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Summary

The relationship between ammonia-oxidizing bacteria
(AOB) and potential nitrification rates was examined
along a salinity gradient in a New England estuary in
spring and late summer over 3 years. Ammonia-
oxidizing bacteria abundance was estimated by mea-
suring gene copies of the ammonia monooxygenase
catalytic subunit (amoA) using real-time polymerase
chain reaction. Ammonia-oxidizing bacteria abun-
dance ranged from below detection to 6.0 x 107’amoA
copies (gdw sediment)™'. Mean potential nitrification
rates ranged from 0.5 to 186.5nmol N (gdw
sediment)~' day~'. Both AOB abundance and potential
rates were significantly higher in spring than late
summer. Correlations between rates and abundance
varied significantly among sites, but showed site-
specific ammonia oxidation kinetics related to AOB
community structure. The effect of salinity on poten-
tial nitrification rates was evaluated by incubating
sediment from each site under four salinity condi-
tions (0, 5, 10 and 30 psu). At all sites, rates were
generally highest in the intermediate salinity treat-
ments, but rates at the upstream site were inhibited at
high salinity, while rates at the two downstream sites
were inhibited at the lowest salinity. Although salinity
appears to be an important factor in determining AOB
distribution, it may not be the primary factor as AOB
exhibited a broad range of salinity tolerance in our
experiments. Our results indicate that there are sig-
nificant differences in abundance and community
composition of AOB along the salinity gradient, and
the differences are reflected in community function.

Received 9 August, 2006; accepted 14 January, 2007. *For
correspondence. E-mail aeber@conncoll.edu; Tel. (+1) 860 439
2580; Fax (+1) 860 439 2519.

© 2007 The Authors

Introduction

Nitrification, the sequential oxidation of ammonium to
nitrite and then nitrate, is a key part of nitrogen transfor-
mations in the environment and is fundamental to ecosys-
tem processes. For example, the rates of nitrite and
nitrate production often determine the rate of denitrifica-
tion, leading to the removal of N from the system. Thus,
environmental variables influencing ammonia oxidation in
productive systems such as estuaries have received con-
siderable attention. Temperature (Berounsky and Nixon,
1993), light (Horrigan and Springer, 1990), oxygen (Usui
etal., 2001), ammonium (Stehr et al., 1995; Magalhaes
etal., 2005), sulfide (Joye and Hollibaugh, 1995) and
residence time (Brion etal., 2000) are all reported to
affect nitrification rates in estuaries. Other investigators
have examined how the environment shapes community
structure, demonstrating that some of the same factors
influence the community composition of ammonia-
oxidizing bacteria (AOB) (de Bie et al,, 2001; Bollmann
and Laanbroek, 2002; Francis etal.,, 2003; Bernhard
et al., 2005; Freitag et al., 2006). However, as yet few
studies have reported on relationships among physical/
chemical variables, population structure and activity in
estuaries (Bollmann et al.,, 2002; Caffrey etal., 2003;
O’Mullan and Ward, 2005).

Nitrification was long thought mediated by two function-
ally distinct groups of bacteria — AOB and nitrite-oxidizing
bacteria (NOB). Although known AOB associate with both
the Gammaproteobacteria and Betaproteobacteria, most
described species are affiliated with the latter, and envi-
ronmental studies have focused primarily on the Betapro-
teobacteria because of their monophyletic nature and
relative abundance in many environments. More recent
microbiological and environmental studies have revealed
that our current understanding of ammonia-oxidizing
microorganisms is incomplete in both breadth and depth
of their diversity. Comparative sequencing of genes
encoding the 16S rRNA and the catalytic subunit of the
ammonia monooxygenase (AmoA) recovered from envi-
ronmental samples has shown that proteobacterial AOB
in culture represent only a fraction of the natural diversity
within this division (Kowalchuk and Stephen, 2001). A far
greater breadth of evolutionary diversity was revealed
by the discovery of anaerobic ammonia oxidation
(anammox) (Strous et al., 1999) and ammonia-oxidizing
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Crenarchaea (Kénneke et al., 2005). These discoveries
further underscore the importance of linking diversity,
activity, and controlling environmental variables.
Previously, we demonstrated that the AOB communities
in Plum Island Sound estuary in north-eastern Massachu-
setts differed significantly along a salinity gradient, with
communities at the high-salinity site significantly less
diverse than at the mid- or low-salinity sites (Bernhard
et al., 2005). Many studies have shown a significant effect
of salinity on nitrification rates and AOB community com-
position in estuarine sediments, but the cause remains
unclear. It is known that salinity plays a major role in
ammonium adsorption in sediment (Boatman and Murray,
1982; Seitzinger et al.,, 1991; Rysgaard et al., 1999), but
many other environmental factors co-vary with salinity,
making it difficult to associate individual variables with
nitrification activity. The salinity effect may also reflect
physiological changes in AOB or shifts in community com-
position brought about by changes in salinity (Bollmann
and Laanbroek, 2002). In this study, we investigated: (i)
the direct effect of salinity on potential nitrification rates;
(i) the link between potential nitrification rates and abun-
dance of the ammonia monooxygenase gene (amoA);
and (iii) the relationship between potential rates and AOB
community composition. These studies underscored the
complexity of the process, but demonstrated strong cor-
relations among AOB community structure, salinity and
potential nitrification rates in this natural system.

