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Abstract
Host specialization plays a critical role in the ecology and evolution of plant–
microbe symbiosis. Theory predicts that host specialization is associated with 
microbial genome streamlining and is influenced by the abundance of host 
species, both of which can vary across latitudes, leading to a latitudinal gradient 
in host specificity. Here, we quantified the host specificity and composition of 
plant–bacteria symbioses on leaves across 329 tree species spanning a latitudinal 
gradient. Our analysis revealed a predominance of host-specialized leaf 
bacteria. The degree of host specificity was negatively correlated with bacterial 
genome size and the local abundance of host plants. Additionally, we found an 
increased host specificity at lower latitudes, aligning with the high prevalence 
of small bacterial genomes and rare host species in the tropics. These findings 
underscore the importance of genome streamlining and host abundance in the 
evolution of host specificity in plant-associated bacteria along the latitudinal 
gradient.
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INTRODUCTION

Host specialization is a widespread phenomenon in 
plant–microbe associations (Mariadassou et  al.,  2015), 
defined here as the tendency that microbes are associ-
ated with phylogenetically related plant species (Gilbert 
& Webb,  2007). This specialization plays a critical 
role in shaping the ecology and evolution of both host 
plants and microbial symbionts. From the microbial 
perspective, specialization on a certain set of hosts can 
promote microbial coexistence through resource parti-
tioning, driving genome evolution and, in some cases, 
fostering microbial diversification (Brochet et al., 2021; 
Oh et  al.,  2010; Qin et  al.,  2019). Conversely, from the 
perspective of plants, interactions with specialist mi-
crobial symbionts facilitate biotic niche partitioning 
among plant species, thereby influencing plant species 
diversity and distribution (Benítez et  al.,  2013; Bever 
et al., 2010; Semchenko et al., 2022). Despite the signifi-
cance of host specialization in the ecology and evolution 
of both partners, our understanding of the origins and 
maintenance of host specialization in plant-associated 
microbes remains limited (Cobian et al., 2019; Lajoie & 
Parfrey, 2022).

Over the course of microbe–host coevolution, plants 
impose a consistent selection pressure on microbial 
traits that convey a high fitness in host-dependent habi-
tats, driving the genomic and functional evolution of mi-
crobes (Kwong & Moran, 2015; Sieber et al., 2021). The 
adaptative evolution of microbes can lead to different 
consequences for host specialization. On the one hand, 
microbes may gain fitness advantages in a specific host-
associated habitat at the cost of reduced fitness in other 
habitats (i.e. performance trade-offs), leading to host 
specialization (Caley & Munday,  2003). Specialization 
provides a stable environment conducive to genome 
streamlining, where only the most essential functions that 
fit well in the specialized habitats are retained (Baroncelli 
et  al.,  2016; Klasson & Andersson,  2004). This could 
result in a reduction of genome size and genomic GC 
content in specialist versus generalist microbes, as com-
monly observed in both symbiotic and free-living bacte-
ria (McCutcheon & Moran, 2012; Qin et al., 2019; Swan 
et al., 2013). On the other hand, microbial symbionts can 
acquire functional genes needed to colonize novel host 
habitats through horizontal gene transfer, thereby ex-
panding phenotypic and genetic repertoires, potentially 
promoting host generalization (Arnold et al., 2022; von 
Meijenfeldt et al., 2023). As a result, large microbial ge-
nomes consisting of high functional diversity are more 
likely adapted to a variety of habitats and should be as-
sociated with lower host specificity compared to those 

of small genome size and less functional complexity, as 
illustrated in Figure 1a.

Given their short generation times, large populations 
and high mutation rates, microbes have the ability to 
quickly adapt to various environments through adap-
tive evolution (Shi et al., 2021). The variability of biotic 
and abiotic environments that microbes are exposed to 
could influence the dynamics of adaptation and fur-
ther shape the evolution of host specialization (Lajoie & 
Parfrey, 2022; Mestre et al., 2020). For example, studies on 
animal–microbial symbioses have shown that microbes 
associated with mobile and socially gregarious mam-
mals are broadly shared among host individuals, which 
fosters host-generalized lifestyles in microbial symbionts 
(Grieneisen et al., 2017; Perofsky et al., 2021). For plant-
associated microbes that mainly disperse among neigh-
bouring host plants, the variability of microbial habitats 
tends to depend on the diversity of neighbouring host 
species that they potentially colonize (Meyer et al., 2022, 
2023). Common plant species are more widespread and 
thus neighbour more of the plant species in a commu-
nity than rare species do, and therefore their associated 
microbes are expected to have a broader distribution 
across host species compared to those associated with 
rare plant species (Figure  1b, Miller et  al.,  2018). As a 
result, the adaptive evolution of microbes across vary-
ing host-associated habitats impedes the maintenance 
of host specialization, leading to a decreased host spec-
ificity on common versus rare host species (Figure 1b). 
Nevertheless, empirical evidence regarding the interplay 
among host species abundance, microbial distribution 
and host specialization is lacking.

