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Summary

The relationship between environmental factors and
functional gene diversity of ammonia-oxidizing bac-
teria (AOB) was investigated across a transect from
the freshwater portions of the Chesapeake Bay and
Choptank River out into the Sargasso Sea. Oligo-
nucleotide probes (70-bp) designed to represent the
diversity of ammonia monooxygenase (amoA) genes
from Chesapeake Bay clone libraries and cultivated
AOB were used to construct a glass slide microarray.
Hybridization patterns among the probes in 14
samples along the transect showed clear variations in
amoA community composition. Probes representing
uncultivated members of the Nitrosospira-like AOB
dominated the probe signal, especially in the more
marine samples. Of the cultivated species, only Nitro-
sospira briensis was detected at appreciable levels.
Discrimination analysis of hybridization signals
detected two guilds. Guild 1 was dominated by the
marine Nitrosospira-like probe signal, and Guild 2's
largest contribution was from upper bay (freshwater)
sediment probes. Principal components analysis
showed that Guild 1 was positively correlated with
salinity, temperature and chlorophyll a concentration,
while Guild 2 was positively correlated with concen-
trations of oxygen, dissolved organic carbon, and
particulate nitrogen and carbon, suggesting that dif-
ferent amoA sequences represent organisms that
occupy different ecological niches within the
estuarine/marine environment. The trend from most
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diversity of AOB in the upper estuary towards domi-
nance of a single type in the polyhaline region of the
Bay is consistent with the declining importance of
AOB with increasing salinity, and with the idea that
AO-Archaea are the more important ammonia oxidiz-
ers in the ocean.

Introduction

Nitrification is an essential link in the nitrogen cycle
between organic matter decomposition (ammonification)
and denitrification and subsequent removal of fixed N
from the system. The first step in the process is performed
by ammonia-oxidizing bacteria (AOB) and archaea
(AOA). Ammonia-oxidizing archaea are apparently the
dominant group in the ocean (Wuchter et al., 2006) but
the relative abundance of AOB and AOA in estuaries has
not been investigated. The AOB are phylogenetically con-
strained to a few closely related groups in the gamma and
beta classes of the Proteobacteria. Although negative
results are rarely reported, attempts to detect the gam-
maproteobacterial AOB by polymerase chain reaction
(PCR) are often not successful, implying that they are not
very abundant in seawater, despite their apparent special-
ization on that environment.

At the 16S rRNA level, the betaproteobacterial AOB fall
into approximately 10 clusters (Purkhold et al., 2000). The
two largest clusters contain no closely related cultivated
members and are commonly detected in seawater. One of
these is the uncultivated Nitrosospira cluster, which
appears to be the most important AOB in many marine
environments; its members dominate clone libraries from
the Mediterranean Sea (Phillips et al.,, 1999), polar seas
(Bano and Hollibaugh, 2000; Hollibaugh et al., 2002) and
Monterey Bay, CA (O’Mullan and Ward, 2005). The
second uncultivated marine cluster is more closely related
to Nitrosomonas marina and Nitrosomonas oligotropha
strains and its members have been detected in the same
environments, generally as a smaller component of those
clone libraries. The Nitrosomonas-like cluster is more
likely to be associated with particles (Phillips et al., 1999)
and with higher ammonium concentrations (Kowalchuk
and Stephen, 2001) and dominates in some estuaries
(Bollman and Laanbroek, 2002).
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Investigations of AOB diversity have focused on both
the 16S rRNA gene and the signature functional gene,
amoA (ammonia monooxygenase A) (Kowalchuk et al.,
2000; Nicolaisen and Ramsing, 2002; Webster et al.,
2002; Francis et al., 2003; O’Mullan and Ward, 2005;
Freitag et al., 2006). O’Mullan and Ward (2005) detected
much greater sequence diversity at the amoA gene level
than for 16S rRNA genes from similar sized clone libraries
obtained from Monterey Bay. Two main groups corre-
sponding to the two uncultivated 16S rRNA clusters were
identified. The same two groups were found in Ythan
Estuary (Freitag et al., 2006) and in Chesapeake Bay
sediments (Francis etal.,, 2003), where several sub-
groups were also detected.

The synthesis of previously published sequences from
cultures and environmental clone libraries enabled
Purkhold and colleagues (2000) to associate the main
sequence clusters with gross environmental characteris-
tics (e.g. seawater vs. soil), but this was a low resolution
analysis, not based on quantitative analyses. Francis and
colleagues (2003) compared the level of amoA sequence
diversity in clone libraries from Chesapeake Bay sedi-
ments to the pairwise differences in environmental param-
eters (e.g. salinity, oxygen, temperature, nitrate and
ammonium concentrations) between stations. Difference
in salinity was the dominant variable and accounted for
62% of the variation in pairwise sequence dissimilarity
between stations. Ammonia concentration, the next most
important variable, explained only an additional 2.7%.
Although AOA have not been investigated in estuaries, we
expect that their relative importance and abundance will
increase with salinity, opposite the trend for AOB.

Just as most investigations of diversity in the environ-
ment have used the 16S rRNA gene to identify species
and phylotypes, assessment of natural samples using
DNA microarrays has also exploited the 16S rRNA
database. Peplies and colleagues (Peplies et al., 2004)
represented 18 16S rRNA phylotypes using short oligo-
nucleotides on a DNA microarray, but were able to detect
only three groups by hybridizing with total RNA extracted
from North Sea microbial communities. Functional groups
have also been targeted using 16S rRNA genes. Loy and
colleagues (Loy et al., 2004) used a hierarchical set of
16S rRNA oligonucleotide probes to identify the major
sulfate reducing groups in acidic fen environments.
Methanotrophs are analogous to the AOB in many ways,
and they have been investigated in soils using short oli-
gonucleotide DNA microarrays based on the particulate
methane monooxygenase gene (Bodrossy et al., 2003;
2006; Stralis-Pavese et al., 2004). We previously demon-
strated the approach with arrays containing multiple dif-
ferent functional genes (nirS, nirK, nifH and amoA)
(Taroncher-Oldenburg et al., 2003) and developed criteria
for probe design and data analysis.

The greater sequence divergence found in functional
genes than in 16S rRNA genes from the same organisms
(Purkhold et al., 2000) and the diversity patterns observed
for amoA in the Chesapeake system drove our focus on
functional genes for array development. Here we used
DNA microarrays to investigate ecological signals in AOB
amoA diversity in Chesapeake Bay (Fig. 1). By applying
this approach in a system already characterized using the
conventional clone library approach, we can compare the
ecological conclusions obtained from each, as well as
evaluate the resolution and resources required for both
approaches. In order to relate the amoA phylotype com-
position to the environmental variables, we used a broadly
applicable computational methodology for analysis of the
diversity of microbial function in biogeochemical cycles
using genetic data. This approach should also allow us to
make new conjectures about the mechanisms that control
the distribution of the functional gene and of the functional
guilds that this diversity represents.

Results
Probe design

The phylogenetic relationships among the 24 probe
70-mer oligonucleotides are represented in the tree
(Fig. 2). The probe region corresponds to 449-518 bp in
the Nitrosospira briensis (NBU76553) sequence. The
probes had an average melting temperature of
81.3 = 2.7°C (Breslauer et al., 1986) and an average GC
ratio of 51 = 6 (Table S1, Supplementary material). The
24 oligos include several clusters of sequences that are
very similar to each other (e.g. CT200d4 and CT200s1) as
well as single probes that are quite distant from all others
(e.g. CBsed37 and CBsed12) (Fig. 2; Table S2, Supple-
mentary material). Assuming that sequences within 85%
identity of a probe will hybridize to that probe (Taroncher-
Oldenburg et al., 2003), this probe set should capture the
entire range of sequence diversity represented in the
Chesapeake Bay clone libraries. A gammaproteobacterial
ammonia oxidizer sequence from culture (Nitrosococcus
oceani) was included in the probe set as a negative
control.

Array characterization

Probe resolution and specificity. Several experiments
were performed in which two targets were competitively
hybridized in a label inverse design as previously
described (Taroncher-Oldenburg et al., 2003). In every
case, the expected perfect match probe yielded the stron-
gest hybridization signal, which in some cases was
matched by the signal from probes with nearly identical
sequences. Related probes also hybridized significantly
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Fig. 1. Map of Chesapeake Bay showing
station locations. Not shown is the Sargasso
Sea station at 36°40 N, 71°60 W.

K
o ~39°0'0"N

38°0°0”N -38°0'0"N
Atlantic Ocean
37°0'0"N ~37°0'0"N
0 50 100
P e —
Kilometers
77°0'0"W 76°0'0"W 75°O=0”W

(as defined by the results of signal filtering; see Experi-
mental procedures and Fig. S1, Supplementary material).
At the relatively high concentrations of target hybridized in
these experiments, some probes that were slightly lower
in identity than 85-87% (the identity level predicted to
allow hybridization) did in fact produce significant signal
(see Discussion).