Results

We measured potential nitrification rates and AOB
abundance in sediment samples collected in spring and
late summer from sites representing low-, mid- and
high-salinity conditions. Ammonium and phosphate were
added to each sample and NO;~ production was moni-
tored over 3 days. Rates over the 3-year sampling period
ranged from 0 to 350.2 nmol N gdw~' day~'. Mean rates in
April were generally about an order of magnitude higher
(21.5-186.5 nmol N gdw'day™) than in August or
September (0.5-14.3 nmol N gdw~' day~'). We observed
similar seasonal patterns of AOB abundance, with AOB
abundance [estimated by real-time polymerase chain
reaction (PCR) quantification of the amoA gene] ranging
from below detection to 6.0 x 107 gene copies gdw’
(Fig. 1). Abundance of amoA was generally much lower in
August and September compared with April for all sites,
and amoA abundance was always lowest at the low-
salinity site (P22) for all sampling dates. In 2001, amoA
abundance was highest at the high-salinity site (R8C) in
April and August. In April 20083, although amoA abun-
dance between the low- and mid-salinity sites differed by
two orders of magnitude, the differences were not signifi-
cant (Student’s t-test, P=0.07, d.f. =4).
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Fig. 1. Mean amoA gene copies per gram of dry weight of
sediment in the top 0-2 cm at low- (P22), mid- (P14) and
high-salinity (R8C) sites in Plum Island Sound, MA. Means for April
2001 represent duplicate samples from 0-0.5, 0.5-1.0, 1.0-1.5 and
1.5-2.0 cm horizons averaged together. Means for August 2001
represent duplicate samples from 0-0.5, 0.5-1.0 and 1.0-2.0 cm
horizons averaged together. All other data represent triplicate
samples from 0-2 cm. No data were available for R8C in April 2002
or April 2003. Error bars represent the standard error of the mean.
Within each sampling date, bars with different letters are
significantly different. Asterisks indicate significance (o = 0.05)
among samples from the same site.

To further assess the salinity effect, potential nitrifica-
tion rates were measured under four salinity conditions: 0,
5, 10 and 30 psu. During April, the highest potential nitri-
fication rates were usually detected at 10 psu for all sites
(Fig. 2), although on one sampling date, the highest rates
at P22 were recorded in the O psu treatment. Additionally,
potential rates at P22 were significantly inhibited at 30 psu
compared with the maximum response. In contrast,
potential nitrification at P14 and R8C was inhibited at
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Fig. 2. Nitrification potential, as mean per cent response versus
salinity at low- (P22), mid- (P14) and high-salinity (R8C) sites in
Plum Island Sound, MA. Rates for each site were scaled to the
maximum rate at any salinity for each sampling period and then
averaged for the 3 years. Rates were measured under four salinity
conditions (0, 5, 10 and 30 psu) in April 2001, 2002 and 2003 for
all sites except R8C where data were taken in 2001 and 2003 only.
Error bars represent one standard deviation. Average in situ salinity
(psu) ranged from 0.5 to 8.7 (P22), 6.3 to 24.7 (P14) and 20.5 to
31.7 (R8C).
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Table 1. Mean potential nitrification rates [nmol N (gdw sediment)™' day~'] (= SD) at different sediment depths from samples collected in 2001.

April 2001 August 2001

Depth
(cm) P22 P14 R8C P22 P14 R8C

0-0.5 21.4(9.7) 60.9 (19.7) 76.0 (82.8) 0.4 (0.6) 2.1 (2.9) 1.6 (0.7)
0.5-1.0 2.6 (3.6) 40.0 (22.3) 96.5 (30.1) 1.5 (2.1) 29.0 (29.6) 3.2 (0.7)
1.0-1.5 5.5 (2.9) 29.6 (13.8) 210.0 (27.2) - - -
1.5-2.0 1.8 (2.6) 24.6 (11.1) 135.5 (56.6) - - -
1.0-2.0 - - - 1.1 (1.6) 24.7 (22.9) 2.5 (3.5)
2.0-4.0 - - - 1.7 (2.5) 21.3 (23.6) 4.7 (0.1)

Rates were determined in salinity treatments closest to in situ salinity.

0 psu. In August and September in all 3 years, rates were
low and highly variable and no meaningful trends in
response to salinity were detected (data not shown). In
2001, we also measured potential nitrification rates at
different sediment depths (Table 1). Rates were mea-
sured under near in situ salinity conditions. In April 2001,
rates generally decreased with depth at P22 and P14. At
R8C, however, we observed the opposite trend, with rates
increasing with depth.

To further investigate site-specific differences and the
link between ammonia oxidation and specific populations,
we used amoA abundance and potential nitrification rates
to calculate cellular oxidation rates for each site. Assum-
ing 2.5 amoA copies per cell (Norton ef al., 1996) and that
AOB are the only ammonia oxidizers in the system,
average cell-specific ammonia oxidation rates differed by
more than two orders of magnitude (1.6 = 0.7 x 1072,
20+ 05%x107% 2.9+ 0.6 x10“*fmols N cell'' h' at the
low-, mid- and high-salinity sites respectively).

We also investigated the relationship between AOB
abundance and activity at the three sites. Correlations
between potential nitrification rates and amoA copy
number varied among sites, with the highest correlation
detected at the high-salinity site (r=0.96) (Fig. 3). The
slopes of the regressions were also significantly different
(ANCOVA, P < 0.0005).

