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Many of the world's peatlands are subject to agricultural runoff, which may impact fundamental biogeochemical
processes by altering the concentrations of limiting nutrients. In this study, the distribution of specific microbial
genes associated with phosphorus (P) and nitrogen (N) metabolism was compared with potential enzyme
activities related to P and N acquisition at five stations along a nutrient gradient in soils of Water Conservation
Area 2A (WCA-2 A) of the Florida Everglades, USA. Quantitative PCR was used to compare the relative concentra-
Keywords: tions of genes encoding alkaline phosphatases (phoX and phoD) with those encoding dinitrogenase reductase
Everglades (nifH). Combined phosphatase and phosphodiesterase (Ep) activities were compared with leucine aminopeptidase
Peat activities (Ey), yielding a measure of potential microbial investment in P acquisition relative to N acquisition. The
significant inverse relationship observed between bicarbonate extractable organic P concentrations and ratios of
gene copy numbers of phoX:nifH (p = 0.049, R? = 0.77), and phoD:nifH (p = 0.043, R?> = 0.79), combined with
the significant inverse relationship between total P and Ep/Ey (p = 0.021, R? = 0.87), suggest that there is a greater
community selection towards P acquisition relative to N acquisition as bicarbonate extractable organic P and total P
decrease, suggesting a shift from P limitation to N limitation along the transect. The total number of unique genes
detected by the functional microarray GeoChip 3.0 was greatest in an intermediate site, suggesting that the
alleviation of nutrient limitation yielded increased functional diversity. The general agreement between genetic
and enzymatic data suggests that assessing microbial nutrient demands with molecular techniques is feasible,
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although future work is needed to apply genetic information as indicators of nutrient enrichment.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Wetlands provide numerous important ecosystem services, such as
regulation of water quality and quantity, provision of critical habitats
for diverse species (including endangered species), and recreation
opportunities. Many wetlands, including the Florida Everglades, are
subject to nutrient enrichment that impacts many of these services.
The majority of the Florida Everglades is underlain by limestone, such
that ecosystem productivity was historically limited by phosphorus
(P) availability. Much of the original water flow into the Everglades
was diverted to the Gulf of Mexico and the Atlantic Ocean to control
flooding, and approximately 280,000 ha south of Lake Okeechobee
were drained for development of the Everglades Agricultural Area
(EAA) (McCray et al.,, 2012).

Fertilizer runoff from the EAA into what is now the Water Conserva-
tion Areas (WCAs; Fig. S1) contained significant levels of nutrients,

* Corresponding author at: 2181 McCarty Hall, Soil and Water Science Department,
University of Florida, Gainesville, FL 32611-0290, USA.
E-mail address: aogram@ufl.edu (A. Ogram).

http://dx.doi.org/10.1016/j.geoderma.2016.01.008
0016-7061/© 2016 Elsevier B.V. All rights reserved.

notably phosphate and sulfate (Castro et al., 2002). The input of phos-
phate into the phosphate-limited marsh resulted in broad ecosystem
level changes, including a change in the dominant vegetation from
ridges dominated by low-P adapted sawgrass (Cladium jamaicense
Crantz) to densely distributed cattail (Typha spp.) (Hagerthey et al.,
2008; Belanger et al., 1989). The increased primary productivity resulted
in increased peat accumulation and associated microbially mediated
processes, such as microbial respiration, and methane production
(Holmes et al., 2014), in addition to the loss of habitat for numerous
species (McCormick et al., 2009).

WCA-2A is characterized by a gradient in water and soil concentra-
tions of P, with the highest concentrations of 53 pg per kg soil in peat
nearest to the EAA declining to 5 pg per kg in the interior of the
WCA (Turner and Newman, 2005). As expected, the activities and
structures of the resident microbial communities are characteristic of
the nutrient status along the gradient, and exhibit characteristics of a
shift from P-limitation within the center of the marsh to N-limitation
in the northern, P-impacted soils (Corstanje et al., 2007). Of note is the
existence of a transition zone between the P-limited and N-limited
zones.
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The nutrient limitation gradient in WCA-2A has provided an out-
standing natural laboratory in which to study the impacts of nutrient
enrichment on the structures and activities of microbial communities
and microbially mediated biogeochemical cycles. Much of the work
previously conducted in WCA-2A has involved identification of
indicators of nutrient enrichment, including potential activities of
microbial enzymes involved in phosphorus acquisition. The relation-
ships between the activities of enzymes involved in phosphorus
(e.g., phosphatase) and nitrogen (e.g., amino peptidase) acquisition
have been shown to be generally good indicators of the shift from P-
to N-limitation in the soils of WCA-2A (Corstanje et al., 2007; Penton
and Newman, 2008). Indicators of nutrient enrichment can be used in
developing management strategies as well as providing basic informa-
tion on how microbial communities react to shifting nutrient limita-
tions. Although extensive work has been conducted on microbial
nutrient dynamics, particularly with regard to global cycling (DeLong
and Karl, 2006; Arrigo, 2005), extracellular enzymes (Gusewell and
Freeman, 2005; Kang and Freeman, 1999) and carbon dynamics
(Limpens et al., 2008; Freeman et al., 2001a, 2001b), little work has
been conducted to evaluate genetic indicators of nutrient availability
within peatland soils.

