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Phylogenetic and Functional Diversity of
Total (DNA) and Expressed (RNA)
Bacterial Communities in Urban Green
Infrastructure Bioswale Soils
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Department of Mathematics & Science, Pratt Institute, Brooklyn, New York, USA# Department of Biology,
Barnard College, Columbia University, New York, New York, USAP; Department of Ecology, Evolution and
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ABSTRACT New York City (NYC) is pioneering green infrastructure with the use of
bioswales and other engineered soil-based habitats to provide stormwater infiltra-
tion and other ecosystem functions. In addition to avoiding the environmental and
financial costs of expanding traditional built infrastructure, green infrastructure is
thought to generate cobenefits in the form of diverse ecological processes per-
formed by its plant and microbial communities. Yet, although plant communities in
these habitats are closely managed, we lack basic knowledge about how engineered
ecosystems impact the distribution and functioning of soil bacteria. We sequenced
amplicons of the 16S ribosomal subunit, as well as seven genes associated with
functional pathways, generated from both total (DNA-based) and expressed (RNA)
soil communities in the Bronx, NYC, NY, in order to test whether bioswale soils host
characteristic bacterial communities with evidence for enriched microbial function-
ing, compared to nonengineered soils in park lawns and tree pits. Bioswales had dis-
tinct, phylogenetically diverse bacterial communities, including taxa associated with
nutrient cycling and metabolism of hydrocarbons and other pollutants. Bioswale
soils also had a significantly greater diversity of genes involved in several functional
pathways, including carbon fixation (cbbL-R [cbbL gene, red-like subunit] and apsA),
nitrogen cycling (noxZ and amoA), and contaminant degradation (bphA); conversely,
no functional genes were significantly more abundant in nonengineered soils. These
results provide preliminary evidence that urban land management can shape the di-
versity and activity of soil communities, with positive consequences for genetic re-
sources underlying valuable ecological functions, including biogeochemical cycling
and degradation of common urban pollutants.

IMPORTANCE Management of urban soil biodiversity by favoring taxa associated
with decontamination or other microbial metabolic processes is a powerful pros-
pect, but it first requires an understanding of how engineered soil habitats
shape patterns of microbial diversity. This research adds to our understanding of
urban microbial biogeography by providing data on soil bacteria in bioswales,
which had relatively diverse and compositionally distinct communities compared
to park and tree pit soils. Bioswales also contained comparatively diverse pools
of genes related to carbon sequestration, nitrogen cycling, and contaminant
degradation, suggesting that engineered soils may serve as effective reservoirs
of functional microbial biodiversity. We also examined both total (DNA-based)
and expressed (RNA) communities, revealing that total bacterial communities
(the exclusive targets in the vast majority of soil studies) were poor predictors of
expressed community diversity, pointing to the value of quantifying RNA, espe-
cially when ecological functioning is considered.
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apid urbanization has emerged as a primary driver of 21st century anthropogenic

global change, threatening the biodiversity associated with critical ecological
functions (1, 2). Among the biological communities most impacted by urban develop-
ment are soil microbes, the bacteria, archaea, and fungi that collectively process the
majority of nutrient and energy transformations in terrestrial ecosystems (3). Microbial
lineages control plant growth by fixing and transforming atmospheric C and N (4, 5),
regulating the fluxes of important greenhouse gases, including N,O, CO,, and methane
(6, 7), and modulating human exposure to air-, water-, and soil-borne pollutants, like
NO,, polychlorinated biphenyls (PCBs), heavy metals, and diverse hydrocarbons (8-11).
Rarely considered for conservation, urban soil communities are highly fragmented, if
not completely paved over, and subject to multiple acute stresses from compaction
and salinization to diverse pollution inputs (12). Just as the degradation of urban soil
biodiversity threatens to degrade ecosystem functioning, conservation and manage-
ment of soil microbial communities hold the potential to enhance functions performed
by bacteria and other soil microbiota.

