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Abstract: Arbuscular mycorrhizal fungi (AMF) symbiosis has been shown to improve the ability to
obtain nutrients and resist adverse environmental conditions. However, there are few studies on
the functions of AMF in the absorption and accumulation of boron (B). Moreover, it is still unclear
whether the root colonization rates of AMF are limited by B deficiency. In this study, Camellia oleifera
seedlings were planted in normal and boron-deficient substrates, and the seedlings were inoculated
with Funneliformis mosseae or left uninoculated. The growth and physiological indices of C. oleifera
seedlings were determined. The results of this experiment indicate that AMF inoculation increased
the plant biomass, B content, B accumulation, and antioxidant enzyme activity in both normal and
boron-deficient C. oleifera seedlings. Furthermore, boron deficiency resulted in a decrease in the
AMF root colonization efficiency and the inhibition of C. oleifera seedlings’ growth and physiological
activity. These findings suggest that AMF inoculation could improve the resistance to B-deficiency
stress. Additionally, the colonization efficiency of AMF was adversely affected by B deficiency; thus,
AMF play a cooperative role with B in the growth and physiological functions of plants. The results
provide a theoretical basis for taking measures to solve B-deficiency stress in C. oleifera and other
plants’ cultivation.

Keywords: Camellia oleifera; boron deficiency; arbuscular mycorrhizal fungi (AMF); root morphology;
physiological parameters

1. Introduction

Boron (B), as one of the essential trace elements, plays an important role in sugar
transportation and hormone and phenolic metabolism for the growth and development
of higher plants [1,2]. B deficiency induces the accumulation of reactive oxygen species
and accelerates peroxidation in the root membrane system. B deficiency also affects the
levels of phenylalanine and tyrosine in the roots, promotes the biosynthesis of salicylic
acid, caffeic acid, and ferulic acid, and increases lignin contents in plant roots, which can
lead to structural and morphological changes [3]. The typical symptoms of B deficiency in
crops include bud development without flowering in Gossypium hirsutum and flowering
without seed production in Brassica napus [4,5]. Boron application, on the other hand, has
been shown to increase the grain size, reduce ear sterility, and increase the yield of Oryza
sativa [6], as well as reduce crop sensitivity to abiotic stresses, such as drought, salinity,
or heavy-metal toxicity [7]. However, the excessive application of B can lead to B toxicity
due to the narrow suitable range of B demand in plants. Therefore, alleviating the adverse
effects of B deficiency by improving the root absorption and utilization efficiency of B in
plants is very crucial.

Arbuscular mycorrhizal fungi (AMF) are symbiotic with approximately 80% of terres-
trial plants, increasing the efficiency of soil water and nutrient absorption while mitigating
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the negative effects of stress on plants [8,9]. AMF colonization can improve the plant’s
uptake and effective utilization of mineral nutrients, such as nitrogen and phosphorus. A
few studies have demonstrated that AMF can alleviate excess B toxicity symptoms in plants
by increasing biomass and decreasing the tissue B concentration [10,11]. AMF inoculation
could also be an effective method to promote the phytoremediation of B-contaminated soils
under salt and drought stresses [10]. However, the roles of AMF in B uptake and utilization
under B-deficient conditions are poorly understood [12].

Previous research has confirmed that AMF can obtain carbohydrates from host
plants [8,13], but it is still unclear whether the symbiosis between AMF and host plants
is affected by the levels of mineral nutrients such as B. Recent studies have shown that B
deficiency can negatively affect plant growth and the AMF colonization rate. For exam-
ple, B deficiency reduced root growth and the AMF colonization rate of Norway spruce
(Picea abies) [4,14,15]. These findings suggest that B may be necessary for effective sym-
biosis between AMF and host plants [16]. Moreover, some fungi can transport B in their
hyphae, indicating that B may play an important role in the relationship between fungi and
plants [11]. However, the specific effects of B-deficiency stress on plant AMF colonization
in B-deficient environments and the physiological mechanism of the interaction between B
deficiency and AMF remain unclear.

