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Abstract
Phyllosphere microorganisms are essential for plant growth and health. Although there are an increasing number of studies 
showing that the composition of phyllosphere communities varies among different plant species, it remains unclear whether 
and how their bacterial and fungal community composition predictably varies with plant traits and leaf age. In this study, we 
used high-throughput sequencing to explore the diversity and composition of phyllosphere communities in needles of differ-
ent ages (originating from different cohorts) for three evergreen coniferous species (Pinus koraiensis, Picea koraiensis, and 
Abies nephrolepis). Our results indicated that Gammaproteobacteria (bacteria) and Dothideomycetes (fungi) were dominant 
in newly formed needles, whereas Actinobacteria (bacteria) and Eurotiomycetes (fungi) were dominant in perennial needles. 
Tree species identity and needle age were the main factors explaining the variations of the α diversity (species richness of 
phyllosphere communities) and β diversity (dissimilarity among phyllosphere communities). In particular, we found that leaf 
dry matter content, leaf mass per area, and total phosphorus content emerged as key predictors of composition and diversity 
of phyllosphere microbial communities, underscoring the major influence of tree species identity and needle age on phyl-
losphere communities through changes in plant functional traits. Finally, we found that the interaction between tree species 
identity and needle age also contributed significantly to explaining the diversity and composition of phyllosphere communi-
ties, probably because differences in plant functional traits or environmental conditions between new and perennial needles 
depend on tree growth rates and resource acquisition strategies. These findings provide new insights into the mechanisms 
of community assembly among different evergreen tree species and offer a better understanding of the interactions between 
plant traits and phyllosphere microorganisms during needle aging.

Keywords  Community structure · Diversity · Evergreen coniferous species · Needle age · Needle traits · Phyllosphere 
microorganisms

Introduction

Plants can be considered holobionts, meaning that living 
plants are associated with a variety of microorganisms [1]. 
Although the majority of studies have focused on the role 
of microbes associated with roots, an increasing number of 
investigations suggest that the phyllosphere microbiome (the 
community of microorganisms living on plant leaf surfaces) 
can also play a significant role in plant growth and survival 
[2–5]. Phyllosphere microorganisms can interact directly 
with the plant host, impacting plant nutrition through pro-
cesses like nitrogen fixation [6–9], or influencing adaptabil-
ity to environmental changes, particularly through effects 
on water absorption and nutrient use efficiency [5, 10–12]. 
While there is an increasing recognition that micro-environ-
mental conditions on the leaf surface (ultraviolet radiation, 
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water or nutrient availability) can affect microbial commu-
nity composition or even prevent microbial colonization 
[13–15], microbial dispersal due to neighbor species can 
also be an important factor influencing the composition of 
phyllosphere communities [5, 16, 17]. For instance, a recent 
study demonstrated that microbial communities on the upper 
leaf surface were heavily colonized by bacteria from sur-
rounding trees or the environment, whereas microbes on 
the lower leaf surfaces were more subject to host selection 
[17]. Although these studies have considerably improved 
our understanding of community assembly in aboveground 
plant parts, most studies are limited to broadleaved plants or 
a single kingdom of microbes (either bacteria or fungi) [18, 
19]. As such, more effort is necessary to assess whether and 
how the composition and diversity of both bacterial and fun-
gal communities vary during leaf aging in coniferous plants, 
notably because coniferous tree species have persistent nee-
dles characterized by a smaller surface area.

Plant species and host plant species genotype are impor-
tant factors influencing the phyllosphere microbiome 
[20–23]. Such variability in the composition of phyllosphere 
communities can be related to leaf traits associated with 
morphology, chemistry, and physiology [18, 24, 25]. For 
example, leaf mass per area (LMA) is often considered one 
of the main drivers influencing the composition of micro-
bial communities, notably because LMA, as part of the leaf 
economics spectrum, is closely related to photosynthetic 
resource utilization, with high LMA being related to low 
nutrient exudation and resource utilization efficiency [26, 
27]. Leaf water content can also change the pH at the leaf 
surface, with further consequences for the diversity and 
abundance of bacteria [28]. For example, low pH may inhibit 
the growth of microorganisms and reduce microbial diver-
sity, whereas it may promote the growth of specific bacterial 
groups such as Acidobacteria [29–31]. Furthermore, it has 
been shown that leaves characterized by a thick wax layer 
impede moisture seepage, whereas low photosynthetic rate 
may significantly affect the nutrition of certain microorgan-
isms (such as fungal pathogens) in thick leaves [19, 32]. 
Therefore, trait variation can be used to explain changes in 
the phyllosphere microbiome among different tree species 
[33–35], but whether intraspecific variations in plant func-
tional traits among individuals of the same species may also 
significantly explain the variability in phyllosphere commu-
nities remains poorly understood.

Intraspecific variation may account for more than a quar-
ter of the total variation in leaf functional traits [36]. In ever-
green plants, needle traits change with the growth of dif-
ferent cohorts of needles that coexist along branches of the 
same individual [37–39]. The structure, chemistry, and func-
tion of leaves change with increasing “leaf age,” with traits 
including LMA, leaf dry matter content (LDMC), and wax 
layer increasing significantly in “perennial” leaves compared 

with “newly formed” leaves, whereas the net photosynthetic 
rate (A) often shows an opposite trend [39–42]. Further-
more, newly formed leaves often contain a higher amount of 
total nitrogen (TN) and total phosphorus (TP) as they require 
a large supply of nutrients to synthesize proteins that pro-
mote cell growth and division, which in turn increases the 
leaf area available for photosynthesis [39, 43–45]. As such, 
the differentiation in ecological strategies between newly 
formed and perennial leaves suggests the existence of an 
“intraspecific economic spectrum” [39], similar to what has 
been shown among different plant species [27, 39]. Further-
more, according to the theory of microbial succession, as 
plants grow, modifications in ecological niches will inevita-
bly lead to shifts in microbial community composition [46]. 
In line with these results, recent studies have demonstrated 
that phyllosphere community composition depends on both 
leaf morphological and physiological characteristics [18, 26, 
47]. However, whether and how the diversity and structure 
of phyllosphere communities may also vary with leaf age 
within the same host plant still require further exploration.

In this study, we investigated how leaf traits influence 
the diversity and structure of phyllosphere communities 
among three representative species of evergreen conifer-
ous trees (Pinus koraiensis, Picea koraiensis, and Abies 
nephrolepis) and how these relationships can vary with 
increasing leaf age. We will use the term “needles” there-
after and throughout the document, but the concepts and 
ideas are exactly the same as those developed for broad-
leaved leaves. It is noteworthy that the growth rate of 
Pinus koraiensis is greater than that of Picea koraiensis 
and Abies nephrolepis [48], and as a consequence, needle 
length and intraspecific trait variation of Pinus koraien-
sis are also higher than those of the other two coniferous 
plants [39]. First, we hypothesized that microbial diversity 
would increase with needle age because perennial needles 
should select for specialized microorganisms capable of 
surviving in a more complex environment [49], whereas 
new needles should stimulate the dominance of a few 
taxa that are able to compete for high-quality resources 
(H1) [19]. Second, we tested the hypothesis that the effect 
of needle age on the diversity and structure of phyllo-
sphere communities would be stronger for the relatively 
fast-growing Pinus koraiensis species, as the difference 
between new and perennial needles should be greater 
compared with slow-growing species as Picea koraiensis 
and Abies nephrolepis (H2) [38]. Finally, we hypothesized 
that plant traits such as LMA, LDMC, TN, and TP should 
predict the relative proportion of copiotrophic versus oli-
gotrophic organisms, as these traits influence nutrient use 
efficiency and microbial strategies (H3) [50]. This is pri-
marily because acquisitive plant traits, characterized by 
high growth rates and high resource quality, are likely to 
favor the presence of fast-growing organisms, such as early 
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decomposers and opportunists [51]. In contrast, conserva-
tive plant traits, characterized by lower growth rates and 
scarcer resources, tend to favor oligotrophic organisms, 
such as late decomposers and N-fixers [52].

Materials and Methods

Sample Site

The experimental site was located in a typical mixed 
broadleaved Korean pine forest in Heilongjiang Liangshui 
National Nature Reserve (47° 10′ 50″ N, 128° 53′ 20″ E) 
in northeast China. The altitude ranges from 300 to 707 m, 
and the terrain is relatively flat with a slope varying between 
10 and 15°. The climate type of this region is classified as 
temperate continental monsoon climate. The annual aver-
age temperature is − 0.3 ℃, the annual average precipitation 
is 676 mm, and precipitation is concentrated from June to 
August, accounting for more than 60% of the total precipita-
tion of the whole year. The conifer species mainly consist of 
Pinus koraiensis, Abies nephrolepis, and Picea koraiensis 
[53].