To assess the correlation of community structure and
potential nitrification rates, we re-analysed the terminal
restriction fragment length polymorphism (TRFLP) data
reported in the study by Bernhard and colleagues (2005)
using non-metric multidimensional scaling (NMS). The
ordination of the samples explained 95% of the variability
in the data, with 74% attributed to axis 1 (Fig. 4). Three
conspicuous clusters (A, B and C in Fig. 4) included all
samples with rates > 40 nmol N gdw' day™, although
some samples within the clusters had lower rates.
Additionally, mean rates among the three clusters were
not significantly different (ANOvA, F=0.52, P=0.59, d.f.
= 37), but diversity (Shannon’s Index) was significantly
different for all three clusters (ANOVA, F=56.9,
P<5x 1072, d.f.=37). Closer inspection of the AOB
communities revealed that samples within each cluster

© 2007 The Authors

were always comprised of the same amoA TRFs, with
samples in clusters A, B and C comprised of five, four and
three TRFs respectively. TRFs 128, 279 and 343 repre-
sent Nitrosospira-like sequences primarily, while TRFs
197 and 330 represent Nitrosomonas-related sequences
(Bernhard et al., 2005). Samples not included in clusters
A, B, or C were comprised of many of the same TRFs, but
with different relative abundance patterns, and often
included additional TRFs not included in samples in clus-
ters A, B and C. Sequence identification of all amoA TRFs
can be found in the study by Bernhard and colleagues
(2005).

Discussion

Understanding the link between microbial diversity and
ecosystem processes is a fundamental goal of microbial
ecologists. It is paramount to understand how changes in
diversity affect nutrient cycling and energy transfer in eco-
systems, yet it remains poorly understood. Although a
variety of researchers have attempted to address the
issue (e.g. Naeem and Li, 1997; Garland and Lehman,
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Fig. 3. Correlation between potential nitrification rates and amoA
gene copy number at sites along a salinity gradient in Plum Island
Sound, MA. Correlation coefficients (r) are shown for regression
lines for samples collected at low- (P22), mid- (P14) and
high-salinity (R8C) sites.
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Fig. 4. Non-metric multidimensional scaling ordination of sediment
samples based on TRFLP analysis of the amoA gene. Each symbol
represents the ammonia-oxidizing community based on relative
abundance of TRFs of the amoA genes. The distance between
points is proportional to the dissimilarity of the communities. All
samples with potential nitrification rates > 40 nmol N (gdw
sediment)™' day' are included in clusters marked A, B and C.
Terminal restriction fragments that comprise the AOB communities
of samples in each cluster are indicated parenthetically. Sequence
identification of amoA TRFs is described in the study by Bernhard
and colleagues (2005). Sites represent low (P22), mid (P14) and
high (R8C) salinity.

1999; Bell et al., 2005), most have not been able to reach
conclusive results that relate directly to natural systems.
Using soil AOB as a model in microcosm (Webster et al.,
2005) and manipulated systems (Horz etal, 2004),
researchers have recently found evidence for a relation-
ship between AOB community structure and ecosystem
functioning. By examining the population structure of
estuarine sediment AOB in a natural system in relation to
salinity and potential activity, we observed site-specific
differences in nitrification rates that were correlated with
community composition and abundance of AOB. These
studies suggest that changes in AOB community structure
may lead to alterations in ecosystem functioning.
Potential nitrification rates in our study were highly vari-
able, but were similar to potential rates from other studies
in estuarine (Rysgaard et al., 1999; Caffrey et al., 2003;
Dollhopf et al., 2005) and freshwater sediments (Bodelier
et al.,, 1996). Potential rates are often much higher than in
situ rates possibly because of non-limiting oxygen and
substrate concentrations, while rates measured in situ
may be substrate-limited. In some studies, potential rates
have been found to correlate well with in situ nitrification
rates (Henriksen et al., 1981; Kemp et al., 1990), although
other studies have not found consistent correlations
(Caffrey etal, 2003). Similarly, our estimates of AOB
abundance, measured by real-time PCR quantification of
amoA genes, were comparable to estimates of AOB in
other marine or estuarine environments using competitive

PCR (Dollhopf et al., 2005) and real-time PCR of the
amoA gene (Risgaard-Petersen et al., 2004).

Correlation between rates and amoA abundance

Because potential nitrification rates are thought to roughly
represent the abundance of AOB (Henriksen, 1980),
we expected these two parameters to show a strong
correlation. Although we did find strong correlations, the
relationships were site-specific, suggesting functionally
distinct ammonia-oxidizing communities along the salinity
gradient. Interestingly, potential rates at R8C were gener-
ally lower than rates at P14 or P22, but amoA abundance
was often higher and better correlated with the rates.
These results have several possible explanations: (i) AOB
activity at R8C was inhibited during the potential rate
incubations; (ii) there are other ammonia oxidizers at P22
and P14 contributing to nitrification that are not detected
by the amoA primers; or (ii) AOB at R8C have lower
cell-specific ammonia oxidation rates.

Inhibition of nitrifiers by ammonium has been reported
previously (Stehr et al., 1995; Suwa et al., 1997). In fact,
some nitrifiers are inhibited at ammonium levels as low as
0.2 mM (Magalhaes et al., 2005), which is below the
ammonium concentration used in our study (0.3 mM).
Because the AOB communities at R8C are significantly
different from those at P22 and P14 (Bernhard et al.,
2005), it is possible that the AOB at R8C were more
sensitive to ammonium. However, we used ammonium
concentrations that were similar to in situ ammonium con-
centrations (Hopkinson et al., 1999). Additionally, the high
correlation coefficient between potential rates and amoA
abundance at R8C makes this explanation seem unlikely.

