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between terrestrial and aquatic biomes

Qi Fu,1 Kayan Ma,1 Jiayi Zhao,1 Jiaxin Li,1 Xueying Wang,1 Meiqi Zhao,1 Xianheng Fu,1 Dandan Huang,1,*

and Huaihai Chen1,2,*
SUMMARY

Microbes in terrestrial and aquatic ecosystems play crucial roles in driving ecosystem functions, but
currently, there is a lack of comparison regarding their taxonomic and functional diversities. Here, we con-
ducted a global analysis to investigate the disparities in microbial taxonomy and microbial-mediated
biogeochemical cycles between terrestrial and aquatic ecosystems. Results showed a higher relative
abundance of bacteria, especially Actinobacteria and Acidobacteria, in soil than water metagenomes,
leading to a greater proportion of genes related to membrane transport, regulatory, and cellular
signaling.Moreover, therewas a higher abundance of genes associatedwith carbohydrate, sulfur, and po-
tassium metabolisms in the soil, while those involved in nitrogen and iron metabolisms were more prev-
alent in the water. Thus, both soil and water microbiomes exhibited unique taxonomic and functional
properties associated with biogeochemical processes, providing valuable insights into predicting and un-
derstanding the adaptation of microbes in different ecosystems in the face of climate change.

INTRODUCTION

Microbes are ubiquitous on Earth and play a vital role in various ecosystems, including deserts,1 forests,2 tundra,3 lakes,4 and marine environ-

ments.5 Geographic distributions of microorganisms are a long-standing and ongoing inquiry in the field ofmicrobiology,6–8 which provides a

starting point to understand ecosystem functioning,9 such as the global biogeochemical cycling of carbon (C) and nutrients.10 The Baas-

Becking hypothesis, which posits that ‘‘everything is everywhere–the environment selects,’’ has long been a foundation for evaluating biodi-

versity patterns across various biomes. Thus, the contrasting conditions of soils and water may result in distinct microbial taxa and functional

diversities between aquatic and terrestrial environments.11–13

Metagenomics in international scenarios has been extensively studied for the soil and aquatic microbial communities and their functions,14

covering a wide range of geographic regions around the globe.15 Generally, soil microbial communities show marked temporal and spatial

heterogeneity,16,17 while those in the aquatic ecosystems also display considerable variability in their physical and chemical properties.18,19

For instance, analyses of global topsoil samples have demonstrated thatmicrobiomes exhibit distinct niche adaptability and spatial variations

in their relative contribution to global C and nutrient cycling,20 such as the decomposition of organic residues,21 mineralization of nutrients,

and formation of stable soil organic matter.22 Similarly, microorganisms that play crucial roles in the C and nutrient cycling of aquatic ecosys-

tems23 also exhibit large-scale horizontal and vertical patterns worldwide, spanning from the ocean surface to the deep seafloor, where water

temperature, salinity, and oxygen content have significant impacts on aquatic microbial diversity.24 Although large-scale metagenomic

studies have explored microbial composition and potential functional patterns worldwide, the direct comparison of microorganisms as

well as their functions between soil and water ecosystems remains lacking in international scenarios. Comparing species composition and

functionality of microbial communities between aquatic and terrestrial habitats can enhance our understanding of microbial diversity,

and ecosystem functions, as well as provide strategies for managing and preserving transitional domains.

Relationships betweenmicrobial diversity and functions remain a topic of debate,25 although the impact of biodiversity on ecosystem sta-

bility, productivity, and resilience toward stress and disturbances26 has long been postulated. Althoughmicrobial diversity has been found to

exhibit strong correlations with specialized functions such as C and nutrient cycling,27 emerging evidence suggests a decoupling between

microbial taxonomy and function, suggesting the existence of functional redundancy within microbial communities28–30 meaning that func-

tional similarities might exist among different microbial taxa.31 Furthermore, the extent of functional redundancy is contingent upon the envi-

ronmental conditions32 and the specific type of functions being considered.30,31 Therefore, it is imperative to investigate the relationship be-

tween microbial taxa and functions within diverse functional categories in different environments.
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Recently, shotgunmetagenomics, a robust tool for the comprehensive exploration ofmicrobial taxonomies and functions within terrestrial

and aquatic ecosystems,33 has greatly expanded our understanding of environmental microorganisms.34,35 Numerous studies have eluci-

dated the patterns of microbial community and functional diversity as well as their interrelationships at large scales.6,36 Given that most

studies deposited raw data in public gene banks such as MG-RAST,37 data from these untargeted sequencing approaches encompassing

the entire microbial genome offer the capability to conduct a global metagenomic analysis of microbial members in an ecosystem38 and pro-

vide a wealth of data for comprehensive analyses and subsequent comparisons. Here, we hypothesized that soil and aquatic microbial com-

munities display significant taxonomic and functional disparities at the metagenomic level. Particularly, these microbial communities were

expected to exhibit distinct characteristics and functional patterns in mediating biogeochemical cycles, such as C and nutrient cycling, within

soil and aquatic environments. Based on existing research suggesting a potential decoupling betweenmicrobial taxonomy and function,28–30

we proposed that varying degrees of functional redundancy existed among microorganisms inhabiting soil and aquatic ecosystems. Such

redundancy was pivotal in stabilizing and maintaining biogeochemical processes, thereby providing a resilience mechanism that mitigates

the impact of environmental changes. To test our hypotheses in this study, we constructedmicrobial taxonomic and functional datasets based

on 933 soil metagenomes and 938 water metagenomes from recent publications in the MG-RAST server. Based on these metagenomes, our

objective is to investigate the following aspects: (I) Disparities in taxonomic composition and functional attributes between terrestrial and

aquatic metagenomes; (II) Variations in taxonomic composition and functional profiles of microbiomes involved in biogeochemical cycling

across terrestrial and aquatic environments; (III) Similarity of microbial taxonomic and functional diversities, as well as their correlations in

soil and water microbiomes associated with different biogeochemical cycles.
RESULTS
Metagenomic taxonomy and function between soil and water

