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Legume trees form an abundant and functionally important com-
ponent of tropical forests worldwide with N,-fixing symbioses
linked to enhanced growth and recruitment in early secondary
succession. However, it remains unclear how N,-fixers meet the
high demands for inorganic nutrients imposed by rapid biomass
accumulation on nutrient-poor tropical soils. Here, we show that
N,-fixing trees in secondary Neotropical forests triggered twofold
higher in situ weathering of fresh primary silicates compared to
non-N,—fixing trees and induced locally enhanced nutrient cycling
by the soil microbiome community. Shotgun metagenomic data
from weathered minerals support the role of enhanced nitrogen
and carbon cycling in increasing acidity and weathering. Metage-
nomic and marker gene analyses further revealed increased micro-
bial potential beneath N,-fixers for anaerobic iron reduction, a
process regulating the pool of phosphorus bound to iron-bearing
soil minerals. We find that the Fe(lll)-reducing gene pool in soil is
dominated by acidophilic Acidobacteria, including a highly abun-
dant genus of previously undescribed bacteria, Candidatus Acid-
oferrum, genus novus. The resulting dependence of the Fe-cycling
gene pool to pH determines the high iron-reducing potential
encoded in the metagenome of the more acidic soils of N,-fixers
and their nonfixing neighbors. We infer that by promoting the
activities of a specialized local microbiome through changes in soil
pH and C:N ratios, N,-fixing trees can influence the wider biogeo-
chemical functioning of tropical forest ecosystems in a manner
that enhances their ability to assimilate and store atmospheric
carbon.

mineral weathering | metagenomics | Acidobacteria | tropical forest |
N,-fixing legume trees

he legume family is the most diverse angiosperm family in the

Neotropics (1-3), with dinitrogen (N,)-fixing legume trees
growing fast and supplying tropical forests with substantial quan-
tities of nitrogen (N) during succession (4). This N,-fixing strategy
requires that trees can access scarce sources of inorganic nutrients,
including bioavailable forms of phosphorus (P) for metabolites
and growth and molybdenum (Mo) for nitrogenase functioning
(5-7) (the enzyme that catalyzes conversion of atmospheric N, to
bioavailable N).

However, in highly weathered tropical soils, in addition to
their pools in organic matter (8, 9), large amounts of P and Mo
are often occluded in an inorganic form in insoluble iron (Fe)
and aluminum (Al)-bearing minerals (10, 11) and thus not avail-
able for immediate biological uptake. For example, both P and Mo
are scarce in the oxisols and inceptisols that have developed from
Mo-poor basalt bedrock in Panamanian tropical forests (7, 12) (SI
Appendix, Table S1) and that contain P-adsorbing kaolinite, goe-
thite, and hematite secondary minerals (SI Appendix, Fig. S1). Our
own observations from these Panamanian forests show significant
differences in the chemistry of soils beneath N, fixing versus
nonfixing trees, with significantly lower concentrations of nitric
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acid—extractable P, Fe, and Al and lower pH below N,-fixing trees
(SI Appendix, Table S2). Moreover, a strong association between
extracted P and Fe plus Al, but not between P and soil organic
carbon, implies that soil P is significantly influenced by mineral
dynamics within these tropical soils (SI Appendix, Fig. S2, P < 0.001
for Fe and Al and P > 0.10 for carbon, Pearson test).

These patterns raise the biogeochemical hypothesis that N,-
fixing legume trees may strategically employ specific mechanisms
to enhance mineral weathering (5, 13, 14), resulting in improved
access to occluded inorganic mineral nutrients, enhanced N,-fixa-
tion, and enhanced carbon sequestration by forest biomass during
succession. Here, we address this hypothesis by investigating 1)
whether N,-fixing trees induce locally elevated rates of silicate
mineral (olivine) weathering (compared to nonfixing trees), caus-
ing the depletion of elements critical to N,-fixation; 2) whether the
altered soil beneath Ny-fixing trees is linked to compositional and
functional differences in the microbiomes and metagenomes as-
sociated with soil minerals; and 3) whether the presence of N,-
fixers affects biogeochemical nutrient cycling in rooting zone soils
beneath neighboring non-N,—fixing forest trees.

Significance

Symbiotic dinitrogen (Ny)-fixing trees fulfill a critical function in
tropical forests by bringing in new nitrogen, yet it remains
unclear how they overcome constraints by highly weathered,
nutrient-poor tropical soils. We advance forest biogeochemis-
try and microbial ecology with the discovery from field trials in
Panama that fast-growing N,-fixing trees in tropical forests
exhibit accelerated mineral weathering and distinctive soil
metagenomes that improve their access to inorganic nutrients
in nutrient-poor soils. Furthermore, we show that N,-fixing
trees exert similar effects on non-N,—fixing trees nearby thus
having previously overlooked community-wide effects on
tropical forest nutrient cycling. These results offer insights into
the role of N,-fixing trees and their associated microbiomes in
safeguarding the function of tropical forests within the global
biosphere.
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Results and Discussion