Recognizing the economic and social value of ecosystem services, local govern-
ments are increasingly integrating biological communities into civic infrastructure (13).
The decision in New York City (NYC), NY, to maintain tap water quality by preferentially
investing in watershed ecosystems rather than filtration infrastructure is among the
most well-known examples of green infrastructure (Gl) approaches (14). NYC is invest-
ing extensively in urban soils as part of its Gl plan for stormwater management. The city
will ultimately install up to $1.5 billion in green roofs, rain gardens, and bioswales
designed to divert or delay precipitation runoff from the sewer system to reduce
combined sewer overflows, which presently discharge nearly 30 billion gallons of raw
sewage and polluted runoff into New York waterways (15). These installations exem-
plify an emerging subgroup of urban microhabitats: engineered soils designed and
maintained for ecofunctional performance to optimize stormwater infiltration and
retention. Several elements of engineered Gl soils are likely to modify microbial
community composition and diversity compared to other nonengineered soil types,
including urban parks, tree pits, and medians. Bioswales are protected from compaction
and host-maintained plant communities, and they contain soils with specified particle
size, pH, and nutrient content (16). These soils are also designed to absorb runoff
containing trace metals, hydrocarbons, and other organic pollutants that may select for
microbial taxa with the capacity to metabolize these inputs (17). Official city literature
implicitly presumes Gl installations will maintain functional microbial communities,
asserting that these soils will accrue cobenefits, including the support of plant biodi-
versity and improved air, water, and soil quality ecosystem services that all depend in
part on microbial metabolic processes (18).

Despite their importance, no published studies have quantified the microbial diver-
sity of bioswale soils. However, it is clear from the varied effects of tillage, crop rotation,
and crop succession on soil bacterial diversity (19) and functional gene differences (20)
that land management practices can shape soil microbial diversity patterns. Although
only a few studies have examined fine-scale patterns of urban microbial diversity, they
suggest that soil communities are biogeographically structured across urban micro-
habitats. The microbial biodiversity of Central Park, for example, mirrors that found at
global scales, with the community structure corresponding to variations in soil char-
acteristics (21). Similarly, bacterial communities in medians (22) and fungal communi-
ties in green roofs (23) are distinct from those in city parks, indicating how urban land
management can impact soil biodiversity. These findings provide urban, local-scale
corroboration of studies describing biogeographically structured soil microbial com-
munities across regional and global scales (24-26).

Here, we extend the scope of urban bacterial soil surveys based on the ribosomal
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FIG 1 Accumulation curves indicating the number of phylotypes as a function of sequence coverage, with 95% confidence intervals. Phylotype accumulation
given for each of the four soil types sampled (a) and for RNA versus DNA phylotypes across all samples (b). Eng, engineered; Non-eng, nonengineered.

RNA (rRNA) 16S gene to two unexamined types of engineered soil habitats, right-of-
way and streetside bioswales, to test the hypothesis that engineered soils have distinct
bacterial communities compared to nonengineered urban soils. To determine whether
engineered soils have enhanced functional diversity, we used tagged amplicon se-
quencing to target seven genes underlying several functions related to nutrient cycling
and contaminant degradation. We sampled both RNA and DNA to assess whether total
diversity and composition predictably represented expressed communities. Each site
was also sampled before and after precipitation events in order to account for any
effect of runoff intake on community diversity.

RESULTS

Diversity patterns of total communities. A total of 7,728 bacterial, 40 archaeal,
and 202 unassigned 16S phylotypes were distributed across all samples, with an
average of 2,620 (£630) phylotypes per site. Accumulation curves indicate that the
majority of the resident phylotypes were sampled (Fig. 1). Based on 16S phylotypes
derived from genomic DNA, total bacterial communities in engineered sites had greater
phylogenetic diversity, Chao1 richness, and Shannon diversity than those in nonengi-
neered sites (Fig. 2). Phylogenetic diversity did not vary when sampled from different
time points, suggesting these results are robust to temporal variability. All samples
were taken in the summer, however, so a potential seasonal effect cannot be ruled out.

