the western Pacific (~25% Pacific volume), al-
though there are indications that similar trends
extended farther east (/5). The modern rate of
Pacific OHC change is, however, the highest in
the past 10,000 years (Fig. 4 and table S3).

The current response of surface temperatures
to the ongoing radiative perturbation is substan-
tially higher than the response of the ocean’s in-
terior, due to the long whole-ocean equilibration
time. However, on longer time scales the oceanic
response is likely different, as seen in our records
where past changes in IWT were much larger than
variations in global surface temperatures. The
large variations in IWT and inferred OHC during
the Holocene and Common era, when global tem-
perature anomalies were relatively small, imply
elevated sensitivity to climate conditions in the high
latitudes, which, on a multidecadal scale, likely en-
ables the ocean to mediate perturbations in Earth’s
energy budget.
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Reconstructing the Microbial Diversity
and Function of Pre-Agricultural Tallgrass
Prairie Soils in the United States

Noah Fierer,?* Joshua Ladau,’ Jose C. Clemente,* Jonathan W. Leff,> Sarah M. Owens,>®
Katherine S. Pollard,®’ Rob Knight,®® Jack A. Gilbert,>*° Rebecca L. McCulley**

Native tallgrass prairie once dominated much of the midwestern United States, but this biome and the
soil microbial diversity that once sustained this highly productive system have been almost completely
eradicated by decades of agricultural practices. We reconstructed the soil microbial diversity that once
existed in this biome by analyzing relict prairie soils and found that the biogeographical patterns were
largely driven by changes in the relative abundance of Verrucomicrobia, a poorly studied bacterial
phylum that appears to dominate many prairie soils. Shotgun metagenomic data suggested that these
spatial patterns were associated with strong shifts in carbon dynamics. We show that metagenomic
approaches can be used to reconstruct below-ground biogeochemical and diversity gradients in
endangered ecosystems; such information could be used to improve restoration efforts, given that even
small changes in below-ground microbial diversity can have important impacts on ecosystem processes.

fter the European settlement of the mid-

western United States in the mid-19th

century, the tallgrass prairie ecosystem
was profoundly altered by the removal of key
animal taxa (including bison), fire suppression,
and the plowing under of native grasses. Together
these land-use changes contributed to the most
substantial decline of any major ecosystem in
North America (1, 2). This ecosystem, which once
covered nearly 10% of the contiguous United
States (>65 million ha), has been reduced to a
small fraction of its historical extent (3). Cultiva-
tion and row crop agriculture, now practiced across

www.sciencemag.org SCIENCE VOL 342

most of the tallgrass prairie biome, not only re-
placed species-rich plant communities with mono-
culture croplands, but also drastically altered the
physicochemical and biological characteristics of
prairie soils. Except for a few prairie relicts that
have never been tilled, the soils currently found
throughout the region bear little resemblance to
their pre-agricultural state (4—7). We confirmed
the effect of cultivation on soil microbial com-
munities by directly comparing bacterial commu-
nities in cultivated soils with paired uncultivated
soils collected from throughout the native tall-
grass prairie range (table S1), and found that the

cultivated soils harbored bacterial communities
that were significantly distinct in composition
from those found in the corresponding native
prairie soils (fig. S1).

Owing to the historical and biological impor-
tance of the native tallgrass prairie, there have been
various attempts to predict the historical distribu-
tions of plants and animals across this ecosystem
[e.g., (8)]. However, comparable reconstructions
of below-ground microbial diversity have, to our
knowledge, never been attempted, hindering our
understanding of how soil microbes may have
once influenced plant production, nutrient reten-
tion, and soil carbon dynamics in this ecosystem.
By coupling metagenomic sequence data, which
capture the phylogenetic and functional diversity
of existing soil microbial communities (9, 10)
found in tallgrass prairie remnants, to spatially
explicit models (/7), which predict the structure
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Fig. 1. Relationships between taxonomic and functional diversity (A)
and community similarity patterns (B) across the 31 sites, with x axes
showing taxonomic comparisons and y axes showing comparisons
based on functional genes. Points are colored according to latitude (red,
<35°N; yellow, 35° to 40°N; green, 40° to 45°N; blue, >45°N). The Shannon

0.2

o
-
L

2
o
L

-0.1 4

PCo1 score - functional genes

&
)
L

rr=0.94

-0.3 T T T T
-40 -20 0 20 40

PCo1 score - bacterial taxa

index (H) and the Bray-Curtis index of community similarity were used as
measures of o diversity and B diversity, respectively. The general B diversity
patterns are shown here using the principal coordinates score for the first axis;
Mantel tests conducted directly from the distance matrices confirm the signif-
icance of the correlation shown in (B) (Mantel r = 0.95, P < 0.001).

of soil microbial communities across environmen-
tal gradients, we can reconstruct these commu-
nities across the historical extent of the tallgrass
prairie ecosystem.