The plantations of Camellia oleifera cover an expansive area of over 5 million hectares in
southern China. These plantations serve crucial functions in resolving the conflict between
the demand for and supply of edible oil, boosting the income of farmers, and preserving
the ecological balance of the region. The C. oleifera planting area is located in the area with
red and yellow soil in southern China. The soil’s B content in this region, affected by heavy
rainfall and leaching, was generally below the normal range of 0.5–1 mg kg−1 because
of the heavy rainfall leaching influence [17]. B deficiency results in C. oleifera plantations
exhibiting symptoms such as flowering without bearing fruit, buds without blossoming,
and cracks in fruit shells. These symptoms significantly impact the quality and productivity
of plantations and serve as the primary inhibitors of the industry’s growth.

It has been proven that C. oleifera roots can live in symbiosis with AMF [18]. To what
extent AMF infection alleviates the symptoms of boron deficiency in C. oleifera and whether
the AMF infection efficiency is limited by boron deficiency, however, are not clear yet.
Clarifying the effects of AMF on B absorption and accumulation, as well as the effects of
B deficiency on the AMF colonization efficiency, will provide a basis for understanding
the interaction between B and AMF and its physiological mechanism. Additionally, the
insights from this study will underpin the development of effective cultivation strategies
and address the issue of B-deficiency stress in the C. oleifera industry.

2. Materials and Methods
2.1. Experimental Materials and Treatments

C. oleifera ‘Chang Lin 40′ (CL40) seedlings were planted in the greenhouse with a plastic
board roof, with no additional temperature and humidity control measures other than
natural ventilation with open windows. The roots of 2-year-old seedlings were sterilized
with 10% hydrogen peroxide (H2O2) for 15 s and then repeatedly washed with distilled
water before transplanting them to bigger pots (5 L). The culture substrate was a mixture
of pearlite and sand (pearlite–sand = 3:1, v/v), sterilized by high-pressure steam (121 ◦C,
0.11 Mpa, 2 h). C. oleifera seedlings were inoculated with or without Funneliformis mosseae
on 1 July 2021. The inoculant was composed of fungal spores, mycelia, an inoculated
root segment and other propagules, and a mixed matrix, which was purchased from the
Institute of Root Research, Yangtze University. The active spore count in the inoculant was
70–80 per gram. To ensure full contact between the AMF agent and the root system, 25 g of
the dried fungal agent was spread evenly onto the rhizosphere per pot of inoculant-treated
C. oleifera seedlings. The same amount of sterilized inactive AMF agent was added in the
same way in the non-AMF-inoculated treatments.
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Inoculated and uninoculated C. oleifera seedlings were irrigated daily with 40 mL of
Hoagland nutrient solution with normal B (2.86 mg L−1) or deficient B (0 mg L−1) per
plant once a day. Four treatments were applied: AMF inoculation and normal B (+AM+B),
AMF inoculation and B deficiency (+AM−B), no AMF inoculation and normal B (−AM+B),
and no AMF inoculation and B deficiency (−AM−B). There were 30 replicate seedlings for
each treatment.

2.2. Sampling and Plant Growth Parameters

Three replicate seedlings of C. oleifera were randomly selected for the measurement
of plant height, ground diameter, and other growth indices 60 days after treatment. All
plant samples were separated into roots, stems, and leaves and then killed at 105 ◦C for
30 min and dried at 75 ◦C until reaching constant weight. Subsequently, the biomass and
root-to-shoot (R/S) ratio were calculated. The dried samples were ground into powder
for the determination of B content. Three more replicate plants were chosen at random
and separated into roots, stems, and leaves. The fresh roots were scanned using an Epson
scanner (12000 XL), and the root length, surface area, and volume were examined using the
WinRHIZO analysis software (Pro 32-bit 2019a). Some fresh roots were isolated from three
plants to determine root vitality and the mycorrhizal infection rate, while root activity was
evaluated using 2,3,5-triphenyl-tetrazolium chloride staining [19]. The fresh samples were
put in buffer solution and then stored at −80◦C in the refrigerator for the determination of
physiological indicators.

The AMF root colonization rate was determined using the method outlined by Vier-
heilig et al. [20]. Specifically, 0.2 g of a fresh, fine root was cut into 1 cm sections, fixed
in FAA until transparent, and then stained. Fifteen stained root segments were arranged
neatly on glass slides, covered with lactic acid and a slide, and gently squeezed. Pictures
were taken using a light microscope to visualize invasion points, mycelium, arbuscules,
vesicles, and spores. The colonization rate of each root was determined using a grading
score of 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100, and the number of root segments at each
level was recorded to calculate the AMF root colonization rate for each treatment.