The pattern of hybridization from various groups of
competitively hybridized probes was completely repro-
ducible (2-4 replicate experiments for each probe
mixture) and indicated an identify cut-off of 80-85% for
independent probe resolution. Several ‘cluster probes’
were thus identified, as groups of probes that cross react,
i.e. that each hybridize with the same set of target
sequences. This analysis was consistent with the phylo-
genetic analysis (Fig.2) and reduced the effective
number of probes to those that are distinguishable by
hybridization, i.e. have relatively low sequence identity.
The total number of unique probes was thus reduced to
14, including single probes Noceani, Nmestuarii, Nseuro,
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Nmureae, Nmcryo, Nmmarina, CBsed1, CBsed12 and
CBsed37, plus Cluster probes 1-5: Cluster probe 1 (i.e.
the set of probes CBsed8, CBsed13, CBsed63); Cluster
probe 2 (CBsed10, CBsed26, CBsed61); Cluster probe 3
(CT200s1, CB200d4, CB300s1, CB300s2); Cluster probe
4 (Nsbriensis, Nstenuis, Nsmultiform); Cluster probe 5
(Nmhalo, Nmoligo). The Nsbriensis probe sequence is in
fact more distant from the other members of its cluster
than the usual cut-off (78% vs. 80—-85%); neither of the
other two cultivated sequences in this cluster contributed
significantly to the hybridization signal in environmental
samples (see below), so it is convenient to group them
with Nsbriensis.

Probe capacity. Equal amounts of some targets yielded
different fluorescence intensities even when hybridized to
their perfect match probes. Therefore, most of the probes
were tested independently to ascertain the scale of this
phenomenon, by comparing the fluorescence intensity of
the perfect match hybridization (using the internal ratio
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Fig. 2. Distance tree (Clustal V, Higgins et al., 1991) based on the alignment of 24 70-mer oligonucleotide sequences on the amoA array. The
numbered brackets indicate the groups of probes that comprise the five cluster probes.

method, summing the individual components of the greater (Fig. 3). Cluster probe 1 in particular had a fluo-
Cluster probes to treat each Cluster as one signal) with rescence capacity 25-fold greater than that of CBsed12,
that of the CBsed12 perfect match. Three of the probes i.e. 1 ng of one of the targets that hybridized with the four
were not different from CBsed12, but four probes had probes in Cluster probe 1 yielded 25 times greater fluo-
significantly less fluorescence and two significantly rescence intensity than did 1 ng of target CBsed12 hybrid-
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Fig. 3. Differential fluorescence capacity of 100% perfect match target/probe combinations normalized to CBsed12 as 100% signal. Error bars
represent standard deviation of results from multiple separate arrays.
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ized with probe CBsed12. This dramatic difference has
serious implications for quantification of unknown mix-
tures (see below).

Results of array application to environmental samples

Hybridization data were determined for 14 water samples
using the internal standard ratio method. Two examples,
illustrating quite different hybridization patterns, are
shown in Fig. S2 (Supplementary material). The coeffi-
cient of variation (CV) for significant fluorescence ratio
(FR) values averaged 30% across all slides. The largest
CVs were associated with very low (insignificant) signals,
which were observed frequently for features representing
cultivated AOB sequences. Because the FR scale is not
calibrated and represents the average Cy3/Cy5 ratio for
each probe, the absolute FR scales cannot be compared
directly between arrays. To assess the robustness of the
individual experiments, we analysed biological replicates
for eight of the samples after completion of the original
analyses. Duplicate filters that had remained frozen at
-80°C since collection were extracted, labelled and
hybridized using the same protocols as the original.
Probes that yielded a hybridization signal = 5% of the
total signal on each array were identified as present, and
a similarity analysis using presence/absence data (Nei
and Li, 1979) was performed. For the eight sets of dupli-
cates, the similarity index [F=2n(n«+ n,)] ranged from
50% to 100% and averaged 72% (SD 16%). The main
difference between replicates was that the first set of
experiments detected more significant signals than the
later ones; in only one sample did the later experiment
detect one signal that was not present in the first set. This
was attributed to degradation of the arrays — the replicate
experiments were performed 2.5 years after the initial
experiments.

Relative FR values were used to compare hybridization
patterns among different samples (Fig. 4A). The same
amount of total target (100 ng) was hybridized with each
array, so the proportion of signal attributed to each probe
is the appropriate comparison. The largest signals were
observed for amoA probes derived from a group of closely
related clones: CB300s2, CB300s1, CT200d4 and
CT200s1. This group, identified as Cluster probe 3 above,
constituted 4.6-93.7% of the total signal in the 14
samples. Its highest contributions (91.7%, 93.5% and
93.7%) occurred at CT200D, PL100D and CB200D, all
deep water samples from the river, plume and bay
respectively. Its smallest contributions (4.6%, 28.2% and
34.5%) occurred at CB100D, PL100M and SS100S, deep
water from the upper bay and mid and surface water
samples from the plume and Sargasso Sea respectively.
Cluster probe 3 represented on the order of 50% of the
total signal in all other samples.

© 2007 The Authors
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Probes CBsed8, CBsed13 and CBsed63 (identified as
Cluster probe 1 above) were the next most important
group in magnitude of the hybridization signal, accounting
for almost half the total signal at CB200S and close to
40% at CB300D.

The 11 individual probe sequences representing culti-
vated strains were consistently among the lowest signals,
frequently being in the background (Fig. 4A). The indi-
vidual probe representing N. briensis (Nsbriensis, identi-
fied as part of Cluster probe 4 above) produced the
highest signal among the cultivated strains. Cluster probe
4 represented up to 28.9% of the total signal (sample
CB100D), but was usually less than 5% and often less
than 1% of the total. The only other cultivated sequence
represented significantly in the hybridization signal was
Nitrosomonas cryotolerans (Nmcryo), which reached
8.2% of the total signal in SS100M. It is clear from the
capacity tests, however, that the fluorescence signals
cannot be interpreted quantitatively in terms of target
abundance in the sample (see Discussion).

Analysis of probe resolution

Relative FR results for all individual probes were sub-
jected to discrimination to identify probes that tended to
behave similarly in the hybridizations with environmental
samples. This initial analysis identified groups of probes
that did not behave independently because they hybrid-
ized to the same targets — the Cluster probes identified
above. The phylogenetic analysis of sequence compari-
sons, the simple mixture experiments and the probe
behaviour in hybridization experiments with environmen-
tal samples were all consistent with each other, and
established a distance criterion slightly larger than
15 = 3% criterion established with the earlier arrays
(Taroncher-Oldenburg et al., 2003) for resolution of dis-
tinct genotypes.

In the experiments with environmental samples, the
tendency of the probes to cross react cannot be distin-
guished from the potential co-occurrence of different
targets (correlation in the signal intensity because the
different targets have similar distributions in the samples).
The fact that the hybridization results from environmental
samples were consistent with the phylogenetic analysis
and the simple mixtures (i.e. all probes within each Cluster
showed similar hybridization patterns, essentially acting
as a single probe), however, indicates that the compo-
nents of the Cluster probes detected the same targets,
rather than correlated occurrences of unrelated targets.
For example, the four probes (CT200d4, CT200s1,
CB300s1 and CB200s2), which consistently yielded the
highest signal in most samples, were 82.9% — 95.7%
identical to each other (Table S2, Supplementary mate-
rial) and were identified as Cluster probe 3 above. Targets
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Fig. 4. Composite bar plot showing relative FR for all probes (A) and for the 14 independent probes (B) in all samples. The total FR signals
were summed and the FR value for each probe is represented by its fraction of the total signal. The first station on the x-axis is the only
Choptank River station, CT200, from a location with intermediate salinity. The other stations are arranged beginning with the freshwater upper
station in the Bay (CB100) in order of increasing salinity towards the open ocean station, SS100.
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Fig. 5. Classification and discrimination analysis of the targets using hybridization results.
A. Classification results of the targets used in microarray experiments. Using a cut-off on the dendrogram, we are able to identify two groups.
B. Bars represent the sensitivity results after K-means discrimination algorithm application for two clusters. The classification (A) and the

discrimination (B) approaches give the same groups.

C. An Andrews representation for each targets that highlights the efficiency of the discrimination analysis.

that hybridize with one of the four should in fact hybridize
with all of them (Fig. S1, Supplementary material), and it
is clear from the bar plot that these four probes did indeed
behave similarly across the sample set (Fig. 4A). In con-
trast, the Nmestuarii probe was 88.6% identical to both
CBsed13 and CBsed63, but only 82.9% identical to
CBsed8. Although the three sediment clones exhibited
strong hybridization signals, Nmestuarii never reached
1% of the total signal strength, so it was not considered a
member of Cluster probe 1.

