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Abstract: Nettle (Urtica cannabina) is an excellent feed resource widely distributed worldwide. Phyl-
losphere microbes are important as they have living conditions similar to those of the above-ground
parts of host plants. Exploring amino acids (AA) and microorganisms can further understand the
growth of plants in different seasons. The present study investigated the content of AA and phyllo-
sphere microbes’ structure of nettle plants in different seasons. The results found that AA contents
varied significantly with the season, such as alanine, aspartate, cysteine, glutamate, glycine, and
methionine contents decreased significantly from spring to winter (p < 0.05), the contents of arginine,
histidine, serine, and lysine were highest in summer (p < 0.05). The results suggested that the diversity
of bacteria and fungi both increased during winter. During winter, Sphingomonas (relative abun-
dance 25.22-28.45%) and Filobasidum (27.6—41.14%) became dominant. According to the redundancy
analysis (RDA) of the correlation between AA and microbes, these two microbes were both the most
important factors and showed a negative correlation with AA during winter. Thus, seasons could
significantly affect the distribution of phyllosphere microbial communities on the nettle, especially in
winter. According to the function prediction(PICRUS2 (KEGG pathway) and FUNGuild) results, the
bacteria in the phyllosphere of U. cannabina mainly participated in metabolism. Pathogenic fungi
were relatively high in autumn. The present study reveals the influence of seasonal change on the
phyllosphere microbial community in U. cannabina.
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1. Introduction

Nettle is an annual or perennial herb in the genus Urtica in the family Urticaceae,
which is distributed widely in many parts of the globe, including North Africa, parts of
Asia, Europe, and North America [1]. According to the ‘Flora of Xinjiang,” Nettle (Urtica
cannabina) is distributed widely in Xinjiang, China. It mainly grows in the warm desert
grassland, between the low-altitude areas in the north and south of the Tianshan Mountains
and at the edge of the Gobi. Nettle could provide a source of a high-quality diet for grazing
livestock in natural grassland due to its richness in vitamins and trace elements and its
high nutritional value. In addition, it has fast growth, high drought tolerance, and high
medicinal value [2,3].

Currently, due to the gradual degradation of grassland ecological environments, natu-
ral grassland environments face various challenges, including low soil fertility, salinization,
drought, and large temperature fluctuations, which greatly affect the normal growth of
plants [4]. In addition, seasonal changes have a great relationship with plant diseases [5].
Such challenges limit the exploitation of plant resources to a great extent. Amino acids (AA)
are precursors of proteins and other organic compounds closely associated with plant nutri-
tion and play active roles in plant responses to various stress factors [6,7]. AA accumulation

Agriculture 2023, 13, 1271. https:/ /doi.org/10.3390/agriculture13061271

https://www.mdpi.com/journal/agriculture


https://doi.org/10.3390/agriculture13061271
https://doi.org/10.3390/agriculture13061271
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0001-6684-1791
https://doi.org/10.3390/agriculture13061271
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture13061271?type=check_update&version=1

Agriculture 2023,13, 1271

20f15

in plants facilitates abiotic stress resistance [8]. In addition, AAs are intermediate products
of some metabolic pathways and act as signaling molecules that regulate various metabolic,
physiological, and biochemical pathways and, in turn, numerous physiological processes
in plants [9,10]. Further, AA deficiency is a major cause of plant nutrient imbalance [11].
Therefore, AA content is a key indicator of plant health and growth and facilitates tolerance
to various abiotic and biotic stresses, especially microbes in the environment.

Numerous previous studies have shown that rhizosphere microbes influence plant
physiology and enhance biotic or abiotic stress resistance by facilitating numerous activi-
ties and processes, such as nitrogen fixation, nutrient uptake, and synthesis of bioactive
compounds in host plants [12-14]. There had co-occurrence networks between the rhizo-
sphere and microbial phyllosphere of plants—the habitat composed of the above-ground
effective parts of plants is collectively called interlobar, and the microorganisms living
on its surface and inside are called interlobar microorganisms [15]. Consequently, phyllo-
spheric microbes play a key role, mainly because they have living conditions similar to
those of the above-ground parts of host plants and networks with other microbes from
different plant parts [16]. Furthermore, AAs participate in biogeochemical cycles and could
influence plant biology and ecological function [17], such as the bioremediation of harmful
substances [18] and the protection of plant hosts from pathogens [19]. Thus far, studies
focused on nettle growth, such as physiological and photosynthetic characteristics, none
of them had studies on the microbial community of nettles [20,21]. In addition, under
changing living environments, such as season, temperature, humidity, and ultraviolet light
intensity [22,23], phyllosphere microbes could establish unique plant-microbe symbiosis
systems through various strategies and interactions with plants [24,25]. A review showed
that AA metabolism is closely associated with plant-microbe interactions, providing sig-
naling molecules, nutrients, and defense compounds [26]. However, the relationships
between AA and phyllosphere microbes during nettle growth remain unclear. Specifically,
it is unclear which AA participates in disease resistance and which AA attracts beneficial
phyllosphere microbes. Therefore, the present study aimed to preliminarily investigate
the correlations between AA contents and phyllosphere microbial community structure
in nettle under seasonal variation. The results of the present study could enhance our
understanding of plant-microbe symbiosis systems.

2. Materials and Methods
2.1. Overview of the Study Area

The study site was located in the temperate desert—steppe type rangeland of Seriphid-
ium sp., in Shawan County, Tianshan Mountains, Xinjiang (E 84°58'-86°24" N 43°26'-45°20/,
Elevation 1100-1300 m). The local area has a temperate desert arid climate, abundant
sunshine, and heat, an annual average precipitation of 185 mm, and an annual temperature
of 6.9 °C. The average temperature of the hottest month (July) is 25.77 °C, and the maximum
temperature is >40 °C. The frost-free period is 170-190 day. The soil is typical chestnut soil.

The observation area was established within an area fenced over the long term. The
vegetation mainly comprised Seriphidium transiliense, Stipa spp., Festuca valesiaca subsp.
sulcata, and Carex liparocarpos. The associated species were Kochia prostrata, Agropyron spp.,
Leymus spp., Ceratocarpus arenarius, Trigonella arcuata, Gagea sp., and Tulipa sp., with other
short-lived plants. U. cannabina was mainly distributed in the grassland environment
(Figure 1).

