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Abstract: Investigations on the density, diversity, and distribution of endophytic bacterial community
associated with leaves of Cinnamomum camphora (L.) Presl. were carried out during three seasons
using 16s rDNA high-throughput sequencing technology. Samples were collected from five species
in Nanping (A, B, C, D, and E) and one from Fuqin (F) in the Fujian province, China in the months
of April, July, and October (represented by 1, 2 and 3), indicating spring, summer, and early winter,
respectively. Results from 16s rDNA sequences revealed 10,844,124 effective sequences. The highest
OTUs (Operational taxonomic units) was highest in the A1 sample (1086), while the lowest was
in C2 (509). Our observations showed that samples taken in October had the highest diversity of
endophytes as indicated by the Shannon index (B3 = 5.3337), Chao1 (E3 = 1233.10), abundance-based
coverage estimator (ACE) (A3 = 1764.72), and the Simpson indices of diversity (C3 = 0.1655)
irrespective of the species. The order of the endophytes richness in the samples was April > July
> October. The Ribosomal Database Project (RDP) classifier showed that the obtained sequences
belonged to nine major phyla: Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Gemmatimonadetes,
Acidobacteria, Planctomycetes, Chloroflexi, and Fusobacteria. Proteobacteria accounted for the highest
proportion in each sample, ranging from 35.15% to 89.72%. These sequences belonged mainly to
10 orders: Rhizobiales, Clostridiales, Peseudomonadales, Burkholderiales, Bacteroidales, Enterobacteriales,
Rhodocyclales, Sphingomonadales, Lactobacillales, and Bacillales. Also, other taxa with possible taxonomic
statuses, which were unclassified, were present.
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1. Introduction

Over time, endophytes interaction with host plants has been characterized as being a functional
relationship which could be pathogenic, saprophytic, and mutualistic, in addition to their highly
recognized commensal lifestyle [1,2]. The mutualistic associations of endophytes with host plants
promote plant growth, health, and resistance to multiple stresses [3,4]. An example of such mutualistic
associations is that of the rhizobia-legume symbiosis, which results in biological nitrogen fixation [5].
Endophytes have been reported to be present in the tissues of all known plant species. They are unique,
showing multi-dimensional interactions within the host plant due to their ability to colonize and thrive
in these plant tissues [6]. They are characterized by being able to colonize the internal tissue of their
host plants during their whole lifecycle without causing any known damage or infection to the host
plant [7].
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Several studies have documented the isolation of endophytic bacteria from various plant
tissues, such as roots, stems, leaves, flowers, and seeds [1,8]. Bacterial endophytes play important
roles in improving plant growth, increasing tolerance to biotic factors, and producing secondary
metabolites [3,9–11]. Cinnamomum camphora (C. camphora), a member of the family Lauraceae, has been
extensively studied and found to host a large number of endophytic bacteria [12]. This species is
widely distributed in China and is a common arbor species both in rural and urban regions, and its
wild population has been indexed [13]. It is among the most important arbor species in East Asia,
both economically and culturally. This species has been traditionally used as a source of timber,
medicine, ornament, and pesticide for thousands of years [14]. Isolation of endophytes from C. camphora
has shown that they are able to inhibit pathogens and are effective in the utilization of cellulose [15,16].

Recent advancement in molecular biology research techniques and methods such as the use of
16S rDNA technology is increasingly leading to a better understanding of the diversity of endogenous
bacteria isolated from the environment. This understanding is paving ways for in-depth exploration of
the relationships between endogenous bacteria and their host plants. However, due to the abundant
contents of metabolites in camphoraceae plants [17] and the complex metabolic process of endophytes,
it has been difficult to explore the co-evolution process between camphoraceae plants and endophytes.
Exploring the diversity and distribution of endophytes in various plant parts is an important tool that
can provide valuable resources for plant growth promotion and biotransformation [18]. Although
numerous studies have focused on C. camphora and its secondary metabolites, no studies have been
done to characterize endophytic microorganisms in C. camphora during different sampling times.
Moreover, the use of high-throughput sequencing technologies has not been reported in studying
endophytic bacteria in this tree. High-throughput sequencing based on 16S rDNA technology can
reflect the colony structure characteristics of culturable and non-culturable bacteria in samples to a
greater extent and also explore their diversity. Hence, the aim of this research was; therefore, to explore
the diversity of endophytic bacteria associated with the leaves of C. camphora during different seasons
using high-throughput sequencing.

