SDW), root dry weight (RDW), and total dry

weight (TDW) were measured by electronic analytical balance

(OHAUS, PR124ZH/E, China). Specific leaf area (SLA=leaf area/

leaf mass) and root-shoot ratio (RSR=dry weight of root/dry

weight of aboveground part) were calculated.

Soil available N and P were determined using the alkaline

hydrolysis diffusion method and molybdenum-antimony anti-

spectrophotometric method. For available N, 1.00 g of dried soil

sample was treated in a diffusion dish with 10 mL of 1.8 mol/L

NaOH solution. After diffusion, the sample was absorbed by 3 mL

of boric acid and titrated with 0.01 mol/L hydrochloric acid

solution, and the content of alkali-hydrolyzable N was

calculated as Eq.1.

WN =
(V − V0)� c� 0:014

m
� 103 Eq: 1

where the WN is the content of alkali-hydrolyzable N (mg/g), the

V and V0 (mL) are the volumes of hydrochloric acid used in the

titration sample, and blank group, respectively. The c (mol/L) was

the concentration of the hydrochloric acid standard solution,

which was 0.01. The m (g) is the weight of the soil sample,

which is 1 in this experiment, and the 0.014 (g/mmol) is the

millimolar mass of the N atom.
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For soil available P measurement, 1.00 g of dried soil sample

was added into a 200 mL plastic bottle. 50 mL of ammonium

fluoride-hydrochloric acid was added as the extracting agent,

shaken at a frequency of 180 ± 20 rpm using a reciprocating

constant-temperature water-bath shaker (SHA-B, Yoke 140

Instrument, China), dried, and filtered through a P-free filter

membrane. 10 mL of filtrate, 10 mL of deionized water, and two

drops of dinitrophenol indicator were added to a 50 mL

volumetric flask, titrated with boric acid until the solution

appeared yellow, then added 5 mL of Mo-Sb Anti

chromogenic agent. Finally, deionized water was added to the

endpoint of 50 mL. After 30 minutes, absorbance (at 700nm)

was measured by spectrophotometry. The standard curve was

employed to determine the P content corresponding to the

measured absorbance value.

Plant N was determined using the Kjeldahl method (Yuen

and Pollard, 1953), while P was determined by Mo-Sb anti-

absorption spectrophotometry (Bao, 2000). Soil pH was

measured by IQ 150 pH Meter (IQ Scientific Instruments,

America). Peroxidase (POD) and superoxide dismutase (SOD)

were analyzed using Assay Kits (purchased from Nanjing

Jiancheng Co., Ltd.). 0.5 g FW of plant tissue was accurately

weighed, 0.1 mol/L phosphate buffer was added, and grounded

in the ice bath for 5 min. The tissue homogenate was

centrifuged at 3500 r/min for 10 minutes, and the

supernatant was used to determine the POD and SOD

activities. Indole-3-acetic acid (IAA) and gibberellic acid

(GA) were determined by enzyme-linked immunosorbent

assay (ELISA). 1.0 g FW of plant tissue was weighed

accurately, phosphate-buffered saline (PBS) (1:9, w:v) was

added to make tissue homogenate, centrifuged for 10 min at

2000 r/min, and then 50 mL of supernatant was taken for

determination of the phytohormones. For chlorophyll a (Chl

a), chlorophyll b (Chl b) and carotenoid, 0.3 g FW of leaves

were weighed, 95% ethanol, quartz sand, and calcium

carbonate powder were added for grinding. The tissue

homogenate was filtered, and the chlorophyll was determined

by spectrophotometry. The water content of the plant samples

was determined simultaneously during the test by the drying

and weighing method, and the FW concentrations were

converted to DW concentrations after obtaining the data.
Statistical analysis

Numerous interdependent factors affected the physiological

and biochemical processes of N. benthamiana under different

light conditions and Trichoderma inoculation. Therefore,

principal component analysis (PCA) was employed to reduce

the dimensionality of the possibly correlated variables while

retaining most of the information. Seventeen variables, including

plant height, stem diameter, leaf area, SLA, shoot dry weight, soil

physical and chemical properties (pH, N, and P), plant
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chlorophyll contents (Chl a, Chl b, and carotenoid), N and P in

