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Trait-Based Life History Strategies Shape Bacterial Niche

Breadth

Ziheng Peng, Yiran Zhang, Xiaomeng Li, Hang Gao, Yu Liu, Yining An, Xun Qian,

Gehong Wei,* and Shuo Jiao*

The ecological niche represents a fundamental property of organisms,
reflecting their diversity of utilized resources or environmental tolerances
across space and time. Despite a wealth of studies revealing that not all
bacteria being everywhere, the key traits that determine niche breadth have
remained unclear. Here, bacterial niche breadth based on a large-scale soil
survey across a wide range of environmental gradients at a national-scale is
characterized, and evaluated their life-history traits utilizing over 2000
bacterial genomic datasets from the Genome Taxonomy Database (GTDB). A
positive relationship between gene functional diversity and niche breadth is
found, and identified a key set of bacterial traits associated with niche
breadth, which are assigned to five life-history categories, encompassing
growth, competition, stress tolerance, resource acquisition, and dispersal
ability. The traits of these categories are captured by distinct clusters in the
full dimensionality of trait space, suggesting that a broad-niche taxon may
indeed possess multiple facets of life history strategies essential for survival
in diverse environments. Bacterial taxa with wider niche breadth maximized a
diversity of traits associated with different life history strategies, whereas
specialists tended to harbor a smaller number of traits associated with fewer
life history strategies. Together, this study offers new insights into developing
a trait-based understanding of bacterial niche breadth from the perspective of

1. Introduction

The view of microbial biogeography pat-
terns proposed by Baas-Becking, hypoth-
esizing that “everything is everywhere,
but the environment selects”, is a cen-
tral topic in ecology of microbiology.l"%!
The development of culture-independent
sequencing technologies has substantially
expanded our characterization of microbial
diversity,®* which is restricted in its geo-
graphic and ecological distributions,>%! like
plant and animal. For decades, ecologists
have tried to understand which ecological
and phylogenetic attributes lead to wider
distribution of some taxa than others.”] It
has been shown that sets of functional traits
(e.g., specific leaf area and water-use effi-
ciency) that associate with major ecologi-
cal roles could affect species’ niche breadth
(i-e., the range of resources and conditions
within which a species can survive).”#!
However, a general understanding on howa
multitude of species traits jointly influence

life history theory.
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niche breadth remains poorly understood
for microorganisms, largely due to the
technical challenges associated with char-
acterizing their traits and diversity.>1%11]

Emerging knowledge of microbial physiology or life-history
traits offers a remarkable opportunity to expand trait-based un-
derstanding of niche breadth through massive amounts of func-
tional trait information inferred from genomes,!'?! such as the
ability to either synthesize molecules with the utilization of en-
ergy, or break down complex substrates for resource acquisition.
Besides, the spatial and ecological distribution of microorgan-
isms is a concrete characterization of niche space in nature across
the full n-dimensional niche space, where each dimension is
spanned by variables representing environmental conditions and
resource availability (e.g., light and nutrients) (Figure 1a).1314]
For example, taxa with narrow niche breadth use a very specific
set of resources and conditions, whereas taxa with wide niche
breadth take advantage of general resources and large-scale eco-
logical space.”] Thus, this full dimensionality of niche space pro-
vides a framework for evaluating diverse microbial ecological or
physiological strategies and enable us to directly link microbial
performance to environmental regimes.

How do life-history strategies affect microbial niche breadth
along environmental gradient? The distributions of organisms
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Figure 1. Conceptual framework for niche breadth based on life history strategies inferred from metabolic pathways and functional gene. a) Niche
breadth is essentially the range of conditions under which an organism can live and is basic property of species. Each species has its own unique
niche breadth. Generalists can survive in various environments and tend to have wider niche breadth, whereas specialists are restricted to a specific
environment and tend to have narrower niche breadth. b) We hypothesize that bacterial niche breadth varying among species are related to their genome
size, gene functional diversity, and life history strategies associated with growth, competition, stress tolerance, resource acquisition, and dispersal ability.
c) We expect that bacterial taxa with a wide niche breadth typically exhibit a diverse range of traits associated with different life history strategies. These
traits may include higher growth rates, competitive ability with other microbes, frequent dispersal, the ability to feed on a wide variety of substrates, and
resilience to stressful abiotic conditions. In contrast, bacterial taxa with a narrow niche breadth are likely to possess a limited number of traits, mostly

associated with a single or few life history strategy aspects.

across space and time represent their resource requirements and
tolerances along abiotic and biotic axes in nature.’ The ge-
nomic information serves as the foundational material for un-
derstanding physiology and phenotype.[!®] It encompasses the
metabolic mechanisms of primary and specialized metabolism,
which play a crucial role in shaping the niche breadth through
evolutionary and ecological processes. Although genomic stud-
ies are now prevailing,'>'7] there is still a limited understand-
ing of genomic traits underlying life history strategies and
niche breadth. This knowledge gap is crucial for comprehend-
ing microbial fitness in a specific environment and their im-
pact on ecosystem functioning,*®! such as soil carbon cycling
and phytoremediation.l1] 1t is also vital for predicting the con-
sequences of anthropogenic environmental change and climate
change feedbacks on ecosystems.[?*2!] One challenge to unrav-
eling full multi-dimension of trait space is enormous and com-
plex uncharacterized metabolic diversity inferred from genomes,
which hinders progress to place the vast diversity of the micro-
bial genome into a coherent ecological context. Several concep-
tual theories have been proposed to characterize the microbial
life history strategies.!'2!822] For example, the competitor-stress
tolerator-ruderal (C-S-R) and high yield-resource acquisition-
stress tolerance Y-A-S strategies map a standardized trade-off set
of phenotypic and physiological characteristics of microbial adap-
tation and function.[223] These frameworks provide effective ap-

Adv. Sci. 2025, 12, 2405947 2405947 (2 of 14)

proaches to collapse complex microbial genomes into ecological
modules that facilitate the exploration of general patterns. Nev-
ertheless, they do not clearly capture the life history strategies
linked to microbial niche breadth, particularly traits involving dis-
persal capacity.

To better explain microbial niche breadth, we propose a
new life history framework that expands the original CSR
schemal'??}! to include five major groups: growth, competi-
tion, stress tolerance, resource acquisition, and dispersal abil-
ity (Table S1, Supporting Information). First, microbial growth
strategies focus on investment in biosynthetic processes involved
with central carbon metabolism and ATP synthesis. Second, if
species could continue to survive or persist across various com-
plex environments, they need to overcome variable resource
availability and distribution (quantity and quality), stressful abi-
otic conditions including extremes of moisture, temperature,
pH and salinity, and competition from other organisms. Thus,
stress tolerance traits mainly include damage repair, osmolyte
production, protection from desiccation and maintenance of cell
integrity that help cope with abiotic stress. Third, traits of re-
source acquisition strategy involve in degradation of complex
substrates, uptake of simple substrates as well as ability of au-
totrophy. Fourth, competitive strategy relates to secretion systems
and antibiotic production that affect microbial interactions. Fi-
nally, greater dispersal ability is also required for broad distribu-
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tion of generalists, which is largely related to cell motility and
chemotaxis like flagellar assembly. Moreover, encoding traits for
all these aspects of life history strategy involves a larger genome
and more diverse functional genes.['72*] We hypothesize that the
specialist-generalist continuum across niche breadth is related
to their genome size, gene functional diversity, and life history
strategies associated with growth, competition, stress tolerance,
resource acquisition, and dispersal ability (Figure 1b). We ex-
pect that specialists with narrow niche breadth harbor a small
number of traits associated with one life history strategy (small
genome, dominated by genes related to one or a few aspects
of life-history strategies), whereas generalists with wide niche
breadth will maximize a diversity of traits associated with differ-
ent life history strategies (large genomes carrying traits associ-
ated with different life history aspects) (Figure 1c). By incorporat-
ing additional dimensions, the new life history framework pro-
vides a more comprehensive understanding of microbial niche
breadth and the adaptations that enable organisms to occupy di-
verse niches. This framework can be used to investigate the dis-
tribution patterns of microorganisms across various ecological
contexts.

