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Introduction: A broad spectrum of rhizosphere bacteria and fungi were shown to play a central role for
health, fitness and productivity of their host plants. However, implications of host metabolism on micro-
biota assembly in the phyllosphere and potential consequences for holobiont functioning were sparsely
addressed. Previous observations indicated that tea plants might reduce disease occurrence in various
forests located in their proximity; the underlying mechanisms and potential implications of the phyllo-
sphere microbiota remained elusive.

Objectives: This study aimed at deciphering microbiome assembly in the tea plant phyllosphere through-
out shoot development as well as elucidating potential implications of host metabolites in this process.
The main focus was to explore hidden interconnections between the homeostasis of the phyllosphere
microbiome and resistance to fungal pathogens.

Methods: Profiling of host metabolites and microbiome analyses based on high-throughput sequencing
were integrated to identify drivers of microbiome assembly throughout shoot development in the phyllo-
sphere of tea plants. This was complemented by tracking of beneficial microorganisms in all
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compartments of the plant. Synthetic assemblages (SynAss), bioassays and field surveys were implemen-
ted to verify functioning of the phyllosphere microbiota.

Results: Theophylline and epigallocatechin gallate, two prevalent metabolites at the early and late shoot
development stage respectively, were identified as the main drivers of microbial community assembly.
Flavobacterium and Myriangium were distinct microbial responders at the early stage, while
Parabacteroides and Mortierella were more enriched at the late stage. Reconstructed, stage-specific
SynAss suppressed various tree phytopathogens by 13.0%-69.3% in vitro and reduced disease incidence

by 8.24%-41.3% in vivo.

Conclusion: The findings indicate that a functional phyllosphere microbiota was assembled along with

development-specific metabolites in tea plants, which continuously suppressed prevalent fungal patho-

gens. The insights gained into the temporally resolved metabolite response of the tea plant microbiota

could provide novel solutions for disease management.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Plants are commonly colonized by hundreds or even thousands
of different microbes that are either localized in their endosphere
or on their outer surfaces [1-3]. Similar to other organisms, it is
assumed that plants have co-evolved with specific bacteria, fungi,
archaea, and protists that have central implications for their host’s
wellbeing [4-6]. Different host-microbiome models have demon-
strated the importance of the presence of specific microorganisms
for plant growth, development, productivity, and fitness [7-11].
Often, the beneficial functions exerted by microbes are due to their
intimate impact on host metabolism [12-13] or production of
bioactive compounds that were traditionally believed to be of plant
origin [14,2].

Free-living microbial communities are known to respond to
chemicals that are present in the local environment [15-16]. Anal-
ogous observations were made with plant-associated microbial
communities following exposure to agrochemicals [3]. Previously
established models have shown that host plants can coordinate
microbiome assembly through secretion of various chemical mole-
cules, including endogenous phytohormones, signaling molecules,
and secondary metabolites [17-19]. In terms of host-directed com-
munity assembly in root compartments (i.e. root endosphere and
rhizosphere), it was discovered that host metabolites including fla-
vonoids, terpenoids, and alkaloids modulate the microbial diver-
sity and function in Arabidopsis [20-21]. Less attention was paid
to analogous processes in aerial parts of plants; however, the so-
called phyllosphere, which harbors different niches for microbial
colonization in above-ground tissues, is the largest biological sur-
face on Earth and thus of high importance for global ecosystem
integrity [3,22]. The assembly of the phyllosphere microbiota is
known to be substantially shaped by environmental factors, such
as temperature, humidity, and UV radiation [22-23]. In contrast
to other plant compartments, the phyllosphere is often character-
ized by an increased occurrence of various secondary metabolites.
The temporal dynamics in chemical diversity of different metabo-
lites during plant development provides an unique environment
for the inhabiting microbiota [4]. So far, implications of host meta-
bolism on microbiota assembly in the phyllosphere and its poten-
tial consequences on functioning were sparsely addressed
[13,20,24,4,25].

As one of the oldest trees on Earth, the tea plant (Camellia sinen-
sis (L.) Kuntze) with a hundreds-to-thousands-years lifespan, is
grown in over 60 countries in the world [26]. In China, the total
area of tea plantations has increased from 18,440 km? to
29,330 km? during the last two decades. In addition to the tradi-
tional usage for tea leaf-derived beverages, tea plantations have
also been established for eco-restoration of damaged forest areas.
This is mainly due to empirical observations where tea plants were
shown to contribute in the restoration of forest ecosystems by
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soil/water conservation, climate conditioning, species diversity
enhancement and improvement of resilience towards different
stressors [27]. During shoot development of tea plants, naturally
occurring metabolites, e.g. polyphenols, theanine and caffeine,
are known to underlie dynamic variations in terms of their concen-
tration. These phyllosphere-specific metabolites are directly as
well as indirectly involved in interactions with a wide array of
pathogens and herbivores [28-30]. In addition to plant metabo-
lites, phyllosphere microbial communities were recently found to
harbor various responders to airborne foliar pathogens in veg-
etable plants [31]. Hence, we hypothesized that a co-adapted, func-
tional microbiota is involved in the tea plants’ resistance to
airborne foliar pathogens, and that it may have even broader eco-
logical functions; especially in terms of the empirically observed
reduction in disease occurrence of forest ecosystems following
introduction of tea plants in their proximity [4,32].

In the present study, we explored phyllosphere microbial com-
munity assembly during the shoot development stages of tea
plants (C. sinensis cv. Xinan 4), and identified developmental-
stage-specific metabolites that shape the phyllosphere microbiota.
With further focus on the interaction between metabolite-
responsive members of the microbiota and foliar pathogens that
occur on the tea plants and the surrounding forests, we found that
reconstructed synthetic assemblages (SynAss) exert strong
pathogen suppressiveness. Our overall findings suggest that the
host-driven assembly of the microbiota has potentially important
implications on phyllosphere homeostasis of the host plant as well
as surrounding ecosystems.

