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OBJECTIVES
The initial goal of the proposed work was to use the nitrous oxide reductase gene (nosZ) for
characterizing denitrifying bacteria in coastal samples off New Jersey. Unfortunately, the
priming sets we designed for nosZ were found to mis-prime when the di-deoxynucleotides we
had used in the PCR reaction were no longer commercially available and replaced using a
significantly cleaner ANTP mix from Roche. Our analytical problems using nosZ were only
resolved near the end of the project period. As such, we initiated discussions with the DOE
program manager and changed the focus of our research to providing a comprehensive study of
the bacterioplankton populations off the coast of New Jersey near the Rutgers University marine
field station using terminal restriction fragment
polymorphism analysis (TRFLP) coupled to 16S | =22
rRNA genes for large data set studies.
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Our three revised objectives to this study became: e

1) to describe bacterioplankton population
dynamics in the Mid Atlantic Bight : =
(figure 1) using TRFLP analysis of 16S 2 5
rRNA genes. :

2) to determine whether spatial and
temporal factors are driving
bacterioplankton community dynamics —[susscousm o *°
in the MAB using monthly samping
along our transect line over a 2 year
period.

3) to identify dominant members of a coastal bacterioplankton population by clonal
library analysis of 16S rDNA genes and sequencing of PCR product corresponding to
specific TRFLP peaks in the data set.

Figure 1. Study site off the coast of New Jersey in the Mid-
Atlantic Bight.

Results

Although open ocean time-series sites have been areas of microbial research for years, relatively
little was known about the population dynamics of bacterioplankton communities in the coastal
ocean on kilometer spatial and seasonal temporal scales. To gain a better understanding of
microbial community variability, monthly samples of bacterial biomass were collected in 1995—
1996 along a 34-km transect near the Long-Term Ecosystem Observatory (LEO-15) off the New
Jersey coast. Surface and bottom sampling was performed at seven stations along a transect line
with depths ranging from 1 to 35m (n=178). The data revealed distinct temporal patterns among
the bacterioplankton communities in the Mid-Atlantic Bight rather than grouping by sample
location or depth (figure 2-next page). Principal components analysis models supported the
temporal patterns. In addition, partial least squares regression modeling could not discern a
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significant correlation from traditional
oceanographic physical and phytoplankton
nutrient parameters on overall bacterial
community variability patterns at LEO-15.
These results suggest factors not traditionally
measured during oceanographic studies are
structuring coastal microbial communities
(Nelson et al., 2008).

} Winter (1/95 and 12/95)

} ‘ Summer (6/95 and 7/95)

} Winter (2/95)
} Summer (7/95 and 8/95)

In this seasonal study, we initially attempted to
determine whether time or space was the
primary driver for organizing the microbial
community in the Mid-Atlantic Bight.
Although substantial gradients in physical and
phytoplankton nutrient parameters were
observed along our 34km transect off coastal
New Jersey, the primary forcing factor for the
coastal bacteria appeared to be temporal. The
formation of major seasonal and minor spatial
groups in this study was demonstrated by

Fall (9/95 and 10/95)

UPGMA analysis using Sorensen’s similarity Figure 2. Relationship between electron transport system (ETS) and

indices bas?q on the presence or absence of vertical attenuation coefficient (Kd) for cruise OriPEx VIII.
TRFs. Additionally, the results from

multivariate statistical analyses agreed well with UPGMA data with PCA and PLS models
confirming the seasonal effect on bacterioplankton communities based on TRFLP profiles
(Nelson et al., 2008).

The results of our MAB study indicate that there is no one single regulator that is responsible for
bacterial community dynamics in sediments (Scala & Kerkhof, 2000). Some of these seasonal
populations drivers of bacteria at the LEO-15 site could include: changes in overall quality or
quantity of organic matter, shifts in grazing pressure for distinct microbial populations, or
advection of larger microbial biomes into the study site. At present, there is evidence of little to
no overall change in DOC quantity or quality in the Mid-Atlantic Bight with season or over the
depths encountered during this study (Aluwihare et al., 2002; Del Vecchio & Blough, 2004).
However, none of these hypotheses has been directly tested as a driver for structuring microbial
communities in the Mid-Atlantic Bight. Our results underscore the need for a wider array of
chemical and physical data collection to understand bacterioplankton community dynamics and
illustrate how time series analysis of larger spatial regions can lead to testable hypotheses to
discern the mechanisms controlling bacterial community structure and function.
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Abstract:

A determination of dominant microorganisms in the Mid-Atlantic Bight was performed
by terminal restriction length polymorphism analysis of 16S rRNA genes from monthly samples
over a 2-year period in the Mid-Atlantic Bight (n=178). Frequency analysis of individual OTUs
revealed 13 diagnostic T-RFLP peaks in over 66% of the samples collected during this time
series. A subset of the SSU genes associated with these abundant TRFLP peaks were cloned and
found to be nearly identical to sequences found in diverse geographic locations. Additionally,
the cloned sequences were used to predict additional restriction enzyme cut sites for the specific
genes to verify the results of the TRFLP frequency analysis. The results suggest that a small
number of microbial species are the most abundant component of the coastal bacterioplankton in
the MAB. These dominant bacteria are members of the alpha, gamma, and epsilon-

Proteobacteria and likely important in biogeochemical processes in the coastal ocean.