To precisely characterize the niche breadth of microbial taxa,
we collected 893 soil samples across China that span a wide
range of environmental gradient at nation-scale, covering differ-
ent ecosystems, including forest, grassland and wetland. To de-
termine the genomic features associated with niche breadth, the
representative sequences of those identified bacterial taxa were
matched to those with full genomes in GTDB database.?! First,
we explored the taxonomic and phylogenetic patterns of bacte-
ria with different niche breadths (calculated as all environmental
variable taken together), and then identified life-history strate-
gies represented by metabolic modules and functional genes
that are associated with bacterial niche breadth across specific
environmental gradient (soil pH, nutrient dependence, temper-
ature and moisture pressure). Finally, we evaluated the trade-
off among different life-history strategies that determine niche
breadth to reveal whether different life-history strategies can co-
occur (Figure 1).

2. Results

2.1. Niche Breadth Distribution across Taxonomic and
Phylogenetic Profiles

To evaluate the niche breadth of bacterial phylotypes, we calcu-
lated the environmental range of each taxon under eight soil
and climate conditions (Figures S1b and S2, Supporting In-
formation), including mean annual temperature (MAT), mean
annual precipitation (MAP), soil pH, organic matter (SOM),
available phosphorus (AP), nitrate (NO;) and ammonium ni-
trogen (NH,*) and soil moisture. Six of these environmen-
tal variables were closely related to bacterial community com-
position, with Mantel p values ranging from 0.127 to 0.317
(Figure S3, Supporting Information). Before calculating the en-
vironmental range, we standardize the values of each environ-
mental variable measured to have the same scale from 0 to 1.
For each environmental variable, environmental range of each
taxon was defined as the environmental breadth of soils where
the taxon is present. Then the environment ranges for the eight
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environmental variables were averaged and summarized into
a single index, representing the niche breadth of the given
taxon.[26]

To investigate the distribution of niche breadth of bacterial taxa
throughout the prokaryotic tree of life, we identified 30,217 am-
plicon sequence variants (ASVs) using 16S rRNA gene sequence
data from a total of 893 soil samples spanned a wide range of soil
and climatic conditions at national scale, including 332 samples
in forests, 277 samples in grasslands, and 284 samples in wet-
lands. These phylotypes covered a broad phylogenetic distribu-
tion, and belonged 799 genera, 363 family, 261 order, 123 classes
and 53 phyla. The distribution of niche breadth value differs sub-
stantially across phylotypes (Figure 2a,b). The median value of
bacterial niche breadth in forests was the highest at 0.43, followed
by 0.39 in wetlands and 0.32 in grasslands. Moreover, the shared
taxa within three ecosystems have similar niche breadths across
ecosystems (Figure 2b), implying a relatively stable property of
niche breadth for bacterial taxa across different habitats. For ex-
ample, taxa with broad niches in forest soils also exhibited wider
niches in other two ecosystems.

We tested whether niche breadth differed across taxonomic
groups. The bacterial niche breadth varies significantly across
phyla in forests (one-way ANOVA; F;; 4460 = 14.55, P < 0.001),
grasslands (one-way ANOVA; Fis ;1619 = 7.52, P < 0.001) and wet-
lands (one-way ANOVA; Fy; 19473 = 22.93, P < 0.001; Figure 2c).
Whereas, phylotypes within a given phylum have wide range of
niche breadth, especially for dominant phyla such as Proteobac-
teria (ranging from 0.006 to 1), Actinobacteriota (ranging from
0.007 to 1) and Acidobacteriota (ranging from 0.004 to 0.999) in
forest soils. We then assessed the phylum composition associated
with different interval of niche breadth, and observed that the
phylotypes from the same phylum distributed within different
ranges of niche breadth (Figure S4a, Supporting Information),
implying that phylum-level information provided little insight
for explaining bacterial niche breadth. Similar patterns were also
found at finer Class and Order levels (Figure S4b,c, Supporting
Information).

We further examined the association of phylogenetic informa-
tion with niche breadth to test whether bacterial niche breadth is
phylogenetically conserved. Actually, there was a weak phyloge-
netic signal across niche breadth, indicating that bacterial niche
breadth was randomly distributed across the phylogenetic tree
(taxa that are phylogenetically closely related would vary greatly
in niche breadth; Figure 2d and Table S2, Supporting Informa-
tion). For specific environmental variables, significant phyloge-
netic signal was only observed for pH, MAT and MAP in forests
and NH, in wetlands (Table S2, Supporting Information). These
observations were also confirmed by weak relationship between
phylogenetic distance and pairwise differences in niche breadth
for all ASVs (Figure S5, Supporting Information). Overall, our re-
sults indicated that neither taxonomic nor phylogenetic informa-
tion was a good indicator in explaining bacterial niche breadth.

2.2. Relationships Between Niche Breadth and Genomic
Structure

The representative genomes in the GTDB dataset were ob-
tained by matching the reference ASVs sequences, and were
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Figure 2. The relationships between niche breadth of bacterial taxa and taxonomic assignment and phylogenetic distribution in each ecosystem. a)
Overall distribution of niche breadth of bacterial taxa in forest, grassland and wetland ecosystems. b) Distribution of niche breadth of bacterial taxa in
each ecosystem. The triangle and the values above represent the median niche breadth. c) Box plots illustrating niche breadth distributions for bacterial
taxa ranked by phylum in each ecosystem. The middle line represents the median; box edges denote the first and third quartiles; whiskers, 1.5 IQR
(inter-quartile range); points, outlier points. Niche breadth varies significantly between phyla (one-way ANOVA). d) Panels show the phylogenetic trees
of the ASVs which representative genomes was available in each ecosystem. The ASVs that match 100% identity and 100% coverage to the genome are
displayed. Clades are colored by the affiliation at the phylum level. The outer ring depicts the bacterial niche breadth of the ASVs. The minimum niche
breadth is depicted in white, and the maximum is depicted in green according to the legend.

translated coding sequences for the functional annotation us-
ing MicrobeAnnotator.?”] Overall, we obtained 1,657, 1,775 and
1,894 representative genomes in forests, grasslands, and wet-
lands, respectively. These representative genomes covered 31
phyla (Figure S6, Supporting Information), which represents
a wide of taxonomic and phylogenetic distributions. Although
these ASVs with the available genomes only are a relatively
small fraction (7.94% to 9.69%) of total ASVs identified in
our samples, these ASVs spanned the whole niche breadth
range as the overall community (Figure S7, Supporting Infor-
mation), suggesting that these genomes could be used to exam-
ine trait-based mechanisms of niche breadth without preference
biases.