Although other studies have found good correlations
between amoA abundance (measured by real-time PCR)
and potential nitrification activity in marine sediment
microcosms (Risgaard-Petersen etfal, 2004) and salt
marsh sediment (Dollhopf et al., 2005), a second expla-
nation for the observed varying relationships between
rates and AOB abundance in our study is the presence of
ammonia-oxidizing microorganisms not targeted by the
amoA assay. Our estimation of AOB abundance based on
amoA gene copy number targets only the AOB within the
Betaproteobacteria, which are thought to be most abun-
dant in estuarine systems (Francis et al., 2003; Bernhard
et al,, 2005). However, there may be other microorgan-
isms contributing to nitrification, such as methane-
oxidizing bacteria, which are known to be capable of
oxidizing ammonia under certain conditions (Bedard and
Knowles, 1989). It is also possible that the recently
discovered ammonia-oxidizing Archaea (Kénneke et al.,
2005) are active in this system and differentially distri-
buted relative to the AOB. 16S rRNA gene sequences
related to ammonia-oxidizing Archaea have been
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detected in Plum Island Sound sediment (Kénneke et al.,
2005); however, their abundance and distribution have
not been determined.

Thirdly, site-specific relationships between potential
nitrification rates and amoA abundance may reflect differ-
ences in cellular ammonia oxidation rates. Differences in
substrate affinity, growth rates, recovery after starvation
and nitrification kinetics among AOB isolates have been
well-characterized in laboratory studies (Prosser, 1989;
Koops and Pommerening-Roser, 2001; Bollmann and
Laanbroek, 2002; Webster et al., 2005). Oxidation rates
among cultivated AOB are known to vary considerably,
often by an order of magnitude or more (see Prosser,
1989 for review). Although rates determined in our study
are two to three orders of magnitude lower than cellular
oxidation rates of cultivated (Prosser, 1989) and soail
(Okano et al., 2004) AOB, they are comparable to cell-
specific rates determined in another estuarine environ-
ment (Dollhopf et al., 2005). Because the dominant AOB
previously identified in Plum Island Sound (Bernhard
et al., 2005) are not represented in the culture collection
and vary between sites, population-specific differences
may also contribute to variable cellular oxidation rates
between sites and relative to cultivated and soil AOB.

Site differences in potential rates, amoA abundance and
community structure

It has been suggested that community composition may
effect significant impacts on ecosystem functioning (see
Loreau et al., 2001 for review). In support of this hypoth-
esis, we observed clear site-specific differences between
potential rates and amoA abundance that were correlated
with AOB community composition, but not with porewater
ammonium concentrations (Bernhard et al., 2005). Ordi-
nation analysis identified population clusters associated
with high nitrification rates. Furthermore, high rates were
never detected in samples having a community composi-
tion different from those in clusters A, B and C. Interest-
ingly, clusters A, B and C differed significantly in diversity,
but not in nitrification potential. These results indicate a
direct and quantitative link between AOB community com-
position and ecosystem function.

Direct salinity effects on potential nitrification rates

Salinity has long been implicated as a major factor affect-
ing nitrification rates in estuaries, with rates generally
decreasing as salinity increases. However, potential rates
in our study do not indicate a consistent adverse salinity
effect on activity. This is in contrast to previous studies
that found consistent, significant inverse relationships
between salinity and nitrification rates among cultivated
nitrifiers (Stehr et al,, 1995; Bollmann and Laanbroek,

© 2007 The Authors
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2002) and estuarine samples (Rysgaard etal., 1999).
Negative correlations between salinity and nitrification in
these studies have been attributed to increased ammo-
nium efflux from the sediment (Seitzinger et al,, 1991;
Rysgaard et al., 1999), salinity-induced changes in com-
munity composition of ammonia oxidizers (Bollmann and
Laanbroek, 2002), or adverse salinity effects on the
metabolism of the microbes (Stehr et al., 1995; Rysgaard
etal,, 1999). Because AOB community composition did
not change (as measured by TRFLP analysis of the amoA
gene) over the course of the incubations (data not
shown), we believe our short-term potential nitrification
measurements under different salinity regimes are a
valid representation of salinity tolerance of the natural
community. Additionally, because ammonium efflux
should not be a factor in continuously shaken containers,
it is likely that the observed differences reflect physiologi-
cal adaptations of the resident AOB.

Although it might be anticipated that AOB would exhibit
highest nitrification rates under conditions closest to
in situ salinities, other studies do not support this
relationship. Some studies have shown maximum nitrifi-
cation rates at 0 psu for AOB collected from brackish or
marine sites (Rysgaard et al., 1999; Bollmann and Laan-
broek, 2002). Others have demonstrated optimum nitrifi-
cation rates of estuarine isolates between 5 and 10 psu
(Jones and Hood, 1980), between 15 and 30 psu (Magal-
haes et al., 2005), or between 0 and 20 psu (MacFarlane
and Herbert, 1984), with subsequent reductions in activity
or inactivation at higher salinities. In most cases, we also
observed maximal rates at intermediate salinities. This
response might reflect an intrinsic characteristic of
ammonia oxidizer physiology, and suggests that salinity
may not be the primary factor that determines population
distribution. However, the communities from the three
sites did exhibit different responses to the highest- and
lowest-salinity treatments, suggesting that they are opti-
mized, at least to some degree, to ambient salinity. The
broad salinity tolerance exhibited at all of the stations may
reflect the highly dynamic salinity regime that these bac-
teria experience in the field over both tidal and seasonal
time scales. When held under constant conditions for
70 days, AOB from site P22 had maximal ammonium
oxidation rates over a much narrower salinity range than
we found for field populations (Mondrup, 2001).