When the relative FR values for individual probes within
each Cluster probe were summed, treating each Cluster
probe as one signal, the patterns of the 14 independent
probes (nine single probes and five Cluster probes)
(Fig. 4B) emphasize the dominance of Cluster probes 1, 2
and 3 in the overall distribution.

Analyses of hybridization patterns in
environmental context

Due to the large variability of the data and the variability in
probe capacity, we did not use fluorescence intensity

© 2007 The Authors

directly to analyse the hybridization patterns, but instead
used a correlation matrix derived from the relative varia-
tion of each probe signal (FR), not its absolute value.
Based on the relative FR values at different stations
(Fig. 4B), the result identifies trends in the hybridization
patterns among probes, for example, showing those that
tend to occur together. The classification/discrimination
approaches applied to this matrix represent the reparti-
tioning of the probes; the classification results are illus-
trated in Fig. 5A. A distinction of two well-defined groups
(guilds) was allowed by a distance of 1.1. The classifica-
tion was confirmed by a K-means discrimination that
matches significantly 71% of the distribution in two clus-
ters, moreover with a good discriminant criterion as the
silhouette score (Fig. 5B).

The convergence of these results allows us to distin-
guish two well-defined guilds of probes on the basis of
their hybridization patterns: Guild 1= Nmmarina,
Noceani, Nmureae, Cluster probe 3, Cluster probe 2,
CBsed1, CBsed37. Guild 2 = Nmestuarii, Nseuro, Cluster
probe 5, Cluster probe 4, Nmcryo, Cluster probe 1,
CBsed12.
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The Andrews representation (Fig. 5C) summarizes
these multivariate data and the related guilds. The repre-
sentation indicates similar frequency for both guild curves,
which means that both guilds exhibit the same qualitative
variation in the function of the stations. However, the
amplitudes of the guild signals are different which implies
that the probes exhibit different hybridization intensities as
a function of station (i.e. environmental conditions). We
interpret these results to imply that the hybridization pat-
terns reflect variation in the distribution of the functional
gene amoA, which is related to the ecophysiology of
ammonia-oxidizing microorganisms. Thus, relative FR
patterns reflect the variation in biological function related
to organisms that possess amoA.

The guilds defined on the basis of relative FR in an
environmental context constitute functional groups, which
suggests some ecological significance of the hybridization
patterns. Guild 1 contains mostly marine sequences (e.g.
Nmmarina, Nmureae), and its signal is dominated by
Cluster probe 3, which contains sequences derived from
the water column at stations CB200 and CB300. Guild 2
includes the obviously freshwater AOB sequences (e.g.
Nseuro and Cluster probe 4) and Cluster probe 1 (com-
posed of sequences from CB100 sediments) is a main
component of its signal. The signal from the cultivated
strains was so low that to base the guild characteristics on
them is not warranted. The ecological and physiological
characteristics associated with organisms from which the
sequences in Cluster probes 1, 2 and 3 were derived
cannot be known a priori, but phylogenetic affiliations and
subsequent analysis suggests that Cluster probe 3
represents the main marine planktonic Nitrosospira-like
group and Cluster probe 1 represents an important
Nitrosomonas-like group from freshwater sediments. This
observation suggests some relationship between the
hybridization results and the physical characteristics of
the environment at the various stations.

Projection of the functional guilds into physical
parameter space

These two guilds are composed of targets that tend to
co-occur in the samples, and may represent two amoA
communities with different ecophysiological characteris-
tics and different geographical distributions, likely related
to environmental conditions. The corresponding physical
and chemical parameters for each sample were included
in a correlation based principal components analysis
(PCA) with the hybridization signals for the two guilds
represented by the 14 independent probes (Fig. 6). The
first and second components represent 74% and 10.8%,
respectively, of the global variability in the data set. Guild
1 was positively correlated with salinity, temperature and
chlorophyll concentration and negatively with most of the
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Fig. 6. Projection of the variables in the first component feature
space in the principal components analysis. The first and the
second component represent 74% and 10.8% of the global
variability respectively. The bold variables correspond to the two
guilds identified from the microarray hybridization patterns. Symbols
represent salinity (S), temperature °C (T) and concentrations of
oxygen (O), particulate nitrogen (PN), dissolved organic carbon
(DOC), particulate carbon (PC), ammonium (NH,), orthophosphate
(oPhos), nitrate (NOs), total dissolved nitrogen (TDN), ratio of
particulate carbon/particulate nitrogen (PCPN), total dissolved
phosphate (TCP), dissolved organic phosphate (DOP), dissolved
free amino acids (DFAA), silicate (Si), dissolved organic nitrogen
(DON), nitrite (NO), urea (Urea) and chlorophyll a (Chl).

other variables. Guild 2 was positively correlated with
oxygen, particulate nitrogen, particulate carbon and dis-
solved organic carbon. In the same feature space, the
centroid of both guilds indicates an antagonistic relation-
ship to urea, nitrite, dissolved organic nitrogen, silicate,
dissolved organic phosphate and dissolved amino acids,
which implies at least a non-linear effect of these param-
eters on the global amoA community.

Community composition as a function of station

One major goal of the microarray experiments is to allow
comparison of microbial community composition among
stations. Thus, a classification/discrimination approach
similar to that described above was applied to the stations
in order to classify or group them according to their hybrid-
ization patterns (Fig. 7A). A distinction of two clusters was
allowed for 1.1 distance cut-off and a posteriori confirmed
by a K-means approach for two clusters (cf. correspond-
ing silhouette score for each station in Fig. 7B) and an
Andrews representation (Fig. 7C). Thus, two main groups
of stations were distinguished:

Station group 1: CB100S, CB200S, PL100S, CB300D,
CB300S. Station group 2: SS100M, PL100M, PL100D,
CB200D, CB100D, CB100M, SS100S, CB300M,
CT200D.

© 2007 The Authors
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A. Classification result of the stations based on hybridization results. Using a cut-off on the dendrogram, we are able to identify two groups.
B. Bars represent the sensitivity results after K-means discrimination algorithm application for two clusters. The classification and

discrimination approaches give the same groups.

C. An Andrews representation for each station that highlights the efficiency of the discrimination analysis.

A classification of these stations according to physical
and chemical parameters only was attempted. The dis-
crimination efficiency for stations was less relevant and
robust, however, than the guild discrimination. Moreover,
using the available data, the physical and biological dis-
tributions are not significantly identical (55% identical), i.e.
classifying the stations according to physical/chemical
patterns results in different groups than when classifying
them by hybridization pattern in 45% of the 10 000 itera-
tions of the discrimination calculation.

Discussion
Interpretation of environmental microarray data

The microarray approach depends first on the develop-
ment of an adequate sequence database, in order to
represent on the array the full range of sequence diversity
likely to be encountered in the environment (Francis et al.,
2003; Stralis-Pavese et al., 2004), although comparisons
among large numbers of samples on the basis of exhaus-
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tive clone libraries is prohibitive in time and expense. Due
to their high throughput capabilities, microarrays have
great potential for ‘fingerprinting’ microbial communities at
both the DNA and RNA level for presence/absence and
diversity information. There are two main issues, however,
that preclude more quantitative interpretation of the array
data at present.

Probe specificity. The ability of the individual probes to
resolve closely related sequences is limited and variable
(Marcelino et al., 2006), but for 70-mers and PCR prod-
ucts in various hybridization formats is about 15%
sequence identity (Kane etal, 2000; Taroncher-
Oldenburg et al.,, 2003; Steward et al., 2004). The two-
colour competitive hybridization and the internal standard
ratio hybridization methods showed comparable resolu-
tion in terms of target binding specificity. The heterologous
probes most likely to hybridize at increased target con-
centration were robustly predictable on the basis of the
phylogenetic tree shown in Fig. 1 — e.g. Nmestuarii is on
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the outer edge of the cluster containing CBseds,
CBsed13 and CBsed63, which all cross react strongly
with each other. At the target concentrations used for
environmental samples, it is unlikely that any individual
target reached levels (~25 ng) at which significant cross
hybridization was observed in the specificity tests. Thus,
cross reaction among probes that differ by = 15% is
unlikely in environmental experiments.

The degree of cross hybridization depends on the
binding free energy of the probe/target hybrid molecule as
well as the degree of sequence identity. Mismatched
target/probe molecules generally hybridize at target con-
centrations less than 5 ng if the mismatched hybrid mol-
ecule has a calculated binding free energy = 56% of the
binding free energy of the perfect match target/probe
hybrid (Taroncher-Oldenburg etal., 2003), although
exceptions occur. For example, CB300s1 and CB200d4
are 84.3% identical and have binding free energy for the
hybrid molecule of 45% of the CT200d4 perfect match.
Nevertheless, CB300s1 hybridized consistently in simple
mixtures (e.g. Fig. S1, Supplementary material) and in
field samples as if it were indistinguishable from the other
members of Cluster probe 3. Because the simple mixture
results confirm that CB300s1 belongs in this cluster, we
discount the possibility that the field data represent
hybridization with an independent sequence that simply
covaries with the other members of Cluster probe 3.