Adv. Sci. 2025, 12, 2405947 2405947 (4 of 14)

We then examined the relationships between genomic struc-
ture and niche breadth (Figure 3). The bacterial niche breadth
was positively correlated with genome size in only forest soils
(Pearson’r = 0.11, p < 0.001; Figure 3a), and a relationship
also observed within Proteobacteria and Actinobacteria. The bac-
terial niche breadth was not associated with guanine-cytosine
(GC) content and the coding DNA sequence (CDS). The bacte-
rial KO diversity was positively correlated with niche breadth in
forest soils (Pearson’r = 0.13, p < 0.001), grassland soils (Pear-
son’r = 0.07, p < 0.01) and wetland soils (Pearson’r = 0.06, p <
0.05). Positive correlations were also found with the KO diversity
within the different metabolic pathway (KEGG level 1 categories)
(Figure 3b).
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Figure 3. The genome size and functional diversity along niche breadth. a) The linear relationships between genome size and bacterial niche breadth
was tested by Pearson correlation. Heatmap shows relationships between genome size and niche breadth at phylum-level. Pro, Proteobacteria; Acti,
Actinobacteriota; Bact, Bacteroidota; Firm, Firmicutes; Acid, Acidobacteriota; Chlo, Chloroflexi; Myxo, Myxococcota; Desul, Desulfobacterota; Verru,
Verrucomicrobiota; Gemm, Gemmatimonadota. b) The linear relationships between functional diversity (S.KO) and bacterial niche breadth. Heatmap
shows relationships between functional diversity and niche breadth at KEGG level 1 categories. B, Brite Hierarchies; C, Cellular Processes; E, Environmen-
tal Information Processing; G, Genetic Information Processing; M, Metabolism; O, Organismal Systems. Solid and dashed lines represent significant
and non-significant relationships, respectively. Asterisks in heatmaps indicate significant relationships. *P < 0.05, **P < 0.01, ***P < 0.001.

2.3. Metabolic Modules and Functional Genes Associated with
Niche Breadth

A set of KEGG modules (in forests: PERMANOVA R? = 0.0029,
p < 0.001; in grasslands: PERMANOVA R? = 0.0022, p < 0.001;
in wetlands: PERMANOVA R? = 0.0034, p < 0.001) and KOs
(in forests: PERMANOVA R? = 0.0020, p < 0.001; in grass-
lands: PERMANOVA R? = 0.0028, p < 0.001; in wetlands: PER-
MANOVA R? = 0.0033, p < 0.001) exhibited significant varia-
tions among bacterial niche breadths (Figure S8, Supporting In-
formation). Multiple KEGG pathways were positively correlated
with niche breadth, particularly in forest soils where most of the
pathways were closely associated with niche breadth (Figure 4a;
Figure S9, Supporting Information). These results highlighted
the tight associations between genomic traits and bacterial niche
breadth.

Specifically, we identified 75, 65, and 74 pathways that had
the significant association with bacterial niche breadth in forests,
grasslands and wetlands, respectively. Specifically, 55 of those
pathways had the consistent association with niche breadth in at
least two ecosystems (Figure 4b), among which 45 pathways were
positively associated with bacterial niche breadth (Figure 4b).
These modules mainly involved in resource acquisition and envi-
ronmental adaptation such as degradation of complex substrates,
chemoautotrophy and amino acids, lysine, polyamine related to
stress tolerance and maintenance of cellular integrity (Figure 4b).
Fewer metabolic pathways and genes were enriched in taxa with
narrow niche breadth than that with broad niche breadth. These
enriched functions include terpenoid backbone biosynthesis and
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polyketide sugar unit biosynthesis (Figure 4b). For KO genes, we
found that the presence of a set of specific functional gene cate-
gories was significantly correlated with different range of niche
breadth (Figure S11, Supporting Information). Although some
genes were negatively correlated with niche breadth, the pres-
ence of most genes led to a wider niche range of those taxa. A total
of 1421 KOs were identified that had the significant association
with bacterial niche breadth in at least two ecosystems, and these
KOs belonged to 66 third-level KEGG categories (Figure S12,
Supporting Information). For example, all 32 KOs involved in
secretion system and 24 KOs involved with flagellar assembly
were more common in those taxa with large niche breadth. We
also identified module pathways that had the significant asso-
ciation with bacterial niche breadth of different environmental
factors (Figure S10, Supporting Information). The niche breadth
of MAT was largely related to ATP synthesis, aromatic amino
acid metabolism and aromatics degradation and niche breadth
of soil moisture was mainly associated with lysine and nitro-
gen metabolism. Modules for cofactor and vitamin metabolism,
drug resistance, lipid, lipopolysaccharide and lysine metabolism
had higher completeness levels in taxa with wide nutrient niche.
Overall, our analysis showed that functional modules and genes
associated with niche breadth fit in the different microbial life
history strategies.

In general, these functional modules and genes could be
assigned to five microbial strategies involved with microbial
growth, competition, stress tolerance, resource acquisition, and
dispersal ability (Figure 4b; Figure S12, Supporting Information).
For microbial growth, the identified modules of central carbohy-
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Figure 4. The relationships between metabolic pathways and bacterial niche breadth across ecosystems. a) Pearson’s correlations between the total
number of gene copies belonging to each category at Level 2 of KEGG categories and bacterial niche breadth in three ecosystems (forest, grassland,
and wetland soils). Only functional categories that are significantly associated with niche breadth in at least one ecosystem are shown. b) Positive
trends (green) indicate that the completeness of metabolic pathways is associated with wider niche breadth, suggesting that more complete or diverse
metabolic pathways enable bacteria to occupy broader ecological niches. Negative trends (yellow) indicate that the completeness of metabolic pathways
is associated with narrower niche breadth, which may reflect specialization in particular ecological niches. We only included metabolic pathways that
showed shared relationships with niche breadth in at least two ecosystems, allowing us to identify common trends across ecosystems. Metabolic
pathways are grouped according to the five life-history strategies (resource acquisition, growth, stress tolerance, competition, and others), with each
group highlighted in a distinct color to reflect their ecological role. Several representative metabolic pathways are visualized, e.g., carbon fixation (M00169
and M00579), methane metabolism (M00357 and M00563), aromatics degradation (M00539, M00544 and M00551), lysine metabolism (M00030 and
MO00433) and ATP synthesis (M00143, M00159, M00416 and M00417). These pathways were selected as representative examples of the key metabolic
functions linked to bacterial life-history strategies. LS, Life-history strategies.

drate metabolism and ATP synthesis, and genes for propanoate,  biosynthesis in modules), biomolecular damage repair (repli-
butanoate, pentose phosphate, pyruvate metabolism were pos-  cation and repair, DNA repair and recombination proteins in
itively associated with bacterial niche breadth. With regard to  level 3 of KEGG categories), maintenance of cellular integrity
competition, modules assigned to pathogenicity and genes as-  (lipopolysaccharide biosynthesis, lipid biosynthesis in modules)
signed to secretion system and prokaryotic defense system had  and biofilms (biofilm formation in level 3 of KEGG categories).
higher completeness levels and overrepresented in taxa with  Finally, genes for flagellar assembly known to be involved
wide niche. Resource acquisition associated modules and genes  in dispersal ability overrepresented in taxa with wide niche
of chemoautotrophy (carbon fixation, methane metabolism, sul-  breadth.

fur metabolism and nitrogen metabolism), degradation of com-

plex substrates (cofactor and vitamin metabolism, aromatics

degradation) and uptake of simple substrates (transporters and  2.4. Specialist-Generalist Continuum Varying Across Life History
ABC transporters) had higher completeness levels in taxa with ~ Strategies

wider niche. Modules and genes associated with stress toler-

ance were also positively correlated with bacterial niche breadth, It is generally known that a fundamental trade-off exists among
such as osmolyte production (lysine biosynthesis, polyamine life history strategies.!?! To elucidate the trait associations that
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underlie bacterial life-history strategies, we quantified the full
dimensionality of metabolic modules via principal component
analysis (PCA; Figure S13, Supporting Information). The first
principal component (PC1) explained 16.5% of the total variance
in forests, 15.9% in grasslands, and 15.3% in wetlands, high-
lighting the major metabolic gradients in microbial life history
strategies. The correlation (PC loadings) of metabolic modules
with the first PC axis unveiled an overarching trait continuum,
spanning from modules exhibiting negative associations with
niche breadth to those displaying positive associations with niche
breadth (Figure 5a—).

