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Temporal and spatial dynamics of ammonia-oxidizing bacteria (AOB) were examined using genes encoding
16S rRNA and ammonia monooxygenase subunit A (AmoA) in Monterey Bay, Calif. Samples were collected
from three depths in the water column on four dates at one mid-bay station. Diversity estimators for the two
genes showed a strong positive correlation, indicating that overlapping bacterial populations had been sampled
by both sets of clone libraries. Some samples that were separated by only 15 m in depth had less genetic
similarity than samples that were collected from the same depth months apart. Clone libraries from the
Monterey Bay AOB community were dominated by Nitrosospira-like sequences and clearly differentiated from
the adjacent AOB community in Elkhorn Slough. Many Monterey Bay clones clustered with previously
identified 16S rRNA and amoA groups composed entirely of marine sequences, supporting the hypothesis that
these groups are specific to the marine environment and are dominant marine AOB. In addition, novel,
phylogenetically distinct groups of AOB sequences were identified and compared to sequences in the database.
Only one cluster of gammaproteobacterial AOB was detected using 16S rRNA genes. Although significant
genetic variation was detected in AOB populations from both vertical and temporal samples, no significant
correlation was detected between diversity and environmental variables or the rate of nitrification.

Aerobic nitrification is the microbially mediated two-step
oxidation of ammonia to nitrite and then to nitrate. The two
steps are performed by different groups of bacteria, the am-
monia-oxidizing bacteria (AOB) and the nitrite oxidizers. The
process of nitrification is important in aquatic environments,
because it links N mineralization, the formation of ammonia
from organic materials, to denitrification, which results in the
loss of nitrogen from the system in the form of gaseous dini-
trogen (43). This linkage is especially important in coastal
aquatic systems where anthropogenic inputs of nitrogen can
result in heavy nutrient loading, and denitrification can ac-
count for the loss of up to 50% of the inorganic N input (34).
Disruption of nitrification, denitrification, or the linkage of
these processes can lead to eutrophication and system degra-
dation.

The evolutionary history and genetic diversity of AOB have
been examined in numerous environments with AOB-specific
16S rRNA primers (for examples see references 2, 7, 14, 20, 36,
and 39). Unlike most functional groups, AOB-specific 16S
rRNA amplification is feasible because the AOB are restricted
to two monophyletic clusters within the beta- and gamma-
Proteobacteria (9, 28).

A second gene that can be used to investigate AOB diversity
is amoA, which encodes the first subunit of ammonia mono-
oxygenase, the protein that catalyzes the oxidation of ammonia
to hydroxylamine (21), which is then converted to nitrite (11).
amoA has two major advantages over 16S rRNA for compar-

isons of genetic diversity. First, amoA encodes a protein in-
volved directly in ammonia oxidation, therefore genetic differ-
ences are more likely to be of functional importance to the
process of interest, nitrification. Second, the rate of molecular
divergence in amoA is expected to exceed that of 16S rRNA
(28), allowing for greater resolution of genetic differences in
natural populations. Unlike the evolutionary history of many
functional genes, horizontal transfer of amoA in AOB appears
to be minimal or absent. This provides a parallel phylogenetic
topology for amoA and the gene encoding 16S rRNA, which
simplifies inference of the evolutionary history of the organism
based upon these genes.

Although the number of studies is small, common insights
are beginning to emerge about the diversity and composition
of marine AOB assemblages. For example, the dominant be-
taproteobacterial AOB 16S rRNA gene sequence in clone li-
braries from the polar oceans (2, 10) has also been observed as
a dominant sequence in clone libraries from the Mediterra-
nean Sea (27). As sequence data sets represented as phyloge-
netic trees increase in size, visual interpretation of patterns is
no longer adequate to examine divergence within and between
samples. The quantitative genetic comparisons utilized in this
study help to interpret patterns of diversity and allow quanti-
tative comparisons to environmental variables and biogeo-
chemical function, such as nitrification rate. This type of anal-
ysis will be vital in the interpretation of the large sequence data
sets required for the analysis of system dynamics, an important
step in the transition to true molecular ecology of microbial
systems.

The present study of AOB at a mid-latitude Pacific site had
three main goals: (i) to elucidate the dynamic diversity and
structuring of AOB communities using both amoA and 16S
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rRNA genes from one station at three depths and four dates in
Monterey Bay (MB), Calif.; (ii) to compare AOB communities
in MB and the adjacent estuarine system of Elkhorn Slough in
an attempt to differentiate regional supply from biological se-
lection in neighboring, but sharply contrasting, ecosystems;
and (iii) to investigate potential links between environmental
variation, AOB diversity, and biogeochemical function by uti-
lizing pairwise comparisons of AOB diversity, nitrification
rates, and measured hydrographic, nutrient, and biological
variation.