Overall, within taxonomic genes annotated in RefSeq databases (Figure 1), the relative abundances of Archaea, Bacteria, Eukaryota, and Virus

in the metagenomes differed significantly between soil and water biomes (Figure 2A, p < 0.05). Specifically, the relative abundances of Bac-

teria were significantly higher in the soil (96.45%) than in the water (91.52%). On the contrary, the proportion of Archaea and Eukaryota were

approximately 1.73 and 2.05 times greater in water than in soil, respectively. The difference was even greater in the relative abundance of

the virus, which was higher in water (1.73%) than in soil (0.06%). To further investigate the difference in taxonomic compositions, the read

counts of Archaea, Bacteria, Eukaryota, and Virus taxa were re-normalized to allow for a comparison of the relative abundance at each taxo-

nomic level of phylum, class, or genus between soil and water biomes (Figure 2B). Generally, the profiles of archaeal composition at class

levels showed similarities between soil andwater biomes, however, significant differences were still present (Figure 2B,p< 0.05). For example,

soil biomes had greater relative abundances of Halobacteria, Thermoprotei, and Archaeoglobi compared to water biomes. On the other

hand, water biomes harbored relatively higher proportions of Methanococci and Methanobacteria. Regarding bacterial composition in

the metagenomes, Actinobacteria, Verrucomicrobia, Planctomycetes, and Chloroflexi displayed 2.47–3.61 times higher relative abundance

in soil compared to water. In particular, Acidobacteria increased from 0.72% in water to 2.39% in soil. However, the relative abundances of

Bacteroidetes, Cyanobacteria, and Proteobacteria, including Alphaproteobacteria, Gammaproteobacteria, and Betaproteobacteria, ex-

hibited an inverse trend with 1.27–2.82 times higher abundance in water than in soil biomes. The compositions of eukaryota at the phylum

level were more evenly distributed in water biomes than in soil biomes. Specifically, when compared to water biomes, soil biomes hosted

1.34–3.06 times higher relative abundance of fungi belonging to Ascomycota and Basidiomycota as well as Streptophyta, but a lower relative

abundance of metagenomic reads from other animals and plants such as Chlorophyta and Apicomplexa were found in soil (p < 0.05). At the

family level of viral metagenomes, Microviridae and Siphoviridae showed higher relative abundance, while Myoviridae and Phycodnaviridae

exhibited a lower abundance in soil than in water biomes (p < 0.05).

To assess the variations in metagenomic functions annotated in the SEED Subsystems database performed by different taxonomic groups

between soil and water biomes, we constructed a non-metric multidimensional scaling (NMDS) plot to compare the relative abundance of

metagenomic functions attributed to all Archaea, Bacteria, Eukaryota, and Virus (Figure 2C). Generally, viral metagenomic functions were

significantly different from those of Archaea, Bacteria, and Eukaryota. The functional profile of soil bacteria was more closely aligned with

that of water than other groups, while the differences in viral functions were greatest between soil and water biomes. Besides, the heat

maps with dendrograms generated through hierarchical cluster analysis depicted the relative abundance of dominant functions at SEED Sub-

system level 3 and provided evidence of these functional distinctions (Figure S1). Specifically, at the functional classification level of viruses,

clustering-based subsystems (CBS), Motility and chemotaxis (MOT, e.g., Rhamnolipids), and RNAmetabolism (RNA, e.g., rRNAmodification,

RNA methylation, RNA pseudouridine syntheses, and tRNA modification), the three most abundant functions accounting for 62.61% of the

total reads, exhibited higher proportions in the soil compared to water biomes. However, metagenomic reads associated with phages, pro-

phages, transposable elements, plasmids (PPT, e.g., r1t-like streptococcal phages, phage capsid proteins, phage packaging machinery,

phage replication) demonstrated a significant dominance of 84.58%within the water biomes (Figures 2D and S1). Meanwhile, it was observed

that archaea, bacteria, and eukaryotes in the soil contributed a higher proportion of metagenomic reads involved in membrane transport

(MEM, e.g., Periplasmic-binding-protein-dependent Transport System for Glucosides), Regulatory and cellular signaling (RCS, e.g., cAMP

signaling in bacteria). On the other hand, soil biomes showed a lower relative abundance of reads involved in themetabolisms of amino acids

(AAD, e.g., Putrescine utilization pathways) and Protein (PRO, e.g., Glycine reductase, Sarcosine reductase, and Betaine reductase) compared

to water biomes. Furthermore, Venn diagrams revealed a significant overlap of taxonomic composition between soil and water biomes,

ranging from 29% for eukaryota to 62% for bacteria (Figure 3A). However, when examining functional aspects, the overlap was considerably
2 iScience 27, 111047, October 18, 2024



Figure 1. Global distribution of soil and water metagenomes

Locations of 933 soil metagenomes from 55 publications and 938 water metagenomes from 55 publications are used in this study. Legends show groups of

publication periods. Sample sizes of each group are given in parentheses.
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lower, ranging from 1% for viruses to 7% for archaea and bacteria. Soil microorganisms generally shared 10% of the functional reads and ex-

hibited greater similarity in functional profiles compared to microorganisms in the water only sharing 5% of the functional reads (Figure 3B).
Metagenomic taxonomy and function involved in biogeochemical cycles in soil and water

Boxplots were constructed to compare taxonomic and functional compositions of reads involved in C and nutrient cycling based on Bray-

Curtis pairwise distance (Figure 4A). Overall, we observed variations in the levels of taxonomic and functional similarity amongmetagenomes,

with differences being evident across habitats (soil and water) and biogeochemical cycles (CAR, NIT, SUL, and so forth) (Figure 4A). Specif-

ically, for microbiomes in soil and aquatic environments associated with NIT, PHO, and POT, metagenomic functional similarity (48% for NIT,

50% for PHO, and 34% for POT) exhibited higher levels of resemblance than taxonomic similarity (31% forNIT, 30% for PHO, and 21% for POT).