Enhanced Weathering Rates, Acidification, and Mo Leaching Beneath
N,-Fixers. We investigated these questions by undertaking a field
study across floristically and biogeochemically well-characterized
(4, 15-17) secondary tropical forests of Panama. The establish-
ment of replicated experimental plots (0.1 ha each, n = 6) across
a natural gradient in N,-fixing legume tree abundance (6 to 27%
tree basal area [BA]) allowed us to evaluate whether N,-fixing
legumes influence soil weathering rates and the soil microbiome
to favor rapid growth. We further asked whether N,-fixing trees
could affect soil weathering and microbiomes at scales of tree
communities by influencing nearby (<5 m) compared to far away
(>10 m) nonfixing trees. We determined in situ weathering by
burying 504 mesh bags of crushed dunite, an olivine-rich (>90%)
silicate rock (SI Appendix, Supplementary Note 3), for 8 months
in the rooting zone (~10 cm depth) beneath N,-fixing (5 species,
n = 51 trees), nonfixing trees far from Ny-fixers (NF-far) in
legume-poor forests (5 species, n = 36 trees), and nonfixing trees
near (NF-near) fixers in legume-rich forests (5 species, n = 39
trees). We used the primary ferromagnesian silicate olivine as a
proxy for the dissolution of the secondary magnesium alumino-
silicate mineral fractions that exist in these soils because al-
though the dissolution of both linearly depends on pH, olivine
weathers much more rapidly (18, 19).

X-ray fluorescence (XRF) revealed that relative to the Mg
concentration of fresh unweathered minerals (mean + SE =
26.65 + 0.11%) field-weathered olivine had lost significant
amounts of Mg with olivine weathered beneath nonfixers exhibit-
ing intermediate Mg concentration (mean + SE = 26.22 + 0.05%)
and field-weathered olivine from beneath Ny -fixers revealing the
lowest concentration of Mg (mean + SE = 25.97 + 0.11%). Next,
we utilized the olivine Mg:Si ratio, a parameter particularly sen-
sitive to vegetation-driven dissolution (20), to calculate weathering
rates (SI Appendix, Supplementary Note 3). We report that
weathering in soil beneath the tropical N,-fixing legume trees oc-
curred at a rate double that of nonfixers (Welch’s ¢ test, P < 0.05)
(Fig. 14 and SI Appendix, Supplementary Notes 2 and 3). This is
consistent with an ~64% increase in weathering by temperate
forest nonlegume N,-fixing trees forming actinorhizal symbiosis
(14, 21). Furthermore, the local Np-fixer effect on weathering ex-
tends to the neighboring tree community (Fig. 1B), with NF-near
displaying weathering rates intermediate between N,-fixers and
NF-far from fixers (Welch’s alternative to the traditional ANOVA
P < 0.05, unpaired ¢ test with Welch’s correction). The measured
rate of olivine weathering was also linked to significant declines in
soil pH (Spearman test, P < 0.01, SI Appendix, Fig. S5) and lower
olivine pH after weathering, with conditions beneath N,-fixing
trees and NF-near trees being notably more acidic than beneath
NF-far trees (5, 22, 23) (Welch’s ANOVA, P < 0.0001 for both soil
and olivine pH, Fig. 1D). In addition, complete digest and induc-
tively coupled plasma mass spectroscopy (ICP-MS) analysis of
weathered minerals (SI Appendix, Table S3 and Fig. S6) revealed
significantly lower Mo levels in olivine from beneath N,-fixers
compared to nonfixing trees (Welch’s ¢ test, P < 0.01, Fig. 1C),
highlighting the potential for N,-fixers to tap onto previously un-
available mineral sources vital for N-fixation through enhanced
weathering.

Increasing nodulation (number of nodules per 0.5 L soil) was
associated with significantly lower soil pH (Welch’s ANOVA,
P < 0.01) (Fig. 1E). Taken together, these results suggest that
sites of active nodulation and N, fixation promoted the acidifi-
cation of soil [consistent with increased H* exudation by nodules
(24, 25) and N cycling related acidification (5)] which, in turn,
enhances weathering and the release of critical elements. To
further investigate this hypothesis, we compiled a total of 13
studies comparing soil pH between N,-fixing and -nonfixing trees
(81 Appendix, Supplementary Note 1) in both planted (n = 7) and
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Fig. 1. N,-fixing legume trees are linked to greater mineral weathering in
tropical forest soils as well as lower soil C:N ratio and soil pH. (A) N,-fixers
reveal doubled weathering rates compared to nonfixers (N,-fixers: mean =
47.21, SD = 65.89, nonfixers: mean = 24.18, SD = 35.76; two-tailed Welch’s
t test, P = 0.026, Welch’s corrected t = 2.28, DFn = 70.14, Cohen’s d = 0.43).
(B) NF-near Ny-fixers show intermediate olivine weathering rates between
NF-far and N,-fixers (N,-fixers: mean = 47.21, SD = 65.89, NF-near: mean =
27.79, SD = 37.41, NF-far: mean= 20.27, SD = 33.96; one-way classic ANOVA,
P =0.037, F=3.40, DFd = 2, 52 = 0.052). (C) Mo content of olivine weathered
in soils beneath Ny-fixers is lower than that of nonfixing trees (N-fixers:
mean = 0.1692, SD = 0.0171, nonfixers: mean = 0.3546, SD = 0.1845; two-
tailed Welch's t test, P = 0.0076, Welch’s corrected t = 3.30, DFn = 10.37,
Cohen's d = 1.42). (D) Soil-weathered olivine pH is significantly lower be-
neath N,-fixers and NF-near in comparison to NF-far (N,-fixers: mean = 5.45,
SD = 0.22, NF-near: mean = 5.59, SD = 0.25, NF-far: mean = 5.72, SD = 0.22;
one-way classic ANOVA, P = 0.0002, F = 10.03, DFd = 2, 112 = 0.282) with
similar pattern observed in soil pH (N,-fixers: mean = 4.54, SD = 0.46, NF-
near: mean = 4.62, SD = 0.54, NF-far: mean = 5.17, SD = 0.19; one-way
ANOVA, P = 0.0006, F = 8.73, DFd = 2, ;72 = 0.263). (E) Degree of nodula-
tion (number of nodules per 0.5 L soil) is associated to acidification of soil (0:
mean =4.85, SD = 0.45, 1: mean =4.82, SD = 0.41, 2: mean =4.27, SD = 0.49,
3: mean = 3.92, SD = 0.16; Welch’'s ANOVA, P = 0.0027, W = 14.39, DFd =
6.654, »® = 0.790). (F) Soil C:N ratio is significantly lower beneath N,-fixers
and NF-near relative to NF-far from fixers (N,-fixers: mean = 12.22, SD = 1.06,
NF-near: mean = 12.10, SD = 1.01, NF-far: mean = 13.90, SD = 1.36; one-way
classic ANOVA, P = 9.484e-05, F = 11.17, DFd = 2, 112 = 0.305). Multiple
comparisons are carried out using Fisher’s least significant difference (LSD)
tests or unpaired t tests with Welch’s correction (in the cases of Welch’s
ANOVA). Error bars indicate SEM.
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natural forest (n = 6) settings. These studies indicate a consistent
trend of lower soil pH (mean = 0.25 pH units) under N,-fixing
leguminous relative to nonfixing nonleguminous trees in both
natural forest and planted agroforestry conditions (0.33 pH units
lower pH under N,-fixers relative to nonfixers in our secondary
forest plots, SI Appendix, Supplementary Note 1). This supports
a causal relationship in which N,-fixing legume trees are drivers
of acidification (“species effects”) as opposed to exhibiting a
preference for acidic sites (“soil niche partitioning”). Moreover,
the ratio of soil carbon to nitrogen (C:N hereafter) was signifi-
cantly lower beneath N,-fixers than nonfixers and lower between
nonfixers that were near versus far from individual fixers
(Welch’s ANOVA, P < 0.01) (Fig. 1F), indicating an additional

