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Summary

Sediment bacteria play important roles in the bio-
geochemistry of ocean sediments; however, factors
influencing assemblage composition have not been
extensively studied. We examined extractable sedi-
ment bacterial abundance, the composition of bacte-
rial assemblages using a high-throughput molecular
fingerprinting approach, and several sediment bio-
geochemical parameters (organic matter content and
alkaline phosphatase activity), along a 35 km transect
from Point Fermin, Southern California, to Santa Cat-
alina Island, across the approximately 900-m-deep
San Pedro Basin. Automated rRNA intergenic spacer
analysis (ARISA) demonstrated that in two spatially
isolated shallow (approximately < 60 m, on opposite
sides of the channel) sediment environments, assem-
blages were more similar to each other than to deeper
communities. Distinct communities existed in deeper
and shallower sediments, and stations within the
deep basin over 2 km apart contained remarkably
similar assemblage fingerprints. The relative contri-
bution to total amplified DNA fluorescence of opera-
tional taxonomic units (OTUs) was significantly
correlated to that of other OTUs in few comparisons
(2.7% of total), i.e. few bacterial types were found
together or apart consistently. The relative propor-
tions within assemblages of only a few OTU were
significantly correlated to measured physicochemical
parameters (organic matter content and wet/dry
weight ratio of sediments) or enzyme (alkaline phos-
phatase) activities. A low percentage of shared OTU

between shallow and deep sediments, and the pres-
ence of similar, but spatially isolated assemblages
suggests that bacterial OTU may be widely dispersed
over scales of a few kilometres, but that environmen-
tal conditions select for particular assemblages.

Introduction

Bacteria within coastal and shelf sediments play an impor-
tant role in global biogeochemical cycles, as they are the
ultimate sink of most terrestrially derived compounds and
a high proportion of marine particle flux. Despite a
growing understanding of the global biogeochemical
importance of these sediment habitats (Berelson et al.,
1990; Blackburn and Blackburn, 1993; Vanduyl et al.,
1993; Codispoti et al., 2001), little is known of the bacte-
rial communities inhabiting them (Cifuentes et al., 2000;
Todorov et al., 2000; Madrid et al., 2001; Kim et al., 2004),
nor the factors influencing their distribution (Bowman
et al., 2005; Polymenakou et al., 2005). Marine microbial
diversity in the ocean has been the subject of intense
recent study (Giovannoni et al., 1990; Fuhrman and Ouv-
erney, 1998; Giovannoni and Rappe, 2000; Venter et al.,
2004). Only in the past two decades have molecular tools
for addressing microbial ecology become available, which
circumvent culture biases associated with an estimated
95% of bacterial taxa (Giovannoni et al., 1990; Fuhrman
et al., 1992). Pelagic studies have revealed a high diver-
sity of marine prokaryotes which are capable of utilizing
unexpected metabolic pathways (Beja et al., 2000;
Fuhrman, 2003). Several other studies, using semi-
quantitative approaches to observe assemblage compo-
sition, have allowed greater understanding of dispersal of
different taxonomic units within marine and estuarine
environments (Hollibaugh et al., 2000; Moeseneder et al.,
2001; Troussellier et al., 2002; Stepanauskas et al., 2003;
Hewson and Fuhrman, 2004). These studies have dem-
onstrated that some bacterial taxonomic units within water
column assemblages are capable of existing in a wide
range of environmental conditions and habitats, confirm-
ing earlier studies of ubiquitous dispersal of some bacte-
rial clades (Giovannoni et al., 1990; Morris et al., 2002;
2004). Within sediments, most studies to date examining
bacterial community diversity have focused upon a single
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functional group of bacteria (Scala and Kerkhof, 2000;
Burns et al., 2002; Bowman et al., 2005), a single location
or environment type (Cifuentes et al., 2000; Todorov
et al., 2000; Madrid et al., 2001) or effects of biological
(Hewson et al., 2003; Luna et al., 2004) and chemical
factors upon assemblage composition (Hewson et al.,
2003; Bowman et al., 2005).

Microbial composition in the oceans is believed to be
influenced by combinations of resource availability (Rowe
et al., 1991; Torsvik et al., 2002), temperature (Pomeroy
and Deibel, 1986), pressure (Kato et al., 1998), and selec-
tive loss factors such as grazing (Sherr and Sherr, 1994;
Simek et al., 2001) and viral lysis (Suttle et al., 1990;
Bratbak et al., 1992; Fuhrman, 1992; Fuhrman and Suttle,
1993; Thingstad and Lignell, 1997; Hewson et al., 2003;
Schwalbach et al., 2004; Winter et al., 2004). Planktonic
communities are believed to be well mixed as there are
few barriers to microbial dispersal (Falkowski and de
Vargas, 2004). Along with arguments of ubiquity of free-
living microeukaryotes (Finlay, 2002), this has been
argued to confirm Beijerinck and Winogradsky’s state-
ment that ‘everything is everywhere, the environment
selects’ (Beijerinck, 1913). While sediments may seem
unlikely to support ubiquitous dispersal of microorganisms
relative to the water column, some bacterial taxa can be
isolated from a very wide range of terrestrial soil habitats
(Beijerinck, 1913). Thus, environmental factors are
believed to select from a ubiquitously dispersed bacterial
assemblage, and thus similar environments are hypoth-
esized to give rise to similar assemblages. While there is
little empirical evidence to support the idea of ubiquitous
dispersal, there have been several studies suggesting

habitat specificity of different types of bacteria (Hewson
and Fuhrman, 2004; 2006a; Hewson et al., 2006).

Previous study of estuaries, which typically contain
strong gradients in physical and chemical conditions, indi-
cated habitat specificity of some bacterial phylotypes, but
ubiquitous distribution of others (Troussellier et al., 2002;
Stepanauskas et al., 2003; Hewson and Fuhrman, 2004).
Over vertical gradients in sediments, the assemblage
composition of denitrifying bacteria (Scala and Kerkhof,
2000) and the entire bacterial assemblage (Hewson and
Fuhrman, 2006b) has been observed to change
dramatically. Furthermore, the water column addition of
PO4

3– to carbonate sediment-water mesocosms signifi-
cantly stimulated the richness [total number of operational
taxonomic units (OTU)] and diversity (rank distribution of
OTU relative proportions) of sediment bacterial assem-
blages, indicating nutrient limitation of bacteria (Hewson
et al., 2003). A recent study in deep sediments found that
the diversity and richness of meso- and bathypelagic sedi-
ment bacterial assemblages were positively correlated to
the number of active bacterial cells (Luna et al., 2004),
suggesting that resource availability plays a key role in
their structure.