Seasonal differences in potential rates and amoA
abundance

Potential nitrification rates and amoA abundance data
also showed a significant seasonal effect, with both rates
and abundance decreasing by up to an order of magni-
tude from April to early autumn. The differences in activity
most likely reflect a seasonal change in abundance based
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on the correlation between potential rates and amoA
abundance. Seasonal differences in nitrification have
been observed in previous estuarine studies (Berounsky
and Nixon, 1993; Thompson et al., 1995; Eriksson et al.,
2003), but the cause remains unclear. It has been sug-
gested that AOB may compete with members of the
microphytobenthos for ammonium (Risgaard-Petersen
etal.,, 2004) and this competition could become more
intense in autumn. However, in our study, porewater
ammonium concentrations increased at two of the sta-
tions later in the year (Bernhard et al., 2005), suggesting
other mechanisms are more important. All of the sites
experience increased average salinity over the season,
but the dramatic decline in rates is not consistent with our
potential nitrification data that suggest AOB have a fairly
wide salinity tolerance. It is possible that AOB experience
greater oxygen limitation and/or increased sulfide toxicity
in summer when sediment oxygen demand peaks.

Conclusions

Most studies of the relationship between microbial diver-
sity and system processes have been primarily in artificial
or manipulated systems (e.g. Naeem and Li, 1997; Ayala-
del-Rio et al,, 2004; Bell etal, 2005), and have not
focused on a single functional group. One exception is the
study by Cavigelli and Robertson (2000), demonstrating
that the community composition of denitrifying bacteria
has a significant impact on denitrification and N.O
production. Our observation of structurally and function-
ally distinct ammonia-oxidizing communities at different
sites in Plum Island Sound is another demonstration of a
direct and quantitative link between biodiversity and
process in a natural system. These studies indicate strong
associations between the physical/chemical features of a
site, the community composition and its activity. The
robust association between specific constellations of AOB
populations within a site and high potential rates is par-
ticularly notable, suggesting that community response to
added ammonium can in some instances be predicted
with good confidence. However, the varying correlations
between rates and community structure show that this
relationship is still not fully understood. A more complete
accounting of all contributing populations, now known to
include Archaea, is needed to better constrain relation-
ships among environment, diversity and activity.

Experimental procedures
Sample collection

Detailed site descriptions and sample collection procedures
are described elsewhere (Bernhard et al., 2005). Briefly, rep-
licate sediment cores were collected in spring and late

summer for 3 years (2001-2003) from sites in Plum Island
Sound, MA estuary. At two sites, representing low (P22) and
mid (P14) salinity, samples were collected at all time points.
Samples from the high-salinity (R8C) site were collected at all
time points except Spring 2002. Average salinity (psu) at
each site during our experiments ranged from 0.5 to 8.7
(P22), 6.3 to 24.7 (P14) and 20.5 to 31.7 (R8C) (Bernhard
et al., 2005).

Potential nitrification rates

Potential nitrification was measured at all sites under four
salinity conditions: 0, 5, 10 and 30 psu. Media for each salin-
ity condition were made by diluting artificial seawater, the ‘0’
salinity was actually a 1/500 dilution of artificial seawater to
provide essential salts. All samples were amended with
300 uM ammonium (as NH,CIl) and 60 uM phosphate (as
KH,PO,). For each site replicate, at each depth and salinity,
small sediment samples were placed into three 50 ml centri-
fuge tubes. The nutrient/salinity stock solution was added,
and the samples were kept in the dark at 22°C and continu-
ally shaken. In 2001 we used 45 ml of stock solution and
1.7 g (wet weight) of sample, in subsequent years we used
30 ml of solution and 1 g (wet weight) of samples to eliminate
the possibility of oxygen limitation during the incubation by
increasing the headspace. An additional subsample from
each replicate and depth was weighed, dried and re-weighed
to obtain wet/dry conversion factors. One incubated sub-
sample from a treatment replicate was harvested at 24, 48
and 72 h. Samples were centrifuged, filtered and immediately
frozen for nitrate analysis. (Although AOB only oxidize ammo-
nium to nitrite, nitrite is quickly oxidized to nitrate. Tests
showed that nitrite concentrations were negligible in our
incubations.) NO5;~ concentrations were determined by colo-
rimetric analysis using the cadmium reduction method on a
Lachat QuickChem flow injection analyser (Johnson and
Petty, 1983). Nitrification rates were calculated based upon
changes in nitrate concentration per gram of dry weight of
sediments over time. Obvious outliers were omitted from the
regression (largely some of the final points in 2001 where
oxygen limitation may have occurred).

Some changes were made in the sampling depth and the
replication over the course of the study. In April and August
of 2001, four 6 cm cores were taken from each site. All
cores were sectioned into four depths: 0-0.5, 0.5-1.0,
1.0-1.5, 1.5-2.0cm (in April 2001) or 0-0.5, 0.5-1.0,
1.0-2.0, 2.0-4.0cm (in August 2001). In order to have
enough material for the experimental treatments, cores were
paired and sections were combined and homogenized to
create duplicate samples from each site. In subsequent
years, three cores were collected. Each core was analysed
separately, but the entire 0—2 cm depth was homogenized
and incubated.