One of the fundamental ways that microbial communities react to
shifting nutrient limitations, such as that observed in WCA-2A, is
through changes in community structure. Changes in community
structure are reflected in the distribution of specific taxonomic and
functional groups of microorganisms, which can be characterized at
the genetic level (Zhou et al., 2015; Handelsman, 2004; Torsvik and
Ovreas, 2002). Shifts in the relative concentrations of specific functional
genes characteristic of methanogens and sulfate reducing prokaryotes
along the gradient have been well documented (Bae et al., 2015, 2014;
Castro et al., 2002, 2005), as have the distribution of specific
phylotypes of primary and secondary fermenters via 16S rRNA gene
sequence analysis (Uz et al., 2007, Chauhan et al., 2004).

A significant gap in our understanding of the fundamental mecha-
nisms through which WCA-2A microbial communities respond and
adapt to P-enrichment is how the community changes with respect to
P acquisition at the genetic level. Increasing phosphatase activities
with decreasing P availability in WCA-2A is well known, but nothing is
known of potential differences in the genes that encode those enzymes,
or of the microorganisms that harbor those genes. Previous work has
been conducted on the distribution of genes encoding relatively high
and low efficiency phosphatases in marine systems (Sebastian and
Ammerman, 2009); however, these studies have only been extended
to a few terrestrial studies (Zaheer et al., 2009; Tan et al., 2013; Fraser
et al,, 2015). In addition, little is known of the potential transformation
of reduced organophosphorus compounds such as phosphonates and
phytic acid to serve as alternative sources of P in P-limited soils.

To address these gaps in knowledge, we assessed the relative
abundances of genes related to P and N cycling along the P gradient in
W(CA-2A. Abundances of phoX and phoD (genes encoding high affinity
phosphatases), nifH (gene encoding dinitrogenase reductase), and the
abundances of an array of functional genes related to P-metabolism,
including those encoding phytase (phy) and polyphosphate kinase
(ppk) were compared with enzyme assays, including phosphatase
(indicator of P-limitation) and leucine aminopeptidase (indicator of
N- metabolism) and soil P-fractions at five stations along the nutrient
gradient of WCA-2A. This suite of techniques was used to address our
overarching hypothesis: that microbial communities will exhibit a
response to changes in P-limitation at the genetic level. We found
relationships between available P forms, functional genes, and related
enzyme activities, suggesting that P enrichment alters the functional
diversity of the Everglades' resident microbial communities with
respect to P-cycling. Additionally, the phylogenetic diversity of phos-
phatase (phoX) genes, and the functional diversity shown with GeoChip
analysis, indicates that nutrient shifts along the WCA-2A gradient
impact the diversity of P-cycling genes.

2. Materials and methods
2.1. Sites, sampling, and isolation of environmental DNA for 2013

WCA-2A is located in the southern part of Florida, USA (Fig. S1), and
receives half of its water from rainfall, and half from canals and other
structures (Turner and Newman, 2005). Agricultural runoff into WCA-
2A has led to elevated P and calcium levels, resulting in an anthropogenic
P gradient that runs north to south (Turner and Newman, 2005). Five
sites were selected along this P gradient and ranged from nutrient
impacted (F1 and F3), intermediate (F4), and unimpacted (U3 and E5)
(Fig. S1). Three replicate soil cores from 0 to 2 cm depth were taken in
August of 2013 using a 10 cm thin-walled, stainless steel sharpened
edge corer from each of these five sites. Cores were visually inspected
to determine the extent of the unconsolidated flocculent layer. The
flocculent (if present) was removed and stored for another study.
After removal of the flocculent, the top 0 to 2 cm was measured, and
sectioned. Each 0 to 2 cm section was homogenized and subsampled.
Subsamples (0 to 2 cm) were immediately frozen on dry ice in
the field, and transferred to — 80 °C upon returning to the lab (less
than four hours). Frozen subsamples were homogenized and ground
using liquid nitrogen. Environmental DNA was isolated from the
homogenized, ground soils using the PowerSoil DNA isolation kit
(MoBio Laboratories, Inc., Carlsbad, CA, USA). The remaining soil
samples were homogenized, and all three replicates were composited
and stored at 4 °C for further analysis of enzyme activities and P
fractionation. Samples were stored at 4 °C for 2 to 3 days prior to
conducting assays for phosphatase, PB-glucosidase, and leucine
aminopeptidase, and 6 days prior to phenol oxidase and peroxidase
assays.

2.2. Sites, sampling, and isolation of environmental DNA for 2009

Soils from three of the sites described above were collected for
GeoChip analysis in 2009. Sites F1, F4, and U3 were sampled for floccu-
lent and soil from 0 to 2 cm depth. Three replicate soil cores from 0 to
2 cm depth were taken using a 10 cm thin-walled, stainless steel sharp-
ened edge corer from each of these three sites. Cores were visually
inspected to determine the extent of the unconsolidated flocculent
layer. The flocculent (if present) was removed and the top 0 to 2 cm
were measured and sectioned. Each 0 to 2 cm section was homogenized
and frozen in the field on dry ice. Upon returning to the lab, they were
transferred to a — 80 °C freezer. Triplicate cores were composited, and
DNA was isolated from the composited sample and used for further
GeoChip analysis (described in Section 2.7).