Nmestuarii, on the other hand, is 88.6% identical to
CBsed8 and has a binding free energy equivalent to
49.9% of the CBsed8 perfect match. Although the Nmes-
tuarii probe yielded significant signal in the simple mixture
test such that it behaved like a member of Cluster probe
1, Nmestuarii never hybridized at a significant level in field
samples. Apparently the targets from the natural samples
that hybridized with the probes that comprised Cluster
probe 1 were distinct from Nmestuarii.

Despite these constraints, the degree of resolution
offered by the array hybridizations is still relatively high
and is sufficient to be ecologically informative. Ammonia-
oxidizing bacteria differ at the 16S rRNA gene level by
less than 10% over the whole gene (Purkhold et al.,
2003), and the amount of variation in the most commonly
studied 490 bp fragment of the amoA gene is on the order
of 25% (Francis et al., 2003). By selecting a highly vari-
able 70-mer region from within the amoA fragment, the
array probe sequences differ by as much as 70%, vastly
increasing the power to distinguish among types. The
minimum probe resolution for the 14 independent probes
used here was about 15%, which corresponds roughly to
the species cut off of 2-3% at the 16S rRNA level.
Purkhold and colleagues (2000) compared the 16S rRNA
and amoA similarities from cultured AOB strains, and
found that a 3% 16S rRNA distance equates to a 15%
amoA distance. Similar patterns were observed in corre-

lated shifts of paired environmental samples using analy-
ses of AOB-specific 16S rRNA similarity compared with
amoA similarity (O’'Mullan and Ward, 2005). Thus, the
array resolves amoA community composition at an eco-
logically relevant level.

Probe capacity. Differential fluorescence intensity among
perfect match probe/target combinations has not been
widely considered as a factor in the interpretation of array
hybridization data in environmental studies. Using short
oligonucleotide probes on a tiling array, and hybridizing to
rRNA targets from microbial eukaryotes, it was concluded
that hybridization intensity cannot be predicted from ther-
modynamic calculations based on probe sequence and
mismatch characteristics (Pozhitkov et al., 2006), and
suggested this may be due to the inability of thermody-
namic calculations to explain the behaviour of the surface-
bound probe molecule interacting with the soluble target.
While it is not practical to evaluate each individual probe
on arrays containing hundreds or thousands of features,
for the small probe set used here, it was practical to test
most probes separately or in non-cross reacting mixtures
(Fig. 3). If the extreme case of Cluster 1, for which only
one experiment is available, is excluded, the range of
relative fluorescence capacity for different perfect match
probes is > 10-fold (0.14—1.8 for CBsed1 and CBsed37
respectively) relative to CBsed12. Full length (~1500 bp)
16S rDNA probes hybridized with 18—21-mer oligonucle-
otide probes exhibited capacity differences of at least
sevenfold for perfect match probe/target hybrids and up to
nearly 200-fold for probes with small but similar levels of
mismatch (Sanguin etal, 2006). Pozhitkov and col-
leagues (2006) reported intensity variations among
perfect match probes of 70-fold that could not be
explained by thermodynamic or sequence characteristics.
Some of the variability in capacity may be explained by
difference in melting temperature; for the probes tested
here, the fluorescence capacity generally decreased as
melting temperature increased. Sanguin and colleagues
(2006) reported the same tendency, but also noted unex-
plained examples of complete failure of hybridization for
certain locations in the amplicon, even for probes target-
ing perfect match sequences. Steric hindrance of long
PCR products or loss of target to competitive rehybridiza-
tion with the complementary strand of the PCR product
may explain part of capacity variability. However, these
issues were minimized in our protocol because the target
itself was a Klenow-labelled product, i.e. a mixture of
fragments < 450 bp in length, and the mixture should have
been random and similar among target preparations.
The net effect of both of these issues is to introduce
unknown variation into the relationship between target
abundance and hybridization fluorescence intensity. Both
resolution and capacity can be quantified and corrected
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for in known mixtures, but not for unknown mixtures, e.g.
environmental samples. Because of the thermodynamic
unpredictability of hybridization, we cannot assume that
all targets that hybridize with a certain probe (perfect
match targets plus mismatch targets with up to ~15%
identity differences) will exhibit the same capacity, and
thus we cannot simply apply the capacity correction that
was determined for the perfect match hybridization to
unknown mixtures. Therefore, the ecological analyses
presented here were not based on absolute fluorescence
intensity. amoA occurs in multiple copies in most AOB (up
to three copies in cultivated strains; Norton et al., 2002),
which introduces further variability in the relationship
between hybridization intensity and AOB abundance.
Even given these limitations for quantification, striking
patterns emerged in the distribution of positive
hybridization.

Ammonia-oxidizing bacteria community composition

The range of amoA diversity represented on the array
focused on sequences represented in clone libraries from
the water column and sediments of the Chesapeake
system, but included sequences representing most, but
not all, of the cultivated species/strains. The most striking
result of the hybridization patterns is that the signal
strength for the cultivated strains was much lower than for
most of the environmental sequences. The target popu-
lations were produced by PCR amplification using
betaproteobacteria-specific amoA primers. Therefore,
Noceani should not have been represented in the target
mixture and no signal was ever detected with the Noceani
probe. All of the other cultivated strain probes, however,
represent species that can be easily amplified with these
primers. Nsbriensis was the only probe from a cultivated
strain that hybridized to any extent and it was most impor-
tant in the deep sample from the most freshwater station
(Fig. 4A). This probably represents an influence from the
surrounding terrestrial environment and indicates the
organisms with amoA sequences very similar to N. brien-
sis may be important in that environment. The capacity of
Cluster 4, which included Nsbriensis, was only 27% of
CBsed12, so its contribution is underestimated in Fig. 4B,
but even if it were possible to correct for capacity, Cluster
4 would still be a minor component of the other samples.

The strongest hybridization was observed with probes
representing Cluster probe 3, a group within the unculti-
vated marine Nitrosospira-like sequences in the overall
amoA phylogeny. The reproducible and widespread
strong detection of this group is consistent with the
group’s previously implied importance in the marine envi-
ronment on the basis of clone libraries. The relative con-
tribution of Cluster probe 3 was often more than 50%, of
the total signal. The lowest value was observed in the
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deep water sample from the upper Chesapeake Bay,
where Nsbriensis was an important signal. This upper bay
sample was one of the least marine in character, and the
deep water composition may reflect a community of fresh-
water sediments unlike that in the upper water column of
the larger Bay environment. With a fluorescence capacity
of 60% relative to CBsed12, Cluster 3 would be under-
represented in Fig. 4B, making its contribution even more
overwhelming in many of the samples.

The high fluorescence capacity of Cluster 1 implies that
its contribution to the target composition is overrepre-
sented in Fig. 4B. The single probe CBsed12 exceeded
30% of the total signal in the Sargasso Sea surface
sample. None of these sequences are associated with
cultivated strains, but all represent members of the
Nitrosospira-like and Nitrosomonas-like clades, respec-
tively, that are frequently reported as major components of
16S rRNA and amoA clone libraries from marine sites
(Bano and Hollibaugh, 2000; Freitag and Prosser, 2004;
O’Mullan and Ward, 2005). Cluster probe 3 was identified
as a component of Guild 1, while both Cluster probe 1 and
CBsed12 were part of Guild 2, suggesting that the organ-
isms represented by these sequences may represent
ecologically distinct niches.

Ecological significance of guilds

The amoA array as described here was used to detect
DNA directly. It thus provides an indication of the relative
abundance and diversity of different amoA phylotypes, as
reflected in pooled PCR products, at the level of genetic
capability for ammonia oxidation. Visual inspection of the
hybridization patterns (Fig. 4B) reveals obvious groups of
stations: CT200D, CB200D, PL100D and SS100M were
all dominated by Guild 1, especially Cluster probe 3.
CB100S, CB100D, CB200S, CB300S, CB300M,
CB300D, PL100S, PL100M and SS100S all showed an
important contribution from Guild 2, mostly due to Cluster
probe 1 (Nitrosomonas-like sequences) and CBsed12.
Clear biogeographic patterns emerged in the identification
of the two guilds and their relationship to environmental
variables (Figs 5 and 6).

The classification of stations on the basis of phylotype
patterns (Fig. 7) is, however, significantly different from
the classification of stations on the basis of physical and
chemical variables. That is, some stations with similar
environmental characteristics differ in amoA community
composition. Thus, it is not possible to identify completely
the environmental variables that determine the biogeo-
graphical patterns evident in the hybridization data.