We subsequently identified groups of module pathways that
construct tightly coupled clusters and reflect distinct aspects of
microbial life history. The results showed that these 55 mod-
ule pathways can be grouped into six trait clusters. Among
these, four clusters, namely the red, shallow green, orange,
and pink clusters, exhibited positive associations with bacterial
niche breadth. Interestingly, module pathways from the same
microbial life history category were captured by distinct clus-
ters. For instance, the largest cluster (Figure 5d, red cluster)
encompassed life history strategies related to microbial growth
(central carbohydrate metabolism and ATP synthesis), compe-
tition (pathogenicity), stress tolerance (lipopolysaccharide, lipid,
and lysine biosynthesis), and resource acquisition (cofactor and
vitamin metabolism, and sulfur metabolism); stress tolerance
(polyamine biosynthesis) and resource acquisition (aromatics
degradation) formed second largest cluster (Figure 5d, shallow
green cluster). These observations suggest that a broad-niche
taxon may possess multiple facets of life history strategies nec-
essary to support a wider niche breadth simultaneously in a
given environment and snapshot. Moreover, the biological sig-
nificance of the identified clusters lies in their reflection of key
ecological functions: growth-related pathways support metabolic
demands for rapid growth, competitive pathways facilitate sur-
vival in resource-limited environments, stress tolerance path-
ways confer resilience under harsh conditions, and resource ac-
quisition pathways enable efficient utilization of available re-
sources. Together, these findings provide valuable insights into
the metabolic underpinnings of microbial adaptation to diverse
ecological niches.

To further test whether the specialist-generalist continuum
varies across life history strategies, we examined the relation-
ships between bacterial niche breadth and the average/evenness
of modules aggregated within Life History Strategies (mLHS). As
expected, the average mLHS was positively correlated with niche
breadth in forest soils (Pearson’r = 0.13, p < 0.001), grassland
soils (Pearson’r = 0.14, p < 0.001) and wetland soils (Pearson’r
=0.16, p < 0.001) (Figure 6a). The separated four life-strategies
(resource acquisition, growth, stress tolerance, and competition)
was positively correlated with niche breadth in all three ecosys-
tems (Figure S14, Supporting Information). The evenness mLHS
was positively correlated with niche breadth in forest soils (Pear-
son’r = 0.06, p < 0.05) and wetland soils (Pearson’r = 0.07, p <
0.01) (Figure 6b). These findings support our hypothesis that bac-
terial taxa with wider niche breadth maximize a diversity of traits
associated with different life history strategies, whereas special-
ists tend to harbor a smaller number of traits associated with
fewer life history strategies.
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2.5. Functional Potential of Taxa Occupying Different Niche
Breadths

To investigate the functionality of bacterial taxa occupying dif-
ferent niche breadths, we examined the distribution of bacterial
functional traits associated with the biogeochemical cycle across
a gradient of niche breadth. First, we found that bacterial niche
breadth was significantly associated with a number of microbial
functional groups important for C decomposition. Most of the
detected C decomposition genes, involving in degrading starch,
hemicellulose, cellulose, chitin, aromatics and lignin, were en-
riched in broad-niche taxa in forest soils (Figure S15a,b, Sup-
porting Information). In grassland and wetland soils, the genes
involved in labile C degradation, e.g., starch, hemicellulose and
cellulose, were decreased with niche breadth, while genes associ-
ated with recalcitrant C degradation increased with niche breadth
(Figure S15a,b, Supporting Information).

In addition, bacterial niche breadth was related with genes in-
volved in N cycling, microbial phosphorus utilization and sulfur
metabolism (Figure S15c—e, Supporting Information). For exam-
ple, the key genes (for example, hao, narG, norB and nosZ) in
nitrification and denitrification processes were overrepresented
in taxa with wider niche breadth in grassland and wetland soils
(Figure S15¢, Supporting Information). Microbial phosphorus
utilization genes, such as ged for inorganic P solubilization genes,
phnN and phnH for organic P mineralization, pstS, phnE and
ugpE for P transportation and phoB for P regulation, were en-
riched with bacterial niche breadth increasing in two out of
three ecosystems (Figure S15d, Supporting Information). Fur-
thermore, we identified genes for dissimilatory sulfate reduction
(for example, aprA, aprB, dsrA and dsrB) as overrepresented in
taxa with higher breadth niche in wetland soils (Figure S15e,
Supporting Information). Overall, we revealed that the genes in-
volved in biogeochemical cycling enriched in taxa with higher
niche breadth, indicating the potential major roles of the bacterial
generalists in nutrient cycling processes.

3. Discussion

Niche breadth represents the range of condition where an organ-
ism is observed, and is intricately linked to evolutionary, ecolog-
ical, and life history attributes of organisms.[*”) Revealing why
niche breadth vary across species and what determines niche
breadth is essential for predicting species distribution patterns
and their impact on ecosystem functions in response to environ-
mental changes.[**] Here, our study described the relationships
between niche breadth and genomic life history trait of soil bac-
teria, providing new insights for future trait-based research of soil
bacteria biogeography.

In the present study, we collected over 2,000 bacterial ge-
nomic datasets, and identified a set of metabolic pathways and
genes representing traits consistently linked to niche breadth
across ecosystems (Figure 4; Figure S12, Supporting Informa-
tion). Most of the identified traits related to niche breadth were
associated with five life history strategies, including microbial
growth, competition, stress tolerance, resource acquisition, and
dispersal ability, which capture key traits for microorganisms
to grow and survive in specific environment. Focusing on or-

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@

The correlation with PC1(16.5%)

(b)

The correlation with PC1(15.9%)

(c)