2. Materials and Methods

2.1. Location of the Study

Plant samples were collected from Nanping Forest, and from Lingshi Forest Park in Fuqin City,
Fujian Province. The geographic coordinates of Nanping Forest are 26◦58′ N and 118◦12′ E, while
those of Lingshi forest in Fuqin are 25◦40′ N and 119◦13′ E. These study areas belong to the subtropical
monsoon climate, with an average annual temperature of 20 ◦C to 30 ◦C and average annual sunshine
time of 2000 h. The areas have a frost-free period of 340–360 days and average annual precipitation of
over 1600 mm. The study areas are artificial forests with mixed vegetation that are being maintained.

2.2. Sample Collection

A total of six trees were marked for sampling; five trees from Nanping and coded as follows: NP
209, NP PC-1, NP 195, NP MDA-1, and NP 187(NP represents Nanping, followed by the code for each
species) and one tree from Fuqin (FU). The only selected tree in Fuqin was the most abundant species
in the region. A summary of the sampling times and coding used are presented in Table 1. The leaf
samples for analysis were collected randomly from the upper canopy of each tree and kept in aseptic
sampling bags correctly labeled according to the sampling dates. The three sampling dates were April
(X), July (Y), and October (Z), which represented three seasons. April sampling represented spring
samples while July and October samples represented early summer and early winter, respectively.
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Table 1. Highlights of the sampling time and coding.

Time
Sample ID

NP 209 NP PC-1 NP 195 NP MDA-1 NP 187 FU

April (X) A1 B1 C1 D1 E1 F1
July (Y) A2 B2 C2 D2 E2 F2

October (Z) A3 B3 C3 D3 E3 F3

NP = Nanping; FU = Fuqin.

2.3. Laboratory Analyses

2.3.1. Sample Preparation for Analysis

Leaf samples were washed using running tap water to dislodge any soil or dust particles. This was
followed by vigorous shaking with sterile water to remove any epiphytic microbes. Washed leaf
samples were immersed in 70% ethanol solution for 30 s followed by immersion in 100 mL of 2%
sodium hypochlorite containing 0.1% Tween 20. To remove the disinfectant, the leaves were rinsed five
times in two washes with RNase-free sterile water and finally dried on sterile paper towels at room
temperature. To confirm that the surface sterilization process was successful, the surface-sterilized
leaves were rolled on a potato dextrose agar (PDA) medium containing dehydrated potato infusion:
200 g/L potato, 20g/L glucose, and 18 g/L agar. The aliquots of the sterile distilled water from the final
rinse solutions were plated onto PDA plates as controls to detect possible contaminants. Aliquots
from the leaf samples without growth on the PDA control plates were considered to be effectively
surface-sterilized. After successful surface sterilization, all samples were immediately put on ice and
stored at −80 ◦C until total DNA extraction.