The pace of microbial genome evolution, the abun-
dance of host species and the degree of host specializa-
tion can differ between tropical and temperate regions, 
potentially exhibiting latitudinal gradients. For example, 
molecular evolution rates tend to increase with tempera-
ture, resulting in a rapid genome streamlining, and thus 
smaller bacterial genomes in warmer climates (Sabath 
et  al.,  2013; Sorensen et  al.,  2019; Swan et  al.,  2013). 
Moreover, tropical forests harbour a higher proportion 
of rare plant species than temperate forests, providing 
more isolated microbial habitats that favour host special-
ization (Enquist et al., 2019). Many broad-scale empirical 
studies have indicated that trophic interactions are more 
intense in lower latitudes, and that tropical tree species 
may be more chemically distinct than temperate tree spe-
cies (Baskett & Schemske, 2018; Schemske et al., 2009). 
These differences between tropical and temperate com-
munities could lead to more diverse microbial niches and 
stronger selection pressures from host plants in lower 
latitudes, therefore fostering a higher host specificity 

K E Y W O R D S
dispersal, genome streamlining, host abundance, host specialization, latitudinal gradients of host 
specificity, phyllosphere bacteria
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in the tropics (Figure 1c). While latitudinal gradients of 
host specificity have been widely studied in plant–herbi-
vore and plant-pollinator interactions (Dyer et al., 2007; 
Novotny et al., 2006; Ollerton & Cranmer, 2002), our un-
derstanding of the latitudinal pattern of host specificity 
in plant–microbe symbiosis remains limited, despite the 
crucial role of microbial symbionts in maintaining plant 
diversity and supporting ecosystem functioning (Benítez 
et al., 2013; Bever et al., 2010; Semchenko et al., 2022).

Phyllosphere bacteria, the bacterial colonizers of 
the aerial surfaces of plants, represent a major group 
of plant–microbial symbioses (Lindow & Leveau, 2002; 
Vorholt, 2012). Numerous studies have shown that phyl-
losphere bacteria play a critical role in promoting host 
plant health, productivity, and ecosystem functioning 
(Fürnkranz et al., 2008; Laforest-Lapointe et al., 2017; Liu 
et al., 2020; Vacher et al., 2016). The phyllosphere habitat 

is exposed to surrounding environments including air, 
soil and neighbouring plants, and thus phyllosphere 
bacterial assemblages are shaped by both host selection 
and bacterial dispersal among habitats (Vorholt,  2012; 
Wang et al., 2023). Host selection pressure can facilitate 
the host specialization of phyllosphere bacteria, while 
bacterial dispersal reduces host specialization, leading 
to conflicting pressures in generating specialists versus 
generalists (Lajoie & Parfrey,  2022). Previous studies 
have shown that phyllosphere bacteria ranged from spe-
cialists to generalists, making it an excellent model sys-
tem for investigating the origin and maintenance of host 
specialization (Lajoie & Kembel, 2021). In this study, we 
assess the host specificity of phyllosphere epiphyte bac-
teria across 329 plant species along a broad latitudinal 
gradient to test the following predictions: (1) host spe-
cialization should be correlated with a reduced genome 

F I G U R E  1   Hypotheses on the factors that influence host specialization of plant–bacteria symbioses. (a) Bacteria with larger genome size 
and higher functional complexity are associated with lower host specificity; (b) host plant abundance facilitates the dispersal and horizontal 
gene transfer of bacteria, reducing host specialization; and (c) host specificity is higher at lower latitudes as a result of stronger selection 
pressure and higher diversity of host plants in tropical than temperate regions.
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size, genomic GC content and cell size in bacterial sym-
bionts; (2) bacteria on common host species should (a) be 
more widespread and have a general composition within 
the local community, and (b) exhibit lower host speci-
ficity relative to bacteria on rare plant species; and (3) 
host specialization in plant–bacteria symbioses should 
be more prevalent in tropical than temperate regions 
(Figure 1).