Bacterial communities in engineered soils were compositionally distinct from those
in nonengineered sites (P < 0.001; Fig. 3a). Among taxa with greater than 1% relative
abundance, Proteobacteria and Bacteroidetes were significantly more abundant in
engineered sites, while nonengineered sites had greater abundances of Actinobacteria
and Verrucomicrobia (Fig. 4a). In total, 29.4% of all phyla sampled in the study were
differentially abundant (n = 34), as were 32% of all bacterial classes (n = 99). Most
phyla, however, were relatively rare in all soils (75% of phyla had less than 1% average
abundance). The most differentially abundant classes (fold change >4; P < 0.05) were
Anaerolineae (Chloroflexi), Bacteroidia (Bacteroidetes), and Holophagae (Acidobacteria),
all significantly more abundant in engineered sites, and Acidobacteria (Acidobacteria),
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FIG 2 Alpha diversity results for engineered and nonengineered soil communities for DNA (a), RNA (b),
and all (c) phylotypes. Three alpha diversity measures are shown: phylogenetic diversity (top row), Chao1l
phylotype richness (middle row), and evenness (bottom row). Individual samples are colored by soil type
(a and b) and template (c). Significance of differences was tested using the Wilcoxon test; **, P < 0.005;
*, P < 0.05. Park, park lawns; CTP, conventional tree pits.

which was more abundant in nonengineered sites. Among individual phylotypes, just
over 1/10 were differentially abundant in engineered versus nonengineered sites
(11.9%), with the slight majority (56%) being more abundant in nonengineered sites.
Although many phylotypes were rare (36% of phylotypes had abundance of <1%), sites
did not have significantly different evenness (P = 0.08), indicating that community
differences were not primarily driven by abundance patterns among rare taxa. Despite
the clear differences among bioswale and nonengineered soils, all sites were domi-
nated by just five bacterial classes, which together encompassed greater than 47% of
all phylotypes in each site. These included four Proteobacteria classes: Alphaproteo-
bacteria (12.9% average abundance), Betaproteobacteria (12.5%), Deltaproteobacte-
ria (10.7%), and Gammaproteobacteria (9.2%), as well as Acidobacteria-6 (9.2%) in
the phylum Acidobacteria.

Diversity patterns of expressed communities. Differences in community compo-
sition and diversity between engineered and nonengineered soils were evident for
expressed (RNA) as well as total (DNA) communities. For both DNA and RNA, engi-
neered sites had significantly greater phylogenetic diversity, richness (Chao1), and
Shannon diversity (Fig. 2). Unlike with DNA, engineered sites had more even RNA
phylotype abundances (DNA P = 0.06, RNA P < 0.001). Differences in RNA community
structure were also concordant with DNA; in both cases, samples from each of the
four soil types were clustered, and engineered sites had a distinct community
structure (Fig. 3b).

Although alpha and beta diversity analyses of DNA and RNA point to similar
qualitative conclusions about how bacterial communities in engineered and nonengi-
neered soils differ, RNA and DNA community composition patterns were nevertheless
distinct (Fig. 3c). Compositional differences appeared to be driven in part by high alpha
diversity of RNA phylotypes (Fig. 2c). RNA and DNA phylogenetic diversity values were
highly correlated (R = 0.61, P < 0.001), as was richness, although to a lesser degree
(Chao1, R = 0.378, P < 0.05). In contrast, RNA Shannon index values, which take into
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FIG 3 Nonmetric multidimensional scaling (NMDS) ordination plots for DNA (a), RNA, colored by soil type (b), and all samples (c), colored by template. ANOSIM
R values are 0.31 (a), 0.26 (b), and 0.39 (c), and clustering was significant in all cases with a P value of <0.001.

account richness as well as evenness, were not predictive of their corresponding DNA
values (R = 0.19, P = 0.32). Evenness was also not correlated (R = —0.11, P = 0.56).

