
Sediment denitrifier community composition and
nirS gene expression investigated with functional
gene microarrays

Silvia E. Bulow,1* Christopher A. Francis,1†

George A. Jackson2 and Bess B. Ward1

1Department of Geosciences, Princeton University,
Princeton, NJ 08540, USA.
2Oceanography Department, Texas A and M, College
Station, TX 77840, USA.

Summary

A functional gene microarray was used to investigate
denitrifier community composition and nitrite reduc-
tase (nirS) gene expression in sediments along the
estuarine gradient in Chesapeake Bay, USA. The nirS
oligonucleotide probe set was designed to represent
a sequence database containing 539 Chesapeake Bay
clones, as well as sequences from many other envi-
ronments. Greatest nirS diversity was detected at
the freshwater station at the head of the bay and
least diversity at the higher salinity station near the
mouth of the Bay. The most common OTUs from the
sequence database were detected on the array with
high signal strength in most samples. One of the most
abundant OTUs, CB2-S-138, was identified as domi-
nant at the mid-bay site by both microarray and quan-
titative PCR assays, but it comprised a much smaller
fraction of the assemblage in the north and south bay
samples. cDNA (transcribed from total RNA extracts)
targets were hybridized to the same array to compare
the profiles of community composition at the DNA
(relative abundance) and mRNA (gene expression)
levels. Only the three dominant denitrifying groups
(in terms of relative strength of DNA hybridization
signal) were detected at the mRNA level. These
results suggest that the most actively denitrifying
groups are responsible for most nirS expression as
well.

Introduction

Denitrification is the major loss pathway for fixed nitrogen
in estuarine sediments, contributing ~0.2 (Tg N) year-1 to
global fixed N loss (Seitzinger and Kroeze, 1998). Deni-
trification is mediated mainly by versatile heterotrophic
bacteria, usually facultative anaerobes equipped to utilize
multiple organic carbon substrates (Zumft, 1997). This
microbially mediated process removes oxidized forms of
nitrogen from the ecosystem by sequential reduction to N2

gas. The key step in this pathway is the reduction of nitrite
(by the enzyme nitrite reductase), in which dissolved
nitrite is converted into gaseous nitric oxide. There are two
known forms of dissimilatory nitrite reductase, NirS and
NirK, encoded by the genes nirS and nirK respectively.

The known diversity among denitrifying bacteria from
culture-based studies (Heylen et al., 2006) has increased
extensively due to the use of key functional genes to
detect denitrifiers in the environment. The true extent of
the phylogenetic diversity of denitrifying microbes is still
unknown because the functional gene phylogeny is not
coherent with the 16S rRNA phylogeny (Song and Ward,
2003; Goregues et al., 2005) and horizontal gene transfer
of nirS among phylogenetically unrelated organisms is
possible (Etchebehere and Tiedje, 2005). Microbial com-
munity composition can be characterized using sequence
and fragment analysis of clone libraries, but determining
the abundance and expression of specific groups of deni-
trifiers is difficult, because it requires quantifying each of
those groups independently.

Here we apply a custom microarray to detect nirS com-
munity composition and relative abundance of operational
taxonomic units (OTUs – defined at a 15% sequence
divergence). The microarray is a high throughput approach
to diversity analysis that also allows assessment of expres-
sion of the functional genes. This approach was tested in
the Chesapeake Bay sediments, using the first functional
gene DNA microarray for denitrifiers in marine systems
(Taroncher-Oldenburg et al., 2003). Similar microarrays
have also been previously applied to other functional
genes in the microbial N cycle: amoA/nirS/nirK (Wu et al.,
2001), amoA (Ward et al., 2007) and nifH (Moisander
et al., 2007). The arrays are powerful as a DNAcommunity-
fingerprinting tool and also have potential to evaluate gene
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expression (Moisander et al., 2006). One of the primary
aims of this study was to extend the DNA diversity analysis
to mRNA from sediments to understand the expression of
the nirS genes among the assemblage of denitrifiers.

Nitrogen biogeochemistry of Chesapeake Bay has
been well-studied, and coupled nitrification/denitrification
has been identified as a major nitrogen loss term (Kemp
et al., 1990; Magnien et al., 1992; Cowan and Boynton,
1996; Bronk et al., 1998). Denitrifying conditions prevail in
the sediments and in the seasonally oxygen-depleted
zone in the main stem. Denitrification rate measurements
were made at the mid and south bay stations in July
and October 2004 by Kana and colleagues (2006). The
average denitrification rate was 83 ! 39 (mmol N) m-2 h-1

near the mouth of the bay and 45 ! 23 (mmol N) m-2 h-1

in the mid-bay. A previous study (C.A. Francis, G.D.
O’Mullan, J.C. Cornwell, and B.B. Ward, unpubl. data)
measured denitrification rates from the same April 2001
samples used in this study. They reported decreasing
rates along the estuarine gradient, from a maximum of
172 ! 6 (mmol N) m-2 h-1 in the north bay to a minimum of
8 ! 13 (mmol N) m-2 h-1 at the mouth of the bay. Rich and
colleagues (2008) reported anammox rates as 0–22% of
total denitrification (benthic N2 flux), indicating that canoni-
cal denitrification plays a greater role than anammox in
removing nitrogen from this estuarine system.

Previous investigation of denitrifier diversity in the bay
(C.A. Francis, G.D. O’Mullan, J.C. Cornwell, and B.B.
Ward, unpubl. data) was based on nirS clone libraries
from replicate sediment samples of those analysed in this
study. The clone library study revealed extensive overall
diversity in the estuary, as well as distinct spatial structure
in the nirS sequence distributions along the estuarine
gradient. nirS OTU richness decreased (from 60 to 22
OTUs) in parallel with increased nitrate concentrations
and sediment denitrification rates (Table 1), along the
estuarine salinity gradient from the oligohaline station
(CB1) to the highest salinity station near the mouth of the
Bay (CB3) (C.A. Francis, G.D. O’Mullan, J.C. Cornwell,
and B.B. Ward, unpubl. data).