tree community effect of N, fixers on soil chemistry in agreement
with similar trends in temperate N,-fixing arboreal flora (26).
Soil C:N ratios were also correlated with measured weathering
rates (Spearman test, P < 0.01, ST Appendix, Fig. S5), identifying
a potential link between weathering and the carbon and N cycles.

Microbial Function and Enhanced Silicate Weathering. To analyze the
role of the microbiome in our observed patterns of weathering
rates, we constructed and sequenced 12 shotgun metagenome
libraries of soil-weathered olivine mineral samples from beneath
N,-fixers (n = 6), NF-near (n = 3), and NF-far (n = 3). Meta-
genomes provided information on the abundance of gene ortho-
logs from 28 high level functional metabolic pathways [Level 1 in
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Fig. 2. Metagenomics of the microbial community associated with weathered minerals in tropical forests link increased respiration, nitrogen, and carbo-
hydrate metabolic potential of the microbial community to enhance weathering beneath N,-fixers. (A) Correlation heatmap matrix of gene abundance
allocated to MG-RAST Subsystem-Level 1 (“High Level Metabolic”) pathways for the 12 sequenced metagenomes of reacted olivine at different weathering
rates reveals that well-supported cluster (bootstrap value >70) coupling olivine weathering rates to respiration, N, and carbohydrate metabolism and vir-
ulence and defense response potential within the metagenome. The heatmap is constructed using R with Manhattan dissimilarity index, complete clustering
method, and Pearson test correlations; values in italics indicate bootstrapping for each major node. High level pathways encompassing the cumulative
abundance of all N metabolism (B and E) and respiration (C and F) genes and the Krebs (tricarboxylic acid) cycle (D and G) genes all correlate with weathering
rates (Pearson test, *P < 0.05; respiration: Pearson correlation test r = 0.607, P = 0.036, F = 5.84, DFd =10, N metabolism: Pearson correlation test r = 0.606, P =
0.037, F=5.79, DFd = 10, Krebs cycle: Pearson correlation test r = 0.619, P = 0.032, F = 6.20, DFd = 10) and reveal patterns of increase following the order NF-
far < NF-near < N,-fixers. Gene abundance in B-G is normalized using the single copy gene rpoC (DNA-directed RNA polymerase beta’ subunit) to account for
number of sequenced genomes. Error bars indicate SEM.
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the Metagenomic Rapid Annotations using Subsystems Technol-
ogy (MG-RAST) Subsystem database (27)]; these were analyzed
using hierarchical clustering to objectively identify pathways associ-
ated with increased field-based weathering rates (Fig. 24). A corre-
lation heat-map and clustering analysis identified a single well-
supported cluster of metabolic pathways (bootstrapping value >
75%) that linked enhanced weathering rates to a coordinated in-
crease in gene abundance of metabolic pathways involved in micro-
bial respiration, carbohydrate metabolism, and N cycling (Fig. 24).
Analysis of the metagenomes, normalized using the single copy
marker gene rpoC to account for different number of covered