MATERIALS AND METHODS
Sampling. Bimonthly sampling cruises began in February 1998 and ended in

October 1999. Water samples were collected throughout the euphotic zone
(defined as the 0.1% light level) at a mid-bay station (depth, 900 m; 36°45�N,
122°01�W) in Monterey Bay, Calif., using a 10-liter Niskin rosette mounted on a
conductivity-temperature-depth (CTD) sensor. This sampling scheme was used
to cover the range of nitrification rates in the water column, because the nitri-
fication maximum typically occurs above the depth of 0.1% light but below the
depth of 10% light (43). Temperature and salinity measurements (Table 1) were
made using a Seabird CTD sensor, and subsamples were collected for nutrient
analysis. A complete analysis of the temporal variability in hydrographic and
biogeochemical parameters from the 2-year period is under way (44). Six samples
were analyzed for molecular diversity of AOB communities: April 98-M (M,
mid-depth within photic zone), October 98-M, April 99-M, October 99-S (S,
surface depth; 93% light), October 99-M, and October 99-D (D, deep; 0.1%
light) (Table 2). Seawater (4 liters) was concentrated using tangential flow filter
cassettes (Ultrasette 300 KD open channel; Filtron Technology Corp., North-
borough, Mass.). The retentate was collected on 0.2-�m-pore-size supor filters
(Gelman), frozen immediately, and archived at �80°C until DNA was extracted.

Biogeochemical measurements. Nitrate and nitrite concentrations were mea-
sured using colorimetric techniques, either manually (37) or using a Lachat
autoanalyzer. The nitrification rate was measured with the 15N tracer method of
Ward (41) (Tables 1 and 2) using 4-liter, 4- to 6-h incubations under simulated
in situ conditions in deck incubators.

DNA extraction and gene amplification. DNA was extracted from the filters
with a phenol-chloroform extraction (1) and were resuspended in 100 �l of
sterile water. DNA (1 �l) from each extraction was amplified with universal
bacterial primers EUB 1 and 2 (Escherichia coli positions 9 to 1531) (15) to test
the PCR quality of DNA extracts. Using 1 �l of the EUB amplification product
as the template, AOB 16S rRNA gene fragments were amplified with beta (NIT
A,B; �1,080 bp)- and gamma (NOC 1,2; �1,100 bp)-proteobacterial AOB-
specific primers and cycling parameters (39, 46). The amoA gene fragments

(�490 bp) were amplified from DNA extracts using the PCR primers (AmoA-1F
and AmoA-2R) and cycling parameters of Rotthauwe et al. (30), modified with
an annealing temperature of 55°C. This amoA primer set is specific to the
betaproteobacterial AOB and does not amplify amoA gene fragments from
gammaproteobacterial AOB. PCR products were separated by electrophoresis in
1% agarose gels. Appropriately sized fragments were cloned using the
TOPO-TA cloning kit (Invitrogen) and were screened directly by PCR for the
presence of inserts using T7 and M13R vector primers.

Sequencing and phylogenetic analysis. Sequencing reaction mixtures from the
T7/M13R PCR products were prepared using Big Dye terminator chemistry
(version 3.1; Perkin-Elmer) and run on either an ABI 3100 or an ABI 310
capillary sequencer (PE Applied Biosystems). Sequence reaction mixtures for
NIT A,B and NOC 1,2 fragments were also prepared with internal universal 16S
rRNA primers DS907R and GM5F (38) to obtain overlapping coverage of the
entire fragment for some clones. The majority of NIT clones were only partially
sequenced (295 bp). Double coverage of this 295-bp NIT sequence was obtained
by duplicate sequence reactions from the NIT A end of the fragment (starting at
position 165 of E. coli 16S rRNA) with either the T7 or M13R primer, depending
on the orientation of the cloned fragment within the vector. The number of
clones analyzed from each depth is shown in Table 1. Sequencher (GeneCodes)
software was used to generate nucleotide sequence alignments. AmoA amino
acid alignments were created using the Clustal X software package (version 1.81)
(12). The constructed alignments were analyzed with the PAUP software pack-
age (version 4.0b10). Neighbor-joining phylogenetic trees were created from
Jukes-and-Cantor-corrected distances and 1,000 bootstrap replicates.