Results
Bacterial diversity increases during shoot development of tea plants

To investigate microbiome dynamics in the tea phyllosphere, we
analyzed resident bacterial communities during the development of
shoots at different representative stages, including the single bud
stage (SB), one bud and one leaf stage (1B1L), one bud and two leaves
stage (1B2L), and one bud and three leaves stage (1B3L) (Fig. 1A).
Alpha diversity analyses indicated that the species richness of bacte-
rial communities was not significantly altered during the SB to 1B3L
period according to the Observed Species and Chao1 indices (Fig. S1;
p > 0.01). This was irrespectively of the remarkably increased Shan-
non and Simpson indices, which suggested a higher community
evenness at the later stage of the shoot development (Fig. 1B&C; p
<0.01). The increased community evenness was confirmed with
complementary evaluation of Pielou’s evenness (Fig. 1D; p<0.01).

In terms of the bacterial structure at the phylum level, domi-
nant phyla of the initial development stage followed a decreasing
order of Proteobacteria (37.60%) > Bacteroidetes (35.98%) > Firmicutes
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Fig. 1. Temporal patterns of microbial community assembly during the shoot development of tea plants. The alpha diversity of the bacterial and fungal community was
analyzed by using different indices. Four typical growth stages of tea plant shoots (A), including single bud (SB), one bud and one leaf (1B1L), one bud and two leaves (1B2L),
and one bud and three leaves (1B3L) were implemented to assess bacterial (B-D) and fungal (E-G) community diversity by Shannon (B&E) and Simpson (C&F) indices.
Community evenness was assessed by calculating Pielou’s evenness (D&G). Different letters with error bars indicate a significant difference according to one-way analysis of
variance (ANOVA) with Tukey’s HSD test (p < 0.05). Values are means = SD (shown as error bars; n = 3). Scale Bars: 0.5 cm.

(7.13%) > Actinobacteria (3.26%) > Acidobacteria (0.35%) (Fig. 2A,
Table S1); when the buds developed to the 1B3L stage, the bacterial
structure was found to be of a similar composition (Fig. S1, p > 0.01)
as in the earlier stages despite of the changes in the abundance of
each phylum with Proteobacteria (31.93%) > Bacteroidetes (22.09
%) > Firmicutes (5.47%) > Actinobacteria (3.26%) > Acidobacteria
(0.35%) (Fig. 2A, Table S1). It was also observed that the dominant
bacterial phyla showed variable tendencies in terms of relative abun-
dance during shoot development, in which only Bacteroidetes con-
stantly declined until the 1B3L stage, while no significant changes
were observed in other bacterial phyla (Fig. 2A). At order level,
Flavobacteriales, Xanthomonadales, Lactobacillales and Corynebacte-
riales decreased with shoot development, while only the abundance
of Bacteroidales increased (Fig. 2A). These observations suggest that
all prevalent bacterial colonizers are subjected to relative abundance
changes during shoot development which is accompanied by a global
increase in diversity.

Fungal diversity in the tea plant phyllosphere reduces during shoot
development

Previous studies have shown that bacterial community changes
in plants are commonly accompanied by distinct alterations of the
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co-inhabiting fungal community [33]. In order to assess changes in
the fungal community, the species richness was also analyzed dur-
ing shoot development from SB to 1B3L. No significant changes
were evident according to the Observed Species and Chao1 indices
(Fig. S2; p>0.01). However, a decreasing tendency was observed
for both the Shannon as well as the Simpson index (Fig. 1E&F; p
<0.01). The lower diversity of the fungal community was mainly
attributable to a decreased evenness at the later stages of shoot
development (Fig. 1G). In a comparative assessment, an inverse
temporal pattern was observed for the fungal community, in which
phyllosphere fungal diversity decreased in parallel with increasing
bacterial diversity (Fig. 1).

When the fungal community was assessed in more detail, it was
shown that at the initial SB stage, shoots were predominately col-
onized by Ascomycota (88.70%), followed by the phyla Basidiomy-
cota (4.65%) and Zygomycota (0.09%) (Fig. 2B, Table S2). After
reaching the 1B3L stage, significant changes were observed for
each phylum. For instance, Ascomycota decreased to 64.46%, while
Basidiomycota and Zygomycota increased to 17.71% and 0.79%,
respectively (Fig. 2B, Table S2). Interestingly, within the phylum
Basidiomycota, certain taxa were found to substantially increase
during shoot development (Fig. 2B). At the SB stage, the dominant
orders were Chaetothyriales (19.45%) and Pleosporales (11.38%).
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Fig. 2. Temporal dynamics of microbial taxa during the shoot development of tea plants. The bacterial (A) and fungal (B) community was captured at four typical growth
stages of tea plant shoots, including single bud (SB), one bud and one leaf (1B1L), one bud and two leaves (1B2L), and one bud and three leaves (1B3L) stages. Temporal
dynamics of microbial community composition and structure were assessed at different taxonomic levels. The community compositions are summarized at the phylum, class,
and order levels.

When the 1B3L stage was reached, Chaetothyriales decreased to
17.94% but still remained as the most predominant order, while
Pleosporales decreased to 3.31% and was replaced by Trechispo-

rales (15.17%) (Fig. 2B). Moreover, while the majority of the fungal
orders did not show constant tendencies along with shoot develop-
ment, five orders were shown to be responsive. The abundance of
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Trechisporales, Laboulbeniales and Mortierellales constantly
increased along with shoot development, while Myriangiales and
Pleosporales decreased (Fig. 2B). Temporal patterns of microbial
community assembly were characterized by different tendencies
in bacterial and fungal communities, which indicated that
development-stage-specific adaptions might be highly specific.