genomes in a metagenomic sample (28), reinforced this result by
identifying significant correlations between in situ olivine weath-
ering beneath trees and the cumulative abundance of genes
comprising entire high-level pathways for N metabolism, respira-
tion, and the Krebs cycle (Pearson test, P < 0.05, Fig. 2 B-D).
Normalized cumulative gene abundance for each process followed
the same pattern: N,-fixers > NF-near > NF-far (Fig. 2 E-G). We
interpret these results to indicate that below N,-fixing trees, mi-
crobes exhibit elevated activity linked to the potential for in-
creased cycling of reduced carbon substrates and enhanced
respiratory CO, and acid production, which, in turn, promote
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Fig. 3. Implications of improved metagenomic potential for Fe and S reduction and anaerobic metabolism to release of Fe-bound P—a benefit N,-fixers may
also pass to neighboring nonfixing trees. (A) Significant enrichments in Fe reduction gene orthologs (cumulative gene abundance including decaheme and
multiheme cytochrome c genes) are observed in the soil mineral metagenomes of N,-fixers and neighboring nonfixers near them (N,-fixers: mean = 9.83e-6,
SD = 5.91 to 6, n = 6, NF-near: mean = 8.06e-6, SD = 1.38e-6, n = 3, NF-far: mean = 2.54e-6, SD = 5.41e-7, n = 3, Welch’s ANOVA, **P = 0.0047, W = 21.44,
DFd = 4.58, w” = 0.844). (B) Sulfite reduction genes (cumulative abundance of sulfite reductases dsr A, B, and C) are signficantly enriched in the soil mineral
metagenomes of N,-fixes and nonfixers near fixers relative to nonfixers far from fixers (N,-fixers: mean = 1.369e-5, SD = 7.97e-6, n = 6, NF-near: mean =
1.370e-5, SD = 3.6e-6, n = 3, NF-far: mean = 5.21e-6, SD = 1.15e-6, n = 3, Welch’s ANOVA, *P = 0.0286, W = 8.90, DFd = 4.39, »” = 0.681). (C) The anaerobic
marker fnr correlates positively with deca/multiheme cytochrome c genes involved in Fe(lll) reduction (Pearson correlation test r = 0.828, ***P = 0.0001, F =
28.33, DFd = 13). (D) The anaerobic marker norB correlates positively with deca/multiheme cytochrome c genes (Pearson correlation test r = 0.971, ***P =
2e-9, F=213.3, DFd = 13). (E) The aerobic marker catalase correlates negatively with deca/multiheme cytochrome c genes (Pearson correlation test r = - 0.660,
**P =0.0074, F=10.02, DFd = 13). (F) The PICRUSt-predicted fnr gene abundance is significantly greater in soil metagenomes of N,-fixers and NF-near relative to
NF-far trees (N,-fixers: mean = 7.68e-4, SD = 4.54e-5, n = 21; NF-Near: mean = 7.26e-4, SD = 4.08e-5, n = 13; NF-Far: mean = 7.06e-4, SD = 4.00e-5, n = 12;
Welch’s ANOVA **P = 0.0012, W = 8.881, DFd = 25.78, w” = 0.354). (G) The PICRUSt-predicted norB gene abundance is significantly greater in soil meta-
genomes of N,-fixers and NF-near relative to NF-far trees (N,-fixers: mean = 1.54e-4, SD = 2.20e-5, n = 21, NF-Near: mean = 1.56e-4, SD = 1.99e-5, n = 13,
NF-Far: mean = 1.36e-4, SD = 1.52e-5, n = 12; Welch’s ANOVA *P = 0.012, W = 5.278, DFd = 26.62, »® = 0.224). (H) The PICRUSt-predicted catalase (CAT)
gene abundance is significantly lower in soil metagenomes of N,-fixers and NF-near relative to NF-far trees (N,-fixers: mean = 1.93e-4, SD = 5.09e-5, n = 21,
NF-Near: mean = 2.00e-4, SD = 2.82e-5, n = 13, NF-Far: mean = 2.87e-4, SD = 5.23e-5, n = 12; Welch’s ANOVA ***P = 6.22e-5, W = 14.636, DFd = 24.96, 0% = 0.494).
Multiple comparisons are carried out using unpaired t tests with Welch's correction. Error bars reveal SEM.
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mineral weathering. Additionally, the metagenomic N metabolism
pathway response is consistent with increased inputs of symbioti-
cally fixed N beneath N,-fixers, and the generation of acidity due
to nitrification, potentially exacerbated by nitrate leaching (5, 22,
23). These findings support the suggestion that N,-fixing trees
change soil biogeochemistry to enhance the weathering release of
elements needed for N, fixation as well as plant growth. This
benefit also extended to the soil of nearby non-N,-fixing individ-
uals in the tree community landscape.

Increased Potential for Anaerobic Metabolism under N,-Fixers:
Implications for Inorganic P Dissolution. Our findings of enhanced
silicate weathering under N,-fixers linked to acidification and
microbiome changes raised the question of whether the disso-
lution of native soil minerals, particularly those adsorbing growth-
limiting P such as Fe oxides (goethite, hematite), would be simi-
larly affected. Although the dissolution of native kaolinite (S
Appendix, Fig. S1) would be expected to exhibit the same linear
relationship to pH as olivine (18, 19), Fe oxides and the subse-
quent release of inorganic P follow more complex dynamics with
major effects of not just soil pH but also redox processes (29, 30).

Redox dissolution, brought up by low O, availability, can
frequently occur in soils of tropical forests and significantly im-
pact inorganic P solubility (31). Anaerobic microsites generate low
redox conditions in which microbes reduce ferric iron [Fe(III)] or
sulfate (SO,>) by using them as final electron acceptors (32). Up-
regulation of anaerobic reduction processes could, therefore, al-
low legumes to access inorganic P occluded in insoluble Fe(III)-
bearing minerals in tropical soils by reducing the highly insoluble
Fe(IIT)P to Fe(Il) + P (Fe cycling) (10) and Fe(I)S + P (S cy-
cling) (33, 34) as well as enable the release of sorbed Mo (35). Soil
Fe(IIT) reduction rates are affected by both abiotic (precipitation,
temperature, soil type and structure, and soil pH) and biotic
(organic C content, microbial C mineralization rates, and abun-
dance of Fe(IlI)-reducing bacteria) factors (29, 36-38).