Active communities included relatively more rare taxa than total communities, as
indicated by greater evenness of RNA phylotypes, and several highly abundant phyla
were also differentially abundant in RNA and DNA. For example, Acidobacteria, the
second most abundant phylum in total communities, was third to Actinobacteria in
active communities in all four soil types (Fig. 4). In general, there was little evidence that
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taxa were consistently more or less abundant in RNA than in DNA, as differential
abundance patterns were highly varied within and across taxonomic groups.

Soil environmental associations. Bioswale sites had significantly higher pH than
parks and conventional tree pits (Fig. 5a). Variation in pH was positively correlated with
the phylogenetic diversity of DNA phylotypes (R = 0.71, P < 0.001), which was
otherwise not predicted by geographic distance or any other nutrient, salt, or trace
metal. RNA diversity was similarly associated with pH (R = 0.66, P < 0.001), and unlike
for DNA, also with Zn and Ni content (R = 0.40, P < 0.05; and R = 0.39, P < 0.05,
respectively), and negatively with Fe (R = —0.57, P < 0.001) (Fig. 5b). Associations were
identical when using Shannon values, indicating that these patterns were robust to the
alpha diversity metric used. Differences in community structure of DNA phylotypes
were not predicted by pH, geographic distance, or edaphic characteristics (r,, [Mantel
r coefficient] < 0.1, P > 0.15). In contrast, differences in community composition of RNA
phylotypes were associated with changes in N and C content (r,, = 0.25, P < 0.01; and
rm = 0.31, P < 0.01, respectively). No other variable significantly explained differences
in community structure despite significant variation in nutrient and trace metal content
across soil microhabitats: C content was higher in engineered soils, as were Mg and Ba
levels, while nonengineered sites had greater Fe and Mn contents (Fig. 5a).

Functional gene diversity. Nonengineered soils and engineered communities had
significantly different compositions of functional gene phylotypes for all target genes,
whether based on DNA or RNA. Alpha diversity patterns among soil types were more
varied. Looking at DNA, diversity was higher in engineered sites for pollution degra-
dation (bphA), carbon fixation (cbbL-R [cbbL gene, red-like subunit]), and N cycling
(amoA and nosZ) genes (Fig. 6). The richness of soluble di-iron monooxygenase (SDIMO)
genes (hydrocarbon degradation) was higher in nonengineered sites. These patterns
held for expressed gene profiles (RNA), except for SDIMO genes and nosZ, which were
indistinct among engineered and nonengineered sites. RNA profiles of the sulfur
cycling gene apsA were distinct in engineered sites, but DNA profiles were not. Of the
genes examined in this study, only the herbicide degradation gene tfdA had indistinct
profiles across all sites. For all target genes, average DNA alpha diversity across all sites
was greater than for RNA, although the difference was not significant for cbbL-R.

Functional gene richness did not correspond to environmental variation, with one
exception: bphA was significantly correlated with pH for DNA only (P < 0.01). Differ-
ences in N and C content helped explain the dissimilarity of functional gene profiles
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for one N cycling gene (amoA; N ry, = 0.171, P < 0.01; Cry, = 0.114, P < 0.05;
Mantel-Spearman). Neither variation in soil pH nor spatial distance was associated with
functional gene profile dissimilarity among sites. Communities with greater 16S diver-
sity tended to have greater N cycling (nosZ and amoA), sulfur cycling (apsA), and
herbicide degradation (tfdA) diversity values. 16S diversity was not correlated with
diversity levels for other genes. Functional gene similarities were not correlated with
16S similarity for any gene based on DNA. For RNA, the only gene with dissimilarity
patterns correlated to 16S was tfdA (r,, = 0.180, P < 0.05).

