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Summary

We outline an approach to simultaneously assess
multilevel microbial diversity patterns utilizing 16S-
ITS rDNA clone libraries coupled with automated ribo-
somal intergenic spacer analysis (ARISA). Sequence
data from 512 clones allowed estimation of ARISA
fragment lengths associated with bacteria in a coastal
marine environment. We matched 92% of ARISA
peaks (each comprising 

 

>

 

 1% total amplified product)
with corresponding lengths from clone libraries.
These peaks with putative identification accounted
for an average of 83% of total amplified community
DNA. At 16S rDNA similarities 

 

<

 

 98%, most taxa dis-
played differences in ARISA fragment lengths 

 

>

 

 10 bp,
readily detectable and suggesting ARISA resolution
is near the ‘species’ level. 

 

Prochlorococcus

 

 abun-
dance profiles from ARISA were strongly correlated
(

 

r

 

2

 

 

 

=

 

 0.86) to 

 

Prochlorococcus

 

 cell counts, indicating
ARISA data are roughly proportional to actual cell
abundance within a defined taxon. Analysis of ARISA
profiles for 42 months elucidated patterns of micro-
bial presence and abundance providing insights into
community shifts and ecological niches for specific
organisms, including a coupling of ecological pat-
terns for taxa within the 

 

Prochlorococcus

 

, the Gamma
Proteobacteria and Actinobacteria. Clade-specific
ARISA protocols were developed for the SAR11 and
marine cyanobacteria to resolve ambiguous identifi-
cations and to perform focused studies. 16S-ITS data
allowed high-resolution identification of organisms

by ITS sequence analysis, and examination of
microdiversity.

Introduction

 

In the wake of ‘the great plate count anomaly’ (Staley and
Konopka, 1985) and the discovery that the majority of
environmental microorganisms are effectively ‘uncultura-
ble’, a variety of culture-independent methods have been
developed and routinely used to analyse microbial com-
munity composition. Polymerase chain reaction (PCR)
amplification, cloning and sequencing of small subunit
ribosomal RNA and DNA from environmental samples are
now the ‘bread and butter’ of many microbial ecologists.
This method provides detailed sequence information of
community  representatives,  and  its  utility  as  a  tool for
discovering diversity and establishing phylogeny is
unquestionable. It is, however, labour intensive, time con-
suming and ultimately very expensive when trying to gar-
ner sufficient data for statistically significant comparisons
between multiple samples.

In order to more efficiently analyse larger sample
numbers, microbial ecologists have turned to DNA finger-
printing techniques such as denaturing gradient gel elec-
trophoresis (DGGE) (Muyzer 

 

et al

 

., 1993) and terminal
restriction fragment length polymorphism (T-RFLP) (Ava-
niss-Aghajani 

 

et al

 

., 1994). These methods provide fast,
inexpensive and reproducible estimates of community
composition in the form of DNA fragment profiles. The
resulting data can often be considered analogous to com-
munity composition data gathered by ‘classical’ ecologists
and thus used to determine indices of ecological signifi-
cance such as the Shannon-Weaver diversity index and
Sorenson’s similarity index (Kent and Triplett, 2002). A
recent addition to the suite of DNA fingerprinting tech-
niques is automated ribosomal intergenic spacer analysis
(ARISA) (Fisher and Triplett, 1999). The length of the
intergenic transcribed spacer (ITS) region between the
prokaryotic 16S-23S rDNA genes is inherently variable
among organisms. ARISA exploits this length heteroge-
neity by utilizing PCR amplification across the ITS region
to produce DNA fragment lengths characteristic of the
taxa present in the sample. Like other PCR based finger-
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printing approaches, such as those mentioned above,
ARISA profiles may be susceptible to methodological arti-
facts occurring during the amplification process. Several
studies have demonstrated the robustness of ARISA in
producing equivalent profiles in both peak number and
intensity from multiple amplifications from the same and
replicate samples (Fisher and Triplett, 1999; Yannarell and
Triplett, 2005). Fisher and Triplett (1999) observed that
overall ARISA patterns were similar between PCR per-
formed with various cycle numbers (ranging from 15 to
30), except for some small peaks near the limit of detec-
tion, suggesting that artifacts do not impact heavily on
profiles. Other authors have examined ITS length data
generated by GENBANK searches and found no correla-
tion between ITS length and phylogeny (Fisher and Trip-
lett, 1999; Ranjard 

 

et al

 

., 2000). However, the majority of
ITS information publicly available relates to clinical strains
and cultured organisms, which are unlikely to be of eco-
logical significance in the marine environment. The few
studies to have examined ITS sequences from free-living,
uncultured bacterioplankton have observed a high vari-
ability in the lengths of the ITS region between different
clades and a relatively high degree of conservation of ITS
lengths within clades (Garcia-Martinez and Rodriguez-
Valera, 2000; Suzuki 