One gram (1 g) of leaf from each sample was sliced using a sterile scalpel. Samples were macerated
in liquid nitrogen using a sterile mortar and pestle. After maceration, the leaf tissue extracts were
serially diluted in phosphate buffer solution and plated in triplicate on VM-ethanol plates (0.4 g/L
KH2PO4, 0.6 g/L K2HPO4, 1.1 g/L NaCl, 0.5 g/L NH4Cl, 0.2 g/L MgSO4, 26 mg/L CaCl2, 10 mg/L
MnSO4, 2 mg/L Na2MoO4, 0.66 mg/l Fe(III)-EDTA, 1 g/L yeast extract, 3 g/L bacto peptone, 6 mL/L
ethanol, pH 6.8) to recover any endophyte present in the plant tissue. Dilution series (up to 10−7)
were made, and 0.1 mL aliquots were spread on VM-ethanol plates in three replicates. All plates were
incubated at 30 ◦C for 5–7 days. After selecting the most suitable plate (with colonies ranging between
30 and 300), the average numbers of colony-forming units (CFU) were determined in the replicates.
The number of bacterial cells recovered was expressed as CFU g−1 fresh tissue weight. Pure cultures
were prepared by sub-culturing on VM-ethanol and incubated at 30 ◦C. The purified colonies were
stored in a refrigerator at 4 ◦C for further studies and for long-term storage, the isolates were preserved
in 20% glycerol stocks at −20 ◦C.

2.3.2. Extraction of DNA and PCR Amplification

Genomic DNA was extracted from the bacterial isolates obtained from the leaves using the
DNeasy Plant Mini Kit (Takara Bioengineering Company) following the manufacturer’s protocol.
The extracted genomic DNA was prepared and used as a template. 1.5 kb 16S rRNA genes
were amplified using bacterial universal primers (Biomarker biotechnology, Beijing, China) 27F
(5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACC TTGTTACGA CTT-3′) [19]. The PCR
mixture included 0.5 µM of each primer, 23.5 µL of nuclease-free water, 25 µL master mix, and 1 µL of
DNA template, making up a total of 50 µL. Similarly, the positive control contained all the above in
addition to the DNA template from Pseudomonas putida identified using 16S rDNA-based analysis from
previous studies. In the negative control, the DNA template was substituted with nuclease-free water.

Using the thermo-cycler (Biomarker Co., Ltd., Beijing, China), the Polymerase Chain Reaction
(PCR) reaction was carried out as follows: 1 cycle of pre-denaturation at 94 ◦C for 4 min, 30 cycles of
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denaturation was done at 94 ◦C for 1 min, annealing at 50 ◦C for 30 s, extension at 72 ◦C for 1 min, and
a final extension at 72 ◦C for 10 min. The amplified PCR products were visualized on 1% agarose gel
with a 1 kb ladder (Thermo Corporation, Kodak Gel logic 2200 gel imager) and further sequencing of
PCR products was carried out to identify the specific bacterial isolates.

2.3.3. 16.S rDNA Library Construction and High-Throughput Sequencing

After amplification, the PCR products were combined in equimolar ratios into one single tube.
Then, the desired sequences were extracted using the Qiagen Gel Extraction Kit (Qiagen, Germany).
The libraries were then constructed using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina,
Inc., San Diego, CA, USA), according to the manufacturer’s recommendations, and index codes were
subsequently added. The library quality was assessed using Qubit® 2.0 Fluorometer (Thermo Fisher
Scientific, Beijing, China) and Agilent Bioanalyzer 2100 system. The library was then sequenced using
the Illumina HiSeq 2500 platform, and 250 bp paired-end reads were generated. The image data files
were transformed into original sequencing sequences (sequenced reads) by Base Calling analysis.
The results were stored in FASTQ format, including sequence information from the sequencing
sequences (reads) and corresponding sequencing quality information.

2.4. Data Preprocessing and Bioinformatics

Data preprocessing: According to the overlap relationship between the Paired End (PE) reads,
the double-ended sequence data obtained by Hiseq sequencing is merged into a sequence Tag using
the FLASH v1.2.7 software, and the quality of Reads and the effect of Merge were filtered by quality
control using Raw Trimmomatic v0.33 software. The operational taxonomy units (OTU) representative
sequence was obtained by the default OTU analysis method of Mothur v.1.39.5 [20]. After calculating the
uncorrected pairwise distance between sequences and using clustering and 97% similarity clustering,
the longest sequence was selected as the representative sequence in each OTU cluster. Finally, according
to different distances, they were divided into OTUs.