DISCUSSION

Bioswales have distinct bacterial communities. Efforts to integrate urban green
spaces into civic infrastructure represent an implicit investment in the ecological
functioning of soil communities, and our data demonstrate that engineered soils
indeed maintain considerable microbial biodiversity and functional potential compared
to other urban soils. Right-of-way and streetside bioswales had distinct bacterial
communities that were more phylogenetically diverse than nonengineered soil types.
The significantly higher diversity of bioswale bacterial communities is notable in
comparison to previous surveys of NYC soils, which demonstrated that bacteria in
medians (22) and fungi in green roofs (23) had similar and lower diversity, respectively,
than those in city parks. The diverse, differentiated bacterial communities in engineered
soils may be due to the intentional inflow of stormwater, which has a higher diversity
of resources and stressors than precipitation, the primary water input for most nonen-
gineered urban soils (17). Several other features also distinguish engineered and
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FIG 6 Box plots of mean Shannon diversity values for engineered and nonengineered soil bacterial communities. Significance of differences was tested using

the Wilcoxon test; **, P < 0.001; *, P < 0.05. Whiskers indicate standard errors.

nonengineered soils, including designer soils, managed plant communities, and pro-
tection from compaction. Based predominantly on studies of macroorganisms, urban-
ization has been thought to have a homogenizing effect on biodiversity (27), but our
results provide further evidence that fragmented urban soils can maintain heteroge-
neous and relatively diverse bacterial communities.

A key question regarding the distinct bacterial communities in engineered soils
concerns the environmental drivers responsible for these differences, especially given
that neither alpha nor beta diversity was correlated with spatial distance. For DNA
phylotypes, pH was the only significant predictor of alpha diversity, corroborating
findings from other bacterial surveys on both local and global scales (28). Neither pH
nor any other variable in the study, however, explained differences in the composition
of total communities, regardless of the distance metric used. The diversity of expressed
communities, in contrast, was generally more associated with edaphic characteristics.
Sites with similar N and C contents tended to have more similar expressed communi-
ties, and engineered sites tended to have higher N and C contents, although the
difference was significant only for C. The phylogenetic diversity of expressed commu-
nities was predicted not only by pH but also by trace metals which are negatively
associated with Fe and positively associated with Zn and Ni, perhaps as a result of
selection for unique lineages tolerant of heavy metals. It is important to note that we
cannot exclude an effect of plant diversity, which was generally greater in bioswale
sites than in the grass monocultures and sparse vegetation in city park lawns and tree
pits, respectively. Broader surveys that encompass a more complete representation of
urban soil types will be required to more thoroughly parse the drivers of urban
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microbial biogeography patterns, which may include soil and plant characteristics not
examined here.

Functional potential in engineered soils. The identities of many of the highly
abundant taxa suggest that bioswale communities metabolically respond to stormwater-
associated resources. Four of the five most abundant bacterial phylotypes in engineered
sites (each more than 20 times more abundant than in nonengineered soils) were closely
related to taxa known to respond to pollution and nutrient loads associated with
stormwater runoff. These include species known from soils contaminated with hydro-
carbons and chlorinated solvents (PRR-10 [29]) and petroleum-based fuels (Uliginosi-
bacterium [30]), as well as taxa with methanotrophic (Methylococcaceae [31]) and
iron-oxidizing (Crenothrix [32, 33]) capabilities. Functional gene profiles also point to
enriched metabolic capacity in bioswale soils, as five of the seven functional genes in
the study had significantly greater alpha diversity in bioswales than in nonengineered
soils for either DNA or RNA (Fig. 6). In no case did nonengineered sites have significantly
greater functional gene diversity than engineered sites. For several genes, the diversity
in engineered versus nonengineered sites was even greater in RNA communities than
in DNA communities, suggesting these soils may be more metabolically active with
respect to nitrification, carbon fixation, and sulfur cycling (involving genes amoA, cbbL,
and apsA, respectively).