M ATERI A LS A N D M ETHODS

Study sites

We conducted the study at 10 forest plots spanning 
a latitude range of 18.7° N to 51.8° N in China (Wang 
et al., 2023). These plots varied in size from 10 to 60 ha 
and provided habitats for 44 to 289 tree species. Plant 
individuals within each forest plot were identified and 
mapped according to the protocol of the Forest Global 
Earth Observatory Networks (ForestGEO http://​fores​
tgeo.​si.​edu/​). Approximately one-third of tree species 
within each plot were selected based on a species abun-
dance gradient, ranging from rarer to more common 
plant species in the forest plot. In total, we selected 329 
tree species from 148 genera and 59 families, among 
which 225 species were collected at a single site and the 
remaining 104 species were collected at more than one 
site. We randomly chose approximately three individuals 
per plant species per site, resulting in a total of 1453 tree 
individuals (Table S1).

Sampling and processing

We collected 50–100 g of leaves from the sub-canopy 
(2–10 m above ground) of each tree using sterile plas-
tic bags from July to August 2019. Within 24 h of field 
sampling, we washed epiphytic microbes from the leaves 
using a 1:50 dilution of Redford buffer (1 M Tris, 500 mM 
EDTA, 1.2% CTAB) by agitating leaves for 5 min 
(Kembel et al., 2014). The suspension was centrifuged at 
3300g for 25 min, and the resulting pellet was collected 
and stored at −20°C until DNA extraction. Microbial 
DNA was extracted following the manufacturer's proto-
col (QIAGEN PowerSoil DNA extraction kit, single-tube 
kit). We amplified V5–V6 region of bacteria 16S rRNA 
genes using primers 799F and 1115R to determine the 
composition of the phyllosphere bacterial community 
(Kembel et al., 2014). These primers exclude plant chlo-
roplasts and cyanobacterial sequences to prevent PCR 
contamination by plant DNA amplification (Rastogi 
et  al.,  2010). PCR products were normalized using a 
Just-a-plate 96 PCR Purification and Normalization kit 
(Charm Biotech, Cape Girardeau, MO, USA), pooled 
and then purified using AMPure XP beads (Beckman 
Coulter, Mississauga, Canada) to remove contaminants. 

The DNA library was then sequenced using Illumina 
MiSeq Reagent Kit for 300 bp paired-end sequencing.

Bioinformatics

We used the DADA2 package in R (package ver-
sion 1.24.0, R version 4.2) to identify the amplicon se-
quence variants (ASV) present in each sample (Callahan 
et al., 2016). The nucleotides at 19–240 and 16–240 bp po-
sitions were kept for forward and reverse DNA sequences, 
respectively. We estimated error rates and inferred ASVs 
using DADA2 default parameters (Callahan et al., 2016). 
Nonbacterial sequences and chimeric sequences were 
removed. Taxonomy was assigned to each ASV by com-
parison to the SILVA ribosomal RNA gene database 
(v.138.1; Quast et al., 2013). We obtained approximately 
116 million high-quality 16S rRNA gene sequences and 
identified 55,693 ASVs from 1453 samples. To account for 
variation in sequencing depth among samples, we ran-
domly rarefied the ASV table to 15,000 sequences per 
sample using the R package ‘vegan’ (v.2.6.2), and 49,254 
ASVs were retained after rarefaction. Most ASVs (82%) 
were taxonomically classified to the family level, 58% 
were classified to genus and only 4% were identified at 
the species level.

Metadata

We collected three main categories of metadata related 
to host plants, bacterial ASVs and abiotic environ-
ments. Host plant-related metadata included host spe-
cies identity, species relative abundance within the forest 
plot, and plant leaf traits such as specific leaf area, leaf 
phosphorus and nitrogen concentrations. Leaf traits 
were measured following the procedures of Cornelissen 
et al. (2003): 5–6 of the largest and smallest individuals of 
each tree species were selected for sampling, and two to 
five leaves were measured for each individual. Fresh mass 
of the sampled leaves was recorded upon leaf removal 
and dry mass was also recorded after drying at 60°C for 
72 h. Additionally, we constructed a plant species-level 
phylogenetic tree using the R package ‘V.phyloMaker’ (v. 
0.1.0) based on a comprehensive phylogeny database for 
vascular plants (Jin & Qian, 2019).