the shoot, activities of related enzymes (SOD, POD) and the

contents of the phytohormones (IAA and GA), were considered

in the present study. Two-way analysis of variance (ANOVA)

was used to examine the effects of variable light intensity

incorporating Trichoderma inoculation and the interactions

between the two factors. Individual treatment was statistically

evaluated using Duncan’s multiple range test to identify whether

they differed significantly (p=0.05). All statistical analysis was

performed using IBM SPSS Statistics 19.
Results

Plant growth and physiological traits

Significant differences in plant height could be visually

observed. As shown in Figure 1, The plants grew slowly under

L1 conditions due to insufficient light, and the plants were

shorter in height in the Tri group compared to the NTri

group. However, the results were inverted under L2

conditions, rendering the plants to grow normally, and the

plants were taller in the Tri group compared to the NTri

group. As shown in Figure 2, plant height in the Tri group

(216.20 ± 4.20 mm) was 38.84% higher than in the NTri group

(155.71 ± 10.23 mm) under the L2 condition. However, for the

lower light intensity of L1, the plant height in Tri group (70.80 ±

0.62 mm) was 26.50% lower than in the NTri group (96.33 ±

6.11 mm). In the NTri group, the highest values of the stem

diameter (2.86 cm) and leaf area (8.62 cm2) were found under

the L2 condition; while in the Tri group, the stem diameter and

leaf area were significantly increased by 24.64% and 38.81%,
Frontiers in Plant Science 05
respectively compared with the NTri group. Under the L1

condition, the stem diameter and leaf area of the Tri group

were significantly increased by 15.18% and 61.89% compared

with the NTri group. The SLA of L1 was higher than L2 in both

Tri and NTri groups. The SDW, RDW, RSR, and TDW for the

Tri group under L1 were 1.78, 3.47, 1.95, and 1.95 times higher

than the NTri group, respectively, and these parameters for the

Tri group under the L2 were 1.12, 1.34, 1.19, and 1.17 times

higher than NTri group, respectively.

As shown in Table 1, in the NTri group, the N content under

the L2 condition (16.62 mg/g) was higher than that under L1

(13.11 mg/g). The N contents of the Tri group were 1.58 and 1.14

times higher than that of the NTri group under L1 and L2

conditions, respectively. The lowest P content (0.73 mg/g) was

observed under the L1 condition in the NTri group. The P

content for the Tri group under L2 was 1.65 times higher than

the NTri group. Soil pH was significantly decreased by

Trichoderma treatment both in L1 and L2 conditions.

Meanwhile, the contents of soil available N and P for the Tri

group under L1 were 1.17 and 1.28 times higher than the

NTri group, while the contents of soil available N and P for

the Tri group under L2 were 1.34 and 1.51 times higher than the

NTri group.

Notable interactive effects of changes in light intensity and

Trichoderma inoculation on plant physiological traits were

observed. As shown in Table 2, when the categorical variable

of different light intensities (L), the variable of inoculation (T),

and the interaction (L×T) showed significance, it explained that

Trichoderma inoculation had inconsistent effects on the

physiological traits under different light intensities. These traits

were manifested in the main parameters related to plant growth,

including plant height, dry weight, plant N and P, chlorophyll,
FIGURE 1

Comparison of the N. benthamiana growth under different light conditions with and without Trichoderma inoculation. L1 and L2 denote the two
light intensities; Tri and NTri denote the treatment groups inoculated and not inoculated with Trichoderma, respectively.
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TABLE 1 Physicochemical indices of soil and N. benthamiana under the treatment combinations of the two light intensities and Trichoderma inoculation.