Potential rates measured in salinity treatments closest to in
situ salinities were used in correlation analyses between
potential rates and AOB abundance. To measure the effect of
salinity on potential rates, we calculated per cent nitrification
potential response by scaling the rate data based on the
maximum response for each site for each year. We then
calculated the average per cent response for all years
combined.
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DNA extraction

DNA extractions were carried out as previously described
(Bernhard et al., 2005). Briefly, DNA was extracted from
approximately 0.5 g of sediment using the FastDNA kit for
Soil (Qbiogene, Carlsbad, CA) following the manufacturer’s
directions with slight modifications.

AOB abundance

Ammonia-oxidizing bacteria abundance was estimated by
quantifying the number of amoA copies per gram of sediment
(dry weight) using real-time PCR for the amoA gene with the
primer set amoA-1F (Rotthauwe et al, 1997) and amoA-
2R-TC (Nicolaisen and Ramsing, 2002). Reaction conditions
were as previously described (Risgaard-Petersen etal.,
2004) with the following modifications: each 20 ul PCR con-
tained 1xiQ SYBR Green Supermix (Bio-Rad, Hercules, CA),
0.5 uM each primer and approximately 10 ng of DNA. All
reactions were carried out using an iQ iCycler (Bio-Rad). All
samples were run in duplicate at minimum and compared
with standard curves generated in each experimental run
using at least four standards. Standards were purified
plasmid DNAs representing amoA genes previously recov-
ered from Plum Island Sound, MA (Bernhard et al., 2005).
Amplification of standards was linear over seven orders of
magnitude (1 x 10°—1 x 107'* g DNA). DNA concentrations of
sediment samples were estimated by spectroscopic analysis
at 260 nm and by agarose gel electrophoresis by comparing
the density of the bands with those of a DNA High Mass
Ladder (Fermentas), using NIH Image (http://rsb.info.nih.gov/
nih-image/) to measure band densities. Concentrations mea-
sured by the two methods were in good agreement (r= 0.90).

Statistical analysis

Differences in amoA abundance among sites for each
sampling date were determined by ANOVA (data from AprO1,
Aug01, Sep02 and Sep03) or Student’s ttest (Apr02 and
Apr03), using o= 0.05. Differences among the slopes of the
regression of potential nitrification rates and amoA abun-
dance were calculated by ANCOVA analysis (Zar, 1984). Data
from TRFLP analysis of the amoA gene (Bernhard et al.,
2005) were used to assess the relationship between commu-
nity composition and nitrification rates. Non-metric multidi-
mensional scaling was used to ordinate the samples using
Saerenson’s distance measure. The ordination was based on
relative abundances of TRFs of the amoA gene by calculating
the area under each peak. Data were transformed by an
arcsin square root function to reduce skew. PC-ORD v.4
(McCune and Mefford, 1999) was used to perform the NMS.
The proportion of variance explained by each axis was deter-
mined by calculating the coefficient of determination between
distances in ordination space and distances in the original
sample space.

Acknowledgements

This work was funded in part by National Science Foundation
awards MCB-9977897 (D.A.S.), DBI-0200512 and MCB-

© 2007 The Authors

Functionally distinct estuarine AOB 1445

0457183 (A.E.B.), and Connecticut College. Support to
A.E.G. and J.T. was provided through NSF-OCE-9726921
and NOAA National Sea Grant Program, Department of Com-
merce, under Grant No. NA16RG2273, Woods Hole Oceano-
graphic Sea Grant Project No. R/M-50. The views expressed
here are those of the authors and do not necessarily reflect
the views of NOAA or any of its subagencies.

References

Ayala-del-Rio, H.L., Callister, S.J., Criddle, C.S., and Tiedje,
J.M. (2004) Correspondence between community structure
and function during succession in phenol- and phenol-
plus-trichloroethene-fed sequencing batch reactors. Appl/
Environ Microbiol 70: 4950-4960.

Bedard, C., and Knowles, R. (1989) Physiology, biochemistry,
and specific inhibitors of CH,, NH*, and CO oxidation by
methanotrophs and nitrifiers. Microbiol Rev 53: 68—-84.

Bell, T., Newman, J.A., Silverman, B.W., Turner, S.L., and
Lilley, A.K. (2005) The contribution of species richness and
composition to bacterial services. Nature 436: 1157-1160.

Bernhard, A.E., Donn, T., Giblin, A.E., and Stahl, D.A. (2005)
Loss of diversity of ammonia-oxidizing bacteria correlates
with increasing salinity in an estuary system. Environ
Microbiol 7: 1289-1297.

Berounsky, V.M., and Nixon, S.W. (1993) Rates of nitrifica-
tion along an estuarine gradient in Narragansett Bay.
Estuaries 16: 718-730.

de Bie, M.J.M., Speksnijder, A.G.C.L., Kowalchuk, G.A.,
Schuurman, T., Zwart, G., Stephen, J.R., etal. (2001)
Shifts in the dominant populations of ammonia-oxidizing
B-subclass proteobacteria along the eutrophic Schelde
Estuary. Aquat Microb Ecol 23: 225-236.