For bacterial attributes, we collected bacterial phy-
logenies and genomic traits. A bacterial phylogenetic 
tree was reconstructed using 16S rRNA gene sequence 
of ASVs. Multiple sequence alignment was performed 
using the AlignSeqs function in R package ‘DECIPHER’ 
(v. 2.26) with default parameters (Wright,  2016). The 
aligned sequences were used to build a phylogenetic tree 
with FastTree 2.0 using the GTRCAT model of evolu-
tion (Price et  al.,  2009). Bacterial traits were obtained 
from a compilation of microbial traits from published 
data repositories (Madin et  al.,  2020). While bacterial 
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functional traits may exhibit plasticity within species 
or even strains, certain traits such as genome size and 
GC content display robust phylogenetic conservatism 
and can be predicted by taxonomic identity (Martinez-
Gutierrez & Aylward, 2022). Six traits that could be re-
liably predicted by bacterial taxonomic identity were 
selected, including categorical variables (Gram-positive/
negative, motility) and numerical variables (cell length, 
genome size, genomic GC content, number of tRNA 
genes) (Madin et al., 2020). Trait values were assigned to 
each ASV based on taxonomic identity. ASVs with spe-
cies identity were assigned the mean trait value of the 
species (for numerical traits) or the predominant status 
of categorical traits. ASVs with only genus identity were 
assigned the mean trait value of the genus, while those 
with only family identity were assigned the mean trait 
value of the family. ASVs lacking identification beyond 
the family level were excluded from trait assignment 
and subsequent analysis. 71% of bacterial ASVs were as-
signed at least one bacterial trait.

Abiotic environmental data include two climatic vari-
ables, annual temperature and precipitation, collected 
from the WorldClim database for each study site. We also 
collected local environmental variables for each sam-
ple, which includes elevation, slope, soil pH, soil total 
concentration of nitrogen, phosphorus, organic mat-
ter, water, and soil available concentration of nitrogen, 
phosphorus, and potassium. These variables have been 
measured for all forest plots following the ForestGEO 
protocol (https://​fores​tgeo.​si.​edu/​proto​cols). We used 
Kriging to map each of these variables and estimate their 
values in our sampling locations, implemented with the 
‘automap’ package (v. 1.19, Hiemstra et al., 2009).

Statistical analysis

To evaluate the host specificity of phyllosphere bacteria, 
we calculated the rescaled distance-based specialization 
index (DSI*) for each bacterial ASV using dsi function in 
‘dizzy’ package (Jorge et al., 2017). The DSI* measures 
the phylogenetic relatedness of host species, scaled by 
the null expectation of random host species. The index 
ranges between −1 and 1 with negative values indicating 
generalists associated with phylogenetically dispersed 
plant species and positive values representing specialists 
associated with phylogenetically clustered plant species 
(Jorge et al., 2014, 2017). The null model was defined at 
both global scale (i.e. including plant species from all 
study sites) and plot scale (i.e. including the host plant 
species that cooccur with the ASV in the same plot), 
therefore generating global and plot-level DSI*, respec-
tively. ASVs with a total abundance of less than 20 were 
excluded due to the potential bias associated with ex-
treme rarity.

To explore the potential link between host special-
ization and bacterial traits (hypothesis 1), we employed 

phylogenetic generalized least squares (PGLS) to model 
DSI* as a function of bacterial traits. We included bacte-
rial phylogenetic distance as a random term in the model 
to control for phylogenetic conservatism of host specific-
ity (Martinez-Gutierrez & Aylward, 2022). Model fitting 
was conducted using the gls function in ‘nlme’ package 
(v. 3.1.155), and variables were selected through a step-
wise algorithm implemented with the stepAIC function 
in MASS package (v. 7.3.58). Additionally, we ran a uni-
variate linear mixed-effect model to predict DSI* as a 
function of genome size or GC content with bacterial 
family identity taken as a random term, to visualize the 
relationships between bacterial genomics and host spec-
ificity for different bacterial taxa.

To investigate the influence of host abundance on the 
composition and specialization of bacterial symbionts 
(hypothesis 2a and b, respectively), we calculated two 
indices, the local contribution to beta diversity (LCBD) 
and the averaged DSI*, for each sample. The LCBD, cal-
culated with beta.div function in ‘adespatial’ package (v. 
0.3.14), indicates the uniqueness of bacterial community 
composition, with larger values representing more dis-
tinctive bacterial community composition and greater 
contribution to bacterial beta diversity (Legendre, 2014; 
Legendre & Cáceres, 2013). The averaged DSI* was cal-
culated as the abundance-weighted mean DSI* across 
ASVs to indicate the overall host specificity of the bacte-
rial community. We then used linear mixed-effects mod-
els to model these two indices as a function of host plant 
abundance (i.e. the species relative abundance in the 
forest plot), leaf traits and abiotic environmental vari-
ables, with study site and plant species identity treated as 
random effects. We conducted backward selection using 
step function in ‘lmerTest’ package (v. 2.0.36) to remove 
those explanatory variables having no significant effects 
(at p-value = 0.05) from the final model (Kuznetsova 
et al., 2017). The marginal and conditional R squared of 
the model were calculated using r.squaredGLMM func-
tion in ‘MuMIn’ package (v. 1.45.7). We also ran a univar-
iate linear mixed-effect model with host abundance as 
the explanatory variable, study site and plant species as 
random effects to visualize how the two indices changed 
along host abundance gradients across plant species and 
study sites.