Introduction:

It is well known that bacteria play a significant role in marine environments, utilizing
20-50% on average of primary production (8) and cycling much of the carbon, nitrogen, and
sulfur in the oceanic biosphere (7). However, despite this importance of bacterial groups in
marine systems, relatively little is known about the most abundant microbial species over wide
temporal and spatial scales in the coastal ocean. Although many researchers have demonstrated
specific biological, chemical, and physical factors that affect microbial populations in coastal,
estuarine, and riverine environments (11, 15, 19,23, 26), only recently, have suggestions been
put forth for the dominant heterotrophic bacteria (Sar11 group) in open ocean, coastal, and polar

environments (3, 24,29). Most evidence presented to date claims dominance based on compiled



data from individual clone libraries or FISH probing of a relatively small number of samples.
Other attempts to delineate the dominant microbial members of the marine community have
focused on direct detection from a time series data set. For example, dominant denitrifying
bacteria associated with coastal sediments were determined by frequency analysis of TRFLP
profiles of nosZ genes collected over different time and space scales (Scala and Kerkhof, 2000).
This approach was also used to analyze monthly surface samples from the San Pedro Channel
during a 4 year period (Fuhrman et al, 2006). Finally,

In this study, we have attempted to assess the dominant bacteria in the Mid-Atlantic Bight
(MAB) by performing frequency analysis on 178 small ribosomal subunit (SSU) TRFLP profiles
collected along a 34 km transect over a two-year time period from 1995 to 1996 (27). This
approach eliminates E. coli clonal bias which can preferentially enrich for alpha-Proteobacteria
(10, 18) and does not require a large GC clamp during PCR for resolving different target genes.
The results indicate that members of the Roseobacter clade and the epsilon Proteobacteria are
part of the dominant bacteria in the coastal ocean off New Jersey. As the most abundant
members of the bacterial community, these specific microbes likely play a major role in the
cycling of carbon and nitrogen in the Mid-Atlantic Bight.

Materials and Methods

Water samples were collected once a month over a 3-year period (October 1994 to June
1997) along a 34 km transect off the New Jersey Coast as shown previously (27). Bacterial
biomass was collected on 0.2 ym filters (500mL), frozen at sea, and stored at -80°C until DNA
was extracted. One hundred seventy eight filters from 1995 and 1996 were analyzed for this
study. Bacterial DNA was extracted using a previously described phenol/chloroform extraction

with minor modifications (30). DNA was further purified in cesium chloride density gradients in



a Beckman XL-100 ultracentrifuge using a TLA 120.1 rotor. Purified DNA was visualized on a
1% agarose gel and quantified using a Fotodyne image analyzer (Fotodyne Inc., Hartland, WI)
(16). 16S rRNA target genes were amplified using standard eubacterial primers 27F and 1525R,
with 27F labeled with 6-FAM ((1)-carboxy-fluorescein) (Gibco BRL, Life Technologies,
Gaithersburg, MD). Each 50 L PCR reaction contained 0.2pM (each) primer, (ANTPs), SuL of
10X Red Taq reaction buffer (Sigma-Genosys, Woodlands, TX), 1 U of Red-Taq polymerase
(Sigma-Genosys), and between 5-10ng genomic DNA. Amplified DNA was visualized on a 1%
agarose gel and quantified using a Fotodyne image analyzer using 250 ng of lambda HinD III
size standard.

Twenty five ng of fluorescently labelled PCR products were digested with Mnll for
primary TRFLP analysis and enzymes Avall, Alul, Haelll, and HinPI for subsequent analyses
(New England Bio-Labs, Beverly, MA). Twenty ul digests were carried out at 37°C for 6 hours
with 1U of restriction endonuclease in the manufacturer supplied reaction buffers. DNA was
precipitated with 2 volumes of 95% ethanol followed by centrifugation at 14,000 rpm at 4°C in
an Eppendorf microcentrifuge for 15 min. Pelleted DNA was rinsed twice with 250uL of 70%
ethanol and dried in a vacuum centrifuge for 5 minutes. Fluorescently labeled DNA fragments
were separated on an ABI Prism 310 autoanalyzer (Perkin Elmer Applied Biosystems) run in
Genescan mode. Samples were resuspended in a solution containing 14.7uL deionized
formamide and 0.3uL of TAMRA 500 bp size standard and denatured at 94°C for 3 minutes.
Terminal restriction fragment (T-RF) size was determined by Genescan software version 2.1.1
(PE Applied Biosystems).

For cloning 16S rDNA genes, amplicons from 2 samples (5/96 A6B and 7/96 A6B) were

added to a Topo TA cloning kit (Invitrogen Corporation, Carlsbad, CA) as per the manufacturer’s



protocols. The resulting plasmids were transformed into chemically competent Eschericia coli
(DH5a) on Luria agar plates containing 100xg/ml ampicillin. 200 clones were obtained from
each library and screened by TRFLP using PCR amplified product directly from insert-
containing colonies (17). Following PCR, three samples were pooled and digested with 1U of
Mnll as described above. Samples that corresponded to the dominant fragments observed in the
complex community T-RFLP profiles were purified using a Flexi-prep kit Pharmacia, Piscataway,
NJ) and partial bidirectional sequence was obtained with the eubacterial primer 519R, and
primers M13F and M13R on a Perkin-Elmer ABI 310 autoanalyzer (Perkin-Elmer, Foster City,
CA).

Computer analyses of 16S rDNA sequence from clonal libraries was used to verify that
sequence data contained the expected restriction site predicted in TRFLP screening of the clonal
libraries using Mnll. The BLAST program was used to compare sequences obtained in this
experiment with various sequences in the GenBank database. Initial sequence alignments, based
on positions 27-477 (E. coli number system) were carried out using the program Sequence
Navigator v. 1.0.1. Aligned sequences were also edited in the GDE program. The final
unambiguous alignment was composed of 295 bases. Bootstrap values were calculated by the
PHYLIP v. 3.6 program SEQBOOT and were based on 100 iterations. Phylogenetic trees were
reconstructed using the PHYLIP v. 3.6 DNAML and CONSENSE (12). Accession numbers for
the dominant SSU sequences are XxX-XXXX.