 

et al

 

., 2001). Herein we sequenced
clone libraries encompassing 16S rDNA and associated
ITS regions from a Southern California offshore marine
environment. Derived ARISA fragment lengths from
sequence data were linked to 16S rDNA phylogenetic
identification, enabling us to track the presence and abun-
dance of putative phylotypes in ARISA profiles. Knowl-
edge of the ITS lengths also enabled us to ‘ground truth’
ARISA protocols targeting distinct phylogenetic groups,
specifically the marine cyanobacteria and the SAR11
clade. Furthermore, ITS sequence data allowed for the
examination of fine scale relationships between closely
related gene clusters.

 

Results

 

A total of 512 full length ITS sequences were obtained.
Because many of these were extremely close to others,
and to conserve resources by avoiding duplication, 248
were further analysed to obtain either full length or at least
1000 base pairs (bp) of 16S rDNA sequence for phyloge-
netic identification, resulting in the compilation of an
extensive ITS sequence database, coupled to 16S phy-
logenetic information. Clones were obtained from the
major phylogenetic lineages commonly identified in
marine ecosystems (Giovanonni and Rappe, 2000)
including the Alpha, Beta, Gamma and Delta Proteobac-
teria, the Cytophaga-Flavobacterium-Bacteroides group,
the Marine Group A, the marine cyanobacteria, and the
Verrucomicrobia, as well as some clones originating from
plastids (either from small protists that passed the prefilter
intact or perhaps from broken cells).

Sequence derived ITS lengths from clone libraries
ranged between 114 bp, for clone SPOTSAPR01_5m146,
which was loosely associated with the ‘SAR86’ clade
within the Gamma Proteobacteria, to 913 bp for clone
SPOTSAPR01_5m108, within the 

 

Roseobacter

 

 NAC11-7
cluster. Associated ARISA fragment lengths (i.e. including
partial 16S and 23S rDNA fragments) for these clones
were estimated at 400 and 1201 bp respectively. A num-
ber of clones were analysed with ARISA to compare the
sequence derived estimates of ARISA fragment length
with lengths reported from the method (Table 1). With
fragment sizes up to 

 

~

 

700 bp the ARISA resolution of
fragment size was within 

 

±

 

 1 of the predicted value. Frag-
ments larger than this showed a tendency to resolve at
values lower than predicted. The largest observed dis-
crepancies between predicted and observed values
(

 

±

 

 17 bp difference) were reported for fragment sizes over
1100 bp, with the size of discrepancy decreasing with
decreasing fragment length. Generation of supplemental

 

Table 1.

 

Comparison between ARISA fragment lengths estimated from sequence data with actual reported length obtained by running
sequenced clones through the ARISA protocol.

Clone Phylogenetic Affiliation Derived ARISA Difference

SPOTSAPR01_5m108

 

Roseobacter

 

 NAC11-7 1201 1185 16
SPOTSAPR01_5m158

 

Roseobacter

 

 NAC11-7 1198 1182 16
SPOTSAPR01_5m124

 

Roseobacter

 

 NAC11-3 1143 1126 17
SPOTSAPR01_5m172

 

Synechococcus

 

 clade IV 1057 1050 7
SPOTSAPR01_5m122

 

g

 

 Proteobacteria HTCC2188 1044 1034 10
SPOTSAPR01_5m196

 

Roseobacter

 

 3 991 985 6
SPOTSAUG01_5m90 SAR11 669 670 1
SPOTSDEC01_5m28 SAR11 668 668 0
SPOTSAPR01_5m164 SAR11 667 667 0
SPOTSAPR01_5m149 SAR11 665 666 1
SPOTSAPR01_5m193 SAR11 664 664 0
SPOTSAPR01_5m187 SAR11 663 664 1
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standards from clones of known length, such as the

 

Roseobacter

 

 associated clone SPOTSAPR01_5m108,
may simplify identification for organisms with large
expected fragment lengths. The accuracy of size calling
for large fragments appears to be more affected than the
precision, which was generally within 4 bp of the expected
difference between any two large fragments, except com-
parisons with the 1143 peak, which showed discrepancies
up to 10 bp when compared with other fragments. To
compensate for uncertainty in size-calling when compar-
ing different samples, fragment length data were assigned
to bins according to the precision confidence levels, with
fragments assigned to bins of 3 bp (

 

±

 

 1 bp) for fragments
up to 700 bp length, bins of 5 bp for fragments between
700 and 1000 bp length and bins of 10 bp for fragments
above 1000 bp. While this binning may increase the like-
lihood of associating two different taxa with one bin, it has
the advantage of encompassing small length heterogene-
ity observed within ITS lengths of lineages with near iden-
tical 16S rDNA.