2.3. Phosphorus fractionation

Soils from the composited cores were analyzed for P fractionation at
the University of Florida's Wetland Biogeochemistry Lab. Phosphorus
extractions were conducted using the method described by Ivanoff
et al. (1998), which quantifies different operationally defined pools
of P via chemical fractionation. This fractionation scheme identifies
the following organic P (P,) pools: bicarbonate extractable P,, microbial
biomass P, hydrochloric (HCl) acid extractable P,, fulvic acid-associated
P,, humic acid-associated P,, residual P,, and total P,. The fractionation
scheme identifies the following inorganic P (P;) pools: bicarbonate
extractable P;, HCl-extractable P;, and total P;. Bicarbonate extractable
P,, bicarbonate extractable P;, and microbial biomass P are generally
thought to be the most readily available pools of P; HCl extractable Py,
HCl extractable P; and fulvic acid-associated P, are considered moder-
ately labile; while humic acid-associated P, and residual P, are held to
be the least available pools. Total P is calculated as the sum of all P,
and P; pools.
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2.4. Enzyme assays

Soils from the composited cores were analyzed for enzyme activities
at the South Florida Water Management District, West Palm Beach, FL,
USA. Assays were conducted to determine the activities of phosphatase,
p-glucosidase, leucine aminopeptidase, phenol oxidase, and peroxidase
using the protocols described in Penton and Newman (2007). The
assay for phosphodiesterase was conducted with the protocol for
phosphatase described in Penton and Newman (2007), but with bis-4-
methylumbelliferyl phosphate rather than 4-methylumbelliferyl
phosphate as the substrate.

2.5. qPCR

Quantitative PCR (qPCR) was employed to determine the abundance
of phoX, phoD, nifH, and 16S rRNA genes within environmental DNA
samples. All qPCR systems were run using Sybr®Green-based detection
chemistry (Life Technologies™, Carlsbad, CA, USA). The PCR primers
developed by Sebastian and Ammerman (2009) were used to target
the prokaryotic phoX alkaline phosphatase gene for the F1, F3, F4, E5,
and U3 sites. The forward primer was: 5'-GARGAGAACWTCCACGGYTA-
3’ and the reverse primer was: 5-GATCTCGATGATRTGRCCRAAG-3'.
Cycling conditions for phoX were as follows: one cycle of 95 °C for
3 min, forty cycles of 95 °C for 30 s, 52 °C for 30 s, 72 °C for 30°s, 80 °C
for 30 s, followed by one cycle of 95 °C for 15 s, 60 °C for 1 min, and
95 °C for 15 s. Degenerate PCR primers developed by Sakurai et al.
(2008) were used to quantify phoD for all sites. The forward primer
was 5’-CAGTGGGACGACCACGAGGT-3’ and the reverse primer was
5'-GAGGCCGATCGGCATGTCG-3". Cycling conditions for phoD were as
follows: one cycle of 94 °C for 3 min, forty cycles of 94 °C for 30 s, 57 °C
for 30 s, 72 °C for 30 s, and 80 °C for 15 s, followed by one cycle of
95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. Primers from Mehta
et al. (2003) were used to quantify nifH. The forward primer was: 5’-
GGHAARGGHGGHATHGGNAARTC-3’ and the reverse primer was: 5’'-
GGCATNGCRAANCCVCCRCANAC-3'. Cycling conditions for nifH were as
follows: one cycle of 95 °C for 3 min, six cycles of 95 °C for 30 s, 60 °C
for 30 s (with —1 °C per cycle), and 72 °C for 1 min, then 32 cycles of
95 °Cfor 30, 55 °C for 30's, 72 °C for 1 min, and 83 °C for 15 s, followed
by one cycle of 95 °C for 15 s, 65 °C for 1 min, and 95 °C for 15 s. Primers
from Harms et al. (2003) were used to quantify 16S rRNA genes. The
forward primer was: 5'-ATGGCTGTCGTCAGCT-3’ and reverse primer
was: 5'-ACGGGCGGTGTGTAC-3'. Cycling conditions for amplification of
16S rRNA genes were as follows: one cycle of 95 °C for 3 min, 35 cycles
of 95 °C for 30 s, 50 °C for 30's, 70 °C for 30 s, followed by one cycle of
95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. The copy number of
each reaction was determined using the standard curve and Ct value of
the reaction, and copy numbers per gram of dry soil were calculated
and normalized using the NORMA-gene algorithm (Heckmann et al.,
2011). Melting temperatures and qPCR efficiencies were determined to
confirm gPCR fidelity.

2.6. phoX sequencing and sequence analysis

Primer sets described above, from Sebastian and Ammerman
(2009), were used to construct phoX clone libraries for the F1, F4 and
U3 sites. The forward primer was: 5'-GARGAGAACWTCCACGGYTA-3’
and the reverse primer was: 5'-GATCTCGATGATRTGRCCRAAG-3'. PCR
was run with the cycling conditions described above for phoX. PCR
products were isolated using QIA-Quick Gel Extraction Kit (QIAGEN
Inc., Germantown, MD, USA), cloned into pCR™ 4-TOPO® vector and
transformed into electro competent Escherichia coli using a TOPO® TA
Cloning Kit® (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's protocol. Clones were sequenced at the University of
Florida's Interdisciplinary Center for Biotechnology Research (ICBR)
Sanger Sequencing Core. DNA sequences were translated to protein in
MEGA 5.2.2 (Tamura et al., 2011). Translated amino acid sequences

were searched in GenBank for similarities with known sequences. Se-
quences that did not share high sequence similarity to known phospha-
tases were removed prior to alignment. Reference sequences currently
unassigned to either Type I or Il phoX were found in GenBank and in-
cluded in the Maximum Likelihood tree, along with Types I and II
phoX reference sequences reported by Zaheer et al. (2009). A Maximum
Likelihood tree was run with 1000 permutations using MEGA 5.2.2. Re-
maining sequence analyses were conducted in Mothur (Schloss et al.,
2009). Operational Taxonomic Units (OTUs) were defined using the av-
erage neighbor algorithm in Mothur with default parameter settings
using the cluster.classic command. Rarefaction curves were generated
in Mothur using the rarefaction.single command with a 99% cutoff.
The coverage, abundance-based coverage estimators (ACE), Chao1 rich-
ness estimator, and Shannon diversity index were calculated in Mothur
using the summary.single command.