To understand environmental regulation of denitrification
and denitrifying community composition, it is useful to
connect community structure to function by determining
OTU-specific activity. Here we report nirS mRNA detection

on a microarray to determine which OTUs correspond to
actively expressed denitrifying genes. An iterative algo-
rithm was used to select an optimal set of probes to
represent the nirS sequence database. Probe selection
was based on previously determined criteria. This array
format is capable of distinguishing nirS sequences that
differ from each other by 13–15% sequence identity; i.e. an
identity threshold of 85–87% (Taroncher-Oldenburg et al.,
2003). The array containing these probes was then char-
acterized in terms of reproducibility at various levels. Both
DNA and cDNA targets produced by PCR from nucleic
acids extracted from Chesapeake Bay sediments were
then hybridized to the array to investigate community
composition and gene expression along the estuarine
gradient. Quantitative PCR was used to estimate the abun-
dance of a phylotype that was identified as a major com-
ponent of the assemblage based on hybridization data
from the arrays.

Results

The microarray was applied to three stations (CB1, CB2
and CB3) along the main stem of Chesapeake Bay
(Fig. 1). Nutrient conditions at the time of sampling are
shown in Table 1. (Refer to Experimental procedures for a
more in-depth site description.)

Archetype nirS probes

The phylogenetic relationships among the 39 probes
chosen as the archetypes to represent minimally overlap-
ping nirS sequences on the array are shown in Fig. 2 and
their sequences are give in Table S1. The original selec-
tion of archetypes used the most variable 70 bp region of
a 232 bp fragment for which a perfect alignment was
possible. Most branch lengths reflect the 85% identity
threshold used to define OTUs for the probe set. Two
archetypes, CB2-S-138 and CB3-S-16, represent a total
of 259 sequences from the 623 included in the analysis for
probe selection. These two archetype sequences are
89.9% identical. CB2-S-138 is also 88.4% identical to the
Pseudomonas aeruginosa archetypes. These probes rep-
resent a major component of the clone library that could
not be fully differentiated by the probe selection algorithm

Table 1. Environmental parameters for Chesapeake Bay bottom water samples from Stations CB1, CB2 and CB3 from April 2001.

Station Temperature (°C) Salinity (psu) NH4
+ (mM) NO3

- (mM) O2 (mM) N2-N flux (mmol m-2 h-1)

CB1 6.7 4.4 10 83 278 172 ! 6
CB2 7.2 18.7 7 22 247 20 ! 24
CB3 8.7 23.6 4 3 306 8 ! 13

N2 flux rates measured in simulated in situ core incubations (modified from C.A. Francis, G.D. O’Mullan, J.C. Cornwell, and B.B. Ward, unpubl.
data).
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because they are near the threshold identity level.
Together they represent the major OTU on the array.

Evaluation of array sensitivity and reproducibility of
hybridization patterns

In this high-throughput approach, four to eight arrays were
printed on a single slide. Hybridization results are pre-
sented as either normalized fluorescence ratio (nFR; each
target Cy3/Cy5 ratio normalized to the strongest signal on
the array) or relative fluorescence ratio (RFR; all targets
were summed to 100% and each target RFR represents
the fraction that target contributes to the sum of all signifi-
cant hybridization signals on the array). The reproducibil-
ity of hybridization patterns and nFR was characterized at
three levels. A nirS target signal, representing an OTU,
was considered significant if both the Cy5 ratio was
greater than the average background Cy5 fluorescence
and its Cy3-to-Cy5 ratio was greater than the average
Cy3/Cy5 for heterologous probes on the same array by at
least two standard deviations.

The first test evaluated array level variability, comparing
the same target (cb2b) – prepared from DNA extracted
from CB2 sediments – hybridized to two arrays on a single
slide (Fig. 3A). The replicate arrays produced almost iden-
tical hybridization patterns resulting in a Pearson’s corre-
lation coefficient (r) of 0.999 and a Major Axis slope

Fig. 1. Map of the Chesapeake Bay. Stations are represented with
black dots. Adapted from Ward and colleagues (2007).

Fig. 2. The tree shows the similarity between
the 39 probes, representing 39 archetypes
with a nominal 85% similarity threshold.
Each probe is named for its perfect match,
but each archetype may represent up to 212
sequences from the database (CB2-S-138).
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of 0.959. Hybridization patterns using two aliquots of the
same target on separate slides (Fig. 3B) were also very
similar (r = 0.951) and fell close to the 1:1 line
(slope = 0.877). Target level variability was assessed by
comparing two targets prepared from the same PCR
product (Fig. 3C). The hybridization patterns and nFR
values were slightly less similar (r = 0.941) and had a
slope of 0.908. Based on these results, all subsequent
environmental samples were analysed using array repli-
cates hybridized from one target preparation on the same
slide in triplicate. Single-factor ANOVA analyses showed no
significant differences (P > 0.37) among three technical
replicates for cb2a, cb2b and cb2c respectively (Table 2).