The UCLUST [21] in the QIIME [22] (version 1.8.0) software was used to cluster Tags and get OTU
at 97% similarity level. The bacterial sequences were trimmed and assigned to individual samples
based on their barcodes. The chimeric sequences were identified and eliminated using UCHIME.
The phylogenetic affiliation of each 16S rRNA gene sequence was analyzed with the aid of a Ribosomal
Database Project (RDP) Classifier (RDP Release 11) against the Silva (SSU123) 16S rRNA database
at a confidence threshold of 70% [23]. Rarefaction analysis using Mothur v.1.39.5 was conducted to
reveal the alpha and beta diversity; observed species, including chao1, the Shannon index, the Simpson
index, abundance-based coverage estimator (ACE), good-coverage, the unweighted pair-group method
with arithmetic means (UPGMA), and the T-test analysis were performed by QIIME. For ecological
association, principal component analysis (PCA) and principal coordinate analysis (PCoA) were
performed using the PAST software [24].

3. Results

3.1. Extraction and Quantitative Detection of Total DNA from Samples

The total DNA and DNA concentration of isolates extracted from the 18 samples were detected by
agarose gel electrophoresis, as shown in Figure 1. The results showed that the DNA bands were clear
and complete, which met the requirements of the follow-up test.



Diversity 2019, 11, 112 5 of 15

  

 
 

 

Figure 1. Agarose gel electrophoresis of total DNA in Cinnamomum camphora. 

3.2. Processing of Sequence Information 

A total of 11,816,388 pairs of reads were obtained after sequencing of 18 C. camphora leaf 

samples. A total of 10,844,124 reads were generated after splicing and filtering of double-ended 

reads. At least 386,289 reads were generated from each sample, and 602,451 clean tags were 

generated on average. The lowest sequencing quantity was found in the C. camphora leaf samples 

A3, F3, and C3, and the highest in D3. The average length of the sequence ranged from 435 bp to 

445 bp (Table 2), so the sequence length of this experiment could cover the full length of V3f/V4r 

region. 

Table 2. Valid data statistics of the C. camphora samples. 

Sample ID PE Reads Raw Tags Clean Tags Effective Tags Avg Length(bp) 

A1 635,983 596,365 574,312 553,476 444 

A2 612,984 578,687 559,132 545,451 445 

A3 437,572 404,908 386,289 379,373 442 

B1 629,137 588,063 566,411 543,775 442 

B2 598,480 564,240 549,649 534,123 436 

B3 615,982 584,748 566,126 556,061 441 

C1 621,682 583,501 563,848 557,754 439 

C2 989,097 936,449 912,801 898,117 435 

C3 431,426 409,194 398,148 393,178 436 

D1 682,742 640,843 616,566 607,505 445 

D2 547,166 517,633 502,378 492,925 440 

D3 1,096,559 1,077,600 1,052,125 1,025,234 442 

E1 753,426 709,316 683,623 657,209 442 

E2 487,276 460,700 444,107 434,587 444 

E3 691,461 659,694 641,167 632,130 439 

F1 745,999 708,816 690,867 675,521 436 

F2 803,207 763,307 742,869 732,976 437 

F3 436,209 405,940 393,706 387,708 437 

3.3. Alpha Diversity of Bacterial Communities in Cinnamomum camphora Leaves 

The OTU coverage estimator values ranged from 99.9% to 100% (Table 3), indicating that the 

sequence numbers per sample were high enough to capture the majority of the 16S rRNA gene 

sequences to show bacterial diversity. The alpha diversity parameters of the samples are displayed 

in Table 3. The highest richness value was in the A1 (1086), while the lowest was in C2 (509). 

However, the highest Shannon index value was in B3 (5.3337), while the C3 sample showed the 

lowest (3.6222). It was observed that E3 had the highest Chao1 (1233.1), and A3 had the highest 

ACE (1764.7163), while the C2 sample had the lowest Chao1 (602.84), and F1 had the lowest ACE 

Figure 1. Agarose gel electrophoresis of total DNA in Cinnamomum camphora.