The core microbiota distinctively responds to development-stage-
specific metabolites in the tea plant phyllosphere

Analysis of metabolite profiles of tea shoots during the devel-
opment stages SB to 1B3L, showed that typical primary metabo-
lites of plants, soluble proteins (SP), and soluble sugars (SS)
significantly decreased after the transition from SB to 1B1L stage
(Fig. S3). During the subsequent development stages, SP remained
at a steady level while SS first showed a decline and then a rise
until 1B3L (Fig. S3). In the frame of detailed profiling of secondary
metabolites, theophylline (TP) was found to be the only alkaloid
that decreased significantly from SB to 1B3L (Fig. 3A, Fig. S4),
whereas (-)-epigallocatechin gallate (EGCG) was identified to be
one of the dominant catechins and increased by 3.8-fold during
the assessed period, leading to a 1.8-fold increment of total cate-
chins (TC) (Fig. 3B-C, Fig. S4). This was despite the fact that other
alkaloids including caffeine (CAF) and theobromine (TB) and indi-
vidual catechins did not show a clear tendency (Fig. S4). More-
over, concentrations of seven amino acids including ASP, GLU,
THEA, TRP, SER, LEU and GABA showed specific trends during
the development of the shoot (Fig. 3D-]), in which only LEU
was constantly reduced (Fig. 3I), while the remaining other 12
amino acids showed alternations but without certain tendency
(Fig. S5).

Redundancy analysis (RDA) was conducted to search for poten-
tial associations between host metabolism dynamics and the
temporally-resolved core microbiome in tea plants (Fig. 3K, Data-
set 2). The first constrained axis of the RDA explained 88.99% of
the total variance, while the second explained only 3.64%
(Fig. 3K, P = 0.022). The bacterial orders Flavobacteriales, Xan-
thomonadales, Lactobacillales, Corynebacteriales together with
the fungal orders Myriangiales and Pleosporales showed a negative
association with EGCG, TC, ASP, GLU, THEA, SER, TRP and GABA
(P=0.059 ~ P<0.005, Dataset 2), but interestingly a positive asso-
ciation with LEU and TP (P < 0.005, Dataset 2). This was in contrast
to Bacteroidales, Trechisporales, Laboulbeniales, and Mortierellales
that showed a reverse trend during the shoot development
(Fig. 3K). Based on the observed microbial and metabolic parame-
ters in the negative half of the first axis in the RDA, the TP- and
LEU-enriched developmental stages of SB and 1B1L were predom-
inated by Flavobacteriales, Xanthomonadales, Lactobacillales,
Corynebacteriales, Myriangiales and Pleosporales. On the positive
half of the first axis in the RDA, Bacteroidales, Trechisporales,
Laboulbeniales, and Mortierellales were found as dominant taxa
of the 1B2L and 1B3L stages (Fig. 3K).

For the further confirmation of the relationship between
developmental-stage-specific ~ microbiota and metabolites,
Flavobacterium spp. and Myriangium spp. were implemented in a
synthetic assemblage (SynAss) representing the early develop-
ment stage, while Parabacteroides spp. and Mortierella spp. were
included in a SynAss representing the late development stage.
The SynAss taxa were representative for the core microbiota as
inferred from microbiome analysis (Fig. 3K); other taxa that were
identified in development-stage-dependent core microbiome,
were not recoverable with the implemented isolation approaches.
In order to include representative strains in the SynAss con-
structs, the most frequently occurring bacterial strains Flavobac-
terium sp. zj31 and Parabacteroides sp. zj59 together with the
fungal strains Myriangium sp. zj16 and Mortierella sp. zj07 were

53

Journal of Advanced Research 39 (2022) 49-60

selected from isolate libraries (Table S1 & S2). When exposed to
tea plant metabolites, Flavobacterium and Myriangium were
shown to be responsive to TP that is enriched in the phyllosphere
during early development stages (Fig. 3L), while Parabacteroides
and Mortierella were highly responsive to the late-stage-
enriched EGCG (Fig. 3M). The differing responses to key metabo-
lites of the host plant opened the question of whether the phyl-
losphere core microbiota can maintain its function in the
dynamic micro-environment. We focused on disease suppression
due to forgoing empirical observations of disease reduction when
new tea plantations are established [27].

Development-stage-specific core microbiota protects tea plants and
other tree species from prevalent fungal pathogens

The tea plantations that were implemented in the present study
were established for eco-restoration in the proximity of bamboo
(Bambusaceae), fir tree (Metasequoia glyptostroboides) and pine
tree (Pinus massoniana Lamb.) forests, in which five prevalent foliar
pathogens including bamboo pathogens (Stereostratum corticioides,
Ceratosphaeria phyllostachydis), fir tree pathogens (Glomerella cin-
gulata), pine tree (Pestalotiopsis disseminate, Pestalotiopsis funerea),
together with tea plant pathogens (Gloeosporium theae-sinesis, Col-
letotrichum camelliae) were isolated.

To examine whether the development-stage-specific core
microbiota of tea plants possesses sufficient antagonism against
prevalent phytopathogens, we simulated interactions in vitro
and in vivo between the identified tea phyllosphere microbes
and foliar forest pathogens. Although we initially aimed to per-
form the experiments with sterile plants, we were not able to
establish callus-based sterile tea seedlings in congruence with
previous attempts [34-35]. Nevertheless, by implementing
in vitro experiments we confirmed that different degrees of
antagonism were exerted by development-stage-specific taxa
when they were individually tested against all aforementioned
forests pathogens in a dual-interaction system (antagonistic
rates from 34% to 89%, Fig. 4A). This indicated that the core
microbiota representatives of all developmental stages of tea
shoots exert certain antagonism towards the tested tree
pathogens.