After determining the inconsistencies due to inter-array,
-slide and -target variability, the biological variability was

assessed using targets amplified from three separate
sediment mini-cores taken from the same box core. The
variability between hybridization patterns for biological
replicates of CB1 and CB2 are illustrated in Figs 3D and 4
respectively. Hybridization patterns for cb1a and cb1b had
a low correlation (r = 0.44) and a slope of 0.594. Single-

Fig. 3. Analyses of array reproducibility between (A) replicate hybridizations to arrays on the same slide, (B) replicate hybridizations to arrays
on separate slides and (C) targets amplified from the same PCR product hybridized to three arrays and averaged. (D) Differences between
biological replicates cb1b and cb1c. The Pearson’s product-moment correlation coefficient and Major Axis line and equation are displayed on
each graph.

Table 2. Single-factor ANOVA test performed in Kaleidagraph on log-
transformed RFR values of individual features.

Groups F-value P-value

2a-1, 2a-2, 2a-3 0.94413 0.39169
2b-1, 2b-2, 2b-3 0.00049 0.99951
2c-1, 2c-2, 2c-3 0.98767 0.37472
CB2a AVG, CB2b AVG, CB2c AVG 3.34957 0.03759
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factor ANOVA analysis shows the nFRs of several arche-
types in cb2a, b and c are significantly different from
one another (P = 0.03, Table 2). Individual probe signal
strength can also vary significantly (P < 0.0001) between
different biological replicates. Some probes, such as
CB3-S-16 and CT2-S-63, had similar nFRs for all three
replicates, while for others, such as CB1-S-59 and CB2-
S-5, the magnitude of the nFRs varied significantly
(P < 0.0001).

Community composition at the DNA level

The contribution of each OTU present at each of the three
stations (Fig. 1) is shown in Fig. 5. For each biological
replicate (a, b and c), results from three replicate hybrid-
izations were averaged together; mean percentage error
was 12.1% (range: 2.8–29.0%). DNA targets cb1a and
cb1b hybridized to the highest number of probes, 22
out of a possible 39 probes, indicating that CB1 has the
greatest OTU richness among the sites (Fig. 5; Table S2).
Probe CB1-S-59 had the greatest RFR in replicate
cb1a (27.5 ! 3.2%) and the second highest in cb1b
(13.2 ! 1.0%). Thirteen of the 22 OTUs were detected
only at CB1, most contributing less than 5% of the total
fluorescence. However, probe CB1-S-142 had the second
highest RFR (25.5 ! 2.0%) in cb1a, and CB1-S-139 the
highest RFR in cb1b (21.5 ! 1.2%).

Site CB2 also had a large number of OTUs present: 15
of 39, although RFRs from four of the CT2 probes were
present only in one replicate, cb2c (Fig. 5). The strongest
RFR was from archetype CB2-S-138 (27.8 ! 4.3% to

44.0 ! 6.4%). Archetype CB3-S-16 had the second
highest RFR (18.0 ! 4.3% to 23.9 ! 0.9%). Four OTUs
were detected only at CB2, including the BrakerpA25
archetype, exclusively comprised of sequences from
Pacific north-west marine sediments (Braker et al.,
2000).

Site CB3 produced the least number of hybridization
signals, only five of 40 OTUs present in cb3b and four in
cb3a, and none unique to that site (Fig. 5). Archetype
CB3-S-15 had the highest RFR in both biological repli-
cates (47.6 ! 3.0% to 64.8 ! 5.1%), and archetype
CB3-S-16 had the second highest (28.0 ! 2.2% to
32.4 ! 2.6%). These two OTUs comprised 80.0–92.4% of
the total fluorescence at CB3. CB2-S-5, CB1-S-59 and
CB2-S-138 each had RFRs less than 10% of the total
fluorescence at CB3. Four of the five OTUs detected
at CB3 (all except CB2-S-5) were present at all three
stations.

nirS mRNA expression level

To obtain a sufficient mRNA yield for microarray analy-
sis, all three biological replicates from each core were
pooled, such that the targets for these experiments rep-
resent an average for the station (i.e. individual, 0.5 g
sediment samples did not provide a sufficient amount of
RNA). For stations CB2 and CB3, only the two OTUs
with the highest nFR from DNA targets showed mRNA
expression. RNA was extracted from CB1, but the nirS
gene could not be amplified. Only archetypes CB2-S-
138 and CB3-S-16 yielded above-background nFRs at

Fig. 4. nirS archetypes present in CB2 DNA
biological replicate samples according to
microarray probe matches. Only archetypes
detected with significant signals are shown on
the x-axis.
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CB2 (Fig. 6). While CB2-S-138 yielded the highest nFR
and CB3-S-16 the second highest from hybridizations
with DNA, the nFRs of CB2-S-138 and CB3-S-16 were
not statistically different in the cDNA signal (P > 0.05). At
site CB3, mRNA expression was detected only in the
two archetypes, CB3-S-15 and CB3-S-16, which had the
greatest DNA nFR (Fig. 6). The nFR of archetype CB3-
S-15 was twice as high as CB3-S-16 when hybridized
with DNA targets, and the nFR of CB3-S-15 averaged
2.5 times the nFR of CB3-S-16 with cDNA. mRNA
signals were not detected at CB1.

QPCR

To compare the strength of array hybridization signal
intensity with an alternative quantification method, both
total nirS and an OTU common at all three stations (CB2-
S-138) were assayed by QPCR. For the arrays, the CB2-
S-138 ratio was defined as the sum of the non-normalized
Cy3/Cy5 fluorescence signals of archetypes CB2-S-
138+CB3-S-16+P. aeruginosa (referred to as the compos-
ite CB2-S-138 archetype) over the total Cy3/Cy5 values

for all the significant archetypes. For QPCR, the CB2-S-
138 ratio was defined as the copy number per gram of
sediment (copies g-1) of archetype CB2-S-138 (from
primers CB64F/192R) over copies g-1 of total nirS (from
primers NirS1F/3R).

