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Camellia is a genus of evergreen shrubs or trees, such as C. japonica, C. sinensis, C. oleifera, etc. A group of beneficial

soil microorganisms, arbuscular mycorrhizal fungi (AMF), inhabit the rhizosphere of these Camellia spp. A total of eight

genera of Acaulospora, Entrophospora, Funneliformis, Gigaspora, Glomus, Pacispora, Scutellospora, and Sclerocystis

were found to be associated with Camellia plants with Glomus and/or Acaulospora being most abundant. These

mycorrhizal fungi can colonize the roots of Camellia spp. and thus form arbuscular mycorrhizal symbionts. AMF is an

important partner of Camellia spp. in the field of physiological activities. Studies indicated that AMF inoculation has been

shown to promote plant growth, improve nutrient acquisition and nutritional quality, and increase resistance to drought,

salinity and heavy metal contamination in potted Camellia.
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1. Introduction

Arbuscular mycorrhizal fungi (AMF) are widely found in various soils . AMF colonize roots of about 80% of vascular

plants and thus form arbuscular mycorrhizas in host roots . AMF promote plant growth, increase mineral element

absorption, and improve plant stress tolerance . AMF absorb more water for the host through the extraradical

hyphae , and also secrete glomalin into the soil (defined as glomalin-related soil protein) to cement soil aggregates

and improve soil moisture-holding capacity and permeability . In addition, AMF can mitigate the toxicity of heavy metals

by competitive uptake of heavy metal ions from the soil , as well as improve the soil environment .

Camellia is a genus of evergreen shrubs or trees in the Camelliaceae family, which is mainly concentrated in eastern and

southeastern Asia .  Camellia  is mainly composed of  Camellia sinensis  (one of the three major beverages in the

world), C. oleifera (an oil seed crop), and C. japonica with ornamental value. C. sinensis grows in acidic soil , where

a certain amount of AMF communities are inhabited in their rhizosphere .

2. AMF Diversity in Rhizosphere of Camellia spp.

2.1. Morphological Identification

AMF diversity of  Camellia  spp. has been reported, based on morphological identification (Table 1). Tunstall  first

identified arbuscular mycorrhizas from the roots of  C. sinensis. In India, Singh et al.  conducted morphological

identification of AMF diversity in “natural” and “cultivated” tea trees in Uttaranchal Himalaya and found 51 AMF species

belonging to four genera, including  Glomus,  Gigaspora,  Acaulospora  and  Scutellospora, of which 21 species were

identified, with Glomus as the dominant genus. Gupta and Sharma  isolated six AMF species from four tea districts of

Dehradun based on their morphology, and three identified AMF species belonged to  Glomus. Sharma et al. 

identified Acaulospora, Glomus, and Gigaspora  in four tea plantations in Dehradun Himalaya (India), with the dominant

genera being  Glomus  and Acaulospora. In China, Lu and Wu  identified 12 AMF species in tea plantations in the

southern region of Henan province, belonging to  Acaulospora,  Glomus,  Gigaspora, and  Scutellospora, of which the

dominant genera are Acaulospora  and  Glomus. Wu et al.  isolated 22 AMF species of three genera in the tea of

Qingdao, including 13 species of  Acaulospra, 8 species of  Glomus  and 1 species of  Gigaspora, and the relative

abundance of  Glomus  and Acaulospra  was higher than that of other genera. In ten regions of Guizhou with five tree

varieties, Xing et al.  identified 31 species of AMF belonging to four genera, including 18 species of Glomus, 9 species

of  Acaulospora, 3 species of  Gigaspora  and 1 species of  Entrophospora, with the dominant

genera  Glomus  and  Acaulospora. Due to the large geographical difference between China and India, the growth

environment of tea is quite different, but the dominant genera of AMF in tea in the two countries are similar, both of which

are Glomus and Acaulospora. AMF community in C. oleifera was studied by Chinese scholars only. In Hunan province,

Deng et al.  identified eight AMF species, belonging to Glomus, Acaulospora, and Scutellospora, with Glomus as the

dominant genus.
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Table 1. AMF diversity of Camellia plants.

AMF population diversity of C. japonica was rarely reported, relative to C. sinensis and C. oleifera. A total of five genera

and nine species of AMF were isolated from the rhizosphere of  C. japonica  forests in the Fanjing Mountains ,

including Acaulospora, Glomus, Scutellospora, Pacispora and Funneliformis, with the dominant genus being Glomus. He

 conducted an AMF diversity study on the rhizosphere of C. japonica  in Nanshan Botanical Garden, Chongqing, and

found five species of Acaulospora, two species of Gigaspora, ten species of Glomus and one species of Scutellospora,

with a total of four genera and 18 species, of which the dominant genera were Glomus and Acaulospora.

In short, a total of eight genera

of Glomus, Gigaspora, Acaulospora, Scutellospora, Entrophospora, Sclerocystis, Pacispor and Funneliformis were found

in the genus Camellia by morphological identification, with the dominant genera being Glomus and/or Acaulospora. The

AMF resources of Camellia spp. are relatively abundant, but few genera of AMF were detected in these studies because

the spore isolation of AMF is accidental. However, some studies have shown that AMF diversity in roots is relatively higher

than in rhizosphere soil . Morphological identification is inconsistent, limited, and contingent , which completely

depends on the identifier’s own knowledge and discrimination of AMF genera species .