We employed linear regression to depict how host 
specificity, genome size and host abundance of bac-
terial ASVs changed with latitudes (hypothesis 3). The 
host abundance of a bacterial ASV was quantified by 
abundance-weighted mean value of host species' relative 
abundance within the plot. To assess the influence of ge-
nome size and host abundance on the latitudinal gradi-
ents of host specificity, we modelled DSI* as a function 
of latitude, genome size and averaged host abundance in 
a linear mixed-effect model, where study plot and bacte-
rial family identity were incorporated as random terms 
to control for the variation of host specificity among 
study sites and bacterial taxa.
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RESU LTS

After excluding rare bacterial ASVs (those with fewer 
than 20 sequences), a total of 14,774 bacterial ASVs 
were retained, and the host specialization index DSI* 
was calculated for these bacterial ASVs. Our analy-
sis showed that 89% and 73% of phyllosphere bacterial 
ASVs exhibited positive values of global and plot-level 
DSI*, respectively, indicating that the majority of bac-
teria residing on plant leaves were host-specialized, 
forming associations with phylogenetically related host 
plants. There was a significant phylogenetic signal in 
DSI* (Pagel's Lambda = 0.922, p = 0.001), suggesting that 
closely related bacteria tend to exhibit similar degrees 
of host specificity. We demonstrated a negative correla-
tion between DSI* and bacterial traits including genome 
size and genomic GC content (Figure 2; Figure S1), con-
sistent with the prediction of hypothesis 1. Additionally, 
Gram-positive bacteria displayed higher DSI* values 
than Gram-negative bacteria, and bacteria with motil-
ity ability exhibited greater host specificity (Table 1 and 
Table S2 for global and plot-level DSI*, respectively).

We found a negative relationship between host species 
abundance and the averaged DSI*, indicating that phyl-
losphere bacteria associated with common host species 
exhibit a lower host specificity (Table 2 and Table S3 for 
global and plot-level DSI*, respectively). The negative 
correlation between host specificity and host abundance 
held both within and across sites, that is, common plant 
species were associated with less host-specialized bacte-
ria than rarer plant species within a study site, and higher 
host relative abundance was associated with lower host 
specificity of bacteria for the same plant species across 
different study sites (Figure  3), consistent with the ex-
pectation of hypothesis 2b. Apart from host abundance, 
the averaged DSI* of bacterial communities was influ-
enced by factors including the specific leaf area of host 
plants, annual temperature and soil nutrients (Table  2 
and Table S3 for global and plot-level DSI*, respectively). 
Overall, the model explained a total of 43% of the vari-
ation in averaged DSI*, of which 23% was explained by 
the fix effects of variables.

The analysis of bacterial community composition 
revealed that bacteria on more common host species 
contributed less to bacterial beta diversity (indicated 
by lower LCBD), therefore exhibiting a more general 
composition compared to bacteria on rarer plant spe-
cies (Figure  3c). This result suggested that common 
plant species-associated bacteria are more widespread 
within the local forest plot, as expected in hypothesis 
2a. Additionally, community uniqueness index LCBD 
was also affected by abiotic factors such as annual tem-
perature, elevation and soil nutrient conditions (Table 2). 
Together, our model explained 72% of the variation in 
LCBD, with the fixed effects of variables explaining 34%.

We revealed a decreasing host specificity in leaf-
associated bacteria with increasing latitudes (Figure 4a 

and Figure  S2 for global and plot-level DSI*, respec-
tively), consistent with the expectation of hypothesis 3. 
Conversely, bacterial genome size and host abundance 
increased with latitude (Figure  4b,c), in line with the 
prevalence of small-genome bacteria and rare plant spe-
cies in tropical forests. Notably, we found negative effect 
of bacterial genome size and host abundance on the host 
specificity of leaf bacteria, even after accounting for the 
effect of latitude, study site and bacterial taxa (Table S4).