Experimental Design

Three representative species of evergreen coniferous trees 
(Pinus koraiensis Siebold & Zucc., Picea koraiensis Nakai, 
and Abies nephrolepis (Trautv. ex Maxim.) Maxim.) were 
selected and sampled from July 20 to August 10, 2021. 
Seven sample trees were selected for each tree species. The 
diameters at breast height (DBH) of the selected trees ranged 
from 30 to 50 cm, a range deemed representative of adult 
trees based on results from a multi-year botanical survey 
[39] (Table S1). The trees were spaced more than 10 m apart 
and distributed evenly. Samples were obtained from seven 
trees of each tree species. For each tree, we selected ran-
domly three branches at the lower position of the canopy 
with 1- to 4-year-old branches (distinguished based on the 
polycyclic shoots formed on branches as the basis for dis-
tinguishing branch age) [54]. The needles were divided into 
newly formed needles (the 1-year-old branches that emerged 
in 2021 were considered newly formed needles) and peren-
nial needles (the 2- to 4-year-old needles already existing in 
the branches) (Fig S1). For each needle age, three samples 
were collected from each individual tree. A total of 126 (2 
needle ages × 3 branches × 7 trees × 3 tree species) samples 
were collected to measure the composition of microbial 
communities. Additionally, needle samples for leaf trait 
measurements were collected from the same locations as 
the phyllosphere microbial samples.

Needle Collection

Needles were collected with sterile gloves and excised with 
sterilized branch scissors after cutting the branch. The gloves 
were replaced and branch scissors disinfected. The needles 
were placed into sterile bags for cold storage (− 4 ℃) and 
quickly brought back to the laboratory. We weighed 20-g 
needles on a sterile table and put them into the sterile tube 
directly after collection. Then, 10 ml of sterile buffer (0.1 M 
potassium phosphate saline buffer) per gram of sample was 
added, and the mixture was used to extract the phyllosphere 
microbiome. The samples were subjected to ultrasonic wash-
ing for 1 min at 40 kHz and vortex vibration for 30 s to wash 
the microbial cells off the needles; this process was repeated 
twice. We repeated the extraction process by refilling the 
buffer. The two washing solutions were then mixed and fil-
tered with a 0.22-µm sterile filter membrane. The filtered 
membranes were snap-frozen in liquid nitrogen and stored 
at − 80 ℃. All samples were shipped on dry ice to Major-
bio corporation (Shanghai, China) for DNA extraction and 
microbial sequencing analysis.

DNA Extraction and PCR Amplification

The DNA extraction was performed using the FastDNA Spin 
Kit (MP Biomedicals), while DNA purity and concentration 
were assessed using the NanoDrop 2000 spectrophotometer 
(Thermo Scientific Inc., USA). For gel electrophoresis, 1% 
agarose gel was used in this process. The quantitative PCR 
(qPCR) thermal profiling of the fungal ITS region and bac-
terial 16S rRNA genes was performed using primers ITS1 
(CTT​GGT​CAT​TTA​GAG​GAA​GTAA) and ITS2R (GCT​
GCG​TTC​TTC​ATC​GAT​GC) for fungi and 338F (ACT​CCT​
ACG​GGA​GGC​AGC​AG) and 806R (GGA​CTA​CHVGGG​
TWT​CTAAT) for bacteria [55]. Bacterial PCR amplification 
was performed using the TransGen AP221-02: TransStart 
Fastpfu DNA Polymerase Reaction System. This includes 
4 µl FastPfu Buffer (5 ×), 2 µl 2.5 mM dNTPs, 0.8 µl for-
ward primer (5 µM), 0.8 µl reverse primer (5 µM), 0.4 µl 
FastPfu Polymerase, 0.2 µl BSA, and 10 ng template DNA. 
Fungal PCR was performed using the TaKaRa rTaq DNA 
Polymerase reaction system, which includes the following: 
10 µl Taq (2 ×), 0.8 µl forward primer (5 µM), 0.8 µl reverse 
primer (5 µM), 10 ng/µl template DNA. The PCR reaction 
is divided into several phases. The initial phase involves 
denaturation at 95 °C for 3 min, followed by 35 cycles (27 
cycles for bacteria) at 95 °C for 30 s, annealing at 55 °C 
for 30 s, and extending at 72 °C for 45 s. Finally, there is a 
last extension at 72 °C for 10 min. A negative control was 
included once per primer set to ensure that false positives 
did not occur during the PCR amplification process. All 
amplification procedures were performed on a PCR instru-
ment: ABI GeneAmp® Model 9700 (Perkin-Elmer Applied 
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Biosystems, USA). Three replicates were performed for each 
sample, and we used the axyprepdna gel Recovery Kit (Axy-
gen Corporation) to retrieve PCR products. We then eluted 
the PCR products with Tris–HCl elution and detected them 
using 2% agarose electrophoresis. Quantitation of PCR prod-
ucts was performed using the QuantiFluor-ST blue fluores-
cence quantitation system (Promega Corporation).

Illumina MiSeq Amplicon Sequencing and Sequence 
Analysis

After PCR amplification, sequencing was performed on 
the Illumina MiSeq PE300 platform (Illumina, CA, USA). 
Sequence processing was completed on the Majorbio 
Cloud Platform online platform (www.​major​bio.​com). 
The sequences were quality trimmed using FASTP ver-
sion 0.19.6, and paired-end reads were assembled into full-
length sequences using Flash 1.2.11 [56]. Reads with a mass 
value of 20 or less at the end were filtered, setting a 10-bp 
window,if the average mass value within the window was 
less than 20, the bases from the end of the window were 
truncated to remove reads containing N bases. Low-qual-
ity sequences (length < 200 bp) were also eliminated [47]. 
Sequences with overlaps longer than 10 bp were merged and 
mismatch densities below 0.2. The samples were then dis-
tinguished according to the barcodes and primer sequences 
at the beginning and end of the sequence. The number of 
mismatches allowed in barcodes was set to 0, and the maxi-
mum number of primer mismatches was set to 2. Original 
sequences underwent quality control, and unique sequences 
were removed. Chimeras were removed to obtain representa-
tive sequences of OTUs. The optimized sequences were then 
mapped to the representative OTU sequences, and the RDP 
classifier (version 2.13) was employed to classify the repre-
sentative sequences of bacteria and fungi. We used the taxo-
nomic databases silva 138/16s_bacteria (Release138 http://​
www.​arb-​silva.​de) and unite 8.0/its_fungi Unite (Release 8.0 
http://​unite.​ut.​ee/​index.​php) to identify bacterial and fun-
gal species, respectively. Subsequently, all sequences were 
categorized into operational taxonomic units (OTUs) and 
clustered based on 97% similarity using the UPARSE algo-
rithm [57]. In this process, all chloroplast and mitochondrion 
sequences were removed, and all sequences that appeared 
only once or in only one sample were also discarded in the 
final analysis. Taxonomy was assigned to each OTU with a 
minimum confidence of 0.8 [58, 59]. To ensure the accu-
racy of species classification, for each classification level, we 
typically relied on 98%, 90.0%, 85.0%, and 80.0% similarity 
as a criterion for assigning an OTU to species, genus, family, 
or order, respectively [60].

In total, 6,157,225 optimized sequences were obtained 
for bacteria, with an average sequence length of 411 bp, and 
8,805,101 optimized sequences were obtained for fungi, 

with an average sequence length of 242 bp. To ensure the 
consistency of subsequent analysis, all sample sequence 
numbers were normalized to the minimum sample size. 
All the raw sequencing data was deposited in the National 
Microbiology Data Center (NMDC). The accession number 
is NMDC40038831.

Needle Traits

Leaf photosynthesis (A) and stomatal conductance (GSW) 
were measured using a photosynthetic apparatus (Li-COR 
6800, USA) in clear and cloudless weather. Leaf mass per 
area (LMA) was calculated by first measuring leaf volume 
and then leaf area according to the protocol described by Liu 
et al. [61]. LDMC was calculated as the ratio of the dry mass 
of leaves to the fresh mass of leaves. Chlorophyll (Chl) was 
measured using the acetone method. Total carbon (TC) was 
determined by combustion using a carbon–nitrogen analyzer 
(multiN/C2100, AnalytikJena, Germany). Total nitrogen 
(TN) was measured by a continuous flow elemental ana-
lyzer (AQ400, Seal, Germany) following high-temperature 
digestion using H2SO4-H2O2. Total phosphorus (TP) was 
measured by the molybdenum-antimony colorimetry method 
[62] after high-temperature digestion.