Similar trends were found in the comparison of taxonomic (58% for NIT, 56% for PHO, and 51% for POT) and functional similarity (62% for NIT,

60% for PHO, and 59% for POT) in water. Conversely, metagenomes linked to CAR and IRO displayed contrasting patterns of higher similarity

of taxonomy (68% in soil and 43% in water for CAR, 49% in soil and 29% in water for IRO) than function (53% in soil and 41% in water for CAR,

38% in soil and 24% in water for IRO) in both soil and water environments. Furthermore, taxonomic similarity amongmetagenomes related to

SUL (58%) was greater than their functional similarity (52%) in the soil environment; however, this trend was reversed in the water environment

(31% for taxonomy and 38% for function). To investigate the relationship between taxonomy and function in soil and water, pairwise compar-

isons of Bray-Curtis similarity were created between functional and taxonomic diversities. Regardless, significant positive correlations be-

tween taxonomy and function were found (Figure 4B, p < 0.001), with stronger correlations consistently observed in water (r2 = 0.33–0.68)
iScience 27, 111047, October 18, 2024 3



Figure 2. Microbial taxonomic and functional diversities in soil and water

(A) Relative abundance of archaea, bacteria, eukaryota, and viruses in soil and water.

(B) Relative abundance of dominant microbial taxonomic compositions at the phylum or family or genus level (mean >1%).

(C) Non-metric multidimensional scaling (NMDS) shows functional metagenomic beta diversities of all archaea, bacteria, eukaryote, and viruses from soil and

water samples. The error bars represent the standard deviation of the data.

(D) Relative abundance of dominant soil and water metagenomes (mean > 1%) annotated in the Subsystems database at level 1 (Function). AAD, amino acids

and derivatives; CBS, clustering-based subsystems; CHO, carbohydrates; CVP, cofactors, vitamins, prosthetic; CWC, cell wall, and capsule; DNA, DNA

metabolism; FAL, fatty acids, lipids, and isoprenoids; MAC, metabolism of aromatic compounds; MEM, membrane transport; MIS, miscellaneous; MOT, motility

and chemotaxis; NUC, nucleosides and nucleotides; PHO, Photosynthesis; PPT, phages, prophages, transposable elements, plasmids; PRO, protein

metabolism; RCS, regulation and cell signaling; RES, respiration; RNA, RNA metabolism; STR, stress response; VDD, virulence, disease, and defense. Data are

represented as mean G SEM.
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than those in soil (r2 = 0.23–0.34). In addition, the functions related to SUL (r2 = 0.33–0.68) and POT (r2 = 0.34–0.54) generally had stronger

correlations than other functions (r2 = 0.23–0.45) in both soil and water biomes.
Unique microbial taxonomic compositions associated with biogeochemical cycling

Globally, the taxonomic compositions of microbial communities involved in C and nutrient functions exhibited distinct patterns between soil

and water metagenomes. The PCoA revealed that the taxonomic structure of microbes related to the metabolisms of carbohydrates (CAR),

Nitrogen (NIT), Phosphorus (PHO), Sulfur (SUL), Iron (IRO), and Potassium (POT) in soil metagenomes formed separate clusters from those in

water metagenomes (Figure 5A, p < 0.001). Among them, the function of IRO displayed the greatest separation from other functions in both

soil and water metagenomes, especially in soil environments. Specifically, the relative abundance of major phyla associated with C and

nutrient functions, such as Proteobacteria (61%), Actinobacteria (13%), Bacteroidetes (8%), Cyanobacteria (5%), and Firmicutes (4%), and

so forth showed a distinct difference between soil and water metagenomes (Figure 5B). Specifically, relative abundances of Acidobacteria,

Actinobacteria, Chloroflexi, Deltaproteobacteria, and Firmicutes in terrestrial ecosystems were significantly higher than those in aquatic
4 iScience 27, 111047, October 18, 2024



Figure 3. ‘‘Shared’’ taxonomy and function

(A) ‘‘Shared’’ taxonomy and function between soil and water. Venn’s diagrams show the overlap of dominant microbial taxonomic compositions and functions in

soil and water metagenomes.

(B) ‘‘Shared’’ function between taxonomies. Venn diagram, where areas of overlap indicate the number and percentage of taxonomies with the same function

among the overlapping groups.
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ecosystems (Figure 5C, p< 0.05). Particularly, in comparison to aquatic ecosystems, Acidobacteria and Actinobacteria exhibited a 10-fold and

3-fold increase, respectively, in soil environments. In these phyla, the main genera showing significant differences among habitats included

Solibacter and Koribacter (Acidobacteria), Mycobacterium, Streptomyces, and Frankia (Actinobacteria), and Bacillus (Firmicutes) (Table S3).

Conversely, Bacteroidetes, Cyanobacteria, Gammaproteobacteria, and Euryarchaeota were relatively predominant in water metagenomes

for C and nutrient metabolisms than soil ones (Figure 5C, p < 0.05). Notably, there was a significant increase of Bacteroidetes by 79% and

Cyanobacteria by 184% in aquatic ecosystems compared to the soil environments, including major genera, marine bacterium Prochlorococ-

cus and freshwater bacterium Synechocystis, both belonging to Cyanobacteria (Table S3).

The statistical significance of the taxonomic differencebetween soil andwatermetagenomeswas found to be similar for these six functions

(Figure 6A, Pseudo-F = 375–552, p < 0.001), contributing to approximately 26.3–31.9% of the beta-diversity variation. Among these functions,

microbes involved in POT exhibited the highest taxonomic difference of 31.9%, while those related to SUL showed the lowest difference of

22.4%. Additionally, Venn’s diagrams revealed that microbes conducting different functions shared 55–69% of dominant genera between soil

and water environments, with CAR-associated species having the highest overlap while NIT-associated species shared the least (Figure 7A).