We collected surface soils (top 10 cm) from
31 remnant native prairie sites (found primarily
in cemeteries or nature preserves) that were care-
fully selected to span the range of climate con-
ditions found throughout the tallgrass prairie
ecosystem (fig. S2 and table S1). To the best of
our knowledge, none of the sampled sites were
ever tilled and all were dominated by native tall-
grass prairie plant species (e.g., Andropogon,
Panicum, and Sorghastrum) when soil samples
were collected at the height of the growing sea-
son. To characterize the bacterial and archaeal
communities, we pyrosequenced a polymerase
chain reaction (PCR)—amplified region of the 165
rRNA gene (/2) and compared relative diversity
levels across the samples by standardizing sequenc-
ing depth to 940 reads per sample (/3). Microbial
o diversity (measured using the Shannon index,
H') was not uniformly distributed across the tall-
grass prairie (Fig. 1A and table S2). However, none
of the measured edaphic variables were signifi-
cantly correlated with taxonomic diversity (P >
0.1 in all cases). Instead, taxonomic diversity was
most strongly correlated with precipitation levels
(table S3), just as moisture availability is often a
strong predictor of plant and animal diversity at
comparable spatial scales (/4).

To complement the taxonomic analyses and
to characterize microbial functional diversity,
we used shotgun metagenomics to determine
the diversity of known protein-coding genes in
each community (10, 12). All samples were com-
pared at an equivalent survey depth of 1.8 million
randomly selected annotated reads per sample.
Although these annotations are based only on
previously described genes and much of the
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Fig. 2. Predicted diversity patterns (calculated using the Shannon index, H') of bacterial taxa
(A) and functional genes (B). Inset plots show the cross-validation results, comparing observed and
predicted diversity values for the 31 sampled locations.

functional diversity contained within soil [or
other environments where the majority of taxa
have not been well characterized (75)] is there-
fore missed, we did find that the functional diver-
sity that could be annotated within the microbial
communities correlated well with taxonomic
diversity (Fig. 1A). There has been considera-
ble debate in the field of ecology as to how the
taxonomic diversity of communities relates to
the observed functional, or trait-level, diversity
(16); we found a strong positive correlation be-
tween the functional and taxonomic diversity

of soil microbial communities (Fig. 1A). This
pattern is also commonly observed in plant and
animal communities (17, /8). Therefore, the abun-
dant soil microbial taxa do not appear to exhibit
a high degree of functional redundancy (or equiv-
alence), as is often assumed (/9); reductions in tax-
onomic diversity were associated with decreases
in the breadth of functional traits contained with-
in these soil communities.

To extend our results beyond the 31 soils di-
rectly assayed, we constructed spatially explicit
models of the taxonomic and functional diversity
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Pentose phosphate
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Tyrosine metabolism 0.37 0.81
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Fig. 3. Maps showing bacterial community types based on their taxonomic composition (A) or
functional gene composition (B). Locations similar in hue indicate those communities that are more
similar in composition. (C and D) The patterns shown in (A) and (B) appear to be largely driven by variation
in verrucomicrobial abundances (% of reads) (C). Shown in (D) are functional gene categories strongly cor-
related with verrucomicrobial abundances, only including those gene categories represented by >0.001%
of the shotgun metagenomic reads with r values greater than 0.8 or less than —0.8.