Results:

In order to assess whether TRFLP profiling could provide quantitative information on

amplification products or target gene concentration in an environmental sample, a series of

simple tests were performed. The first test examined the changes in peak area resulting from



increased amounts of amplicon added to the ABI 310 Gene Analyzer after precipitation and re-
suspension. The results from triplicate samples of a 500 bp amplicon (0.5-12 ng) are shown in
Fig. 1. Alinear response for peak area versus mass is observed with tight clustering of most
replicates. The second test involved adding genomic DNA from a laboratory culture to genomic
DNA from salt marsh sediment. This test was designed to determine if a quantitative TRFLP
response could be observed when a known mass of input DNA was added to a complex
background of bacterial genomic DNA from the environment and subjected to PCR
amplification, digestion, precipitation, and profiling. A logarithmic fit of the culture-specific peak
area data demonstrates most variability in fluorescent signal is directly attributable to changes in
input DNA (Fig. 2). This result is in good agreement with a prior report of highly reproducible
profiles and peak areas for 86 biological replicates from 5 grey water treatment reactors (22).

These quantitative, reproducible TRFLP procedures were used for all samples in the
MAB dataset. Specifically, an equal mass of genomic DNA was added to the initial PCR
reaction to label SSU genes and an equal mass of amplicon was digested for the TRFLP
profiling. This approach allowed us to identify the most abundant SSU genes in the MAB. A
frequency plot of TRFLP peaks for the 178 profiles indicates that 13 SSU target genes dominate
the fingerprints. These peaks are present in greater than 60% of the samples (Fig. 3). The major
terminal restriction fragments (TRF’s) were: 116, 125, 129, 131, 177, 205, 237, 241, 248, 250,
273,276, and 282 bp. (The 177,205, and 250 and 282bp TRFs were present in over 90% of the
samples tested.) Thirty eight peaks were found to comprise the middle frequency region of the
TRFLP histogram (from 33 % to 65 % frequency; (Fig. 3). The remaining 276TRF’s were found
to occur at the lowest frequencies, being present in less than 1/3 of the fingerprints, and likely

represent those sequences commonly found in clone libraries or the rare biosphere.



The presence/absence data agrees well with a peak area analysis of the dataset. The
results indicate the most frequently occurring TRF’s also comprise the highest total peak area in
the profiles for all 178 fingerprints (Fig 4) and represented the highest amounts of SSU target
genes in the dataset. Among the various dominant TRF’s, the 250bp peak had the highest
overall area with an average relative proportion of 0.10 of the total peak area for the entire data
set. These results suggest the 250 bp TRF phylotype is the most numerically abundant microbe
in the MAB. TRF’s 205 and 177 ranked second and third highest in total peak area and relative
proportions, respectively. These high-frequency TRF’s (250, 205, and 177 bp) accounted for
~62% of the overall total TRFLP area for the dataset, while the middle and lower frequency
TRFs accounted for only 18% and 20% of total TRFLP area. The presence of a small group of
frequently occurring TRFs with the largest TRF area in the dataset suggests that only a few
microorganisms dominate the coastal ocean water column in the Mid-Atlantic Bight.

Through cloning and sequence analysis, six 16S rRNA genes were identified in 2
different clonal libraries from winter and summer samples that corresponded to 5 of the major
TRFs in Figures 2a and 2b. These were the 129, 131, 177, 205, and 250 bp TRFs. (Two
sequences were identified that had the endonuclease site for the 177bp Mnll restriction
fragment.) Re-construction of phlyogenetic trees using the dominant TRF SSU genes with 16S
rRNA sequences from GenBank revealed that the a, v, and € subdivisions of the Proteobacteria
were recovered (Fig. 5).

Discussion:
Our quantitative TRFLP findings replicate earlier reports of correlations between TRFLP
peak height and target gene abundance (9). Furthermore, the frequency analysis of multiple

TRFLP profiles has been used previously to elucidate the dominant denitrifiers in coastal



sediments collected over time and space (30). The identification of the dominant heterotrophic
bacteria in the Mid-Atlantic Bight using this approach is in close agreement with prior reports of
group-specific data suggesting that a and y-Proteobacteria are abundant members in the marine
environment (14, 15, 25,28, 29). The results also support the notion that clonal bias in E. coli
recombinant libraries can significantly alter the proportion of recovered SSU clones (10, 18)
since free living, aerobic €-Proteobacteria are considered minor components of the microbial
population for coastal environments except during phytoplankton blooms (19). In addition to
affiliations with specific groups (e.g. a-Proteobacteria) many of the SSU clones that we describe
are very closely related to phylotypes from diverse geographic locations, suggesting the
dominant phylotypes from the MAB are globally distributed. For example, the 250 bp TRF
clone is nearly identical (99.5%) to a 16S rRNA gene from Cape Hatteras, North Carolina
(OM42) (26). One 177bp TRF clone was 99% similar to a bacterial isolate, HRV?2 obtained from
a marine sponge, Halichondria panicea in the Adriatic Sea (1). While another 177bp TRF clone
shared 98.8% sequence identity with another Cape Hatteras clone OMS5, (27). All these clones
are within the a-Proteobacteria, with the 250 TRF related to the SAR83 cluster (27) which has
been reported to contain bacteriochlorophyll a producing aerobic heterotrophs. If the 250 bp
TREF is dominant and capable of anoxygenic photosynthesis, it is consistent with a recent finding
indicating anoxygenic photo-aerobic heterotrophs comprise a significant proportion of
photosynthetically active pigments in the MAB (21). Another SSU clone (131bp TRF) shared
sequence identity (97%) to an unidentified €-Proteobacterial sequence that was obtained from
the Guaymas Basin off the coast of Mexico (32).

The remaining dominant SSU clones were unrelated to known SSU genes in Genbank.

Specifically, the 129bp TRF clone was distantly related (93%) to a y-Proteobacterial isolate from



Antarctic sea ice (6). While, the (205 bp TRF) clone was related (94%) to an uncultured vy-
Proteobacterial sequence that was obtained from bacterial mats associated with black band
disease on the surface of dead coral colonies (Montastrea annularis) in the Southern Caribbean
Sea (13). Finally, a 235bp TRF clone , which represented a mid-range frequency of 56.5% of all
profiles, was nearly identical (99% similarity) to a member of the SARS86 cluster collected off the
coast of Cape Hatteras, NC (28). This clone is unique because its nearest relatives have been
reported to use proteorhodopsin to carry out light-driven proton pumping and may convey a
selective advantage (4, 5).