DISCUSSION

Our study addressed fundamental hypotheses regard-
ing the mechanisms underlying the host specialization of 
plant–bacteria symbiosis, by a comprehensive assessment 
of the host specificity in leaf-associated bacteria along a 

F I G U R E  2   The correlations between (a) bacterial genome 
size, (b) GC content and the host specificity index DSI*. These 
relationships were fitted using a linear mixed-effect model with 
bacterial family taken as a random term (bacterial families were 
indicated by different colours and lines). 8822 ASVs from 140 
bacterial families and 7652 ASVs from 126 bacterial families were 
included in (a) and (b), respectively. Both bacterial genome size 
and GC content were negatively correlated with DSI* (p < 0.001, see 
Figure S1 for the effect size). The family annotations were not shown 
in the legend due to the large number of bacteria families.
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latitudinal gradient. We revealed negative effects of ge-
nome size and host species abundance on the host speci-
ficity of leaf bacteria, consistent with the expectation that 
host specialization is accompanied by genome stream-
lining and is influenced by host abundance (Klasson & 
Andersson, 2004; Lajoie & Parfrey, 2022). Additionally, 
we demonstrated an increased host specificity at lower 
latitudes, in line with the decreased bacterial genome 
size and increased prevalence of rare host species in the 
tropics (Hutchinson, 1959; Ngugi et al., 2023; Sorensen 
et  al.,  2019). These findings highlighted the interplay 
among host specificity, genome streamlining and host 
plant abundance in driving the latitudinal diversity gra-
dient of plant–bacteria symbioses.

Genome streamlining in host specialization

Our findings of reduced genome size and genomic GC 
content with increased host specificity provided em-
pirical evidence for the hypothesis that host specializa-
tion is associated with microbial genome streamlining 
(Klasson & Andersson,  2004; Lajoie & Parfrey,  2022). 
While much evidence for genome streamlining has been 
derived from experimental studies with cultured cells, 
our finding extended this concept to many unculturable 
bacteria living in natural environments (Giovannoni 
et  al.,  2014; McCutcheon & Moran,  2012). The nega-
tive correlations between genome size and host speci-
ficity may reflect a bidirectional influence between 

Estimate Std.Error T-value p-Value

Intercept 0.113 0.031 3.703 <0.001***

Cell length −0.014 0.005 −2.517 0.012*

GC content −0.014 0.005 −2.759 0.006**

Genome size −0.039 0.006 −6.073 <0.001***

Gram-positive (vs. negative) 0.046 0.011 4.047 <0.001***

Motility-Flagella (vs. non) 0.0001 0.012 0.008 0.994

Motility (vs. non) 0.066 0.009 7.109 <0.001***

tRNA genes 0.048 0.005 10.300 <0.001***

Note: Bacterial phylogenies were incorporated as a random effect to account for the phylogenetic 
conservatism of host specificity. 6567 ASVs with all the traits available were included in the model. 
Significance levels: *p<0.05, **p<0.01, ***p<0.001.

TA B L E  1   Coefficients of bacterial 
traits related to the host specificity (global 
DSI*) in a phylogenetic generalized least 
squares model.

Estimate Std.Error df t_value Pr(>|t|)

Modelling averaged DSI*

Intercept −0.013 0.019 103.6 −0.678 0.499

Host species abundance −0.002 0.001 744.3 −2.477 0.0146*

SLA 0.055 0.015 354.7 3.645 <0.001***

Annual temperature 0.093 0.019 23.76 4.952 <0.001***

SoilTN 0.082 0.027 111.4 3.104 0.002**

SoilAN −0.071 0.026 16.32 −2.656 0.017*

SoilOrgan −0.066 0.021 350.1 −3.068 0.002**

Modelling LCBD

Intercept 1.418 0.509 26.62 2.785 0.010**

Host species abundance −0.082 0.012 784.0 −6.617 <0.001***

Elevation −1.204 0.352 48.64 −3.451 0.001**

SoilTP −0.914 0.313 1016 −2.770 0.006**

SoilAP 0.511 0.248 1138 2.021 0.044*

Annual temperature −1.388 0.572 11.69 −2.430 0.032*

SoilAK 0.804 0.233 1124 3.454 0.001***

Soilwater 0.743 0.235 831.6 3.007 0.003**

SoilpH 0.972 0.391 255.0 2.455 0.015*

Note: Study site and plant species identity were treated as random terms. 1253 samples with available SLA 
data were included in the models.

Abbreviations: SLA, specific leaf area; SoilTN, AN, soil total and available nitrogen; SoilTP, AP, soil total 
and available phosphorus; soil AK, soil available potassium; SoilOrgan, soil organic matters. Significance 
levels: *p<0.05, **p<0.01,***p<0.001.