The correlation with PC1(15.3%)
.0

. -0.4 0.0 04 08 Pathway moduie LS -0.4 0.0 04 08 Pathway moduie LS 05 05
Glycan biosynthesis Glycan biosynthesis = Terpenoid backbone biosynthesis
Terpenoid backbone biosynthesis Terpenoid backbone biosynthesis [ ] Glycan biosynthesis
Terpenid backbone biosynthesis 3, Terpenoid backbone biosynthesis | 3, Terpenoid backbone biosynthesis 2,
Terpenoid backbone biosynthesis g. = Terpenoid backbone blosynlhes/s | g. = Terpenoid backbone biosynthesis g =
Terpenoid backbone biosynihesis ? 5 Terpenoid backbone biosyn [ | ? 5 Terpenoid backbone biosynthesis ? 5
Type Il polykeice biosynthesis o3 Type Il polyketide blosynlhos/s | o3 Type Il polyketide biosynthesis o3
Polyketide sugar unit biosynthesis FE) Polyketide sugar unit biosynthesis | E) Polyketide sugar unit biosynthesis 39
Polyketide sugar unit biosynthesis o s Polyketide sugar unit biosynthesis oo e = ATP synthesis @ g s
Polyketide sugar unit biosynthesis a Other carbohydrate metabolism [ | a Polyketide sugar unit biosynthesis a
Other carbohycrate metabolism =3 Polyketide sugar unit biosynthesis [} = Methane metabolism @ =
ATP synthesis @ Methane metabolism @ (] Polyketide sugar unit biosynthesis
Methane metabolis ATP synthesis @ Other carbohydrate metabolism
Beta-Lactam biosynthesis Beta-Lactam biosynthesis Other terpenoid biosynthesis
Other terpenoid biosynthesis Other terpenoid biosynthesis rbon fixation
Carbon fixation @ Carbon fixation @ Carbon fixation @
Sultur metabolism @ Sultur metabolism @ Methane metabolism @
Carbon fixation @ Carbon fixation @ Cofactor and vitamin metabolism @
Other carbohydrate metabolism Cofactor and vitamin metabolism Beta-Lactam biosynthesis
Methane metabolism Methane metabolism @ Aromatics degradation @
Aromatics degradation @ Other carbohydrate metabolism
Other carbohydrate metabolism Central carbohycrate metabolism @
Central carbohydrate metabolism @ Central carbohydrate metabolism @ Sulfur metabolism @
Cofactor and vitamin metabolism @ Cofactor and vitamin metabolism @ Cofactor and vitamin metabolism @
Aromatics degradatior Aromatics degracation @ romatics degradation
Aromatic amino acid metabolism @ Serine and threonine metabolism Lipid metabolism
Serine and threonine metabolism Lipid metabolism @ Aromatics egradation
Lipid metabolism @ Aromatic amino acid metabolism @ Aromatic amino acid metabolism @
Aromatics degradation @ Aromatics degracation @ Serine and threonine metabolism
Nitrogen metabolism @ Nittogen metabolism @ ltrogen metabolism @
Nitrogen metabolism @ TP synthesis
ATP synthesis @ Lysine metabolism
Polyamine biosynthesis @ Nitrogen metabolism
Lysine metabolism @ Fatty acid metabolism @
Fatty acid metabolism @ ATP synthesis @ Polyamine biosynthesis @
Lysine metabolism @ Polyamine biosynthesis @ Polyamine biosynthesis @
Pory.mlm biosynthesis @ Fatty acid metabolism @ ynthesis
metabolism @ Lipid metabolism @ Lipid metabolism
Nilmgen metabolism £ Nitrogen metabolism @ £ Lysine metabolism £
‘Sulfur metabolism T Sulfur metabolism @ T Pathogenicity @ T
thogenicity 3 _ Lipopolysaccharide metabolism @ 3 Sultur metabolism @ 3 _
Lipopolysaccharide metabolism 5 5 Nitrogen metabolism @ 5
Lysine metabolism synthesis
e ressoes o — o Lpaplsacharca mtato o e
Drug resistance 5 ATP synthesis @ 5 rug resistance 5 _
ATP synthesis = Drug resistance @ = Pathogenicity @ .
Cofactor and vitamin metabolism Pathogenicity @ Drug resistance @
Pathogenicity % Cofactor and vitamin metabolism @ % Cofactor and vitamin metabolism @ .g
Cofactor and vitamin metabolism 2 Cofactor and vitamin metabolism @ 4 Central carbohycrate metabolism 2
Gentral carvonyarate metabolsm = Gentral carvonyarate metabolsm © = Cofacor and vtamin metaolsm =
g resistance Drug resistance @ Aromatic amino acid metabolism
Aromatic amino acid metabolism _ Aromatic amino acid metabolism @ Drug resistance @ _
Drug resistance resistance Drug resistance @
Lipopolysaccharide metabolism Lipopolysaccharide metabolism @ Lipopolysaccharide metabolism @
Lipopolysaccharide metal Lipopolysaccharide metabolism @ Lipopolysaccharide metabolism
Lipopolysaccharide metaolism ] Lipopolysaccharide metabolism @ Lipopolysaccharide metabolism @
Life-history strategies Trend
@ Growth @ Competition @ Dispersal ability @ Resource acquisiion @ Stress tolerance B+ -
(d) S3RRBIGE 3
£85558888 3
9988888 S LS TD Pathway module Pathway group
M00855 Glycogen degradation, glycogen => glucose-6P Other carbohydrate metabolism
Nucleotide sugar biosynthesis, glucose => UDP-glucose Other carbohydrate metabolism
— Abscisic acid biosynthesis, beta-carotene => abscisic acid  Other terpenoid biosynthesis
1 hosphate acetyliransferase-acetate kinase pathway, acetyl  Carbon fixation
: Methanogenesis, acetate => methane Methane metabolism
i i trimethyl Methane metabolism
CAM (Crassulacean acid metabolism), ight Carbon fixation
OE000] id A biosynthesis, Raetz pathway, non-LpxL-LpxM  Lipopolysaccharide metabolism
O] 0 KDO2-liid A biosynthesis, Raetz pathway, LpxL-LpxMtype  Lipopolysaccharide metabolism
u CMP-KDO biosynthesis Lipopolysaccharide metabolism
O] Multidrug resistance, efflux pump MexAB-OprM Drug resistance
] ] | Oglycan biosynthesis, mannose type (core M3) Glycan biosynthesis P
@ | Multidrug resistance, efflux pump MexJK-OprM. Drug resistance c
o Imipenem resistance, repression of porin OprD Drug resistance 2
® | Multidrug resistance, efflux pump MexEF-OprN Drug resistance B
1 Upiguinone biosynthesis, eukaryotes, 4-hydroxybenzoate  Cofactor and vitamin metabolism °
Tyrosine biosynthesis, prephanate => pretyrosine => tyrosine  Aromatic amino acid metabolism £
EHEC--EPEC pathogenicity signature, T3SS and effectors  Pathogenicity 8
Helloobacter pyor pathogenicy signature cagApalhogen  Pethogenialy » 0
ATP synthesis <
Cytuchmme o ubiquinol oxidase ATP synthesis g
Ctoshrome aa3.600 menaquinol oxidase ATP synthesis s
] Pentose phosphate pathway, archaea, fructose 6P => ribose  Central carbohydrate metabolism 8
[S[s] [ [ [=] [s[a]m| EEEDEROD Pimeloyl-ACP biosynthesis, BioC-BioH pathway, malony-AC  Cofactor and vitamin metabolism &
Fatty acid biosynthesis, elongation Fatty acid metabolism -1
Thiosulfate oxidation by SOX complex, thiosufate => sulfate  Sulfur metabolism
Polyamine biosynthesis, arginine => agmatine => putrescin _ Polyamine biosynthesis
Phosphatiyethanolamine (PE) bosyrihesis, PA => PS => PE Lipd metabolism
ADP-L-gly ide metabolism
M00025 Tyrosine biosynthesis, chorismate => tyrosi Ammanc amino acid metabolism
M00433 Lysine boeynthesis, &xcgluteale => ovoadiate Lysine metabolism
M00030 Lysine biosynthesi pathway, 2-oxoglutarate => 2-ami  Lysine metabolism
M00089 Tracylgyeerol bosynthasts Lipid metabolism
I L8 Complete nitrification, comammox, ammonia => nitrite =>  Nitrogen metabolism
L1 | W] Dissimilatory nitrate reduction, nitrate => ammonia Nitrogen metabolism
— [] Denitrification, nitrate => nitrogen Nitrogen metabolism
M00800 dTDP-L-megosamine biosynthesis Polyketide sugar unit biosynthesis
M00799 dTDP-L-oleandrose biosynthesis Polyketide sugar unit biosynthesis
M00798 dTDP-L-mycarose biosynthesis Polyketide sugar unit biosynthesis
M00778 010 ype I plyketde backbone biosynthesi, acy-CoA + malon  Type Il poyketde biosyninesis
M00366 T [s ] oo C10-C20 isoprenoid biosynthesis, plant Terpenoid backbone biosynthesis
M00364 0 €10-C20 isoprenoid biosynthesis, hacera Terpenoid backbone biosynthesis
M00367 10-C20 s0prenoid biosynthesis, non-plant eukaryotes Terpenoid backbone biosynthesis
M00365 mm/n[um €10-C20 isoprenoid biosynthesis, archaea Terpenoid backbone biosynthesis
[] Nocardicin A biosynthesis, L-pHPG + arginine + serine =>n  Beta-Lactam biosynthesis
Betaine biosynthesis, choiine => betaine Serine and threonine metabolism
GABA biosynthesis, prokaryotes, putrescine => GABA Polyamine biosynihesis
Assimilatory sulfate reduction, sulfate > H25 Suifur metaboli
‘Nonphosphoryiative Entner-Doudorof pathway, gluconste-  Ceniral carbohydiate metabofism
Nicolne degradatin, pyridine pattway, nicotne =>26.ih - Colactor and viamin metabofism
Benzoate degradation, benzoate => catechol — methylbenzo  Aromatics degradation
Cumate degradation, p-cumate => 2-oxopent-d-enoate + 2-  Aromatics dsgmdaﬁon
Carbazole carbazol 4 Aromatics
M00159 0 O V-type ATPase, proka ATP synthesis
© [ Thiamine biosynthesis, AIR => thiamine-P-thiamine-2P Cofactor and vitamin metabolism