The aim of this study was to determine the distribution
of sediment bacterial assemblages along a 35 km
transect from the North American mainland to Santa Cat-
alina Island, which passes through the 900-m-deep San
Pedro Basin (Fig. 1). The study was initiated in an attempt
to understand: (i) the distribution of bacterial diversity in
sediments along kilometre scales within deep-sea sedi-
ments, (ii) whether habitat specificity of sediment bacterial
assemblages occurs and (iii) whether this habitat speci-

Fig. 1. Map showing location of transect and
sampling sites in the San Pedro Basin
(California Borderlands). Bathymetry is
indicated by dashed lines and given in tens of
metres. Station 4 is the San Pedro Ocean
Time Series station (SPOTS).
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ficity is linked to ecosystem functions. We used a molecu-
lar fingerprinting technique, automated rRNA intergenic
spacer analysis (ARISA) (Fisher and Triplett, 1999) to
examine sediment bacterial assemblages at eight sites
ranging in water depth from 27 to 912 m, from coarse to
fine muds, and underlying different water column trophic
conditions ranging from highly productive and anthropo-
genically disturbed to comparatively low productivity
oceanic conditions. Our results demonstrate that diversity
indices of sediment bacterial assemblages do not vary
strongly across the transect, that phosphatase activity
does not correlate with any component of the assem-
blages, and that the composition of assemblages is dif-
ferent between shallow and deep water sediments.

Results and discussion

Extractable bacterial abundance, fingerprint richness
and diversity

Extractable bacterial abundance ranged from
0.7 ¥ 108 to 1.6 ¥ 108 cells per cubic centimetre of sedi-
ment and negatively correlated with total water depth (r =
-0.89, P < 0.05), sediment organic matter content (r =
-0.88, P < 0.05) and water content (r = -0.91, P < 0.01)
(Fig. 2). ARISA fingerprints of sediment bacterial commu-
nities contained 105–129 OTUs per fingerprint, and fin-
gerprint diversity (Simpson Index) ranged from 28.4 to
46.9. However, both richness and diversity of fingerprints
did not change significantly with increasing depth nor
distance along transect (Fig. 2). ARISA fingerprints were
less rich than fingerprints of bacterial communities in car-
bonate sediments of Florida Bay (Hewson et al., 2003),
but notably higher than the water column of Moreton Bay
(Hewson and Fuhrman, 2004). This observation is sup-
ported by earlier study of deltaic muds off French Guiana
and Papua New Guinea that indicated higher richness in
sediments compared with water column assemblages
(Madrid et al., 2001). The higher richness of phylotypes
recorded in other studies in sediments may be due to
niche availability, as there may be greater complexity of
resources, physical parameters and chemical parameters
than in overlying waters.

The lack of change in richness across the San Pedro
Basin was unexpected as the different environments
(deep and shallow water) presumably have different
resource availability, productivity and temperature con-
trols on growth. Primary and secondary productivity have
been linked in terrestrial environments to enhanced rich-
ness and diversity in several environments which has
further been attributed to greater ecological niche avail-
ability (Waide, 1999). Other studies of bacteria have
demonstrated increased morphological diversity with
intermediate disturbance (Kassen et al., 2000), which is

consistent with hypotheses of coral diversity (Glynn,
1976; Connell, 1978) and artificial disturbance – incuba-
tion studies of phytoplankton (Sommer, 1995). As the
productivity of most sediments (except those in proximity
to seeps or hydrothermal vents) is ultimately linked to the
productivity of overlying waters (Berelson et al., 1997;
Nodder et al., 2003), the shallower, sandy sediments in
this study are believed to be more productive than deeper
muds. However, ARISA fingerprint richness or diversity
did not vary strongly along the transect from the mainland
to Santa Catalina Island. Shallower sediments are more
heavily affected by tidal currents, grazing and resuspen-
sion than deeper sediments in the San Pedro Basin.
However, we did not find any difference in richness or
diversity between these two environments. Therefore,
either productivity and disturbance are too weak to create
significant changes in overall diversity, or there may be
competing effects that generally compensate for each
other to yield no net change in richness or diversity.

The relative proportion that each OTU contributed to
total fingerprint DNA fluorescence correlated significantly
(P < 0.004) with that of other OTUs in a total of 136
comparisons (of 5512 possible correlations, or 2.7%).
This suggests that the dynamics of individual OTU within
assemblage fingerprints are independent and there may
be few mutualistic or directly antagonistic bacteria within
these environments. At the same time, this also suggests
that the large majority of bacteria do not have multiple
operon copies with different ARISA lengths as these
would correlate to each other, and such correlated OTUs
comprised a small proportion of total amplified DNA fluo-
rescence (all each < 1%).

Bacterial assemblage composition

Duplicate ARISAs from the same sediment DNA extract
shared a Whittaker Index of 0.90 � 0.01 and Sorensen
Index of 0.93 � 0.06. ARISA fingerprints of deep basin
and slope samples were remarkably similar, despite large
distances between adjacent stations. Stations 2, 3, 4, 5
and 6 shared a Whittaker Index of 0.66 � 0.01 and
Sorensen Index of 0.76 � 0.01 but Station 7 clustered
differently when using the Whittaker Index and Sorensen
Index. The results of ARISA fingerprint analysis suggest
that assemblages are homogeneously dispersed between
sediment stations but not between surface and deep sedi-
ments, and that the environmental conditions give rise to
distinct assemblages within particular habitats, a finding
similar to a recent report of sediment bacteria in the Ionian
Sea (Polymenakou et al., 2005). ARISA fingerprints
formed two distinct groups (Fig. 3). Study of bacteri-
oplankton over similar distances in mesotrophic estuaries
demonstrated more heterogeneity in assemblage compo-
sition than in these sediments (Troussellier et al., 2002;
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Hewson and Fuhrman, 2004). Stations 1 and 8 shared a
Whittaker Index of 0.47 and Sorensen Index of 0.68. The
similarity between the two shallow, sandy sediment sta-
tions (1 and 8) suggests that local selective factors may
cause similar assemblages to arise. Furthermore, interac-
tion with overlying waters is much higher in shallower
sediments, and as such, factors such as genetic
exchange between pelagic and benthic populations may
give rise to similar assemblages. As assemblages within
deep basin sediments are not resuspended by physical
motion or currents, mixing of communities is unlikely to
cause homogeneity within muds. Rather, the sediments of
the San Pedro Basin experience relatively constant physi-

cal and chemical conditions and are isolated from shal-
lower depths of the California Borderland by a shallow
(approximately 750 m deep) sill (Berelson, 1991). These
constant physical and chemical conditions relative to shal-
lower sediments probably place similar selective pres-
sures upon assemblage development. In contrast, the
shallow sediment stations were less similar to each other
than between basin stations, which could be due to dif-
ferences in productivity between the two locations. High
variability between nutrient-amended assemblages
depending on inorganic nutrient type added (PO4