The PERMANOVA Pairwise tests also confirmed the divergence in beta-diversity of microbial taxonomic compositions at the genus level for

conducting C and nutrient functions was more significant between soil and water biomes (pseudo-t = 19.4–28.4, p < 0.001) than within each

biome (pseudo-t = 7.8–23.1, p < 0.001) (Table S2). Furthermore, we found that the disparity in the composition of microbe taxa involved in C

and nutrient functions within soil biomes (pseudo-t = 14.8–23.1, p < 0.001) was more pronounced than in water biomes (pseudo-t = 7.8–13.0,

p< 0.001). In particular, the taxonomic composition ofmicrobes involved in IRO function exhibited the highest dissimilarity compared to other
iScience 27, 111047, October 18, 2024 5



Figure 4. Pairwise similarity of taxonomy and function in soil and water biomes

(A) Soil and water similarity of taxonomy and function. Boxplots andmean values (black line) of pairwise Bray-Curtis similarity of taxonomic compositions at genus

levels (Taxonomy) and functional profiles at function levels (Function) for conducting carbohydrate and nutrient functions in soil and water metagenomes.

(B) Relations between taxonomic and functional beta diversities. Pearson’s correlations between pairwise Bray-Curtis similarity of microbial taxonomic and

functional compositions for conducting carbohydrate and nutrient functions in soil and water metagenomes. The r-squared and p values are given. CAR

(carbohydrates), NIT (nitrogen metabolism), PHO (phosphorus metabolism), SUL (sulfur metabolism), IRO (iron acquisition and metabolism), and POT

(potassium metabolism).

ll
OPEN ACCESS

iScience
Article
functions in both soil (Pseudo-t = 20.2–23.1, p< 0.001) and watermetagenomes (Pseudo-t = 8.9–13.0, p< 0.001), suggesting that IROwas one

of the processes governed by highly specialized microbial communities among tested six biogeochemical cycles. Besides, Venn’s diagrams

showed that the shared dominant genera involved in different C and nutrient functions accounted for 39% of soil metagenomes and 43% in

water metagenomes (Figure 7B).
Distinct microbial functional profiles for biogeochemical processes

Generally, distinct patterns between soil and water metagenomes were also observed in metagenomic functional profiles related to

carbohydrate and nutrient metabolisms (Figure 6B). The functions that exhibited the greatest dissimilarity were POT and SUL, with 28.5%

(Pseudo-F = 463, p < 0.001) and 22.4% (Pseudo-F = 295, p < 0.001) of variation contributed by soil and water metagenomes, respectively.

The differences in PHO and NIT functions between soil and water were relatively less significant, with an explanation of variation reduced

to 13.9% (pseudo-F = 160, p < 0.001) and 16.8% (pseudo-F = 222, p < 0.001), respectively.

Soil metagenomes exhibited higher abundances of CAR, SUL, and POT functions, whereas water metagenomes were more prevalent in

NIT and IRO functions (Figure 5D, p < 0.001). Regarding the CAR function, soil metagenomes (0.04–4.61%) were significantly greater in nearly

all functional categories at SEED Subsystems level 2 than water metagenomes (0.20–4.01%), except CO2 fixation which was on average 0.14%

more abundant in water than soil metagenomes (Table S4, p < 0.001). For the SUL function, terrestrial ecosystems displayed a dominance of
6 iScience 27, 111047, October 18, 2024
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Figure 5. Distinct microbial taxonomic compositions and functional profiles

(A) Principal coordinates analysis (PCoA) showing the beta diversity of microbial taxonomic compositions at genus levels for conducting carbohydrate and

nutrient functions in soil and water metagenomes. The error bars represent the standard deviation of data ranges. Variation explained by two principal

coordinate dimension is given in parentheses by percentage. p values and Sq. root of PERMANOVA are also given. CAR (carbohydrates), NIT (nitrogen

metabolism), PHO (phosphorus metabolism), SUL (sulfur metabolism), IRO (iron acquisition and metabolism), and POT (potassium metabolism).
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Figure 5. Continued

(B) Relative abundance of dominant microbial taxonomic compositions at phylum or class levels (mean >1%) for conducting carbohydrate and nutrient functions

in soil and water metagenomes.

(C) Heatmaps showing normalized relative abundance of dominant microbial taxonomic compositions at phylum or class levels (mean >1%) for conducting

carbohydrate and nutrient functions in soil and water metagenomes. Dendrograms of hierarchical cluster analysis are shown to group taxonomic phylum or

class as well as carbohydrate and nutrient functions in soil and water metagenomes.

(D) Relative abundance of microbial functional categories for conducting carbohydrate (level 2) and nutrient functions (level 3) in soil and water metagenomes.

Asterisks indicate significant differences between soil and water metagenomes at a = 0.05. Data are represented as mean G SEM.
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alkanesulfonate assimilation (0.14%) and utilization (0.04%), inorganic sulfur assimilation (0.53%), and the utilization of glutathione as a sulfur

source (0.06%), but water biomes prevailed in DMSP breakdown (0.04%) and L-cystine uptake and metabolism (0.02%). In terms of the POT

function, soil metagenomes exhibited a higher abundance in the function of potassiumhomeostasis (0.65%), while other functional categories

were prevalent in water metagenomes such as Glutathione-regulated potassium-efflux system and associated functions (0.65%) (p < 0.001).

For the NIT function, water biomes were dominant in Ammonia assimilation (1.07%), while terrestrial ecosystems prevailed in Allantoin utili-

zation (0.05%), Nitrate and nitrite ammonification (0.36%), and nitric oxide synthase (0.11%) (p< 0.001). For the IRO function, Iron acquisition in

Streptococcus (0.02%) and Vibrio (0.22%) along with Iron (III) dicitrate transport system Fec (0.01%) and Transport of Iron (0.13%) exhibited

higher abundance in water than soil metagenomes. Conversely, soil metagenomes displayed greater abundances of genes related to me-

tabolisms for DyP-type peroxidase and ferritin-like protein oligomers (0.02%), Ferrous iron transporter EfeUOB (low-pH-induced) (0.02%),

Heme and hemin uptake and utilization systems in Gram Positives (0.03%), and Siderophores (0.10%) (p < 0.001). Although the relative abun-

dance of the PHO function did not significantly differ between soil and water metagenomes, its sub-level categories, such as Alkylphosph-

onate utilization (0.08%), P uptake (cyanobacteria) (0.17%), and phosphonate metabolism (0.02%) were more prevalent in terrestrial ecosys-

tems. Nevertheless, water biomes demonstrated a higher relative abundance in phosphate metabolism (0.94%) (p < 0.001).
Figure 6. Soil and water beta-diversity of function

(A) PCoA (principal coordinates analysis) showing the beta diversity of microbial taxonomic profiles for conducting carbohydrate and nutrient functions in soil and

water metagenomes.