AMF colonization rate (%) = ∑(0 × N1 + 10 × N2 + . . . . . . + 100 × N11)/N × 100% (1)

2.3. Boron Analysis and Physiological Parameter Evaluation

Three plants were mixed into one sample, and three duplicate samples were used for
boron and physiological parameter determination. The boron contents were determined
using the curcumin colorimetric method as described by Bingham [21]. Each dry sample
weighed 0.533 g and was dry-ashed in a muffle furnace at 550 ◦C for 5 h. It was then
dissolved in a 0.1 mol L−1 HCL solution. The supernatant was absorbed with a curcumin-
oxalic acid solution, dried using a water bath, dissolved with alcohol, and filtered with
dry filter paper into a light contrast groove. Finally, the boron content and accumulation
were calculated.

The malondialdehyde (MDA) content was determined with the thiobarbituric acid
reaction [22]. Into a graduated test tube, 2 mL of crude enzyme solution and 3 mL of
a 5% trichloroacetic acid solution of 0.5% sulfobarbituric acid were added, and the mix-
ture was heated in a boiling water bath for 10 min. After quickly cooling, it was cen-
trifuged at 4500 r min−1 for 10 min. The supernatant was then measured for absorbance
using a spectrophotometer at 600 nm and 532 nm (UV-4802), with distilled water as a
100% blank transmittance.

The soluble sugar content was determined using the method outlined by Zhang
et al. [23]. Fresh and clean plant samples weighing 0.1 g were extracted two times in boiling
water for 30 min each time with 5 mL of distilled water. After filtration into a 25 mL
volumetric flask, 0.5 mL of the sample extract was combined with 1.5 mL of distilled water
in a 10 mL graduated tube, and the absorbance was measured with a spectrophotometer
(UV-4802) at a 630 nm wavelength to determine the soluble sugar content.
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The activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)
were determined using the method described by Zhou and Leul [24]. Specifically, 0.5 g of
the plant sample was placed in a pre-cooled mortar for enzyme solution extraction. Then,
1 mL of phosphate buffer was added to an ice bath, and the volume was increased to 5 mL,
after which it was centrifuged at 4000 r.p.m. for 10 min.

SOD activity was determined by adding 0.05 mol L−1 phosphate buffer, 130 mmol L−1

methionine solution, 750 µmol L−1 tetrazole solution, 100 µmol L−1 EDTA-Na2 solution,
20 µmol L−1 riboflavin solution, and crude enzyme solution to a test tube containing
phosphate buffer. The reaction mixture was then exposed to 4000 lux daylight for 20 min.
The absorbance of the reaction mixture was measured at 560 nm using a spectrophotometer
(UV-4802).

POD activity was determined by adding 3 mL of 25 mmol L−1 guaiacol solution
(C6H4(OH)(OCH3)) to a centrifuge tube, followed by the addition of 0.2 mL of 250 mmol
L−1 hydrogen peroxide solution. The reaction mixture was mixed thoroughly to make a
homogeneous solution. Then, 0.1 mL of crude enzyme solution was added to the reaction
mixture as a substrate and introduced evenly into the spectrophotometer (UV-4802). The
absorbance of the reaction mixture was measured at 470 nm every 1 min for 10 min.

CAT activity was determined by adding 3 mL of 20 mmol L−1 hydrogen peroxide
solution to a 10 mL centrifuge tube. Then, 50 µL of crude enzyme solution was quickly
mixed with the reaction mixture and transferred to a quartz cuvette. The absorbance of
the reaction mixture was continuously measured at 240 nm using a spectrophotometer
(UV-4802) for 3 min, and the initial and final values were recorded.

2.4. Statistical Analysis

All data were analyzed using IBM SPSS Statistics 26 software. Before statistical analysis,
data were tested for normality using appropriate tests. If normality assumption was not
met, data were transformed before being subjected to significance analysis. Significance
was analyzed using the Duncan method with a significance level of p < 0.05. The effect of B-
deficiency stress treatment on morphological and physiological parameters was determined
using two-way ANOVA.