Parameters Treatment combinations*

L1 + NTri L1 + Tri L2 + NTri L2 + Tri

Plant N (mg/g DW) 13.11 ± 0.03 d 20.74 ± 0.05 a 16.62 ± 0.02 c 18.91 ± 0.04 b

Plant P (mg/g DW) 0.73 ± 0.05 b 0.69 ± 0.02 b 0.90 ± 0.03 b 1.49 ± 0.02 a

Soil N (mg/g DW) 376.63 ± 22.56 a 420.42 ± 29.40 a 320.54 ± 19.20 b 408.19 ± 28.56 a

Soil P (mg/g DW) 56.29 ± 5.04 b 75.16 ± 6.00 a 45.73 ± 4.05 c 68.44 ± 5.44 a

Soil pH 5.67 ± 0.42 a 4.92 ± 0.39 c 5.59 ± 0.29 a 5.29 ± 0.25 b

Chlorophyll a (mg/g DW) 0.77 ± 0.02 b 1.03 ± 0.03 a 0.72 ± 0.02 b 0.74 ± 0.09 b

Chlorophyll b (mg/g DW) 0.39 ± 0.08 a 0.37 ± 0.04 a 0.23 ± 0.05 b 0.27 ± 0.03 b

Total chlorophyll content (mg/g DW) 1.17 ± 0.07 b 1.40 ± 0.06 a 0.96 ± 0.02 c 1.01 ± 0.12 c

Carotenoid content (mg/g DW) 0.14 ± 0.00 b 0.21 ± 0.01 a 0.17 ± 0.02 b 0.15 ± 0.02 b

Chlorophyll a/b 2.03 ± 0.49 b 2.79 ± 0.23 a 3.12 ± 0.13 a 2.69 ± 0.01 a

POD (Ug/min) 99.23 ± 5.53 bc 160.30 ± 39.71 a 67.56 ± 5.19 c 112.08 ± 16.08 b

SOD (U/g) 2452.34 ± 30.66 b 3350.91 ± 221.24 a 2229.87 ± 346.01 b 3197.89 ± 568.07 a

IAA (ng/g) 19.56 ± 0.95 a 14.57 ± 0.51 b 10.41 ± 0.58 c 15.04 ± 0.05 b

GA (ng/g) 312.09 ± 0.99 a 260.51 ± 0.47 b 208.12 ± 0.90 d 219.66 ± 0.57 c
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*L1 and L2 denote the two light intensities; Tri and NTri denote the treatment groups inoculated and not inoculated with Trichoderma, respectively.
Lowercase letters a, b, c, and d in the table denote the statistical significance between different treatment combinations for the parameter on the row.
A B

D E F

G H

C

FIGURE 2

Comparing the plant height (A), stem diameter (B), leaf area (C), specific leaf area (D), shoot dry weight (E), root dry weight (F), total dry weight
(G), and root-shoot ratio (H) of the N. benthamiana inoculated or not with Trichoderma. L1 and L2 denote the two light intensities; Tri and NTri
denote the treatment groups inoculated and not inoculated with Trichoderma, respectively. Error bars denote standard deviation, and asterisks
indicate significant differences (p<0.05).
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and GA, indicating interactions between L and T. In addition, it

was noted that changing light intensity and Trichoderma

inoculation affected leaf and stem development to varying

degrees, significantly altered soil N, P content, and soil pH,

and further regulated the activity of peroxidase (POD) and

superoxide dismutase (SOD) in plants. Since the changes in

these traits were not significant as L×T, it indicates that

inoculation had significant and consistent effects under

different light treatments.
Antioxidant enzymes activities and
phytohormone contents

The POD and SOD activity was significantly (p<0.05)

influenced by light conditions and Trichoderma inoculation.