For archetype CB2-S-138, copies g-1 ranged from
9.04 ! 0.34 ¥ 104 in cb3a to 1.26 ! 0.16 ¥ 108 in cb2c
(Fig. 7). For total nirS, copies g-1 ranged from
2.13 ! 0.18 ¥ 105 in cb3a to 7.92 ! 0.40 ¥ 107 in cb2c
(Fig. 7). Estimates of the CB2-S-138 ratio in terms of
copies g-1 and hybridization signal were positively corre-
lated (Fig. S1, r = 0.941 and slope 0.854). With the array
method, the composite CB2-S-138 archetype comprised
a smaller fraction (6.7–12.5%) of the total nirS signal in
the CB1 samples, compared with 19–25% with the
QPCR assay. In all of the CB2 samples, the composite
CB2-S-138 archetype was dominant on the arrays
(50.5–75.2%), and in the QPCR assays (> 100%). The
composite CB2-S-138 archetype was abundant at
CB3 in terms of hybridization signal on the arrays
(31.2–39.7% of total FR) and as determined by QPCR
(42–47% of total nirS).

Fig. 5. DNA archetypes detected at each biological replicate from each station (cb1a, cb1b, cb2a, cb2b, cb2c, cb3a, cb3b), averaged from
three replicate arrays.
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Discussion

Evaluation of array sensitivity and reproducibility of
hybridization patterns

The high reproducibility of arrays on the same slide
makes it possible to distinguish between variability among
replicate hybridizations and real biological differences on
small spatial scales. Correlation between replicate arrays

on the same slide was very high (r = 0.999), whereas a
number of probes were significantly different (P < 0.0001,
Table 2) among biological replicates within one station,
indicating that variation between biological replicates
likely represents microheterogeneity within the sedi-
ments rather than variability in the microarray procedure.
Santoro and colleagues (2006), using clone libraries,
found that unique nirS communities varied spatially on the
order of meters in subterranean estuarine sediments.
Scala and Kerkhof (2000) showed that T-RFLP hetero-
geneity of denitrifying microbial assemblages (evaluated
using the nosZ gene) in marine sediments decreased with
the order of distance (km > m > cm), but recognized that
variability at the cm scale may be underestimated by
current methodologies: rarer OTUs might be detected
in a smaller-scale or more sensitive survey. The high-
throughput nature of the arrays makes it relatively easy to
characterize very small scale spatial heterogeneity and to
perform replication not possible with clone libraries.

Community composition at the DNA level

Hybridization patterns on the arrays revealed decreasing
richness along the estuarine gradient, from 22 significant
OTUs at the freshwater station (CB1) to five at the
seaward-most station (CB3) following a similar pattern in
the nirS clone libraries from the same stations (C.A.
Francis, G.D. O’Mullan, J.C. Cornwell, and B.B. Ward,
unpubl. data). Operational taxonomic units in the clone
libraries were defined at the 5% sequence identity cut-off,

Fig. 6. cDNA archetypes present at CB2 and
CB3. The archetypes on the x-axis are those
present at the DNA level for CB2; those
present for CB3 are starred and shaded in
grey. Error bars represent the average from
three arrays.

Fig. 7. QPCR copy numbers for the composite CB2-S-138
archetype (striped columns) and total nirS (black columns). All
assays were performed on a single plate with three replicates.
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which exceeds the resolution of 15% on the arrays.
Singletons in the clone library (~60 sequences that
occurred only once and were < 15% distant from all other
sequences) were omitted from the array probe set. Thus,
the number of OTUs detected in the clone libraries
exceeded the number on the arrays and ranged from 60
at CB1 to 29 and 22 OTUs at CB2 and CB3 respectively.

A small number of OTUs dominated both the arrays
and the clone libraries. The six most important OTUs
accounted for 51–96% of the total hybridzation signal.
These six OTUs are located in four different clades in the
nirS phylogeny (C.A. Francis, G.D. O’Mullan, J.C. Corn-
well, and B.B. Ward, unpubl. data), which indicates dis-
tinct dominance by a few types. Additionally, the eight
most abundant nirS OTUs in the clone library accounted
for 43% of the 539 nirS sequences obtained in that study
(C.A. Francis, G.D. O’Mullan, J.C. Cornwell, and B.B.
Ward, unpubl. data). Two of the abundant OTUs in the
clone libraries, CB2-S-138 and CB3-S-16, dominated the
array signals as well. These two archetypes actually rep-
resent one major sequence group, the composite CB2-S-
138, which was probably not meaningfully separated
when present at high concentrations due to their relatively
high sequence identity.

Neither the CB2-S-138 OTU nor the CB3-S-16 OTU is
closely related to nirS sequences from known cultivated
denitrifying strains, suggesting that the most important
(and active in terms of gene expression) denitrifying phy-
lotypes have not been characterized (or, if in culture, have
not been sequenced). This idea is further supported by
fact that of the six most important OTUs overall, only one
(CB2-S-139) is in the same clade as a cultivated organism
(C.A. Francis, G.D. O’Mullan, J.C. Cornwell, and B.B.
Ward, unpubl. data). The CB1-S-139 OTU, which had the
highest RFR in cb1b (21.5%), included the cultivated
organisms Azoarcus evansii, Azoarcus toluvorans,
Thauera chlorobenzoica and Thauera selenatis. A few
other OTUs did include cultivated organisms, but those
had RFRs of less than 5%. The Thauera aromatica and
P. aeruginosa OTUs comprised less than 5% of the total
hybridization signal at CB1 and CB2. In cb1a, the CT1-
S2-132 OTU (2.1% total signal) included Paracoccus
pantotrophus, and in cb1b, the CB1-S-206 OTU (5.4%
total signal) included Azospirillum brasilense. Finally, the
NogalesAJ440493 OTU (3.7% total signal in cb2b)
included Pseudomonas fluorescens.