In our project, we have extracted, sequenced, and character-
ized a total of 15 belowground metagenomes (r» = 12 from total
DNA extracted from soil-weathered olivine and #» = 3 from total
DNA extracted from the rooting zone soil of N,-fixers, SI Ap-
pendix, Table S7). In olivine metagenomes, we recorded a higher
relative abundance of Fe(III) reduction pathway genes, in par-
ticular respiratory decaheme and multiheme cytochrome c protein-
coding genes, beneath N,-fixers and NF-near relative to NF-far as
well as greater abundance of sulfite reductase genes (Welch’s
ANOVA, P < 0.01, Fig. 3 4 and B). Unfortunately, we have fewer
rooting zone soil metagenomes preventing direct comparison of
metagenomic Fe(III) reduction potential between soil-weathered
olivine and soil samples.

To circumvent this limitation and to establish whether our
observations from soil-weathered olivine hold in a more general
way for soils, we evaluated microbiome structure and function in
the rooting zone soils beneath our three categories of trees using
Next-Generation 16S ribosomal RNA (rRNA) sequencing for
prokaryotes. Analysis of genus-level 16S rRNA data revealed
significant differences in soil microbiome composition, with the
microbial communities under N,-fixers and NF-near trees exhib-
iting substantial overlap but differing from those of NF-far (Per-
mutational multivariate analysis, P < 0.001, SI Appendix, Fig. S8).

To provide further insight, we also carried out 16S rRNA-
informed metagenomic reconstruction of soil metagenomes us-
ing the Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PICRUSt) platform (39). Kyoto
Encyclopedia of Genes and Genomes (KEGG)-based PICRUSt
annotations typically do not generate Fe(III) reduction gene
assignments per se. However, anaerobic lifestyle markers such as
fumarate and nitrate reduction regulatory protein (fir) (40) and
nitric oxide reductase (norB) (41) gene abundances and aerobic
lifestyle markers such as catalase gene abundance (42), which are
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available in PICRUSt data, can be used as reliable proxies for
Fe(III) reduction gene abundance because they 1) share strong
positive and negative correlations, respectively (Pearson tests
P <0.001, P <0.001, and P < 0.01, correspondingly, Fig. 3 C-F),
and 2) are also functionally associated. Furthermore, KEGG-
based PICRUSt predicted fnr, norB, and catalase significantly
correlated in abundance with that of measured fur, norB, and
catalase in our 15 shotgun metagenomic samples (Pearson tests
P < 0.001 and P < 0.01, SI Appendix, Fig. S9)—confirming that
PICRUSt-based predictions for those three genes are reliable
and directly comparable with shotgun metagenomic data. In
PICRUSt-predicted soil metagenomes of N,-fixers, far is of sig-
nificantly greater abundance than in those of NF-far and NF-near,
the latter occupying an intermediary position (Fig. 3F, Welch’s
ANOVA, P < 0.01) and norB is of significantly greater abundance
in metagenomes of N,-fixers and NF-near relative to NF-far trees
(Fig. 3G, Welch’s ANOVA, P < 0.01). PICRUSt-based predicted
abundance values for catalase follow the opposite pattern with
NF-far exhibiting significantly greater abundance than both NF-
near and Ny-fixing legume trees (Fig. 3H, Welch’s ANOVA, P <
0.001). Therefore, PICRUSt predictions based on 16S rRNA
abundance indicate increased anaerobic metagenomic potential in
rooting zone soils of Ny-fixing legume trees and their nearby
nonfixing neighbors compared to nonfixers far from legumes in
legume-poor forests. This further supports the hypothesis that the
legume soil microbiome facilitates Fe(IIT) reduction and access to
occluded P and may help explain reduced soil P beneath N,-fixers
(SI Appendix, Table S2). To explore this further, we evaluated the
mechanisms driving increased metagenomic Fe(III) reduction
potential in soils of N,-fixers and NF-near relative to NF-far.

Soil pH Is a Major Determinant of Metagenomic Fe(lll) Reduction
Potential. The dissolution of Fe(IIl) oxides and the subsequent
liberation of its adsorbed inorganic P are thermodynamically
favored at low pH as the forward reactions consume protons (43,
44). Consequently, many Fe(III)-reducing bacteria are acido-
philic and thrive in acidic environments (43, 45, 46). To inves-
tigate the link between pH and Fe(III)-reducing potential of the
soil community in tropical forest systems, we performed searches
using the domain-specific Basic Local Alignment Search Tools
(BLASTS) of our three soil metagenomes against the TIGRFAM
domain database. Our soil metagenomes contained genes map-
ping to all three domains implicated in Fe reduction processes
including OmcA/MtrC, DmsE/MtrA, and MtrB/PioB (TIGR-
FAMO03507-3509) domains. Taxonomic profiling revealed that
the Acidobacteriia dominated all pools, with ~66% of hits
matching to members of this class (Fig. 44). Acidobacteriia are a
class of predominantly acidophilic bacteria within the phylum
Acidobacteria and their dominance of Fe(IIl) reduction gene
pools in our tropical soils supports the Fe(IIl) reduction
potential—pH link that we have described.