The POD and SOD for the Tri group under L1 were 1.62 and

1.37 times higher than the NTri group, while The POD and SOD

for the Tri group under L2 were 1.66 and 1.43 times higher than

the NTri group (Table 1). The results showed that the activities of

antioxidant enzymes in the plants of each treatment group were
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ranked in descending order of L2 + Tri > L1 + Tri > L1 + NTri >

L2 + NTri. The contents of Indole-3-acetic acid (IAA) and

gibberellic acid (GA) were significantly (p<0.05) influenced by

light conditions and Trichoderma inoculation. Under the L1

condition, the highest IAA and GA contents were observed in

the NTri group (Table 1). In the L1 condition, the IAA and GA

contents for the Tri group were 0.78 and 0.52 times lower than the

NTri group, respectively. In the L2 condition, the IAA content for

the Tri group was 1.48 times higher than the NTri group.
Interactive effects of the Trichoderma
inoculation and artificial light supply on
plant growth

Multiple factors influenced N. benthamiana growth under

the combined effects of Trichoderma inoculation and varying

light intensity. Figure 3 showed significant correlations among

growth-related indicators (p ≤ 0.01), showing a red triangle in

the correlation matrix. Meanwhile, these indicators were

positively correlated with N and P content in plants (p ≤ 0.01)
TABLE 2 Two-way analysis of variance indicating the interactive effects of independent variables (light supply and Trichoderma inoculation
treatment) and their co-influence on dependent variables.

Physiological traits Treatment combinations†

L T L×T

Plant height ** ** **

Stem diameter ** ** n.s.

Leaf area n.s. ** n.s.

SLA ** n.s. n.s.

Shoot dry weight ** ** **

Root dry weight ** ** *

Total dry weight ** ** **

Shoot/Root ** ** **

Plant N ** ** **

Plant P ** ** **

Soil N ** * n.s.

Soil P ** * n.s.

Soil pH n.s. ** *

Chlorophyll a ** ** **

Chlorophyll b ** n.s. n.s.

Total chlorophyll content ** ** *

Carotenoid content * * **

Chlorophyll a/b * n.s. **

POD activity * ** n.s.

SOD activity n.s. ** n.s.

IAA content ** n.s. **

GA content ** ** **
fron
†L represents the categorical variable of different light intensities, T represents the categorical variable of whether applied Trichoderma inoculation or not, L×T represents the interaction of
the two variables.
* and ** indicate that the interaction between these terms was significant at p=0.05 and p=0.01, respectively.
n.s. means that no significance was found.
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and significantly negatively correlated with IAA, GA, and Chl a

(p ≤ 0.01). Activities of SOD and POD were correlated with the

N and P concentrations in soil (p ≤ 0.01). Soil pH was negatively

correlated with other indicators, especially with N content in the

shoot (p ≤ 0.001), Chl a (p ≤ 0.01), SOD activity, carotenoid, and

leaf area (p ≤ 0.05).

As shown in Figure 4, each treatment group was closely

clustered, indicating that variation of light conditions and

Trichoderma inoculation were statistically significant for

clustering the data. The eigenvalues for principal component

numbers 1 and 2 (PC1 and PC2) were 6.52 and 6.39,

respectively. Their cumulative percentage of variance

accounted for 75.89%. The loading scores of soil N and P

concentrations, soil pH, plant leaf area, Chl a, carotenoid, N

concentration in the shoot, and relevant enzyme activities (POD

and SOD) were relatively high on PC1, ranging from 0.25 to

0.36; whereas for PC2, plant height, shoot dry weight, SLA, P in

the shoot, GA, IAA, and Chl b concentrations had higher

loading scores, ranging from 0.27 to 0.35. Thus, we

determined that the loading scores for PC1 were mainly

related to plant growth promotion influenced by light

supplementation, while PC2 was particularly associated with

changes in soil microenvironment status influenced by

Trichoderma inoculation. It was apparent that Trichoderma

inoculation separated the NTri and Tri groups from left to

right on the PC1 axis, and different light treatments separated

the L1 and L2 groups from top to bottom on the PC2 axis. Note

that the L1 was positioned above the L2 on the PC2 axis within
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Tri or NTri treatment group. Concerning PC2, the plant height,