All nucleic acid sequences were deposited in GenBank under the
accession numbers KP659264 to KP659308.

2.7. Microbial community DNA isolation and purification for GeoChip 3.0
analysis

DNA:s isolated from F1, F4, and U3 soils collected in October 2009
(described above, Section 2.2) were shipped to the Environmental
Genomics Institute of the University of Oklahoma, USA. The community
DNA was extracted using a freeze-grinding method as described previ-
ously, and purified using a Promega Wizard® DNA Clean-Up System
(Madison, WI, USA) according to the manufacturer's directions. DNA
quality was evaluated by the absorbance ratios of A260/A280 and
A260/A230 ratios using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies Inc., Wilmington, DE). If the ratio of A260/
280 was more than 1.7 and the ratio of A260/230 was greater than
1.8, DNA was processed for further analyses. The PicoGreen method
was used for quantifying DNA concentration using a FLUOstar Optima
(BMG Labtech, Jena, Germany). Purified DNA was stored at —80 °C
until it was used.

2.8. Microbial community DNA direct labeling, microarray hybridization
and scanning

DNA (3 pg) was labeled with fluorescent dye Cy5 (GE Healthcare,
Piscataway, NJ, USA) by the random priming method. Labeled DNA
was purified with a QIAquick purification kit (Qiagen) and then dried
in a SpeedVac (45 °C, 45 min; ThermoSavant). Dried labeled DNA was
suspended in hybridization buffer (50 pl; 40% formamide, 5 x SSC,
0.1% SDS, 0.1 pg-ul~ ' Salmon sperm DNA) and denatured at 98 °C for
3 min, and then kept at 65 °C until hybridization. Hybridizations were
performed at 42 °C for 10 h using a MAUI 12-Bay Hybridization System
(BioMicro Systems Inc., Salt Lake City, US). After hybridization, arrays
were scanned with a ScanArray 500 microarray scanner (PerkinElmer,
Boston, MA, USA) at 633 nm using a laser power of 90% and a
photomultiplier tube (PMT) gain of 75%. Scanned images were proc-
essed using ImaGene, version 6.1 (BioDiscovery, El Segundo, CA, USA).

2.9. GeoChip data pre-processing

Raw data obtained using ImaGene (BioDiscovery, El Segundo, CA,
USA) were uploaded to the University of Oklahoma's Center for
Environmental Genomics' microarray data manager (http://ieg.ou.
edu/microarray/) and pre-processed using the data analysis pipeline
with the following major steps: (i) Spots flagged as poor-quality by
ImaGene 6.1 and with a signal to noise ratio [SNR, SNR = (Signal
intensity-background) / Standard deviation of background] less than
2.0 were removed. (ii) The normalized intensity of each spot was calcu-
lated by dividing the signal intensity of each spot by the mean intensity
of the effective spots of the array. (iii) If any of replicates had (Signal
Intensity-Mean Signal Intensity) more than two of the standard
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deviation, this replicate was removed as an outlier. Preprocessed
GeoChip data were used for further statistical analysis.

3. Results and discussion
3.1. Phosphorus fractionation

As expected, total inorganic phosphorus (TP;) and total organic
phosphorus (TP,) concentrations were greatest at the F1 site and lowest
at the U3 and E5 sites (Table 1). The values presented in Table 1 indicate
clear P enrichment in the F1 and F3 sites; however, P limitation at the
U3 site is not as distinct. The F4 site exhibited the greatest amount of
microbial biomass phosphorus (MBP) compared to all other sites, an
observation that is consistent with an earlier study (Corstanje et al.,
2007). The results of the P fractionation agreed with what is currently
known about the WCA-2A nutrient gradient, and were consistent with
P enrichment in the F1 site and P-limitation in the U3 site (Corstanje
et al., 2007).

The P extraction method used only provides information about
operationally defined P pools (Turner et al., 2005); however, >'P NMR
was conducted for three of these sites in a previous study, and showed
that phosphodiesters, such as nucleic acids and phospholipids, were the
dominant P form within this system (Turner and Newman, 2005). The
gene phoD encodes an alkaline phosphatase that has been shown to
be involved in phosphate release from phosphodiester compounds
in cyanobacteria (Tiwari et al., 2015). It is possible that phoD gene
abundance (Table 3) may be related to the relative abundance of
phosphodiesters in this system; however, the environmental controls
on abundance and expression of phoD are not fully understood in soil
systems at this time.

3.2. Enzyme assays

Potential enzyme activities have been used in many systems,
including the Everglades, to assess nutrient limitations. In this study,
enzymes associated with P and N acquisition, and with C decomposi-
tion, were studied. In general, enzyme activities were highest in the F4
site and lowest in the U3 site, with the exception of phosphatase and
phosphodiesterase activities, which were greatest in the F4, E5 and U3
sites (Table 2). Phosphatase and phosphodiesterase activities were
significantly correlated (p = 0.0101, R? = 0.92), as would be expected.
Phosphatase activities were inversely correlated with bicarbonate-
extractable P; (p = 0.0043, R? = 0.95), which also agrees with studies
confirming that phosphatase activity increases as available P decreases
(Chen et al., 2002). Phosphodiesterase activities were inversely related
to bicarbonate-extractable P;, although this was not a statistically signif-
icant trend.