Statistical Analysis

To analyze the effect of tree species, needle age, and their 
interaction on α diversity of bacteria and fungi (Chao index 
and Shannon index), we used two-way ANOVA after verify-
ing for normality and homoscedasticity. We also analyzed 
the effect of needle age on α diversity for each tree species 
separately using one-way ANOVA with Tukey HSD tests. 
The following sequencing data analyses and plotting were 
performed using the Majorbio Cloud Platform (www.​major​
bio.​com), which is based on the R language version 3.3.1. 
Venn diagrams were then used to indicate the (dis)similari-
ties in OTUs among the different tree species and needle 
ages. Histograms were used to represent the top ten species 
composition at the phylum and class level. PERMANOVA 
(n = 999 permutations) based on Bray–Curtis distances and 
principal coordinate analysis (PCoA) were used to assess 
the effects of tree species and needle ages on the structure 
of phyllosphere microbial community. One-way ANOVA 
was used to analyze the differences in the relative abundance 
of the top ten class-level microbial groups between newly 
formed needles and perennial needles for each tree species 
separately. Redundancy analysis (RDA) was used to detect 
the relationships between needle traits and phyllosphere 
communities. Heat maps were used to show the relation-
ships between microbial species and needle traits in the top 
20 classes of bacteria and fungi.

http://www.majorbio.com
http://www.arb-silva.de
http://www.arb-silva.de
http://unite.ut.ee/index.php
http://www.majorbio.com
http://www.majorbio.com
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Results

Differences in Phyllosphere Diversity and Richness 
Among Needle Ages and Tree Species

The α diversity of bacterial and fungal communities varied 
significantly with needle age (P < 0.05) (Table 1). Needle 
age had the greatest influence on microbial Shannon index 
and Chao index. Tree species also significantly affected all 
α diversity indexes except for the Shannon index of bacteria. 
The interaction between tree species and leaf age affected 
significantly all diversity indices, except for the Shannon 
index of fungi (Table 1). For bacteria, the Shannon index 
of Picea koraiensis increased significantly with needle ages 
(P < 0.001) (Fig. 1a). The Chao index of Pinus koraiensis 
(P < 0.001) also increased significantly with needle ages 
(Fig. 1b). The bacterial Shannon index and Chao index 
of Pinus koraiensis were significantly lower than those of 
Picea koraiensis and Abies nephrolepis, and there was no 
significant difference between Picea koraiensis and Abies 
nephrolepis. Regarding the fungi, the Shannon index and 
Chao index of Pinus koraiensis were significantly affected 
by needle ages. Among the different species, Pinus koraien-
sis was the species most affected by needle ages (P < 0.001) 
(Fig. 1), even though it presented the lowest Chao index. 
Interestingly, we found that the Shannon and Chao indices 
were higher in Abies nephrolepis compared with the other 
species, regardless of whether we considered bacteria or 
fungi (Fig. 1d).

Composition of Bacterial and Fungal Communities

The composition of bacterial and fungal communities was 
significantly explained by the needle age, tree species, and 
their interaction (Table 2). Tree species alone explained 21% 
of the variance in bacterial communities and 26% in fungal 
communities. In contrast, needle age alone explained 11% 
of the variance in bacteria communities and 6% in fungal 
communities, while the interaction between tree species 
and needle age explained 7 and 4% for bacteria and fungi, 

respectively (Table 2). For each tree species individually, 
needle age significantly affected the intraspecific variation 
of phyllosphere microorganisms, with needle age explain-
ing more of the variation in microbial community composi-
tion for Pinus koraiensis (Table S3). The first PCoA axis 
explained 20.95% of the composition in bacterial commu-
nities and 22.29% of fungal communities (Fig. 2). Pinus 
koraiensis presented a more distinct bacterial community 
compared with the other species, with greater differentia-
tion for the newly formed needles (Fig. 2). For the fungal 
communities, we found a clear gradient among the three tree 
species, with the community structure of Pinus koraiensis 
being significantly different from that of the other two spe-
cies (Fig. 2).

Over half of the total number of bacterial and fungal 
OTUs were shared by the three coniferous species (Fig 
S2a). For bacteria, the number of specific OTUs was about 
threefold higher for newly formed needles than for perennial 
needles, but this trend was not observed for fungi (Fig S2b). 
The families and classes to which the unique OTUs belong 
are listed in Table S5. All tree species shared about 60% 
or more of their OTUs between newly formed and peren-
nial needles, except for bacteria in Pinus koraiensis, which 
shared less than 50% of its OTUs (Fig S3).

The dominant bacterial phyla were Proteobacteria (about 
60%), followed by Actinobacteria, Myxococcota, Acidobac-
teria, and Bacteroidota, collectively accounting for about 
30% of the total community across the different species (Fig 
S4). For fungi, the main phylum was Ascomycota (80%), fol-
lowed by Basidiomycota (10%) (Fig S4). When comparing 
newly formed and perennial needles in Pinus koraiensis, we 
found a decrease in Ascomycota and an increase in Basidi-
omycota, whereas the opposite trend was observed for Picea 
koraiensis and Abies nephrolepis (Fig S4). At the class level, 
the dominant bacterial classes were Alphaproteobacteria, 
Actinobacteria, Gammaproteobacteria, Myxococcia, and 
Acidobacteria (Fig S5a). For fungi, the main classes were 
Dothideomycetes, Taphrinomycetes, Eurotiomycetes, and 
Tremellomycetes (Fig S5b).

When studying the ten most abundant classes per treat-
ment, we found that the relative abundance of Acidobacteria 

Table 1   Effects of tree species 
and needle age on Shannon 
index and Chao index of 
bacteria and fungi

Shannon index indicates species diversity and Chao index indicates species richness; *the significant differ-
ence, *P < 0.05; **P < 0.01; ***P < 0.001. See Table S2 for additional details on data characteristics

Taxa Index Tree species Needle age Tree species × nee-
dle age

F P F P F P

Bacteria Shannon 2.21 0.74 21.21  < 0.001*** 6.04  < 0.01**

Chao 12.64  < 0.001*** 4.24  < 0.05* 4.67  < 0.05*

Fungi Shannon 3.60  < 0.001*** 10.68  < 0.01** 2.75 0.068
Chao 30.66  < 0.001*** 12.10  < 0.001*** 4.83  < 0.01**
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Fig. 1   Estimates of diversity indices (Shannon and Chao) for bacte-
rial (a, b) and fungal (c, d) communities. Asterisks (*) indicate sig-
nificant differences between different tree species and needle ages, 
*P < 0.05; **P < 0.01; ***P < 0.001 (only the variability between 
needle ages and tree species is shown). Post hoc Tukey’s tests were 
used to determine which specific group means were significantly 
different from each other after finding a significant effect in the 

ANOVA. Abbreviations mean Pinus koraiensis newly formed needles 
(Pinus-new), Pinus koraiensis perennial needles (Pinus-perennial), 
Picea koraiensis newly formed needles (Picea-new), Picea koraiensis 
perennial needles (Picea-perennial), Abies nephrolepis newly formed 
needles (Abies-new), Abies nephrolepis perennial needles (Abies-
perennial)

Table 2   PERMANOVA of 
the effects of tree species 
and needle age on microbial 
community structure

Df represents degrees of freedom, Sum of Sqs represents the total variance, and F represents the model test 
value. The R2 value represents the proportion of variance explained by the model, with a higher R2 indicat-
ing a greater effect. P < 0.05 indicates that the result is statistically significant. See table S4 for post hoc test 
results

Taxa Variable Df Sum of Sqs R2 F P

Bacteria Needle age 1 2.15 0.11 20.52 0.001
Tree species 2 4.08 0.21 19.42 0.001
Tree species × needle age 2 1.42 0.07 6.77 0.001

Fungi Needle age 1 2.10 0.06 11.89 0.001
Tree species 2 8.56 0.26 24.30 0.001
Tree species × needle age 2 1.29 0.04 3.66 0.001
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was dominant in the perennial needles across most species, 
while the relative abundance of Alphaproteobacteria was 
greater in perennial needles of Pinus koraiensis only. In con-
trast, the relative abundance of Gammaproteobacteria was 
greater in newly formed needles of the Pinus koraiensis and 
Picea koraiensis (Fig. 3a, b). Regarding the fungi, we found 
that the classes Dothideomycetes and Taphrinomycetes were 
more abundant in newly formed needles, whereas the rela-
tive abundance of Eurotiomycetes was more abundant in 
perennial needles of Pinus koraiensis and Picea koraiensis 
(Fig. 3d, e).