Statistical analysis of sequences. The possibility of PCR bias causing devia-
tions in clonal abundance and composition must be acknowledged and is un-
avoidable (17). Thus, it is emphasized that the following comparisons must be
viewed as applying to the clone libraries per se rather than to the original
samples. All statistical analyses of the betaproteobacterial AOB 16S rRNA were
performed with the partial-length (295 bp) fragment. The levels of genetic
variation within and between samples were calculated with the Arlequin popu-
lation genetics software package (32). The partitioning of variation within and
among samples was estimated with an analysis of molecular variance (AMOVA)
(5). Using sequence data, the mean number of pairwise genetic differences (�)
(23) within (�w) and between (�B) samples was calculated. Pairwise dissimilarity
indices (Fst) (19, 29) were calculated for pairs of samples as follows: Fst � (�B)
� (average of �w for the two samples)/(�B). The possible values of Fst range
from 1 (if all of the variation occurs between samples) to 0 (if the variation within
samples is equal to the variation between samples). The statistical significance of
nonrandom distributions was tested with 100 permutations in which random
assemblages of the sequences were compared to observed distributions. Corre-
lation analyses were performed with the JMP statistical package (31).

Nucleotide sequence accession numbers. The amoA sequences reported in this
study have been deposited in GenBank under accession numbers AY736856 to
AY736946. The betaproteobacterial and gammaproteobacterial 16S rRNA se-
quences in this study have been deposited in GenBank under accession numbers
AY736947 to AY737003 and AY744690 to AY744700, respectively.

RESULTS AND DISCUSSION

Environmental parameters and nitrification rates. Vertical
profiles of temperature and nitrite concentration (Table 1) for
the six samples analyzed in this study were consistent with
those of a mixed-water column. Nitrification rates, integrated
over the water column, did not display a clear seasonal pattern
and varied by a factor of only 2.5 over the 2-year period (44).

TABLE 1. Environmental parameters and biogeochemical rates for samples used for sequence analysis

Sample Depth
(m)

No. of betaproteobacterial
amoA clones

sequenced (450 bp)

No. of betaproteobacterial
16S rRNA clones

sequenced (295 bp)

Temp
(°C)

Nitrite
(nM)

Nitrate
(�M)

Bacteria
(105 cells/ml)

Nitrification
(nM per day)

4/98-M 40 11 9 9.5 9 29.05 5.41 68.6
10/98-M 32 11 10 13.0 68 5.50 5.69 73.8
4/99-M 33 8 9 9.5 18 11.41 3.37 27.8
10/99-S 7 20 10 13.0 15 8.80 10.40 28.0
10/99-M 36 21 9 11.7 30 18.30 5.53 38.2
10/99-D 50 20 10 11.2 10 15.70 3.94 52.0

TABLE 2. Integrated nitrification rates (integrated over the 100 to
0.1% light depth)

Date
Integrated

nitrification rate
(nmol m�2 day�1)

Depth (m)
of 1% light

Depth (m) of
nitrite maximum

(conc. [nM])

April 1998 2.29 36.5 43 (15)
October 1998 3.30 48.6 32 (68)
April 1999 1.85 48.6 33 (46)
October 1999 1.38 28.4 23 (210)
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A similar range of variation was found among the four dates
included in this study (Table 2). The nitrification rate maxi-
mum occurred at 40 to 60 m, and it ranged from 27 to 74 nmol
per liter per day (Table 1). Surface samples (�20 m) had the
lowest nitrification rates (21 to 28 nmol per liter per day).