Figure 5. Trait correlations and functional clusters. a—c) Bars display the correlation (PC loadings) of individual metabolic modules with PC1 (principal
component axis 1) in forest a), grassland b) and wetland soils c). PC1 captures the wide-narrow continuum of niche breadth across the 55 metabolic
modules, reflecting the variation in ecological strategies. Green bar indicate that the completeness of metabolic pathways is associated with wider niche
breadth, and yellow bar indicate that the completeness of metabolic pathways is associated with narrower niche breadth. These associations highlight the
potential ecological trade-offs between generalist and specialist microbial taxa. d) Correlation coefficients for pairwise Spearman correlations among 55
metabolic modules that had shared relationships to niche breadth in at least two ecosystems (Figure 4b) in bacterial taxa. Traits are ordered based on the
similarity of their correlation patterns, as determined by hierarchical clustering (Ward’s method), with colors separating distinct clusters identified in the
analysis (maximal silhouette width: K= 10). The size of the square denotes the relative strength of the correlation, with red denoting positive correlations
and blue denoting negative correlations. Larger squares represent stronger correlations, whereas smaller squares indicate weaker relationships. LS, Life-
history strategies; TD, trends with the completeness of metabolic pathways.
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Figure 6. The relationships between the average completeness and Pielou evenness of modules aggregated within Life History Strategies (mLHS) and
niche breadth. a) Associations between the average mLHS and bacterial niche breadth in three ecosystems. The linear relationships were tested by
Pearson correlation. b) Associations between the evenness mLHS and bacterial niche breadth in three ecosystems. The evenness mLHS was calculated
as the Pielou evenness of the mean completeness of modules belonging to life history strategies. The higher the Pielou evenness, the closer each life
history strategy is to completeness, indicating that the taxon maximizes a diversity of traits associated with different life history strategies. *P < 0.05,

%P < 0.01, **%P < 0.001.

ganismal traits enables us to simplify intricate biological com-
munities into ecologically cohesive units, thereby facilitating
the identification of adaptive mechanisms essential for survival
in diverse environments. Recent researches had indicated that
genome size and functional content of the genomes were linked
to bacterial ubiquity and adaptation to different environmental
conditions.*!l Genome size reflect largely the number of differ-
ent coding genes, which is believed to be associated with ver-
satility with signal transduction.?*] This is consistent with our
findings that gene functional diversity is positively related with
bacterial niche breadth. In addition, the necessary link between
genome size and more complex metabolism and resource acqui-
sition strategies suggests that an expansion of metabolic capa-
bilities could help bacteria possess a large niche breadth.'’! Al-
though previous evidence has shown that specific traits could af-
fect niche breadth or range size,[13?] few studies have systemat-
ically incorporated these traits into the framework of life history
strategies. This approach enhances the understanding of niche
breadth driven by soil bacterial traits and provides support for
improved niche breadth prediction models.

Although metabolic diversity is simplified by life history clas-
sification, there are many pathways and genes involved in mul-
tiple life history strategies, such as transporters allowing a direct
uptake of substrates and cofactors and synthesized molecules
involved in metabolic and energy processes.[**! For example,
we identified the pentose phosphate pathway (PPP) in both
metabolic pathways and genes, which was positively associated
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with bacterial niche breadth across soils (Figure 4). The PPP is
a fundamental component of cellular metabolism and involved
in carbon homoeostasis as well as in promoting precursors for
nucleotide and amino acid biosynthesis.**l Moreover, the PPP
is considered as a major contributor to the intracellular survival
of the bacterium by genetic and imaging approaches and con-
stitutes a metabolic hub like crossroads of glycolysis, the tricar-
boxylic acid cycle and other pathways, such as fatty acid degrada-
tion and sulfur metabolism.[3*3°] The PPP is thus regarded as
intrinsic virulence attributes of pathogenic bacteria (e.g. Fran-
cisella novicida) and represent potential targets for antibacterial
strategies.*®] These results indicate that PPP is not only involved
in microbial growth, but is also linked to bacterial pathogenicity,
competitive ability, and stress tolerance. We also identified two
pathogenicity pathways (M00542, T3SS and effectors; M00564,
cagA pathogenicity island) that are consistently associated with
bacterial niche breadth. These similar pathways, which do not be-
long to a single life history strategy, is also found in the ATP syn-
thesis module. The identified Fe-S protein/flavoprotein complex
(M00143, NADH dehydrogenase) are most commonly known for
their role in remaining the generation of ATP via mediating elec-
tron transfer within the mitochondrial respiratory chain.l*! In
addition, Fe-S clusters also have prominent functions in several
diverse biological processes, including photosynthesis, nitrogen
fixation,[*”l RNA modification, and DNA replication and repair
and play an important role in the production of mitochondrial
ROS.I®] Therefore, although a general perspective of life history
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is attractive, these strategies do not map clearly to simple micro-
bial systems, which requires a deeper understanding of the cor-
relations and trade-offs among life history strategies.

Our analysis differs from previous approaches that identify
genomic features associated with adaptations to pH,*"! and we
focused on locating the genomic traits related to niche breadth
from the completeness of metabolic pathway modules and the
presence/absence functional genes. Indeed, the simplest traits
are encoded by just one genetic locus, so the presence or absence
of this gene determines a particular phenotype. In addition, most
traits are much more complex and determined by more than one
gene,[*%) such as ATP synthesis and polysaccharide degradation.
The discovery of some genes in the pathway suggests that this
pathway may exist, and therefore the completeness of pathway
modules determines their phenotype. This approach allows us
to thoroughly understand the associations between simple and
complex traits and niche breadth, making up for the unexplored
complex traits caused by focusing only on the presence or ab-
sence of genes. By including completeness of pathway modules
(some genes in the pathway and all genes in the pathway), our
approach better incorporates those traits involved with multiple
genes, such as biosynthesis and degradation, which could not
be realized at single gene level. For example, we identified tria-
cylglycerol and phosphatidylethanolamine biosynthesis involved
in lipid synthesis and benzoate, carbazole and cumate degrada-
tion engaged in aromatics degradation in the metabolic modules.
These findings suggest that taxa with higher pathway complete-
ness may have the potential to adapt to a broader niche breadth.
Our study integrates pathway module into genomic trait, offering
new perspectives to advance trait-based understanding of niche
breadth.