3–, NH4
+)

in shallow sediments has been observed in sediment-
water mesocosms (Hewson et al., 2003) and demonstrate

Fig. 2. A. Cross-section of the San Pedro
Basin (to scale).
B. Sediment characteristics based upon
organic matter content and water content (i.e.
wet/dry weight ratio ¥ 100) (Dean, 1974).
C. Activity of alkaline phosphatase and
specific activity of alkaline phosphatase (i.e.
normalized per bacterium). Significant
(P < 0.05, Student’s t-test) differences
between specific phosphatase activities are
denoted by different letters.
D. Extractable bacterial abundance as
determined by SYBR Green I staining (Noble
and Fuhrman, 1998) and epifluorescence
microscopy of extracted sediments (pore
water + surface-associated prokaryotes)
(Hewson and Fuhrman, 2003).
E. ARISA total fingerprint richness and
Simpson Index.
Error bars = SE (n = 3).

0 

5 

10 

15 

20 

25 

B
ac

te
ri

al
 A

b
u

n
d

an
ce

(x
 1

07 
 c

el
ls

 c
m

–3
) 

  

0 
10 
20 
30 
40 
50 
60 
70 
80 

P
er

ce
n

t 

Weight Lost on Ignition
Wet / Dry Weight x 100

C 

B

0 

10 

20 

30 

40 

50 

60 

70 

80 
Specific Alkaline Phosphatase x 10 8
Alkaline Phosphatase  

a a 

b 

abc 
a a 

c 
c 

0 

20 

40 

60 

80 

100 

120 

140 

160 

1 2 3 4 5 6 7 8 

Station 

# 
O

T
U

 / 
S

im
p

so
n

's
 In

d
ex

 Fingerprint Richness

Fingerprint Simpson's Index

A

D

E

P
h

o
sp

h
at

as
e 

A
ct

iv
it

y

(p
m

o
l g

–1
 s

–1
) 

 

 

926 I. Hewson, M. E. Jacobson/Meyers and J. A. Fuhrman

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 923–933



that within surface sediments, resource type may shape
bacterial communities.

Relationship between assemblage composition and
biogeochemical parameters

Microorganisms able to mobilize organic matter macro-
molecules using free (exoenzymes) or cell-surface
attached (ectoenzymes) are able to colonize and thrive in
variety of nutrient-defined habitats. The availability of
nutrients in an ecosystem is a function of both the amount
of nutrient present and the stoichiometic ratio of nutrients
present in an environment. These enzymes may be
present at constitutive levels and/or induced depending
on the relative rate of nutrient supplied to the ecosystem
as well as the balance between different types of
nutrients.

Bulk sediment phosphatase activity correlated signifi-
cantly with distance to the mainland (r = 0.74, P < 0.05)
where phosphatase activity decreased from the mainland
to Santa Catalina Island. These activities may correspond
to higher nutrient inputs associated with the coastal pro-
cesses (Fig. 2). Alkaline phosphatase specific activity was
calculated by dividing the enzyme activity by microbial
abundance. The specific activity of stations closest to
Catalina Island (Stations 7 and 8) was significantly (Stu-
dent’s t-test; P < 0.05) lower than specific activity at all
other stations with the exception of Station 4. These sta-
tions had lower bacterial abundance and specific alkaline
phosphatase activity. A significant increase (Student’s
t-test; P < 0.05) in specific activity at Station 3 relative to
stations closer to the mainland (Stations 1 and 2) was also
evident (Fig. 2). Specific enzyme activity for Stations 5
and 6 is similar to Stations 1 and 2 (Fig. 2).

In this study we found that ectoenzymes were related
positively with distance from the mainland with decreasing

activity between offshore stations and in proximity to the
mainland. High alkaline phosphatase activity has been
associated with nutrient deficiency as well as with nutrient
imbalance in microbial communities (Sala et al., 2001;
Hoppe, 2003). Ectoenzyme activities appear to be par-
tially constitutive, as well as induced, and are biomass
dependent (Sala et al., 2001; Taylor et al., 2003) but inde-
pendent from overall bacterial production (Lavigne et al.,
1997). Taylor and colleagues (2003) found aquatic envi-
ronments studied to have unique ectohydrolytic profile
associated with each area analysed. Ectoenzyme activity
may be a systematic response to environmental nutrient
flux, particularly in sediments (Vetter and Deming, 1994;
Polemba, 1995; Lavigne et al., 1997; Talbot and Bianchi,
1997; Fabiano and Danovaro, 1998). Kirchman and col-
leagues (2004a) found covariance of ectoenzyme activity
with the beta protobacteria showing the highest correla-
tion with phosphatase activity in a lotic ecosystem. This
may suggest acclimation of bacterial communities to dif-
ferent nutrient regimes. Fandino and colleagues (2001)
found attached bacteria had a higher cell-specific hydro-
lytic enzyme activity than free living bacteria. Rapid
enzyme inductions and changes in bacterial activity as
measured by Fandino and colleagues (2001) and Kirch-
man and colleagues (2004a) may reflect change in com-
munity structure which possibly is related to changes in
nutrient stoichiometry.