shoot dry weight, and P in the shoot were negatively correlated

with SLA, Chl b, and the contents of IAA and GA, indicating the

effect of light on chlorophyll contents, phytohormone

regulation, and growth of N. benthamiana. With the

Trichoderma inoculation, the cluster shifted to the right; on

the other hand, soil N and P content were correlated with N in

the shoot, POD, SOD, and carotenoid, which could be explained

by the fact that Trichoderma changed the soil environment, and

thus affected the nutrient uptake and antioxidant levels of

N. benthamiana.
Discussion

Mutualistic and parasitic interactions

It was worth noting that Trichoderma inoculation combined

with two light conditions showed different effects (Table 2),

reflecting that the beneficial effect of Trichoderma on plants must

be based on a certain level of light energy conversion and utilization.

The situation differed in the L1 condition, where plant height

decreased after Trichoderma inoculation (Figure 2). When

Trichoderma inoculation was applied in limited light conditions,

the fungi were suggested to act as parasites and inhibited the growth

of host plants. This parasitic interaction phenomenon is vital in

symbionts’ development, especially under variable environmental

conditions (Kiers et al., 2016). The conversion of light energy and its
FIGURE 3

Correlation matrix of the factors. The upper triangular part of the graph is the correlation coefficient matrix, the lower triangular part is the
graphical indication, with the diameter of the dots denoting the values of the correlation coefficients: positive and negative correlations are
indicated by colors, and significance levels are indicated by asterisks.
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transfer process to the rhizosphere was the basis for influencing the

Trichoderma colonization and proliferation. In this experiment, it

was suggested that the transfer and exchange of resources between

the aboveground parts of the plant and the rhizosphere and the

metabolism of Trichoderma were the key processes influencing

parasitic interactions.

Dry weight and root length were related to the proportion of

allocation of the photosynthetic organic carbon (Andrews et al.,

1999). However, reduced light intensity was detrimental to the

accumulation of photosynthetic products and limited the

development of the plant roots. When the light was

insufficient, carbon tended to allocate towards stem elongation

at the expense of root and leaf development, thus impairing the

mass transfer to the rhizosphere (Gommers et al., 2013). As

shown in Figure 2, plant dry weight decreased, and SLA

increased as the light intensity declined. As this change

facilitated an increase in light interception by leaves (Wu et al.,

2017), it was usually manifested as thinner epidermal cells and

fewer palisade tissue layers in leaves. The rate of anticlinal cell

expansion and palisade cell layers declined, leading to thinner

leaves and larger leaf area (Valladares and Niinemets, 2008;

Terashima et al., 2011; Kalve et al., 2014). Note that this change

in leaf morphology favors light interception, as Evans and

Poorter (2001) showed that acclimation to low light resulted

in a doubling of SLA and halving of organic nitrogen content per

unit leaf area; however, it is detrimental to CO2 transport and

photosynthesis, which ultimately affect biomass accumulation

(Terashima et al., 2001).
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From the perspective of the rhizosphere microenvironment,

reproduction and metabolism of Trichoderma were indirectly

affected by the influence of light on the aboveground part of the

plant, which further affected the nutrient supply and growth of

the plant. It was deduced that Trichoderma inoculation

contributed to the absorption of N and P, thus improving

chlorophyll synthesis in plants, as demonstrated by Elkelish

et al. (2020) and Vukelić et al. (2021). Trichoderma may

promote the solubilization of complex compounds by

stimulating the secretion of organic acids from the roots

(Zhang et al., 2014), and as a result, the soil pH was

significantly reduced (Table 1). Concordant results were

exhibited in Zhai et al. (2019) and El-Katatny (2010). These

organic acids played a role in converting organic N to inorganic

N and releasing modest amounts of NO2. Meanwhile,

Trichoderma produced phosphatases, which converted the soil

phosphate into di- or monobasic phosphates. Eventually, these

phosphates were available for absorption (Maeda et al., 2015;

Zhao et al., 2017).