Boatman, C.D., and Murray, J.W. (1982) Modeling exchange-
able NH," adsorption in marine-sediments — process and
controls of adsorption. Limnol Oceangr 27: 99-110.

Bodelier, P.L.E., Libochant, J.A., Blom, C.W.P.M., and
Laanbroek, H.J. (1996) Dynamics of nitrification and deni-
trification in root-oxygenated sediments and adaptation of
ammonia-oxidizing bacteria to low-oxygen or anoxic
habitats. App!l Environ Microbiol 62: 4100-4107.

Bollmann, A., and Laanbroek, H.J. (2002) Influence of
oxygen partial pressure and salinity on the community
composition of ammonia-oxidizing bacteria in the Schelde
Estuary. Aquat Microb Ecol 28: 239-247.

Bollmann, A., Bar-Gilissen, M.J., and Laanbroek, H.J. (2002)
Growth at low ammonium concentrations and starvation
response as potential factors involved in niche differentia-
tion among ammonia-oxidizing bacteria. App/ Environ
Microbiol 68: 4751-4757.

Brion, N., Billen, G., Guezennec, L., and Ficht, A. (2000)
Distribution of nitrifying activity in the Seine River (France)
from Paris to the estuary. Estuaries 23: 669-682.

Caffrey, J.M., Harrington, N., Solem, |., and Ward, B.B.
(2003) Biogeochemical processes in a small California
estuary. 2. Nitrification activity, community structure and
role in nitrogen budgets. Mar Ecol Prog Ser 248: 27-40.

Cavigelli, M.A., and Robertson, G.P. (2000) The functional
significance of denitrifier community composition in a ter-
restrial ecosystem. Ecology 81: 1402—-1414.

Dollhopf, S.L., Hyun, J.-H., Smith, A.C., Adams, H.J.,

Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 14391447


http://rsb.info.nih.gov/nih-image
http://rsb.info.nih.gov/nih-image

1446 A. E. Bernhard, J. Tucker, A. E. Giblin and D. A. Stahl

O’Brien, S., and Kostka, J.E. (2005) Quantification of
ammonia-oxidizing bacteria and factors controlling nitrifica-
tion in salt marsh sediments. Appl/ Environ Microbiol 71:
240-246.

Eriksson, P.G., Svensson, J.M., and Carrer, G.M. (2003)
Temporal changes and spatial variation of soil oxygen con-
sumption, nitrification and denitrification rates in a tidal salt
marsh of the Lagoon of Venice, ltaly. Estuar Coast Shelf
Sci 58: 861-871.

Francis, C.A., O'Mullan, G.D., and Ward, B.B. (2003) Diver-
sity of ammonia monooxygenase (amoA) genes across
environmental gradients in Chesapeake Bay sediments.
Geobiology 1: 129-140.

Freitag, T.E., Chang, L., and Prosser, J.I. (2006) Changes in
the community structure and activity of betaproteobacterial
ammonia-oxidizing sediment bacteria along a freshwater-
marine gradient. Environ Microbiol 8: 684—696.

Garland, J.L., and Lehman, R.M. (1999) Dilution/extinction of
community phenotypic characters to estimate relative
structural diversity in mixed communities. FEMS Microbiol
Ecol 30: 333-343.

Henriksen, K. (1980) Measurement of in situ rates of nitrifi-
cation in sediment. Microb Ecol 6: 329-337.

Henriksen, K., Hansen, J.I., and Blackburn, T.H. (1981)
Rates of nitrification, distribution of nitrifying bacteria, and
nitrate fluxes in different types of sediment from Danish
waters. Mar Biol 61: 299-304.

Hopkinson, C.S.J., Giblin, A.E., Tucker, J., and Garritt, R.H.
(1999) Benthic metabolism and nutrient cycling along an
estuarine salinity gradient. Estuaries 22: 863—881.

Horrigan, S.G., and Springer, A.L. (1990) Oceanic and estua-
rine ammonium oxidation: effects of light. Limnol Oceangr
35: 479-482.

Horz, H.P., Barbrook, A., Field, C.B., and Bohannan, B.J.
(2004) Ammonia-oxidizing bacteria respond to multifacto-
rial global change. Proc Natl Acad Sci USA 101: 15136—
15141.

Johnson, K.S., and Petty, R.L. (1983) Determination of nitrate
and nitrite in seawater by flow injection analysis. Limnol
Oceanogr 28: 1260—-1266.

Jones, R.D., and Hood, M.A. (1980) Effects of temperature,
pH, salinity, and inorganic nitrogen on the rate of ammo-
nium oxidation by nitrifiers isolated from wetland
environments. Microb Ecol 6: 339-347.

Joye, S.B., and Hollibaugh, J.T. (1995) Influence of sulfide
inhibition of nitrification on nitrogen regeneration in
sediments. Science 270: 623-625.

Kemp, W.M., Sampou, P., Caffrey, J., Mayer, M., Henriksen,
K., and Boynton, W.R. (1990) Ammonium recycling versus
denitrification in Chesapeake Bay sediments. Limnol
Oceangr 35: 1545—-1563.

Koénneke, M., Bernhard, A.E., de la Torre, J.R., Walker, C.B.,
Waterbury, J.B., and Stahl, D.A. (2005) Isolation of an
autotrophic ammonia-oxidizing marine archaeon. Nature
437: 543-546.

Koops, H.P., and Pommerening-Roser, A. (2001) Distribution
and ecophysiology of the nitrifying bacteria emphasizing
cultured species. FEMS Microbiol Ecol 37: 1-9.

