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ARTICLE INFO ABSTRACT

Keywords: Nutrient limitation has been shown to reduce bacterial genome size and influence nucleotide composition;
Metagenomics however, much of this work has been conducted in marine systems and the factors which shape soil bacterial
PH . . L genomic traits remain largely unknown. Here we determined average genome size, GC content, codon usage, and
Amino acid stoichiometry . . . . . .

C:N ratios amino acid content from 398 soil metagenomes across a broad geographic range and used machine-learning to

determine the environmental parameters that most strongly explain the distribution of these traits. We found that
genomic trait averages were most related to pH, which we suggest is primarily due to the correlation of pH with
several environmental parameters, particularly soil carbon content. Low pH soils had higher carbon to nitrogen
ratios (C:N) and tended to have communities with lower GC content and larger genomes, potentially a response
to increased physiological stress and a requirement for metabolic diversity. Conversely, communities in high pH
and low soil C:N had smaller genomes and higher GC content—indicating potential resource driven selection
against AT base pairs, which have a higher C:N than GC base pairs. Similarly, we found that nutrient conser-
vation also applied to amino acid stoichiometry, where bacteria in soils with low C:N ratios tended to code for
amino acids with lower C:N. Together, these relationships point towards fundamental mechanisms that underpin
genome size, and nucleotide and amino acid selection in soil bacteria.

Genomic traits

In bacteria, nutrient constraints exert influence on traits such as
genome size, GC content, codon frequency, and amino acid content

be disadvantageous in nitrogen-limited environments. Genomic traits
are therefore not only important as fundamental metrics describing

(Batut et al., 2014; Giovannoni et al., 2014; Shenhav and Zeevi, 2020).
For free-living bacteria, low nutrient concentrations often select for
genomic traits that reduce the cost of reproduction, such as low GC
content and smaller genomes (Giovannoni et al., 2014). A GC base pair
requires more energy to produce than an AT base pair (Chen et al., 2016;
Rocha and Danchin, 2002). Moreover, since the GC base pair has a
carbon to nitrogen ratio (C:N) of 9:8 (1.13), whereas a AT base pair has a
C:N of 10:7 (1.42), GC-rich genomes require more nitrogen, which may

genomes, but also as indicators of evolutionary history and life strategy.

However, much of the existing and foundational literature on pro-
cesses controlling genomic traits in free-living bacteria are based on the
study of marine isolates (Giovannoni et al., 2005) and aspects of this
framework may not cleanly transpose onto soil bacteria. For example,
we had previously found that community-averaged GC content and
genome size were positively correlated among marine metagenomes—a
relationship attributed to N-limitation; however, GC content and
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genome size were negatively correlated between metagenomes collected
from soils (Chuckran et al., 2022). Since the growth of soil bacteria is
thought to be more limited by carbon than nitrogen (Hobbie and Hob-
bie, 2013; Soong et al., 2020), we hypothesized that the distribution of
genomic traits in soil bacteria might exhibit unique patterns reflecting
carbon limitation. Specifically, because the GC base pair (1.13) has a
lower C:N than the AT base pair (1.42), we predicted communities
would exhibit higher GC content and smaller genomes when carbon
availability is low. Carbon limitation has been indicated as a potential
driver of high GC content in microbial models (Hellweger et al., 2018),
and previous studies have shown that microbial communities from bulk
soil (often carbon-poor) tend to have smaller genomes and higher GC
content than those in the rhizosphere (Chen et al., 2021). However, the
relationship between soil carbon and the genomic traits of soil bacteria
has not been properly assessed and represents a fundamental unknown
in our understanding of belowground microbial life.

To better understand the relationship between genomic traits of soil
bacteria and environmental characteristics, we analyzed 398 meta-
genomes collected and sequenced by the US-based National Ecological
Observation Network (NEON) (National Ecological Observatory
Network (NEON), 2021) across a broad geographic scale and analyzed
community-averaged genomic traits alongside a range of environmental
and edaphic properties (see Supplemental Methods). Genome size was
estimated from metagenomic raw reads (using single-copy genes), bac-
terial contigs, and by aligning amplicon datasets to genomes of known
size. Although each of these methods may contain biases, the source of
error is different for each method, and agreement between estimates
deepens evidence for observed trends. We hypothesized that microbial
communities in low carbon environments would exhibit smaller genome
sizes, higher GC content, and amino acid composition with a lower
carbon to nitrogen ratio (C:N). To test this, we assessed the relationship
between extractable soil C:N (Cextr:Nextr) and genomic traits across all
NEON sites (Fig. 1A). We found a negative correlation between GC
content and Cexr:Nextr (p < 0.001; Fig. 1B), a trend which extended to
the average GC content of the 16S rRNA gene (Supplemental Fig. 2D).
We also found a positive correlation between Ceyx(:Neyir and estimates of
average genome size derived from multiple estimates of genome size (p
< 0.001; Fig. 1C). Further, we found that average genome size and GC
content calculated from bacterial contigs were negatively correlated (p
< 0.01, Fig. 1D). This relationship is unique in comparison to free-living
marine bacteria, where smaller genomes tend to have lower GC content
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(Giovannoni et al., 2014).