Under L2 conditions, Trichoderma inoculation increased N

and P content in plant tissues by 14% to 65% and improved plant

height, leaf area, and dry weight (Figure 2 and Table 2).

However, as shown in Figure 4, light decreasing led to an

upward scattering of the points on the PCA biplot, and the

loading scores of Chl b were higher than Chl a on the PC2 axis.

As Chl a/b decreased with light decreased, it could be due to the

promotion of transformation from Chl a to Chl b. Also, the ratio

of Chl a/b variation was indicative of whether the plants
FIGURE 4

Biplot of principal component analysis (PCA) for the factors. NTri and Tri denote the Non-Trichoderma inoculated and Trichoderma inoculated
groups, respectively. L1 and L2 denote the treatment groups with the light intensity of 50 and 150 mmol·m-2·s-1, respectively. Blue arrows
denote the loadings, which are the coefficients of the linear combination of the factors that constitute the PCs. The gray arrows denote the
principal influencing processes characterized by the sample scatter distribution. Samples of each treatment group are clustered and enveloped
in their respective 95% confidence ellipse.
frontiersin.org

https://doi.org/10.3389/fpls.2022.989155
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Tan et al. 10.3389/fpls.2022.989155
acclimate to low N availability (Kitajima and Hogan, 2003). The

N supply to plants via Trichoderma could therefore be inhibited

under low light conditions, which may contribute to the

formation of the Trichoderma parasitic trait.

Compared with the NTri group, Tri group had a higher

chlorophyll content, which may have facilitated plant

photosynthesis, as the rate of photosynthetic was found to be

highly correlated with the chlorophyll content (Buttery and

Buzzell, 1977). Harman et al. (2021) indicated that

Trichoderma inoculation induced up-regulation of relevant

genes and pigments, which activated biochemical pathways

that reduced reactive oxygen species (ROS) to less harmful

molecules, thus improving photosynthesis in stressed plants.

As revealed by the present study, the mutualistic and parasitic

interaction phenomenon of Trichoderma is exhibited by nutrient

uptake regulations and photosynthetic pigment synthesis.
Regulation of phytohormones

In the application of PGPF, the coordination between light

and strain proliferation was present, and the regulation of

phytohormones was of central importance, including Indole-3-

acetic acid (IAA) and gibberellic acid (GA). The signaling network

of phytohormones is regulated and coordinated with light

intensities through extensive receptors, signal transducers, and

effector proteins (Franklin, 2008; Vaishak et al., 2019). IAA and

GA were key phytohormones to regulate leaf development,

expansion, elongation, and their contents determined their

effects (positive or negative) on plant growth (Bhalerao et al.,

2002; Gupta and Chakrabarty, 2014; Nieto-Jacobo et al., 2017).

Trichoderma was involved in regulating the IAA and GA, which

significantly modified the plant growth (Zhang et al., 2013;

Ahmad et al., 2015). In the NTri group of this study, a

reduction in plant height and stem diameter was found owing

to the reduction in light and thus a deficit in photosynthetic

energy supply, while high phytohormone concentrations inhibited

cell expansion and division (Table 1) (Yang et al., 2014).