Although the dominant SSU genes from the MAB appear to have a global distribution, two
potential methodological artifacts may account for the abundance of certain TRF’s in the dataset.
One possibility is that these particular SSU genes preferentially amplify from the extracts and
overwhelm the other SSU genes present within the samples. However, a rank abundance curve
of the TRFLP data indicates a smooth logarithmic decay of 327 OTUs with virtually no deviation
from the curve (r>=0.984; data not shown) suggesting there is little to no preferential
amplification. In addition, a small number of fingerprints in the 2-year data set lack these
dominant TRF peaks or the peaks are greatly reduced when compared to other SSU TRF peaks.
These results indicate that preferential amplification is not occurring for the dominant TRFs
discovered in this analysis. Another possibility for the predominance of certain TRFs is that
multiple SSU genes underlie any particular peak in the fingerprint. For example, the 177 bp TRF
was found in 2 different clones within our libraries. It is possible that the 250 or 205 TRF are
also comprised of multiple SSU genes, resulting in the appearance of dominance in the dataset.
To test the notion of multiple SSU genes underlying dominant TRF peaks, additional restriction

digests were conducted on additional samples as shown in Fig. 6. This schematic demonstrates



how a single peak for restriction enzyme A (containing 2 OTUs) can be resolved by additional
enzyme digests using restriction enzyme B. If the peak area for the predicted TRF is lower than
the original TRFLP peak (by a factor of 2 in this case), there must be more than one OTU
representing the original TRFLP peak. For the MAB sample set, we tested whether a single
SSU gene accounted for the various dominant peaks in the environmental fingerprints by
digesting with enzymes that cut in the cloned genes we had obtained from samples representing
seasonal groups in the MAB (27). If there were only a single OTU in the dominant TRFLP
peaks, then digests with additional restriction enzymes would lead to predictable TRF peak areas
within the profiles from other samples that are of a comparable peak area to the original Mn/ I
digest. The results using eight different samples from 2/96, 5/96, 7/96 and 10/96 with the
restriction endonucleases Alul and Avall are summarized in Table 1. Observed peak areas for
Mnl 1 and the expected TRFs for the additional secondary enzymes agreed well for the 129, 131,
and 205 bp dominant peaks, except where no TRF fragment of the expected size was detected for
a particular enzyme. However, in many of these secondary digests lacking the predicted TRF
peak, a diagnostic peak representing the 21d cut site with respect to the fluorescent label for the
particular enzyme is detected. This result implies some polymorphisms with Alu I and Ava II cut
site and that 1-2 phylotypes can account for the dominant TRF’s seen in the overall dataset. In
contrast, the agreement between peak area for the additional digests of the 177 bp amplicon were
not as robust. The percentage of the initial Mnl I peak area that was detectable in the secondary
digests was found to be much less than for the other dominant TRF’s indicating additional
phylotypes underlie this particular Mn! I peak, as exemplified by the 2 different clones which
share a 177 cut site with Mn/I. Whether the differences between predicted and observed TREF’s

peak areas results from different SSU genes sharing many terminal restriction sites or sequence



microheterogeneity in copies of SSU operons within a particular genome cannot be completely
determined with this dataset. However, it is possible to calculate the possibility of 2 OTUs
sharing any particular TRF by determining the probability of not cutting (i.e. 255/256 for a 4 bp
restriction enzyme) raised to the number of bases between the primer and the terminal restriction
site times 1/256 for the recognition site. This is roughly 10-3 for any particular enzyme.
Therefore, the probability that 2 OTUs share 3 TRFs is roughly 10-° for any randomly generated
sequence.

In conclusion, our results demonstrate that a small group of high-frequency, phylotypes
can account for over 60% of the total TRFLP area in the Mid Atlantic Bight. These findings are
in agreement with reports that members of the a-subclass of Proteobacteria are significant and
numerically abundant in the coastal ocean (3, 14, 25, 31). Yet, our results also suggest that it is
not the entire group of a-Proteobacteria that are in high numbers in the coastal ocean; but, only
a few principle members of this subdivision. Additionally, our data contrast with reports of the
SARI11 group, as a dominant bacterioplankton lineage (24). A computer-simulated endonuclease
digestion of several SAR11 sequences from Genbank revealed that the SAR 11 TRF’s in our
MAB dataset are present either at very low frequencies (<2%), or are absent from the bacterial
community in our 2-year study. These results imply that many known members of the SAR11
clade play a minor role in the Mid Atlantic Bight. However, it may be that unknown members of
the SAR 11 group comprise the remaining 7 TRF’s with high frequency that have yet to be
identified. Finally, our data demonstrate it is possible to move beyond a group specific approach
to microbial ecology in the ocean. Efforts can now focus on the dominant microorganisms

within the bacterial community to improve our knowledge about their autecology and gain



further insights into their metabolism and their effects on biogeochemical cycling in the coastal

ocean.
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Figure Legends:

Figure 1: TRFLP fluorescent peak area vs. mass of a 500 bp amplicon (ng)

Figure 2: TRFLP fluorescent peak area vs mass of input DNA for a specific peak in a
background of complex environmental DNA

Figure 3: TRF frequency for all fingerprints generated in the Mid Atlantic Bight (n= 178
samples). The peaks present at frequencies of >66% are indicated.

Figure 4: TRF total peak area for all fingerprints generated in the Mid Atlantic Bight (n= 178
samples). The peaks with the 10 highest areas are indicated.

Figure 5: Maximum likelihood tree representing the 16S rRNA genes that correspond to the
dominant TRFs using 295 unambiguously aligned bases. Bootstrap values =50 are indicated.