3.2. Processing of Sequence Information

A total of 11,816,388 pairs of reads were obtained after sequencing of 18 C. camphora leaf samples.
A total of 10,844,124 reads were generated after splicing and filtering of double-ended reads. At least
386,289 reads were generated from each sample, and 602,451 clean tags were generated on average.
The lowest sequencing quantity was found in the C. camphora leaf samples A3, F3, and C3, and the
highest in D3. The average length of the sequence ranged from 435 bp to 445 bp (Table 2), so the
sequence length of this experiment could cover the full length of V3f/V4r region.

Table 2. Valid data statistics of the C. camphora samples.

Sample ID PE Reads Raw Tags Clean Tags Effective Tags Avg Length (bp)

A1 635,983 596,365 574,312 553,476 444
A2 612,984 578,687 559,132 545,451 445
A3 437,572 404,908 386,289 379,373 442
B1 629,137 588,063 566,411 543,775 442
B2 598,480 564,240 549,649 534,123 436
B3 615,982 584,748 566,126 556,061 441
C1 621,682 583,501 563,848 557,754 439
C2 989,097 936,449 912,801 898,117 435
C3 431,426 409,194 398,148 393,178 436
D1 682,742 640,843 616,566 607,505 445
D2 547,166 517,633 502,378 492,925 440
D3 1,096,559 1,077,600 1,052,125 1,025,234 442
E1 753,426 709,316 683,623 657,209 442
E2 487,276 460,700 444,107 434,587 444
E3 691,461 659,694 641,167 632,130 439
F1 745,999 708,816 690,867 675,521 436
F2 803,207 763,307 742,869 732,976 437
F3 436,209 405,940 393,706 387,708 437

3.3. Alpha Diversity of Bacterial Communities in Cinnamomum camphora Leaves

The OTU coverage estimator values ranged from 99.9% to 100% (Table 3), indicating that the
sequence numbers per sample were high enough to capture the majority of the 16S rRNA gene
sequences to show bacterial diversity. The alpha diversity parameters of the samples are displayed in
Table 3. The highest richness value was in the A1 (1086), while the lowest was in C2 (509). However,
the highest Shannon index value was in B3 (5.3337), while the C3 sample showed the lowest (3.6222).
It was observed that E3 had the highest Chao1 (1233.1), and A3 had the highest ACE (1764.7163), while
the C2 sample had the lowest Chao1 (602.84), and F1 had the lowest ACE (617.7194), respectively.
The Simpson indices of diversity parameters varied from 0.1655 in C3 samples to 0.0242 in F2 samples.
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Table 3. The diversity of C. camphora samples.

Sample ID OTU ACE Chao1 Simpson Shannon Coverage

A1 1086 1139.84 1174.50 0.037 4.9111 0.9998
A2 883 1009.85 1042.75 0.0719 4.4501 0.9998
A3 747 1764.72 1117.56 0.0806 3.9148 0.9992
B1 892 930.18 950.24 0.0409 4.8375 0.9999
B2 530 684.305 684.071 0.0556 3.9892 0.9998
B3 935 1077.09 1017.22 0.0317 5.3337 0.9998
C1 742 1645.06 1040.47 0.0628 4.3294 0.9996
C2 509 741.62 602.84 0.0953 3.637 0.9999
C3 523 1115.03 900.00 0.1655 3.6222 0.9995
D1 704 732.51 755.67 0.0678 4.2485 0.9999
D2 773 924.20 873.50 0.0628 4.8507 0.9998
D3 1034 1054.59 1050.16 0.0463 5.0395 1.0
E1 874 1220.39 1065.29 0.0485 4.4676 0.9998
E2 688 756.54 731.05 0.0566 4.3287 0.9998
E3 589 1154.67 1233.10 0.0458 5.1862 0.9998
F1 573 617.72 675.08 0.0574 3.7455 0.9999
F2 1038 1139.78 1095.03 0.0242 5.2494 0.9999
F3 549 818.44.32 645.46 0.0913 4.0069 0.9997