Betaproteobacterial AOB 16S rRNA diversity. An analysis
of molecular variance of the betaproteobacterial AOB 16S
rRNA MB clones indicated that 59.2% of the total variation
occurred within the samples, versus 40.8% among samples
(data not shown). Thus, 40.8% of the observed variation de-
pended on comparisons between clone libraries and was not
observed within a single library. Diversity estimators (�W and
�B) and pairwise dissimilarity indices (Fst) were used to ex-
amine the partitioning of this variation within and between the
samples. All values for the mean number of pairwise sequence
differences within a sample (�W) were similar and small
(�4.0), i.e., sequences within a sample were similar, except for
the October 99-M sample (�W � 13.94) (Table 3). This sug-
gests that the 16S rRNA sequences in the October 99-M clone
library were not very similar to each other compared to levels
of similarity within the other libraries. A similar pattern of
variation was also found in comparisons between samples. All
values for the mean number of pairwise differences between
samples (�B) were similar and small (�4.0), except for pair-
wise comparisons to the October 99-M sample (�B � 17.21 to
18.12; Table 3). These �W and �B values indicate that, exclud-
ing the October 99-M sample, the gene sequences found within
a clone library (from one sample) were similar, and when the
sequences in two libraries (two samples) were compared, they
were also very similar to one another. This is consistent with
the relationship of samples in the 16S rRNA phylogenetic tree
(Fig. 1A). Although levels of divergence with 16S rRNA were
limited, Fst values, estimating the partitioning of variation
within versus between samples, indicated a nonrandom struc-
turing in all pairwise comparisons of samples except for the
pairings of April 99-M with October 98-M (P � 0.06), October
98-M with October 99-D (P � 0.10), and October 99-S with
October 99-D (P � 0.59). This indicates that although most
libraries were similar, some variation was detected and sto-
chastic sampling alone could not explain this variation (except
in the pairs identified above); i.e., although most samples were

similar, meaningful community structure was observed in time
and space.

Betaproteobacterial AOB amoA diversity. AMOVA of the
amoA MB clones indicated that 52.0% of the total variation
occurred within the samples versus 48.0% between samples,
suggesting that the sequences within individual clone libraries
account for approximately half of the total observed variation.
This is consistent with the patterns displayed on the phyloge-
netic tree shown in Fig. 2. The smallest �W for amoA was
found in the sample from April 98-M (Table 4), while the
largest �W was found within the October 99-M sample. The
smallest pairwise �B indicates that samples October 99-D and
April 98-M are most similar to each other. In contrast, the
most divergent pair of samples is October 99-M and April
98-M. The largest pairwise differences (�B) in this study all
involve comparisons to the October 99-M sample. Fst compar-
isons show a nonrandom structuring in all pairwise compari-
sons except for the pairing of April 99-M with October 98-M (P
� 0.32). This indicates that both spatial and temporal structure
was observed in the amoA sequence data set that was not due
to stochastic sampling.

Betaproteobacterial AOB 16S rRNA phylogenetic analysis.
Phylogenetic relationships of 16S rRNA sequences were inves-
tigated using a 295-bp fragment (Fig. 1A) for all 57 sequences
from this study and using a 1,060-bp fragment (Fig. 1B) for a
subset of five sequences (Table 1). The topology of the two
distance-based neighbor-joining trees was compared to ascer-
tain the degree to which the relationships were adequately
represented by an analysis based on the smaller fragment.
Bootstrap values of database clusters were higher with the
larger fragment, but the clustering patterns in the two trees
were consistent, so the following analyses were based upon the
larger sequence data set from the smaller fragment. The phy-
logenetic analysis of the 295-bp sequences showed that most
(89%) of the Monterey Bay 16S rRNA sequences (Fig. 1A)
were Nitrosospira-like and clustered with sequences from un-
cultivated marine organisms into MB group 1 of the 16S rRNA
tree. In the present study, only sequences from the October
99-M sample clustered outside of MB group 1 (Fig. 1A). The
main MB cluster contains members from group 1 of Stephen et
al. (36), and other members have been described from polar
marine environments (2, 10), the Mediterranean Sea (27), and
the Loch Duich marine water column (7). No cultured strains
have been described from this cluster, although it appears to be
dominant in many marine environments. For example, se-
quences from this cluster account for 86% of the AOB clones
in Arctic Ocean samples (2) and correspond to the dominant
free-living AOB sequences reported from the Mediterranean
Sea (27). An unpublished database sequence from a Monterey
Bay metagenomic library also clusters with group 1. This fur-
ther supports the dominance of sequences from group 1, be-
cause amplification-independent techniques presumably were
used to obtain this sequence from the environment.