(B) PCoA (principal coordinates analysis) showing the beta diversity of microbial functional profiles at function levels for conducting carbohydrate and nutrient

functions in soil and water metagenomes. The error bars represent the standard deviation of data ranges. Variation explained by two principal coordinate

dimensions is given in parentheses by percentage. p values and Sq. root of PERMANOVA are also given. CAR (carbohydrates), NIT (nitrogen metabolism),

PHO (phosphorus metabolism), SUL (sulfur metabolism), IRO (iron acquisition and metabolism), and POT (potassium metabolism). Data are represented as

mean G SEM.

8 iScience 27, 111047, October 18, 2024



Figure 7. "Shared" taxonomy relating to carbohydrate and nutrient functions

(A) ‘‘Shared’’ taxonomy between soil and water. Venn’s diagrams show dominant microbial taxonomic compositions at genus levels (mean >0.1%) for conducting

carbohydrate and nutrient functions shared between soil and water metagenomes. CAR (carbohydrates), NIT (nitrogen metabolism), PHO (phosphorus

metabolism), SUL (sulfur metabolism), IRO (iron acquisition and metabolism), and POT (potassium metabolism).

(B) ‘‘Shared’’ taxonomy among functions. Venn’s diagrams show dominant microbial taxonomic compositions at genus levels (mean >0.1%) for conducting

carbohydrate and nutrient functions shared among different functions in soil and water metagenomes.
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Co-occurrence networks of biogeochemical cycling and associated taxonomies in soil and water

In addition, a network analysis approach was employed to investigate the co-occurrence patterns among different microbiomes. Generally,

compared to water metagenomes, microbes in soil metagenomes exhibit larger and more complex networks in CAR, PHO, IRO, and POT

functions as indicated by the higher numbers of total nodes, links, average connectivity, average clustering coefficient, average geodesic dis-

tance, and modularity (Figure 8A). Specifically, for the CAR function in soil metagenomes, most taxonomic interactions occurred within the

same module of phylum or class, such as Actinobacteria, Alphaproteobacteria, Bacteroidetes, and Betaproteobacteria, with a modularity of

0.54, whereas the taxonomic interactions in other functions displayed a lower modularity of 0.18–0.31. Among six pairs of functional networks

examined, therewas no consistent trend between soil andwatermetagenomes (Figure 8B). TheCAR and POT functions hadmore total nodes

and links in soil compared to water metagenomes, while the IRO function showed less total nodes and links. Additionally, the NIT, PHO, and

SUL functions exhibited longer average path distances in soil functional networks when compared with those of water metagenomes.
DISCUSSION
Heterogeneity in taxonomic and functional diversity between soil and water

As the most heterogeneous component of the biosphere,39 soil possesses a vast internal surface area that accommodates a substantial

amount of microbial biomass.40 Among these microbial communities, soil bacteria are widely considered to be by far the most numerous

organisms,8,41 surpassing other soil microorganisms such as archaea, eukaryotes, and viruses in terms of their relative abundance as also
iScience 27, 111047, October 18, 2024 9



Figure 8. Co-occurrence networks of taxonomy and function

(A) Co-occurrence networks of microbial taxonomies. Network graphs of taxonomic compositions at genus levels for conducting carbohydrate and nutrient

functions in soil and water metagenomes. Node color represents the classification of taxonomic compositions at phylum or class levels. A black edge

indicated a positive interaction between two nodes, while a red edge indicated a negative interaction. A summary of key network indexes is given in the

table. CAR (carbohydrates), NIT (nitrogen metabolism), PHO (phosphorus metabolism), SUL (sulfur metabolism), IRO (iron acquisition and metabolism), and

POT (potassium metabolism).

(B) Co-occurrence networks of microbial functions. Network graphs of functional categories at function levels for conducting carbohydrate and nutrient functions

in soil and water metagenomes. A black edge indicated a positive interaction between two nodes, while a red edge indicated a negative interaction. A summary

of key network indexes is given in the table.
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confirmed in our study (Figure 2A). Besides, water has also been acknowledged as a major bacterial habitat,42 but our findings indicated that

the relative abundance of bacteria in water was significantly lower compared to in soil (p < 0.05), accompanied by an increase in the relative

abundance of archaea, eukaryotes, and viruses. It was worth noting that viral metagenomes exhibited the most pronounced disparity be-

tween soil and water, with approximately 29 times higher relative abundance observed in water than in soil, a finding similar to a previous

report on the earth’s virome,43 which is possibly attributable to high viral concentration found in the marine.43,44

Based on the metagenomic databases, our analysis revealed significant variations in metagenomic taxonomic compositions between soil

and water (Figure 2B). The bacterial community was dominated by a diverse group of Proteobacteria, including Alpha-, Beta-, Delta-, and
10 iScience 27, 111047, October 18, 2024
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Gamma-proteobacteria, possibly due to their wide range of metabolic diversity,45 including phototrophs, photoheterotrophs, and chemo-

lithotrophs, which contribute to their widespread distribution and greater abundance in aquatic ecosystems.46,47 Compared to the microbial

communities in the watershed, soil microbiomes showed a much higher relative abundance of Acidobacteria and Actinobacteria but

harbored relatively lower proportions of Bacteroidetes and Cyanobacteria compared to water microbiomes. Acidobacteria are primarily het-

erotrophic, with most species being aerobic or microaerophilic.48 Due to cellular specialization, enzyme stability, and a wide range of nutrient

uptake transporters, Acidobacteria communities can thrive in lower pH and stressful soil environments.49 Although recent studies have

confirmed the presence of Actinobacteria populations across different aquatic environments,50,51 Actinobacteria are traditionally known

as inhabitants of the soil52 that decompose complex mixtures of organic matter from dead animals, plants, and microbes.53 In contrast,

the strict anaerobes, such as most species of Bacteroides54 and Cyanobacteria55 that benefit from nanomolar concentrations of oxygen in

water, were more abundant in the aquatic environments.