3.4. Beta Diversity Analysis

The principal coordinate analysis (PCoA) and the unweighted pair-group method with arithmetic
(UPGMA) were performed to view and compare the relationships of the endophytic bacterial
communities among the samples. The results of the PCoA according to the unweighted Unifrac
distance showed that all the samples did not have a specific cluster pattern although samples D2, F1,
and B2, D1 were clustered in the months of April and July, respectively as shown in PC1 (10.72%) and
PC2 (8.17%), (Figure 2).

The results of various principal component analyses (PCA) are shown in Figure 3. Principal
component 1 and principal component 2 respectively explained 36.05% and 30.66% of the variance of
variables, and the cumulative contribution rate was up to 83.7%. A1, A2, and A3 were close to each
other. The results obtained showed that there was no observed difference in the community structure
of endophytic bacteria among the (A, B, C, D, and E) samples of C. camphora in the Nanping area in
spring, summer, and winter although the richness varied. The results showed that the differences of
the endophytic bacterial community structure between the Nanping samples were minimal. Also,
the community structure of F3 samples in the Fuqin area had little difference in the three seasons.
The seasonal differences between the F1 samples and the F2 samples were low in the Fuqin area, while
the seasonal differences between the Nanping and Fuqin samples in the two areas were observed in
the three seasons in terms of richness.
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Composition of the Structural Diversity of Bacteria

The distribution of the bacterial population is shown in Figures 4 and 5. The results revealed that
the endophytic bacteria of C. camphora were mainly composed of nine phyla (Figure 5): Proteobacteria,
Firmicutes, Bacteroidetes, Actinobacteria, Gemmatimonadetes, Acidobacteria, Planctomycetes, Chloroflexi, and
Fusobacteria. The bacterial populations from the samples from Nanping and Fuqin were enumerated in
Figure 6. Proteobacteria was dominant among the observed sequences at the phylum level. Proteobacteria
was present in each sample and accounted for the highest proportion, ranging from 35.15% in sample
F2 to 91.5% in sample F1. In addition, Firmicutes was the second most abundant phylum, and the most
represented in the F2 samples (49.56%). This was followed by Bacteroides in abundance.
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The classification of the unigenes using the RDP classifier indicated that the sequences were
classified into 10 orders (Figure 4): Rhizobiales, Clostridiales, Peseudomonadales, Burkholderiales,
Bacteroidales, Enterobacteriales, Rhodocyclales, Sphingomonadales, Lactobacillales, and Bacillales. There were
still sequences that were not identified in the present classification, indicating that there were likely
some unknown new taxonomic groups in the leaves of C. camphora as shown in Figure 5.

At the order level, Rhizobiales dominated in the B2 samples (52.69%) and were the least in A1
(17.5%). It was followed by Clostridiales with the highest value in F2 (41.5%) and the lowest in F1
(4.32%). However, there were some unidentified sequences which existed in all samples with the
unclassified sequences found dominantly in B3 and E3 (Figure 5).

A dendrogram of the structural similarity among the endophytic communities of the 18 C. camphora
samples studied in the three different seasons (1, April; 2, July; 3, October) is shown on Figure 6.

The cluster analysis showed that the samples were divided into two groups with 41.75% similarity.
The first group included six subgroups with the following percentage similarities: 21.6% (A3 and E2),
23.6% (A2 and D1), 23.8% (B2 and F1), 26.5% (D2 and F3), 27.8% (C1 and C3), and 30.8% (B3 and E1).
As observed, the difference in seasons and plant species did not affect the similarity of endophytic
communities in the leaves, except in C1 and C3 where there was similarity in the species between
April (spring) and October (early winter) The second group was composed of D3 alone, suggesting
its unique endophytic composition in early winter (October). As compared to other samples, it was
observed in Figure 5 that D3 had the highest proportion of Lactobacillales, as well as a proportion of
other phyla not listed among the 10 major orders (Figure 4).