To test if the dominance of Acidobacteriia over Fe(III)-reducing
gene pools holds up for different tropical forest systems, we re-
peated the analysis for a group of publicly available metagenomes
from tropical forests sites including Amazon, Brunei, and Australia
(SI Appendix, Table S8). We found that Acidobacteriia similarly
dominated the soil pools of Fe(IlI)-reducing TIGRFAM hits in all
tested tropical ecosystems (Fig. 44). Furthermore, the meta-
genomic abundance of Acidobacteriia exhibited a strong positive
correlation with the total abundance of Fe(IlI)-reducing domain
hits (TIGRFAMO03507 + TIGRFAMO03508 + TIGRFAMO03509)
when combining data from across all sites (Fig. 4B, Pearson test,
P < 0.01), confirming that the more abundant the Acidobacteriia
as a component of the microbiome, the greater the Fe(III)-
reducing potential encoded by the metagenome.

Within our site in Panama, the abundance of Acidobacteriia in
the soil microbial 16S rRNA libraries negatively correlated with
measured soil pH (Fig. 4C, Pearson test, P < 0.001). Acidobacteriia
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Fig. 4. The Fe cycling gene pool in tropical forest soils is dominated by acidophilic Acidobacteriia. Characterization of the MAGs of Ca. Acidoferrum pan-
amensis, genus novus, species novum, and Ca. Acidoferrum typicum, species novum (part of the newly proposed order Ca. Acidoferrales, ordo novus)
compared to the known Fe(lll) reducer Acidobacterium capsulatum reveals that this new group of uncultured acidobacteriia may be the most numerous Fe
cyclers in the tropical soil microbiome. (A) Members of class Acidobacteriia (phylum Acidobacteria) dominate the pools of TIGRFAM03507-03509 domain hits
involved in Fe(lll) reduction across tropical forest soils. (B) The MGX-based relative abundance of metagenomic reads mapping to Acidobacteria exhibit a
strong positive correlation with the summed metagenomic relative abundance of MtrC/OmcA, DmsE/MtrA, and MtrB/PioB domain hits (Pearson correlation
test r=0.731, **P =0.0030, F = 13.77, DFd = 12). (C) The QIIME 16S rRNA-based relative abundance of Acidobacteriia exhibits a negative correlation with soil
pH (Pearson correlation test r = — 0.513, ***P = 0.0004, F = 15.00, DFd = 42). (D) The QIIME 16S rRNA-based relative abundance of Acidobacteriia is sig-
nificantly greater in soils beneath N-fixing legume trees and nonfixing trees near N,-fixers compared to soils of nonfixing trees far from N,-fixers (N,-fixers:
mean = 0.0788, SD = 0.0668, n = 21, NF-Near: mean = 0.0867, SD = 0.0456, n = 13, NF-Far: mean = 0.0562, SD = 0.0328, n = 12; one-way classic ANOVA, ***P =
0.0003, F=9.788, DFd = 43, r]z =0.313). (E) Heatmap revealing the BLAST P values (log-normalized) of hits against a set of selected Fe cycling proteins (refer to
the Main Text for more details). (F) The IDTAXA classifier 16S rRNA hits against the GTDB (set at default parameters) reveal that the relative abundance of Ca.
Acidoferrum is significantly greater in soil microbiomes of N,-fixers and nonfixers near N,-fixers relative to nonfixers far from N,-fixers (N,-fixers: mean =
0.0288, SD = 0.0120, n = 21, NF-Near: mean = 0.0288, SD = 0.0141, n = 13, NF-Far: mean = 0.0131, SD = 0.0040, n = 10; Welch’s ANOVA, ***P = 1.25e-05, W =
18.82, DFd = 23.83, 0> = 0.571). (G) The relative abundance of Ca. Acidoferrum negatively correlates with soil pH (Spearman correlation test, rho = - 0.395,
**P =0.0096, DFd = 40). (H) The relative abundance of Ca. Acidoferrum negatively correlates with soil C:N (Spearman correlation test, rho = — 0.607, ***P <
0.0001, DFd = 41). Multiple comparisons are carried out using Post-Hoc Fisher LSD tests (classic ANOVA) or unpaired t tests with Welch’s correction (Welch’s
ANOVA). Error bars show SEM.
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were also significantly more abundant in soils beneath N,-fixers
and nonfixers near fixers than in soils of nonfixers far from fixers
(Fig. 4D, ANOVA, P < 0.001). Together, these findings corrobo-
rate the active involvement of acidophilic Acidobacteriia in the
processes of Fe(III) reduction and resulting inorganic P release in
tropical soils. This also provides a mechanistic link explaining the
increased abundance of Fe(IIT) reduction genes (Fig. 34) in the
significantly more acidic soils of N,-fixing legume trees and their
neighboring nonfixers (Fig. 1D).

To investigate the identity of the Fe cycling Acidobacteriia at
our site, we performed genome assembly on our soil samples and
recovered several metagenome-assembled genomes (MAGs),
one of which (Pan2503), was assigned to the Acidobacteriia.
Genome-wide analyses against the Genome Taxonomy Database
(GTDB) indicated that MAG Pan2503 is closely related to the
previously isolated Acidobacteriial MAG of UBA7541. The
MAGs of Pan2503 and UBA7541 and the genome of Acid-
obacterium capsulatum—their most closely related, cultured
known Fe(III)-reducing agent (47)—were all searched for Fe
cycling gene homologs. The two MAGs contained more Fe cy-
cling gene homologs (SI Appendix, Supplementary Note 6 and
Fig. S12) than are found in the genome of the confirmed Fe(III)
reducer A. capsulatum (Fig. 4E). These findings support the
active involvement of these uncultured Acidobacteriia in the Fe
cycle. Here, we propose renaming the generically named order
UBA7541 to Candidatus (Ca.) Acidoferrales, ordo novus, and
genus UBA7541 to Ca. Acidoferrum, genus novus in order to
acknowledge their Fe cycling potential. Additionally, we propose
that MAG Pan2503, isolated from our total soil metagenomes, is
named Ca. Acidoferrum panamensis, species novum, while MAG
UBA7541 is renamed to Ca. Acidoferrum typicum, combinatio
nova (refer to SI Appendix, Supplementary Note 8 for detailed
descriptions).