Kowalchuk, G.A., and Stephen, J.R. (2001) Ammonia-
oxidizing bacteria: a model for molecular microbial ecology.
Ann Rev Microbiol 55: 485-529.

Loreau, M., Naeem, S., Inchausit, P., Bengtsson, J., Grime,
J.P., Hector, A., etal. (2001) Biodiversity and ecosystem
functioning: current knowledge and future challenges.
Science 294: 804-808.

McCune, B., and Mefford, M.J. (1999) PC-ORD, Multivariate
Analysis of Ecological Data. Gleneden Beach, OR, USA:
MjM Software.

MacFarlane, G.T., and Herbert, R.A. (1984) Comparative
study of enrichment methods for the isolation of autotrophic
nitrifying bacteria from soil, estuarine, and marine
sediments. FEMS Microbiol Lett 22: 127-132.

Magalhaes, C.M., Joye, S.B., Moreira, R.M., Weibe, W.J.,
and Bordalo, A.A. (2005) Effect of salinity and inorganic
nitrogen concentrations on nitrification and denitrification
rates in intertidal sediments and rocky biofilms of the Douro
River Estuary, Portugal. Water Res 39: 1783—-1794.

Mondrup, T. (2001) Salinity effects on tolerance and adapta-
tion of estuarine nitrifying bacteria investigated by a plug-
flux method. Masters Thesis. Roskilde, Denmark: Roskilde
University.

Naeem, S., and Li, S. (1997) Biodiversity enhances ecosys-
tem reliability. Nature 390: 507-509.

Nicolaisen, M.H., and Ramsing, N.B. (2002) Denaturing
gradient gel electrophoresis (DGGE) approaches to study
the diversity of ammonia-oxidizing bacteria. J Microbiol
Methods 50: 189-203.

Norton, J.M., Low, J.M., and Klotz, M.G. (1996) The gene
encoding ammonia monooxygenase subunit A exists in
three nearly identical copies in Nitrosospira sp. NpAV.
FEMS Microbiol Lett 139: 181-188.

Okano, Y., Hristova, K.R., Leutenegger, C.M., Jackson, L.E.,
Denison, R.F., Gebreyesus, B., et al. (2004) Application of
real-time PCR to study effects of ammonium on population
size of ammonia-oxidizing bacteria in soil. Appl Environ
Microbiol 70: 1008—1016.

O’Mullan, G.D., and Ward, B.B. (2005) Relationship of tem-
poral and spatial variabilities of ammonia-oxidizing bacteria
to nitrification rates in Monterrey Bay, California. App/
Environ Microbiol 71: 697-705.

Prosser, J.I. (1989) Autotrophic nitrification in bacteria. Adv
Microb Physiol 30: 125—181.

Risgaard-Petersen, N., Nicolaisen, M.H., Revsbech, N.P.,
and Lomstein, B.A. (2004) Competition between ammonia-
oxidizing bacteria and benthic microalgae. Appl Environ
Microbiol 70: 5528-5537.

Rotthauwe, J., Witzel, K., and Liesack, W. (1997) The
ammonia monooxygenase structural gene amoA as a
functional marker: molecular fine-scale analysis of natural
ammonia-oxidizing populations. Appl Environ Microbiol 63:
4704-4712.

Rysgaard, S., Thastum, P., Dalsgaard, T., Christensen, P.B.,
and Sloth, N.P. (1999 Effects of salinity on NH," adsorption
capacity, nitrification, and denitrification in Danish estuarine
sediments. Estuaries 22: 21-30.

Seitzinger, S.P., Gardner, W.S., and Spratt, A.K. (1991) The
effect of salinity on ammonium sorption in aquatic
sediments — implications for benthic nutrient recycling.
Estuaries 14: 167-174.

Stehr, G., Bottcher, B., Dittberner, P., Rath, G., and Koops,
H.-P. (1995) The ammonia-oxidizing nitrifying population of
the River Elbe Estuary. FEMS Microbiol Ecol17: 177—186.

© 2007 The Authors

Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 1439—-1447



Strous, M., Fuerst, J.A., Kramer, E.H.M., Logemann, S,
Muyzer, G., van de Pas-Schoonen, K.T., etal. (1999)
Missing lithotroph identified as new Planctomycete. Nature
400: 446-449.

Suwa, Y., Sumino, T., and Noto, K. (1997) Phylogenetic
relationships of activated sludge isolates of ammonia
oxidizers with different sensitivities to ammonium sulfate.
J Gen Appl Microbiol 43: 373-379.

Thompson, S.P., Paerl, HW., and Go, M.C. (1995) Seasonal
patterns of nitrification and denitrification in a natural and a
restored salt marsh. Estuaries 18: 399-408.

© 2007 The Authors

Functionally distinct estuarine AOB 1447

Usui, T., Koike, I., and Ogura, N. (2001) N,O production,
nitrification and denitrification in an estuarine sediment.
Estuar Coast Shelf Sci 52: 769-781.

Webster, G., Embley, T.M., Freitag, T.E., Smith, Z., and
Prosser, J.I. (2005) Links between ammonia oxidizer
species composition, functional diversity and nitrification
kinetics in grassland soils. Environ Microbiol 7: 676—
684.

Zar, J.H. (1984) Biostatistical Analysis. Englewood Cliffs, NJ,
USA: Prentice Hall.

Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 14391447