3. Results
3.1. The Effect of Boron Deficiency and AMF Inoculation on the Growth Parameters

Among the four treatments, +AM+B-treated seedlings showed the highest height
elongation, ground diameter thickening, shoot and root biomass, total biomass, and R/S
ratio. They were followed by those obtained with +AM−B and −AM+B treatments, while
the lowest values were observed in −AM−B-treated seedlings. The biomass and R/S
ratio showed significant differences (p < 0.05) between the +AM+B and −AM−B treat-
ments. Statistical analysis of the data presented in Table 1 indicated that AMF colonization
significantly benefits the growth parameters under B-deficiency stress treatment.

Table 1. Effects of boron deficiency and AMF inoculation on growth parameters (n = 3).

Treatments +AM+B +AM−B −AM+B −AM−B

Height elongation (cm) 3.45 ± 0.21 a 2.81 ± 0.29 a 1.35 ± 0.08 b 1.26 ± 0.18 b

Ground diameter thickening (mm) 1.28 ± 0.14 a 1.04 ± 0.18 a 1.05 ± 0.11 a 0.42 ± 0.04 b

Root biomass (g) 5.15 ± 0.51 a 4.85 ± 0.40 a 4.57 ± 1.00 a 3.40 ± 0.50 b

Shoot biomass (g) 10.03 ± 0.36 a 9.47 ± 0.16 a 9.64 ± 0.16 a 7.29 ± 0.46 b

Total biomass (g) 16.02 ± 0.81 a 13.47 ± 0.74 ab 15.56 ± 0.82 a 11.29 ± 0.97 b

R/S ratio 0.69 ± 0.01 a 0.69 ± 0.01 a 0.67 ± 0.03 a 0.43 ± 0.05 b

Note: +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation and B deficiency; −AM+B: no AMF
inoculation and normal B; −AM−B: no AMF inoculation and B deficiency. The same applies to tables below. Values
are expressed as means ± SE. Significant differences between treatments were determined using Tukey’s honestly
significant difference test. Different lowercase letters indicate significant differences between treatments, p < 0.05.
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3.2. Boron-Deficiency Effect on AMF Root Colonization Rate, Activity, and Morphology

The AMF colonization rate of +AM+B-treated seedlings was 46.1%, significantly higher
than that of seedlings in the +AM−B treatment (35.6%). In contrast, no AMF colonization
was observed in the roots of AMF non-inoculated C. oleifera seedlings. This result indicates
that B deficiency could inhibit the development of the AMF symbionts (Figure 1). The root
sections of AMF-inoculated plants showed the presence of mycelia, follicles, arbuscular,
and spores of AMF. The inoculated roots were closely attached to the surface by hyphae
and kept growing along the root surface and branches, forming multiple invasion points.
The hyphae grew in the form of a binary fork, forming a dendritic structure. Root cortical
cells produced multiple round or oval vesicles filled with cellular chambers (Figure 1B–D).
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Figure 1. AMF root colonization rate (A), light micrographs of AMF-inoculated root (B,C), and AMF
non-inoculated root (D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B:
AMF inoculation and B deficiency. Values (A) are expressed as means ± SE. Significant differences
between means were determined using significant difference T-test. Different lowercase letters
indicate significant differences between treatments, p < 0.05.

The +AM+B-treated seedlings had the maximum root activity after treatment (Figure 2).
AMF inoculation improved the root activity in both B-deficient and normal-B-supplied
C. oleifera seedlings (p < 0.05).

The +AM+B-treated C. oleifera seedlings had the maximum total root length, root
surface area, and root volume (Figure 2). The total root length, root surface area, and root
volume of −AM+B-treated seedlings decreased by 5.9%, 33.6%, and 23%, respectively,
and those in the +AM−B treatment decreased by 7.2%, 34.9%, and 36.2%, respectively,
compared with +AM+B. Under B-deficient conditions, the total root length, root surface
area, and root volume of AMF-inoculated C. oleifera seedlings were significantly higher
than those of uninoculated seedlings 60 days after treatment (p < 0.05).
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Figure 2. Effects of boron deficiency and AMF inoculation on root activity and root morphology of
C. oleifera seedlings (n = 3). Root activity (A), total root length (B), total root surface area (C) and
total root volume (D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B:
AMF inoculation and B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF
inoculation and B deficiency. Values are expressed as means ± SE. Significant differences between
means were determined using Tukey’s honestly significant difference test. Different lowercase letters
indicate significant differences between treatments (p < 0.05).