Relationship Between Phyllosphere Microbiome 
and Needle Traits

Analysis of needle traits revealed that Chl, LMA, LDMC, 
and TP, as well as the ratio of nitrogen and phosphorus 
(N/P), were significantly different among the different tree 
species and between two needle ages (Table S6). The vari-
ation in needle traits explained 35.39%, 36.16%, and 9.58% 
of the bacterial community structure for Pinus koraiensis, 
Picea koraiensis, and Abies nephrolepis along the first RDA 
axis (Fig. 4a). RDA Axis 1 also explained 23.94%, 17.30%, 
and 25.80% of the variation in fungal communities for 
Pinus koraiensis, Picea koraiensis, and Abies nephrolepis 
respectively (Fig. 4b), and was strongly related to plant traits 
such as needle nutrient concentrations (N and P contents), 
LDMC, and LMA. To a lesser extent, we also found that the 
RDA axis 2 explained a significant portion of the variation in 
bacterial and fungal communities (Fig. 4b), and was mainly 
related to photosynthetic rate (A) and total nitrogen (TN). 
Overall, needle traits better explained the composition of 

phyllosphere bacterial communities in Pinus koraiensis at 
the class level (Fig. 4).

For the three tree species, LMA, LDMC, Chl, and TP 
content and the C/P and N/P ratios were the main needle 
traits explaining the different classes of bacteria and fungi 
(Fig. 5). Contrary to Pinus koraiensis and Picea koraiensis, 
we found that LMA and Chl were related to only a minority 
of taxa in Abies nephrolepis. Interestingly, the correlations 
between TP and bacterial or fungal classes were opposite 
to those of most other plant traits (Fig. 5). Overall, most 
microbial taxa were more abundant on needles with high 
LDMC and LMA and low TP content (Fig. 5). For bacte-
ria, Actinobacteria, Acidobacteria, Saccharymonadia, and 
Armatimonadia were positively correlated with LMA and 
LDMC, but negatively correlated with TP (Fig. 5). In con-
trast, Gammaproteobacteria were positively correlated with 
TP. For the fungi, Eurotiomycetes, Lecanoromycetes, Lich-
inomycetes, and Orbiliomycetes were positively correlated 
with LDMC, N/P, and C/P ratios, whereas Agaricomycetes, 
Taphrinomycetes, and Saccharomycetes were negatively 
related to LDMC, N/P, and C/P ratios (Fig. 5). Consistent 
with bacteria, these fungal species showed opposite trends 
in their relationship to TP (Fig. 5).

Discussion

Utilizing needles from three evergreen coniferous tree spe-
cies, we investigated how needle age, tree species identity, 
and the variability in plant traits influenced phyllosphere 
communities. We found that bacterial and fungal diversity 
was higher in perennial compared to newly formed needles. 
Overall, tree species identity and needle age were the main 

Fig. 2   Principal coordinate analysis (PCoA) of bacterial (a) and fun-
gal (b) communities across different tree species and needle ages. 
Ellipses represent 95% confidence intervals. Abbreviations mean 
Pinus koraiensis newly formed needles (Pinus-new), Pinus koraiensis 

perennial needles (Pinus-perennial), Picea koraiensis newly formed 
needles (Picea-new), Picea koraiensis perennial needles (Picea-per-
ennial), Abies nephrolepis newly formed needles (Abies-new), Abies 
nephrolepis perennial needles (Abies-perennial)
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factors explaining variations in α diversity (species richness 
of phyllosphere communities) and β diversity (dissimilar-
ity among phyllosphere communities), respectively. Fur-
thermore, the interaction between tree species identity and 
needle age also significantly affected the diversity and com-
position of phyllosphere communities, shaping microbial 
community structure in a more complex way than either fac-
tor alone. These changes were partly related to plant traits, 
such as morphological traits (LMA, LDMC) and chemical 
traits (N/P, TP), which are linked to the leaf economic spec-
trum. These findings underscore the significance of under-
standing the interplay between phyllosphere microorgan-
isms and plant life strategies to advance our knowledge of 

phyllosphere communities and their potential role in main-
taining plant growth.

Diversity of Phyllosphere Communities Across 
Different Needle Ages

In line with our first hypothesis, we observed an overall 
lower diversity of phyllosphere microorganisms in newly 
formed needles compared with perennial needles across 
different coniferous species. We attribute this difference 
in microbial diversity to three main, non-exclusive mecha-
nisms: (i) environmental conditions, (ii) interspecific inter-
actions, and (iii) microbial dispersal.

Fig. 3   The relative abundance of top bacterial and fungal classes is 
shown, along with the results of a one-way ANOVA analysis assess-
ing significant differences among different tree species and needle 
ages. a, b, c Bacteria from Pinus koraiensis, Picea koraiensis, and 

Abies nephrolepis, respectively. d, e, f Fungi from Pinus koraiensis, 
Picea koraiensis, and Abies nephrolepis, respectively. An asterisk (*) 
indicates a significant difference: *P < 0.05; **P < 0.01; ***P < 0.001
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First, the disparity in microbial diversity may be due to 
varying environmental conditions, notably because newly 
formed needles may represent a more stressful environ-
ment for phyllosphere microbes [41, 63, 64]. While we did 
not directly measure light radiation in this study, our field 
observations suggest that environmental conditions, includ-
ing UV radiation and drought, are harsher for phyllosphere 
microbes growing on newly formed needles. Because fluc-
tuations in environmental conditions are stronger on sunny 
needles [6, 13], this can potentially exert a stronger selective 
pressure on phyllosphere organisms with further negative 
consequences on microbial diversity [13, 65]. On the other 
hand, because perennial needles offer more shaded condi-
tions, the relatively more homogenous conditions may allow 
a higher diversity of microbes to grow and reproduce, nota-
bly because the environmental filter on species selection is 
lower than for sunny needles.

Secondly, newly formed needles often exhibit higher pho-
tosynthetic capacity [42, 66], which promotes the absorption 
of carbon and nitrogen sources and stimulates leaf growth 
[67, 68]. Consequently, the increased resource availability 
in newly formed leaves may favor the dominance of a few 

competitive microbial taxa, leading to a decrease in micro-
bial diversity and evenness in the community [18, 49]. As 
leaf age and resources decrease at the leaf surface, com-
plementarity among various microbial taxa may increase 
to improve carbon and nutrient use efficiencies when the 
resources become scarcer [69]. On the other hand, because 
perennial needles offer more diverse niches to phyllosphere 
microbes due to thicker layers of epidermal wax containing 
long-chain hydrocarbons, this may lead to an increase in 
the proportion of specialized microbial species in older nee-
dles [11, 28, 70, 71]. This theory aligns with the “microbial 
succession model” proposed by Jackson et al. [46], which 
suggests that while stochastic processes dominate when 
microorganisms first colonize a new surface, deterministic 
selection becomes increasingly important as the micro-
bial community establishes itself and the ecological niche 
develops.

Finally, microbial dispersal caused by neighborhood 
effects can also be an important factor affecting the composi-
tion of phyllosphere communities [16, 17]. In particular, the 
strength of host filtering effects (such as the impact of tree 
species identity and plant traits) should gradually weaken 

Fig. 4   Redundancy analysis (RDA) between the major bacterial (a) 
and fungal (b) taxa and leaf traits for each tree species separately. 
Black arrows indicate species, while red arrows indicate plant traits., 

The length of the arrows represents the degree of influence, and the 
distance of the projection points from the origin reflects the relative 
influence of plant traits on microbial communities
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over time due to a stronger colonization by various microbes 
from the local environment [19, 24]. Since we found that 
perennial needles generally have a higher α diversity, this 
could be because migrating species have more opportuni-
ties to colonize older needles over longer period of time 
[16]. Thus, the likelihood of colonization and survival on 
perennial needles, which have more stable environmental 
conditions, is theoretically higher than on newly formed nee-
dles [24]. However, microbial community assembly relies 
more on stochastic processes in environments with high tree 
species diversity, while host plant selection is more pro-
nounced in low-diversity environments [72]. Thus, although 
the influence of neighboring plants on microbial dispersion 
is likely of utmost importance in our forest type, which is 
characterized by relatively phylogenetically similar hosts, 
other factors such as climate and soil type can also alter the 
contribution of host plant species and needle age to micro-
bial community assembly [19, 73]. As such, further research 
and comparative studies across diverse regions and biomes 
are needed to assess the generalizability of these effects. In 
conclusion, although we cannot disentangle the direct and 
indirect effects of biotic and abiotic factors affecting the 
diversity of phyllosphere microbes, our data highlight that 
microbial diversity is lower in newly formed than perennial 
needles, and this across various coniferous tree species.