The second group of 16S rRNA sequences comprised the
remaining 11% of the betaproteobacterial AOB MB clones.
These sequences were Nitrosomonas-like and were most simi-
lar to Nitrosomonas eutropha (	99%). All of the sequences
from MB group 2 (Fig. 1A) were found in the October 99-M
sample. This group of sequences also clustered tightly with the
dominant particle-associated AOB sequence found in the

TABLE 3. Diversity estimators for pairwise comparisons of 16S
rRNA sequences

Site
Sequence difference for site:

4/98-M 10/98-M 4/99-M 10/99-S 10/99-M 10/99-D

4/98-M 2.78a 0.09c 0.14 0.11 0.54 0.08
10/98-M 3.46b 3.53 0.10* 0.07 0.53 0.03*
4/99-M 3.70 3.97 3.61 0.13 0.51 0.12
10/99-S 2.85 3.12 3.40 2.28 0.53 �0.02*
10/99-M 18.10 18.12 18.09 17.21 13.94 0.56
10/99-D 2.78 3.05 3.36 2.28 17.48 2.36

a Mean pairwise sequence differences within (�W) sites are on the diagonal in
boldface.

b Mean pairwise sequence differences between (�B) sites are below the diag-
onal in italices.

c Pairwise population Fst values are above the diagonal. An asterisk indicates
a nonsignificant (P 	 0.05) observed Fst value compared to Fst values from 100
randomizations of the sequences; i.e., it indicates random structuring of se-
quences.
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FIG. 1. Distance neighbor-joining trees of the betaproteobacterial AOB 16S rRNA based on (A) a subset of cloned sequences based on the
1,060-bp fragment or (B) the 295-bp fragment. Database sequences for cultured strains and environmental sequences are in boldface and are
identified by GenBank accession numbers. Monterey Bay sequences are labeled as month-year-depth (surface [S], mid [M], or deep [D])-clone
number; e.g., 10-99-S-18 represents October 1999 surface clone 18. Bootstrap values of 	50 are displayed.
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FIG. 2. Distance neighbor-joining tree of betaproteobacterial AOB AmoA sequences based on 149 amino acid residues. Database sequences
for cultured strains and environmental sequences are in boldface and are identified by GenBank accession numbers. Monterey Bay sequences are
labeled A (for AmoA)-month-year-depth (surface [S], mid [M])-clone number; e.g., A10-99-M-21 represents AmoA October 1999 mid-depth clone
21. Bootstrap values of 	60 are displayed.
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Mediterranean Sea (27). Only the October 99-M sample had
sequences that clustered into both MB groups 1 and 2. The MB
16S rRNA sequences reveal limited diversity but high similar-
ity to assemblages of AOB sequences that have been found in
other marine environments. Hollibaugh et al. (10) hypothe-
sized that the 16S rRNA sequences retrieved from the polar
oceans (polar sequences in group 1; Fig. 1A) may correspond
to the dominant polar AOB and possibly a dominant global
marine AOB. The occurrence of nearly identical sequences in
high frequency in Monterey Bay as well as the Mediterranean
Sea (27) and Loch Duich (7) suggests that this AOB type may
indeed be a dominant marine AOB not limited to polar hab-
itats.

Gammaproteobacterial AOB 16S rRNA phylogenetic anal-
ysis. Using the NOC 1,2 primers, a 1,100-bp fragment of 16S
rRNA was examined for gammaproteobacterial AOB diver-
sity. Two of six samples (April 99-M and Oct 99-M) yielded a
PCR product with NOC primers, and this study reports new
sequences from the April 99-M sample. These sequences rep-
resent the second set of gammaproteobacterial AOB 16S
rRNA sequences that have been examined from environmen-
tal samples. Ward and O’Mullan (46) reported gammapro-
teobacterial AOB 16S rRNA sequences from the east and west
coasts of the United States but found limited phylogenetic
diversity. All of the environmental sequences reported in the
previous study clustered tightly with cultured gammapro-
teobacterial AOB strains. The sequences reported by Ward
and O’Mullan (46) included environmental clones previously
sequenced from the Oct 99-M sample. In the present study,
similar phylogenetic diversity was detected (data not shown)
and all of the sequences clustered tightly with the sequences
reported previously (46). The limited diversity detected in both
of these studies could be due to specificity of the primer set
used for amplification, or it could reflect limited phylogenetic
diversity of gammaproteobacterial AOB in these environ-
ments.

Nitrosomonas serotypes were more abundant than Nitroso-
coccus serotypes in marine environments (40), typically by two
orders of magnitude, but Nitrosococcus serotypes in the Ches-
apeake Bay reached a maximum abundance of 4.2 
 105 cells
per liter (as opposed to 1.7 
 106 cells per liter for Nitrosomo-

nas serotypes). In Pacific northwest marine and estuarine sed-
iments, gammaproteobacterial AOB contributed minimally to
amoA clone libraries compared to betaproteobacterial AOB
(25). Ward and O’Mullan (46) reported limited molecular di-
versity but widespread distribution of genes encoding gamma-
proteobacterial AOB 16S rRNA in marine samples. The rela-
tive importance of gammaproteobacterial subdivision AOB in
marine nitrification and the diversity of the betaproteobacte-
rial versus gammaproteobacterial AOBs remain unclear but
are important questions demanding further investigation.