While our functional gene data suggest that engineered soils have greater diversity
of genes underlying several ecological functions, evidence is conflicting as to whether
changes in metatranscriptomic transcript levels directly indicate ecological functioning
(34). In most community-level functional gene studies, including the present one, the
translation rate, availability of oxygen and other essential substrates, and any depen-
dence on competing and alternate pathways or environmental condition are unknown,
obscuring the link between transcript diversity and function. Ammonia monooxygen-
ase (amoA), for example, can oxidize ammonium, methane, or other compounds,
depending on a range of factors (35). Nevertheless, there is reason to believe that
communities with comparatively diverse functional gene profiles generally have en-
hanced functional performance. In a recent meta-analysis, of the 59 out of 419
functional gene studies that quantified process rates, there was a weak but significant
positive association between gene abundances and corresponding functions (34). More
specifically, each of our target genes has been previously linked to changes in function,
through associations between gene diversity and either quantified processes or soil
amended with target substrates (36-40). Overall, we found that engineered soils had
more diverse bacterial communities with richer repositories of functional genes, and
although there is reason to suspect that this is tied to functional performance, future
work will be required to determine whether high functional gene diversity represents
enhanced ecological functioning, greater functional resilience in response to dynamic
environments or stresses, or simply greater redundancy in metabolic networks.

Engineered sites had greater phylogenetic diversity and tended to have greater
functional diversity, but the phylogenic diversity of a site did not predict its functional
diversity: 16S community composition was not correlated with the beta-diversity
patterns of any functional genes. Alpha diversity patterns between 16S phylotypes and
functional genes were more varied, with community phylogenetic diversity weakly
correlated with functional alpha diversity for only 3 of 7 genes (amoA, nosZ, and bphA).
This corresponds with a previous comparison of soils from different biomes, which
showed that although phylogenetic diversity (PD) was correlated with functional gene
diversity, the association was driven by the inclusion of desert soils and disappeared
when they were excluded (25). Our findings highlight that although certain soil types
may host diverse bacterial communities, e.g., bioswales at the local scale or tropical
forests at the biome scale, this does not necessarily correspond to functional diversity,
which must be assessed directly.

Total and active communities. Quantifying both DNA and RNA diversity allowed
us to directly assess differences in expressed, or active, communities compared to total
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communities, which may also include dormant or recently expired taxa (41, 42). The
vast majority of soil surveys are based on genomic DNA; yet, in this study, diversity and
community composition patterns based on genomic DNA were, at best, inconsistent
predictors of differences among expressed communities. The degree of differentiation
of expressed communities was not predictable from the total community data. These
uncoupled community structure estimates were driven by clear differences in the
relative abundances of major taxa based on whether RNA or DNA was examined. For
example, Proteobacteria and Acidobacteria were clearly the most abundant phyla
among DNA phylotypes in all four soil types, as has been found consistently in other
NYC soils (21, 22). However, in RNA-based communities, Actinobacteria were more
abundant than Acidobacteria, suggesting that rank abundances of microbial commu-
nities based on DNA may be positively misleading with respect to the composition of
expressed communities. Supporting this view, DNA and RNA community evenness
values were also uncorrelated, indicating that the relative abundances of active taxa are
not predicted by their abundances in total communities. The only alpha diversity
metrics that were correlated among RNA and DNA samples were phylogenetic diversity
and, to a lesser extent, richness. So although shifts in DNA community structure were
unrelated to shifts in the composition of RNA communities, more phylogenetically
diverse total communities had more diverse expressed communities. Evenness and
Shannon diversity indices, in contrast, were not correlated for RNA and DNA, suggest-
ing that inferences about the diversity of expressed communities may be better
reflected in DNA by phylogenetic diversity than other metrics. It is important to note
that rRNA sampling is unlikely to recover a fully accurate picture of taxa that are active
at the time of sampling, due to potential disconnects between rRNA and growth rates,
taxonomic variability in the relationship between abundances of rRNA concentration,
and the potential expression of rRNA in dormant cells (43). Even considering these
caveats, RNA is probably more indicative than DNA of active communities, and the
dissimilar diversity profiles of each underline that the 16S results from genomic DNA
should be interpreted cautiously with respect to inferences about how communities
actively respond to dynamically varying environments.