2.2. Materials Preparation

Nettle samples were collected from the study area. The sampling times were 10 May
(spring), 10 July (summer), 10 September (autumn), and 10 November (winter) in 2019.
Each sampling is from 11: 30-12:00 a.m. Temperature and humidity during sampling
times were obtained by use temperature and humidity recording instrument (testo 625,
Hainan, China) for intervals of 5 min during 11: 30-12:00 a.m., which were 20.3 °C and
3.1% for 10 May (spring), 28.5 °C and 26.93% for 10 July (summer), 16.32 °C and 10.19%



Agriculture 2023,13, 1271

30f15

for 10 September (autumn), and 1.27 °C and 62.14% for 10 November. The twenty plant
samples were randomly selected, and leaf surfaces were scraped gently with sterile surgical
blades (To remove the influence of other factors on the sample). The scraped leaves were
placed randomly in 50-mL sterilized centrifuge tubes (three replicates per period, 5-8 g per
replicate, with 12 samples in total). At the same time, all the scraped leaves were collected
and stored in liquid nitrogen. All samples were transported to the laboratory immediately
for further preservation (—80 °C) and analyses.

Figure 1. Nettle (Urtica cannabina) growth environment.

2.3. Amino Acids Content Analysis

The AA contents (%) were determined using an AA analyzer (LA8080, Hitachi Ltd.,
Tokyo, Japan). Briefly, the sample was homogenized and hydrolyzed. Tryptophan was
hydrolyzed with 4.2 mol NaOH, and the remaining AA was hydrolyzed with 6 mol
HCl [27]. The chromatographic column was a Hitachi #2622PH 4.6 mm IL.D. x 60 mm.
The ammonia removal column was a Hitachi #2650L 4.6 mm I.D. x 40 mm. The mobile
phase was Hitachi MCL buffer accessories (a mixture of 18 types of AA standard solution).
The derivation reagent was Hitachi ninhydrin chromogenic solution. The measurement
parameters were 440 nm and 570 nm (detection wavelength), 0.40 mL/min (buffer flow
rate), 0.35 mL/min (derivation reagent flow rate), 57 °C column temperature, and 135 °C
derivation temperature. The injection volume was 20 mL, and each treatment was measured
in triplicate.

2.4. Bacterial and Fungal Community Sequencing Analysis

Total microbial genomic DNA was extracted from nettle samples using the E.Z.N.A.®
soil DNA Kit (Omega Bio-tek, Norcross, GA, USA). DNA quality and concentration were
determined using 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectropho-
tometer (Thermo Scientific Inc., Waltham, MA, USA) and kept at —80 °C prior to further
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use. The V3-V4 regions of the bacterial 165 rRNA gene were amplified using the 338F
(5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3')
primer pair in an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The primers
targeting the ITS1 regions (ITS1F: 5-CTTGGTCATTTAGAGGAAGTAA-3'; ITS2R: 5'-
GCTGCGTTCTTCATCGATGC-3') of fungi were used to conduct PCR amplification. The
PCR reaction mixture, including 4 uL 5 x Fast Pfu buffer, 2 uL 2.5 mM dNTPs, 0.8 uL each
primer (5 pM), 0.4 pL Fast Pfu polymerase, 10 ng of template DNA, and ddH2O to a final
volume of 20 puL. PCR amplification cycling conditions were as follows: initial denaturation
at 95 °C for 3 min, followed by 27 cycles of denaturing at 95 °C for 30 s, annealing at 55 °C
for 30 s and extension at 72 °C for 45 s, and single extension at 72 °C for 10 min, and end at
4 °C. All samples were amplified in triplicate. Purified amplicons were pooled in equimolar
amounts, and pair-end sequenced on an Illumina MiSeq PE300 platform/NovaSeq PE250
platform (Illumina, San Diego, CA, USA) according to the standards recommended by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). OTUs are based on 97%
sequence identity. The raw sequencing reads were deposited into the NCBI Sequence Read
Archive (SRA) database (Accession Number: bacteria, PRINA828128; fungi, PRINA828139).

3. Statistical Analysis

The AA data were subjected to a one-way analysis of variance. Data were analyzed
in IBM SPSS Statistics 21 (IBM Corp., Armonk, NY, USA). Significant differences between
treatments were determined using Tukey’s test at p < 0.05. Bioinformatic analysis of
nettle plants was carried out on the Majorbio cloud platform (https:/ /cloud.majorbio.com
accessed on 12 January 2022). Briefly, based on the Operational Taxonomic Unit (OTU)
information, rarefaction curves, and alpha diversity indices, including observed OTUs,
Chaol richness, Shannon index, and Good’s coverage (Alpha diversity analysis can reflect
the abundance and diversity of microbial communities and the greater Chaol index, the
higher the richness of microbial communities. The greater the Shannon index value, the
higher the microbial community diversity in the sample), were calculated using Mothur
v1.30.1 [28]. Principal Coordinate Analysis (PCoA) was conducted based on Bray—Curtis
dissimilarity using the Vegan v2.5-3 package. Permutational multivariate analysis of
variance was used to assess the percentage of variation explained by the treatments and
the statistical significance using the Vegan v2.5-3 package. Further analysis was carried out
using the Majorbio Cloud platform.

4. Results
4.1. Amino Acid Contents of Nettle Leaves under Seasonal Variation

As shown in Table 1, the AA contents in nettles were affected significantly by season.
Alanine, aspartate, cysteine, glutamate, glycine, and methionine contents decreased sig-
nificantly from spring to winter (p < 0.05). Arginine, histidine, serine, and lysine contents
were in the order of spring > summer and autumn > winter (p < 0.05). Isoleucine, leucine,
and valine contents were in the order of summer > spring and autumn > winter (p < 0.05).
Proline and phenylalanine contents were in the order of summer > autumn > spring >
winter (p < 0.05). Tyrosine contents were in the order of summer > spring > autumn and
winter (p < 0.05). Threonine contents were in the order of summer > spring > autumn >
winter (p < 0.05). Tryptophan contents were the highest in summer (p < 0.05). Generally,
AA contents in spring and summer were higher than in autumn and winter.

4.2. Phyllosphere Microbe Composition across Seasons

Phyllosphere microbial diversity (bacterial and fungi) in nettle was determined using
high-throughput sequencing analysis. A total of 1,640,454 (bacterial) and 2,000,344 (fungi)
optimized sequences were obtained, and the effective sequences were clustered into 2524
(bacterial) and 2693 (fungal). Figure 2A—C (bacterial) and Figure 2I-III (fungi) show the
Shannon and Chao index dynamics. Winter and autumn had the highest bacterial diversity,
and winter had the highest fungal diversity (p < 0.05). Bacterial and fungal diversity was
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higher in spring than summer (p < 0.05). Bacterial richness was the highest in winter,
and fungal richness was the lowest in winter (p < 0.05). In addition, autumn had the
highest fungal richness (p < 0.05); however, there were no significant differences in bacterial
richness among spring, summer, and autumn.

Table 1. Amino acid contents in nettle leaves across seasons.