3.3. Effect of Boron Deficiency and AMF Inoculation on Boron Content and Accumulation

AMF inoculation improved the B content in stems and leaves in both B-deficiency-
and normal-B-supply-treated C. oleifera seedlings (p < 0.05) (Figure 3B,C). Under normal B
treatment conditions, the B content in the roots, stems, and leaves of uninoculated seedlings
decreased by 18.7%, 12.5%, and 12.1%, respectively, compared with AMF-inoculated treat-
ments (Figure 3A–C). B accumulation in normal-B-treated plants was higher than that in
B-deficiency-treated C. oleifera seedlings (p < 0.05). AMF inoculation significantly increased
the plant’s B accumulation in normal-B treatments (Figure 3D).
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(C) and B accumulation (D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B:
AMF inoculation and B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF
inoculation and B deficiency. Values are expressed as means ± SE. Significant differences between
means were determined using Tukey’s honestly significant difference test. Different lowercase letters
indicate significant differences between treatments (p < 0.05).

3.4. Effect of Boron Deficiency and AMF Inoculation on Antioxidant Enzyme Activity

AMF inoculation significantly increased soluble sugar contents in roots and leaves
under different boron treatments (p < 0.05) of C. oleifera seedlings (Figure 4A,B). The MDA
contents in roots and leaves significantly differed among the four treatments, and the MDA
contents in leaves were significantly higher than that in the roots of C. oleifera seedlings
(p < 0.05). B deficiency increased the MDA content, while AMF inoculation significantly
decreased MDA contents in both the leaves and roots of C. oleifera seedlings (Figure 4C,D).

Forests 2023, 14, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 4. Effects of boron deficiency and AMF inoculation on soluble sugar and MDA contents of C. 
oleifera seedlings (n = 3). Root soluble sugar (A), leaf soluble sugar (B), Root MDA (C) and leaf MDA 
(D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation and 
B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF inoculation and B defi-
ciency. Values are expressed as means ± SE. Significant differences between means were determined 
using Tukey’s honestly significant difference test. Different lowercase letters indicate significant dif-
ferences between treatments, p < 0.05. 

The SOD activities in roots and leaves significantly differed among the four treat-
ments of C. oleifera seedlings (p < 0.05). The +AM−B-treated plants had the highest SOD 
activity in roots and leaves (Figure 5A). The B-deficiency treatment significantly improved 
the SOD, POD, and CAT activities in the roots and leaves in both AMF-inoculated and 
non-inoculated C. oleifera seedlings. AMF inoculation enhanced SOD, POD, and CAT ac-
tivities in roots and leaves in B-deficiency-treated C. oleifera seedlings (p < 0.05). 

 
Figure 5. Effects of boron deficiency and AMF inoculation on the SOD, POD, and CAT activities of 
C. oleifera seedlings (n = 3). Root and leaf SOD (A), root and leaf POD (B), root and leaf CAT (C) of 
C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation and B defi-
ciency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF inoculation and B deficiency. 
Values are expressed as means ± SE. Significant differences between means were determined using 
Tukey’s honestly significant difference test. Different lowercase letters indicate significant differ-
ences between treatments of roots or leaves (p < 0.05). 

root leaf
0

150

300

450

600

 P
O

D
(U

 m
in

·g
-1

 F
W

)

b

a

c

a

ab
a

b
a

B +AM+B   +AM−B
 −AM+B   −AM−B

root leaf
0

300

600

900

SO
D

(U
 m

in
·g

-1
 F

W
)

A +AM+B   +AM−B
 −AM+B   −AM−B

c
a

d b

c
a

d
b

root leaf
0

100

200

300

C
A

T(
U

 m
in

·g
-1

 F
W

)

b
a

b
a

b

a

c

b

C +AM+B   +AM−B
 −AM+B   −AM−B

Figure 4. Effects of boron deficiency and AMF inoculation on soluble sugar and MDA contents of
C. oleifera seedlings (n = 3). Root soluble sugar (A), leaf soluble sugar (B), Root MDA (C) and leaf
MDA (D) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation
and B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF inoculation and
B deficiency. Values are expressed as means ± SE. Significant differences between means were
determined using Tukey’s honestly significant difference test. Different lowercase letters indicate
significant differences between treatments, p < 0.05.