A surprising aspect of our results was that RNA bacterial communities were signif-
icantly more diverse than DNA communities for every alpha diversity metric except
evenness. Although counter to the expectation that the expressed community at a
given time represents a fraction of the diversity of the total potential community (44,
45), other studies have similarly found that RNA diversity exceeds DNA diversity for
both bacteria (46) and fungi (47). Mikkonen et al. (46) attributed their results to the
nature of the remediating soils they examined, hypothesizing that greater RNA diversity
indicated a contemporaneously diversifying community relative to DNA, which re-
flected a previous low-diversity highly stressed state. The persistent presence of
comparatively diverse RNA communities in other contexts, however, demands a more
general explanation. Part of the answer may lie in community evenness patterns.
Although RNA phylotype richness is higher, DNA communities have greater evenness.
Thus, the greater richness and PD of RNA communities appear to be driven by the
greater relative abundances of numerous rare taxa that are so low in total communities
as to be undetectable. Indeed, it has previously been shown that rare bacterial taxa are
disproportionately active compared to common taxa (48). We also cannot exclude an
effect of posttranscription processes, like alternative splicing, that may cause expressed
transcripts to appear more diverse than their genomic templates (49).

Conclusions. Understanding how stresses associated with intensifying urbanization
are likely to impact the biological diversity of soil microbial communities is critical to
conserving the ecological functions these communities provide. As soils continue to be
featured in civic infrastructure, restoration, and remediation projects, characterizing
how specific urban land use practices shape microbial composition and function is an
increasingly practical matter. We find that the management practices embodied in
NYC's green infrastructure plan for stormwater management maintain distinct total and
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active microbial communities with rich repositories of ecologically functional genes.
Combined with broader surveys of urban microhabitats as well as future research
clarifying the links between total and active community diversity, functional gene
diversity, and ecological functions, these results point to the prospect that monitoring
and managing the metabolic potential of microbial communities could emerge as
viable elements of sustainable urban planning.

MATERIALS AND METHODS

Soil sampling. Sampling for this study was centered on the Bronx River sewershed in the Bronx, NY,
a priority area for environmental improvement. All sites were between 40.81 and 40.9N, 73.84 and
73.88W, with average annual precipitation and mean temperature of 1,100 mm and 16.4°C, respectively.
Within the sewershed, NYC has installed green infrastructure, including green roofs, right-of-way (ROW)
bioswales, and streetside (SS) bioswales. The two bioswale types differ mainly in size: ROW swales are
small installations with inlets and outlets integrated into sidewalks to resemble modified tree pits, while
SS swales are relatively large rain gardens often occupying an entire corner of an intersection. Soil
samples were taken from four engineered soil sites (two ROW swales and two SS swales) and four
nonengineered sites, including two city park lawns and two sidewalk tree pits (Fig. 7). Sampling from
each site was replicated at four different time points: twice preceding and twice following precipitation
events, in July and August 2014. For each sample, four 10-cm-deep soil cores were taken using a
2.5-cm-diameter soil corer and homogenized on site using UV-sterilized 2-mm sieves. Soil for RNA
extraction was collected into 25-ml cryogenic tubes, placed directly into an on-site portable liquid
nitrogen Dewar flask, and stored at —80°C until extraction. The remainder of the soil was placed into
Whirl-Pak bags and stored at —20°C to await DNA extractions. Soil pH and nutrient data were measured
using methods described by McGuire et al. (23).