The next step in the application of microarray technol-
ogy to understanding biogeochemical processes in the
environment is to assess gene expression by hybridizing
with mRNA or cDNA derived from environmental samples.
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RNA/cDNA might reflect short time scale changes but due
to the slow growth rate of AOB, DNA may be a better
reflection of AOB response on the time scale of environ-
mental variability in the bay. That is, highly abundant types
must be successful in the environment as integrated over
the timescale of the last few bacterial lifetimes. Methan-
otrophs are analogous to AOB in many ways, and similar
methodology has recently been used to investigate the
community composition of methanotrophs under various
landfill and vegetation conditions (Stralis-Pavese et al.,
2004). This study used a very different microarray
approach (Bodrossy et al., 2003), in which short oligos
(18—24-mers) and competitive two-colour methodology
were employed. Stralis-Pavese and colleagues (2004)
were able to identify the dominant methanotrophs at the
DNA level and to identify different groups associated with
different experimental conditions. Using RNA targets
(Bodrossy et al.,, 2006), the same major groups were
identified, but RNA was detected for some groups not
detected at the DNA level — groups that must have
responded particularly well to current conditions.

Ecology of AOB in estuarine environments

Salinity appears to be a major environmental selection
factor for estuarine microbial communities, both for the
total community (Bouvier and del Giorgio, 2002; del
Giorgio and Bouvier, 2002) and for AOB assemblages in
particular (Bianchi et al., 1999; de Bie et al., 2001; Bern-
hard etal., 2005). Microbial community composition
(Bouvier and del Giorgio, 2002) and cellular activity (del
Giorgio and Bouvier, 2002) both varied dramatically in the
gradient from freshwater in the upper Choptank River to
the moderately saline (14 psu) region where the Chop-
tank joins Chesapeake Bay. Betaproteobacteria were the
dominant bacterial clade in the freshwater environment
and were replaced by alphaproteobacteria at the higher
salinity stations. The greatest change occurred between 4
and 8 psu in the salinity gradient. Cottrell and Kirchman
(Cottrell and Kirchman, 2004) documented the same
community composition changes in the Delaware estuary.

Large shifts in the composition of 16S rRNA and amoA
clone libraries representing AOB communities have been
reported for the Schelde estuary in the Netherlands (de
Bie et al., 2001; Bollman and Laanbroek, 2002), Waquoit
Bay in the US (Bernhard et al., 2005), and Chesapeake
Bay as an initial step in our study of amoA functional
diversity in this system (Francis et al., 2003). amoA clone
libraries (Francis et al., 2003) from the same CB and CT
stations investigated here showed the greatest composi-
tional differences between the upper bay (CB100) and
upper river (CT100) stations compared with all the rest.
On the basis of visual inspection of the hybridization pat-
terns (Fig. 4B), the three freshwater samples (station

CB100) were quite different from most other samples,
likely representing the freshwater end member of the AOB
community. The fact that CB200S (but not the other
CB200 samples) was very similar to CB100S probably
reflects the fact that surface water at CB200 originates in
the freshwater region of CB100, while the deeper samples
represent the deep water brought in from the mouth of the
bay by the usual estuarine circulation. CT100 was not
sampled for the present study, but CB100 was different
from many of the other stations in its lower contribution by
Guild 1 (Cluster probe 3) and the greater importance of
members of Guild 2. At CB200 and CB300, the freshwater
sediment Guild 2 was well represented in the surface
samples, which was also important in the deep sample
from CB300. CB200D and CB200D were both dominated
by Guild 1, consistent with the seawater wedge of the
estuary extending further north in the deep water than at
the surface. Thus, the microarray results and clone library
data are consistent in both their descriptions of the com-
munity and the ecological implications of variations in
community composition, validating the microarray
approach for high throughput investigations of community
composition and diversity.

Salinity variations are not important in the ocean, at
least nowhere near the scale of variability found in
estuaries. Nevertheless, both major clades, Nitrosospira-
and Nitrosomonas-like, are found in seawater, showing
small-scale spatial and temporal variability (O’Mullan and
Ward, 2005). It now appears that the AOA dominate the
ammonia oxidizing community of the open ocean
(Wuchter et al., 2006). The trend from high diversity to low
in the AOB along the estuarine gradient is consistent with
the idea that AOB are not very important in the ocean.
Only a few types are capable of living in full strength
seawater, and even those are not abundant. A similar
study of AOA along the estuarine gradient might be
expected to yield the opposite pattern.

Experimental procedures
Study site

The Chesapeake Bay drains a watershed of 166 000 km? and
fills a dendritic river valley system consisting of a main
channel and seven main rivers, including the Choptank River,
a subestuary that contributes about 1% of the total freshwater
to the bay. Six stations (Fig. 1) were chosen to span a range
of environmental conditions; their characteristics have been
described previously by Francis and colleagues (2003), who
described the diversity of amoA clone libraries from this
system. Characteristics of the depths sampled in April 2002
are provided in Table 1.

Sample collection and DNA extraction

The water column (two or three depths) was sampled in April
2001 and April 2002 using a pump in the river and Niskin
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Table 1. Station locations and characteristics (data from April 2002).

amoA functional gene microarray 13

Station Depth (m) T (°C) Salinity Nitrate (uM) Chlorophyll a (ug I") Sediment type
CT200D 7 ND ND 0.03 4.79 Mud
CB100S 1.9 9.9 0.1 59.1 1.27

CB100M 4 9.8 0.1 ND ND

CB100D 7.8 9.8 0.1 58.1 1.49 Mud
CB200S 2 9.9 15.1 4.5 8.53

CB200D 19 9.0 211 0.4 8.81 Mud
CB300S 1.9 1.4 245 0.14 3.93

CB300M 7.5 1.4 25.8 ND ND

CB300D 9.2 1.7 25.9 0.64 4.39 Sand/mud
PL100S 1 125 29.2 0.04 2.57

PL100M 6.5 11.8 27.8 ND ND

PL100D 12.5 1.6 32.8 0.68 212 NA
SS100S 1 20.4 36.4 0.15 0.22

SS100M 100 19.5 ND 0.10 0.23

The temperature and salinity data were provided by W. Boicourt and the nutrient data were provided by P.M. Glibert, both of Horn Point Laboratory,

University of Maryland Center for Environmental Sciences.
T, temperature; ND, not determined; NA, not applicable.

bottles on a CTD rosette in the bay, plume and Sargasso Sea.
Samples collected in April 2001 were used to construct the
clone library and samples collected in April 2002 were used in
the array hybridization experiments. Water samples were
collected from surface, mid depth and deep water, defined by
the relative depth at each station: surface was generally 1 m,
deep was 1 m off the bottom (except in the plume and the
Sargasso Sea) and mid was in between, often chosen to
sample a stratification feature such as the bottom of the
thermocline or a particle maximum feature. Surface sedi-
ments were collected at the North Bay site (CB100) in April
2001 using a box core. A few grams of surface sediment were
subcored using a cut-off plastic syringe, then scraped into a
small tube and immediately frozen in liquid nitrogen. Samples
were stored at —80°C until DNA extraction.

Particulate material from the water samples was collected
by peristaltic pump filtration onto Sterivex GP 0.2 um filter
capsules (Millipore, Billerica, MA), which were drained,
capped and frozen in liquid nitrogen immediately upon
collection. DNA was extracted from the capsules using the
PureGene DNA kit with slight modification of manufacturer’s
protocol for extraction of Gram negative bacteria (Gentra,
Minneapolis, MN): lysis buffer (0.9 ml) was added to the filter
and incubated with gentle rotation for 10 min at 80°C. Incu-
bation times for all subsequent steps were the maximum
recommended. Sediment DNA was extracted according to
manufacturers instructions using the Ultraclean soil DNA kit
(MoBio Laboratories, Carlsbad, CA).

Polymerase chain reaction, cloning, RFLP screening
and sequencing

A fragment of the amoA gene was amplified from environ-
mental samples and pure culture extracts using the betapro-
teobacterial amoA primers and PCR conditions of Rotthauwe
and colleagues (Rotthauwe et al., 1997). Amplicons were
purified by Wizard PCR prep (Promega, Madison, WI) and
cloned into pCR2.1 vector using the Topo TA Cloning kit
(Invitrogen, Carlsbad, CA). Transformants were screened for
inserts by PCR using the amoA primers. At least 48 positive
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amoA amplicons from each sample were digested with
Sau3A and Hinfl for 3—6 h at 37°C to assess diversity of the
cloned sequences. Digests were electrophoresed on a 3%
Methaphor agarose gel (FMC BioProducts, Rockland, ME,
USA) at 60 V, stained and photographed. Several represen-
tatives of each RFLP pattern type were then sequenced in
both directions using amoA primers and Big Dye 3.1, accord-
ing to manufacturers instructions (Applied Biosystems,
Foster City, CA). Sequencing was performed on the ABI310
genetic analyzer.