Heat map analysis of the relative abundances and distribution of bacterial endophytes phyla
showed variations across the samples (Figure 7). In this study, the OTU distribution and abundance of
each sample were shown on the heatmap which revealed 43 phyla, and further reflected the similarity
and difference in the colony structure of each phylum on the genus level. The heatmap showed that
most of the bacteria of C. camphora were distributed in D3, B3, and E3 samples in October in the
Nanping region. The samples from this region had the highest number of phyla (14–26).
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4. Discussion

The endophytic bacterial community structures associated with the leaves of the C. camphora in
different seasons were described and compared. This could provide baseline information for future
investigations toward developing a better understanding of the role of these microbial communities
in producing several plant metabolites in the plant such as camphor and essential oils the plant is
known for.

At present, many researchers have studied endophytic bacteria in many plants, such as eggplant,
ryegrass, and sugarcane plants [25–27]. More than 129 species of culturable endophytic bacteria have
been found in various crops and cash crops, belonging to 54 genera distributed in all plant tissues [28].
The results from this study confirmed that C. camphora has a rich endophytic bacterial group, belonging
to nine phyla and 10 orders, reflecting its rich diversity and laying a foundation for the subsequent
isolation of endophytic bacteria. Our observations showed that samples taken in October had the
highest diversity of endophytes as indicated by the Shannon index, ACE, and the Simpson indices of
diversity irrespective of the samples. The most dominant phylum in all the samples was observed to
be Proteobacteria, followed by Firmicutes, Bacteroides, and Actinobacteria. This result was in agreement
with previous studies where these phyla were observed in different environments [29,30]. More so,
these results agree with those obtained by Deng et al., 2019 [31], who detected that Proteobacteria
was the dominant bacterial phylum within Pennisetum sinense in China. It has been reported that
the composition of bacterial endophytes varies between the different parts of the plant [32] with a
variation in the relative abundances among phyla and genera [33]. Reports have also shown that
members of these phyla were the most abundant in the endophytic communities of the wildflower
(Crocus albiflorus) [34], the radish leaf [35], Arabidopsis, and Citrus leaves [24,36], a xerophilous moss
(Grimmia montana) [37], and olive oil leaf [38]. However, there were unidentified sequences which
indicated the presence of other new taxa with a possible high taxonomic status in the leaves of the
C. camphora.

Contrary to the order of bacterial endophytes observed in this study, Dong et al. [39] observed
relative abundances of bacterial endophytes, such Conexibacter, Gemmatimonas, Holophaga, Luteolibacter,
Methylophilus, Prosthecobacter, Solirubrobacter, Bradyrhizobium, Novosphingobium, Phenylobacterium,
Sphingobium, and Steroidobacter, in the above-ground parts of Panaxnoto ginseng. This showed that the
diversity of endophytes varies, depending on the plant species. The different bacterial community
composition of C. camphora could be due to the selective pressure that the plant exerts on their associated
bacterial population [40]. Endophytic bacteria of plant colonize specific ecological niches even in
tissues, which might be the reason for the diversity observed within the bacterial community.

As observed in this study, diversity in endophytic bacteria in the different samples, seasons, and
locations studied was observed. Similarly, the similarity indices ranged between 21.6% and 41.75% in
all parameters studied indicating the diversity of the populations. However, the abundance/richness
of these organisms showed a higher variation across the parameters evaluated. Previous reports have
shown that endophytic populations vary from plant to plant and from species to species [41]. Within
the same species, it not only varies from region to region but also differs with the change in climatic
conditions of the same region [42]. A previous report has shown that the endophytic population and
frequency differed among sampling dates for all the organs studied, namely, young leaves, petiole,
and twigs of Gingko biloba L [42]. They proved that the occurrence of Phyllosticta sp. in both leaves
and petioles was first detected in August and peaked in October, while was absent in May. Phomopsis
sp. was detected in twigs throughout the growing season. This was contrary to our observations
where the abundance of endophytes varied with samples, location, and sampling dates in the order
April > July> October. These variations could be attributed to the abundance of certain metabolites
in the plants in different seasons. Berg et al. [43] stated that plant species, cultivar, age, health, and
developmental stage were not the only factors that impacted plant microbial communities, but factors
external to the host plant, such as soil, geographic factors, and human interference also contributed to
the overall plant endophytic microbial structure and function [44]. Our results showed that sampling
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period had a great influence on the diversity and abundance of endophytes in host plants. However,
the abundance of these organisms was mostly altered rather than their diversity.