Figure 6: Schematic demonstrating the principle of using secondary digests and peak area
information to discern if a TRFLP is composed of more than one OTU.
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Abstract:

A bacterial artificial chromosome (BAC) library was generated using community DNA
extracted from the LEO-15 site off the New Jersey coast and screened for dominant 16S rRNA
genes identified in prior studies. Two clones belonging to the Roseobacter CHAB-I-5 clade,
believed to be significant components of the microbial population in many marine environments,
were identified and sequenced. These Roseobacter BACs were annotated for protein coding
sequences, as well as comprehensive G+C content analysis and phylogenetic testing. The
analysis also revealed that both Roseobacter BACs contained antibiotic resistance genes: a beta-
lactamase gene and a RND drug exporter. Additionally, the BAC’s contained evidence of
significant lateral gene transfer (LGT) with respect to the other Roseobacter populations. This
antibiotic resistance and enhanced LGT may contribute to the dominance of these particular
microorganisms in the marine environment in the Mid-Atlantic Bight, surrounding the LEO-15

study site.



Introduction

There is little understanding of dominant microorganisms in the ocean and few insights
into the mechanisms leading to the success of one bacteria over the other in environmental
systems. Previous studies along a 40 km transect off the Jersey Coast identified molecular
signals from dominant bacteria within the microbial community by assessing terminal restriction
fragment length polymorphism TRFLP; 1) peak frequency over a 2-year time period (n=178; 16;
Kerkhof et al., companion paper submitted). A total of 13 dominant microbial signatures were
identified in this TRFLP analysis which were present in over 60% of all onshore/offshore profiles
throughout the time series. The rationale behind this current study was to identify clones
matching these dominant bacteria in a large-insert, bacterial artificial chromosome library (BAC)
from the Mid Atlantic Bight to glean additional insights into their ecology. The metagenomic
approach has, among other studies, been used to analyze segments of the genomes of an
uncultivated archaeon (22), to discover a new method of phototrophy in marine prokaryotes (3),
to analyze the community genomics of bacteria within the oceans interior (6), and to identify
genome organization surrounding the Rubisco gene in marine bacterioplankton. (11)

For this study, two BAC clones containing 16S genes which produce TRFLP peaks that
correspond to dominant peaks in the Mid-Atlantic Bight (Kerkhof et al., companion paper
submitted) were identified in a BAC library created from summer samples in 2002 using a rapid,
multi-screening approach based on TRFLP methods (2). These BACs (designated p248 and
p250 corresponding to the TRFLP peaks resulting from Mnl I digestion) were purified,
sequenced, and annotated. The genomic DNA belonged to two members of the Roseobacter
clade. Each pBAC was approximately 30 kb in size and contained a complete ribosomal operon,

multiple protein coding sequences, including genes involved in antibiotic resistance.



Furthermore, analysis of the coding regions demonstrated lateral gene transfer of multiple
proteins and provided an estimate of entire genome G+C content for the microorganisms
originating the pBACs. These results suggest major differences in overall G+C content among
dominant members of the Roseobacter clade, implying enhanced lateral gene transfer. This
lateral gene transfer (LGT) may provide the means by which the p248 and p250 microorganisms

adapt and becomes dominant within their local microbial community.

Materials and method:
Extraction and sequencing of BAC clones:

The BAC library was created using the pIndigoBac system (Epicenter, Madison, WI) and
screened by TRFLP as described previously (2). After purification, the p248 and p250 clones
were grown in 50ml volumes with a chloramphenicol concentration of 100 mg L-! at 37°C for
approximately 15 hours. The BAC MAX DNA Purification kit was used for DNA purification
(Epicentre biotechnologies, Madison, WI). BACs were digested using Notl (New England
Biolab, Beverly, MA) to remove vector from the inserted DNA. The inserted DNA was gel
purified using the Geneclean II Kit (Qbiogene, Solon, OH) and mechanically sheared to 1-2 Kb
with a DNA Hydroshear (Genomic Solutions; Ann Arbor, MI). The DNA ends was repaired
using an End-It™ Kit (Epicentre, Madison, WI) and blunt-end ligated into pBluescript. The
ligation product was transformed into electo-competent cells and the resulting colonies were
subjected to blue/white screening using X-gal and IPTG. Recombinant plasmids, with inserts
estimated to be greater than 500 bps, were purified using a FlexiPrep Kit (Amersham
Biosciences, Piscataway, NJ) and bidirectionally sequenced with M 13forward and reverse

primers on a Perkin-Elmer ABI 310 autoanalyzer (Perkin-Elmer, Foster City, CA). Gaps were



filled in by primer walking. The various DNA sequences were assembled using the Auto
Assembler program. (Perkin-Elmer/ABI).
Annotation and metagenomic analysis of BACs:

Open reading frames were detected using ORF finder, BLASTX , and the sequence

alignment program on the NCBI webpage (http://www.ncbi.nlm.nih.gov/). Comparative

genomic analysis was conducted using the JGI webpage (http://img.jgi.doe.gov/cgi-bin/pub/

main.cgi). G+C plot analysis was performed using the Artemis bioinformatics computer
program. (21). Regions displaying a rise or decline in the G+C plot when compared with the
estimate overall G+C content were subjected to phylogenetic analysis to assess lateral gene
transfer events. Phylogenetic trees were re-constructed using Mega2: genetic analysis software.
(13) with neighbor joining methods and boot strap analysis (n=500). Overall genomic G+C
content for the p248 and p250 BACs was estimated by assessing the mean G+C content of 10
protein-coding genes. (24) and the estimate was tested against 7 Roseobacter genomes in the JGI

data base (Table 1).
Results:

Gene organization within the pBAC'’s.
Analysis of the phylogenetic relationships for SSU genes from pBAC 248 and pBAC 250

indicated that the microorganisms associated with these dominant TRFLP peaks were members
of the a-Proteobacteria with closest relatives in the Roseobacter group (Fig. 1). The pBAC
sequences clustered with the CHAB-I-5 group of the Roseobacteria, comprised solely of
environmental sequences from coastal environments (5). The insert in pBAC 248 was
approximately 32 Kb, with 20 open reading frames and an entire rRNA gene operon (Fig. 2).