Composition of Phyllosphere Communities Across 
Different Coniferous Tree Species

In partial agreement with our second hypothesis, the 
effects of needle age on α and β diversity of phyllosphere 
microorganisms were generally greater for the fast-grow-
ing Pinus koraiensis compared with slow-growing spe-
cies Picea koraiensis and Abies nephrolepis (Figs. 1 and 
2, Table S3). The greater N acquisition and photosynthetic 
capacity of Pinus koraiensis likely contributed to its higher 
growth rates in the newly formed leaves [41], which may 
further explain the superior overall plant performance of 
Pinus koraiensis compared with the other coniferous spe-
cies [74]. As needles become increasingly shaded with tree 
growth [39, 61], and as differences in environmental condi-
tions become more pronounced for fast-growing trees, the 
decrease in light conditions coupled with changes in nee-
dle physiological characteristics has likely influenced more 
bacterial taxa than on slow-growing trees [20, 75, 76]. In 
particular, we found that Gammaproteobacteria, which are 
often considered copiotrophic organisms [74, 77], were 
more abundant in newly formed needles of the relatively 
more productive Pinus koraiensis, although a similar pattern 
was observed to a lesser extent for Picea koraiensis. These 
results align with those of Truchado et al. [78], who showed 

Fig. 5   Heat maps showing the correlations between the top 20 bacte-
rial (a) and fungal (b) classes and needle traits across different tree 
species and needle ages. Correlations were assessed using Spear-
man’s correlation coefficient. The X-axis represents needle traits, 

and the Y-axis lists the names of the classes. The color legend on the 
right side indicates the range of Spearman’s correlation coefficients. 
Statistical significance is denoted by *P < 0.05; **P < 0.01; and 
***P < 0.001
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that Gammaproteobacteria strongly depend on high amounts 
of soluble carbohydrates and nutrients [78, 79], and suggest 
that this class is more likely to be abundant when resources 
are more readily available in light-exposed needles. On the 
other hand, we found that Actinobacteria were more abun-
dant in the older needles of Pinus koraiensis. These results 
agree with a recent study demonstrating that Actinobacte-
ria increase in proportion from the top to the bottom of the 
canopy as shading increases [13]. This supports the idea 
that differences between shaded and sunny needles are key 
factors to consider when assessing the composition of phyl-
losphere communities across different cohorts of needles.

Regarding the fungi, we also found significant differences 
with needle age, with notably a greater relative abundance 
of Dothideomycetes and Taphrinomycetes in newly formed 
needles of Pinus koraiensis (Fig. 3). These two groups are 
often considered the main taxa of phyllosphere fungi [80], 
probably because they are efficient at competing for nutrients 
and space in newly formed needles [19]. Although many 
of these fungi are harmless to plants, Dothideomycetes can 
also act as pathogens, attacking the photosynthetic tissues 
of plants [10, 32, 81]. Further studies will be necessary to 
assess if their increase in proportion was due to higher car-
bon and nutrient availability at the leaf surface or whether 
they acted as decomposers in response to the higher biomass 
and growth rates of Pinus koraiensis. Interestingly, we found 
that Tremellomycetes and Agaricomycetes were also rela-
tively more abundant in newly formed needles, specifically 
in newly formed needles of Picea koraiensis and Abies neph-
rolepis. These two classes are well known as saprophytic 
fungi and yeasts [82, 83], which can grow relatively well 
on various surfaces of plants and secrete a large amount of 
heterologous proteins such as exopolysaccharides to enhance 
their high tolerance to UV [80, 83, 84]. Although the reasons 
why some fungal classes are more abundant in certain tree 
species than others are still unclear, our results underscore 
that the dominance of some fungal taxa is strongly host-
dependent. These results are consistent with a recent study 
by Rodríguez-Rodríguez et al. [85], which suggests that 
phyllosphere fungi tend to be more dependent on tree spe-
cies hosts than bacteria in coniferous forests. Furthermore, 
it has been recently shown that Tremellomycetes may limit 
the growth of other fungal classes such as that of Eurotio-
mycetes in Picea glauca [19]. These data suggest that the 
assemblage of phyllosphere communities is influenced not 
only by changes in environmental conditions but also by 
interspecific interactions [5, 19], and further studies will be 
necessary to elucidate the specific mechanisms and dynam-
ics underlying these interactions, as well as their implica-
tions for community assembly.

Interestingly, we also found a significant interactive effect 
of tree species identity and leaf age on the diversity and 
composition of phyllosphere communities. This may be 

because differences in needle traits between young and 
perennial needles are more pronounced in the fast-growing 
Pinus koraiensis compared to Picea koraiensis and Abies 
nephrolepis. As a result, differences in community compo-
sition are likely greater as needles age due to more drastic 
changes in resource quality and quantity [19, 39], while dif-
ferences are smaller in slower-growing species with more 
conservative needle traits across cohorts. Alternatively, 
this effect may be due to more pronounced changes in envi-
ronmental conditions between new and perennial leaves 
in fast-growing Pinus koraiensis. Specifically, changes in 
leaf age reflect not only alterations in needle traits but also 
shifts in the microenvironment at different developmental 
stages [66]. These modifications in the environment, in turn, 
may affect microbial community composition [5, 15] and, 
ultimately, the diversity and function of the phyllosphere 
communities [19, 24]. Altogether, our results suggest that 
fast-growing coniferous species are more likely to exhibit 
differences in phyllosphere community composition between 
newly formed and perennial leaves likely due to changes in 
environmental and resource conditions, but that this effect is 
more consistent for bacterial communities than fungal com-
munities, which are most host-dependent.

Importance of Plant Traits for Explaining 
the Composition of Phyllosphere Communities

In line with our third hypothesis, needle traits were impor-
tant factors explaining the differences in the composition 
of phyllosphere communities. In particular, we found that 
the large differences in phenotypic traits such as LMA and 
LDMC between different cohorts of needles were signifi-
cantly related to various groups of bacteria and fungi. For 
instance, it has been shown that LMA and LDMC are indi-
cators of photosynthetic rate and growth rate, which predict 
the survival strategies of trees [41]. In line with this idea, we 
found that high LDMC and LMA values in perennial leaves 
can be used as useful predictors of some microbial taxa such 
as Actinobacteria and Orbiliomycetes during late stages of 
microbial succession (e.g., notably for the genus Friedman-
iella in the Actinobacteria class) [13]. Alternatively, the exu-
dation of monosaccharides such as glucose and fructose on 
the needle surface is often considered a key factor explain-
ing the composition of phyllosphere communities in newly 
formed leaves [8, 86]. Therefore, low LDMC and LMA val-
ues can be used as useful indicators of copiotrophic taxa 
during earlier stages of microbial succession, particularly 
for the genus Pseudomonas in the Gammaproteobacteria 
class [87, 88]. In addition, it has also been proposed in the 
literature that nutrient supply (e.g., nitrogen and phosphorus) 
is essential to sustain plant growth and succession in the 
phyllosphere community [5, 25, 89]. In line with this idea, 
we found that the ratios of N/P and C/P were also significant 
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factors influencing the relative abundance of many bacterial 
and fungal taxa, with greater abundances of Saccharimo-
nadia and Orbiliomycetes when increasing stoichiometric 
C:N:P ratios. However, consistent with Yadav et al. [28], 
we did not find that total nitrogen was a significant factor 
affecting the composition of phyllosphere communities. 
These results suggest that stoichiometric requirements are 
prevalent over total nutrient contents to predict the compo-
sition of phyllosphere communities, at least in the context 
of our study at the local scale. Finally, we also found that 
TP affected many microbial taxa including Saccharimona-
dia and Orbiliomycetes, but in an opposite direction to the 
effects of LMA and LDMC (Figs. 4 and 5). This may be 
because phosphorus-containing compounds are less likely to 
penetrate the cuticles of perennial needles that often present 
relatively high LMA and LDMC values [28], or alternatively 
that fast-growing organisms require more P to maintain high 
growth rates in newly formed needles [64, 90, 91]. Alto-
gether, these findings suggest that needle traits can be used 
as useful predictors of microbial taxa during leaf aging.