The relative contribution to fingerprint DNA fluores-
cence of 4 OTUs significantly and negatively and 2 OTUs
significantly and positively correlated to total water depth
at the sampling locations (Table 1). The relative propor-
tions within fingerprints of 2 OTUs significantly and posi-
tively correlated to bacterial abundance. The amplified
DNA fluorescence of 2 OTUs significantly and negatively
and 2 OTUs significantly and positively correlated to
organic matter content. DNA fluorescence proportion of a

Fig. 3. Dendrograms of whole bacterial
assemblage similarity along transects, based
upon Whittaker and Sorensen Indices of
similarity (Legendre and Legendre, 1998).
Clustering was conducted by unweighted
pair-group mean average (UPGMA) using the
XLStat program (Sokal and Rohlf, 1995). The
grey shaded region indicates the average
similarity between replicate fingerprints in this
study.
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further 4 OTUs correlated significantly and negatively but
1 OTU significantly and positively correlated with the
moisture content of sediments. The relative contribution of
no OTU significantly correlated with alkaline phosphatase
activity. The lack of correlation between alkaline phos-
phatase activity and OTU relative DNA fluorescence in
this study contrasts with previous study comparing
enzyme activities with the composition of lotic bacteri-
oplankton (Kirchman et al., 2004a). This correlation analy-
sis demonstrates habitat specificity of only a small
percentage of bacterial OTUs (153 total OTUs) as the
relative proportions of most OTU within assemblage fin-
gerprints is not directly tied to the measured environmen-
tal parameters. The results also suggest that alkaline
phosphatase activity is not specifically related to any
single OTU group, as been observed in previous studies
of stream bacterioplankton (Kirchman et al., 2004b).
Further study of the interaction of bacterial physiological
response to nutrient changes and community structure in
natural systems using finer-scale quantitative molecular
analyses over a broader range of locations may offer
insight into the relationship between ectoenzyme activity,
stoichiometric imbalance and community structure.

Conclusions

The similarity of two spatially isolated shallow-water com-
munities (i.e. Point Fermin and Santa Catalina Island,
across the channel from each other) and similarity
between stations along the floor of the San Pedro Basin
suggest that sediment bacteria may be widely dispersed.
Dispersion could be by movement on suspended particles
or in faecal pellets or animals, or through the sediment
layer itself. While these assemblages may be dispersed
over large distances, similarity between communities in
similar environmental settings suggests that factors
present within habitat types may select for similar com-
munities, at least on the scale of < 25 km. Finally, this
study demonstrates that while the abundance and diver-
sity of microbial assemblages may not change over wide
geographic scales and across environmental gradients,
the composition of assemblages may change dramati-
cally, highlighting the need for taxonomic unit-level studies
in biogeochemistry.

Experimental procedures

Sampling location

Samples for fingerprinting analysis were collected onboard
the R/V Point Sur in May 2004 as part of the San Pedro
Ocean Time Series (SPOTS) Microbial Observatory.
Samples were collected using a 40 cm-by-30 cm contained
Van Veen grab at eight sites across the San Pedro Basin from
Point Fermin to Two Harbors, Santa Catalina Island within theTa
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California Borderland region (Fig. 1). Two locations (Stations
1 and 8) were in shallow (60 and 27 m respectively) waters
within the euphotic zone. Station 2 was on the slope of the
continental shelf (170 m total water depth) and Stations 6 and
7 were on the Catalina Rise in 400 m and 700 m respectively.
The remaining three stations (3, 4 and 5) were within the San
Pedro Basin in 890–911 m. The transect from Two Harbors to
Point Fermin is characterized by a north-south gradient in
productivity, caused by wastewater discharges close to Point
Fermin and possibly by coastal upwelling which are equiva-
lent to natural terrestrial inputs due to prevailing semiarid
conditions in the Los Angeles basin. Once retrieved onboard,
sediments (top 1 cm) were subsampled within 2 min for DNA
and viral/bacterial abundance analysis. Within each grab,
only relatively undisturbed, oxic sediments were sampled (as
distinguished by colour and presence of worm tubes). Single
samples from each grab were collected using sterile 5 ml
syringes with the needle end removed, and placed immedi-
ately into sterile 15 ml centrifuge tubes, which were placed on
dry ice until processing. Furthermore, samples for microor-
ganism enumeration were collected using cut-off syringes to
a total depth of 1 cm then discharged immediately into 15 ml
centrifuge tubes containing 10 ml of 0.02 mm filtered elution
buffer (10 mM sodium pyrophosphate, 5 mM EDTA, 3% form-
aldehyde) (Hewson and Fuhrman, 2003), and kept at 4°C
prior to analysis (within 6 h of collection).

Determination of extractable bacterial abundance

Extractable bacterial abundance was determined as
described previously (Hewson and Fuhrman, 2003). Briefly,
samples in elution buffer were shaken for 10 min on a shaker
table at 400 r.p.m. After shaking, 1 ml of this homogenate
was removed and centrifuged at 3000 g for 5 min to remove
suspended sediments. Duplicate subsamples were then pre-
pared for SYBR Green I staining and epifluorescence micros-
copy (Noble and Fuhrman, 1998), using 50 ml of centrifuged
subsamples further diluted in 2 ml of elution buffer to prevent
low-volume meniscus artefacts on the Anodisc surface. This
method resulted in removal of approximately 60% of sedi-
ment bacteria in a previous study (Hewson and Fuhrman,
2003). More than 200 cells of bacteria were counted in 20
ocular fields on an Olympus BH-60 microscope at 1000¥
magnification.

Sediment biogeochemical parameters

A subsample of sediment from each site was either frozen or
kept cold (4°C) until analysis. Frozen samples as well as cold
stored samples were used for alkaline phosphatase analysis.
Independent tests on sediments from 400 m depths and from
peat-rich sites indicate that alkaline phosphatase activity in
these samples are not affected by freezing when compared
with those that were not frozen. Enzyme activity was assayed
using modification of established methods (Hoppe, 2003).
The fluorogenic substrate methylumbelliferone phosphate
(MUF-P) was used to measure phosphatase activity. Enzyme
activity was measured by adding a single concentration of
substrate (2 mM). The final concentrations result in linear
rates over the time tested. Samples were measured on a

Turner TD-700 fluormeter, using filters for excitation (380 nm)
and emission (440 nm). Molar rates were calculated from the
linear range of the activity curve against pure MUF as a
fluorophore standard. Fluorescence quenching was tested by
running fluorophore-spiked sediment blanks, and any correc-
tions necessary are within the final calculation. Assays were
initiated by suspending 1 g of sediment in 29 ml of cold,
0.05 M Trizma buffer pH 8.5 (Sigma). Substrate was added to
the final concentration mentioned above, and then an imme-
diate zero time sample was extracted, and frozen in liquid
nitrogen. Subsequent time-course samples were taken and
frozen. Samples were then centrifuged and defrosted and
added to 10.3 pH, 0.5 M carbonate/bicarbonate buffer in a
1:1 ratio. This enabled running the assay in an alkaline range
while reading samples at the optimum pH of the fluorophore.