The SOD activities in roots and leaves significantly differed among the four treatments
of C. oleifera seedlings (p < 0.05). The +AM−B-treated plants had the highest SOD activity
in roots and leaves (Figure 5A). The B-deficiency treatment significantly improved the
SOD, POD, and CAT activities in the roots and leaves in both AMF-inoculated and non-
inoculated C. oleifera seedlings. AMF inoculation enhanced SOD, POD, and CAT activities
in roots and leaves in B-deficiency-treated C. oleifera seedlings (p < 0.05).
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Figure 5. Effects of boron deficiency and AMF inoculation on the SOD, POD, and CAT activities
of C. oleifera seedlings (n = 3). Root and leaf SOD (A), root and leaf POD (B), root and leaf CAT
(C) of C. oleifera seedlings. +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation
and B deficiency; −AM+B: no AMF inoculation and normal B; −AM−B: no AMF inoculation and
B deficiency. Values are expressed as means ± SE. Significant differences between means were
determined using Tukey’s honestly significant difference test. Different lowercase letters indicate
significant differences between treatments of roots or leaves (p < 0.05).

3.5. Principal Component Analysis

A principal component analysis of 14 indicators was performed for dimension reduc-
tion. There are two components with eigenvalues greater than 1, and PCA scores for the
four treatments are shown in Figure 6. The first principal component eigenvalue is 8.610,
and the larger contributing indexes are total root length and soluble sugar; the second
principal component eigenvalue is 5.614, and the larger contributors are SOD and CAT. The
main variables with high loads on axis 1 are the R/S ratio, root length, root surface area,
root volume, root vitality, and malondialdehyde. The main variables with high loads on
axis 2 are mainly soluble sugar, soluble protein, SOD, POD, CAT, and boron accumulation.
There is a positive correlation between root activity and the mycorrhizal infection rate and
R/S ratio. The four treatments are distributed in different quadrants, indicating significant
differences between treatments.
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the correlation coefficients between them and the first two principal components. CAT, SOD, POD,
and MDA are catalase, superoxide dismutase, peroxidase, and malondialdehyde, respectively, in
C. oleifera plants.

According to the principal component analysis, a comprehensive evaluation model of
C. oleifera quality under different treatments was established (F = 0.66F1 + 0.29F2), from
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which the comprehensive scores of four treatments (Table 2) were calculated, and the scores
were ranked from high to low: +AM+B, +AM−B, −AM+B, and −AM−B.

Table 2. Scores and sorting of the principal components of all detected indexes in 4 treatments.

Treatment
Principal Component Score

Scores Sort
F1 F2

+AM+B 3.58 0.54 2.52 1
+AM−B −0.96 2.50 0.09 2
−AM+B 0.99 −2.30 −0.01 3
−AM−B −3.61 −0.74 −2.59 4

Note: +AM+B: AMF inoculation and normal B; +AM−B: AMF inoculation and B deficiency; −AM+B: no AMF
inoculation and normal B; −AM−B: no AMF inoculation and B deficiency.

The relationships between 14 indexes and 4 treatments were analyzed by principal
component analysis. The AMF colonization rate, total biomass, root activity, soluble sugar,
root length, root surface area, and root volume made significant contributions to PC1, while
there was a large negative correlation between POD and PC1 (Figure 6).

4. Discussion
4.1. Effect of Boron Deficiency on AMF Colonization

The colonization of AMF depends on the host plant species, the classification of AMF,
and the soil environment. Several studies have reported that soil environmental factors
affect the growth of the AMF symbiont, such as low phosphorus levels, which inhibit plant
AMF root colonization [25–27]. This result showed that B deficiency significantly reduced
the AMF colonization rate, which expanded our knowledge by showing that the soil B
level is also an important factor affecting AMF colonization.

Boron deficiency significantly decreases the plant’s total root length, which will limit
the contact chances between the root system and AMF in the soil to a certain extent. Many
researchers have reported that B deficiency damages the root cell structure [28], which may
hinder the invasion and decrease the colonization rate of AMF. In addition, B has been
proven to be transported in the hyphae of most fungi, and B also plays a role in maintaining
the cell wall structure of hyphae [11]. Under the condition of B deficiency, the stability of
the AMF fungal vesicle envelope was impaired, resulting in the production of nitrogenase,
and nitrogen fixation was almost non-existent [29]. Therefore, B deficiency inhibits hyphal
growth, which is also the main reason that AMF reduce their ability to infect plants [16].
These results further confirm that B is necessary for the establishment of effective symbiosis
between AMF and plants.