Leucine aminopeptidase activity, indicative of organic N metabolism,
was greatest in the F4 site and lowest in the U3 site. Enzyme activities
for phosphatase and phosphodiesterase (Ep) were compared against

Table 1
Phosphorus fractions found at each site (values from composited triplicate field
replicates).

Availability Phosphorus fraction pgg~!
F1 F3 F4 U3 E5
Readily labile NaHCO; P; 29 30 3 3 0
NaHCOs P, 42 55 32 41 7
Microbial biomass P 504 399 394 36 157
Moderately labile ~ HCI P; 297 209 221 33 75
Fulvic acid P 123 239 163 20 52
Nonlabile Humic acid P 409 268 145 87 84
Residual P 135 73 51 22 37
Total P 1539 1272 1010 242 411
Total P; 325 239 224 36 76
Total P, 1214 1033 785 205 336

Table 2
Enzyme activities at each site (values from composited triplicate field replicates).

Enzyme activity (umol g afdm ™~ h~1)

Enzyme F1 F3 F4 u3 E5
Phosphatase 0.32 0.07 3.80 2.66 342
Phosphodiesterase 0.29 0.07 5.10 223 334
B-Glucosidase 0.28 0.24 027 0.01 0.08
Leucine aminopeptidase 0.27 0.47 2.82 0.13 0.28
Phenol oxidase 240 353 360 541 475
Peroxidase 104 22 0 1 0

leucine aminopeptidase activity (Ey), yielding a measure of potential
microbial investment in P acquisition relative to N acquisition
(Table 3). A significant negative correlation was also observed between
Ep:Ey and TP (p = 0.0214, R? = 0.87), indicating that as TP concentra-
tions decrease, microbial investment in P acquisition increases relative
to N acquisition. The ratios of Ep:Ey were greatest in the U3 and E5
sites, suggesting that the low TP concentrations at these sites are driving
greater microbial investment in P acquisition relative to N. It is possible
that there is a threshold value of P that influences microbial investment
in P acquisition relative to N acquisition. It is likely that the U3 and E5
have reached that threshold, as evidenced by the higher values in
Ep:En at these sites relative to all other sites. When the enzyme activities
for phosphatase and phosphodiesterase (Ep) were compared against
phenol oxidase and 3-glucosidase activities (Ec), no significant relation-
ships were found with TP concentrations; however, a significant inverse
relationship was seen between Ep:Ec and bicarbonate extractable
inorganic P (p = 0.66, R? = 0.0249). This observation is consistent
with the expectation that, as the available P pool increases, there
would be less phosphatase activity relative to C enzymes.

B-glucosidase catalyzes the release of glucose from cellobiose
(Turner et al., 2002), and its activities were greatest in the F1 site and
lowest in the U3 site. Phenol oxidase activities, critical in decomposition
of lignin in aerobic soils, were greatest in the U3 site and lowest in the F1
site. Peroxidase activity, also involved in lignin decomposition in aerobic
soils, was greatest in the F1 site and lowest in the F4 and U3 sites.

A significant inverse relationship was also observed between phenol
oxidase activities and humic acid-associated P concentrations (p =
0.034, R> = 0.82). The oxidation of organic matter can release P;
(Reddy and DeLaune, 2008), such that the oxidation of organic matter
via phenol oxidase may result in a decline in the concentration of
humic acid P. In addition to providing carbon to microbial communities,
depolymerization of complex organic phosphorus may be a mechanism
whereby Pi is made available to P-limited microbial biomass.

3.3. phoX, phoD, and nifH, and 16S rRNA gene quantification

Concentrations of genes associated with phosphatase and N fixation
may provide information as to the potential gene activity, and may
be related to microbial demand for P and N at the different sites. We
investigated the concentrations of genes encoding two high efficiency
alkaline phosphatases (phoX and phoD) and a gene involved in N
fixation (nifH; encoding dinitrogenase reductase) in our study sites.
The gene nifH is complementary to our leucine aminopeptidase assay,
but does not reflect similar activities. The gene nifH was chosen for
our studies rather than the gene encoding leucine aminopeptidase
because a PCR system for the leucine aminopeptidase gene has not
been fully developed. However, both nifH abundance and leucine
aminopeptidase activities are complementary approaches to assess
the potential microbial investment in N acquisition. Concentrations of
genes do not necessarily correlate with activities, however, such that
numbers of specific genes should be interpreted in the context of
enzyme activities and other properties. Therefore, our results only
represent the abundance of a gene (measured as gene copy numbers
per g of soil), rather than the expression of these genes. It should also
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Table 3
Mean gene abundance from three cores (standard deviation), gene and enzyme ratios, and diversity indices along the transect.
Site  Gene abundance phoX:16S  phoD:16S phoX:nifH phoD:nifH Ep:Ey  phoX Chao phoX Shannon phoX  phoX
10'° copy number g soil ~! rRNA rRNA richness diversity ACE  coverage (%)
16STRNA  phoX phoD nifH
F1 268 (38) 0.39(0.06) 0.29 (0.05) 1.2 (0.54)  0.0015 0.0011 0.32 0.24 226 192 2.8 1102 545
F3  410(50) 0.53(0.17)  0.1(0.05) 1.5 (0.50)  0.0013 0.0002 0.36 0.07 030 NA NA NA NA
F4 83(37) 0.15(0.04) 0.07(0.07) 0.65(0.21)  0.0018 0.0008 0.23 0.10 316 9 1.6 5.8 714
U3 44 (11)  0.11(0.02) 0.02(0.004) 0.21(0.03) 0.0026 0.0005 0.55 0.10 37.62 255 23 7.2 87.5
E5 12(1.6) 0.04(0.02) 0.63(0.83) 0.01(0.002) 0.0314 0.5449 4.18 72.45 2414 NA NA NA NA