An estimate of the organic matter content was determined
by loss on ignition (LOI). Briefly, small subsamples of sedi-
ments (< 0.5 g) were placed in aluminium dishes and
weighed, before being placed in an oven at 60°C overnight to
dry. After drying the samples were re-weighed, then com-
busted for 8 h at 550°C, after which the combusted samples
were weighed. Sediment water content was calculated by
subtracting the dried weight of samples from the wet weight
of samples and expressed as a percentage of the wet weight.
The percentage LOI was calculated by subtracting the com-
busted weight of samples from their dry weight and express-
ing LOI as a percentage of dried weight (Stephens et al.,
1992).

Extraction of sediment assemblage DNA

DNA from 0.5 ml of subsamples of each station was extracted
using Bio101 (QBIOGENE) kits according to manufacturer’s
protocols. The final DNA elution volume was 50 ml, and con-
tained 17–19 ng DNA ml-1.

Automated rRNA intergenic spacer analysis

Automated rRNA intergenic spacer analysis was conducted
on 2.5 ng of extracted DNA as measured by Pico Green
(Molecular Probes) fluorescence (Fisher and Triplett, 1999),
as described previously (Hewson and Fuhrman, 2004).
Briefly, the ITS region (plus about 285 bases of 16S and 23S
rRNA) of DNA extracts was amplified using the polymerase
chain reaction (PCR). Polymerase chain reaction was carried
out in 50 ml of reactions containing 1¥ PCR buffer, 2.5 mM
MgCl, 1.25 mM PCR Nucleotide Mix (Promega), 200 nM
each of universal primer 16s-1392F (5′-G(C/T)AC
ACACCGCCCGT-3′) and eubacterial primer 23s-125R
labelled with a 5′-TET phosphoramidite (5′-GGGTT(C/G/
T)CCCCATTC(A/G)G-3′) (Borneman and Triplett, 1997),
BSA (40 ng ml-1, final concentration) and 2.5 U Taq poly-
merase (Promega). These primers targeted specifically bac-
teria, hence archaea are not included in our analysis.
Thermocycling was preceded by a 3 min heating step at
94°C, followed by 30 cycles of denature at 94°C for 30 s,
anneal at 55°C for 30 s, extend at 72°C for 45 s, with a final
extension step of 5 min at 72°C. Polymerase chain reaction
amplification products were purified in Zymo Research Clean
and Concentrator-5 Kits, then diluted to 5 ng ml-1 as mea-
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sured by Pico Green fluorescence. ARISA products were run
in duplicate on an ABI 377XL automated slab gel sequencer
using a custom-made Bioventures 1500 bp size standard,
and analysed densitometrically using the ABI Genescan
program.

Polymerase chain reaction-based fingerprinting
approaches, like all methods in ecology, are not perfect and
have been criticized because of unequal template-to-product
ratios (Suzuki and Giovannoni, 1996; Polz and Cavanaugh,
1998; Suzuki et al., 1998), unequal extractability of cells (Polz
et al., 1999) and differences in operon copy number (Crosby
and Criddle, 2003); however, ARISA is reproducible (Hewson
and Fuhrman, 2004) and allows detection of clear differences
between assemblages. Furthermore, slow-growing bacteria
(characteristic of deeper sediment bacteria; Turley and
Dixon, 2002) have been shown to contain few operon copies
per cell (Klappenbach et al., 2000), and therefore are unlikely
to influence our results.

Statistical analysis of assemblage fingerprints

Outputs from Genescan were transferred to Microsoft Excel
for subsequent analysis. Peaks less than five times the base-
line fluorescence intensity were discarded because they were
considered ‘noise’. The area under each peak was expressed
as a percentage of the total integrated area under the
electropherogram. Simpson Indices (D) were calculated
manually using descriptions given in Legendre and Legendre
(1998) according to the following equation:

D Pi
i

= ( )
=
∑ 2

1

where Pi is the fraction of each peak of total integrated area.
Whole communities (i.e. all OTU each comprising > 0.09%

of total amplified DNA) were compared by calculating the
Sorensen Index of similarity using the following equation:

Sorensen Index = +( )2 1 2W a a

where W is the number of shared ITS peaks between popu-
lation 1 and 2, and a1 and a2 are the total number of ITS
lengths in population 1 and 2 respectively. This index scales
from 1 (completely identical) to 0 (completely different).
Whole assemblages (i.e. all OTU each comprising > 0.09% of
total amplified DNA) were analysed by calculating Whittaker
Index of association (Sw) using the following equation (Whit-
taker, 1952):

S b bw i i
i

n

= − −( )
=
∑1 1 2

12,

where b1 and b2 are the percentage contributions to amplified
DNA of the ith OTU in samples 1 and 2 respectively. Sw scales
from 0 (completely different) to 1 (identical).

To account for variability in size associated with standards,
ARISA fingerprints were binned �1 bp from 400 to 700 bp,
�2 bp from 700 to 1000 bp and �5 bp > 1000 bp using a
shifting bin window approach described in Hewson and
Fuhrman (2006b). Cluster analysis was conducted using the
XLStat (AddinSoft SARL) program using either the Sorensen
or Whittaker Index and clustering via unweighted group-pair
mean average method (UPGMA).

Correlation analysis

Pairwise comparisons between the relative contribution to
total DNA of each binned OTU within ARISA fingerprints and
measured parameters comprised calculation of Pearson’s
correlation coefficient using the XLStat program. The signifi-
cance level for comparisons was determined by dividing 0.05
by the number of correlates, which was used to avoid Type II
error (Sokal and Rohlf, 1995). Only OTU for which there were
three or more non-zero values were used in the multiple
correlation analyses.