of soil bacterial communities throughout the his-
torical extent of the native tallgrass prairie using a
species distribution modeling approach (20, 21).
These models were based solely on climatic var-
iables (tables S3 and S4), not soil characteristics,
because we do not know what soil characteristics
would have been found across the biome >150 years
ago when the native tallgrass prairie ecosystem
was still intact (current soil maps are not likely to
reflect historical soil properties that have been
profoundly altered by decades of cultivation). The
best-fit models of Shannon diversity were able
to predict >50% of the variance in bacterial tax-
onomic and functional diversity across the sam-
pled sites (table S3), a predictive power similar to

www.sciencemag.org SCIENCE VOL 342

comparable models of regional plant or animal
diversity (20), with soils from the middle latitudes
having less taxonomic and functional diversity
than those in the northernmost and southernmost
portions of the range (Fig. 2). This pattern con-
trasts with the biogeographical patterns observed
in many plant and animal communities where
diversity often peaks in the middle of biomes, which
suggests that the “mid-domain effect” (22), or re-
lated explanations for such diversity gradients, may
not be broadly applicable across the tree of life.
The taxonomic composition of the microbial
communities and their functional attributes var-
ied considerably across the 31 sampled tallgrass
prairie sites. Communities that were taxonomi-

REPORTS

cally similar were also similar with respect to
their functional characteristics as these two dis-
tinct measures were well correlated (i.e., com-
munities that shared many taxa in common also
shared many functional attributes) (Fig. 1B). Mod-
el predictions of the patterns in community sim-
ilarity show that the soils in the central portion of
the tallgrass prairie range harbored communities
that were taxonomically (Fig. 3A) and function-
ally (Fig. 3B) distinct from those found on the
edges of the range. The relative abundances of
many taxa changed across the sampled soils (ta-
ble S2), but the o diversity patterns (Fig. 2) and
the patterns in community similarity (Fig. 3) were
both closely tied to changes in the relative abun-
dance of Verrucomicrobia (Fig. 3C and table S2),
the dominant bacterial phylum across the col-
lected soils (fig. S2 and table S2). Although often
underestimated (23), Verrucomicrobia represented
>50% of the bacterial 16S rRNA sequences in the
prairie soils from the mid-latitudes but only <15%
of the sequences on the edges of the range (Fig.
3C and table S2). These patterns in verrucomi-
crobial abundances were nearly identical whether
abundances were determined by the PCR-based
16S rRNA gene analyses or by analyzing the 165
rRNA genes recovered from the shotgun meta-
genomic data (fig. S3); this finding provides inde-
pendent evidence for the high relative abundances
of Verrucomicrobia in many of these soils.
Verrucomicrobia are clearly dominant in the
tallgrass prairie soils, but their ecology remains
poorly understood because members of this group
are difficult to culture and study in the laboratory
(23, 24). The Verrucomicrobia identified from the
prairie soils were not diverse; only five phylo-
types accounted for >75% of the verrucomicro-
bial sequences from this data set (fig. S4). All of
the more abundant verrucomicrobial taxa were clas-
sified as belonging to the Spartobacteria class,
but the taxa were not closely related to previous-
ly cultivated verrucomicrobial isolates (fig. S4),
making it difficult to determine the ecological at-
tributes of these taxa. Our understanding of soil
microbial communities in prairie soils will clearly
benefit from efforts to directly determine the phe-
notypes of the Verrucomicrobia that dominated
the majority of the native tallgrass prairie soils.
Although the ecological attributes of these
verrucomicrobial taxa cannot be directly assessed
with these data, we used a niche-modeling approach
in combination with the shotgun metagenomic
data to gain some insight into the ecology of the
Verrucomicrobia and to try to explain the distri-
bution patterns shown in Fig. 3C. We found that
spatial variability in the abundance of Verruco-
microbia could be predicted from climatic condi-
tions (table S3) and that this group was most
abundant in soils exposed to intermediate temper-
ature and precipitation conditions (Fig. 3C and
fig. S2). However, this correlation with climatic
conditions may represent only a distal control
on their distribution patterns. The shotgun meta-
genomic data lend support to the hypothesis that
Verrucomicrobia are relatively slow-growing taxa
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that thrive under conditions of limited nutrient
availability (25, 26). Specifically, verrucomicrobial
abundances were positively correlated with a variety
of genes associated with carbohydrate metabolism
but were negatively correlated with genes asso-
ciated with nitrogen metabolism and cell division
(Fig. 3D). Verrucomicrobia may thus represent a
large component of below-ground communities in
regions where changes in the quantity or quality of
plant organic matter inputs constrain the growth
of more copiotrophic taxa. This hypothesis is con-
gruent with results indicating consistent declines in
the relative abundances of Verrucomicrobia when
soils from across North America were amended
with nutrients (27). Likewise, this hypothesis is
consistent with recent genomic information ob-
tained from Spartobacteria aquaticum, an aquatic
Verrucomicrobia that is within the same class as
the dominant soil Verrucomicrobia observed here,
that appears to specialize on the degradation of
more recalcitrant carbon compounds (26).