Amino Acids (AA) % Spring Summer Autumn Winter SEM p Value
Non-essential AA Alanine 1.832 126" 092¢ 0.514d 0.15 **x
Arginine 2,182 1.56 P 1.57b 1.04¢ 0.12 *
Aspartate 2112 1.82° 1.55¢ 1.244 0.10
Cysteine 1.292 1.10P 0.94°¢ 0.624 0.07 o
Glutamate 1.862 1.61P 1.32¢ 0914 0.11 xEX
Glycine 0.822 0.71b 0.64 € 04949 0.04 wx
Histidine 1.202 0.88P 0.64° 0.51¢ 0.08 *
Proline 1.68 ¢ 2,124 1.79P 1.00d 0.12 xE
Serine 2132 1.75P 1.77b 1.04°¢ 0.12 i
Tyrosine 1.13P 1222 0.03 ¢ 0.02¢ 0.17 **
Essential AA Isoleucine 0.51b 0.622 0.42° 0.21°¢ 0.05 **
Leucine 2.12b 2,624 2.00° 1.34¢ 0.14 i
Lysine 1.942 1.59P 1.62° 1.15¢ 0.09 *
Methionine 1.382 1.21° 1.04°¢ 0.82d 0.06
Phenylalanine 1.70 2.48° 2.04° 1.014 0.16 e
Threonine 0.97b 1.182 0.83°¢ 0.424 0.08
Tryptophan 0.42° 0.79 0.35b¢ 0.29 0.06
Valine 0.11P 0.304 0.12° 0.06 € 0.03 o
Means of three observations. SEM: standard error of mean. Different lowercase letters in the same line indicate
significant differences (p < 0.05). ** p < 0.01, *** p < 0.001.
Sobs index of OTU level Shannon index of OTU level Chao index of OTU level
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Figure 2. Alpha diversity of phyllosphere microbes in nettle. Capital letters indicate bacterial
community. Roman numerals indicate fungal community. (A,I), Observed species; (B,II), Shannon
index; (CIII), Chao index. Season was the sampling time. Spring, 10 May; Summer, 10 July; Autumn,
10 September; Winter, 10 November.
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PC2(34.44%)

In the present study, Principal Coordinate Analysis (PCoA) results based on Bray—
Curtis distance indicated that season affected the distribution of phyllosphere microbial
taxa significantly (ANOSIM, p < 0.001, Figure 3A,B) in nettle. Season could explain 89.07%
of the variance in bacterial community structure (Figure 3A) and 94.58% of the variance in
fungal community structure (Figure 3B).

PCoA on OTU level PCoA on OTU level
R=0.870 , P=0.001 R=0.750 , P=0.001
1 0.8
A @ Spring B : @ Spring
@ Summer : @ Summer
@ Autumn 0.6+ @ Autumn
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Figure 3. Principal-Coordinate Analysis (PCoA) of phyllosphere bacterial (A) and fungal (B) com-
munities in nettle. Season was the sampling time. Spring, 10 May; Summer, 10 July; Autumn, 10
September; Winter, 10 November.

Figure 4A,B show the variation in phyllosphere bacterial community diversity and rel-
ative abundance in different seasons. In spring and summer, Cyanobacteria (81.29-98.12%)
was the dominant phylum, whereas, in autumn and winter, Proteobacteria (24.10-98.12%)
was the dominant phylum, followed by Cyanobacteria (5.75-28.08%) (Figure 4A). The
distributions of the bacterial communities at the genus level are shown in Figure 4B. The
differences in distributions of the bacterial genera were considerable in different seasons,
and the top five most abundant genera were norank_f_norank_o_Chloroplast, Sphingomonas,
Massilia, unclassified_f_Oxalobacteraceae, and Hymenobacter.

The relative abundances of norank_f_norank_o_Chloroplast were the highest in spring
(81.19-88.10%), summer (96.93-98.49%), and autumn (23.12-27.10%). Sphingomonas was the
dominant genera in winter (25.22-28.45%). In spring, excluding the dominant genera, unclas-
sified_f_Enterobacteriaceae (2.78-5.99%), unclassified_0_Enterobacterales (1.64-3.69%), and Enter-
obacter (1.06-2.31%) also accounted for a certain proportion of the community. In summer,
excluding the dominant genera, the average relative abundance of other genera was <1%. In
addition, in autumn, excluding the dominant genera, there were numerous bacterial genera,
such as Enterococcus (8.10-18.78%), Sphingobacterium (1.23-15.76%), Enterobacter (5.71-6.85%),
Ochrobactrum (0.50-8.40%), Bacillus (1.46-9.64%), and Streptomyces (0.55-6.15%). Winter also
had various bacterial genera, such as norank_ f_ norank_0_Chloroplast (5.75-28.06%), Mas-
silia (5.23-20.28%), unclassified_f_Oxalobacteraceae (4.78-20.05%), Hymenobacter (6.57-9.89%),
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (1.23-2.73%), Pseudomonas (1.19-2.62%),
and Clavibacter (1.14-2.24%). The average relative abundances of other genera were <2% in
autumn and winter.
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Figure 4. Phyllosphere microbial community composition and relative abundances based on bacterial
(A) and fungal (I) phylum levels and bacterial (B) and fungal (II) genus levels in nettle. Spr, 10 May;
Sum, 10 July; Aut, 10 September; Win, 10 November. The measurements were repeated three times
per season.

Figure 4L Il show the phyllosphere fungal community structures and relative abun-
dances in different seasons. The relative abundance of unclassified_k_Fungi (77.82-95.67%)
was the highest from spring to autumn, followed by Ascomycota (4.00-21.34%). In win-
ter, Basidiomycota was the dominant phylum (41.27-52.82%), followed by Ascomycota
(34.32-49.55%), and unclassified_k_Fungi (3.84-18.76%) (Figure 4I). The distributions of the
fungal communities at the genus level are shown in Figure 4II. The fungal genera had con-
siderable differences in different seasons, and the top 5 most abundant genera were unclassi-
fied_k_Fungi, Filobasidium, unclassified_f_Didymellaceae, Erysiphe, and unclassified_o_Helotiales.
In spring, the dominant fungal genera were unclassified_k_Fungi (77.82-95.67%), followed
by unclassified_f Didymellaceae (9.02-11.63%), and Cladosporium (1.44-1.73%); in summer,
the dominant genera were unclassified_f_Didymellaceae (1.48-2.11%); and in autumn, the
dominant genera were Erysiphe (5.15-10.20%) and Zopfiella (3.66-7.63%). The average
relative abundances of other genera were < 1%. In winter, Filobasidium (27.67—-41.14%)
was the dominant genus, followed by unclassified_f_Didymellaceae (8.05-19.64%), unclas-
sified_k_Fungi (3.84-18.76%), unclassified_o_Helotiales (4.90-8.88%), Pezizella (4.16-6.94%),
Udeniomyces (2.06-9.46%), unclassified_o_Glomerellales (2.43-4.18%), Naganishia (2.73-3.79%),
Gelidatrema (1.46—4.39%), Erysiphe (0.83-2.34%), and the average relative abundances of the
other genera were <1%.