The C:N of the sum of all predicted amino acids was positively
correlated with s0il Cextr:Nexrr (RZ = 0.24, p < 0.001, Fig. 2A), and
closely tracked metagenome GC content (R? = 0.52, p < 0.001, Fig. 2B),
reflecting the resource alignment between the stoichiometry of nucleic
acids in codons and their corresponding amino acids (Bragg and Hyder,
2004). We found that synonymous codon usage skewed towards codons
with a higher GC content, perhaps best represented by the strong pref-
erence for guanine and cytosine at fourfold degenerate sites (p < 0.01;
Fig. 2C). This suggests that GC content is not solely a consequence of
amino acid composition, and that there is additional nucleotide bias
within synonymous substitutions. Notably, we also observed a higher
abundance of cytosine than guanine and fourfold degenerate sites
(Fig. 2C), which could be a consequence of the lower metabolic cost of
cytosine production (Chen et al., 2016). Preferential selection for codons
with higher AT content was most pronounced where soil C:N was high.
For each amino acid, codons with higher GC were more often negatively
correlated with soil Cextr: Nextr compared to codons with lower GC,
which more often were positively correlated with soil CexyriNexr
(Fig. 2D&E).

In line with our original hypothesis, lower soil C:N was associated
with communities averaging smaller genomes, higher GC, and lower C:N
of amino acids. However, genomic traits in soil microbial communities
may also be driven by other environmental factors, such as temperature
(Sabath et al., 2013; Sorensen et al., 2019) and pH (Gravuer and Eske-
linen, 2017). To assess the relationships between genomic traits and
other environmental drivers, we used a machine learning, random-forest
model approach to determine the environmental variables that explain
the most variance in GC content and predicted average genome size.
With this model, we assessed the importance of over 100 environmental
factors and geographic range in shaping genomic features.

Random forest models indicated that GC content and the average
genome size of a community were most strongly related to soil pH
(Fig. 3A), where soils with low pH fostered communities with low GC
content (Fig. 3B) and larger average genome size (Fig. 3C). Although,
large fungal genomes tended to be more present in low pH soils (Sup-
plemental Fig. 1A) and correlated with larger community-average
genome size (Supplemental Fig. 1B), similar relationships were
observed when genome size was predicted from single copy genes
detected in bacterial contigs (Supplemental Results & Discussion; Sup-
plemental Fig. 1C) as well as 16S rRNA gene taxonomy (Supplemental
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Fig. 1. Distribution of genomic traits across sites and soil extractable carbon and extractable nitrogen ratios (Cex¢r:Nextr); (A) Geographic distribution of sites, with
mean bacterial GC and estimated average genome size. (B) Relationship between Cex:Nexr and bacterial GC content (%) (linear regression, p < 0.001). (C)
Relationship between Ceyer:Nextr and genome size, estimated from the number of single copy genes per metagenome (blue, linear regression, p < 0.001), from 16S
rRNA gene datasets and genome size estimated from isolates (yellow circles, linear regression, p < 0.001), and from single copy genes in the assembled bacterial
contigs (black, p<0.01). (D) The average GC content of all bacterial contigs in a metagenome vs average genome size estimated from bacterial contigs. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2). All three of these estimates may be subject to biases; however,
the source of bias of each varies, and the co-occurrence of these patterns
provides strong support that the observed changes in average genome
size are driven by changes in bacterial genome size.

There are several reasons why pH might be correlated with this set of
genomic characteristics in soil bacteria. Soil pH represents the inter-
section of numerous environmental vectors and, accordingly, we hy-
pothesize that there are several mechanisms underpinning the
relationship between pH and genomic traits. First, both low and high pH
can cause physiological stress in bacteria, with acidic soils having been
shown to be associated with a greater number of repair mechanisms,
such as chaperones (Malik et al., 2018). This might preferentially select
for bacteria with a greater investment in stress alleviation and mainte-
nance, and thus larger genomes. Since our analysis does not include as
many alkaline as acidic soils, we are unable to assess the impact of high
PH on traits; however, alkaline soils are highly prevalent worldwide and
the distribution of traits in these soils deserves further study. Second,
low pH is often associated with the accumulation of soil organic carbon
(SOC). Since soil pH is largely driven by the balance between precipi-
tation and evapotranspiration (Slessarev et al., 2016), low pH often
coincides with greater precipitation excess and primary production.