Microarray oligonucleotide probe design

Rather than including every known sequence as a probe on
the array, we chose a subset designed to represent the whole
range of diversity with minimal cross reactivity among probes.
Sequences from the April 2001 data set (surface and deep
water samples from CB200, surface and deep water samples
from CB300, and CB100 sediment) were locally aligned with
each other and with other environmental and culture-based
amoA sequences available in GenBank (NCBI). Phylogenetic
trees were built using PAUP v 4.0 both for the total fragment
(approximately 400 bp) and for several possible 70 bp
stretches of sequence to find areas of the gene with the
highest sequence dissimilarity that still represented the phy-
logenetic relationships visualized in the whole fragment
phylogeny. Based on this comparison, 24 oligos were
chosen, 13 from our environmental amoA sequences and 11
additional culture-based sequences (Table S1, Supplemen-
tary material). Nitrosomonas eutropha and Nitrosomonas
europaea sequences are identical over the probe region, so
the probe called Nseuro represents them both. Three culti-
vated sequences (Nitrosococcus mobilis, Nitrosomonas com-
munis and Nitrosomonas nitrosa) have been detected rarely
if at all in our clone libraries and were not available for testing
so they were not included on the array. The original clone
library survey was performed using betaproteobacteria-
specific amoA primers and the same primers were used to
produce target for the hybridization experiments (see next
section). The 70-mer oligo probes (Operon Technologies)
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were adjusted to a concentration of 0.05ugul™ in 50%
DMSO and were spotted on CMT-GAPS amino silane-coated
glass slides (Corning, Corning, NY). After printing, the slides
were baked at 80°C for 3 h and stored in the dark at room
temperature under slight vacuum.

Hybridization experimental design

Two different protocols were used: (i) the standard two-colour
competitive approach was used for the initial array testing
and (ii) a new internal standard ratio method was used for the
analysis of environmental samples and for capacity tests. The
standard two-colour competitive hybridization method was
used previously to establish hybridization criteria for func-
tional gene oligonucleotide arrays (Taroncher-Oldenburg
et al., 2003). It was used here to characterize the behaviour
of the amoA array in simple defined mixture experiments in
order to verify the criteria established previously in a different
gene system. The competitive hybridization approach was
not appropriate for the actual analysis of field samples,
however, because it is difficult to define a true ‘control’ sample
or a ‘normal’ sample against which all others should be com-
pared, as is the case for gene expression in diseased tissue
versus healthy tissue, for example. One of the major advan-
tages of the competitive approach, however, is the use of
FRs, rather than simple hybridization intensity, to quantify the
hybridization signal for each feature and to avoid artefacts
associated with variations in hybridization patterns across the
slide. Therefore, in the internal standard ratio method, we
spotted a reference oligo (5-GATCCCCGGGAATTGCCATG-
3’) in several replicate features in each block so that an
average FR could be computed for each amoA feature
(amoA-specific fluorescence/reference fluorescence), allow-
ing us to correct for across slide variability in hybridization
intensity.

Hybridization experiments with known mixtures — probe
resolution and cross reactivity

Several experiments with known mixtures of targets were
used to investigate the resolution of the array using the two-
colour competitive hybridization approach. Target was pre-
pared by the incorporation of amino-allyl-dUTP (dUaa) into
the PCR product during the amoA-specific PCR amplification
step. The PCR protocol was the same as described for gene-
specific amoA PCR above, except that dTTP was omitted
from the dNTP mixture and was replaced with a combination
of dTTP and dUaa-tagged dUTP (in a ratio of 1:2 at the same
final concentration as the individual dNTP additions). Several
duplicate dUaa-PCR products were pooled and cleaned
using the Qiaquick spin column protocol (Qiagen, Valencia,
CA, USA), and dried under vacuum. dUaa-labelled PCR
products were dissolved in 4.5 ul of 100 mM Na,CO; buffer
(pH 9.5) and allowed to incubate at room temperature in the
dark for 15 min. Then 4.5 pl of Cy3 or Cy5 dissolved in DMSO
(1000-pmol ul™") were added and the incubation continued for
1 h in the dark, followed by the addition of 4.5 ul of 4 M
hydroxylamine and an additional 15 min in the dark. The
labelled target was once more cleaned using a Qiaquick spin
column, and adjusted to the appropriate concentration, by

drying under vacuum and resuspending in water, and stored
frozen in the dark. Equal amounts of the two competitive
target PCR products were heated to 95°C for 5 min, then
cooled on ice and added to hybridization solution (Clontech,
Franklin, NJ; prewarmed to 65°C). Prehybridization and
hybridization at 65°C and the subsequent washes were per-
formed as previously described (Taroncher-Oldenburg et al.,
2003). Experiments were performed in duplicate, one slide
with the two targets labelled Cy3 and Cy5 and the second
slide in the label inverse combination. The dried slides were
stored at room temperature in the dark and scanned using a
GenePix 4000 A scanner (Axon Instruments, Foster City, CA)
and the GenePix Pro software provided with the scanner. The
fluorescence data were transferred to Excel spreadsheets for
manipulation and analysis.

Hybridization experiments with known mixtures — signal
intensity

The fluorescence capacity of independent probes, i.e. the
signal intensity produced by hybridization of a standard
amount of target, was tested in experiments with single
targets or mixtures of non-cross-reacting probes (established
above).

Hybridization targets were produced from cloned amoA
gene fragments using the standard amoA gene-specific PCR
amplification protocol described above. Incorporation of label
was accomplished using linear amplification with the Klenow
enzyme, which is randomly primed, minimizing sequence-
specific differential labelling. Products from parallel reactions
were pooled and cleaned with Qiaquick PCR clean-up
columns and then tagged with amino-allyl-dUTP by random
priming using Klenow fragment and random octomers sup-
plied in the BioPrime labelling kit (Invitrogen). The standard
dNTP mixture was replaced with a mixture of 1.2 mM dACG
plus a 1:2 mixture of 1.2 mM dTTP and 1.2 mM dUaa. Par-
allel reactions were pooled and again cleaned with Qiaquick
columns, and the eluted dUaa-labelled DNA was dried under
vacuum and stored as a dry pellet at —20°C.

dUaa-labelled fragments were coupled to Cy3 as
described above. The fluorescently labelled target was then
cleaned again with Qiaquick columns and dried to a pellet
under vacuum. Immediately prior to hybridization, the target
was dissolved in water using a volume calculated to provide
a convenient addition to the hybridization mixture. The con-
centration of target was computed by measuring the DNA
concentration (PicoGreen assay, Molecular Probes) and Cy3
concentration on 1 pl of the Qiaquick eluate (diluted to 500 pl)
prior to the last drying step using a Perkin Elmer LS 55
Luminescence Spectrometer. Hybridization solution, pre-
warmed to 65°C, contained 100 ng of the Cy3-labelled target
mixture plus 2 ul (200 pmol) Cy5-labelled reverse comple-
ment of the 20-mer reference in a total volume of 80 pl.
Prehybridization, hybridization and post-hybridization
washes were done as described previously (Taroncher-
Oldenburg et al., 2003).

Hybridization experiments with field samples

Ammonia-oxidizing bacteria are generally a minor compo-
nent of the total microbial biomass, and thus it was not
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possible to avoid the use of PCR to amplify the target gene
sequence from natural water samples in order to detect those
sequences on the amoA array. Polymerase chain reaction
bias cannot be avoided, but we make the simplest assump-
tion that the bias necessitated by our use of PCR to amplify
amoA targets resulted in consistent bias across all our
samples, and is the same bias introduced by use of the same
primers to build the clone library from which the probes were
derived (see probe design section). To maximize consistency,
the simplest PCR protocol (i.e. without direct label incorpo-
ration) was employed in target preparations from environ-
mental samples, and multiple replicate PCR products were
pooled for the production of hybridization target. Target DNA
from environmental samples was prepared using the Klenow
labelling protocol and analysed using the hybridization proto-
cols used in the capacity tests above.

Quantification of hybridization signals

Hybridization signals in the competitive two-colour experi-
ments were filtered using the data filtering and processing
criteria to ensure evenness and reproducibility and to normal-
ize for dye intensity and labelling efficiency as described by
Taroncher-Oldenburg and colleagues (2003). Only signals
that were consistent with these criteria and with significant
fluorescence in at least five of the eight replicate features for
each probe on both of the label-inverse slides were consid-
ered positive. The results are expressed in terms of relative
fluorescence units (RFU) to represent the labelling efficiency
normalized data expressed as the log, of the Cy5/Cy3 ratio
(Taroncher-Oldenburg et al., 2003).