Linear Discriminant Analysis Effect Size (LefSe) analysis was performed to further
explore the variations in the bacterial (Figure 5A) and fungal (Figure 5B) community struc-
ture among the different seasons. The relative abundance of norank_f_norank_o_Chloroplast
was significantly higher in spring and summer than in autumn and winter (p < 0.05). The
relative abundances of Sphingobacterium, Enterococcus, Enterobacter, and Ochrobactrum were
the highest in autumn (p < 0.05), and the relative abundances of Sphingomonas, Massilia,
unclassified_f_Oxalobacteraceae, and Hymenobacter were the highest in winter (p < 0.05). The
relative abundance of unclassified_k_Fungi was the lowest in winter (p < 0.05), but the
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relative abundances of Filobasidium, unclassified_o_Helotiales, Pezizella, Udeniomyces, Nagan-
ishia, and Gelidatrema were significantly higher than those in other seasons (p < 0.05). In
addition, the relative abundance of Erysiphe was the highest in autumn, whereas those
of unclassified_f_Didymellaceae and Cladosporium were the highest in spring and winter

(p < 0.05).
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Figure 5. Comparison of phyllosphere bacterial (A) and fungal (B) variations using Linear Dis-
criminant Analysis (LDA) Effects Size (LefSe) analysis in nettle. LDA score (logl0) was greater
than 3.0.
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4.3. Relationship between Phyllosphere Microbial Composition and Amino Acids

Redundancy Analysis (RDA) results showed that AAs play a key role in the dis-
tribution of bacterial (Figure 6A) and fungal (Figure 6B) community distribution. The
two principal components explained the relationship between bacteria (95.72%), fungi
(97.08%), and AA. Norank_f_norank_o_Chloroplast and unclassified_k_Fungi had the highest
correlation with AA, followed by Sphingomonas and Filobasidium. AAs that had a con-
siderable, important influence on the distribution of phyllosphere microbial community
distribution nettle were proline (bacteria, r2 = 0.88, p < 0.01; fungi, 2 =092, p < 0.01),
tyrosine (bacteria, r2 =0.97, p < 0.01; fungi, 2 = 0.86, p < 0.05), serine (bacteria, 2 =0.79,
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Figure 6. Redundancy analysis (RDA) of the relationship between the phyllosphere bacterial (A) and
fungal (B) relative abundances and amino acids. The environmental factors with p > 0.05 or Variance
Inflation Factor (VIF) > 10 were screened. Gly, glycine; Ser, serine; Arg, arginine; Pro, proline; Phe,
phenylalanine; Tyr, tyrosine; Trp, tryptophan. Red arrows represent AA, and black ones represent
microbial.

A Spearman’s correlation heatmap was used to illustrate the correlations between
AA contents and the relative abundance of bacteria (Figure 7A) and fungi (Figure 7B) at
the genus level. The proline and phenylalanine contents were negatively and significantly
correlated with Sphingomonas (r = —0.85 and —0.80), Hymenobacter (r = —0.85 and —0.83),
Massilia (r = —0.86 and —0.83), unclassified_f _Oxalobacteraceae (r = —0.87 and —0.81), and
Pezizella (r = —0.83 and —0.78), unclassified_o_Glomerellales (r = —0.67 and —0.78), unclassi-
fied_f Didymellaceae (r = —0.69 and —0.64), Udeniomyces (r = —0.70 and —0.70), Filobasidium
(r = —0.76 and —0.82), unclassified_o_Helotiales (r = —0.81 and —0.80). Tyrosine contents
were negatively and significantly correlated with Ochrobactrum (r = —0.63), Enterococcus
(r = —0.75), Sphingobacterium (r = —0.64), Sphingomonas (r = —0.76), and Pezizella (r = —0.58)
relative abundance. Serine contents were negatively and significantly correlated with
the relative abundance of Ochrobactrum (r = —0.59) and Pezizella (r = —0.59). However,
notably, AA contents were positively correlated with norank_f_norank_o_Chloroplast and
unclassified_k_Fungi relative abundance. In particular, norank_f_norank_o_Chloroplast and
tyrosine (r = 0.90), tryptophan (r = 0.85) exhibited significant and positive correlation; and
unclassified_k_Fungi had positive and significant correlation with other AAs, excluding
serine and arginine. Only the top 10 most abundant genera were analyzed.
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Figure 7. Spearman’s correlation heatmap of the abundance of bacterial (A) and fungal (B) genera
and amino acids in nettle leaves. * p <0.05, ** p <0.01 and *** p <0.001. Gly, glycine; Ser, serine; Arg,
arginine; Pro, proline; Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan.

4.4. Functional Prediction of Phyllosphere Microbes

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt2) analysis was used to predict phyllosphere bacteria function (Figure 8A). Fol-
lowing analyses of the functional abundance and composition of phyllosphere bacteria
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways under different
seasons, the authors observed that seasons did not significantly affect the composition
and functional abundance. The major enrichment pathways included metabolic pathways
(15.83-18.79% relative abundance), biosynthesis of secondary metabolites (7.24-8.65% rela-
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tive abundance), biosynthesis of antibiotics (5.15-5.23% relative abundance), and microbial
metabolism in diverse environments (3.93-5.11% relative abundance).
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Figure 8. Functional prediction of phyllospheric bacterial (A) and fungal (B) communities. PICRUS2
(KEGG pathway) and FUNGuild were used for bacterial and fungal community function prediction.

FUNGuild was used to classify the functions of phyllospheric fungi (Figure 8B). Ac-
cording to the different nutrition types, pathotrophs, and saprotrophs in the four seasons
accounted for >97% of all fungal OTUs. The relative abundance of pathotrophs (relative
abundance was 52.35-53.59%) and saprotrophs (relative abundance was 45.00—47.09%)
both showed high levels in spring and summer, but pathotrophs were dominant in au-
tumn (72.50-90.64% relative abundance), whereas saprotrophs were dominant in winter
(67.11-77.65% relative abundance). In addition, a few symbiotrophs were observed in
summer (<2% relative abundance).