TA B L E  2   Coefficients of factors that 
influence the host specificity (global DSI*) 
and community uniqueness (LCBD index) 
of bacteria in linear mixed-effect models.
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genome evolution and specialization. For example, 
specialization could provide a stable environment con-
ducive to genome streamlining, favouring the essential 

functions that suit a specific habitat but imposing little 
selection pressure on the non-essential ones (Baroncelli 
et  al.,  2016; Klasson & Andersson,  2004). In turn, ge-
nome reduction enhanced bacterial fitness within their 
specialized environment while inhibiting colonization of 
alternative habitats, thereby reinforcing host specializa-
tion (Caley & Munday, 2003). The observed relationship 
between genome size and host specificity established a 

F I G U R E  3   The correlations (a) between host plant abundance 
and host specificity (averaged DSI*) of bacteria within study plots, 
(b) across study plots and (c) between host plant abundance and 
community uniqueness (LCBD) of bacteria within study plots. 
Host plant abundance was calculated as the percentage of plant 
individuals in the forest plot. In (a), the relationship was fitted using 
a linear mixed-effect model with study plots as a random term, 
where each line indicated the change of host specificity in bacteria 
from rarer to common host species within each plot. In (b), the 
relationship was fitted with plant species identity as a random term, 
and each line represented a plant species, indicating the change 
of host specificity of bacteria when the same host species showed 
different abundance across study plots. Plant species names are not 
shown in the legend of (b) due to the large number of species. In 
(c), the relationships were fitted with study plot as a random term, 
indicating how the uniqueness of bacterial composition changed with 
host abundance. All these correlations were significantly negative 
(p < 0.05, also see Table 2).

F I G U R E  4   The latitudinal gradients of averaged (a) host 
specificity (global DSI*), (b) genome size and (c) host species 
abundance of phyllosphere bacterial ASVs. Mean value of the index 
and the 95% confidence interval of mean were shown for each study 
site. R2 and p-value of the linear regression were reported.
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foundation for future studies to test the causation be-
tween genome evolution and host specialization in labo-
ratory experiments.

However, the broad applicability of our findings 
was partly limited by the precision and completeness 
of bacteria trait data. While the phylogenetic conser-
vatism of bacterial traits such as genomic attributes 
allowed for the prediction of bacterial traits based on 
their taxonomic classification, there may be intraspe-
cific trait plasticity and genetic variation at lower taxo-
nomic levels that we were unable to capture in our data. 
Additionally, most bacterial ASVs were taxonomically 
identified and assigned trait values; however, there re-
mains a proportion of ASVs that were either uniden-
tified or lacked available trait data. Furthermore, our 
findings demonstrated correlations between bacterial 
genomic traits and host specialization at a coarse scale, 
while understanding how these correlations reflect ge-
nome evolution in host specialization at finer scales, 
that is, within species, will require future investigation 
(Li et al., 2021; Vega, 2019). The increasing availability of 
bacteria genomic data makes it possible to examine the 
genomic change of bacterial populations during their 
adaptation to different host ranges, for example, via 
comparative genomic analysis (Sheppard et  al.,  2018). 
This will provide an opportunity to unravel the genetic 
mechanisms underlying the evolution of host special-
ization (Ellegaard et al., 2019; Kwong et al., 2014).

Effect of host abundance and abiotic 
environment on the host specificity

Understanding the evolution of specialization on rare 
versus common resources is a key question in ecology. 
A prevailing theory in explaining the specialization of 
trophic interactions suggested that the cost for special-
ization is high, and therefore specialists should favour 
common and ‘reliable’ host resources in order to evolu-
tionarily persist (Levins, 1968). However, the cost–ben-
efit theory does not necessarily apply to bacteria which 
have high abundance, short generation time and rapid 
evolution. This is particularly so given that bacteria can 
quickly adapt to variable environments by mutation and 
horizontal gene transfer, expanding their functional and 
genetic repertoires (Kwong & Moran, 2015). As a result, 
the environmental variability that bacteria are exposed 
to may play a key role in driving the evolution of spe-
cialization. For plant-associated bacteria, neighbouring 
plant species provide new habitats for bacteria to colo-
nize, which widens the habitat in which bacterial adap-
tation occurs (Meyer et al., 2022, 2023). Common plant 
species are more widespread and can neighbour with 
many other plant species. This provides ample oppor-
tunities for the bacteria associated with common host 
species to interact with diverse potential hosts (Miller 
et al., 2018). The evolutionary adaptation of bacteria to 

various hosts could weaken host specialization, leading 
to a decreased host specificity on common host species.