Homology searches of these ORFs suggested pBAC 248 contained an operon for ABC dipeptide
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transporters, a metallo-f3-lactamase gene, and genes involved in the oxidation of sulfite to sulfate
(Supplemental Material 1). Over half of these ORF’s (13 of 20) are most closely related to other
members of the Roseobacter clade, according to BLAST searches. The remaining 7 ORF’s
correspond to probable proteins that cluster around an integrative genetic element/ resolvase and
share homologies with other Proteobacteria, Firmicutes, or Cyanobacteria.

The insert from pBAC 250 was approximately 27 Kb, consisting of 16 open reading
frames and the entire rRNA gene operon. The majority of the coding regions were involved in
the synthesis of lipopolysaccarides while 3 genes were putatively identified as a probable RND
multidrug exporter (Fig. 2). Seven probable ORFs have a strong homology with proteins found
in other members of the Roseobacter clade. The remaining ORF’s are clustered around two
sections with protein homologies associated with a-Proteobacteria, Cyanobacteria,
Acidobacteria, and Archaea. The second cluster has the closest protein affiliations with the y-
Proteobacteria (Supplemental material #2).

The genomic data collected from pBAC 248 reveals two syntenic regions within the
BAC:s gene organization. The first syntenic region contains ABC transporters and is highly
conserved within Roseobacter clade (Fig. 3). The second syntenic region includes the rRNA
operon and a ferric reductase-like gene which may be involved in electron transport, an
oxidoreductase molybdopterin binding domain protein which may catalyse the oxidation of
sulphite to sulphate, and an AAA ATPase involved in the assembly, operation, or disassembly of
protein complexes. In contrast, there is little conserved gene synteny observed in the genes on
pBAC 250, excluding the ribosomal operon (Fig. 3). Of the seven protein encoding genes which

show evidence of being descended vertically through the Roseobacter clade only 4 are found in



more than 50% of a set of Roseobacter reference genomes used in this study (Table 1) and only 2
of these genes are found in all of the reference genomes.
Detection of Laterally transferred genes on the BACs

This high percentage of coding regions, with BLAST homologies different than the
Roseobacter clade, suggested that many genes within the pBACs may have resulted from lateral
gene transfer. In order to verify if these open reading frames were not related to Roseobacter
genes, a search for a significant rise or decline in the overall G+C content for the entire pPBAC
was initiated (Fig. 2). This approach indicates most genes on pBAC 248 tracks with overall G+C
content, except for 1 minor rise between 4-6 Kb and two significant depressions between 9 -12
Kb and between 17-21.5 Kb. The 4.3-6.3 Kb segment encodes a putative 2-dehydropantoate 2-
reductase gene, which is most similar to a -Proteobacterium by BLAST search. The section
between 9-12 Kb contains a putative tetratricopeptide (TPR) repeat, a structural element of
proteins thought to contribute to protein-protein interaction or protein stability related to the
Bacteriodetes. Finally, the 17-21.5 Kb region contains six ORFs with varied phylogenetic
ancestries, including a metallo 3-lactamase-like gene by BLAST.

The G+C plot for pPBAC 250 is slightly more uniform than the G+C plot for pBAC 248.
There is a minor depression at the beginning of the insert associated with a putative mannuronan
C-5-epimerase which is loosely conserved within the Roseobacter clade. The remaining regions
deviating from overall G+C content correspond to a 3 ORF cluster, containing a (RND) drug
exporter, an ion transport protein. Both coding regions are predominantly homologous to vy-
Proteobacteria by BLAST. Re-construction of the phylogenetic relationship with this putative
protein confirms the metallo B-lactamase-like gene on pBAC 248 is very distantly related to

homologous genes found within the Roseobacter Clade (Fig. 4). Interestingly, the pBAC 248



gene is equally distant with many different bacterial phyla, including Proteobacteria,
Chloroflexi, Firmicutes, and Cyanobacteria. Likewise, the RND exporter from pBAC 250 is
more closely related to y-Proteobacteria rather than Roseobacters, including Photobacterium
profundum and Saccarophagus degradens.
Guanine and Cytosine (G+C) content of p248 and p250 BACs

The lack of synteny and significantly different homology of portions of the different
pBAC:s to other bacteria in Genbank suggested that significant lateral gene transfer (LGT) may
have occurred in the respective genomes. However, without the complete genomic sequence for
the pBAC 248 and pBAC 250 Roseobacters, it is difficult to test this hypothesis. To address this
issue, we estimated the overall G+C content for the entire genomes of the pBAC 248 and 250
microorganisms by averaging the G+C content of unbiased coding genes within the inserts (24).
(A biased gene was considered to be a gene that clearly did not descend vertically from the
Roseobacter clade and would not accurately reflect the evolving G+C usage within that
bacteria’s genome.) Using these criteria 12 genes were selected to be analyzed on pBAC 248
(Table 2) and 7 genes on pBAC 250 (Table 3). These genes predicted the entire genome G+C
contents for the microorganisms represented by pBAC 248 and pBAC 250 to be 51.5% and
51.8% respectively. The approach was confirmed by testing those same unbiased genes to predict
the genomic G+C content of 7 reference Roseobacters genomes (Table 1), which have been
completely sequenced. Tables 2 and 3 summarize the results of this method applied to pBACs
248 and 250 as well as the method applied to the reference genomes. Most of the estimated
predictions of the reference Roseobacter genomes are within a 2% deviation of the actual G+C
content of their respective genomes. The G+C estimates using the gene sequences from pPBAC