4.2. Effect of AMF on Plant Growth, Boron Absorption, and Utilization

B deficiency has been proven to inhibit the growth and elongation of plant roots [30].
These research results also showed that the total root length, total root surface area, total
root volume, and root biomass of AMF-inoculated C. oleifera seedlings were significantly
higher than those of non-inoculated seedlings, which is consistent with other research results
showing that B deficiency limited the growth and development of plant roots [28,30]. AMF
inoculation significantly increased the total root length, surface area, volume, and biomass
of C. oleifera seedlings under B-deficient conditions, which is consistent with published
studies [31,32]. The symbiotic relationship between AMF and plant roots effectively in-
creased the root length, root surface area, root volume, and biomass, which facilitates plant
adaptation to B deficiency and other stresses. AMF inoculation increased the B accumulation
in both normal-B-supply and B-deficient conditions. The colonization of AMF promotes
B absorption and accumulation and effectively alleviates growth and other physiological
symptoms in B-deficient environments.
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4.3. Effect of AMF and Boron Deficiency on Plant Physiological Characteristics

Plants under stress conditions will produce a series of physiological responses to
reduce the damage to themselves. Soluble sugars, as important carbohydrates in plants,
increase plant resistance to environmental stress through their osmoregulatory function [33].
Our results showed that AMF inoculation significantly increased the contents of soluble
sugars and enhanced the cell stability of C. oleifera seedlings under different boron-supply
treatments, the same result as in C. sinensis [34]. Moreover, the soluble sugar content was
significantly higher in boron-deficient than normal-boron-treated C. oleifera seedlings. It
has been speculated that the accumulation of soluble sugars may result in an increase
in osmotic regulators and carbohydrate transportation to improve the adaptation to B
deficiency and other stresses [35].

MDA is the final decomposition product of membrane lipid peroxidation, which
suppresses the activity of cell-protective enzymes and antioxidant contents, resulting in
membrane lipid peroxidation and severe plant cell death [36]. The root and leaf MDA
contents of C. oleifera seedlings inoculated with AMF were significantly lower than those of
non-AMF-inoculated seedlings, indicating that AMF could protect the plant membrane
system and thus relieve the stress symptoms of B deficiency in C. oleifera seedlings.

The plant exoenzyme protection system consists of SOD, POD, and CAT [22]. CAT is
a redox enzyme that converts H2O2 into H2O and O2, thus preventing H2O2 accumulation
in the cell, and SOD acts as a key defensive enzyme against free radicals in catalyzing
superoxide dismutation to H2O2 and O2 [37], thus functioning to eliminate excess super-
oxide anions and sustain normal physiological metabolism under stress [38]. POD has a
wide variety of physiological roles, including lignification, the crosslinking of polymers
in cell walls, the formation of suberin, and resistance to stress [39]. The SOD, POD, and
CAT activities were higher in the roots and leaves of AMF-inoculated seedlings than in
those without AMF, indicating that AMF could improve antioxidant enzyme activity and
protect plants from adversity [40,41]. The SOD, POD, and CAT activities in roots and leaves
were significantly higher in B-deficiency-treated seedlings than in normal-B-treated Brassica
seedlings, which is consistent with the findings of Pandey and Archana [42]. Another study
also confirmed that AMF can effectively improve the activities of SOD, POD, and CAT
in the leaves of tobacco (Nicotiana tabacum L.) and further improve the activities of plant
antioxidant enzymes to alleviate toxic effects and enhance plant stress resistance [43].

5. Conclusions

The results demonstrated that AMF inoculation improved both seedling growth and B
absorption and utilization efficiency, in addition to enhancing the physiological functions of
C. oleifera seedlings under both normal and B-deficiency stress conditions. B deficiency had
a direct and negative impact on growth and physiological parameters and also reduced the
AMF root colonization rate of C. oleifera seedlings. These conclusions provide an important
theoretical basis for understanding the effect of the interaction between B and AMF on
plant growth, providing ideas for solving the problem of B deficiency in C. oleifera by
AMF inoculation.
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