By virtue of having the highest number of OTUs with
significant hybridization signals, CB1 also had the greatest
number of unique OTUs in both the array results and the
clone libraries (C.A. Francis, G.D. O’Mullan, J.C. Cornwell,
and B.B. Ward, unpubl. data). None of the OTUs with
significant signal at CB3 were unique to that station in the
array results, although the clone libraries included 15
unique OTUs at CB3, compared with 46 at CB1. The

current nirS array did not include 60 singletons that had
been detected only once in the clone libraries, so these
experiments did not test the sensitivity of the arrays for
detecting rare types. Nonetheless, the sequence analysis
approach in the clone library study has greater resolution
than the array approach if large numbers of clones are
sequenced. The comparison of replicates, however, is
rarely attempted in clone library investigations, so the
robustness of the patterns is more easily validated using
the arrays.

Nitrification is closely linked to denitrification in
Chesapeake Bay (Cowan and Boynton, 1996), so it is
interesting to compare diversity patterns among genes
representing ammonia oxidation with those representing
denitrification. In a clone library study of amoA genes
from ammonia-oxidizing bacteria, Francis and colleagues
(2003) found the highest diversity in sediments of the
three Chesapeake Bay main stem stations at CB1, while
CB3 was intermediate and CB2 had the smallest number
of OTUs. Using a microarray containing amoA sequences
from that clone library plus additional database
sequences, Ward and colleagues (2007) also detected
the highest diversity at the freshwater station CB1. The
amoA target arrays were prepared from water column
samples, and the deepwater targets were strikingly more
diverse at CB1 than at CB2 and CB3. An uncultivated
marine/estuarine Nitrosospira type dominated the AOB
assemblage.

The diversity patterns of the three major N-cycling
genes that have been studied in Chesapeake Bay [nirS
(this study; C.A. Francis, G.D. O’Mullan, J.C. Cornwell,
and B.B. Ward, unpubl. data), amoA (Francis et al.,
2003; Ward et al., 2007) and nifH (Moisander et al.,
2007)] are strikingly similar. Even though few nifH
sequences were expressed (Short and Zehr, 2007), the
diversity and richness of nifH was also greatest at CB1.
All three functional genes exhibited the greatest diversity
at CB1 and lower, similar levels of diversity at CB2 and
CB3, suggesting that the overall physical/chemical vari-
ability of the estuarine may play a greater role in control-
ling diversity than any single geochemical factor such as
salinity or nitrate concentration. The upper bay experi-
ences high seasonal variability in temperature and salin-
ity and accompanying chemical changes due to seasonal
and episodic freshwater input (Cowan and Boynton,
1996), while the lower bay is modulated by exchange
with the ocean, and therefore experiences much more
stable conditions. CB3 is consistently marine in character
and the marine wedge overlies the CB2 sediments,
although the salinity and nitrate concentrations are quite
different between the two stations (Table 1). Perhaps the
greatest control on N-cycling functional genes is not
salinity or nutrient availability per se but physical-
chemical variability of the ecosystem.
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nirS mRNA expression level

Analysis of mRNA allows identification and semi-
quantification of gene expression, in addition to relative
abundance of OTUs at the community level from DNA.
Amplification of mRNA from sediments is problematic at
best as mRNA is short-lived, with only a 13 min half-life
estimated for nirS (Hartig and Zumft, 1999). Even without
absolute quantification, the presence of sufficient mRNA
from a given archetype to produce a significant hybridiza-
tion signal probably indicates a high level of nirS expres-
sion. Here, we were able to extract and amplify mRNA
from replicate sediment samples from stations CB2 and
CB3, providing the essential information to evaluate gene
expression.

Bodrossy and colleagues (2006) assayed mRNA for
methanotroph-expressed pmoA on a microarray and
detected groups of methanotrophs that had not been
detectable at the DNA level, suggesting that very different
information can be obtained from gene transcripts than
from the genes themselves. The DNA-level community
composition is probably more stable, while the mRNA
expressions are short-lived and reflect the bacterial activi-
ties at the sampling time (Grunberg-Manago, 1999). When
denitrification is induced in culture by the onset of anaero-
bic conditions, mRNA levels are 15- to 45-fold higher,
compared with only twofold higher under stable denitrifica-
tion conditions (Baumann et al., 1996). The presence of
high mRNA levels may reflect high transitional transcript
levels under changing environmental conditions. However,
the Chesapeake Bay sediments are always anoxic at CB2
and CB3, and thus characteristically denitrifying, so the
arrays probably detected a low level of continual mRNA
expression by a large number of organisms rather than
transient higher expression associated with induction of
denitrification after removal of oxygen. Thus, those arche-
types that are most abundant are probably steadily deni-
trifying and are most likely to produce sufficient total mRNA
to produce a signal on the microarray.