Although bacterial niche breadth cannot be well distinguished
by taxonomic identity, we found that some bacterial phyla had
broader niche breadth in both forest and grassland soils, such
as Deinococcota and WS2 (Figure 2c). Deinococcota is a phylum
of tenacious environmental bacteria that are a highly resistant to
extraordinary amounts of both sustained and acute ionizing radi-
ation as well as desiccation. Some of these lineages were found at
terrestrial hot springs,!*!l marine sediments!*?l and cold deserts
in Antarctica,[®®] which represented widespread taxa in geo-
chemical environments worldwide.l**] Deinococcota possesses a
complete set of DNA repair genes and powerful antioxidative
mechanisms in stress tolerance and a capacity for atmospheric
chemosynthesis and photoheterotrophy in resource acquisition,
which allows for extreme tolerance to ionizing radiation and des-
iccation, causing wider niche breadth for Deinococcota.[>#] Phy-
logenetic information for predicting niche breadth present con-
siderable uncertainty, which is consistent with previous stud-
ies revealing weak associations between ecological patterns and
phylogeny.l?? Although microbial traits were proven to be phylo-
genetically conserved, 046471 directly establishing a link between
phylogenetic information and ecological patterns is challenging,
especially given that ecological patterns involve interactions of
multiple traits.[13%48] In the present study, the niche breadth of
soil pH is more phylogenetically conserved than other environ-
ments (Table S2, Supporting Information). Soil pH preference
appears to be relatively conservative in prokaryotic traits com-
pared to moisture and temperature,[*) in agreement with past
studies showing that soil pH is the most dominant driver of bio-
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geographical distribution of deep phylogenetic clades.!**% Since
the evaluation of niche breadth took into account multiple en-
vironmental factors, including soil pH, moisture, temperature
and nutrients, and is a comprehensive index, the phylogenetic
range and taxonomic levels of conservation across different envi-
ronmental conditions disperse the phylogenetic conservatism of
niche breadth.!]

Species with different niche breadths not only differ in life his-
tory strategies, but also have different functional roles in ecolog-
ical processes.’?*3] We combined whole-genome comparisons
with niche breadth to show that generalists with broader niche
breadth exhibit higher potential to participate in soil C turnover
and nutrient cycling processes, providing important support-
ing evidence for the deploy and utilization of broad-niche mi-
croorganisms. Managing species-rich communities of soil micro-
biomes remains a major challenge, thus deterministically selec-
tion based on distribution range or niche breadth provide eco-
logical insights into prioritizing keystone membership.>*l Taken
together, our results indicate that the niche breadth of species can
be an important consideration in determining soil functions and
processes and should be considered in asking certain key species
that drive ecosystem function.

Although microbial traits can help reveal the underlying mech-
anisms of microbial biogeographic patterns, several limitations
exist for characterizing microbial traits in our study. First, two
individual strains classified within the same species may be of
different ecotypes and perform different functions in the envi-
ronment. The genome-level diversity across ecologically distinct
bacterial populations be responsible for niche differentiation and
allow the discrimination of different ecotypes.l**! For example, a
global survey of Curtobacterium genus revealed an abundant OTU
(99% identity) containing over 202 sequences isolated from all
seven terrestrial ecosystems, and these isolates contained many
diverse GH families.l*! Second, our characterization of bacte-
rial life-history strategies remains poor, with is limited by the
restricted number of reference genomes and gene functional
characteristics.'””] Moreover, the reference database for anno-
tated genomes is very limited for environment such as soil, which
would reduce the annotation scope of genomic data and limit
analysis conclusions. Finally, it should be noted that the weak cor-
relations suggest that the relationship between mLHS and niche
breadth, while statistically significant, may reflect only a subtle
trend rather than a strong biological mechanism. Future stud-
ies should focus on a deeper exploration of microbial life history
strategies by incorporating more detailed strategy information
and utilizing genomes from experimentally isolated strains. By
expanding the range of strategies considered and using strain-
based data, it can better capture the complexity of microbial adap-
tation to diverse environments and improve the interpretation of
ecological trends.

4, Conclusions

The mechanism of niche breadth of species is an important
and fundamental ecological issue. The life history strategies
of species determine their environmental adaptation and niche
breadth, but these strategies remain poorly unclear. A major
challenge is that how to relate the complexity and variability of
metabolic traits, which shape species fitness, to the coherent
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macroecology context of niche breadth. Here, we employ taxo-
nomically and phylogenetically diverse soil bacteria as model sys-
tems to uncover the key microbial traits that determine niche
breadth. Importantly, we introduce a novel life history framework
that expands upon the original CSR schema to encompass five
major groups: growth, competition, stress tolerance, resource ac-
quisition, and dispersal ability, and links these life history strate-
gies to bacterial generalism. Overall, our study provides a base-
line understanding of taxonomy, life-history strategy and func-
tional potential of soil bacteria along niche breadth in soils, which
is especially important if we are to develop knowledge and inte-
grated approaches aimed at conserving soil microbial diversity
for healthy and functional soils.

5. Experimental Section

Datasets and Sequence Processing:  To obtain the niche breadth of bac-
teria taxa across a broad environmental gradient, 16S rRNA gene sequenc-
ing of soil datasets from distinct natural ecosystems (forests, grasslands
and wetlands) across China was used. Soil samples were conducted along
the 3400 km latitudinal gradient from 23°39" N to 47°79' N and the 3200
km longitudinal gradient from 86°30’E to 126°10’E, which that represented
a broad range of environmental gradients in climate, soil and vegetation
types (from tropical to boreal zones) (Figure S1a, Supporting Informa-
tion).

Soil samples were collected in July and August 2019. At each sampling
site, soil samples from three ecosystems were collected, with the max-
imum distance between them not exceeding 5 km. At each ecosystem,
four to ten plots were established randomly. Soil samples were collected
by taking three soil cores with a 5-cm-diameter auger to a depth of 20 cmin
each plot. To avoid cross contamination across ecosystems, we thoroughly
rinsed the soil auger using clean water after sampling, then applied a 75%
alcohol solution to its surface and placed the auger bit into a sterile bag for
safekeeping until the subsequent sampling event. A total of 893 soil sam-
ples were collected in three ecosystems. These soil samples were sieved
through a 2.0-mm mesh to remove plant roots, litter, rocks, and other de-
bris. Each soil sample was divided into two subsamples where one set was
frozen at —80 °C for DNA extraction and microbial analysis and the other
set was air dried for measurement of soil physical and chemical properties.

The diversity of soil bacteria was measured by amplicon sequencing
using an lllumina MiSeq platform. Genomic DNA was extracted from
0.5 g of the soil samples using the MP FastDNA spin kit for soil (MP
Biomedicals, Solon, OH, USA) according to the manufacturer’s instruc-
tions. A portion of the prokaryotic 16S rRNA gene (V4-V5 region) was
sequenced using the 515F (5'-GTGYCAGCMGCCGCGGTA-3") and 907R
(5'-CCCCGYCAATTCMTTTRAGT-3’) primer sets. Bioinformatics process-
ing, including filtering, dereplication, sample inference, chimera identifica-
tion, and merging of paired-end reads, was performed using the Divisive
Amplicon Denoising Algorithm 2 (DADA2), a model-based approach for
correcting Illumina amplicon errors without constructing OTUs.[58] Com-
pared to other methods, DADA2 identified more real variants and output
fewer spurious sequences. The taxonomical annotation of the represen-
tative sequences of amplicon sequence variants (ASVs) was performed
with a naive Bayesian classifier using the Silva v. 138 database.[>*%0] Al|
bioinformatics processing was done in the dada2 package in R. Bacteria
were defined as all prokaryotic taxa, except Archaea, chloroplasts, and mi-
tochondria in 16S rRNA gene for subsequent analyses. Samples were rar-
efied to the same sequence depth (15 000 reads per sample). Overall, we
obtained a total of 31402 soil bacterial amplicon sequence variants (ASVs)
in three ecosystems for further niche breadth analysis.