be noted that our enumeration of phoX copy numbers relied on PCR
primers that amplify a significant proportion of non-phoX sequences
(see Section 3.3, above), such that these numbers overestimate the
true copy numbers of phoX by varying degrees in the different samples,
such that the true numbers at F4 may be overestimated at most by a
factor of two, and less in the other samples.

Gene copy numbers per gram of dry soil for 16S rRNA genes and
phoX were highly significantly correlated (p = 0.0001, R?> = 0.99), as
were 16S rRNA gene and nifH copy numbers gram soil ™' (p = 0.007,
R? = 0.93), and phoX and nifH gene copy numbers gram soil ="' (p =
0.005, R? = 0.95) (Table 3). Additionally, there was a positive correlation
between 16S rRNA gene, phoX, and nifH copy numbers gram soil ~ ! and
readily available, bicarbonate-extractable P; (p = 0.0098, R?> = 0.92;
p = 0.0061, R?> = 0.94; and p = 0.019, R?> = 0.88, respectively). It is
likely that the high availability of P at the enriched site allowed for
increases in microbial numbers, as evidenced by the high 16S rRNA
gene copy numbers at the enriched sites, thereby leading to general
enrichment of many of the genes studied here. Although 16S rRNA
gene copy per cell can vary depending on the type of bacterium, 16S
rRNA gene copies have been used as a proxy for bacterial cell numbers
in soils (Vetrovsky and Baldrian, 2013).

Unlike phoX, phoD was not significantly correlated with 16S rRNA
gene copy numbers or the concentrations of the measured P fractions.
However, phoD was greatly enriched in the very low-P E5 site relative
to the other sites (Table 3), suggesting that phoD is controlled by
different factors than phoX, which was specifically enriched at the
higher available-P F1. As previously mentioned, genes for P acquisition
have been more thoroughly described in marine and agricultural
systems, hence there is a paucity of primers developed for P cycling
genes within freshwater wetland soils. Therefore, this study used
primer sets from systems other than freshwater wetlands. The primer
set used for phoD was developed by Sakurai et al. (2008) for Andisol
soils, (see Section 3.4, below), which could explain the differences
between phoX and phoD gene copy number gram soil ~! seen at each
site, because the primer sets were developed for different systems.
Alternatively, it may be that phoX and phoD are selected by different
environmental factors, such as phosphodiester concentrations, and
that their gene abundances may not be correlated in peatland soils. As
mentioned previously, the alkaline phosphatase encoded by phoD has
been shown to have phosphodiesterase activity in cyanobacteria,
while the alkaline phosphatase encoded by phoX has been shown to
have phosphomonoesterase activity in cyanobacteria. It is possible
that differences in substrate availability, or different environmental
controls, may be effecting differences in their gene abundances at
these sites. However, further work is necessary to determine what
driver is influencing their distribution and abundance in these soils.

The general correlations between 16S rRNA genes and some of the
functional genes studied here were not equally proportional between
all genes, such that correlations between specific genes yielded insight
into factors controlling their specific enrichment (Table 3). Significant
inverse relationships were observed between bicarbonate extractable
P, concentrations and phoX:nifH (p = 0.049, R? = 0.77), phoD:nifH
(p = 0.043, R? = 0.79), and (phoX + phoD):nifH (p = 0.043, R? =
0.79) (Table 3; Fig. S2). The high correlations between phoX and phoD,

and nifH are driven by the very high ratios at the low P site E5. It is
possible that there is also a P threshold for gene ratios (similar to that
seen with Ep/Ey above) and that the E5 site has reached this threshold,
resulting in an enrichment of phoX and phoD relative to nifH. Addition-
ally, these results indicate that as bicarbonate extractable P, increases,
the abundance of microbial alkaline phosphatase genes declines relative
to genes involved in N fixation, suggesting greater community selection
for N acquisition relative to P acquisition. This is consistent with the
conclusion that N becomes limiting as P-limitation is alleviated along
this transect (Corstanje et al., 2007).

3.4. PhoX sequence analysis

phoX encodes a high efficiency phosphatase that has been studied in
P-limited marine systems (Sebastian and Ammerman, 2009), but little
work has been reported on its distribution or importance in freshwater
wetlands such as the Everglades. The phoX gene product, PhoX, is
generally thought to be important in accessing phosphate in low-P
environments, and more important in those systems than the better
studied phoA phosphatase, which is more important in relatively high
P environments (Sebastian and Ammerman, 2009). Knowledge of the
diversity and phylogeny of PhoX along the P-gradient in WCA-2A will
provide insight into the importance of this alternative phosphatase in
P-limited wetlands.