Taxonomic annotation of the raw 16S rRNA soil microbiome
sequences against the GTDB 16S database in the IDTAXA
classifier (48) reveals that the newly discovered candidate genus
Ca. Acidoferrum occupies a substantial proportion of the soil
microbial community at our site. Its relative abundance, similar
to that of Acidobacteriia as a whole, is ~twofold greater in the
soil microbiomes under N,-fixing trees and their near nonfixing
neighbors than under nonfixers far from fixers (Fig. 4F, Welch’s
ANOVA, P < 0.001). Its abundance also negatively correlates
with soil pH and soil C:N ratio (Fig. 4 G and H), indicating that
the genus, as many Acidobacteriia, reveals acidophilic traits and
is affected by the C:N ratio of soil organic matter and acquired
organic substrates (49). As the third most abundant genus in the
soil microbiome, members of Ca. Acidoferrum are likely repre-
senting the most prominent Fe cycling lineage in these tropical
soils.

Together, our findings indicate that differences in soil pH and
soil C:N can select for uncultured Fe cycling Acidobacteriia that
would account for the observed greater abundance of Fe(III)-
reducing genes and Fe cycling potential beneath N,-fixers and
their tree neighbors.

Legume-Mediated Soil pH and C:N and the Soil Microbiome. We
tested if preference for sites of generally lower soil redox in N-
fixing legumes could be responsible for the greater Fe cycling
potential of their soil metagenomes. We found that the percent
BA of N,-fixing trees in sites across the Agua Salud Dynamic
Forest Plot Network did not differ between paired up-slope and
down-slope transects that offer different soil redox conditions (S7
Appendix, Supplementary Note 7 and Fig. S13). In contrast, our
data indicate that the increased potential for Fe cycling in soils
under N,-fixing legume trees and their nonfixing neighbors in the
forest community is contributable and correlates to lower soil pH
and C:N ratio, favoring increases in Fe(III)-reducing acidophiles,
such as the hereby described Ca. Acidoferrum (Fig. 4).

Epihov et al.
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Replicated measurements of under-crown soil pH beneath N,-
fixers and nonfixers across our five forest sites reveal significantly
more acidic soils under Ny-fixers (unpaired two-tailed ¢ test, P <
0.05, Fig. 54). To establish if such changes are driven by fixers
and to exclude the effects of between and within site differences
in soil chemistry, we paired the mean for each of the two tree
groups for different area sizes (scales) and carried out paired
two-tailed ¢ tests. We found that the significant differences in 5011
pH between N,- flxers and nonfixers hold up at the 1,000 m as
well as the 500 m? scale but are less pronounced at 200 m? scale
and completely disappear at the 50 m? scale (Fig. 5 B-E) as a
result of nonfixers and N,-fixers being in a fully neighboring
state, growing close to each other. However, even at finer scales
N2—f1xers are still linked to dlfferences in soil pH. For example
the stem BA of N-fixers at 25 m? quadrat level (5 x 5 m) is
found to significantly correlate (Pearson test, P < 0.001) with
measured soil pH (Fig. 5F). Three independent lines of evidence
presented in this work support that the presence and abundance
of N,-fixing legume trees are causal to these changes in pH
rather than the opposite: 1) nodulation, a process known to be
negatively affected by pH (50) but also to stimulate H* exuda-
tion from root systems (24, 51), correlates positively with soil pH
(Fig. 1E); 2) our meta-analysis of before and after measurements
of soil pH pre- and postplanting of N,-fixing trees in forestry
plantations discussed above (SI Appendix, Supplementary Note
1); and 3) the observation that site-level BA of N,-fixing trees
does not correlate with site pH at the onset of secondary suc-
cession (0 to 5-y-old sites) but correlates with pH later on during
succession (6- to 50-y-old forests, Fig. 5G).

The lower C:N litter generated by actively nodulating N,-fixers
can instigate changes in underlying soil organic matter and par-
ticularly its C:N ratios (26). Consequently, it can be anticipated
that when nonfixers grow in neighborhoods rich in fixers, they will
exhibit a decline in soil C:N ratios owing generation and redis-
tribution of litter by nearby legume trees. We find evidence for this
in the correlation between under-crown soil C:N measurements in
nonfixers and fixer stem BA at the 25 m? scale (Fig. 5H). At the
level of microbial nutrition, differences in C:N ratios will translate
into selection for disparate C substrates and metabolic pathways
that would influence the microbiome structure.