5. Discussion

AA contents affect forage nutritional value directly and enhance tolerance to abiotic
stress during forage growth [29]. In the present study, AA contents in spring and summer
were higher than those in autumn and winter, which may be attributed to abiotic environ-
mental stress. Previous studies have shown that high temperatures and drought increase
AA contents in plants [30,31]. Due to the local drought in summer, the contents of AAs
such as proline, tyrosine, phenylalanine, threonine, and tryptophan were accumulated to
enhance plant drought tolerance [32]. However, some AAs with high contents in spring,
such as glycine and serin, are not only affected by the environment but also play a major
role in plant growth [33].

Microbial activity and diversity are affected by temperature and water; thus, microbial
community structures respond to seasonal changes [34]. According to PCoA in Figure 3, the
local environment also affected phyllosphere microbial richness and diversity in the present
study. In addition, seasonal changes make plants susceptible to harmful microbes [35].
The relative abundance of Cyanobacteria decreased in autumn and winter, and Proteus,
Firmicum, Bacteroides, and Actinomycetes abundance increased, which indicated that with
a decrease in nettle photosynthesis in autumn and winter, bacteria involved in photosyn-
thesis were inhibited [36]; and various bacteria helped nettle resist drought, cold, and other
adverse environmental conditions [37]. Previous studies have shown that Sphingomonas
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and Sphingobacterium could promote plant growth and environmental stress tolerance [38].
In the present study, Sphingomonas was the dominant genus, with the highest relative abun-
dance (26.77%) in winter. However, Sphingobacterium had the highest relative abundance
(10.33%) only in autumn. The capacities of the two genera to facilitate plant growth and
stress tolerance could be different.

Previous studies have shown that some Sphingomonas spp. strains can fix nitrogen [39],
and some could protect plant leaves from pathogenic infections [19]. Such factors could be
the main pathways via which nettle resists abiotic and biotic stress. Massilia is mostly found
in extreme environments. It synthesizes multiple secondary metabolites and enzymes
and has high cold tolerance, phosphorus dissolution function, and other functions [40,41].
Hymenobacter is widely distributed and is primarily found in extreme environments; it has
high radiation and low-fertility tolerance characteristics [42]. Similarly, in the present study;,
Massilia and Hymenobacter had certain activities, and their relative abundances (12.33% and
8.14%, respectively) were the highest in winter. According to the results above, the area’s
large temperature difference and harsh environment could be the main reasons for the
higher relative abundances of Sphingomonas, Sphingobacterium, Massilia, and Hymenobacter.

In the case of fungi, previous studies have shown that Filobasidium is a typical ba-
sidiomycetes genus, which easily attaches to fruit surfaces, and its abundance increases
with an increase in fruit maturity [43]; furthermore, it exhibits a certain degree of radiation
tolerance [44]. In addition, some of the genus pezizella easily form mycorrhiza with plants to
promote nutrient absorption, which could facilitate plant survival in winter [45]. Similarly,
in the present study, Filobassidium and Pezizella relative abundances (32.92% and 5.89%,
respectively) were the highest in winter. Previous studies have shown that the secondary
metabolites of Zopfiella, an endophytic fungus, have anti-tumor and antibacterial functions
and enhance host plant stress resistance [46,47]. Since fungal pathological activity increases
in autumn, Zopfiella relative abundance increased (5.28%) to enhance nettle stress resistance.
Furthermore, the highest relative abundance of Erysiphe observed in autumn (8.00%) is a
key factor associated with powdery mildew [48].

According to the RDA results for nettle phyllosphere microbes and AA contents,
unclassified bacteria and fungi were the most affected by season change, followed by
Sphingomonas and Filobasidium. In the present study, proline, tyrosine, serine, and pheny-
lalanine influenced phyllosphere microbial community distribution in nettle. The winter
certainly impacted both bacterial and fungal communities, especially for fungi in nettle.
As shown in Figure 6, Sphingomonas and Filobasidium were important nettle factors during
winter. These two microbes showed a negative correlation with AA; fungi showed fewer
correlations with AA compared with bacteria (Pro, Phe, Tyr, and Trp for Sphingomonas, Pro,
and Phe for Filobasidium). Sphingomonas can use various organic compounds, including
hydrogen, carbon dioxide, and some sugars, in addition to AA, to support autotrophic
or heterotrophic activity, and can grow and reproduce under extremely oxygen-deficient
or harsh conditions [49], which explains the significant increase in Sphingomonas relative
abundance in the present study in winter, because harsh conditions such as cold winters
inhibit the growth of other microorganisms, whereas Sphingomonas could survive in such
environments.

Previous studies have shown that Sphingomonas inoculation can reduce plants” hydro-
gen peroxide, malondialdehyde, and proline contents, increase antioxidant enzyme activity,
and regulate the ascorbate—glutathione cycle [50,51]. According to the results of correla-
tion analysis in the present study, Sphingomonas had negative and significant correlations
with proline content, indicating that Sphingomonas had a similar role in reducing proline
content. In addition, Sphingomonas had significant and negative correlations with tyrosine,
serine, and phenylalanine contents, which might be related to the utilization of aromatic
compounds by Sphingomonas, which has excellent aromatic compound degradation qual-
ities [52], and it can exploit various compounds to grow and reproduce under adverse
conditions [49]. Similarly, the benzene ring structure exists in the structures of the three
AAs. Sphingomonas could promote seed maturation, in turn enriching Filobasidium on the
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plant surface, and its relative abundance increased with plant maturity [43]. In addition,
the northern hemisphere experiences relatively strong sun radiation in winter [53], and the
increase in the relative abundance of Filobasidium could be associated with the enhancement
of nettle radiation resistance [44].

In the present study, PICRUSt2 was used to predict phyllosphere microbial function
in nettle in different seasons based on KEGG pathways. According to the results of the
present study, the bacterial community in the leaf zone of nettle actively participates in
basic metabolic processes, consistent with previous research findings [54]. Although species
composition differed between autumn and winter, their KEGG pathways were similar,
indicating that the phyllosphere bacteria have similar functions. Undefined bacteria ac-
counted for a large proportion of the community, and their function should be explored in
further studies. FUNGuild prediction results showed that the aggregated fungi are mainly
pathotrophic and saprophytic fungi in spring and summer. The relative abundances of
pathotrophic fungi increased in autumn, whereas the relative abundances of saprophytic
fungi increased in winter. Considering the fungal species compositions, the high abun-
dances of Erysiphe in autumn and Filobasidium in winter could be the main reason for the
difference [48].

6. Conclusions

AA contents in U. cannabina generally decreased from spring to winter. Notably, AA
contents were generally positively correlated with the abundance of unidentified microbes
but negatively correlated with most identifiable microbes. In addition, U. cannabina is
easily infected by Erysiphe, which often occurs in autumn and is potentially associated
with decreased glycine content in autumn and winter. AA contents of U. cannabina varied
significantly with seasons, and seasons and AA contents affected the microbial community
structure in the leaves significantly. Proline, tyrosine, serine, and phenylalanine play key
roles in phyllosphere microbial community structure in nettle leaves. The present results
provide a basis for further studies of the relationship between foliar microbes, AA contents,
and plant diversity.