As for metagenomic reads belonging to Eukaryota, the absolute dominance of Ascomycota in all of our soil samples (Figure 2B) aligns with

patterns observed in soils elsewhere,56 which is dictated by their wind dispersal abilities, lifestyles, and functional attributes.57 Compared to

aquatic environments, soil provides a richer source of organic matter58 with a solid matrix that facilitates the growth and attachment of fungal

hyphae for Ascomycota59 as decomposers or saprophytes.60 Besides, Streptophyta and Chlorophyta constitute two major lineages of green

algae, with the former encompassing land plants,61 exhibiting contrasting distribution patterns between terrestrial and aquatic ecosystems.

Moreover, we found that the differences in virus proportions at the family level between soil and water were also statistically significant (Fig-

ure 2B), as the groups of Microviridae and Siphoviridae are predominantly present in the soil environment while being less abundant in the

aquatic habitats. Microviridae and Siphoviridae are typical DNA bacteriophages and mainly infect enterobacteria, intracellular parasitic bac-

teria, and spiroplasma,62,63 so the increased relative abundance of bacteria may be the cause for higher relative abundance of these viruses in

the soil. Conversely, we showed that Myoviridae and Phycodnaviridae exhibited higher relative abundance in water environments (p < 0.05).

The contractile tails and complex tail structures of Myoviridae may facilitate their movement and survival within environments of dynamic wa-

ter flows.64 Additionally, the enrichment of eukaryotic algae, which could be potentially infected by Phycoviridae, may be the reason for their

relatively abundant distributions in aquatic ecosystems.65

The majority of metagenomic functions were found in both terrestrial and aquatic ecosystems, but their relative abundances varied across

different biomes (Figure 2C), especially for viruses (Figure 2D) that are greatly dependent on habitat conditions.66 Although some functions

appeared to be stably shared among Archaea, Bacteria, and Eukaryota, certain genes related to AAD (amino acids and derivatives),

MEM (membrane transport), and PRO (protein metabolism) were hyper-variable.67 For example, genes of MEM were associated with

the microbial capability to import or export multiple compounds, facilitating active uptakes of available nutrition from the soil,68 which

may favor their survival in complex terrestrial ecosystems. Meanwhile, dissolved C, N, and P enriched in aquatic ecosystems may support

the metabolisms of amino acids and protein for microorganisms,69 as a study spanning the global ocean microbiomes reported

a relatively higher abundance of these metabolic processes as well.70 Additionally, in accordance with the previous study,71 we found that

specific genes, such as MOT (motility and chemotaxis) in soil and PPT (phages, prophages, transposable elements, and plasmids) in water,

were found to be enriched divergently (Figure 2A), in particular, with a high percentage of MOT genes in the soil despite viruses being tradi-

tionally considered non-motile entities. In contrast, higher relative abundances of PPT in the water may indicate their potential for adaptation

to aquatic environments.72
Distinct taxonomic and functional compositions involved in biogeochemical cycling between soil and water

Microbial communities play a crucial role in regulating global biogeochemical cycles depending on habitat types.36 Specifically, the abun-

dance of CAR (carbohydrates), SUL (sulfur metabolism), and PHO (phosphorus metabolism) genes were enriched in soils, while functions

of NIT (nitrogenmetabolism) and IRO (iron acquisition andmetabolism) were relatively dominant in aquatic environments (Figure 5D). Within

the CAR function, sub-level functional classifications indicated consistently less related genes in aquatic metagenomes compared to terres-

trial ones, which was consistent with our previous work in the intertidal zone of a sea island.73 Possible reasons might be that C turnover is

lower under high salinity,74 and that anaerobic microbes metabolize C slower than aerobic microbes.75 The abundance of SUL-related genes

in the soil was higher thanwater becausemicrobial anabolismprimarily relies on the assimilation of inorganic sulfate for sulfur (S) acquisition,76

which was confirmed by the dominance of inorganic S assimilation observed in soil environments based on our analyses. Besides, the soil

microbiome exhibited a higher relative abundance of alkanesulfonate assimilation and utilization, potentially benefiting from sulfonate

enrichment in terrestrial ecosystems.77 By contrast, dimethylsulfoniopropionate (DMSP) is a key C and S resource for marine microbial

growths,78 which is synthesized from methionine in algae and bacteria,79 leading to the prevalence of DMSP breakdown genes in water en-

vironments. Likewise, the genes related to POT function, most classified into potassium homeostasis involved in membrane transport at sub-

level classification80 greatly dependent on environmental osmolarity,81 were found to be more abundant in the soil.82 However, for the genes

involved in NIT, those classified into ammonia assimilation emerge as the predominant N pathway,36 particularly in the water. In contrast, the

presence of genes related to allantoin utilization, nitrate and nitrite ammonification, and nitric oxide synthase was elevated in soil environ-

ments. These phenomena were similar to the trend in a study of arid soils83 showing that habitat conditions are deemed essential environ-

mental variables for the interactive effects between C and N cycling.36 Fe(II) and Fe(III), which interchange under varying redox conditions

prevalent in soil and water environments.84 Iron’s bioavailability drastically varies between soil and aquatic environments, largely dictated

by pH levels, the presence of chelating agents, and redox conditions.85 In soil, iron often exists in forms that are less bioavailable than in

aquatic environments, leading to distinct microbial strategies to acquire and utilize iron, influencing community composition.86,87 Vibrio
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species have evolved a wide array of Fe transport systems including the secretion and uptake of high-affinity Fe-binding compounds

(siderophores), as well as transport systems for Fe bound to host complexes.88 These mechanisms enable the microbes to compete for

this essential element in the freshwater, estuarine, and marine systems.89

Microbial functional groups can also serve as a partial indicator of disparity between soil and water, thereby complementing functional

abundance. Our results revealed a distinct taxonomic composition of microbes involved in biogeochemical cycles between soil and water

biomes (Figures 5B and 5C). Specifically, Acidobacteria, Actinobacteria, Chloroflexi, Deltaproteobacteria, and Firmicutes had higher relative

abundances in the soil compared to water, while Bacteroidetes, Cyanobacteria, and Gammaproteobacteria displayed the opposite trends.