Further analysis revealed that among parameters of soil
chemistry, soil pH and soil C:N ratios (both heavily influenced by
symbiotic N,-fixation, as discussed above) significantly covaried
with soil microbial composition, whereas the nitric acid-extractable
elemental concentration of P, Ca, K, Mg, Al, and Fe in the soil did
not (Fig. 51 and SI Appendix, Table S6). Previously, we established
that the soil microbiomes of N,-fixers and NF-near cluster together
and separately from those of NF-far (SI Appendix, Fig. S8). As the
sampled population of NF-near (transects four and five) and NF-
far trees (transects one, two, and three) are drawn from different
sites at different frequencies, this may act as a confounding factor
in the observed site effects. To circumvent this, we compared the
soil microbiomes under nonfixers as a function of their physical
distance (in meters) to the nearest N,-fixing tree. We found that,
not unlike the grouping of nonfixers in NF-far and NF-near, the
actual physical distance to Ny-fixers significantly impacted the soil
microbiome composition of nonfixers (permutational multivariate
ANOVA [PERMANOVA], P < 0.05) in a stepwise fashion with
soils under nonfixers closest to N,-fixers (2.5 m away) resembling
the microbiomes of N,-fixers the most and those farthest (>7.0 m
away), the least (Fig. 5J).

Although our study concerns Nj-fixers in young tropical for-
ests, the general effects of symbiotic N-fixers on soil pH and C:N
ratios have also been recorded from different natural and agri-
cultural ecosystems (21, 26, 52-54). Such effects on soil chemistry
may lead to similar changes in different systems, their soil
microbiomes and associated biogeochemical cycling, including
increases in acidophilic Fe cyclers such as the newly described
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Fig. 5. N,-fixing legumes modify the soil microbiome through changes in soil pH and C:N ratio. (A) Under-crown sampling from our five sites reveals that N,-
fixers have on average more acidic topsoil than nonfixers (unpaired two-tailed t test, P = 0.017, t = 2.48, DFn = 26, Cohen’s d = 0.688). (B-E) Pairing of N»-
fixing and nonfixing trees at different area sizes (scales) demonstrate that N,-fixers have significantly lower under-crown soil pH than nonfixers when paired
at 1,000 m? or 500 m? scales with the effect fading at the 250 m? and near absent at the 50 m? scale (paired two-tailed t tests, *P < 0.05 comparing site means).
(F) The BA of N,-fixers at the 25 m? scale significantly correlates with soil pH for both fixers and nonfixers (Pearson test, ***P < 0.0001, r = —0.78 for nonfixers
and Pearson test, **P = 0.0042, r = -0.60 for N,-fixers); (G) The BA of N,-fixers at the 1,000 m? scale significantly correlates with soil pH for 6 to 50 y old forests
(Pearson test, **P = 0.0098, r = —0.30, n = 72) but not for 0- to 5-y-old forests (Pearson test, ™ P=0.615, r = —0.12, n = 19). This is consistent with fixer effects
on soil pH associated with their successional growth and symbiotic N-fixation in the course of forest secondary succession rather than initial species filtering
at the onset of secondary successional processes. (H) The BA of N,-fixers at the 25 m? significantly correlates with soil C:N under the crown of nonfixers
(Pearson test, *P = 0.0297, r = —0.42), but not fixers (Pearson test, ™ P = 0.766, r = —0.06), suggesting that the presence of fixers instigates changes in organic
matter composition beneath nonfixers that is dependent on the percent BA occupied by N,-fixers locally. (/) PERMANOVA R? highlights soil pH and C:N as the
major covariates of soil microbiome composition (non-metric multidimensional scaling analysis with Manhattan dissimilarity index of species-level operational
taxonomic units [OTUs]). Soil elemental concentrations are based on nitric acid digests of soil powders. (J) Analysis of nonfixer soil microbiomes at different
distances away from Ny-fixers (2.5 m, n =11, 5.0 m, n = 11, and >7.0 m, n = 3) and N,-fixers (n = 21) reveals stepwise changes in the relative abundance of
major prokaryotic phyla (distance effect on the microbiomes of nonfixing trees: PERMANOVA P = 0.014, R? = 0.152; Manhattan distance matrix based on
phylum-level OTUs). A detailed account of methodology behind the pairing at different scales can be found in Dataset S1.
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members of Ca. Acidoferrum, enhanced mineral weathering, and
consequent effects on the short- and long-term carbon cycles (5).

Conclusions

Overall, our results indicate that the interaction between N,-
fixers and their soil microbial community provides trees within
the forest community with improved access to mineral resources
that can help meet their high nutrient demands for fast growth
and high rates of carbon accumulation. Our metagenomics re-
veal that N,-fixing trees stimulate weathering through their ef-
fects on soil pH, C and N cycling, and enrichment of genes of
specific classes of metabolic pathways that link microbial energy
metabolism with inorganic mineral nutrient cycling. These gene
enrichments are consistent with 1) acidification of the immediate
soil matrix by enhanced C mineralization, respiratory CO, evo-
lution, and carbonic acid production; 2) pH-dependent selection
for increased Fe(IIl)-reducing potential of the microbiome
resulting in enhanced reductive dissolution capacity; 3) the acid
dissolution of minerals by fermentative and Krebs cycle acid
products; and 4) generation of excess H* by enhanced NO3~
leaching as a consequence of greater N inputs and nitrification as
well as nodulation. Finally, N,-fixing trees have broad effects on
their surrounding forest community, including on weathering
rates and soil physicochemical factors, that influence the meta-
genomes and microbiomes in the surrounding soil. Consequently,
increased prominence of acidophilic Fe reducers in soils of N,-
fixers, here exemplified by the newly described Ca. Acidoferrum,
would in turn enable enhancements in Fe cycling and release in-
organic P to support forest growth. Our findings highlight the
previously unrealized central role of fast growing N,-fixing legume
trees and their soil microbiomes in tropical forest nutrient cycling
to support forest production and carbon sequestration.

Methods and Materials

The text below represents only a concise version of the full methods and
materials available in S/ Appendix, Supplementary Note 8.

The field work and mineral deposition in mesh bags (a total of 504 bags
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