Betaproteobacterial AOB AmoA phylogenetic analysis. A
distance-based neighbor-joining tree of 149 amino acid resi-
dues from AmoA was constructed (Fig. 2) with the 91 se-
quences from MB clones, together with relevant database se-
quences. AmoA displayed a more complex phylogenetic
topology than 16S rRNA sequences, comprising four major
groups (A, B, C, and D). Most sequences (58%) fell into group
A and clustered with sequences from mesohaline and polyha-
line Chesapeake Bay sediments (6) as well as with environ-
mental clones from the sediments of Kysing Fjord (24), but
they were distinct from any other published AOB sequences.
Within group A, amino acid distances of 	6% occurred be-
tween sequences, but these sequences did not form strongly
supported subclusters, nor did they cluster with database se-
quences that could help to differentiate the subgroups. Group
A contained sequences from every sample in this study, al-
though the majority of October 99-M and October 99-S se-
quences were found outside of group A (in groups B and C,
respectively). Group B represented 20% of the sequences ex-
amined and was composed primarily of October 99-S se-
quences plus three October 99-D sequences. The sequences in
group B are �96% identical to group A sequences, but groups
A and B are joined by a bootstrap value of 68 and are more
closely related to each other than to any cultured strains.

Group C represents 20% of the sequences from the clone
libraries and is composed primarily of sequences from the
October 99-M sample. These sequences cluster with AmoA
sequences from cultured Nitrosospira strains, brackish water
sediment samples from the northern Chesapeake Bay (6), and
sediment samples from Azevedo Pond, a site in Elkhorn
Slough, Calif. (3). Groups A, B, and C (Fig. 2) may correspond
to the 16S rRNA sequences in Nitrosospira-like group 1 (Fig.
1A), but this relationship of amoA and 16S rRNA environmen-
tal clones cannot be definitively tested with this data set.
Groups A, B, and C are joined to Nitrosospira-like AmoA
sequences with a bootstrap value of 60. The final group (D)
contained only two sequences from the MB clone libraries,
both from October 99-M, that cluster tightly with N. eutropha
(	98% identity). This group is particularly interesting, because
the only 16S rRNA Nitrosomonas-like sequences were also
from the October 99-M sample and grouped tightly with N.
eutropha. The divergence of the October 99-M sequences can-
not be clearly attributed to any of the measured environmental
variables (Table 1) (discussed below).

Comparison of 16S and amoA gene diversity. Both 16S
rRNA and amoA genes displayed similar patterns of partition-
ing of variation within versus between samples (see AMOVA
results discussed above), indicating significant variation that is
only detected in comparisons between samples. The greatest
amount of variation for both genes was found in the October

TABLE 4. Diversity estimators for pairwise comparisons of
amoA sequences

Site
Sequence difference for site:

4/98-M 10/98-M 4/99-M 10/99-S 10/99-M 10/99-D

4/98-M 10.91a 0.49c 0.34 0.54 0.67 0.14
10/98-M 51.02b 41.33 0.01* 0.44 0.54 0.21
4/99-M 42.11 44.90 47.89 0.41 0.52 0.12
10/99-S 59.24 70.76 70.93 38.58 0.57 0.26
10/99-M 111.84 106.72 107.38 108.72 53.85 0.56
10/99-D 32.50 53.40 51.08 55.25 110.99 42.70

a Mean pairwise sequence differences within (�W) sites are on the diagonal in
boldface.

b Mean pairwise sequence differences between (�B) sites are below the diag-
onal in italices.

c Pairwise population Fst values are above the diagonal. An asterisk indicates
a nonsignificant (P 	 0.05) observed Fst value compared to Fst values from 100
randomizations of the sequences; i.e., it indicates random structuring of se-
quences.
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99-M sample and similar patterns of variation between samples
(�B), although different levels were observed for both genes.
Fst values for 16S rRNA sequences indicated a slightly larger
number (3 of 15; Table 3) of sample pairs with randomly
distributed sequences than amoA Fst values (1 of 15; Table 4),
but the greater resolution (relative amount of sequence diver-
gence) of amoA would allow samples to be more easily differ-
entiated. This analysis also reveals that samples separated by
�15 m at the same station can have higher levels of genetic
differentiation than samples that are temporally separated in
distinct seasons or years (Tables 3 and 4).