These taxonomic groups play significant yet different roles in biogeochemical cycles. For example, Acidobacteria demonstrate the capability

to metabolize recalcitrant C substrates,90 actively participating in diverse carbohydrate breakdown, utilization, and biosynthesis through car-

bohydrate-active enzymes.86,91 Besides, they possess a comprehensive repertoire of genes for catalyzing the metabolism of both inorganic

and organic N sources.87 Metagenomic analyses also indicate the potential for Acidobacteria to release siderophores to scavenge Fe from

soil minerals by the formation of Fe(III) complexes.48 Actinobacteria are renowned for their proficiency in the degradation of plant residues,92

contributing to the global C cycle through plant biomass breakdowns.93 Additionally, Actinobacteria have been found to be proficient in

phosphate94 and potassium solubilization,95 as well as siderophore production.96 However, Bacteroidetes are thought to exhibit a special-

ization in the degradation of algae-derived ocean polysaccharides97 with a pivotal role in the mineralization of complex organic substrates

such as polysaccharides and proteins.98 Cyanobacteria could fundamentally regulate the cycling of C, N, S, and Fe through their involvements

in primary production and oxygen generation,99,100 such as those carrying the genes of assimilatory nitrite to ammonium and N fixation path-

ways.36 Therefore, our results further showed the differences (Figures 5A and 6A) and similarities (Figure 7A) of the taxonomic composition of

microbes associated with C and nutrient cycling between soil and water metagenomes, which was also dependent on the type of biogeo-

chemical cycling.

Similar to this study, Pearson’s correlation analysis revealed positive associations between the similarities of function and taxonomy

engaged inC and nutrient cycling in both soil29 andwatermetagenomes.101 Despite the heterogeneity and discontinuity of the soil compared

to water in aquatic ecosystems,102 we still revealed that soil metagenomes shared more functional compositions than water ones (Figure 3B),

suggesting a potentially higher level of functional redundancy among soil than watermicrobes. Furthermore, the degrees of functional redun-

dancy, indicated by the relationship between pairwise similarities of metagenomic taxonomy and function, were observed to depend on

biogeochemical cycles as well (Figure 4). For example, for the taxonomic composition of microbes associated with CAR, NIT, and PHO in

the soil andwater environments, therewere lower correlation coefficients than other biogeochemical cycles, such as IRO and POT, suggesting

a divergence of potential functional redundancy between certain functions. As C is essential for the formation of organic molecules in almost

all life forms,103 the microbial groups associated with CAR can exhibit great taxonomic diversity depending on the forms and sources of C

present in various environments.104 While Fe is abundant in the environment, its bioavailable form (such as Fe(II)) is relatively limited,105 which

constrains the diversity of microbial groups involved in the metabolisms of Fe,63 such as specialized capabilities for Fe utilization and

transformation.106,107

Microbial co-occurrence network analysis provides a unique and robust tool for understanding the interactions within microbial commu-

nities across different environments. The larger and more complex nature of the soil microbial networks suggests that these communities

have to contend with a more diverse array of nutritional sources and ecological niches.108 In the soil environment, certain functions such

as CAR exhibit high modularity, indicating that some microbial communities may have established tight correlations for the collective

utilization of resources. These modular networks could prove beneficial for sustaining ecosystem functions and offer better resilience to envi-

ronmental change.109 However, compared to aquatic metagenomes, soil microbial networks demonstrate longer average path distances in

non-carbon-related functions such as NIT, PHO, and SUL cycling, potentially suggestingmore complex pathways for nutrient transformations

and functional complementarity among microorganisms.110 Moreover, the relatively simplified network structures of aquatic microbial com-

munities may reflect moderate nutrient levels and less environmental heterogeneity, allowing for stable and less complex community

structures.111
Limitations of the study

The extraction efficiency of DNA from environmental samples might affect the comparability between terrestrial and aquatic metagenomes.

But all the studies followed standardized procedures for both DNA extraction and sequencing analysis, so we redeemed the observed var-

iations in results were thus likely to be attributable to the differences in environmental sampling rather than to the DNA extraction methods

themselves in this research. Future work should investigate the contribution of DNA extraction efficiency to the differences in their microbial

compositions.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Soil and water metagenomes MG-RAST https://www.mg-rast.org/

Software and algorithms

PRIMER 7 Statistical software for ecological

data, or any other data

https://www.primer-e.com/our-software/

primer-version-7/

R Statistical software for data science https://www.r-project.org
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Our study does not include experimental models or study participants typical in the life sciences.

METHOD DETAILS

Data collection

To build up our database, we obtained the available shotgunmetagenomic data from theMG-RAST server. We chose themetagenomes that

have been released from peer-reviewed publications to ensure data quality. We used theWeb of Science database for our literature survey of

peer-reviewedpublications in 2019, and applied search terms, such as ‘‘soil metagenome’’, ‘‘watermetagenome’’, ‘‘shotgun sequencing’’, and

‘‘MG-RAST’’, etc., with the followingcriteria1: environmentalDNAof soil orwaterwas sequencedusing shotgun sequencingwithoutpre-ampli-

fication of target genes2; studies directly deposited the soil or water metagenomic sequences in theMG-RAST database3; soil or water meta-

genome data can be publicly accessible in the MG-RAST database. Altogether, we included 933 soil metagenomes and 938 water metage-

nomes sampled globally from 55 and 55 peer-reviewed papers, respectively (Figure 1; Table S1). We further extracted detailed information

of each metagenome from MG-RAST metadata and publications, such as Study ID, MG-RAST ID, publication, bp (base pair), reads, latitude

(LAT) and longitude (LONG). TheDNAextractionmethods employed across the referenced studiesmay vary, but it was important to note that

all the studies followedstandardizedprocedures for bothDNAextraction andsequencinganalysis. Theobservedvariations in resultswere thus

likely to be attributable to the differences in environmental sampling rather than to the DNA extraction methods themselves.