Acknowledgements

We thank the crew of the R/V Point Sur for their assistance
onboard the cruise ‘Microbes IX’. The authors thank D.
Capone, M. Schwalbach, R. Beinart, W. Ziebis, R. Abboud, A.
Patel, J. Steele, X. Liang, X. Hernandez, M. Brown, S.
Thakkar and S. O’Brien for their assistance. D. Koffler ran the
ectoenzyme assays. This work was supported by NSF Grant
OCE0241723 awarded to J.A.F., MCB0084231 awarded to
J.A.F. and D. Caron, and DEB9981357 to M.E.J./M. This work
is in partial completion of a PhD by I.H.

References

Beijerinck, M. (1913) De Infusies En de Ontdekking der
Backterien. Amsterdam, the Netherlands: Muller.

Beja, O., Aravind, L., Koonin, E.V., Suzuki, M.T., Hadd, A.,
Nguyen, L.P., et al. (2000) Bacterial rhodopsin: evidence
for a new type of phototrophy in the sea. Science 289:
1902–1906.

Berelson, W.M. (1991) The flushing of 2 deep-sea basins,
Southern California Borderland. Limnol Oceanogr 36:
1150–1166.

Berelson, W.M., Hammond, D.E., Oneill, D., Xu, X.M., Chin,
C., and Zukin, J. (1990) Benthic fluxes and pore water
studies from sediments of the central equatorial North
Pacific – nutrient diagenesis. Geochim Cosmochim Acta
54: 3001–3012.

Berelson, W.M., Anderson, R.F., Dymond, J., Demaster, D.,
Hammond, D.E., Collier, R., et al. (1997) Biogenic budgets
of particle rain, benthic remineralization and sediment
accumulation in the equatorial Pacific. Deep-Sea Res Pt II
44: 2251–2282.

Blackburn, T.H., and Blackburn, N.D. (1993) Coupling of
cycles and global significance of sediment diagenesis. Mar
Geol 113: 101–110.

Borneman, J., and Triplett, E.W. (1997) Molecular microbial
diversity in soils from eastern Amazonia: evidence for
unusual microorganisms and microbial population shifts
associated with deforestation. Appl Environ Microbiol 63:
2647–2653.

Bowman, J.P., McCammon, S.A., and Dann, D.L. (2005)
Biogeographic and quantitative analyses of abundant
uncultivated gamma proteobacterial clades from marine
sediment. Microb Ecol 49: 451–460.

Bratbak, G., Heldal, M., Thingstad, T.F., Riemann, B., and
Haslund, O.H. (1992) Incorporation of viruses into the
budget of microbial C-transfer. A first approach. Mar Ecol-
Prog Ser 83: 273–280.

930 I. Hewson, M. E. Jacobson/Meyers and J. A. Fuhrman

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 923–933



Burns, J.A., Zehr, J.P., and Capone, D.G. (2002) Nitrogen-
fixing phylotypes of Chesapeake Bay and Neuse River
estuary sediments. Microb Ecol 44: 336–343.

Cifuentes, A., Anton, J., Bentloch, S., Donnelly, A., Herbert,
R.A., and Rodriguez-Valera, F. (2000) Prokaryotic diversity
in Zostera noltii-colonized marine sediments. Appl Environ
Microbiol 66: 1715–1719.

Codispoti, L.A., Brandes, J.A., Christensen, J.P., Devol, A.H.,
Naqvi, S.W.A., Paerl, H.W., and Yoshinari, T. (2001) The
oceanic fixed nitrogen and nitrous oxide budgets: moving
targets as we enter the anthropocene. Sci Mar 65: 85–105.

Connell, J.H. (1978) Diversity in tropical rainforests and coral
reefs. Science 199: 1304–1310.

Crosby, L.D., and Criddle, C.S. (2003) Understanding bias
in microbial community analysis techniques due to rrn
operon copy number heterogeneity. Biotechniques 34:
790–802.

Dean, W.E. (1974) Determination of carbonate and organic
matter in calcareous and sedimentary rocks by loss on
ignition: comparison with other methods. J Sediment Petrol
44: 242–248.

Fabiano, M., and Danovaro, R. (1998) Enzymatic activity,
bacterial distribution, and organic matter composition in
sediments of the Ross Sea (Antarctica). Appl Environ
Microbiol 64: 3838–3845.

Falkowski, P.G., and de Vargas, C. (2004) Shotgun sequenc-
ing in the sea: a blast from the past? Science 304: 58–60.

Fandino, L.B., Riemann, L., Steward, G., Long, R.A., and
Azam, F. (2001) Variations in bacterial community structure
during a dinoflagellate bloom analyzed by DGGE and 16S
rDNA sequencing. Aquat Microb Ecol 23: 119–130.

Finlay, B.J. (2002) Global dispersal of free-living microbial
eukaryote species. Science 296: 1061–1063.

Fisher, M.M., and Triplett, E.W. (1999) Automated approach
for ribosomal intergenic spacer analysis of microbial diver-
sity and its application to freshwater bacterial communities.
Appl Environ Microbiol 65: 4630–4636.

Fuhrman, J.A. (1992) Bacterioplankton roles in cycling of
organic matter: the microbial food web. In Primary Produc-
tivity and Biogeochemical Cycles in the Sea. Falkowski,
P.G., and Woodhead, A.D. (eds). New York, USA: Plenum
Press, pp. 361–383.

Fuhrman, J.A. (2003) Genome sequences from the sea.
Nature 424: 1001–1002.

Fuhrman, J.A., and Ouverney, C.C. (1998) Marine microbial
diversity studied via 16S rRNA sequences: cloning results
from coastal waters and counting of native archaea with
fluorescent single cell probes. Aquat Ecol 32: 3–15.

Fuhrman, J.A., and Suttle, C.A. (1993) Viruses in marine
planktonic systems. Oceanography 6: 51–63.

Fuhrman, J.A., McCallum, K., and Davis, A.A. (1992) Novel
major archaebacterial group from marine plankton. Nature
356: 148–149.

Giovannoni, S.J., and Rappe, M. (2000) Evolution, diversity
and molecular ecology of marine prokaryotes. In Microbial
Ecology of the Oceans. Kirchman, D.L. (ed.). New York,
USA: Wiley-Liss, pp. 47–84.

Giovannoni, S.J., Britschgi, T.B., Moyer, C.L., and Field, K.G.
(1990) Genetic diversity in Sargasso Sea bacterioplankton.
Nature 345: 60–63.