248 systematically underestimated the actual G+C content, while the sequences from pBAC 250



overestimated the G+C content. Only 2 whole genome estimates were 3-4% different from the
actual G+C content of the reference microorganisms, reflecting the small number of genes on
pBAC 250 that were present in these particular reference Roseobacters. These results suggest an
overall 8-16% difference in G+C content for the microorganisms originating pBAC 248 and 250
with respect to other Roseobacters. The most likely way to achieve such stark differences in
overall G+C content while maintaining a strong phylogenetic relationship (Fig. 1) is to have

enhanced lateral gene transfer.
Discussion:

The sequences from the pBACs at LEO-15 provide some intriguing clues as to the
mechanisms employed to achieve dominance by certain Roseobacters in the Mid-Atlantic Bight.
Although there will be many factors that contribute to success of a given bacterium within any
particular environment, enhanced antibiotic resistance is an example of a genotype which may
provide a selective advantage for pBAC 248 and 250. Both of the pBACs investigated during
this study contained antibiotic resistance genes. Specifically, pPBAC 248 harbored a metallo-f3-
lactamase gene. This class of lactamases has only been discovered within the past 25 years,
primarily because they are not usually found within pathogenic bacteria (20). The metallo-
lactamases are extremely efficient at hydrolyzing most of the known families of beta-lactams
(23), which may be produced by marine fungi and actinomycetes (4, 14). It is therefore
conceivable that a beta-lactamase gene may confer a competitive advantage to the pPBAC 248
bacterium, particularly in micro-environments, such as particles, where competition may be
strong.

Likewise, the pBAC 250 contains a gene cassette of a predicted RND exporter gene.

RND exporters provide defense against a wide range of lipophilic antibiotics, various dyes, and



detergents that can be toxic to bacteria. A RND operon usually consists of four genes: a
transporter gene, a membrane fusion protein (MFP), an outer membrane protein (OMP), and a
repressor gene (17). The RND gene cassette on pBAC 250 lacks the repressor gene, which could
lead to constituative epression of the RND exporter. Studies conducted on an efflux system of
Neisseria gonorrhoeae reveal that deletions of the mtrR repressor gene lead to over expression of
mitrC and increased antibiotic resistence. (9) Similar studies conducted on the AcrAB and AcrEF
efflux systems revealed that mutations in one of three regulators, AcrR, MarR, or SoxS, lead to
increased expression of the AcrAB efflux system (10). Although it may be possible that a
repressor gene may be located elsewhere in the genome, it would be interesting to test whether
these dominant bacteria are highly resistant to bacterial antiobiotics.

The role of lateral gene transfer and its effect on the ecology of microbial populations in
the environment is not yet completely understood, but is conceivable that bacteria can gain a
competitive advantage through the acquisition of new genes by lateral gene transfer (18). This
study indicates that the Roseobacter strains, originating the pPBAC 248 and 250 sequences, may
have a greater than expected proportion of genes originated from lateral transfer. Each of the
pBAC:s contains genes for transport proteins, with some genes that are associated with other
bacterial or archaeal phyla and some that are part of the a-Proteobacteria. One such example is
the conserved genes within pBAC 248 that exhibit high percentage identity to a family of ABC
transporters involved in the uptake of dipeptides/ oligopeptides/ and nickel. These types of
transporters are found in many species of prokaryotes and are important in transporting nutrients
into the cell. However, there are reports that another Roseobacter (Silicibacter) also contains
extraordinarily large variety of transporters for various compounds ranging from amino acids,

putrescine, DMSP, ammonium, to taurine in its genome which could lead to a selective



advantage for this group of bacteria. (15) Since coastal ecosystems can be subject to sudden
changes from algal blooms or an influx of carbon from terrestrial environments, a high number
of transporters, numerous metabolic pathways, and multiple copies of the rRNA operon would
allow these Roseobacters to take advantage of a sudden increase of a variety of nutrient sources
(15).

Finally, recent literature has revealed the importance of Roseobacter clade as an active
component of the cycling of sulfur within marine ecosystems. The research has focused on the
cycling of dimethylsulfoniopropionate (DMSP), produced by marine phytoplankton as an
osmotic protectant. On method of degradation involves the production of dimethyl sulfide
(DMS) while another pathway produces methanethiol (MESH). The MeSH can be incorporated
into the amino acids of the bacteria or used as an energy source, by oxidizing HS- to SO42-. (12)
Recently, it was demonstrated that both Roseovarious Nubinhibens ISM and Silicibacter Pomeryi
where capable of these dual DMSP degradation pathways. (7) Considering that Roseobacters
have been associated with algal blooms (8, 19), it is possible that DMSP could be an important
source of both carbon and energy for this group in the Mid-Atlantic Bight. For example, on
pBAC 248, genes were discovered that are homologous to a sulfite oxidase which can create a
proton motive force leading to ATP production coupled to the oxidation of sulfite to sulphate.

In conclusion, metagenomic analysis was used to identify and sequence two BAC
clones containing ribosomal operons of dominant Roseobacter species in the Mid Atlantic Bight.
Many genes contained on the pBACs 248 and 250 clones may contribute to the dominance of
these bacteria within the coastal marine environment. Evidence is presented of enhanced lateral
gene transfer of multiple coding sequences involved in transport and antibiotic resistance. These

data provide a new range of testable hypotheses for bacterial ecology in the coastal ocean and



promise to be valuable in unveiling the mechanisms by which bacteria interact and dominate

within the microbial community.
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Table 1: Protein coding sequences on PBAC 248.