An analysis of �B values (normalized to sequence fragment
length to allow for comparison to cultivated strains) for amoA
and 16S rRNA genes found a strong positive correlation (r2 �
0.88; F ratio � 95.73; P � 0.0001) (Fig. 3), although the data
are bimodal and rely heavily on comparisons to the October
99-M sample. The absence of data points in the upper-left or
lower-right portion of the plot suggests that the two sequence
data sets were sampled from overlapping portions of the same
AOB community. Although it is impossible to associate func-
tional and ribosomal genes directly without cultured represen-
tatives, the diversity and similarity values from these environ-
mental samples are consistent with genetic distances for the
two genes that would be obtained from a well-sampled popu-
lation with overlap of membership.

Five studies have made the direct comparison of amoA and
16S rRNA in the same environmental sample, but none pro-
vide the number of samples or sequences examined in the
present study (3, 8, 15, 24, 47). For example, Caffrey et al. (3)
examined betaproteobacterial AOB 16S rRNA and amoA in
sediments of Azevedo Pond, a saline tidal pond located di-
rectly adjacent to MB in Elkhorn Slough. It is interesting that
Azevedo Pond sediment sequences were dominated by N. ma-
rina-like sequences, while the adjacent MB water column hab-
itat was dominated by Nitrosospira-like sequences. Most (18 of
21) 16S rRNA sequences from Azevedo Pond were N. marina-
like, while the remaining 3 sequences were Nitrosospira-like. In
agreement with the 16S rRNA data, 8 of 11 amoA sequences
examined from the same sample were N. marina-like, while the
remaining sequences clustered with Nitrosospira-like se-

quences. Comparisons from the literature (3, 8, 15, 24, 47)
show general phylogenetic agreement between 16S rRNA and
amoA in environmental samples and support the more quan-
titative findings of this study, suggesting that 16S rRNA and
amoA clone libraries sample the same or similar AOB popu-
lations. Although amoA allows much greater resolution than
16S rRNA, the general trend of pairwise divergence for amoA
and 16S rRNA between cultivated strains is also observed in
pairwise comparisons of 16S rRNA and amoA quantitative
diversity estimators from environmental samples.

Genetic diversity and biogeochemical function. To study the
interaction of environmental variation, AOB diversity, and bio-
geochemical function (i.e., nitrification rate), five hypothetical
associations were considered. First, the environment, indepen-
dent of AOB diversity and dynamics, could be driving variation
in nitrification rate. Second, the environment could cause
changes in AOB that control variation in nitrification rate.
Third, the environment could cause changes in the total num-
ber or relative activity of AOB that controls variation in nitri-
fication rate. Fourth, AOB could be invariant over time, not
responding to the changing environment, suggesting that en-
vironmental variation at this scale was not relevant to ecolog-
ical or functional fluctuation. Fifth, variation could be detected
in the environment, AOB diversity, and nitrification rates, but
the measured variables would not be correlated. This could be
due to a complex interaction of multiple parameters, lacking
either a dominant cause-and-effect relationship or lacking ad-
equate signal to resolve the dominant relationship.

Analysis of the 2-year data set of hydrographic and biogeo-
chemical variation did not uncover correlations to nitrification
rate, suggesting that physical and/or chemical forcing does not
directly the control nitrification rate on the measured time
scale (44). We therefore rejected hypothesis one to explain the
interactions in our data set. Ward also noted that nitrification
rates had less variation than expected compared to variation in
other coastal systems or to biological processes measured from
the same samples (e.g., ammonium assimilation, chlorophyll,
bacterial cell count). This may suggest that the AOB commu-
nity does not respond to environmental variation or that
changes in AOB diversity cause a population response that
stabilizes function across a variable environment. AOB strains
in culture demonstrate a kinetic response to the experimental
addition of ammonia (4, 13, 42), but this type of response is
typically not observed with natural AOB assemblages (26, 41,
45). AOB population dynamics may explain the lack of a ki-
netic response in natural assemblages to experimental ammo-
nia increases, resulting in a stabilized nitrification rate over
variable conditions.