Statistical Inference of Niche Breadth: 1t was selected eight environ-
mental variables to represent niche breadth of soils, including mean an-
nual temperature (MAT), mean annual precipitation (MAP), soil pH, or-
ganic matter (SOM), available phosphorus (AP), nitrate (NO5") and am-
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monium nitrogen (NH,*) and soil moisture. These climatic and soil fac-
tors cover temperature, moisture, nutrients, and pH of soil environment
and are the most important predictors of bacterial diversity patterns at
the continental and global scales.[61:62] Here, MAT and MAP with a spa-
tial resolution of 2.5 min (x4.5 km) from the WorldClim database was ex-
tracted (https://www.worldclim.org/). Soil pH was assessed in a 1:5 sus-
pension (soil to distilled water) using a pH meter. Organic matter was de-
termined calorimetrically following oxidation with a combination of potas-
sium dichromate and sulfuric acid. Soil moisture was measured by the
gravimetric method after samples were oven-dried at 100 °C for 24 h.
NO3-N and NH4-N concentrations were measured using TM KCl solu-
tion with Continuous-Flow AutoAnalyzer. Available phosphorus concen-
trations were extracted by NaHCO3 and measured by molybdenum blue
colorimetry.

These eight environmental variables show broad gradients at our sam-
pling sites and can well describe niche breadth. For example, MAP and
MAT in these sites are from 99 to 1775 mm and —2.8 to 21.9 °C, respec-
tively. Soil pH ranged from 4.63 to 10.18 and soil C ranged from 4.64 to
60.22 g kg™ across all of the survey sites. For each environmental vari-
able measured, standardize the values to have the same scale from 0 to
1. Environmental range was defined as the breadth of each environmen-
tal condition where a taxon is present. Therefore, before calculating the
environmental range, we removed phylotypes that occurred only in sin-
gle sample. Then the environment range normalized values of the eight
environmental variables were averaged and summarized into a single in-
dex, representing multidimensional niche breadth of soil bacteria. Finally,
the niche breadth of bacterial taxa based on their presence or absence in
the soil samples was calculated. The taxonomic identity and the phyloge-
netic signals for bacterial niche breadth by calculating Blomberg’s K was
tested.193] The K value describes how well a taxon was correlated with phy-
logeny as expected in a Brownian motion-based metric of the strength of
phylogenetic signal.[®*] K values closer to zero indicate a random or con-
vergent pattern of evolution, while K values greater than 1 indicate strong
phylogenetic signals and conservatism of traits. Blomberg’s K was calcu-
lated using the ‘multiPhylosignal’ function in the “picante” R package.[°]

Phylogenetic analysis was performed using the PHYLIP software pack-
age to infer evolutionary relationships among the bacterial species. The
Segboot program was first used to generate 1000 bootstrap replicates
through resampling, providing a basis for assessing the robustness of
the phylogenetic tree. For each replicate, a distance matrix was computed
from the DNA sequences using the Dnadist program, with the F84 model
selected for distance calculations due to its suitability for datasets with
significant sequence variation. Subsequently, the Neighbor program was
employed to construct phylogenetic trees using the Neighbor-Joining (NJ)
method. A consensus tree was generated using the Consense program,
which integrated the topologies of all bootstrap replicates to produce a
final tree reflecting the confidence of the inferred relationships. The result-
ing tree was output in Newick format for detailed exploration of phyloge-
netic relationships.

Genome Search and Annotation: To obtain the genomic information
of those ASVs to determine the relationship between genomic traits and
niche breadth, the ASVs with bacterial niche breadth were matched to the
annotated GTDB,%] using vsearch to identify those ASVs for which repre-
sentative genomes was available. We acknowledge that the representative
genomes identified using representative partial 16S rRNA gene sequences
from ASVs were not necessarily identical to the genomes in situ, but this
method provides us with a species-perspective research framework using
genomic datasets. This method was widely used in the study of microbial
ecology.[33%66] Matches were determined using BLASTh at >99% iden-
tity and >90% coverage. In situations where a single ASV matched mul-
tiple genomes with the same similarity, the most complete genome was
selected. These genomes were carefully selected and classified as “iso-
lation,” “high-quality genome,” and “medium-quality genome” based on
GTDB metadata (Release 214). The proportion of these groups was as fol-
lows: 69.8% isolation genomes, 15.1% high-quality genomes, and 15.1%
medium-quality genomes. Overall, a total of 1657, 1775 and 1894 rep-
resentative genomes forests, grasslands, and wetlands, respectively, for
subsequently functional annotation was matched. These ASVs with avail-
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able genomes accounted for 7.94% for forests, 12.80% for grasslands and
9.69% for wetlands of the total ASVs, respectively.

The  annotated genomes  were then  processed  with
MicrobeAnnotator!?’] for the functional annotation and to calculate
KEGG module presence. All proteins were searched against the curated
KEGG Ortholog (KO) database using Kofamscan; best matches were
selected according to Kofamscan’s adaptive score threshold. Proteins
without KO identifiers (or matches) were extracted and searched against
other databases (e.g., Swissprot, curated RefSeq database or non-curated
trEMBL database). The KO identifiers associated with all proteins in each
genome (or set of proteins) were extracted, and KEGG module presence
was calculated based on the total steps in a module, the proteins (KOs)
required for each step, and the KOs present in each genome. Finally, the
results were compiled in a single matrix-like module presence table for all
genomes.

Statistical Analysis:  The association of niche breadth of the ASVs with
metabolic pathways and functional genes of representative genome by fit-
ting generalized linear models with a binomial distribution and using the
logit as a link function with core R functions was determined.[3°! For each
binarized functional gene, a single model with the presence/absence of
that gene type as the response variable and the niche breadth of each
genome as the independent variable was fitted. For each metabolic path-
way, module presence as a binarized variable was defined. A completeness
value of “1” indicates that some genes in a pathway module were present,
“0” indicates that no genes were found in this pathway module. Then a
single model with the 0/1 of that metabolic module as the response vari-
able and the niche breadth of each genome as the independent variable
was fitted. It was also identified metabolic pathways that had the signif-
icant association with bacterial niche breadth of MAT, soil moisture, soil
nutrients (AP, NO; and NH, and SOM) and pH. The statistical signifi-
cance of the model coefficients using the Wald test as implemented with
R core functions was evaluated. The slope (positive or negative) of the re-
lationship between niche breadth and the presence/absence of each gene
and completeness of metabolic pathway from the model estimates was
obtained. Finally, those functional genes and metabolic pathways with the
same significant association (P < 0.05 and same positive or negative di-
rection of the model estimate) that occurred in two or three ecosystems
with consistent patterns to be associated with bacterial niche breadth was
retained. To define the bacterial dimensionality of trait space and identify
the dominant axes of variation across all 55 metabolic modules identi-
fied in Figure 4b, it was conducted principal component analysis (PCA).
Respective loadings were assessed through the correlation of individual
metabolic modules with PC1. It was also further examined interrelated-
ness between metabolic modules by performing pairwise Spearman cor-
relations, clustering correlation coefficients (hierarchical clustering; Ward)
and estimated the number of discrete clusters of metabolic pathways us-
ing the maximal average silhouette width.[67:68]

The association between life-history strategies and niche breadth
from two perspectives was tested: the average completeness and Pielou
evenness of modules aggregated within Life History Strategies (mLHS)
(Figure 6). The average mLHS for each ASV was calculated as the mean
completeness of modules involved with life-history strategies. The positive
association between average of life-history strategies and niche breadth
indicates the higher the module completeness, the broader the niche of
bacterial taxa. The evenness mLHS for each ASV was calculated as the
Pielou evenness of life-history strategies calculated by the mean of mod-
ule completeness. Life-history strategies evenness describes the common-
ness or rarity of a life-history strategy and refers to how close in com-
pleteness for each life-history strategy. The higher the Pielou evenness,
the closer each life history strategy was to completeness, indicating that
the taxon maximize a diversity of traits associated with different life history
strategies.
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