The dominant taxa present seemed to be fairly representative of the plant growth promoter in the
most represented phyla Proteobacteria and Firmicutes. These microbes are adapted to environmental
variations as their cycle can survive between wet and dry seasons. Although variation in endophytic
diversity and abundance was observed in the samples evaluated, similarity was noticed in the same
season among the samples. However, the individual factors of each sample were important to influence
the diversity of the endophytic bacteria in them. According to the results of the analysis, it was
observed that the community structure of endophytic bacteria among the samples. The PCoA and
UPGMA analyses evidently demonstrated that the bacterial diversity was different among the six
samples as shown on the heat map. Similarly to our results, previous researchers have demonstrated
that both abiotic and biotic conditions (e.g., genotypes of host plants) might affect the diversity and
composition of various species of endophytic bacteria [45–48].

The interaction between plants and microorganisms is one of the main focuses of applied
research on plant microorganisms. By studying the interaction between plants and endophytes, the
biological effects of endophytes can be understood, and the beneficial effects of bacteria can be utilized.
In order to promote plant growth and increase the content of plant secondary products, the microbial
growth-promoting mechanisms should be brought into play. In this study, sampling and analysis of
C. camphora leaves in different seasons confirmed the rich diversity of endophytic bacteria in C. camphora,
which laid a foundation for later screening data, comprehensive utilization of beneficial bacteria, and
improvement of C. camphora yield and secondary production content.

In summary, plants have developed expanded tools to screen microbial presence and to control
their infection; therefore, only specific endophytes are able to colonize the internal tissues with
insignificant damage to the host [49]. Their population densities are highly variable, depending mainly
on the microbial species and host genotype, developmental stage, and environment conditions [44].
Mature plant leaf tissues are subjected to temperature, humidity, and UV radiation fluctuations. It can
be predicted that these factors acted as a selective and variable component to the carbohydrate-rich leaf
niche for the formation of adapted bacterial endophytic communities [50]. Hence, the leaf dwelling
microbial community should be able to adjust to these physiological changes as C. camphora evolves in
its life cycle.

5. Conclusions

An investigation into the diversity of bacteria in the leaves of C. camphora was conducted from
samples collected in different seasons in two regions using high-throughput sequencing. Identification
of unique sequences using an RDP classifier showed that Proteobacteria was the dominant phylum
amongst the nine phyla obtained in the samples collected and was present in each sample, ranging from
35.15% to 89.72% of the bacterial population. A total of 10,844,124 valid sequences were obtained from
leaf tissues at the different sampling times, all of which were located in the V3-V4 region of 16S rRNA
gene of bacteria. The diversity of the bacterial sample composition observed among the sampling
periods, samples, and regions was low, with the highest diversity recorded in October. However, there
was variability in the richness of the endophytes across these parameters where the highest abundance
was observed in April, followed by July and October, in that order. The results obtained showed that
these sequences mainly belonged to 10 orders: Rhizobiales, Clostridiales, Peseudomonadales, Burkholderiales,
Bacteroidales, Enterobacteriales, Rhodocyclales, Sphingomonadales, Lactobacillales and Bacillales. However,
there was no firm sequence at the order level, indicating that there are other new taxa with high
taxonomic status in the leaves of Cinnamomum camphora (L.) Presl.
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