Asparagine - .
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Fig. 2. Averaged nucleotide, codon, and amino acid
composition of bacteria in metagenomes (A) Rela-
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Higher biomass inputs into acidic soils, combined with a reduction in the
decomposition rate due to low pH, results in the build-up of SOC (Malik
et al., 2018). The accumulation of SOC not only alleviates carbon limi-
tation—which may reduce GC content—but also potentially favors
larger genomes with increased metabolic diversity. It has been suggested
that the requirement for increased metabolic diversity might explain
why soil bacterial genomes tend to have large genomes (Barberan et al.,
2014) and, similarly, we found that soils with lower pH were associated
with higher Cexir:Nextr as well as larger genomes and lower GC content
(Fig. 3D). High pH in soil can also result in the build-up of microbial
biomass and increases in SOC (Malik et al., 2018). However, due to the
limited range of our alkaline soil data, we cannot determine the impact
of that effect here. Third, genomic traits in soil bacteria may relate to
other forms of stress coinciding with pH. Aridity has been shown to drive
streamlining in certain soil bacteria (Simonsen, 2022) and, as discussed
above, influences the pH in soil. Previous work has shown relationships
between precipitation, pH, and genome size (Gravuer and Eskelinen,
2017), and in a previous analysis we found that soil metagenomes
collected from both hot and cold deserts often had smaller genomes and
greater GC content than soils collected in more mesic systems (Chuckran
et al., 2022). We found that mean annual precipitation and average
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Fig. 3. Results from the random forest model and
relationships between soil pH and genomic traits; (A)
Variable importance plot for the top 8 environmental
parameters predicting GC content from the random
forest model (RMSE = 0.017; R*> = 0.66). (B) The
relationship between soil pH and GC content (%) of
bacterial contigs, with a linear relationship as selected
by the random forest model (p < 0.01). (C) The
relationship between soil pH and average genome size
(derived from metagenomes) with a linear relation-
ship as selected by the random forest model (blue; p
< 0.01). (D) The relationship between soil pH and soil
Cextr:Nextr With points colored by bacterial GC content
and point size corresponding to average genome size.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web

9 version of this article.)
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genomes size were related (Supplemental Fig. 3); however, the rela-
tionship was not as strong as with pH or s0il Cextr:Nextr-

The underlying forces which drive these trends is likely a mix of
changes in community composition and selection for traits within a
taxon across an environmental gradient. Genome size estimated from
16S rRNA gene taxonomy demonstrated trends similar to those esti-
mated in metagenomes, suggesting that community assemblage is a
predominant force driving relationships between average genome size
and edaphic characteristics (Fig. 1C). Genome size is a phylogenetically
conserved trait in bacteria (Martinez-Gutierrez and Aylward, 2022),
varies greatly in soil microbes, and is known to relate to life strategies.
For example, Candidatus Udaeobacter copiosus is a streamlined soil
bacterium with a genome of only 2.81 Mbp, largely at the cost of
metabolic diversity (Brewer et al., 2017). Streptomyces species are
known to be ubiquitous in soils and have genomes longer than 8 Mbp
and are known to have in increased investment in regulation and
nutrient transport (Konstantinidis and Tiedje, 2004). Interestingly,
average metagenomic and 16S rRNA gene GC content were not related
to GC content predicted from gene taxonomy (Supplemental Discussion;
Supplemental Fig. 4), indicating that nucleotide frequency may be a less
phylogenetically conserved trait than genome size in soil bacteria.

Still, more work must be done to assess at what phylogenetic level
these traits emerge and how they connect to life-strategies and frame-
works commonly used by soil microbial ecologists—such as the Yield-
Acquisition-Stress (YAS) (Malik et al., 2020). In this analysis, we
found that low pH was associated with larger genomes in
resource-abundant systems, suggesting that large genomes maybe be a
stress (S) related trait, whereas high GC content might be more closely
associated with resource limitation and an acquisition (A) life strategy.
Acquisition life strategists seemed to also be associated with a dimension
of stress through water limitation but exhibited traits opposite to pH

@9 ©
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stress tolerators. It may be that water, as a necessary element for life,
activates trait relationships that are more like those that arise from
resource limitation as opposed to long-term chemical stress, such as
acidity.

Our work demonstrates that the broad-scale distribution of genomic
traits in soil bacterial communities is correlated with soil pH, which we
suggest can be attributed to pH being a metric that captures multiple
parameters, such as soil nutrients and precipitation patterns, as well as
physiological stress. We found several trends that suggest that selection
pressure in soil bacterial communities might reflect carbon limitation,
for example, the negative relationship between genome size and GC
content. The overall influence of C:N on nucleotide selection is similar to
what has been observed in marine systems (i.e. low C:N selects for
higher GC content, and higher C:N selects for lower GC content); how-
ever, the reduction in genome size with high GC content and low soil
carbon is distinct, and suggests that carbon limitation is driving the
distribution of these traits. These results are derived from community
averages and more work must be done to uncover both the mechanisms
and taxonomic level where the observed changes in genomic traits
occur. However, it is evident that the distribution of genomic traits in
soil is related to edaphic properties and deserves further study.
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