Further experiments were performed to investigate whether
synthetic assemblages (SynAss) consisting of different combina-
tions of the same isolates show divergent activity. The bacterial
strain Flavobacterium sp. zj31 and the fungal strain Myriangium
sp. zj16 were included in the assemblage representing the early
shot development stage (SynAsst). Two other isolates, the bac-
terium Parabacteroides sp. zj59 and the fungus Mortierella sp.
zj07 were included in SynAss!, which represented the typical
assembly at the late developmental stage. SynAsst- was generated
by combining the four strains from SynAss® and SynAss". Increased
inhibition of seven common tree and forest pathogens was
observed with SynAss® and SynAss" when compared to the individ-
ual isolates (Fig. S6). Interestingly, the inhibition efficiency was sig-
nificantly decreased when the pathogens were exposed to SynAsst-
(Fig. S6). We continued to explore the inhibition by including
in vivo experiments. Here, a significant reduction of disease inci-
dence in various tree species was confirmed after the introduction
of SynAssE, SynAss', and SynAssE" (Fig. 4B-G). Although not always
significant, a clear tendency was observed that SynAss® and
SynAsst were more effective than SynAssE reflecting the finding
from in vitro assays. The overall observations indicate that the
development-specific core microbiota can sustain phyllosphere
homeostasis by suppression of fungal pathogens, which is mostly
shaped by the host’s THEA-GLU pathway and TP biosynthesis
(Fig. 4H).
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Fig. 3. Association between key metabolites and the core microbiome of tea plants. Dynamics of key metabolites during the shoot development of tea plants were
analyzed by using extracts of tea shoots collected at four representative growth stages (SB, 1B1L, 1B2L, and 1B3L). Significant concentration changes were shown for
theophylline (TP, A), total catechins (TC, B), (-)-epigallocatechin gallate (EGCG, C), ASP (D), GLU (E), THEA (F), TRP(G), SER (H), LEU (I) and GABA (J). Different letters with error
bars indicate a significant difference according to one-way analysis of variance (ANOVA) with Tukey’s HSD test (p < 0.05). Values are means + SD (shown as error bars, n = 3).
RDA showed the metabolites at diverse shoot development stages in association with the core microbiome (K). Gray arrows indicate different metabolites; red arrow lines
indicate trends of distinct members of the core microbiome; development stage-specific clusters were highlighted by circles enclosed by an ellipse. Response of
representative core microbiota members of tea plants to defense-associated secondary metabolites (L&M). Bacterial and fungal isolates representative for the core microbiota
at the early and late stage of tea shoot development were exposed to early stage-enriched TP (L) and late stage-enriched EGCG (M) to confirm differing compatibility of the
isolates with the plant’s secondary metabolites. Different letters with error bars indicate a significant difference according to one-way analysis of variance (ANOVA) with
Tukey’s HSD test (p < 0.05). Values are means * SD (shown as error bars; n = 5).

Potential interconnection of strong pathogen suppressiveness in the subsequently explored whether disease incidence is affected by
tea plant phyllosphere and disease reduction in local forests establishment of tea plantations in the proximity of different forest
ecosystems. Disease incidence surveys were performed in

Due to the observed in vitro and in vivo disease reduction by the three different forest types. We analyzed forest disease incidence
core microbiota responsive to tea plant metabolites (Fig. 4&S6), we by evaluating a two-year field survey based on local forestry
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Fig. 4. The metabolite-responsive core members of the tea plant’s microbiota suppress prevalent fungal pathogens. (A) Antagonistic activity of core metabolite-responsive
isolates from the tea phyllosphere (Flavobacterium sp. zj31, Myriangium sp. zj16, Parabacteroides sp. zj59 and Mortierella sp. zj07) towards seven fungal forest pathogens,
which included bamboo pathogens (Stereostratum corticioides and Ceratosphaeria phyllostachydis), fir tree pathogens (Glomerella cingulata), pine tree (Pestalotiopsis disseminate
and Pestalotiopsis funerea), and tea plant pathogens (Gloeosporium theae-sinesis and Colletotrichum camelliae). For each member of the core microbiota, the antagonism
towards seven phytopathogens was analyzed and the intensity depicted with a color gradient. Suppression of disease incidence by synthetic assemblages (SynAss)
reconstructed with the core metabolite-responsive isolates in bamboo (B&C), fir (D), pine (E&G) and tea (G) in vivo. SynAss® was constructed using two isolated strains
(Flavobacterium sp. zj31 and fungal strain Myriangium sp. zj16) representative for the early development stage; SynAss' was constructed using two isolated strains
(Parabacteroides sp. zj59 and the fungal strain Mortierella sp. zj07) representative for the late development stage; SynAsst was constructed by combining the four strains
from SynAss® and SynAss". Different letters with error bars indicate a significant difference according to one-way analysis of variance (ANOVA) with Tukey’s HSD test
(p < 0.05). Values are means * SD (shown as error bars; n = 5). (H) Schematic illustration of the enhanced resistance to fungal pathogens conferred by the tea plant’s
development-synchronized microbiota. The TP- and THEA-GLU pathway-responsive core microbiota confer resilience during early and late shoot development, respectively.

monitoring datasets. In the context of the bamboo pathogens
(Stereostratum corticioides and Ceratosphaeria phyllostachydis) the
fir tree pathogen (Glomerella cingulata) and the pine tree pathogens
(Pestalotiopsis disseminate and Pestalotiopsis funereal) the disease
incidence in the respective forests from 2018 to 2019 was assessed
before and after tea plantation (C. sinensis cv. Xinan 4) as well as in
reference forests without eco-restoration.