Our reconstructions of microbial diversity and
functional capabilities across the tallgrass prairie
ecosystem could be used to guide and monitor the
hundreds of prairie restoration efforts currently
underway throughout the midwestern United
States (29). Maps of the soil microbial commu-
nities that once existed in this ecosystem may pro-
vide targets to help improve the long-term success
of prairie restoration efforts, as restoration efforts
are often more successful when they also try to
restore below-ground communities (30). Such
information may be particularly important if the
goal is to restore key ecosystem functions, such as
soil carbon sequestration, that are strongly con-
trolled by the below-ground communities. Likewise,
deviation in soil microbial communities from the
predicted pre-agricultural state could be used to
quantify the extent of degradation experienced by
soils throughout the native prairie range. More
generally, this work demonstrates that we can use
recent advances in high-throughput microbial
community characterization to reconstruct the bio-
geographical patterns in the diversity and func-
tional capabilities of microbes across a nearly
extinct ecosystem. This approach could be ex-
tended more broadly to quantify how historical
changes in environmental conditions may have
altered the diversity and function of below-ground
communities in other systems or to determine
how human-induced climate change may alter
ecosystem properties in the future.
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Structural Basis for flg22-Induced
Activation of the Arabidopsis
FLS2-BAK1 Immune Complex

Yadong Sun,* Lei Li,?* Alberto P. Macho,? Zhifu Han,t Zehan Hu,* Cyril Zipfel,?

Jian-Min Zhou,?t Jijie Chai’t

Flagellin perception in Arabidopsis is through recognition of its highly conserved N-terminal
epitope (flg22) by flagellin-sensitive 2 (FLS2). Flg22 binding induces FLS2 heteromerization with
BRASSINOSTEROID INSENSITIVE 1—associated kinase 1 (BAK1) and their reciprocal activation
followed by plant immunity. Here, we report the crystal structure of FLS2 and BAK1 ectodomains
complexed with flg22 at 3.06 angstroms. A conserved and a nonconserved site from the inner
surface of the FLS2 solenoid recognize the C- and N-terminal segment of flg22, respectively,
without oligomerization or conformational changes in the FLS2 ectodomain. Besides directly
interacting with FLS2, BAK1 acts as a co-receptor by recognizing the C terminus of the FLS2-bound
flg22. Our data reveal the molecular mechanisms underlying FLS2-BAK1 complex recognition of
flg22 and provide insight into the immune receptor complex activation.

the perception of conserved signature compo-
nents of pathogens, termed pathogen-associated
molecular patterns (PAMPs), by plasma membrane—
localized pattern recognition receptors (PRRs). In

Innate immunity in higher eukaryotes relies on
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plants, PRRs are mainly receptor kinases (RKs) or
receptor-like proteins, and several of them carry
leucine-rich repeats (LRRs) in their ectodomains
for PAMP recognition. Upon recognition of PAMPs,
PRRs initiate an array of shared immune responses,
leading to PAMP-triggered immunity (/).
Present in most higher plant species and critical
for antibacterial immunity (7), flagellin-sensitive 2
(FLS2) is an LRR-RK and acts as the PRR for
bacterial flagellin by recognizing the epitope flg22
(2-06). Direct recognition of flg22 by FLS2 is suf-
ficient for inducing immune responses, establish-
ing FLS2 as a flagellin receptor (7). Flg22 binding
nearly instantly triggers FLS2 association with
the LRR-RK BRI1-associated kinase 1 (BAK1)
(8, 9). BAK1 also interacts with the LRR-RK
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Editor's Summary

Prairie Redux

Tallgrass prairie is extinct across much of its former range in the midwestern United States, but
relicts preserved in cemeteries and nature reserves allow functional comparison of former grassiand
soils with modern agricultural soils. Fierer et al. (p. 621; see the Perspective by Scholes and Scholes)
took matched soil samples from sites representing the gamut of climate conditions and modeled the
combination of genomic analysis and environmental data to resurrect the historical prairie soil
communities, identifying the nutrient-scavenging V errucomicrobia as keystone bacteriain functioning
prairie.
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