Conclusion

Our study highlights that tree species and needle age are 
major factors affecting the diversity and composition of phyl-
losphere microbial communities through changes in plant 
functional traits and environmental conditions. These results 
are consistent with our hypotheses and have several implica-
tions. First, our results indicate that phyllosphere communi-
ties vary within and between tree species, even though phyl-
losphere communities are thought to be relatively similar 
within the same tree individual and/or within the same plant 
functional groups. This intra- and interspecific variability in 
microbial community composition should not be ignored, 
as microbes can have significant effects on tree physiology, 
with further repercussions on leaf development during tree 
growth. Second, our study highlights that examining the suc-
cession of microbial communities on leaves as they develop 
and age (from newly formed to perennial leaves) provides 
new insights into the function of phyllosphere communi-
ties in plant performance during leaf aging. These findings 
underscore the importance of considering the diversity and 
composition of phyllosphere communities during microbial 
succession, notably if we aim to understand their long-term 
effects on tree growth and productivity. Finally, our data sug-
gest that changes in environmental conditions can also have 
functional consequences for tree growth through alterations 
in phyllosphere communities. Although the applicability of 
these results should be extended to other regions to confirm 
these findings, these data suggest that climate changes can 
significantly impact tree health and growth by modifying 
microbial community structure. Future research should focus 

on identifying the specific interactions between microbial 
communities and tree physiology to develop targeted strate-
gies for enhancing forest resilience and productivity.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00248-​024-​02440-w.

Acknowledgements  We thank the School of Ecology, Northeast For-
estry University, Harbin, China, and Heilongjiang Liangshui National 
Nature Reserve, China, for providing the platform and help for this 
experiment.

Author Contributions  LW, ZLL and GZJ designed the experiment and 
collected the samples, LW analyzed data and wrote the first draft of the 
manuscript in close consultation with ZLL and NF who contributed 
critically to data interpretation and ideas. CB provided many ideas of 
the manuscript. All authors contributed to manuscript completion and 
revision.

Funding  This study was financially supported by the National Key R & 
D Program of China (2022YFD2201100), the Fundamental Research 
Funds for the Central Universities (No. 2572021AW30), and the Fun-
damental Research Funds for the Central Universities (2572022DS13).

Data Availability  All the microbial data was deposited in National 
Microbiology Data Center (NMDC) and the number of BioProject is 
NMDC40038831.

Declarations 

Competing Interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/.

References

	 1.	 Zilber-Rosenberg I, Rosenberg E (2008) Role of microorganisms 
in the evolution of animals and plants: the hologenome theory of 
evolution. FEMS Microbiol Rev 32(5):723–735

	 2.	 Laforest-Lapointe I, Paquette A, Messier C, Kembel SW (2017) 
Leaf bacterial diversity mediates plant diversity and ecosystem 
function relationships. Nature 546(7656):145–147

	 3.	 Leveau JHJ (2019) A brief from the leaf: latest research to inform 
our understanding of the phyllosphere microbiome. Curr Opin 
Microbiol 49:41–49

	 4.	 Ruinen J (1965) The phyllosphere. Plant Soil 22:375–394

https://doi.org/10.1007/s00248-024-02440-w
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Coniferous Tree Species Identity and Leaf Aging Alter the Composition of Phyllosphere… Page 13 of 15    126 

	 5.	 Vorholt JA (2012) Microbial life in the phyllosphere. Nat Rev 
Microbiol 10(12):828–840

	 6.	 Bashir I, War AF, Rafiq I, Reshi ZA, Rashi I, Shouche YS 
(2021) Phyllosphere microbiome: diversity and functions. 
Microbiol Res 254:126888

	 7.	 Bizjak T, Sellstedt A, Gratz R, Nordin A (2023) Presence and 
activity of nitrogen-fixing bacteria in Scots pine needles in a 
boreal forest: a nitrogen-addition experiment. Tree Physiol 
43:1354–1366

	 8.	 Lindow SE, Brandl MT (2003) Microbiology of the phyllo-
sphere. Appl Environ Microbiol 69(4):1875–1883

	 9.	 Moyes AB, Kueppers LM, Pett-Ridge J, Carper DL, Vandehey 
N, O’Neil J, Frank AC (2016) Evidence for foliar endophytic 
nitrogen fixation in a widely distributed subalpine conifer. New 
Phytol 210:657–668

	10.	 Arnold AE, Mejía LC, Kyllo D, Rojas EI, Maynard Z, Rob-
bins N, Herre EA (2003) Fungal endophytes limit patho-
gen damage in a tropical tree. Proc Natl Acad Sci USA 
100(26):15649–15654

	11.	 Beattie GA (2011) Water relations in the interaction of foliar 
bacterial pathogens with plants. Annu Rev Phytopathol 
49:533–555

	12.	 Laforest-Lapointe I, Messier C, Kembel SW (2016) Host species 
identity, site and time drive temperate tree phyllosphere bacterial 
community structure. Microbiome 4:1–10

	13.	 Herrmann M, Geesink P, Richter R, Kusel K (2021) Canopy posi-
tion has a stronger effect than tree species identity on phyllosphere 
bacterial diversity in a floodplain hardwood forest. Microb Ecol 
81:157–168

	14.	 Stone BWG, Jackson CR (2019) Canopy position is a stronger 
determinant of bacterial community composition and diversity 
than environmental disturbance in the phyllosphere. FEMS Micro-
biol Ecol 95(4):1–11

	15.	 Zhu YG, Xiong C, Wei Z, Chen QL, Ma B, Zhou SY, Tan J, Zhang 
LM, Cui HL, Duan GL (2022) Impacts of global change on the 
phyllosphere microbiome. New Phytol 234(6):1977–1986

	16.	 Meyer KM, Porch R, Muscettola IE, Vasconcelos ALS, Sherman 
JK, Metcalf CJE, Lindow SE, Koskella B (2022) Plant neighbor-
hood shapes diversity and reduces interspecific variation of the 
phyllosphere microbiome. ISME J 16:1376–1387

	17.	 Smets W, Chock MK, Walsh CM, Vanderburgh CQ, Kau E, Lin-
dow SE, Fierer N, Koskella B (2023) Leaf side determines the 
relative importance of dispersal versus host filtering in the phyl-
losphere microbiome. mBio 14(4):1–14

	18.	 Kembel SW, O’Connor TK, Arnold HK, Hubbell SP, Wright SJ, 
Green JL (2014) Relationships between phyllosphere bacterial 
communities and plant functional traits in a neotropical forest. 
Proc Natl Acad Sci USA 111(38):13715–13720

	19.	 Würth DG, Dahl MB, Trouillier M, Wilmking M, Unterseher M, 
Scholler M, Sorensen S, Mortensen M, Schnittler M (2019) The 
needle mycobiome of Picea glauca-A dynamic system reflecting 
surrounding environment and tree phenological traits. Fungal Ecol 
41:177–186

	20.	 Kim M, Singh D, Lai-Hoe A, Go R, Rahim RA, Ainuddin AN, 
Chun J, Adams JM (2012) Distinctive phyllosphere bacterial com-
munities in tropical trees. Microb Ecol 63:674–681

	21.	 Lambais MR, Crowley DE, Cury JC, Büll RC, Rodrigues RR 
(2006) Bacterial diversity in tree canopies of the Atlantic Forest. 
Science 312(5782):1917

	22.	 Wei N, Ashman TL (2018) The effects of host species and sexual 
dimorphism differ among root, leaf and flower microbiomes of 
wild strawberries in situ. Sci Rep 8(1):5195

	23.	 Yang CH, Crowley DE, Borneman J, Keen NT (2001) Microbial 
phyllosphere populations are more complex than previously real-
ized. Proc Natl Acad Sci USA 98(7):3889–3894

	24.	 Kembel SW, Mueller RC (2014) Plant traits and taxonomy drive 
host associations in tropical phyllosphere fungal communities. 
Botany 92(4):303–311

	25.	 Vacher C, Hampe A, Porté AJ, Sauer U, Compant S, Morris CE 
(2016) The phyllosphere: microbial jungle at the plant-climate 
interface. Annu Rev Ecol Evol Syst 47:1–24

	26.	 Lajoie G, Maglione R, Kembel SW (2020) Adaptive matching 
between phyllosphere bacteria and their tree hosts in a neotropical 
forest. Microbiome 8:70–80

	27.	 Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers 
F, Cavender-Bares J, Chapin T, Cornelissen JHC, Diemer M, 
Flexas J, Garnier E, Groom PK, Gulias J, Hikosaka K, Lamont 
BB, Lee T, Lee W, Lusk C, ... Villar R (2004) The worldwide leaf 
economics spectrum. Nature 428(6985):821–827