Based on the Study ID and/or MG-RAST ID information, we downloaded data of microbial taxonomic compositions and functional cate-

gories at each classification level. Specifically, databases of RefSeq112 (domain, phylum, class, order, family, and genus levels) and SEED Sub-

systems113 (1, 2, 3, and function levels) were loaded as taxonomic compositions and functional profiles, respectively. The analysis was per-

formed on the MG-RAST server with default settings (maximum e-value cutoff was 1e�5, minimum identity cutoff was 60%, and minimum

alignment length was 50). To investigate microbial compositions and their functions, in the ‘‘Analysis’’ tab of the MG-RAST server, we chose

‘‘SEED Subsystem’’ as the source, selected ‘‘function’’ as the level, and added the taxonomic domain that we wanted to investigate (Archaea,

Bacteria, Eukaryota, Virus) in the ‘‘taxonomy filter’’ with ‘‘RefSeq’’ as the source and ‘‘domain’’ as the level. Besides, we downloaded the related

taxonomic information (relative abundances at the levels of domain, phylum, class, order, family, and genus) to analyze the microbial diversity

in the soil and water samples. Additionally, to explore microbial taxonomic compositions responsible for conducting carbohydrate and

nutrient cycling functions, in the ‘‘Analysis’’ function of the MG-RAST server, we selected ‘‘RefSeq’’ as the source and ‘genus’ as the level,

and added the functional category in the ‘function filter’ that we were interested in SEED Subsystems level 1, including CAR (carbohydrates),

NIT (nitrogen metabolism), PHO (phosphorus metabolism), SUL (sulfur metabolism), IRO (iron acquisition and metabolism), POT (potassium

metabolism). We detected CAR as themost abundant functional category relating to the carbohydratemetabolism in SEED Subsystems level

1. We chose these five nutrient functional categories in SEED Subsystems level 1 to represent typical nutrient cycles in biogeochemistry. We

also downloaded the relative abundances of all functional categories in SEED Subsystems at 1, 2, 3, and function levels to assess functional

profiles of carbohydrate and nutrient functions in soil and water metagenomes.

We chose SEED Subsystems for functional databases instead of KEGGOrthology (KO),114 Clusters of Orthologous Groups (COG),115 and

Non-supervised Orthologous Groups (NOG)116 because SEED Subsystems had a diverse functional classification at level 1 of interest, espe-

cially those concerning carbohydrate and nutrient functions. We selected RefSeq database instead of the traditional ribosomal RNA data-

bases, such as RDP (Ribosomal Database Project),117 Greengenes,108 or Silva LSU/SSU109 databases because taxonomic reads in the

RefSeq database were comparable to functional ones in the SEED Subsystems database.

QUANTIFICATION AND STATISTICAL ANALYSIS

In order to remove bias in sequencing depths among different studies, we divided reads of each taxonomic or functional category by the total

reads in the downloaded data to standardize the data to relative abundance. To compare the correlations of taxonomic and functional
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compositions related to carbohydrate and nutrient functions in soil and water, the pairwise similarities of function and taxonomy were pre-

sented as boxplots. Based on the relative abundance of taxonomic compositions at the genus level and functional profiles at the function

level, we constructed a pairwise Bray-Curtis similarity matrix in PRIMER 7 (Plymouth Routines in Multivariate Ecological Research Statistical

Software, v7.0.13, PRIMER-E Ltd, UK).110 Based on pairwise Bray-Curtis similarity matrix, we used non-metric multidimensional scaling

(NMDS), PCoA (principal coordinates analysis), and one-factor PERMANOVA (Permutational multivariate analysis of variance) of the main

test (pseudo-F statistics) and pairwise test (pseudo-t statistics) with P values and Sq. root reported to analyze the beta-diversity of taxonomic

compositions and functional profiles for conducting carbohydrate and nutrient functions in soil and water metagenomes. Besides, an assess-

ment of the associations between functional and taxonomic diversities was performed by calculating the Spearman’s Rho correlation coef-

ficient in PRIMER 7. We used HeatMapper111 to construct heat maps showing the normalized relative abundance of dominant taxonomic

compositions at phylum or class levels for microbiome conducting carbohydrate and nutrient functions in soil and water metagenomes

with dendrograms of hierarchical cluster analysis to group taxonomy and function based on ‘Average Linkage’ as the clustering method

and ‘Pearson’s Correlation’ as the distance measurement method. Similarly, the dominant functions (level 3) of soil and water microbes

were visualized in the sameway to present the difference between the soil andwatermicrobiome functional potential. Besides, we performed

group significance analyses in QIIME118 to compare the relative abundances of dominant taxonomic compositions at the phylum/class and

genus levels for conducting carbohydrate and nutrient functions in soil andwatermetagenomes at the Bonferroni-corrected P values < 0.05 of

a Kruskal–Wallis non–parametric ANOVA test for multiple comparisons. We used InteractiVenn119 to construct Venn’s diagrams to visualize

the number of shared dominant genus between soil and water metagenomes or among different functions.

To examine the potential interactions of microbial taxa that conduct carbohydrate and nutrient functions in soil and water metagenomes

across the globe, we used the Molecular Ecological Network Analyses Pipeline (http://ieg4.rccc.ou.edu/MENA/)120,121 to perform co-occur-

rence network analysis. We first standardized the data to meet the requirements of the pipeline and uploaded the data to construct the

network with default settings, including1 only keeping the species present in more than half of all samples2; filling with 0.01 in blanks with

paired valid values3; taking the logarithm with the recommended similarity matrix of Pearson’s correlation coefficient4; calculating the order

to decrease the cutoff from the top using Poisson regression distribution only. A default cutoff value (similarity threshold, St) for the similarity

matrix was generated to assign a link between the pair of species. Then, the global network properties, the individual nodes’ centrality, and

the module separation and modularity calculations were run based on default settings using greedy modularity optimization. Network files

were exported and visualized using Cytoscape software.122
18 iScience 27, 111047, October 18, 2024
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