The hybridization experiments using the internal standard
method employed a normalization procedure to correct for
differences in hybridization strength across the array. The
array contained two blocks, which contained identical pat-
terns of features arranged in 16 subblocks. Each feature was
represented in four replicates in each block (eight total repli-
cates for the entire array). The array included features con-
taining the reference 20-mer and features containing several
gene-specific 70-mer amoA oligos in each subblock. The
initial steps in data filtering were similar to that used for
quality control in the two-colour competitive method: fluores-
cence data were screened to identify features with above
background fluorescence. A significant signal was defined as
one that was greater than the average signal of all empty
features on the slide by at least 2 standard deviations. The
ratio of Cy3 to Cy5 fluorescence was then computed for every
amoA feature in each subblock using the Cy3 fluorescence
for the amoA feature and the Cy5 fluorescence from the
closest reference features within each subblock. The four
replicates for each block were then averaged to obtain an
upper and a lower block amoA/reference FR. The average
amoA/reference FRs for the lower block were multiplied by
the ratio (upper block reference Cy5 lower™ block reference
Cy5) to normalize the signal between blocks. The resulting
value represents the final FR for each probe. Only if the
average FR was = 2 x the standard deviation for replicate
features among blocks was the FR considered significantly
greater than zero. The FR values for all features with signifi-
cant signal were summed and the signal for each probe is
presented as a fraction of the total (relative fluorescence
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ratio; relative FR). The relative FR data can be compared
among slides despite variations in absolute signal strength
and they were used in the computation analysis below to
investigate clustering among probe signals and relationships
to environmental variables.

Determination of ecological relationships

There were two goals of the analysis of microarray data: the
grouping of probes with similar functionality and the analysis
of the relationship between environmental properties and
occurrence of probe groups. The probes chosen on the basis
of sequence identity (described above) were evaluated a
posteriori using the hybridization data from field samples. The
probe grouping started with the calculation of a matrix
describing the pairwise correlation between probes based on
the microarray fluorescence data matrix. We calculated pair-
wise correlation distances between the targets rather than
Euclidean-like distances because large variability of the RFR
allows the use only of a semi-quantitative approach such as
the correlation distance. For this comparison based on cor-
relation coefficients, summing and averaging the component
signals in the clusters probes produce mathematically
equivalent results (whereas this would not be true if the
absolute values of individual probe signals were used for the
comparisons). The resulting correlations were visualized as a
hierarchical cluster tree using unweighted average distance
(UPpGMA) (Legendre and Legendre, 1998 for data analysis
overview). We used this classification to find the clusters of
probes that were similar enough to be considered as effec-
tively one probe for a given similarity level. l.e., this analysis
tested whether the unknown mixtures (field samples)
behaved as predicted on the basis of probe sequence
similarity.

Two different discrimination methods were used to analyse
the probe relationships. The first was the standard K-means
algorithm (Hartigan, 1975) applied on the hybridization
results. We estimated the discriminant efficiency using a sil-
houette score (Kaufman and Rousseeuw, 1990). The silhou-
ette value for each observation is a measure of how similar a
probe is relative to the other probes from the same cluster
compared with its similarity to the probes from other clusters.
The probes from the same cluster must possess similar sil-
houette scores for the cluster to provide a relevant
discrimination.

The second test of discrimination was an Andrews repre-
sentation (Andrews, 1972), in which each probe is repre-
sented by one curve. Each curve is a sum of sines and
cosines of varying frequencies (i.e. similar to a Fourier trans-
form for each target hybridization result) with the amplitude of
each term determined by the value of the correlation distance
with the appropriate other target. Similar probes have similar
curves. If the probes within a cluster do not have similar
curves, the classification is suspect.

To compare the microarray results to the environmental
data, we performed a PCA on the physical parameters after
calculating the matrix describing correlations between
samples (Jackson, 1991). The resulting vectors describe
eigenvectors (characteristic patterns of variation) as a func-
tion of station. The patterns of any environmental variable or
probe can be described as a linear combination of these
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patterns. The amoA hybridization results were included in the
PCA by computing the representation of each guild in each
sample and including guild representation along with the
physical variables. The amoA Guilds were then projected into
this physical feature space. This identifies the stations that
are similar in terms of amoA community composition.

Data files

All MIAME-compliant data are posted on the project website:
http:/snow.tamu.edu/arrayms_data/index.htm.
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Supplementary material

The following supplementary material is available for this
article online:

Fig. S1. The results of an example of a competitive two-
colour hybridization with two inversely labelled targets are
shown in Fig. S1. CT200s1 and CBsed8 PCR products were
the two competitively hybridized targets (~25 ng each). In the
pairwise experiment, one microarray (slide 1) was hybridized
with each pair of targets added in equal concentrations (e.g.
CT200s1-Cy3 and CBsed8-Cy5) and a second identical
microarray (slide 2) was hybridized with the same targets at
the same concentration in the opposite label combination
(CT200s1-Cy5 and CBsed8-Cy3). The results are shown for
all probes that yielded a significant hybridization signal,
plotted as each probe’s RFU on slide 1 versus its RFU on
side 2 (Fig. S1). The only probes that exhibited significant
RFU values on both label inverse slides were those that had
high sequence identity (Table S1). All the ratios, normalized
to account for labelling efficiency and between-slide differ-
ences in intensity, fall very close to the 1:1 line, indicating that
each probe hybridized equally well to both members of the
paired sets of targets.

Fig. S2. Examples of hybridization signals from two arrays.
Bar height is the average fluorescence ratio (Cy3/Cy5) of the
eight replicate features for each probe on the array. Error bars
denote standard deviations of these replicates. At CT200D
(Fig. S2A), the four individual probes comprising Cluster
probe 3, representing environmental sequences, dominated
the hybridization, with very little signal present for probes
derived either from other environmental sequences or culti-
vated strains. At CB100D (Fig. S2B), the four probes that
dominated at CT200D were not important; a strong signal
was present for probes derived both from other environmen-
tal sequences as well as cultivated strains.

Table S1. Probe names and sequences for the 70-mer oli-
gonucleotide probes representing amoA gene fragments on
the array. Melting temperature was calculated by the nearest
neighbour method (Breslauer et al., 1986). Surface and deep
refer to water column samples; accession numbers are pro-
vided as the source for sequences of cultivated strains.
Table S2. Per cent identity and for oligonucleotide probes on
the amoA array. Grey boxes indicate pairwise sequence iden-
tifies > 85%, such that hybridization between these pairs is
predicted under standard conditions. Outlined boxes indicate
identities slightly less than 85%, for pairs in which hybridiza-
tion was consistently observed.

This material is available as part of the online article from
http://www.blackwell-synergy.com
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Fig. S1. The results of an example of a competitive twocolour hybridization with two inversely
labelled targets are shown in Fig. S1. CT200s1 and CBsed8 PCR products were the two
competitively hybridized targets (~25 ng each). In the pairwise experiment, one microarray
(slide 1) was hybridized with each pair of targets added in equal concentrations (e.g. CT200s1-
Cy3 and CBsed8-Cy5) and a second identical microarray (slide 2) was hybridized with the same
targets at the same concentration in the opposite label combination (CT200s1-Cy5 and CBsed8-
Cy3). The results are shown for all probes that yielded a significant hybridization signal, plotted
as each probe&€™s RFU on slide 1 versus its RFU on side 2 (Fig. S1). The only probes that
exhibited significant RFU values on both label inverse slides were those that had high sequence
identity (Table S1). All the ratios, normalized to account for labelling efficiency and between-
slide differences in intensity, fall very close to the 1:1 line, indicating that each probe hybridized
equally well to both members of the paired sets of targets.

Fig. S2. Examples of hybridization signals from two arrays. Bar height is the average
fluorescence ratio (Cy3/Cy5) of the eight replicate features for each probe on the array. Error
bars denote standard deviations of these replicates. At CT200D (Fig. S2A), the four individual
probes comprising Cluster probe 3, representing environmental sequences, dominated the
hybridization, with very little signal present for probes derived either from other environmental
sequences or cultivated strains. At CB100D (Fig. S2B), the four probes that dominated at
CT200D were not important; a strong signal was present for probes derived both from other
environmental sequences as well as cultivated strains.

Table S1. Probe names and sequences for the 70-mer oligonucleotide probes representing
amoA gene fragments on the array. Melting temperature was calculated by the nearest
neighbour method (Breslauer et al., 1986). Surface and deep refer to water column samples;
accession numbers are provided as the source for sequences of cultivated strains.

Table S2. Per cent identity and for oligonucleotide probes on the amoA array. Grey boxes
indicate pairwise sequence identifies >?85%, such that hybridization between these pairs is
predicted under standard conditions. Outlined boxes indicate identities slightly less than 85%,
for pairs in which hybridization was consistently observed.
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Supplementary Materials
Table S1. Probe names and sequences for the 70-mer oligonucleotide probes representing amoA gene fragments on the array. Melting
temperature was calculated by the nearest neighbor method (Breslauer et al., 1986). Surface and deep refer to water column samples;

accession numbers are provided as the source for sequences of cultivated strains.