	28.	 Yadav RKP, Karamanoli K, Vokou D (2005) Bacterial coloniza-
tion of the phyllosphere of Mediterranean perennial species as 
influenced by leaf structural and chemical features. Microb Ecol 
50:185–196

	29.	 Chen H, Mothapo NV, Shi W (2015) Soil moisture and pH control 
relative contributions of fungi and bacteria to N2O production. 
Microb Ecol 69:180–191

	30.	 Fan KK, Weisenhorn P, Gilbert JA, Shi Y, Bai Y, Chu HY (2018) 
Soil pH correlates with the co-occurrence and assemblage pro-
cess of diazotrophic communities in rhizosphere and bulk soils of 
wheat fields. Soil Biol Biochem 121:185–192

	31.	 Rodrigues JLM, Pellizari VH, Mueller R, Baek K, Jesus EDC, 
Paula FS, Mirza B, Hamaoui GS, Tsai SM, Feigl B, Tiedje JM, 
Bohannan BJM, Nüsslein K (2013) Conversion of the Amazon 
rainforest to agriculture results in biotic homogenization of soil 
bacterial communities. Proc Natl Acad Sci USA 110(3):988–993

	32.	 Diaz-Cruz GA, Cassone BJ (2022) Changes in the phyllosphere 
and rhizosphere microbial communities of soybean in the pres-
ence of pathogens. FEMS Microbiol Ecol 98(3):1–11

	33.	 Friesen ML, Porter SS, Stark SC, Wettberg EJV, Sachs JL, Mar-
tinez-Romero E (2011) Microbially mediated plant functional 
traits. Annu Rev Ecol Evol Syst 42:23–46

	34.	 Hunter PJ, Hand P, Pink D, Whipps JM, Bending GD (2010) Both 
leaf properties and microbe-microbe interactions influence within-
species variation in bacterial population diversity and structure in 
the lettuce (Lactuca Species) phyllosphere. Appl Environ Micro-
biol 76(24):8117–8125

	35.	 Whipps JM, Hand P, Pink D, Bending GD (2008) Phyllosphere 
microbiology with special reference to diversity and plant geno-
type. J Appl Microbiol 105(6):1744–1755

	36.	 Siefert A, Violle C, Chalmandrier L, Albert CH, Taudière A, 
Fajardo A, Aarssen LW, Baraloto C, Carlucci MB, Cianciaruso 
MV, de Dantas LV, de Bello F, da Silva Duarte L, Fonseca C, 
Freschet GT, Gaucherand S, Gross N, Hikosaka K, Jackson BG, 
... Wardle DA (2015) A global meta-analysis of the relative extent 
of intraspecific trait variation in plant communities. Ecol Lett 
18(12):1406-1419.

	37.	 Albert CH, Thuiller W, Yoccoz NG, Soudant A, Boucher F, Sac-
cone P, Lavorel S (2010) Intraspecific functional variability: 
extent, structure and sources of variation. J Ecol 98:604–613

	38.	 Kuusk V, Niinemets Ü, Valladares F (2018) A major trade-off 
between structural and photosynthetic investments operative 
across plant and needle ages in three Mediterranean pines. Tree 
Physiol 38(4):543–557

	39.	 Liu C, Jin GZ, Liu ZL (2021) Importance of organ age in driving 
intraspecific trait variation and coordination for three evergreen 
coniferous species. Ecol Ind 121:107099

	40.	 Field C (1983) Allocating leaf nitrogen for the maximization of 
carbon gain: leaf age as a control on the allocation program. Oeco-
logia 56:341–347



	 L. Wang et al.  126   Page 14 of 15

	41.	 Niinemets Ü (2016) Leaf age dependent changes in within-canopy 
variation in leaf functional traits: a meta-analysis. J Plant Res 
129:313–338

	42.	 Warren CR (2006) Why does photosynthesis decrease with needle 
age in Pinus pinaster? Trees 20:157–164

	43.	 Mediavilla S, Escude ROA (2003) Photosynthetic capacity, inte-
grated over the lifetime of a leaf, is predicted to independent of 
leaf longevity in some species. New Phytol 159(1):203–211

	44.	 Radoglou K, Teskey RO (1997) Changes in rates of photosynthe-
sis and respiration during needle development of loblolly pine. 
Tree Physiol 17(7):485–488

	45.	 Yuan ZY, Shi XR, Jiao F, Han FP (2018) N and P resorption as 
functions of the needle age class in two conifer trees. J Plant Ecol 
11(5):780–788

	46.	 Jackson CR, Churchill PF, Roden EE (2001) Successional changes 
in bacterial assemblage structure during epilithic biofilm develop-
ment. Ecology 82(2):555–566

	47.	 Wang X, Yuan ZQ, Ali A, Yang T, Lin F, Mao ZK, Ye J, Fang 
S, Hao ZQ, Wang XG, Bagousse-Pinguet YL (2023) Leaf traits 
and temperature shape the elevational patterns of phyllosphere 
microbiome. J Biogeogr 50(12):2315–2347

	48.	 Su SS (2006) Study on the growth process on main conifers in 
Jingouling forest farm (Chinese). Doctoral dissertation. Beijing 
Forestry University. https://​www.​cnki.​net.

	49.	 Williams TR, Anne-Laure M, Harris LJ, Marco ML (2013) Sea-
son, irrigation, leaf age, and escherichia coli inoculation influ-
ence the bacterial diversity in the lettuce phyllosphere. PLoS One 
8(7):e68642

	50.	 Fanin N, Hättenschwiler S, Fromin N (2014) Litter fingerprint 
on microbial biomass, activity, and community structure in the 
underlying soil. Plant Soil 379:79–91

	51.	 Allison SD, Czimczik CI, Treseder KK (2008) Microbial activ-
ity and soil respiration under nitrogen addition in Alaskan boreal 
forest. Glob Chang Biol 14:1156–1168

	52.	 Fierer N, Jackson RB (2006) The diversity and biogeogra-
phy of soil bacterial communities. Proc Natl Acad Sci U S A 
103:626–631

	53.	 Liu ZL, Jin GZ, Qi Y (2012) Estimate of leaf area index in an 
old-growth mixed broadleaved-Korean pine forest in northeastern 
China. PLoS One 7:e32155

	54.	 Li MH, Kräuchi N, Dobbertin M (2006) Biomass distribution of 
different-aged needles in young and old Pinus cembra trees at 
highland and lowland sites. Trees 20:611–618

	55.	 Lin DM, Pang M, Fanin N, Wang HJ, Qian SH, Zhao L, Yang YC, 
Mi XC, Ma KP (2018) Fungi participate in driving home-field 
advantage of litter decomposition in a subtropical forest. Plant 
Soil 434:467–480

	56.	 Magoč T, Salzberg SL (2011) FLASH: fast length adjustment 
of short reads to improve genome assemblies. Bioinformatics 
27(21):2957–2963

	57.	 Edgar RC (2013) UPARSE: highly accurate OTU sequences from 
microbial amplicon reads. Nat Methods 10(10):996–998

	58.	 George PBL, Lallias D, Creer S, Seaton FM, Kenny JG, Eccles 
RM, Griffiths RI, Lebron I, Emmett BA, Robinson DA, Jones DL 
(2019) Divergent national-scale trends of microbial and animal 
biodiversity revealed across diverse temperate soil ecosystems. 
Nat Commun 10:1107

	59.	 Yang T, Tedersoo L, Lin X, Fitzpatrick MC, Jia Y, Liu X, Ni Y, 
Shi Y, Lu P, Zhu J, Chu H (2020) Distinct fungal successional 
trajectories following wildfire between soil horizons in a cold-
temperate forest. New Phytol 227:572–587

	60.	 Tedersoo L, Bahram M, Põlme S, Kõljalg U, Yorou NS, Wijesun-
dera R, Ruiz LV, Aída M, Vasco-Palacios AM, Thu PQ, Suija 
A, Smith ME, Sharp C, Saluveer E, Saitta A, Rosas M, Riit T, 

Ratkowsky D, Pritsch K, ... Abarenkov K (2014) Global diversity 
and geography of soil fungi. Science 346:1256688

	61.	 Liu ZL, Hikosaka K, Li FR, Jin GZ (2019) Variations in leaf 
economics spectrum traits for an evergreen coniferous spe-
cies: tree size dominates over environment factors. Funct Ecol 
34(2):458–467

	62.	 Allen SE (ed) (1989) Chemical analysis of ecological materials. 
Blackwell Science, Oxford

	63.	 Athokpam FD, Garkoti SC, Borah N (2014) Periodicity of leaf 
growth and leaf dry mass changes in the evergreen and deciduous 
species of Southern Assam, India. Ecol Res 29:153–165

	64.	 Wang RH, Chang JC, Li KT, Lin TS, Chang LS (2014) Leaf age 
and light intensity affect gas exchange parameters and photosyn-
thesis within the developing canopy of field net-house-grown 
papaya trees. Sci Hortic 165:365–373

	65.	 Tim LW, Sarah JG (2006) Filamentous fungi on plant surfaces. //
RIEDERER M, MÜLLER C. Annual plant reviews volume 23, 
biology of the plant cuticle. Oxford: Blackwell Publishing Ltd.