Glynn, P.W. (1976) Some physical and biological determi-

nants of coral community structure in the Eastern Pacific.
Ecol Monogr 46: 431–456.

Hewson, I., and Fuhrman, J.A. (2003) Viriobenthos produc-
tion and virioplankton sorptive scavenging by suspended
sediment particles in coastal and pelagic waters. Microb
Ecol 46: 337–347.

Hewson, I., and Fuhrman, J.A. (2004) Bacterioplankton
species richness and diversity along an estuarine gradient
in Moreton Bay, Australia. Appl Environ Microbiol 70:
3425–3433.

Hewson, I., and Fuhrman, J.A. (2006a) Improved strategy for
comparing microbial assemblage fingerprints. Microb Ecol
51: 147–153.

Hewson, I., and Fuhrman, J.A. (2006b) Spatial and vertical
biogeography of coral reef sediment bacterial and diaz-
otroph communities. Mar Ecol-Prog Ser 306: 79–86.

Hewson, I., Vargo, G.A., and Fuhrman, J.A. (2003) Bacterial
diversity in shallow oligotorphic marine benthos and over-
lying waters: effects of virus infection, containment and
nutrient enrichment. Microb Ecol 46: 322–336.

Hewson, I., Capone, D.G., Steele, J.A., and Fuhrman, J.A.
(2006) Influence of the Amazon and Orinoco offshore
surface water plumes on oligotrophic bacterioplankton
diversity in the West Tropical Atlantic. Aquat Microb Ecol
43: 11–22.

Hollibaugh, J.T., Wong, P.S., and Murrell, M.C. (2000) Simi-
larity of particle-associated and free-living bacterial com-
munities in northern San Francisco Bay, California. Aquat
Microb Ecol 21: 103–109.

Hoppe, H.G. (2003) Phosphatase activity in the sea. Hydro-
biologia 493: 187–200.

Kassen, R., Buckling, A., Bell, G., and Rainey, P.B. (2000)
Diversity peaks at intermediate productivity in a laboratory
microcosm. Nature 406: 508–512.

Kato, C., Li, L.N., Nogi, Y., Nakamura, Y., Tamaoka, J., and
Horikoshi, K. (1998) Extremely barophilic bacteria isolated
from the Mariana Trench, Challenger Deep, at a depth of
11 000 meters. Appl Environ Microbiol 64: 1510–1513.

Kim, B.S., Oh, H.M., Kang, S.S., Park, S.S., and Chun, J.
(2004) Remarkable bacterial diversity in the tidal flat sedi-
ment as revealed by 16s rDNA analysis. J Microbiol Bio-
technol 14: 205–211.

Kirchman, D., Dittel, A., Findlay, E., and Fisher, D. (2004a)
Changes in bacterial activity and community structure in
response to dissolved organic matter in the Hudson River,
New York. Aquat Microb Ecol 35: 243–257.

Kirchman, D., Dittel, A.I., Findlay, S.E.G., and Fischer, D.
(2004b) Changes in bacterial activity and community struc-
ture in response to dissolved organic matter in the Hudson
River, New York. Aquat Microb Ecol 35: 243–257.

Klappenbach, J.L., Dunbar, J.M., and Schmidt, T.M. (2000)
rRNA operon copy number reflects ecological strategies of
bacteria. Appl Environ Microbiol 66: 1328–1333.

Lavigne, C., Juniper, S.K., and Silverberg, N. (1997) Spatio-
temporal variability in benthic microbial activity and particle
flux in the Laurentian Trough. Deep-Sea Res Pt I 44: 1793–
1813.

Legendre, P., and Legendre, L. (1998) Numerical Ecology.
Amsterdam, the Netherlands: Elsevier.

Luna, G.M., Dell’Anno, A., Giuliano, L., and Danovaro, R.
(2004) Bacterial diversity in deep Mediterranean sedi-

Sediment bacteria in San Pedro Basin 931

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 923–933



ments: relationship with the active bacterial fraction and
substrate variability. Environ Microbiol 6: 745–753.

Madrid, V.M., Aller, J.Y., Aller, R.C., and Christoserdov, A.Y.
(2001) High prokaryote diversity and analysis of commu-
nity structure in mobile mud deposits off French Guiana:
identification of two new bacterial candidate divisions.
FEMS Microbiol Ecol 37: 197–209.

Moeseneder, M.M., Winter, C., and Herndl, G.J. (2001) Hori-
zontal and vertical complexity of attached and free-living
bacteria of the eastern Mediterranean Sea, determined by
16S rDNA and 16S rRNA fingerprints. Limnol Oceanogr 46:
95–107.

Morris, R.M., Rappé, M., Connon, S.A., Vergin, K.L., Siebold,
W.A., Carlson, C.A., and Giovannoni, S.J. (2002) SAR11
clade dominated ocean surface bacterioplankton
communities. Nature 420: 806–810.

Morris, R.M., Rappe, M., Urbach, E., Connon, S.A., and
Giovannoni, S.J. (2004) Prevalence of the Chloroflexi-
related SAR202 bacterioplankton cluster throughout the
mesopelagic zone and deep ocean. Appl Environ Microbiol
70: 2836–2842.

Noble, R.T., and Fuhrman, J.A. (1998) Use of SYBR Green I
rapid epifluoresence counts of marine viruses and bacteria.
Aquat Microb Ecol 14: 113–118.

Nodder, S.D., Pilditch, C.A., Probert, P.K., and Hall, J.A.
(2003) Variability in benthic biomass and activity beneath
the subtropical front, Chatham Rise, SW Pacific Ocean.
Deep-Sea Res Pt I 50: 959–985.

Polemba, K. (1995) Hydrolytic enzymatic activity in deep-sea
sediments. FEMS Microbiol Ecol 16: 213–222.

Polymenakou, P.N., Bertilsson, S., Tselepides, A., and
Stephanou, E.G. (2005) Links between geographic loca-
tion, environmental factors, and microbial composition in
sediments of the Eastern Mediterranean Sea. Microb Ecol
49: 367–378.

Polz, M.F., and Cavanaugh, C.M. (1998) Bias in template-to-
product ratios in multitemplate PCR. Appl Environ Micro-
biol 64: 3724–3730.