Probe name DNA sequence 5' - 3" Source %GC Tm
CBsedl GTTACTGACACGTAACTGGTTGGTTACAGCATTGTTGGGTGGTGGCTTCTTTGGATTATTCTTCTACCCA CB100 sediment 44 .3 87.1
CBsedl?2 GTTGCTGACCCGCAGCTGGTTGATCACGGCCTTGGTAGGGGGTGGTGCATTCGGGCTGCTGTTCTATCCG CB100 sediment 61.4 85.1
CBsed37m ATATCTAACCCGTAGTTGGCTCGTGACAGCGTTAATTGGTGGTGGATTCTTTGGGTTATTCTTCTATCCA CB100 sediment 42.9 77.5
CBsed8 GTTACTGACAGGTAACTGGTTGGTTACGGCATTGCTAGGTGGTGGGTTTTGGGGTCTGTTCTTTTACCCT CB100 sediment 48.6 79.9
CBsedl3 GTTACTGACAGGTAACTGGTTGGTTACGGCATTGCTAGGTGGTGGTTTCTGGGGCTTGTTCTTTTATCCT CB100 sediment 47.1 79.3
CBsed63 GTTACTGACAGGTAACTGGTTGATTACGGCATTACTAGGTGGTGGATTCTGGGGTCTGTTCTTTTACCCT CB100 sediment 45.7 78.7
CBsedl0 ACTGTTGACGGGTAACTGGCTGGTTACAGCATTGTTAGGAGGTGGTTTCTGGGGCTTGTTTTTCTATCCA CB100 sediment 47.1 79.3
CBsed26 ATTGTTGACGGGTAACTGGCTGATAACAGCACTGTTAGGTGGTGGATTCTGGGGACTATTTTTCTACCCA CB100 sediment 45.7 78.7
CBsedo61l ACTGTTGACGGGTAACTGGCTGGTTACAGCATTGTTAGGTGGTGGTTTCTGGGGATTGTTTTTTTACCCA CB100 sediment 45.7 78.8
CT200s1 GTTGTTAACCCGTAACTGGATGATCACAGCACTGTTCGGTGGCGGAGCCTTTGGGTTACTGTTCTATCCG CT200 surface 51.4 81.1
CT200d4 GTTGTTAACCCGTACCTGGATGATTACAGCACTGTTCGGTGGCGGAGCCTTTGGGTTGCTGTTCTATCCG CT200 deep 52.9 81l.6
CB300s1 GTTGTTGACCCGTAACTGGATGATTACAGCATTATTCGGTGGCGGAGCATTTGGACTATTGTTCTACCCG CB300 surface 47.1 79.3
CB300s2 ATTGTTGACCCGTAACTGGATGATCACGGCACTGATCGGTGGCGGAGCCTTTGGGCTACTGTTCTATCCG CB300 surface 54.3 82.2
Noceani TGCGATTTCCAAGAGCTACGGCTTGACGGCGGTAGTGGGTGGATTAATGTACGGTTTGTTGATGTATCCC AF509001 50.0 80.5
Nmestuari GTTACTGACTGGTAACTGGTTGATTACAGCGTTACTGGGTGGTGGATTCTGGGGCTTGTTCTTTTATCCG AF272400 47.1 79.3
Nseuro GTATCTGACACGTAACTGGTTGGTGACTGCATTGGTTGGAGGTGGATTCTTTGGCCTGATGTTTTACCCG NEZ97861 48.6 79.9
Nmureae ATTATTGACGGGTAACTGGCTGGTAACCGCACTGTTAGGCGGTGGATTCTGGGGTTTATTTTTCTATCTG AF272403 45.7 78.7
Nmcryo GTTGCTGACACGCAGCTGGTTGGTTACTGCATTGGTTGGTGGTGGTTTCTTTGGGTTGTTTTTCTACCCA AF272403 48.6 79.9
Nmmarina GCTGTTGACGGGTAACTGGTTGATCACGGCCCTGCTGGGTGGTGGATTCTGGGGCTCGTTCTTTTACCCT AF272405 57.1 83.4
Nsbriensis GCTGCTCACCCGCAACTGGATGATCACAGCCCTGGTTGGCGGAGGCGCATTCGGACTCCTGTTCTACCCG NEZ97859 62.9 85.7
Nstenuis GCTGCTCACGCGCAACTGGATGATCACCGCCCTGGTAGGCGGGGGCGCCTTCGGGTTATTGTTCTACCCT NBU76553 62.9 85.7
Nmmultiform GCTTCTGACGCGCAACTGGATGATCACGGCACTGGTTGGCGGCGGCGCCTTTGGTTTGTTGTTCTATCCT NMAMOABGN 57.1 83.4
Nmhalo GTACCTGACCCGTAACTGGCTGATCACAGCACTGGTAGGCGGCGGCTTCTTTGGCTTGCTGTTCTACCCT AF272398 57.1 83.4
Nmoligo GTTGCTGACCGGTAACTGGCTGATCACAGCCCTGTTAGGCGGCGGATTCTTTGGCTTATTCTTCTACCCA AF272408 52.9 81l.6
average 51.0 81.3
st.dev. 6.0 2.7



Table S2. Percent identity and for oligonucleotide probes on the amoA array. Gray boxes indicate pairwise sequence identifies >85%,

such that hybridization between these pairs is predicted under standard conditions. Outlined boxes indicate identities slightly less than

85%, for pairs in which hybridization was consistently observed

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Probe
84.3 78.6 65.7 65.7 714 614 743 60.0 686 70.0 829 85.7 67.1 67.1 68.6 1 CB300sl1
65.7 58.6 60.0 75.7 60.0 72.9 61.4 58.6 629 87.1 929 614 60.0 71.4 2 CB300s2

77.1 75.7 60.0 814 77.1 71.4 78.6 77.1 70.0 70.0 82.9 80.0 72.9 3 CBsedl

74.3 61.4 929 74.3 557 786 94.3 57.1 529 714 829 65.7 4 C(CBsed8

58.6 81.4 [81.4 64.3 94.3 72,9 68.6 65.7 729 74.3 68.6 5 CBsedl0

62.9 586 54.3 557 629 714 70.0 74.3 60.0 71.4 6 CBsedl2

71.4 629 814 914 629 60.0 75.7 88.6 70.0 7 CBsedl3

62.9 84.3] 77.1 68.6 72,9 65.7 70.0 68.6 8 CBsed26

62.9 58.6 60.0 61.4 714 65.7 629 9 C(CBsed37

77.1 67.1 64.3 74.3 74.3 67.1 10 CBsed6l

60.0 574 714 88.6 68.6 11 CBsed63

95.7 67.1 64.3 74.3 12 CT200d4

62.9 62.9 75.7 13 C(CT200s1

68.6 70.0 14 Nmcryo
65.7 15 Nmestuari



Table S2 cont.

17 18 19 20 21 22 23 24 Probe
60.0 65.7 75.7 60.0 34.3 714 686 657 1 CB300s1
65.7 74.3 729 65.7 329 729 657 714 2 CB300s2
67.1 65.7 80.0 729 329 586 743 64.3 3 CBsed1
75.7 586 67.1 714 329 50.0 729 543 4 CBsed8
74.3 64.3 75.7 814 314 50.0 67.1 614 5 CBsed10
55.7 72,9 64.3 514 414 80.0 68.6 743 6 CBsed12
78.6 629 729 77.1 34.3 457 74.3 588 7 CBsed13
77.1 60.0 829 85.7 30.0 586 629 657 8 CBsed26
51.4 57.1 67.1 629 414 486 67.1 529 9 CBsed37
75.7 614 743 77.1 314 514 67.1 614 10 CBsed61
78.6 614 714 686 357 50.0 729 57.1 11 CBsed63
60.0 70.0 72,9 64.3 357 67.1 643 67.1 12 CT200d4
62.9 729 77.1 67.1 343 714 629 729 13 CT200s1
61.4 70.0 68.6 629 37.1 64.1 786 68.6 14 Nmcryo
78.6 58.6 729 686 40.0 486 70.0 54.3 15 Nmestuari
65.7 80.0 1[84.3] 64.3 357 729 77.1 75.7 16 Nmhalo
67.1 75.7 65.7 329 57.1 629 65.7 17 Nmmarina
68.6 62.9 40.0 78.6 68.6 85.7 18 Nmmultiform
74.3 31.4 65.7 65.7 74.3 19 Nmoligo
30.0 44.3 58.6 60.0 20 Nmurea
34.3 34.3 35.7 21 Noceani
64.3 [84.3] 22 Nsbriensis
60.0 23 Nseuro
24 Nstenu