	66.	 Albert LP, Wu J, Prohaska N, de Camargo PB, Huxman TE, 
Tribuzy ES, Ivanov VY, Oliveira RS, Garcia S, Smith MN, Jun-
ior RCO, Restrepo-Coupe N, da Silva R, Stark SC, Martins GA, 
Penha DV, Saleska SR (2018) Age-dependent leaf physiology and 
consequences for crown-scale carbon uptake during the dry season 
in an Amazon evergreen forest. New Phytol 219:870–884

	67.	 Qi JH, Fan ZX, Fu PL, Zhang YJ, Sterck F (2021) Differential 
determinants of growth rates in subtropical evergreen and decidu-
ous juvenile trees: carbon gain, hydraulics and nutrient-use effi-
ciencies. Tree Physiol 41(1):12–23

	68.	 Takashima T, Hikosaka K, Hirose T (2004) Photosynthesis or per-
sistence: nitrogen allocation in leaves of evergreen and deciduous 
Quercus species. Plant Cell Environ 27(8):1047–1054

	69.	 Dini-Andreot F, Stegen JC, van Elsas JK, Salles JF (2015) Disen-
tangling mechanisms that mediate the balance between stochastic 
and deterministic processes in microbial succession. Proc Natl 
Acad Sci USA 112(11):E1326–E1332

	70.	 Schreiber L, Krimm U, Knoll D, Sayed M, Auling G, Kroppenst-
edt RM (2005) Plant-microbe interactions: identification of epi-
phytic bacteria and their ability to alter leaf surface permeability. 
New Phytol 166(2):589–594

	71.	 Wang Q, Wang JL, Li YZ, Chen DW, Ao JH, Zhou WL, Shen 
DC, Li QW, Huang ZR, Jiang Y (2018) Influence of nitrogen 
and phosphorus additions on N2-fixation activity, abundance, and 
composition of diazotrophic communities in a Chinese fir planta-
tion. Sci Total Environ 619:1530–1537

	72.	 Lajoie G, Kembel SW (2021) Plant-bacteria associations are 
phylogenetically structured in the phyllosphere. Mol Ecol 
30(21):5572–5587

	73.	 Carper DL, Lawrence TJ, Quiroz D, Kueppers LM, Frank AC 
(2024) Needle bacterial community structure across the species 
range of limber pine. ISME Commun 4(1):ycae062

	74.	 Fürnkranz M, Wanek W, Richter A, Abell G, Rasche F, Sessitsch 
A (2008) Nitrogen fixation by phyllosphere bacteria associated 
with higher plants and their colonizing epiphytes of a tropical 
lowland rainforest of Costa Rica. ISME J 2(5):561–570

	75.	 Jackson CR, Denney WC (2011) Annual and seasonal variation 
in the phyllosphere bacterial community associated with leaves 
of the Southern Magnolia (Magnolia grandiflora). Microb Ecol 
61:113–122

	76.	 Lambais MR, Lucheta AR, Crowley DE (2014) Bacterial commu-
nity assemblages associated with the phyllosphere, dermosphere, 
and rhizosphere of tree species of the Atlantic Forest are host 
taxon dependent. Microb Ecol 68:567–574

	77.	 Fierer N, Bradford MA, Jackson RB (2007) Toward an ecological 
classification of soil bacteria. Ecology 88(6):1354–1364

https://www.cnki.net


Coniferous Tree Species Identity and Leaf Aging Alter the Composition of Phyllosphere… Page 15 of 15    126 

	78.	 Truchado P, Gil MI, Reboleiro P, Rodelas B, Allende A (2017) 
Impact of solar radiation exposure on phyllosphere bacterial 
community of red-pigmented baby leaf lettuce. Food Microbiol 
66:77–85

	79.	 Redford AJ, Fierer N (2009) Bacterial succession on the leaf sur-
face: a novel system for studying successional dynamics. Microb 
Ecol 58:189–198

	80.	 Qian X, Duan TT, Sun X, Zheng Y, Wang YL, Hu ML, Yao H, Ji 
NN, Lv PP, Chen L, Shi MM, Guo LD, Zhang DX (2018) Host 
genotype strongly influences phyllosphere fungal communities 
associated with Mussaenda pubescens var. alba (Rubiaceae). Fun-
gal Ecol 36:141–151

	81.	 Osono T (2006) Role of phyllosphere fungi of forest trees in the 
development of decomposer fungal communities and decomposi-
tion processes of leaf litter. Can J Microbiol 52(8):701–716

	82.	 Hibbett DS, Bauer R, Binder M, Giachini AJ, Hosaka K, Justo A, 
Larsson E, Larsson KH, Lawrey JD, Miettinen O, Nagy LG, Nils-
son RH, Weiss M, Thorn RG (2014) Agaricomycetes. Systematics 
and Evolution. Chapter 14, 373–429. ISBN: 978–3–642–55317–2.

	83.	 Huh WK, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weiss-
man JS, O’Shea EK (2003) Global analysis of protein localization 
in budding yeast. Nature 425(6959):686–691

	84.	 Fanin N, Clemmensen KE, Lindahl BD, Farrell M, Nilsson MC, 
Gundale MJ, Kardol P, Wardle DA (2022) Ericoid shrubs shape 
fungal communities and suppress organic matter decomposition 
in boreal forests. New Phytol 236(2):684–697

	85.	 Rodríguez-Rodríguez JC, Fenton NJ, Bergeron Y et al (2023) 
Soil and tree phyllosphere microbial communities differ between 
coniferous and broadleaf deciduous boreal forests. Plant Soil 
488:233–253

	86.	 Leveau JHJ, Lindow SE (2001) Appetite of an epiphyte: quan-
titative monitoring of bacterial sugar consumption in the phyl-
losphere. Proc Natl Acad Sci USA 98(6):3446–3453

	87.	 Anzai Y, Kim H, Park JY, Wakabayashi H, Oyaizu H (2000) Phy-
logenetic affiliation of the pseudomonads based on 16S rRNA 
sequence. Int J Syst Evol Microbiol 50:1563–1589

	88.	 Das S, Jeong ST, Das S, Kim PJ (2017) Composted cattle manure 
increases microbial activity and soil fertility more than composted 
swine manure in a submerged rice paddy. Front Microbiol 8:1702

	89.	 Papen H, Geβler A, Zumbusch E, Rennenberg H (2002) Chemo-
lithoautotrophic nitrifiers in the phyllosphere of a spruce ecosys-
tem receiving high atmospheric nitrogen input. Curr Microbiol 
44:56–60

	90.	 Mediavilla S, González-Zurdo P, García-Ciudad A, Escudero A 
(2011) Morphological and chemical leaf composition of Medi-
terranean evergreen tree species according to leaf age. Trees 
25:669–677

	91.	 Zhang K, Su YZ, Liu TN, Wang T (2016) Leaf C:N: P stoichio-
metrical and morphological traits of Haloxylon ammodendron 
over plantation age sequences in an oasis-desert ecotone in North 
China. Ecol Res 31:449–457


	Coniferous Tree Species Identity and Leaf Aging Alter the Composition of Phyllosphere Communities Through Changes in Leaf Traits
	Abstract
	Introduction
	Materials and Methods
	Sample Site
	Experimental Design
	Needle Collection
	DNA Extraction and PCR Amplification
	Illumina MiSeq Amplicon Sequencing and Sequence Analysis
	Needle Traits
	Statistical Analysis

	Results
	Differences in Phyllosphere Diversity and Richness Among Needle Ages and Tree Species
	Composition of Bacterial and Fungal Communities
	Relationship Between Phyllosphere Microbiome and Needle Traits

	Discussion
	Diversity of Phyllosphere Communities Across Different Needle Ages
	Composition of Phyllosphere Communities Across Different Coniferous Tree Species
	Importance of Plant Traits for Explaining the Composition of Phyllosphere Communities

	Conclusion
	Acknowledgements 
	References