The IAA and GA content of the Tri group were lower than

those of the NTri group under L1 conditions (Table 1). Related

studies have shown that Trichoderma could regulate ethylene

concentration by producing aminocyclopropane-1-carboxylic

acid deaminase, reducing IAA and GA (Chowdappa et al.,

2013; Hermosa et al., 2013; Kamalov et al., 2018; Jaroszuk-

Sciseł et al., 2019). However, in the present study, the IAA

contents of the Tri group were significantly higher than those of

the NTri group under L2 conditions (Table 1), and the results

were consistent with the previous study (Martıńez-Medina et al.,

2011). This phenomenon could be due to increased light

intensity, rendering sufficient rhizodeposition from the

adequate photosynthetic output (Harman, 2000). As a result,

the activity of the Trichoderma was boosted, and its metabolites

(e.g., Indole-3-pyruvic acid, Indole-3-acetaldehyde, and
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Tryptophan) regulated the phytohormone concentrations

(Contreras-Cornejo et al., 2009; Sofo et al., 2011; Won et al.,

2011). As confirmed by Figure 3, IAA and GA showed a

significant positive correlation with plant Chl b with SLA.

However, conversely, they were weakly or negatively correlated

with plant growth, suggesting that the parasitism of Trichoderma

may result in a reduction in symbiont vigor and that

phytohormones did not solely stimulate plant growth.

Evidence indicated that although Trichoderma could produce

IAA and other diffusible compounds, their production was

strain dependent and could be influenced by various external

stimuli. Hence the phytostimulation may not solely or

completely be interpreted by an auxinic mechanism (Nieto-

Jacobo et al., 2017; Pelagio-Flores et al., 2017).
Antioxidant activity

Insufficient light condition and Trichoderma proliferation are

severe abiotic and biotic stresses for plants. The antioxidant activity

of the symbionts may be critical in evaluating growth systems

when coordinating the variable light intensity and Trichoderma

inoculation. Plant tolerance under abiotic stresses was regulated by

antioxidant defense systems (Bernal-Vicente et al., 2015). These

antioxidant enzymes acted as “crosstalking” signals that

coordinated the activity of defense networks complementary to

the whole antioxidant system (Bernal-Vicente et al., 2015).

As shown in Figure 4, the activities of superoxide dismutase

(SOD) and peroxidase (POD) accounted for the high loadings

on PC1, which was interpreted as the causative factor of

enzymatic antioxidants inducing the migration of NTri

clusters on the PC1 axis. As confirmed in Table 1,

Trichoderma inoculation was conducive to enhancing the

activities of SOD and POD, which were positively correlated

with total chlorophyll content, and similar results were reported

in previous research (Gajera et al., 2016; Sarangi et al., 2021).

Excessive accumulation of ROS in plants caused lipid

peroxidation and ultimately damaged the plant cells (Ahmad

et al., 2010; Gill and Tuteja, 2010; Soares et al., 2016).

Antioxidant enzymes (including SOD and POD) were

conducive to scavenging the ROS, and the activity of these

enzymes reflected the level of oxidation resistance (Kapoor

et al., 2019). The activities of SOD and POD of NTri groups

were low compared with Tri groups (Table 1). The result

revealed the existence of oxidative stress in plants, but the

ability to mitigate ROS was limited. This phenomenon was

previously confirmed in Brassica (Zhu et al., 2017),

Anoectochilus roxburghii (Shao et al., 2014), and soybean

plants (Raza et al., 2020). ROS production under low light

stress could be due to the enhanced photorespiration

accompanied by the inhibition of the synthesis of active

molecules that scavenge the ROS (Blokhina, 2003; Chaki et al.,

2009; Zhao, 2014).
frontiersin.org

https://doi.org/10.3389/fpls.2022.989155
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Tan et al. 10.3389/fpls.2022.989155
Notably, the driving factor for the changes in antioxidant

activities could be the alterations in soil microenvironment

status (Wu et al., 2022), including changes in soil pH and C,

N, and P contents. According to the results shown in Figure 4,

the migration of cluster L1 + Tri to L2 + Tri reflected the

mutualistic traits of Trichoderma, leading to an analogical result

of plant growth promotion as light supplementation. The fitness

of inoculated fungus always depends on plant carbon because

they have no independent means of taking up carbon (Johnson,

2010; Grman, 2012). Higher light intensities ensured adequate

rhizodeposition, reflected in alterations in the rhizosphere

microenvironment and antioxidant activities, which eventually

led to the mutualism-parasitism transition.