The microarray data support the intuitive hypothesis
that the most abundant groups also contribute the largest
gene expression signal, by virtue of their abundance and
activity under continuous denitrification. It is not possible
with these data to evaluate the activity per cell or to
determine which phylotypes are most active on a per cell
basis. In both CB2 and CB3, the most abundant arche-
types (highest RFR) in the DNA microarray corresponded
to the most actively expressed archetypes in the cDNA
microarray. At CB2, the two most abundant groups, CB2-
S-138 and CB3-S-16, had similar magnitude mRNA
signals – perhaps because these archetypes are so
closely related. At CB3, however, the level of mRNA
expression appeared to be related to the relative abun-
dance of the DNA. mRNA expression was not detected for

other, rarer archetypes (lower nFR) at either station. The
other archetypes are either not expressed and not con-
tributing total denitrification or are in such low abundance
that they are not detectable by this method. These results
are similar to another study of denitrifier mRNA (Nogales
et al., 2002) in which five functional genes – narG, napA,
nirS, nirK and nosZ – were detected in soil by PCR ampli-
fication of DNA but only nirS and nosZ were detectable by
amplification of mRNA. nirK was not investigated in this
study as previous attempts to analyse nirK by PCR and
cloning were unsuccessful (C.A. Francis, G.D. O’Mullan,
J.C. Cornwell, and B.B. Ward, unpubl. data).

The ecological implications of the most abundant OTUs
being the only detectable phylotypes actively expressing
nirS are that, under a given set of environmental condi-
tions, a small number of phylotypes dominate. Whether
the same OTUs dominate under similar conditions has yet
to be determined, but at both stations CB2 and CB3, the
CB2-S-138/CB3-S-16 archetypes were the most active. If
nirS expression correlates to NirS enzyme concentration
and activity, only a small number of phylotypes may con-
tribute most to the denitrification rate. Even if other, rarer
phylotypes were actively expressing nirS, the concentra-
tions were undetectable, implying that their contribution
to total denitrification rate is also low. At station CB1,
however, where OTU richness was great but nirS mRNA
was undetectable, there may have been many phylotypes
that were actively expressing nirS at transcript levels too
low to amplify.

QPCR

The array and QPCR methods both identified the CB2-S-
138 composite archetype as a dominant component of the
total nirS assemblage. The arrays and the QPCR assays
targeted different regions of the nirS gene, which could
easily result in different specificity and resolution of the
two assays. Relatively high primer specificity for one of
the total nirS QPCR primers suggests that the total nirS
measured by QPCR was likely an underestimate
(Appendix S1). Therefore, the ratios of individual clades to
the total might not correspond exactly. However, the same
positive trend between copy number and hybridization
signal indicates that the two methods were in general
agreement and identified the CB2-S-138 composite OTU
as the most important OTU in this system.

Quantification of nirS in terms of copy number from the
array is not yet possible. The relationship between hybrid-
ization signal and target DNA concentration has not been
characterized for this array, but other workers observed
strong linear relationships between hybridization signal
and target concentration (Wu et al., 2004). Total nirS cop-
ies g-1 determined by QPCR in the Chesapeake Bay were
the same order of magnitude as those reported by Smith
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and colleagues (2007) for estuarine sediments. The total
nirS transcript numbers in Colne Estuary sediments
ranged from ~105 from 107, compared with 104 from 108

copies g-1 in this study.

Conclusion

Small-scale spatial heterogeneity was detected at all
three stations by comparing replicate sediment cores.
Nonetheless, Bay-wide trends were also obvious. Overall,
the trend to greatest nirS diversity at the most seasonally
variable, freshwater station parallels the diversity trends
of other N-cycling functional genes (amoA and nifH) in the
Chesapeake Bay, suggesting that the greatest control on
N-cycling gene diversity in this system is environmental
stability rather than salinity, organic carbon or nitrate
concentrations. The OTU assemblages detected by the
arrays reflected the diversity of clone libraries from the
same stations, supporting the idea that microarrays are
an appropriate method to measure community diversity.
The dominance of a few OTUs, all but one divergent from
cultivated organisms, between all three stations suggest
that only a few OTUs contribute significantly to total deni-
trification and the physiology of those OTUs is largely
unknown. That hypothesis is strongly supported by the
cDNA results, showing that the dominant denitrifying
groups also dominate expression of nirS, at least among
the stations sampled here. The high RFR of a composite
OTU also found to be dominant in the clone libraries and
the positive correlation between QPCR copy number and
hybridization strength indicate that the microarray is a
valid measure of relative abundance.

Experimental procedures

Site description

The 166 000 km2 Chesapeake Bay Watershed drains a
dendritic river valley system consisting of the main channel
of the Chesapeake Bay and seven major tributaries (Fig. 1).
This shallow estuary receives high nitrogen loading from
surrounding agricultural and urban regions. In certain
regions of the Chesapeake Bay, suboxic and even anoxic
conditions occur in density-stratified bottom waters, where
microbial processes consume available oxygen (Breitburg,
1992). The severity of oxygen depletion has been exacer-
bated by the excess anthropogenic nutrient input (Zimmer-
man, 2000). The major hypoxic zone occurs in the
subpycnocline waters throughout the deep trough in the
northern and central Bay from the late spring to early fall
(Officer, 1984).

Three stations along the main stem of the estuary (CB1,
CB2 and CB3) were sampled (Fig. 1). The geochemical data
for each station have been published previously (Francis
et al., 2003; Ward et al., 2007). Nutrient and hydrographic
data for all three stations are listed in Table 1. The site located

at the northern riverine end, CB1, is oligohaline with a high
nitrate and ammonium concentrations, 83 and 10 mM,
respectively, and high productivity. CB1 experiences high
seasonal variability in temperature and freshwater input. The
midbay station, CB2, is located on the edge of the deep
trough of the central bay. CB2 is characterized by moderate
nitrate concentrations and seasonal stratification due to the
intrusion of a seawater wedge overlain by a seaward-flowing
fresh surface layer. The last site, CB3, is located near the
mouth of the bay, making it the most saline and least produc-
tive site. The main stem of the Bay receives agricultural and
poultry farm run-off as well as wastewater effluent, which lead
to the high nutrient concentrations at CB1, while the seaward
end exchanges with the Atlantic Ocean and has a more
stable marine character.