Author Contributions: S.J. and Y.C. (Yongcheng Chen) wrote the manuscript and performed the
partial experiments. R.H. revised the manuscript and supervised the project. Y.C. (Yuxin Chai)
performed the sample collection and the partial experiments. F.Z. and C.M. were responsible for
designing the experiments, formal analysis, project administration, and funding acquisition. All
authors contributed to manuscript revision, read, and approved the submitted version. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (NSFC)
[grant number 32060399] and the China Agriculture Research System of the Ministry of Finance
(MOF) and the Ministry of Agriculture and Rural Affairs (MARA) [grant number CARS].

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data that support this study are available in the article. The raw
data in this study are available upon request from the corresponding author.

Conflicts of Interest: The authors declare that the research was conducted without any commercial
or financial relationships that could be construed as a potential conflict of interest.

1. Becker, K.; Grosse-Veldmann, B.; Weigend, M. Weeding the nettles V: Taxonomic and phylogenetic studies of the eastern Asian
species Urtica thunbergiana Sieb. & Zucc. (Urticaceae). Phytotaxa 2017, 323, 201-216. [CrossRef]
2. Zhang, X.Q.; Jin, YM. Nutritive Value of Nettle and its Processing and Storage Technology; China Agricultural Science and Technology

Press: Beijing, China, 2015.

3. Li, R.; Qin, M.].; Yu, G.D. The research outline and the developing value of Urtica. China Wild Plant Resour. 2002, 21, 24-26.

(In Chinese)

4. Wu, X.Z; Liu, B.R;; Yan, X;; Liu, R.T.; An, H. Response of soil microbial biomass and microbial entropy to desertification in desert
grassland. Chin. J. Appl. Ecol. 2019, 30, 2691-2698. [CrossRef]


https://doi.org/10.11646/phytotaxa.323.3.1
https://doi.org/10.13287/j.1001-9332.201908.009

Agriculture 2023,13, 1271 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

Karunarathna, A.; Tibpromma, S.; Jayawardena, R.S.; Nanayakkara, C.; Asad, S.; Xu, J.; Hyde, K.D.; Karunarathna, S.C,;
Stephenson, S.L.; Lumyong, S.; et al. Fungal Pathogens in Grasslands. Front. Cell. Infect. Microbiol. 2021, 11, 695087. [CrossRef]
[PubMed]

Dondoni, A.; Massi, A. Design and Synthesis of New Classes of Heterocyclic C-Glycoconjugates and Carbon-Linked Sugar and
Heterocyclic Amino Acids by Asymmetric Multicomponent Reactions (AMCRs). Cheminform 2006, 39, 451-463. [CrossRef]
Yang, Q.; Zhao, D.; Liu, Q. Connections Between Amino Acid Metabolisms in Plants: Lysine as an Example. Front. Plant Sci. 2020,
11, 928. [CrossRef]

Shulaev, V.; Cortes, D.; Miller, G.; Mittler, R. Metabolomics for plant stress response. Physiol. Plant. 2008, 132, 199-208. [CrossRef]
Amir, R.; Galili, G.; Cohen, H. The metabolic roles of free amino acids during seed development. Plant Sci. 2018, 275, 11-18.
[CrossRef]

Yang, Q.-Q.; Zhao, D.-S.; Zhang, C.-Q.; Wu, H.-Y,; Li, Q.-F,; Gu, M.-H.; Sun, 5.5.-M; Liu, Q.-Q. A Connection between Lysine and
Serotonin Metabolism in Rice Endosperm. Plant Physiol. 2018, 176, 1965-1980. [CrossRef]

Galili, G.; Amir, R.; Fernie, A.R. The Regulation of Essential Amino Acid Synthesis and Accumulation in Plants. Annu. Rev. Plant
Biol. 2016, 67, 153-178. [CrossRef]

Mendes, R.; Garbeva, P.; Raaijmakers, ].M. The rhizosphere microbiome: Significance of plant beneficial, plant pathogenic, and
human pathogenic microorganisms. FEMS Microbiol. Rev. 2013, 37, 634—-663. [CrossRef]

Dlamini, S.P.; Akanmu, A.O.; Babalola, O.0O. Rhizospheric microorganisms: The gateway to a sustainable plant health. Front.
Sustain. Food Syst. 2022, 6, 925802. [CrossRef]

Xu, N.; Zhao, Q.; Zhang, Z.; Zhang, Q.; Wang, Y.; Qin, G.; Ke, M,; Qiu, D.; Peijnenburg, W.J.G.M.; Lu, T; et al. Phyllosphere
Microorganisms: Sources, Drivers, and Their Interactions with Plant Hosts. J. Agric. Food Chem. 2022, 70, 4860-4870. [CrossRef]
[PubMed]

Gao, C.; Xu, L.; Montoya, L.; Madera, M.; Hollingsworth, J.; Chen, L.; Purdom, E.; Singan, V.; Vogel, J.; Hutmacher, R.B,;
et al. Co-occurrence networks reveal more complexity than community composition in resistance and resilience of microbial
communities. Nature Communications 2022, 13, 3867. [CrossRef] [PubMed]

Lindow, S.E.; Brandl, M.T. Microbiology of the Phyllosphere. Appl. Environ. Microbiol. 2003, 69, 1875-1883. [CrossRef] [PubMed]
Meyer, K.M.; Leveau, J.H.]. Microbiology of the phyllosphere: A playground for testing ecological concepts. Oecologia 2011, 168,
621-629. [CrossRef]

Sandhu, A.; Halverson, L.J.; Beattie, G.A. Bacterial degradation of airborne phenol in the phyllosphere. Environ. Microbiol. 2010, 9,
383-392. [CrossRef]

Innerebner, G.; Knief, C.; Vorholt, ].A. Protection of Arabidopsis thaliana against Leaf-Pathogenic Pseudomonas syringae by
Sphingomonas Strains in a Controlled Model System. Appl. Environ. Microbiol. 2011, 77, 3202-3210. [CrossRef]

Opacic, N.; Radman, S.; Uher, S.E; Benko, B.; Voca, S.; Zlabur, J.S. Nettle cultivation practices-from open field to modern
hydroponics: A case study of specialized metabolites. Plants 2022, 11, 483. [CrossRef]

Simancas, B.; Juvany, M.; Cotado, A.; Munne-Bosch, S. Sex-related differences in photoinhibition, photo-oxidative stress and
photoprotection in stinging nettle (Urtica dioica L.) exposed to drought and nutrient deficiency. J. Photochem. Photobiol. B-Biol.
2016, 156, 22-28. [CrossRef]