Gene Name ORF/ Dir. # of AA Species Affinity % gene Predicted gene function
homology
Peptide ABC Transporter 1220 to 3; - 406 a-proteobacteria 63%/ 77% ATP-binding protein
Roseobacter
Peptide ABC Transporter 2130 to 1210; - 306 a-proteobacteria 64%/ 80% membrane spanning protein
Roseobacter (oligopeptide)
Peptide ABC Transporter 3068 to 2127; - 313 a-proteobacteria 64%/ 77% permease protein
Roseobacter
Peptide ABC Transporter 4766 to 3170; - 402 a-proteobacteria 54%/ 70% periplasmic peptide-binding
Roseobacter protein
2-dehydropantoate 2-reductase 5376 to 6299; + 307 B-proteobacteria: 36%/ 55% Required for synthesis of
Polaromonas thiamine via APB biosynthetic
Actinobacteria: pathway
conserved hypothetical protein 7590 to 6364; - 408 a-proteobacteria: 59%/ 70% Carbohydrate transport and
Roseobacter metabolism
amidohydrolase family protein 7930 to 9069; + 379 a-proteobacteria: ~ 70%/ 81% Metal-dependent amidase/
Roseobacter aminoacylase/ carboxypeptidase
TPR repeat 11078 to 10170; 302 Bacteroidetes: 30%/ 56% Function unknown
- Psychroflexus
oxidoreductase, GMC family protein11979 to 13319; a-proteobacteria: Amino Acid transport and
+ Roseobacter metabolism (specific function
unknown)
Mandelate 13330 to 14430;366  a-proteobacteria: — 76%/ 89% involved in aromatic acid
racemase/ + Roseobacter catabolism (specific function
m ucona t e unknown)
lactonizing
enzyme
TPR domain protein 14467 10 16119;550 a-proteobacteria: 64%/ 78% Function unknown
+ Roseobacter
hypothetical protein ROS217_06184 17187 to 16885; 100 y-proteobacteria: 44%/ 56% Function unknown
- Vibrio vulnificus
hypothetical protein SKA53_07981 17366 to 17821; 151 Bacteroidetes: 45%/ 64% Function unknown
+ Psychroflexus
integrative genetic element Gsu5, 18253 to 17831; 140 a-proteobacteria: 38%/ 57%
resolvase - Roseobacter
Cyclic nucleotide-binding domain 19310 to 18969; 113 a-proteobacteria: 38%/ 56% gene activator and regulatory
(cNMP-BD) protein - Rhodospirillum subunit
y-proteobacteria:
Metal dependant beta lactamase 19997 to 228 d-proteobacteria: 30%/ 50%
protein 19311; - Cyanobacteria:
a-proteobacteria:
Adenylyl cyclase: CYCe 20327 to 21616;429 y-proteobacteria: 42%/64% Catalyses the formation of cyclic
+ Alcanivorax AMP (cAMP)
5S Ribosomal subunit
23S Ribosomal subunit
ITS region
16S Ribosomal subunit
Ferric reductase-like transmembrane 28420 to 27971; 149 a-proteobacteria: 57%/ 74% may be capable of moving
component-like - Roseobacter electrons across the plasma
membrane
Oxidoreductase molybdopterin 29404 to 28538; 228 a-proteobacteria: 74%/ 84% catalyses oxidation of sulphite to

binding domain
AAA ATPase

32219 to 29540,

Roseobacter

a-proteobacteria:

Roseobacter

sulphate

Assists in the assembly,
operation, or disassembly of
protein complexes




Table 2: Protein coding sequences on PBAC 250.



Genename | PBAC248 | Roseovarious | Silicibacter | Silicibacter | Sulfitobacter | Sulfitobacter | Jannascriasp. | Rhoderbacter
pomeryi TM1040 sp. NAS 14.1 sp. EE-46 CCS1
ABC_tran 51.82% 62.00% 63.00% 62.00% 60.00% 60.00% 62.00%
BPD_transp_1 50.38% 61.00% 60.00% 61.00% 59.00% 59.00% 62.00%
BPD_transp_1 52.50% 60.00% 60.00% 58.00% 59.00% 59.00% 62.00%
SBP_bac_5 49.55% 62.00% 63.00% 62.00% 60.00% 60.00% 63.00%
AGE 52.89% - - - - -
Peptidase_M20 52.37% - 69.00% - - 62.00% -
BetA 52.32% - - - - - -
MR_like 51.14% 67.00% 66.00% 64.00% - - -
TPR 51.66% 65.00% 66.00% 53.00% - - -
Hyp. (ferric) 51.56% 67.00% 63.00% 57.00% 60.00% 58.00% 61.00% 67.00%
Oxidored_molyb 50.52% 62.00% 61.00% 58.00% 58.00% 58.00% 62.00% 65.00%
AAA 54.40% 63.00% 61.00% 60.00% 61.00% 63.00% 67.00%
Genome G-C
estimate 51.50% 63.30% 63.60% 59.60% 59.43% 59.30% 62.10% 67.50%
Actual genome
G-C content - 63.91% 64.07% 59.87% 60.05% 60.31% 62.24% 68.24%
Difference - -0.61% -047% -027% -0.62% -1.01% -0.14% -0.74%
Gene name PBAC 250 Roseovarious Silicibacter Silicibacter Sulfitobacter Sulfitobacter | Jannascria sp. | Rhoderbacter
nubinhibens Pomeryi TM1040 sp. NAS 14.1 sp. EE-46 CCS1 sphaeroides
C-5 epimerase 49.73% 67.00% - - - - -
Sulfotransfer_1 52.87% - - - - 59.00% -
Weal 51.02% - - - 62.00% - 67.00%
Hyp. (Wzz) 52.02% 63.00% - - 56.00% 57.00% - 69.00%
Glycos_transf_N 51.82% 67.00% 67.00% 65.00% 65.00% 65.00% 64.00% 74.00%
LpxK 54.97% 72.00% 68.00% 68.00% 65.00% 64.00% 68.00% 75.00%
Gev T 50.26% 64.00% 61.00% 59.00% 62.00% 61.00% - -
Genome G-C
estimate 51.8% 66.60% 66.00% 64.00% 62.00% 62.20% 63.67% 71.25%
Actual genome
G-C content - 63.91% 64.07% 59.87% 60.05% 60.31% 62.24% 68.24%
Difference - +2.69% +1.93% +4.13% +1.95% +1.49% +1.43% +3.01%