It was observed that the general fungal disease incidences was
significantly reduced in all three representative forest ecosystems
upon plantation of tea plants in their close proximity (Fig. S7).
The tea plantations had a size of 2.3-3.7 ha, were 20 - 80 m away
from the intact forest ecosystems (Fig. S7) and consisted of 1-year-
old plants that were transplanted from local nurseries. In the bam-
boo forest (Bambusaceae), the pathogen incidence ranged from
1.12% to 4.98% in Hanghzou, Shaoxing, and Huzhou that are all
located within Zhejiang Province (Fig. S8). In these sites that are
characterized by identical soil properties and climatic conditions,
the pathogen incidence was reduced to 0.20%-1.52% upon planta-
tion of tea plants, with a maximum reduction rate of 82% that
was observed in Huzhou (Fig. S8). In the other forest ecosystems
dominated by pine trees (Pinus massoniana Lamb.) (Fig. S9) and
fir trees (Metasequoia glyptostroboides) (Fig. S10), a similar reduc-
tion tendency was observed at sites where the tea plantations were
implemented. These results suggest that the antagonistic core
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microbiota in the tea plant phyllosphere is potentially correlated
with disease suppression in surrounding forests.

Tracking of beneficial microorganisms in important niches of the tea
plant

To clarify whether the metabolite-responsive core microbiome
is also present in other plant compartments besides developing
shoots, mature shoots, mature leaves, roots, and rhizosphere soil
were subjected to microbiome analyses. Plants generally show
varying degrees of concordance in the microbiomes of different tis-
sues and often a highly specific rhizosphere community that is
characterized by a higher abundance of microorganisms [36]. In
the present study, we observed that shoots and leaves shared 27
bacterial taxa, while only seven taxa were shared by the roots
and rhizosphere soil (Fig. S11). This is in line with previous obser-
vations that have shown that spatially close niches with similar
physicochemical properties share a higher proportion of common
microorganisms [37]. We focused on the 50 most prevalent taxa
in each eco-niche of C. sinensis and found that only four bacterial
genera (Bradyrhizobium, Delfia, Rhodococcus, and Stenotrophomo-
nas) were among the prevalent colonizers that could be found in
all four compartments. We have conducted the same analysis to
assess the mycobiome and found that here the core included more
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common taxa (9 taxa with a predominance of the order Trechispo-
rales), while the number of shared taxa between shoots and leaves
was substantially lower (9 taxa) than for bacteria (Fig. S12). In gen-
eral, fungi showed a more even distribution of the prevalent taxa
among the analyzed niches.

Subsequently we focused on localizing the previously identified
development-specific antagonists of fungal pathogens. Three of the
SynAss representatives (Flavobacterium, Myrangium and Parabac-
teroides) were found to be exclusive features of the phyllosphere
(Fig. S11-12), while Mortierella was also highly abundant in the
tea plant’s rhizosphere (Fig. S12). The findings highlight that tea
plant establish and maintain phyllosphere-specific microbial com-
munities. In case of Mortierella, it remains yet to be elucidated if it
also plays an important role in shielding off phytopathogens from
soil.

Discussion

Previous studies have indicated that plants have co-evolved
with their microbiota in order to improve their adaptability to dif-
ferent environments [19]. While the consequences of the proposed
co-evolution are evident, the underlying mechanisms by which
plants shape and maintain a beneficial microbiota are still mostly
elusive for phyllosphere compartments [38]. In the present study
we observed temporal changes in the microbiome assembly of
tea plant shoots. We identified distinct host metabolites as the
main factors shaping bacterial and fungal communities in the
plant’s phyllosphere. Neither the climate nor soil properties differ
significantly among the three geographical sites located in the
same province (Zhejiang) which is representative for tea plantation
within China. The tea plant’s metabolism has been reported to
show temporal variations during shoot development [39]. This
guided us to focus on the temporal pattern of the tea plant’s meta-
bolic traits and its potential impact on microbial assembly. More-
over, we wanted to deepen our understanding on how these
complex interactions might affect tea plants and potentially the
forest ecosystems closeby.

Among the characteristic secondary metabolites of tea leaves,
polyphenols (mainly catechins), free amino acids represented by
THEA, and purine alkaloids determine taste features as well as
health-promoting effects of tea products. They also play crucial
roles in protecting tea plants against biotic and abiotic stresses
[30,40]. However, their influence on the indigenous microbiota
was not described so far. By implementing redundancy analyses
in combination with metabolite-enrichment screening we found
that TP and EGCG have distinct effects on the developmental-
stage-specific core microbiota. TP belongs to a prevalent class of
purine alkaloids, which are enriched at early development stages
of tea plants and previously reported to act as a chemical defense
to protect young tissues from pathogens and herbivores [41]. The
TP-associated bacterial orders Flavobacteriales, Xanthomonadales,
Lactobacillales, Corynebacteriales and the fungal orders Myrian-
giales, Pleosporales thus might support TP-based defense mecha-
nisms against invasive fungal pathogens. During shoot
development, the simultaneous increase of GLU and catechins is
attributable to an simultaneous increase of THEA [42], which is
the most abundant non-proteinogenic amino acid in tea plants
and not only important for the umami taste of tea products, but
also a favorable nitrogen source during growth of tea plants [43].
On the other hand, EGCG is the dominant and most representative
antioxidant catechin during the shoot development and known to
be indispensable for a prompt response to pathogen invasion in the
above-ground tissues of tea plants [44-45]. Microbes enriched by
EGCG are potentially important for synergistic implications to
maintain homeostasis of the phyllosphere microbiome threatened
by plant pathogens.
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Interestingly, we found contrary dynamics between TP biosyn-
thesis and the THEA-GLU pathway during the shoot development,
along with the involvement of the respective micro-environmental
response of the microbiome. We thus deemed that TP biosynthesis
negatively interacted with either the THEA-GLU pathway or the
down-stream biosynthetic pathway of EGCG during the shoot
development. The core microbiome composed of Bacteroidales,
Trechisporales, Laboulbeniales, and Mortierellales likely responds
to the progressively developing, catechin-enriched phyllosphere,
whereas Flavobacteriales, Xanthomonadales, Lactobacillales,
Corynebacteriales, Myriangiales and Pleosporales act as the core
microbiota that is predominant in the earlier, TP-dominated phyl-
losphere, both of which involve in sustaining a lasting phyllo-
sphere homeostasis by developmental-stage-specific synergistic
impact on temporal suppression towards fungal pathogens.