Thapa, S.; Prasanna, R. Prospecting the characteristics and significance of the phyilosphere microbiome. Ann. Microbiol. 2018, 68,
229-245. [CrossRef]

Agler, M.; Ruhe, J.; Kroll, S.; Morhenn, C.; Kim, S.-T.; Weigel, D.; Kemen, E.M. Microbial Hub Taxa Link Host and Abiotic Factors
to Plant Microbiome Variation. PLoS Biol. 2016, 14, €1002352. [CrossRef] [PubMed]

Kishore, G.K,; Pande, S.; Podile, A.R. Biological Control of Late Leaf Spot of Peanut (Arachis hypogaea) with Chitinolytic Bacteria.
Phytopathology 2005, 95, 1157-1165. [CrossRef] [PubMed]

Sivakumar, N.; Sathishkumar, R.; Selvakumar, G.; Shyamkumar, R.; Arjunekumar, K. Phyllospheric microbiomes: Diversityeco-
logical significance, and biotechmological applications. Plant Microbiomes Sustain. Agric. 2020, 25, 113-172.

Moormann, J.; Heinemann, B.; Hildebrandt, T.M. News about amino acid metabolism in plant-microbe interactions. Trends
Biochem. Sci. 2022, 47, 839-850. [CrossRef]

Moore, S.; Stein, W.H. Chromatographic determination of amino acids by the use of automatic recording equipment. Method
Enzymol. 1963, 6, 819-831.

Schloss, P.D. A High-Throughput DNA Sequence Aligner for Microbial Ecology Studies. PLoS ONE 2009, 4, 8230. [CrossRef]
Khan, N.; Ali, S.; Zandi, P; Mehmood, A.; Ullah, S.; Ikram, M.; Ismail, I.; Shahid, M.A.; Babar, A. Role of sugars, amino acids and
organic acids in improving plant abiotic stress tolerance. Pak. J. Bot. 2019, 52, 355-363. [CrossRef]

Khan, N.; Bano, A.; Rahman, M.A.; Rathinasabapathi, B.; Babar, A. UPLC-HRMS-based untargeted metabolic profiling reveals
changes in chickpea (Cicer arietinum) metabolome following long-term drought stress. Plant Cell Environ. 2018, 42, 115-132.
[CrossRef]

Obata, T.; Witt, S.; Lisec, ].; Palacios-Rojas, N.; Florez-Sarasa, I.; Yousfi, S.; Araus, J.L.; Cairns, J.E.; Fernie, A.R. Metabolite profiles
of maize leaves in drought, heat and combined stress field trials reveal the relationship between metabolism and grain yield.
Plant Physiol. 2015, 169, 2665-2683. [CrossRef]


https://doi.org/10.3389/fcimb.2021.695087
https://www.ncbi.nlm.nih.gov/pubmed/34434901
https://doi.org/10.1002/chin.200641249
https://doi.org/10.3389/fpls.2020.00928
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1016/j.plantsci.2018.06.011
https://doi.org/10.1104/pp.17.01283
https://doi.org/10.1146/annurev-arplant-043015-112213
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.3389/fsufs.2022.925802
https://doi.org/10.1021/acs.jafc.2c01113
https://www.ncbi.nlm.nih.gov/pubmed/35435673
https://doi.org/10.1038/s41467-022-31343-y
https://www.ncbi.nlm.nih.gov/pubmed/35790741
https://doi.org/10.1128/AEM.69.4.1875-1883.2003
https://www.ncbi.nlm.nih.gov/pubmed/12676659
https://doi.org/10.1007/s00442-011-2138-2
https://doi.org/10.1111/j.1462-2920.2006.01149.x
https://doi.org/10.1128/AEM.00133-11
https://doi.org/10.3390/plants11040483
https://doi.org/10.1016/j.jphotobiol.2016.01.005
https://doi.org/10.1007/s13213-018-1331-5
https://doi.org/10.1371/journal.pbio.1002352
https://www.ncbi.nlm.nih.gov/pubmed/26788878
https://doi.org/10.1094/PHYTO-95-1157
https://www.ncbi.nlm.nih.gov/pubmed/18943468
https://doi.org/10.1016/j.tibs.2022.07.001
https://doi.org/10.1371/journal.pone.0008230
https://doi.org/10.30848/PJB2020-2(24)
https://doi.org/10.1111/pce.13195
https://doi.org/10.1104/pp.15.01164

Agriculture 2023,13, 1271 15 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Suguiyama, V.F; da Silva, E.A.; Meirelles, S.T.; Centeno, D.D.C.; Braga, M.R. Leaf metabolite profile of the Brazilian resurrection
plant Barbacenia purpurea Hook. (Velloziaceae) shows two time-dependent responses during desiccation and recovering. Front.
Plant Sci. 2014, 5, 96. [CrossRef] [PubMed]

Fait, A.; Yellin, A.; Fromm, H. GABA shunt deficiencies and accumulation of reactive oxygen intermediates: Insight from
Arabidopsis mutants. FEBS Lett. 2005, 579, 415-420. [CrossRef] [PubMed]

Baker, N. Constraints placed by community diversity on the enzymatic response of microbial decomposer communities to climate
change in southern california. In Proceedings of the Agu Fall Meeting AGU Fall Meeting Abstracts, Union City, CA, USA, 14-18
December 2015.

Zhang, Y; Xie, Y.-Z.; Ma, H.-B.; Zhang, J.; Jing, L.; Wang, Y.-T.; Li, J.-P. Responses of soil microorganisms to simulated climate
change in desert grassland in northern China. |. Water Clim. Chang. 2022, 13, 1842-1854. [CrossRef]

Chaudhry, V.; Runge, P,; Sengupta, P.; Doehlemann, G.; Parker, ].E.; Kemen, E. Shaping the leaf microbiota: Plant-microbe—microbe
interactions. J. Exp. Bot. 2020, 72, 36-56. [CrossRef] [PubMed]

Song, Y.; Haney, C.H. Drought dampens microbiome development. Nat. Plants 2021, 7, 994-995. [CrossRef]

Lombardino, J.; Bijlani, S.; Singh, N.K.; Wood, ] M.; Barker, R.; Gilroy, S.; Wang, C.C.C.; Venkateswaran, K. Genomic Charac-
terization of Potential Plant Growth-Promoting Features of Sphingomonas Strains Isolated from the International Space Station.
Microbiol. Spectr. 2022, 10, e01994-21. [CrossRef]