RNA and DNA sequencing. Genomic DNA (gDNA) and RNA were extracted using PowerSoil
extraction kits (Mo Bio, Carlsbad, CA), according to the manufacturer’s protocols, with minor modifica-
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tions (28). gDNA was removed from RNA extractions using DNase treatment (Mo Bio RTS DNase kit), and
cDNA was synthesized using a high-capacity cDNA reverse transcriptase kit (Life Technologies, Carlsbad,
CA). Using both gDNA and cDNA as templates, eight target loci were PCR amplified in duplicate using
GoTaq polymerase (Promega, Madison, WI). The V4-V5 region of the 16S gene was amplified using the
515F and 806R primers (50). Seven functional loci were also amplified. These include four C cycling genes
related to CO, fixation (cbbL-R) and degradation of hydrocarbons (SDIMO genes), polychlorinated
bisphenols (PCBs; bphA), and phenoxy herbicides (tfdA). Two N cycling genes related to nitrification
(amoA) and denitrification (nosZ) and one gene involved in sulfur oxidation and carbon fixation (apsA)
were also targeted. A single pair of previously published degenerate primers was chosen for each
functional locus (Table 1). Amplicons were quantified using PicoGreen double-stranded DNA (dsDNA)
fluorometry assays. For each sample, equimolar volumes of DNA and RNA amplicons for each of the eight
target loci were pooled, ligated with multiplex barcoded Illumina adapters, and sequenced on a single
lllumina MiSeq lane by the New York Medical Center Genomics Core Laboratory (Valhalla, NY).

Sequence processing. Low-quality reads were removed using a maximum E value of 1, resulting in
sequences with an average of no more than one base error per sequence. 16S reads were identified using
UBLAST (51) to match reads to the Greengenes database (52) at an E value of 1 X e~'° and query
coverage of 0.75. Functional genes were identified using a similar procedure, except that gene-specific
databases were downloaded from the Functional Gene Repository (53) if available, or from the NCBI
database. After dereplication and removal of singletons, sequences were clustered at 97% similarity to
identify phylotypes (operational taxonomic units [OTUs]) using UPARSE (54). Reads were then mapped
to representative phylotype sequences to generate an OTU table. QIIME (55) was used to assign
taxonomic names with the Ribosomal Database Project database and resolve phylogenetic relationships
among 16S phylotypes using FastTree (56). Sequence abundances in each OTU table were normalized in
two ways: rarefaction based on the minimum read count per sample, and cumulative sum scaling (CSS)
to standardize counts by dividing up to a percentile determined empirically, using the phyloseq (57) and
metagenomeSeq (58) R packages, respectively. Richness and community similarity values based on
rarefied and CSS OTU tables were highly correlated, and normalized CSS tables were used for down-
stream analysis, since by retaining rare phylotypes, they provide more robust estimates of differential
abundance by providing a better sampled null distribution (58).

Statistical analysis. Alpha diversity was assessed using the Chaol richness estimator, Faith’s
phylogenetic diversity (59), and the Shannon diversity index. Community dissimilarity, or beta diversity,
was assessed using nonmetric multidimensional scaling of Bray-Curtis distance matrices. Unifrac dis-
tances were also calculated for 16S, but since the two are highly correlated (Spearman’s r = 0.93, P <
0.001), only Bray distances are reported. Analysis of similarity (ANOSIM) was used to test whether
community composition differed among categories. Differential abundance was determined based on
normalized OTU tables and a statistical model accounting for undersampling, and differences were
tested using multiple Kruskal-Wallis tests with false-discovery rate correction (58). Wilcoxon tests were
used to test differences in mean alpha diversity values. Statistical associations between Bray-Curtis
distances and environmental variation were determined using Mantel tests. All statistical analyses were
conducted in the R environment (www.r-project.org) using the vegan, phyloseq, and metagenomeSeq
packages.

Accession number(s). These sequence data have been submitted to the NCBI Sequence Read
Archive under accession numbers SRP082234 and PRJNA339153.
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