Prevalent foliar pathogens of the forests in the proximity of
newly established tea plantations were also detectable for a
major part in the microbiome of the asymptomatic tea plants’
phyllosphere; however, they occurred in relatively low relative
abundances (Dataset 1). Only Pestalotiopsis occurred with a rela-
tive abundance of 0.05%, while the other tree pathogens were
even less abundant in the assessed phyllosphere fungal commu-
nity. This implies that these pathogens are potentially transfer-
able among the forest ecosystem and tea plants in the
proximity (Fig. S7); However, their colonization of the phyllo-
sphere is likely suppressed by the identified highly antagonistic
core microbiota of tea plants, which was evidenced by in vivo
and in vitro experiments. During the conducted 2-year survey
we observed that disease incidence significantly decreased in dif-
ferent forest hosts including bamboo, fir, and pine trees after the
introduction of tea plants. Subsequently we could show that a
transfer of the antagonistic core microbiota in form of synthetic
assemblages exerted the same protective effects. More pro-
foundly, the assemblages of metabolite responsive SynAsst and
SynAss" were more effective than SynAsst' as observed with tea
plants. To some extent, these findings provide experimental evi-
dences that reduced disease occurrence in forest ecosystems in
proximity of tea plants is linked to the antagonistic core micro-
biota in the phyllosphere.

However, it remains elusive as of how the antagonistic core
microbiota in the tea phyllosphere transfers to the forests. It is
known that non-pathogenic microbes and pathogens are both ver-
tically transmittable across various eco-niches within individual
trees in other higher plants [14,46-47]. To clarify whether the core
microbiota of the tea plant’s phyllosphere is eco-niche-specific or
transmittable to other plant compartments, its occurrence was
mapped in the whole plant. Within the identified core phyllo-
sphere microbiota, the genus Mortierella was found to be highly
abundant in the rhizosphere (Fig. S12). Although most plant-
associated microorganisms not only show species and cultivar
specificity but also a high tissue specificity [48], some are shared
between compartments as shown in the current work.

Furthermore, we assume that a transmission of the core micro-
biota of the tea plant phyllosphere likely also occurs horizontally
between tea plants and forests; prevalent forest pathogens were
also found in the tea plants (Dataset 1). Previous works showed
that disease epidemics in forest ecosystems can be largely attribu-
ted to vector- and environmental factor-mediated pathogen trans-
mission routes among suitable hosts of the respective pathogens
[49]. The plant phyllosphere in general provides an immense habi-
tat for not only various pathogens and transient colonizers, but
also beneficial microbes and their vectors as well [50-51].
Therefore, the antagonistic core microbiota might simultaneously
transmit from the tea plants to forest trees likewise prevalent for-
est pathogens transmit from forest trees to tea plants. The incorpo-
ration of tea plants is thus possibly linked to an introduction of a
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functional microbiota that can interfere with the occurrence of
fungal pathogens in the forest ecosystems. However, further
insights into the underlying molecular mechanisms of the phyllo-
sphere microbiota-mediated crosstalk among tree species remain
to be uncovered. This may provide an exploitable resource for
the improvement of disease resilience of forest ecosystems in the
future.

Conclusions and perspectives

In the frame of the detailed assessment of the role of host
metabolites in shaping the core microbiota in the tea plant phyllo-
sphere, we could show that a stable antagonistic potential against
prevalent phytopathogens is maintained during shoot develop-
ment stages. Distinct microbial responders to development-
stage-specific metabolites were identified in both bacterial as well
as fungal tea phyllosphere communities, of which the core taxa
exerted antagonism against foliar tree pathogens in vivo and
in vitro. Finally, a potential link between local alleviation of fungal
disease incidence in adjacent forests and newly established tea
plantations with a high antagonistic capacity in the phyllosphere
was proposed. Most of the metabolite-responsive and pathogen-
inhibiting core taxa identified were shown to be a specific feature
of the tea plant’s phyllosphere; only certain taxa may also play a
role in the plant’s rhizosphere. In conclusion, our findings suggest
that the assembly of phyllosphere microbiota is subjected to tem-
poral shaping by specific leaf metabolites during the plant develop-
ment. Moreover, the developmental stage-specific core microbiota
sustains phyllosphere homeostasis in turn by exerting suppression
against prevalent fungal pathogens of tea plants and adjacent
forest ecosystems.

Materials and methods
Sampling of tea plants

The tea phyllosphere samples were collected from plants grown
at the single bud stage (SB), one bud and one leaf stage (1B1L), one
bud and two leaves stage (1B2L), and one bud and three leaves
stage (1B3L). At the 1B3L stage, the leaves, roots and rhizosphere
soil samples were simultaneously collected at three sites of Zhe-
jiang province, China, including Hangzhou, Huzhou and Shaoxing.
A complete randomized block design was used for each sampling
and all samples were immediately packed into sterilized bags
and placed in a portable ice box immediately. We aimed to obtain
a region-unspecific, core microbiome of tea plants that is only
influenced by the development stage. Therefore, the samples col-
lected at each site subjected to tea plantation in the same locations
were evenly mixed and three biological replicates (one from each
of the three regions) were included for each sample. All tea tissue
samples were washed using sterile water to remove surface
contaminants and stored in a freezer at — 80 °C for further
experiments [14,52-53].