Adhikari, T.B.; Joseph, C.M.; Yang, G.; Phillips, D.A.; Nelson, L.M. Evaluation of bacteria isolated from rice for plant growth
promotion and biological control of seedling disease of rice. Can. J. Microbiol. 2001, 47, 916-924. [CrossRef]

Orthova, I.; Kampfer, P.; Glaeser, S.P.; Kaden, R.; Busse, H.-J. Massilia norwichensis sp. nov., isolated from an air sample. Int. J. Syst.
Evol. Microbiol. 2015, 65, 56—64. [CrossRef]

Zheng, B.-X; Bi, Q.-F.,; Hao, X.-L.; Zhou, G.; Yang, X.-R. Massilia phosphatilytica sp. nov., a phosphate solubilizing bacteria isolated
from a long-term fertilized soil. Int. J. Syst. Evol. Microbiol. 2017, 67, 2514-2519. [CrossRef]

Terashima, M.; Ohashi, K.; Takasuka, T.E.; Kojima, H.; Fukui, M. Antarctic heterotrophic bacterium Hymenobacter nivis p3T
displays light-enhanced growth and expresses putative photoactive proteins. Environ. Microbiol. Rep. 2019, 11, 227-235. [CrossRef]
Glushakova, A.M.; Kachalkin, A.V. Endophytic yeasts in Malus domestica and Pyrus communis fruits under anthropogenic
impact. Microbiology 2017, 3, 128-135. [CrossRef]

Singh, H. A Novel Radiation-Resistant Strain of Filobasidium sp. Isolated from the West Sea of Korea. ]. Microbiol. Biotechnol. 2013,
23,1493-1499. [CrossRef] [PubMed]

Read, D. Pezizella ericae sp.nov., the perfect state of a typical mycorrhizal endophyte of ericaceae. Trans. Br. Mycol. Soc. 1974, 63,
381-383. [CrossRef]

Li, G.; Kusari, S.; Lamshoft, M.; Schiiffler, A.; Laatsch, H.; Spiteller, M. Antibacterial Secondary Metabolites from an Endophytic
Fungus, Eupenicillium sp. LG41. |. Nat. Prod. 2014, 77, 2335-2341. [CrossRef] [PubMed]

Ferus, P,; Barta, M.; Konopkova, J. Endophytic fungus beauveria bassiana can enhance drought tolerance in red oak Seedlings.
Trees 2019, 33, 1179-1186. [CrossRef]

Bradshaw, M.; Braun, U.; Gotz, M.; Jurick, W., II. Phylogeny and taxonomy of powdery mildew caused by Erysiphe species on
Lupinus hosts. Mycologia 2021, 114, 76-88. [CrossRef]

Takeuchi, M.; Sawada, H.; Oyaizu, H.; Yokota, A.; Jiang, C.; Xu, L.; Yang, Y.-R.; Guo, G.-Y.; Ma, J.; Liu, Y. Phylogenetic Evidence
for Sphingomonas and Rhizomonas as Nonphotosynthetic Members of the Alpha-4 Subclass of the Proteobacteria. Int. J. Syst.
Evol. Microbiol. 1994, 44, 308-314. [CrossRef] [PubMed]

Wang, Q.; Ge, C.; Xu, S.; Wu, Y,; Sahito, Z.A.; Ma, L.; Pan, E;; Zhou, Q.; Huang, L.; Feng, Y.; et al. The endophytic bacterium
Sphingomonas SaMR12 alleviates Cd stress in oilseed rape through regulation of the GSH-AsA cycle and antioxidative enzymes.
BMC Plant Biol. 2020, 20, 63. [CrossRef]

Markovska, Y.K.; Gorinova, N.I.; Nedkovska, M.P,; Miteva, K. M. Cadmium-induced oxidative damage and antioxidant responses
in Brassica juncea plants. Biol. Plant. 2009, 53, 151-154. [CrossRef]

Liang, Q.; Lloyd-Jones, G. Sphingobium scionense sp. nov., an aromatic hydrocarbon-degrading bacterium isolated from contami-
nated sawmill soil. Int. J. Syst. Evol. Microbiol. 2010, 60, 413—416. [CrossRef]

Chiacchio, M.; Wild, M. Influence of NAO and clouds on long-term seasonal variations of surface solar radiation in Europe.
J. Geophys. Res. Atmos. 2010, 115, DO0D22. [CrossRef]

Yan, T.]J.; Zheng, L.L.; Li, X.N,; Liu, L.P,; Pan, Y.; Wang, ].; Long, F.; Zhou, P; Shi, X.D. Bacterial diversity and function prediction
of cigar tobacco leaves based on high-throughput sequencing. Acta Tab. Sin. 2022, 28, 125-132. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpls.2014.00096
https://www.ncbi.nlm.nih.gov/pubmed/24672534
https://doi.org/10.1016/j.febslet.2004.12.004
https://www.ncbi.nlm.nih.gov/pubmed/15642352
https://doi.org/10.2166/wcc.2022.365
https://doi.org/10.1093/jxb/eraa417
https://www.ncbi.nlm.nih.gov/pubmed/32910810
https://doi.org/10.1038/s41477-021-00977-z
https://doi.org/10.1128/spectrum.01994-21
https://doi.org/10.1139/w01-097
https://doi.org/10.1099/ijs.0.068296-0
https://doi.org/10.1099/ijsem.0.001916
https://doi.org/10.1111/1758-2229.12702
https://doi.org/10.1134/S0026261716060102
https://doi.org/10.4014/jmb.1305.05054
https://www.ncbi.nlm.nih.gov/pubmed/23928844
https://doi.org/10.1016/S0007-1536(74)80183-X
https://doi.org/10.1021/np500111w
https://www.ncbi.nlm.nih.gov/pubmed/25356913
https://doi.org/10.1007/s00468-019-01854-1
https://doi.org/10.1080/00275514.2021.1973287
https://doi.org/10.1099/00207713-44-2-308
https://www.ncbi.nlm.nih.gov/pubmed/8186095
https://doi.org/10.1186/s12870-020-2273-1
https://doi.org/10.1007/s10535-009-0023-1
https://doi.org/10.1099/ijs.0.008144-0
https://doi.org/10.1029/2009JD012182
https://doi.org/10.16472/j.chinatobacco.2021.T0197

	Introduction 
	Materials and Methods 
	Overview of the Study Area 
	Materials Preparation 
	Amino Acids Content Analysis 
	Bacterial and Fungal Community Sequencing Analysis 

	Statistical Analysis 
	Results 
	Amino Acid Contents of Nettle Leaves under Seasonal Variation 
	Phyllosphere Microbe Composition across Seasons 
	Relationship between Phyllosphere Microbial Composition and Amino Acids 
	Functional Prediction of Phyllosphere Microbes 

	Discussion 
	Conclusions 
	References