Polz, M.F., Harbison, C., and Cavanaugh, C.M. (1999) Diver-
sity and heterogeneity of epibiotic bacterial communities on
the marine nematode Eubostrichus dianae. Appl Environ
Microbiol 65: 4271–4275.

Pomeroy, L.R., and Deibel, D. (1986) Temperature regulation
of bacterial activity during the spring bloom in Newfound-
land coastal waters. Science 233: 359–361.

Rowe, G., Sibuet, M., Deming, J., Khripounoff, A., Tietjen, J.,
Macko, S., and Theroux, R. (1991) ‘Total’ sediment
biomass and preliminary estimates of organic carbon resi-
dence time in deep-sea benthos. Mar Ecol-Prog Ser 79:
99–114.

Sala, M.M., Karner, M., Arin, L., and Marrasse, C. (2001)
Measurement of ectoenzyme activities as an indication of
inorganic nutrient imbalance in microbial communities.
Aquat Microb Ecol 23: 301–311.

Scala, D.J., and Kerkhof, L.J. (2000) Horizontal hetero-
geneity of denitrifying bacterial communities in marine
sediments by terminal restriction fragment length polymor-
phism analysis. Appl Environ Microbiol 66: 1980–1986.

Schwalbach, M.S., Hewson, I., and Fuhrman, J.A. (2004)
Viral effects on bacterial community composition in marine
plankton microcosms. Aquat Microb Ecol 34: 117–127.

Sherr, E.B., and Sherr, B.F. (1994) Bacterivory and her-
bivory: key roles of phagotrophic protists in pelagic food
webs. Microb Ecol 28: 223–235.

Simek, K., Pernthaler, J., Weinbauer, M.G., Hornák, K.,
Dolan, J.R., Nedoma, J., et al. (2001) Changes in bacterial
community composition and dynamics and viral mortality
rates associated with enhanced flagellate grazing in a
mesoeutrophic reservoir. Appl Environ Microbiol 67: 2723–
2733.

Sokal, R.R., and Rohlf, F.J. (1995) Biometry. The Principles
and Practice of Statistics in Biological Research. New York,
USA: Freeman.

Sommer, U. (1995) An experimental test of the intermediate
disturbance hypothesis using cultures of marine
phytoplankton. Limnol Oceanogr 40: 1271–1277.

Stepanauskas, R., Moran, M.A., Bergamaschi, B.A., and Hol-
libaugh, J.T. (2003) Covariance of bacterioplankton com-
position and environmental variables in a temperate delta
system. Aquat Microb Ecol 31: 85–98.

Stephens, J.A., Uncles, R.J., Barton, M.L., and Fitzpatrick, F.
(1992) Bulk properties of intertidal sediments in a muddy,
macrotidal estuary. Mar Geol 103: 445–460.

Suttle, C.A., Chan, A.M., and Cottrell, M.T. (1990) Infection of
phytoplankton by viruses and reduction of primary
productivity. Nature 347: 467–469.

Suzuki, M.T., and Giovannoni, S.J. (1996) Bias caused by
template annealing in the amplification of mixtures of 16S
rRNA genes by PCR. Appl Environ Microbiol 62: 625–630.

Suzuki, M.T., Rappé, M., and Giovannoni, S.J. (1998) Kinetic
bias in estimates of picoplankton community structure
obtained by measurements of small-subunit rRNA gene
PCR amplicon length heterogeneity. Appl Environ Micro-
biol 64: 4522–4529.

Talbot, V., and Bianchi, M. (1997) Bacterial proteolytic activity
in sediments of the Subantarctic Indian Ocean sector.
Deep-Sea Res Pt II 44: 1069–1084.

Taylor, G., Way, J., Yu, Y., and Scranton, M. (2003) Ectohy-
drolase activity in surface waters of the Hudson River and
western Long Island Sound estuaries. Mar Ecol-Prog Ser
263: 1–15.

Thingstad, T.F., and Lignell, R. (1997) A theoretical approach
to the question of how trophic interactions control carbon
demand, growth rate, abundance and diversity. Aquat
Microb Ecol 13: 19–27.

Todorov, J.R., Christoserdov, A.Y., and Aller, J.Y. (2000)
Molecular analysis of microbial communities in mobile
deltaic muds of Southeastern Papua New Guinea. FEMS
Microbiol Ecol 33: 147–155.

Torsvik, V., Ovreas, L., and Thingstad, T.F. (2002) Prokary-
otic diversity – magnitude, dynamics and controlling
factors. Science 296: 1064–1066.

Troussellier, M., Schafer, H., Batailler, N., Bernard, L., Court-
ies, C., Lebaron, P., et al. (2002) Bacterial activity and
genetic richness along an estuarine gradient (Rhone River
plume, France). Aquat Microb Ecol 28: 13–24.

Turley, C.M., and Dixon, J.L. (2002) Bacterial numbers and
growth in surficial deep-sea sediments and phytodetritus in
the NE Atlantic: Relationships with particulate organic
carbon and total nitrogen. Deep Sea Res Pt l 49: 815–826.

Vanduyl, F.C., Vanraaphorst, W., and Kop, A.J. (1993)
Benthic bacterial production and nutrient sediment-water

932 I. Hewson, M. E. Jacobson/Meyers and J. A. Fuhrman

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 923–933



exchange in sandy North-Sea sediments. Mar Ecol-Prog
Ser 100: 85–95.

Venter, J.C., Remington, K., Heidelberg, J.F., Halpern, A.L.,
Rusch, D., Eisen, J.A., et al. (2004) Environmental genome
shotgun sequencing of the Sargasso Sea. Science 304:
66–74.

Vetter, Y.A., and Deming, J.W. (1994) Extracellular enzyme
activity in the Arctic northeast water polynya. Mar Ecol-
Prog Ser 114: 23–34.

Waide, R. (1999) The relationship between productivity and
species richness. Ann Rev Ecol Syst 30: 257–300.

Whittaker, R.H. (1952) A study of summer foliage insect
communities in the Great Smoky Mountains. Ecol Monogr
22: 1–44.

Winter, C., Smit, A., Herndl, G.J., and Weinbauer, M.G.
(2004) Impact of virioplankton on archaeal and bacterial
community richness as assessed in seawater batch
cultures. Appl Environ Microbiol 70: 803–813.

Sediment bacteria in San Pedro Basin 933

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 923–933