Sample collection

Sediments from the three sites in the Chesapeake Bay were
collected using a box core deployed off the R. V. Cape
Henlopen in April 2001 (Francis et al., 2003). Multiple smaller
sample cores were collected using sterile, cut-off 5 ml
syringes and immediately frozen in liquid nitrogen and stored
at -80°C until DNA extraction.

Sediment DNA and mRNA extraction

DNA was extracted from replicate ~0.25 g sediment sub-
samples (0–1 cm depth interval) using the FastDNA SPIN
kit for soil (BIO 101). DNA was extracted from three sepa-
rate sediment syringes (all taken from the same box core at
each site), designated biological replicate CB#a, b or c.
RNA was extracted from replicate 2 g sediment samples
(0–2 cm depth interval) from the same core using the RNA
PowerSoil™ Total RNA Isolation Kit (MoBio). RNA extracts
from three separate syringes (from one box core at each
site) was pooled in order to obtain sufficient mRNA for
analysis. The mRNA was then converted to cDNA using the
Superscript III cDNA kit (Invitrogen) followed by the DNase
purification step from the the Ambion 4Aqueous RT-PCR kit
(Ambion). RT-controls from CB2 were used to optimize the
DNase protocol for CB3; no amplification was detected in
RT-controls. DNA and cDNA were used as templates for
PCR reactions. PicoGreen and RiboGreen (Invitrogen,
Carlsbad, CA) were used to quantify DNA and RNA,
respectively, and the NanoDrop ND-1000 UV-Vis spectro-
photmeter (Thermo Fisher Scientific, Pittsburgh, PA) was
used to quantify probe concentrations for both DNA and
cDNA.

Probe design

A232 bp region of the 840–890 bp nirS amplicon was selected
for the probe because it was possible to align all the nirS
sequence fragments over this region without any gaps (C.A.
Francis, G.D. O’Mullan, J.C. Cornwell, and B.B. Ward, unpubl.
data). The 232 bp data set consisted of 623 nirS sequences,
including 541 from the Chesapeake Bay system (GenBank
accession numbers for full-length sequences: DQ675693 to
DQ676242) and an additional 82 nirS sequences downloaded
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from GenBank in January 2003. The 82 nirS GenBank
sequences represent the small number of marine and estua-
rine nirS clones that were available at that time, as well as
sequences from cultivated strains. The nirS sequences were
aligned using Sequencher (GeneCodes, Ann Arbor, MI).

This alignment was used to select probes for printing on
the array. Based on previous work (Taroncher-Oldenburg
et al., 2003), the criteria for minimizing cross-reactions
between similar probe sequences had been established
for the present array format. An algorithm designed to
select the smallest number of probes that represent all
sequences in the database with minimal overlap was
used to select archetype probes (Appendix S2). Each
archetype thus represents an OTU that includes sequences
with 85% identity to the archetype. Thirty-nine archetypes
were selected, representing 541 of the nirS sequences
in the data set. The other 60 were singletons in the
clone library and were omitted from the probe set in order to
focus on those expected to be more abundant in the
samples.

Microarray method

The optimal nirS oligonucleotide probe set, derived from
the selection algorithm (Appendix S2), was printed
on CMT-GAPS amino silane-coated glass slides (Corning,
Corning, New York) at the Princeton Microarray Facility using
a DiRisi-style robotic arrayer. The DNA microarray protocol
has been described by Ward and colleagues (2007) and
Ward (2008). It is a modification of the original nirS array
(Taroncher-Oldenburg et al., 2003) that allows increased
sensitivity, due to improved printing and smaller hybridization
volume, and includes a more comprehensive probe set. The
increased spot placement accuracy and uniformity of printing
allows the features to be printed closer together and reduces
the variation in features across the slide. The new method is
higher throughput as improved printing capabilities made it
possible to include 4–8 arrays per slide. Features printed on
the array were either empty or contained a 90-mer, which
includes a reference 20-mer coupled to a 70-mer oligo (the
nirS-specific probe) (Dudley et al., 2002). In total, the array
contained four blocks, each containing one feature of each
probe, and thus four total replicates in the array.

The microarray used the internal standard hybridization
approach (Dudley et al., 2002), instead of the more traditional
competitive hybridization approach. The internal standard
offers greater ease and reproducibility compared with a
competitive target composed of equimolar perfect match
targets or a mixture of environmental extracts (Dudley et al.,
2002; B.B. Ward, unpubl. data). The internal standard is a
reference 20-mer 5!-GATCCCCGGGAATTGCATG-3! from
yeast (Dudley et al., 2002) that was coupled to the nirS
70-mers. The reverse compliment returned no nirS matches
in a BLAST test. The complement of the 20-mer standard was
labelled with Cy5 and included in every hybridization mixture,
along with ~200 ng of Cy-3-labelled nirS target (c)DNA. Thus,
an average FR of the gene specific fluorescence (the nirS
target labelled with Cy3, see next section) to the reference
fluorescence (the standard) could be calculated for every
probe, minimizing the effects of variations in hybridization
intensity across the array.

Target preparation

nirS gene fragments (~840–890 bp) were amplified from
sediment DNA or cDNA extracts using the PCR primers
(nirS1F and nirS6R) described by Braker and colleagues
(1998) and using PhusionTM polymerase (Bioprime). The
thermocycling parameters were as follows: 98°C for 30 s,
followed by 30 cycles of 98°C for 10 s, a variable annealing
temperature (54–52°C) for 30 s and 72°C for 30 s. Products
were visualized by electrophoresis in 1% agarose gels
stained with ethidium bromide. While PCR could introduce an
inherent bias through amplification or the stoichiometry of
target DNA (Kanagawa, 2003), the bias should be consistent
throughout all samples. To minimize variation, triplicate PCR
reactions were pooled and gel-purified using the QIAquick gel
extraction kit (Qiagen).