Analytical standards, solvents and instruments

The standards, solvents and analytical instruments used in this
study are listed as follows: amino acids standards were obtained
from TCI (Tokyo, Japan); all standards of the different catechins,
gallic acid (GA), amino acids, and purine alkaloids were purchased
from Sigma Chemical Co. (Missouri, USA). Acetonitrile, acetic acids
and other organic solvents from Merck (chromatographic grade;
Shanghai, China). The HPLC 1200 was acquired from Agilent
Technology (San Diego, CA, USA), Milli-Q Water Purification
System from Merck Millipore (Billerica, MA, USA).
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Quantitative analysis of catechins, GA and purine alkaloids

Individual catechins (C, (+)-catechin; CG, (+)-catechin gallate;
EC, (-)-epicatechin; ECG, (-)-epicatechin gallate; EGC, (-)-
epigallocatechin; EGCG, (-)-epigallocatechin gallate; GC, (+)-
gallocatechin; GCG, (+)-gallocatechin gallate), GA (gallic acid) and
purine alkaloids (CAF, caffeine; TB, theobromine; TP, theophylline),
and free amino acids (ASP, aspartic acid; THR, threonine; SER, ser-
ine; ASN, asparagine; GLU, glutamic acid; GLN, glutamine; ALA,
alanine; VAL, valine; ILE, Isoleucine; LEU, leucine; TYR, tyrosine;
PHE, phenylalanine; GABA, y-aminobutyric acid; HIS, histidine;
TYP, tryptophan; LYS, lysine; ARG, arginine; PRO, proline) were
quantified according to the method described previously [54].
Briefly, catechins, GA and purine alkaloids were extracted with
70% methanol at 70 °C for 10 min, centrifuged, and subsequently
separated in a Agilent HPLC equipped with Agilent-TC-C;g column
(250 mm x 4.6 mm, 5.0 pm), whereas free amino acids were
extracted with distilled water at 100 °C for 45 min, and then sub-
jected to phenyl isothiocyanate derivatization. After that, their
quantity was determined with an Agilent HPLC equipped with an
ASB C18 analytical column (250 mm x 4.6 mm, 5.0 pum; Agela,
China) and a diode array detector.

Quantitative analysis of soluble protein and sugar

The same extracts as described above were used to analysis of
the contents of soluble protein (SP) and soluble sugar (SS). SP
was determined according to the method reported previously
using bovine serum albumin as the standard [55]; and SS was ana-
lyzed by using the anthrone-sulfuric acid method with glucose as
standard [56].

Extraction of total community DNA

Tea plant tissues and rhizosphere samples were frozen with lig-
uid nitrogen and thoroughly ground with a precooled sterile mor-
tar before extraction of total DNA using the Fast DNA SPIN
extraction kit (MP Biomedicals, USA) referring to the manufac-
turer’s instructions. Corresponding bulk soil samples were directly
subjected to total DNA extraction. Total community DNA extracts
were stored at —20 °C prior to further processing.

Preparation and sequencing of amplicon libraries

The quantity and quality of the extracted total community DNA
was assessed using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, USA) and agarose gel electrophoresis,
respectively. PCR amplification of bacterial 16S rRNA gene frag-
ments (V3-V4 region) and the fungal ITS1 region was performed
according to the Earth Microbiome guidelines [57]. Two consecu-
tive PCR reactions were performed as previously described [58]
and all PCR reactions were conducted in triplicates. Equimolar
DNA concentrations of each barcoded amplicon sample were sent
to Magigene Co., Ltd (Guangzhou, China) for next-generation
sequencing. Following initial quality control and adapter ligation
by the sequencing company, 16S rRNA gene fragment and ITS
region amplicons were sequenced on an Illumina Hiseq 2500
platform.

Bioinformatics analyses and co-occurrence visualizations

The acquired data were analyzed with the QIIME1.9.1 pipeline
[58-59]. After removal of chimeric sequences, mitochondria and
chloroplast reads (for 16S RNA gene amplicon data) or bacterial
and archaeal reads (for ITS data), the remaining high-quality
sequences were clustered into operational taxonomic units (OTUs)
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at 97% sequence identity with UCLUST [60]. Representative
sequences were selected from each OTU using default parameters.
Taxonomic classification of OTUs was conducted by BLAST
searches with the representative sequence set against the SILVA
v 128 and UNITE v7.2 databases using the best hit method [58].
An OTU table was generated to assess the abundance and taxon-
omy of each OTU in the respective samples. OTUs contain-
ing<0.001% of the total reads across all samples were discarded.
To minimize the difference in the sequencing depth across sam-
ples, a rarefied OTU table was generated by averaging 100 evenly
resampled OTU subsets under 90% of the minimum sequencing
depth for further analysis. A microbial network was constructed
based on the average abundance of predominant OTUs in the dif-
ferent samples within the QIIME pipeline. The resulting data was
rendered with Cytoscape 3.6.1 for network visualization [61].

Isolation and identification of tea plant phyllosphere microbes

Tea phyllosphere samples collected above were used for the iso-
lation of culturable phyllosphere bacteria and fungi. After transfer
into a sterilized mortar, samples were ground with 10 mL of ster-
ilized distilled water premixed with quartz sand. The resulting sus-
pension was used for a serial dilution and as an inoculant. Agar
plates of MW, PD, CM and Luria-Bertani (LB) were employed as a
culture medium for bacteria and fungi. Plates were incubated for
5-10 days at 25 °C to obtain visible colonies. Subsequently, all cul-
turable and distinguishable bacterial/fungal colonies were purified
and identified using universal PCR primers for 16S rRNA gene and
ITS region [14,62].