2.2. Molecular Identification

Relative to morphological identification, molecular identification of AMF displayed different numbers of AMF species in the

root and rhizosphere of  C. oleifera. Liu et al.  analyzed the AMF community in roots and rhizosphere of  C.

oleifera grown in Wuhan (China) through high-throughput sequencing of 18S rRNA, and detected 411 and 351 OTUs of

AMF, respectively, a total of 467 OTUs, belonging to 10 genera and 138 species, of which Glomus was dominant (>86%),

and the

rest Paraglomus, Claroidoglomus, Diversispora, Ambispora, Acaulospora, Archaeospora, Gigaspora, Redeckera and Scutellospora wer

lower. In the rhizosphere of five cultivated varieties of C. oleifera in Jiangxi, Lin et al.  identified 2538 OTUs, based on

high-throughput Illumina sequencing of 18S rRNA, belonging to 1 phylum, 1 class, 4 orders, 10 families and 12 genera,

with Glomus as the dominant genus. Zhou et al.  found 58 OTUs of AMF in the rhizosphere of C. oleifera in Guiyang

(China) through high-throughput Illumina sequencing of 18S rRNA, belonging to 42 species in 6 genera

(Glomus, Archaeospora, Claroidoglomus, Acaulospora, Paraglomus, and Diverspora) with Glomus as the dominant genus

(87.63%). In conclusion, the dominant genus of C. oleifera is still Glomus.

South Korean and Japanese researchers also sequenced the AMF community of C. japonica, and found more than 10

genera and more than 100 kinds of AMF. Berruti et al.  observed a total of 254 OTUs in  C. japonica  in Shimane

(Japan), and the AMF diversity of the root (216 OTUs) was greater than that of the soil (125 OTUs), which was similar to

the result of Liu et al.  in C. oleifera. Through the comparison of OTU sequences, the 254 OTUs were classified into 1

Camellia Plants Sampling
Regions

Identification
Method Identified Genena of AMF Dominant Genus of AMF Reference

C. sinensis

Uttaranchal
Himalaya
(India)

Morphology Acaulospora; Gigaspora; Glomus; Scutellospora Glomus

Dehradun
District
(India)

Morphology Glomus Glomus

Dehradun
Himalaya
(India)

Morphology Acaulospora; Glomus; Gigaspora Acaulospora and Glomus

Henan
(China) Morphology Acaulospora; Gigaspora; Glomus; Scutellospora Acaulospora and Glomus

Qingdao
(China) Morphology Acaulospra; Gigaspora; Glomus Acaulospra and Glomus

Guizhou
(China) Morphology Acaulospora; Entrophospora; Gigaspora; Glomus Acaulospra and Glomus

C. oleifera

Hunan
(China) Morphology Acaulospora; Glomus; Scutellospora Glomus

Wuhan
(China)

High-
throughput
sequencing
of 18S rRNA
gene

Acaulospora; Ambispora; Archaeospora; Claroideoglomus; Diversispora; Gigaspora; Glomus; Paraglomus; Redeckera; Scutellospora Glomus

Jiangxi
(China)

High-
throughput
sequencing
of 18S rRNA
gene

Acaulospora; Ambispora; Archaeospora; Claroideoglomus; Diversispora; Geosiphon; Gigaspora; Glomus; Pacispora; Paraglomus; Scutellospora; Septoglomus Glomus

Guiyang
(China)

High-
throughput
sequencing
of 18S rRNA
gene

Acaulospora; Archaeospora; Claroideoglomus; Diversispora; Glomus; Paraglomus Glomus

C. japonica

Fanjing
Mountain
(China)

Morphology Acaulospora; Funneliformis; Glomus; Pacispora; Scutellospora; Glomus

Chongqing
(China) Morphology Acaulospora; Gigaspora; Glomus; Scutellospora Acaulospora and Glomus

Shimane
prefecture
(Japan)

High-
throughput
sequencing
of 18S rRNA
gene

Acaulospora; Ambispora; Archaeospora; Claroideoglomus; Diversispora; Funneliformis; Geosiphon; Gigaspora; Glomus; Paraglomus; Redeckera; Rhizophagus; Scutellospora Glomus and Rhizophagus

Diankwan
Island
(Korea)

High-
throughput
sequencing
of 18S rRNA
gene

Acaulospora; Ambispora; Claroideoglomus; Glomus; Rhizophagus; Scutellospora Acaulospora and Rhizophagus
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phyla, 1 class, 4 orders, 9 families, 13 genera (Rhizophagus, Glomus, Paraglomus, Scutellospora, Gigaspora,

Claroidoglomus, Funeliformis, Diversipora, Acaulospora, Redeckera,Ambispora, Archaeospora, and Geosiphon), and the

dominant genera were Rhizophagus and Glomus. Lee et al.  sampled the rhizosphere of C. japonica  in Dian Guan

Island, South Korea, isolated 248 spores of AMF, and conducted high-throughput sequencing of 18S rRNA to obtain 11

species of AMF belonging to 6 genera, of which Acaulospora  (49.60%) and Rhizophagus  (31.29%) were the dominant

genera, followed by  Glomus  (12.03%),  Scutellospora  (4.09%),  Claroidoglomus  (2.39%) and  Ambispora  (0.58%). The

dominant AMF genera of C. japonica  in Japan and South Korea are different, which may be caused by environmental

factors, implying that AMF diversity shows regional distribution characteristics.