The pooled cleaned products were labelled with amino-allyl-
dUTP (dUaa) by random priming using the Klenow fragment
and random octomers from the BioPrime labelling kit (Invitro-
gen). The dUaa-labelled fragments were cleaned again with
Qiaquick columns and then coupled to the fluorescent dye
Cy3. Ultimately, each hybridization solution contained 200 ng
of Cy3-labelled target (c)DNA, 0.5 pmol of the Cy5-labelled
reverse complement of the 20-mer reference, and 26 ml of the
Aglilent 2¥ hybridization (Agilent) solution in a total volume of
52 ml. The solution was pre-warmed to 65°C, boiled at 95°C for
5 min and cooled on ice for 2 min. The solution was then
pipetted into a gasket on the coverslip, secured with the array
slide in a hybridization chamber and incubated overnight at
65°C. The washed and rinsed slides (Ward et al., 2007) were
then scanned with an Axon 4200 laser scanner and analysed
using Gene Pix Pro 6.0 software. Three replicate hybridiza-
tions from each DNA target (one of the 2–3 biological repli-
cates) were analysed, resulting in a total of 6–9 arrays for each
station. Array data will be posted to the Gene Expression
Omnibus database on the NCBI website.

Quantification of hybridization signals

Every feature on the array was normalized to the Cy5 fluo-
rescent internal standard in the same feature (reference
oligo), reported as the Cy3/Cy5 ratio. The four replicates for
each block were then averaged to obtain a mean nirS/
reference FR, which represents the FR for each probe (Cy3/
Cy5). Also printed on the array was a set of heterologous
probes for a separate project. A nirS feature was considered
to have significant fluorescence if its FR was greater by at
least two standard deviations than both the average back-
ground Cy5 fluorescence and the average FR for the heter-
ologous probes. The RFR is defined as the Cy3/Cy5 signal of
archetype divided by the sum of the significant Cy3/Cy5
signals for all of the significant archetypes (i.e. as a fraction
of the total hybridization signal). For comparison between
arrays for the sensitivity studies and for cDNA, the FR for
each probe was normalized to the highest the FR signal on
the array in order to compare nFR among slides despite
variations in absolute FR.

Mean percentage error was calculated as the standard
deviationRFR over meanRFR multiplied by 100%. Data were
log-transformed to meet normality and equal variance
requirements. Single-factor ANOVA tests and Student’s t-tests
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were performed on log-transformed nFRs in Kaleidagraph
(Synergy Software). Pearson’s correlation coefficients and
Model II major axis regression line equations were calculated
in Matlab (E. Peltzer, pers. comm.).

QPCR assays

Primers were designed to target a specific 128 bp region
conserved in OTU CB2-S-138. The forward primer CB64F
sequence is 5!-GTGAACGTCAAGGAGACCGGC-3! and
the reverse primer CB192R is 5!-AAAATAGCGGTGCGTG
GAATC-3!. Primers NirS1F and NirS3R (Braker et al., 1998)
were used to amplify a 257 bp region of ‘total’ nirS for QPCR.
Standards for both CB64F/192R and NirS1F/3R were pre-
pared by amplifying a constructed plasmid containing the
respective nirS gene fragment. Vector assimilation into the
plasmid was confirmed by restriction digest analysis. Stan-
dard curves for each primer set were created by diluting the
standard plasmids 1:10, 1:103 and 1:105.

Both assays were carried out within a single assay plate
to maximize internal consistency for comparison of copy
numbers between environmental DNA samples and between
primer combinations (Smith et al., 2007). Each assay
included triplicate no template controls (NTCs) and triplicates
for each of the three standards. Environmental DNA samples
were also assayed in triplicate. For the QPCR amplification
mixture, the Quantitect SYBR Green PCR kit (Qiagen) was
used. Optimized primer concentrations for CB64F/192R were
50 pmol per reaction and for NirS1F/3R were 25 nmol per
reaction in a 50 ml reaction. Environmental DNA was quanti-
fied using PicoGreen (Invitrogen) and between 1 and 2 ng of
template were amplified in each reaction. The amplification
was measured over 40 cycles of 15 s denaturing at 94°C,
30 s annealing at 55°C and 30 s extension at 72°C, after an
initial denaturation at 95°C for 15 min (MJ Research PTC
200). Automatic analysis settings were used to determine the
threshold cycle (Ct) values. The Ct values for the NTCs were
at least 10 cycles higher than the environmental samples;
33 ! 1.6 for CB64F/192R and 32 ! 4.4 for NirS1F/3R. For
each standard curve, the slopes were -3.102 and -3.528 and
the efficiencies were 110% and 92% for CB64F/192R and
NirS1F/3R respectively. The copy numbers were calculated
from the following equation: Copy number = (ng*number/
mole)/(bp*ng/g*g/mole of bp).

The ratio of the CB2-S-138 archetype signal to total nirS
signal was computed for the arrays (RFR) and for QPCR (the
CB2-S-138 copy number/total nirS copy number).
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Additional Supporting Information may be found in the online
version of this article:
Fig. S1. Correlation between microarray and qPCR data.
Table S1. Sequences, melting temperature and GC content
for all 39 probes.
Table S2. Mean RFR and Standard Deviation for all signifi-
cant DNA archetypes detected in each biological replicate
from each station, averaged from three replicate arrays.
Same data as presented in Fig. 5.
Appendix S1. QPCR Discussion.
Appendix S2. Probe Selection Algorithm.
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