Based on the above analysis, the interaction between

artificial light supply and Trichoderma inoculation on N.

benthamiana was proposed, as illustrated in Figure 5. The

effect of light changes on plants, including the content of Chl

a, b and carotenoids, significantly contributed to rhizodeposition

and energy consumption by Trichoderma. Furthermore, as

adequate rhizodeposition boosted the Trichoderma activity and

regulated the metabolites, it subsequently affected the

phytohormone secretion of the plant, including IAA and GA.

In addition, the antioxidant system of the symbiosis was

sensitive to the light intensity and the colonization response of

Trichoderma, which may be systematically indicative of the
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combination of growth parameters. The dynamics of C, N,

and P in rhizodeposition exchanges between the plants and

the Trichoderma could be explained as a biological market, in

which these sources were reciprocally exchanged, with

evolutions of resource exchange mutualisms (Konvalinková

and Jansa, 2016; Afkhami et al., 2020). The rhizosphere

microenvironment could be significantly altered during

Trichoderma colonization, proliferation, and controlled light

conditions. The rhizodeposition was a privileged and

specialized resource for Trichoderma, especially in CEA

models similar to this study that cultivate plants in the limited

volume of a substrate cube (Tan et al., 2021).
Conclusions and perspectives

This study conducted pot experiments to investigate the

effect of Trichoderma inoculation on the growth, physiological,

and biochemical traits of N. benthamiana under different light

intensities. Succinctly, in high light conditions, inoculated

Trichoderma participated in the mediation of phytohormones,

improved antioxidant enzyme activity, and further increased

nutrient uptake, thus promoting plant growth. In contrast, low

light negatively affected plants by inducing oxidative impairment

and inhibiting nutrient uptake, photosynthetic pigments
FIGURE 5

Schematic diagram of the interaction mechanism between artificial light supply and Trichoderma inoculation revealed in this study. Arrows
indicate influence processes, positive red signs represent increase or enhancement, and negative blue signs represent reduction.
frontiersin.org

https://doi.org/10.3389/fpls.2022.989155
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Tan et al. 10.3389/fpls.2022.989155
accumulation, and phytohormone secretion. Low light stress

could be alleviated by Trichoderma inoculation, which was

beneficial in restoring the content of photosynthetic pigments

and antioxidant enzymes. Nevertheless, in low light conditions,

the promoting effect of Trichoderma on plant growth was limited

due to insufficient rhizodeposition from the restricted

photosynthetic output, rendering a transition of mutualism to

parasitism during this process. We hope that the findings in this

study can aid in increasing our understanding of the physiology

of the symbiont under artificial light supply to optimize lighting

and inoculation techniques on indoor farming.

In the context of precise regulation of the plant growth

environment by CEA systems, multiple functions of biocontrol

of Trichoderma are valuable to be explored and utilized,

including the antibiosis, mycoparasitism, solubilization and

sequestration of inorganic nutrients, induced resistance,

inactivation of the pathogen’s enzymes and so on. However,

the mechanisms of different species of Trichoderma spp. in

functioning as plant growth promoters and biocontrol agents

need to be further revealed, especially in the artificial growing

environment. Given the complexities of the interactive effects of

the variable light intensity and Trichoderma inoculation on

growth, explicit consideration of symbiotic exchange for

resources in soil- and substrate-based controlled environment

agriculture is of central importance. Notably, the transition from

mutualism to parasitism induced by resource trade competition

during energy conservation in artificial light supply requires

integration into the biological market theory. In subsequent

studies, it is essential to understand how rhizodeposition

modulates the outcome of Trichoderma symbiosis from a

molecular biology perspective. Genes regulation and their

products involved in the interaction of Trichoderma with

plants are considered major issues that require further

research intensively in CEA development.
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