Temporal stability of ecosystem function as a result of dy-
namic population structure or activity has been predicted by
theory (16, 18, 22, 33), but it is difficult to study experimentally
in systems that change population structure slowly (e.g., many
eukaryotes). In populations with long generation times, it is
more straightforward to measure the effects of total diversity,
changes in activity, or spatial niche differentiation rather than
dynamic structuring due to temporal variation. Stabilized func-
tion across a temporally variable environment should be max-
imized by a population with high turnover or short generation
time (33), such as bacteria. It is important to note that the
dynamic component is not total species richness but instead

FIG. 3. Correlation analysis of 16S rRNA (295 bp) and amoA (450
bp) percent sequence identity from MB environmental samples. Each
data point represents the pairwise comparison of two environmental
samples (e.g., October 99-D compared to April 99-M).
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population structure. Our present sampling of AOB popula-
tions measures changes in numerically dominant sequences
rather than total species (or sequence) richness.

Small but significant genetic differentiation was detected by
AMOVA in AOB populations from MB (Tables 3 and 4 and
Fig. 1 and 2), with approximately half of the variation only
occurring between samples. A Monte Carlo-based test for non-
random sequence assemblages showed that in most cases (Ta-
bles 3 and 4) samples were significantly different from a ran-
dom distribution of sequences. Significant variation was
detected in both the depth profile and temporal samples.
Therefore, we can reject hypothesis four, that no variation was
present in AOB populations.

Hypotheses two, three, and five all expect dynamic AOB
populations to be detected. A Mantel test (35) was used to
examine the correlation of Fst values (for both 16S rRNA and
AmoA genes) and pairwise differences in the rate of nitrifica-
tion, but no correlation was found (data not shown). This
finding does not indicate a lack of ecological interaction of
AOB dynamics and biogeochemical function. It may be that
the variation in AOB populations is responsible for maintain-
ing the relatively stable nitrification rates, while the other bi-
ological processes examined were substantially more variable
(44).

If AOB population dynamics do stabilize function, a corre-
lation between environmental variation and AOB dynamics
would be expected to exist (Hypotheses two and three). Hy-
pothesis five expects no correlations among environment,
AOB populations, or nitrification rates. Additional Mantel
tests examining AOB Fst values together with temperature,
salinity, bacterial abundance, nitrite, and nitrate (data not
shown) did not yield a significant correlation between environ-
mental variation and AOB population dynamics. Hypothesis
three, which expects a correlation between environmental vari-
ation and changes in the abundance or activity of AOB, could
not be evaluated due to the lack of data on total AOB abun-
dance or differential expression patterns. We are unable to
reject hypothesis three or five. Although significant variation
was detected in AOB communities, none of the environmental
parameters measured can be implicated in controlling the pat-
terns of variation in AOB. It also remains unclear whether
AOB population dynamics indicate that changes in the total
number of AOB and changes in AOB expression dynamics
may act to stabilize nitrification rates or whether no clear
pattern links environmental variation, AOB dynamics, and ni-
trification rates. Additional complications are due to the in-
complete information on gammaproteobacterial AOB, which
may at times contribute significantly to ammonia oxidation in
this environment. The solution to these problems is to increase
the number of samples being examined, include mRNA-based
assays, and examine samples which have a greater range in the
rates of nitrification. We are presently investigating the use of
mRNA microarrays and experimentally manipulated systems
to further explore these interactions.

Conclusions. AOB populations from Monterey Bay were
dominated by Nitrosospira-like sequences, while AOB popula-
tions in the adjacent Elkhorn Slough were dominated by N.
marina-like sequences. The MB samples with the highest de-
gree of genetic overlap were separated in time. In contrast,
samples with no temporal separation but small vertical sepa-

ration had comparatively less genetic overlap. AmoA cluster B
(Fig. 2) represents novel gene sequences that are phylogeneti-
cally distinct from any previously identified AMO sequences.
This study is consistent with recent AOB environmental stud-
ies that show that the majority of marine AmoA or AOB 16S
rRNA sequences are phylogenetically distinct from any cul-
tured strain. AOB 16S rRNA types identified by Hollibaugh et
al. (9) as dominant polar types may indeed represent dominant
marine AOB. This reinforces the need for novel approaches
and additional effort to culture AOB from various environ-
ments and provides a number of target groups for culture
work.

No correlation between changes in AOB diversity and com-
position and changes in nitrification rates were found. It ap-
pears that, within the nutrient and hydrographic regimes of
Monterey Bay, AOB population structure and function are
either not tightly linked, are controlled by changes in AOB
abundance and expressional dynamics, or lack sufficient varia-
tion to discern their relationship. Correlations among AOB
community structure and environmental variables and function
would be expected to be stronger in environments with steeper
gradients and greater temporal variability.
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