A potential limitation of our study is the lack of an extensive data-
base of freshwater and terrestrial sequences that could be used to
design phoX PCR primers. The primer set used for phoX was taken
from Sebastian and Ammerman (2009), which were based largely on
sequences from marine systems. Consequently, the primers were not
highly specific to the phoX in the metagenomes of WCA-2A, resulting
in non-specific amplification products present in clone libraries. This
required that sequences that did not share similarity with phoX be
removed from clone libraries from all sites prior to analysis. Of the
phoX sequences retrieved, 31% of sequences were removed for F1, 78%
of sequences were removed for F4, and 50% of sequences were removed
for U3. Regardless of the proportions of sequences removed, rarefaction
analysis indicated that sufficient numbers of clones were sequenced to
account for most of the phoX diversity, except in F1 (Table 3 and
discussed below).

Deduced PhoX amino acid sequences from WCA-2A shared between
85 and 99% sequence similarities with PhoX from cultured and uncul-
tured bacteria (Fig. 1). Results from the Maximum Likelihood tree
showed that the WCA-2A PhoX sequences clustered into both PhoX
Types I and II, as defined by Zaheer et al. (2009). The majority of
sequences from WCA-2A clustered with Type Il PhoX. Coverages at the
98% cutoff were 54.5% for F1, 71.4% for F4, and 87.5% for U3 (Table 3).
Rarefaction curves for F4 and U3 approached an asymptote, but F1
was not close to an asymptote (Fig. S3). This suggests that the sampling
intensity was insufficiently deep to capture the true diversity of phoX at
the F1 site. Estimates of Chao richness and Shannon Diversity were
greatest at the F1 site and lowest in the F4 site (Table 3). It is likely
that the high diversity at this site is related to the high number of
bacterial cells at the site, as indicated by the higher 16S rRNA values at
this P-enriched site. Recent fertilization studies have shown that P
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Fig. 1. phoX maximum likelihood tree. Numbers at nodes represent bootstrap values for 1000 re-samplings. Sequences obtained from this study are denoted by site (F1, F4, U3). Numbers

in parentheses indicate numbers of unique sequences obtained within the clades.

enrichment can increase the diversity of P mineralizing groups in
pasture soils (Tan et al., 2013), such that the greater phoX diversity in
F1 may have simply been due to the enrichment of bacterial numbers
at the P enriched sites.

The ecological significance of the greater abundance of Type Il PhoX
is currently unknown, and warrants further investigation. Genotypes of
phoX are widely distributed among the Bacteria (Fig. 1); however, the
phylogeny of phoX is not well defined at this time, particularly in
peatland soils. The majority of sequences obtained in this study cluster

with the alphaproteobacteria, although their affiliation to the level of
genus is not possible at this time. Of note, a recent metagenomic analy-
sis of these samples indicates that the proteobacteria represent the
dominant bacterial class, with the alphaproteobacteria contributing a
significant amount to the total representation of bacterial orders
(Morrison and Ogram, in preparation). The alphaproteobacteria include
members that are facultative anaerobes, consistent with what would be
expected of a wetland with a fluctuating water table. Further sequenc-
ing and characterization of the bacterial communities along this
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Fig. 2. Phosphorus cycling gene abundance detected via GeoChip 3.0 functional microarray. Genes for phn (phosphonate utilization), phy (phytase), ppk (polyphosphate kinase), and ppx
(exopolyphosphatase) were detected (values from composited triplicate field replicates) X sequences for sites F1, F4, and U3.

gradient is being undertaken to further elucidate the significance of
phosphatase gene phylogenies (of both phoX and phoD) at these sites.

3.5. Functional microarray analysis

The functional microarray GeoChip 3.0 includes 27,812 probes
directed towards 292 functional genes, including genes associated
with biogeochemical cycling, pollutant metabolism, and energy genera-
tion (He et al., 2010). Our analysis in this study focused on those groups
of genes involved in P-metabolism (Fig. 2; Table S1): phn; phy; ppk;
and ppx. These data represent relative abundances based on signal
intensities that were normalized to the total intensities determined for
the arrays for each sample. The group of genes included within phn
includes those associated with phosphonate metabolism; phosphonates
belong to a class of organophosphorus compounds characterized by a
C-P bond. The group of genes described by phy are involved in the
production of phytase, an enzyme that metabolizes the plant P-storage
polymer, phytic acid (inositol hexaphosphate). Genes included in the
group ppk include those that are associated with polyphosphate kinase,
the enzyme that catalyzes the polymerization of polyphosphate, a
common phosphate storage polymer. Those genes in the group ppx
are associated with exopolyphosphatase, an enzyme that depolymerizes
polyphosphate.

It should be noted that the samples used for GeoChip 3.0 analysis
were collected three years prior to those collected for the other analyses
reported here (2009 vs. 2013). However, water chemistry data were
compared for all sites from 2009 to 2013, and no large changes occurred
at these sites within the time period studied (Newman, unpublished
data). There can be seasonal differences with respect to the distribution
of microbial functional genes related to methanogenesis and sulfate
reduction (Castro et al., 2005; Bae et al., in press) within the sites; how-
ever, the sites change consistently with the seasonal impacts.