Isolation and identification of forest and tea plant fungal pathogens

Diseased leaves from three forest types that are common in
Zhejiang Province (bamboo, fir tree and pine tree) were used to iso-
late prevalent fungal pathogens. Isolation of fungal pathogens was
conducted with Modified Winogradsky (MW), Potato Dextrose
(PD) and Complete Medium (CM) with supplementation of agar
(1.5%) [14]. Consequently, bamboo pathogens (Stereostratum corti-
cioides, Ceratosphaeria phyllostachydis), fir tree pathogens (Glom-
erella cingulata), pine tree (Pestalotiopsis disseminate, Pestalotiopsis
funerea) were isolated and identified. Additionally, two major
pathogens of the tea plant including Gloeosporium theae-sinesis
and Colletotrichum camelllae were isolated from (Camellia sinensis
cv. Longjin 43). All pathogens were incubated in the dark at
25 °C during their growth phase.

Response of phyllosphere microbes to development-dependent plant
metabolism

The isolated microbes were subjected to a specific assay to eval-
uate their adaption to EGCG and theophylline (TP) enriched phyl-
lospheric microenvironments. Briefly, EGCG and TP was
supplemented at levels present in the phyllosphere physiologi-
cally, 70 mg/g and 3.2 mg/g, respectively, while the control was
supplemented with same volume of solvent only. The bacteria
were cultured in liquid media on a shaker for 36 h and the cell den-
sities quantified by optical measurements at 660 nm. The fungal
isolates were grown on solidified media plates with 1.5% agar for
7 d and before the mycelial diameter was measured [63]. The adap-
tion capacity was calculated by the growth ratio of the treated
group in contrast to the control group.
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Relationship between the core microbiota of tea plants and forest foliar
pathogens in the tea phyllosphere

We intended to test the antagonistic relationship based on ster-
ile tea seedlings, but were not able to break the previously
described obstacle in obtaining callus-based sterile tea seedlings
[34-35]. Therefore, we relied on established in vitro experiments
that served as simulations for the expected interactions between
tea phyllosphere isolates and the forest pathogens, as well as a
surface-sterilized tree seedling system.

In a dual-culture simulation system, single isolates and syn-
thetic assemblages of metabolite-responsive microbes (SynAss)
[14,64] constructed from microbial isolates obtained in the frame
of this study, were co-cultured with pathogens to measure antag-
onistic effects. Briefly, 5-mm plugs of mycelium from each patho-
gen were placed in the center of a fresh CM agar plate (9 cm). The
single isolates or SynAss was transferred on a sterilized 5-mm
paper disc and then symmetrically placed onto the pre-
inoculated plate, at an equidistant distance of 2 cm from the cen-
tral plug. Non-inoculated paper discs on the plate were imple-
mented as controls. Incubation was carried out at 25 °C in the
dark for 3-14 days depending on the growth characteristics of
the utilized pathogens. The inhibition capacity of the single isolates
and the SynAss was subsequently evaluated. The mycelium diam-
eter of each fungal pathogen in the controls as well as in the treat-
ments was measured and included in statistical analyses.

In addition, the introduction of respective SynAss was also done
in vivo. Briefly, the inoculants were sprayed evenly by combining
pathogens and SynAss and cultivated for 14-21 days (tree
species-specific) in a greenhouse to observe the typical symptoms
and calculate the disease incidences. The bacterial and fungal tea
plant isolates were suspended in sterile water at 10* CFU/mL and
10* spore/mL, respectively, with the ratio at 1:1 (v/v), and then
subjected to inoculation together with the prevalent fungal patho-
gens (10* spore/mL) in the relevant forest trees including bamboo
(1-year-old juvenile seedlings), fir (2-year-old juvenile seedlings)
and pine (2-year-old juvenile seedlings), and also tea plants (2-
year-old juvenile seedlings) by spraying. The control was sprayed
with the same volume of sterile water only. Each treatment
included five seedlings, and the spray-inoculation was performed
on 10 leaves for each tree. The average relative lesion area (RLA)
was calculated using the Otsu method for evaluation of the disease
incidence as described in a previous report [14].

Field survey on forest disease incidence

Forest disease field survey were carried out at three sites of Zhe-
jiang province, China, including Hangzhou, Huzhou and Shaoxing.
Briefly, three representative forest types from each location,
including bamboo (Bambusaceae), fir tree (Metasequoia glyp-
tostroboides) and pine tree (Pinus massoniana Lamb.) were selected
and included in a two-year observation. During the first year, one
site in close proximity of each forest was subjected to eco-
restoration with tea plants (C. sinensis cv. Xinan 4; Fig. S9). In the
second year, the pathogen incidence in the sites with and without
incorporation of tea plants was again assessed. At each site, the
assessment of the relative lesion area (RLA) of individual trees
(50 trees per site) was performed and calculated using the Otsu
method for evaluation of the disease incidence as previously
reported [14].

Statistical analyses
Statistical analyses for significant differences between treat-

ments were calculated and evaluated using the statistical program
package SPSS (SPSS Inc, Chicago, IL; version 18.0). Redundancy
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analysis (RDA) using Canoco 5.0 and visualized by the imple-
mented CANOCO CDW [65].

Data availability

The datasets generated during the presented study are publicly
available in the Sequence Read Archive of NCBI under the BioPro-
ject accession PRJNA657458 and PRJNA622669.
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