Based on molecular identification, Glomus, Paraglomus, Gigaspora, Archaeospora, Acaulospora, Ambispora,

Scutellospora, Diversispora, Pacispora, Geosiphon, Septoglomus, Claroideoglomus, Rhizophagus, Funneliformis, and

Redeckera were found in Camellia, and the detected AMF resources were more abundant than the morphological

identification. The dominant genus, Glomus, was detected from the root and rhizosphere soil of C. oleifera, which was

consistent with morphological identification. The dominant genera detected from C. japonica were Rhizophagus, Glomus

and Acaulospora, which were higher than the dominant genera (Glomus and Acaulospora) previously identified by

morphology, because molecular identification was more comprehensive .

3. AMF Colonization of Camellia Plants and Its Influencing Factors

3.1. Root AMF Colonization of Camellia Plants

AMF can colonize the roots of plants to form intraradical hyphae, which are denser and finer than the root . Thus,

mycorrhizal hyphae help host plants absorb more nutrients than non-mycorrhizal plants. Singh et al.  observed that

AMF colonization in natural and planted tea plantations in India could be as high as 97.33% and 98.13% during the

dormant stage. However, Morita and Konishi  observed an AMF colonization rate of only 17% in tea trees, and Gao et

al.  revealed 7.01% of root mycorrhizal colonization rate in tea trees under open field, indicating relatively low root

colonization. In Himalayas of India, AMF colonization (Figure 1a) was 62.29%, 55.68%, 33.10% and 63.36% in tea trees

in four different areas . In southern Henan (China), tea trees recorded 66.07% of root mycorrhizal colonization .

These results suggest that the root of the tea tree could be colonized by indigenous AMF. In tea, arbuscules are arum-

type, and mycelium in roots is rare . Interestingly, arbuscules are digested by the host cells and then changed into

spongy structures . Vesicles are sac-like structures formed by the apical expansion of the intraradical mycelium, mostly

oval (64–80 × 112–128 μm), but also spherical in the shape . When the cortex of the root is shed, the vesicles may also

enter the soil with the root tissue and become a new infester and dormant spores.

Figure 1. Root mycorrhizal colonization of Camellia  spp. (a) mycorrhizal colonization in roots of Camellia sinensis; (b)

mycorrhizal colonization in roots of C. oleifera; (c) mycorrhizal colonization in roots of C.  japonica. These figures were

derived from unpublished data by the authors.

However, AMF colonization (Figure 1b) in C. oleifera is relatively low, with 30.73–41.68% of AMF colonization in Wuhan

(China) , which was close to the 20–42% of root colonization observed by Lin et al.  in Jiangxi (China). Mejstrik 

found root mycorrhizal colonization of C. japonica in New Zealand, coupled with typical vesicles and arbuscules (Figure
1c). Later Borriello et al.  in Piedmont (Italy) observed 14.12%, 32.55%, and 9.92% of root AMF colonization in three

regions. In short,  Camellia  spp. is colonized by indigenous AMF thus forming a symbiosis, but the degree of AMF

colonization varies.

3.2. Factors Affecting AMF Colonization

3.2.1. Seasonal Variations

AMF diversity of plants varies with seasonal climate . Sharma et al.  studied AMF colonization of tea plants in

annual dynamic change and found that AMF colonization rates of tea trees varied drastically with seasonal changes, with

the highest AMF infestation rates occurring in summer (rainy season). Their results were consistent with those of Chandra

et al. , who observed that AMF activity in the soil was highest in summer, along with the highest spore numbers and
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colonization rates . Similarly, Singh et al.  also pointed out seasonal changes in root AMF colonization of tea plants,

followed by the highest colonization in summer.

3.2.2. Soil Factors

Root AMF colonization can be affected by levels of mineral elements in the soil . The colonization rate of AMF on tea

trees decreased significantly with the increase of soluble P application . Soil pH value significantly affected the AMF

community of tea trees, because most AMF species prefer to inhabit slightly acidic soils . Among five soil factors (pH,

hydrolytic N, Olsen-P, available K and organic matter), the root AMF rate of tea trees was significantly more influenced by

soil organic matter content than by available K and Olsen-P . In C. oleifera, root AMF colonization was significantly and

positively correlated with soil ammonium nitrogen and available potassium, but negatively correlated with soil pH value

. In C. japonica, soil mineral elements like N, P, K, and Mg are associated with root mycorrhizal development .

The excess of soil mineral elements such as N and P negatively affects the growth of mycorrhizal mycelium , and soil

pH value is even more directly affecting AMF diversity . Thus, soil physico-chemical properties strongly affect AMF

colonization in Camellia plants .
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