In general, F4 harbored much greater numbers of unique functional
genes (780 unique genes) detected by GeoChip 3.0 than either the F1 or
U3 sites, with 148 and 98 unique genes, respectively. The F4 site also
exhibited the greatest abundance of the P cycling genes detected by
the GeoChip (Fig. 2), with the exception of phytase, which was only
detected in the U3 site. It is possible that the nutrient status of this
site, which is considered to be a transition point between N and P
limitation (Corstanje et al., 2007), allows for increased functional
diversity. This functional diversity includes a greater suite of metabolic
pathways, including those for the use of alternate P forms, such as
phosphonates. Additionally, the high microbial biomass P (Corstanje
etal., 2007) at the F4 site could be maintained by greater polyphosphate
storage and turnover, as evidenced by the higher ppk and ppx gene

abundances. Interestingly, previous work at these sites only documented
pyrophosphate (a polyphosphate of n = 2) at the F4 site (Turner
and Newman, 2005) and did not report evidence of long-chain
polyphosphates at any of the study sites. This suggests that poly-
phosphate turnover may be occurring rapidly at these sites, thereby
limiting the ability to detect these compounds with 'P NMR.

The greater abundance of functional genes in F4 is consistent with
the higher enzyme activities observed for this site (Table 2); however,
these results are in contrast to the estimated copy numbers of the
genes encoding high efficiency alkaline phosphatases, phoX and phoD
(Table 3), which were highest in F1. It is possible that these differences
may be due to changes between the sites from 2009 and 2013, water
chemistry data for all sites from 2009 to 2013 were stable; however,
there may have been changes in other factors that could have effected
changes in microbial gene abundance.

The greater relative numbers of total unique functional genes and P
cycling genes detected by GeoChip 3.0 at the F4 site is consistent with
previous work showing the greatest microbial biomass and metabolic
efficiency at the F4 site (Corstanje et al,, 2007). Despite the diversity of
functional genes in F4, the alternate P pathway encoded by phy, was
only found in the U3 site. However, it was found in low abundance,
and its ecological significance at the site still remains unknown and
warrants further investigation.

The GeoChip data at each site suggested that there are more types of
P cycling genes within the unenriched U3 site; however, the microarray
only contained probes for four categories of P cycling genes (phn, phy,
ppk, and ppx) and as such, was limited in its capacity to detect the
potentially wide variety of P cycling genes that might be present at our
sites (He et al., 2010). Therefore, further analysis of P cycling genes,
such as the phosphatase genes presented in this paper, is necessary to
broaden our detection and understanding of microbial P cycling genes
along P gradients.

4. Conclusions

The findings presented here provide evidence of microbial community
response at the genetic level to changes in P-limitation. The relationships
seen between available P forms and genes that encode specific enzymes
responsible for P-acquisition, in conjunction with related enzyme assays,
indicate that P enrichment effects changes in the functional diversity of
the Everglades' resident microbial community with respect to P-cycling.
The phylogenetic diversity of phosphatase (phoX) genes, and the func-
tional diversity shown with GeoChip analysis, indicates that nutrient
shifts along the WCA-2A gradient may impact the diversity of P-cycling
genes.
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The multi-faceted approach applied here indicated a complex
response of microbial communities in WCA-2A to shifting nutrient lim-
itations. The compositions and activities of the microbial communities
were dependent on their specific location along the nutrient gradient,
and yielded insight into some of the fundamental mechanisms through
which microbial communities adapt to shifting nutrient limitations,
and how microbial communities adapt to anthropogenic nutrient
enrichment.

The P-gradient in WCA-2A revealed several characteristics of the
microbial communities' responses to shifting P availabilities and limita-
tions. Relatively high ratios of phosphatase to nitrogen acquisition at
both the genetic and enzyme activity levels suggest greater selection
for P acquisition relative to N acquisition in low-P sites. These findings
further support the concept that anthropogenic P inputs are effecting
a shift towards N limitation within the high-P sites. In the low-P sites
(U3 and E5), microbial communities appeared to be subject to condi-
tions that fell below a threshold P concentration. The high enzyme
(Ep:En) and gene ratios (phoX:nifH, phoD:nifH) observed at E5 relative
to the other sites suggest that soil microbial selection for P acquisition
relative to N acquisition may be subject to threshold P concentrations,
above which enzymatic and genetic responses may not be detected.
However, experimental manipulation of threshold P concentrations,
combined with stoichiometric analyses, would be of value to confirm
this trend.

At the transition (F4) site, an increase in bacterial functional diversity
was observed, including increases in the numbers of genes associated
with mineralization of alternative P forms, such as phosphonates
(phn), and increased numbers of genes related to polyphosphate storage
(ppk) and cycling. The relative numbers of total genes detected and
genes associated with phosphate cycling by the functional microarray
GeoChip 3.0, and phosphatase and phosphodiesterase enzyme activities,
were highest in F4. In addition to the enzyme activities related to organic
phosphate attack, leucine aminopeptidase activities were highest at this
site. These data support previous work that found the greatest microbial
activities were at the F4 site, likely due to the site being an intermediate
between P and N limitations (Corstanje et al., 2007). The structures
and functions of microbial communities in transition from one limiting
nutrient to another warrants further study.

In the P-enriched sites (F1 and F3), high P concentrations were
associated with an increase in bacterial numbers (represented by 16S
RNA gene copy numbers), resulting in relatively proportional increases
in phoX copy numbers and phoX diversity.

Shifts in concentrations of genes encoding phosphatases relative
to genes involved in N fixation were correlated with bicarbonate
extractable P, concentrations within these sites. These findings were
supported by analysis of the activities of phosphatase, phosphodiester-
ase, and leucine aminopeptidase along this gradient. The agreement of
genetic and enzymatic data suggests that assessing microbial nutrient
demands with molecular techniques is feasible, although future work
is needed to develop the technique, particularly with additional exper-
imental manipulation, to elucidate the complexity of these linked
biogeochemical cycles and provide a more mechanistic understanding
of microbial P cycling within this unique peatland.
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