In addition to the influence of host abundance, the 
degree of host specificity increased with plant-specific 
leaf area and annual temperature. One of the expla-
nations for this correlation is that warm temperatures 
and higher specific leaf area select for host-specialized 
bacteria (Cobian et  al.,  2019; Lajoie & Kembel,  2021). 
However, it could also be caused by other latitude-
related factors that were not included in our study. For 
example, plant chemical traits such as leaf-released phe-
nolics could play a critical role in influencing the com-
position and specialization of plant-associated bacteria 
(Bhattacharya et al., 2010). We suggest plant chemicals 
be worthwhile to consider in future study to understand 
how plant traits drive the host specificity of microbial 
symbionts. Additionally, there is significant effect of 
abiotic environments on the compositional uniqueness 
of phyllosphere bacteria, which is consistent with the es-
tablished role of selection in shaping the community as-
sembly of leaf bacteria (Vorholt, 2012). Incorporation of 
these effects in the model did not change the relationship 
between host abundance and host specificity, suggesting 
that the effect of host abundance on the host specific-
ity of bacterial symbiosis is independent of the effect of 
plant traits, abiotic environments and study sites.

Latitudinal gradient of host specificity in plant 
leaf-associated bacteria

Our finding of decreasing latitudinal gradient of host 
specificity in leaf-associated bacteria supports the long-
standing hypothesis of ecological specialization, which 
predicts a higher degree of host specialization in lower 
latitudes as an explanation of the remarkable biodiver-
sity seen in the tropics (Hutchinson,  1959). While this 
hypothesis has been studied extensively in plant–symbi-
ont interactions such as insect herbivores and pollina-
tors (Dyer et al., 2007; Novotny et al., 2006), our study is 
among the first test of this hypothesis in plant–microbial 
interactions. It is well established that host specialization 
plays a key role in driving microbial diversity and also in 
maintaining plant species diversity (Klironomos, 2002; 
Schroeder et al., 2020). Therefore, the greater prevalence 
of host-specialized plant-associated bacteria at lower 
latitudes may contribute to the high diversity of plants 
and bacteria in tropical forests.

We demonstrated that the genome size of leaf bacteria 
increased with latitude, aligning with previously docu-
mented latitudinal gradients of genome size in soil and 
ocean microbes (Ngugi et al., 2023; Sorensen et al., 2019). 
Additionally, the averaged host abundance of leaf bacte-
ria increased with latitude, which can be attributed to the 
larger proportion of rare plant species in tropical than 
temperate forests (Enquist et al., 2019). Intriguingly, the 
reduced genome size and host abundance in tropics were 
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associated with lower host specificity, even after consid-
ering the influence of latitude, study sites and bacterial 
taxa. This result implies there are intrinsic correlations 
among genome size, host abundance and host specificity 
across latitudinal gradients.

The increased host specificity of phyllosphere bacte-
ria in lower latitudes can be partly attributed to the fact 
that many rare bacterial ASVs in tropical regions are 
only present in one or a few sites while ASVs in temperate 
regions are less unique to sites. For instance, 3.3%–19.9% 
of the ASVs in tropical regions occurred in only one 
site, compared to 1.3%–5.9% of ASVs in temperate re-
gions. As a result, the global DSI* index, which consider 
both geographic distribution and host range of bacterial 
ASVs, exhibited a decreasing latitudinal gradient of host 
specificity. However, even after controlling the influence 
of geographic distribution (i.e. the plot-level DSI* index), 
there was still a decreasing latitudinal gradient of host 
specificity, suggesting that bacterial ASVs are more host-
specialized in lower latitudes at both t local and larger 
spatial scales.

Conclusion

Our study presented evidence supporting three funda-
mental predictions regarding the mechanisms of host 
specialization in plant–bacteria symbiosis. The reduced 
genome size and GC content in host-specialized leaf 
bacteria aligned with the prediction of genomic stream-
lining theory, suggesting that genome size reduction is 
crucial in the evolution of host specialization (Klasson 
& Andersson,  2004; McCutcheon & Moran,  2012). 
Moreover, bacteria associated with common host spe-
cies display greater ubiquity and lower level of host 
specialization than those associated with rarer host spe-
cies. This implies that host abundance can influence 
host specialization, possibly through the facilitation of 
bacterial dispersal among diverse plant species (Lajoie 
& Parfrey, 2022). Remarkably, we revealed that the de-
gree of host specificity in leaf bacteria decreased with 
increasing latitude, congruent with the observed rise 
in bacterial genome size and host abundance at higher 
latitudes (Hutchinson, 1959). These findings suggest that 
genome size and host abundance play a key role in the 
evolution of host specialization in plant-associated bac-
teria along a latitudinal gradient.
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