 

Linking ARISA fragments to phylogenetic affiliations

 

For the 4 months from which clone libraries were con-
structed, analysis of ARISA output identified a combined
total of 36 distinct fragment lengths (peaks) which each
contributed a relative area 

 

≥

 

 1% of the total peak area. A
1% cut-off was chosen for this comparison because with
a library of a few hundred clones one would expect to find
clones corresponding to most peaks greater than about
1% of the total amplified product. Of these 36 peaks, six
(17%) were shared by all 4 months, nine (25%) were
shared by 3 months, seven (19%) were shared between
2 months and 14 (39%) occurred only within a single
month. Putative phylogenetic identifications were possible
for 33 (92%) of these 36 peaks by comparison to 16S-ITS
clone library data (Fig. 1). Note that four peaks are con-
tained within the SAR11 bracket in Fig. 1. The identified
peaks corresponded to an average of 83% of total ARISA
peak area (an estimate of total amplified DNA) for each
month. Of the 33 identified peaks, 24 (67% of total peaks
analysed) were attributable to single phylogenetic taxon
or a distinct phylogenetic clade (Fig. 2). Eight peaks (22%)
corresponded to two phylogenetically distinct clones
(Fig. 1), while one peak (ARISA length 760 – data not
shown) was found to correspond to three phylogenetically
unrelated clones. The resulting ambiguity meant that a
single identification was not possible for these peaks from
ARISA alone. However, they can partially be resolved
using group specific ARISA as described below.

There is general agreement between the integrated
area under an ARISA peak, i.e. the amount of amplified
DNA corresponding to a particular taxon, and the number
of representative clones obtained from each clone library

(Fig. 1), keeping in mind that ARISA essentially portrays
a snapshot of the entire community assemblage, equiva-
lent to complete coverage of a clone library. For example,

 

Roseobacter

 

 clones were obtained only in the April clone
library and examination of ARISA profiles shows no or
only minor peaks corresponding to the derived 

 

Roseo-
bacter

 

 fragment lengths in the other months. Similarly,
while 

 

Prochlorococcus

 

 clones were found in December,
August and October clone libraries, none were found in
the April library, corresponding to the lack of an ARISA
peak in the 

 

Prochlorococcus

 

 range.

 

Group specific ARISA

 

Certain clones from two major clades, the SAR11 and the
marine cyanobacteria, had estimated ARISA fragment
lengths in common with clones falling outside these
groups (Fig. 1). In the case of the SAR11 clade, the peaks
at 685 and 676 were shared with two groups of clones
from other Alpha Proteobacteria, while the 

 

Synechococ-
cus

 

 clade 1 had fragment lengths, which, while not iden-
tical, were close enough to the Gamma Proteobacteria 4
as to belong to the same fragment bin. In order to reduce
the incidence of such ambiguous identifications, ARISA
profiles were generated using specific primer sets to tar-
get the SAR11 (Fig. 3A) and marine cyanobacterial lin-
eages (Fig. 3B). The SAR11 ARISA was generated using
a nested PCR approach. The initial amplification used a
SAR11 specific primer (

 

Escherichia coli

 

 position 708),
which has mismatches to the CFB and all Alpha Proteo-
bacteria groups which resolve within and closely to the
SAR11 clade in universal ARISA (Fig. 1). The fragment
lengths generated by this initial amplification were too
large to resolve accurately, so a subsequent universal
ARISA step was used to provide fragment lengths equiv-
alent to those seen in Fig. 1.

The cyanobacterial ARISA used a primer 162 bp
upstream from the universal 1392f, so fragments were
only slightly larger than those obtained for cyanobacteria
in universal ARISA and so were within an acceptable level
of resolution without need for a subsequent amplification
step. Peaks were again identified by reference to
sequence data.

 

Phylogenetic resolution from ITS length

 

To determine the level of phylogenetic resolution inherent
within ITS length data we analysed ARISA fragment
length, calculated directly from the sequence data, as a
function of 16S rDNA sequence similarity for a variety of
phylogenetic clades (Fig. 4). We used ARISA fragment
length instead of simply ITS length because of the pres-
ence of sometimes substantial length variation within the
16S and 23S rDNA regions, which differed by as much as
23 bp between organisms. The data show that estimated



 

16S-ITS clone libraries coupled with ARISA

 

1469

 

© 2005 Society for Applied Microbiology and Blackwell Publishing Ltd, 

 

Environmental Microbiology

 

, 

 

7

 

, 1466–1479

 

Fig. 1.

 

ARISA profiles generated using DNA from samples collected at 5 m depth during October 2000, April 2001, August 2001 and December 
2001. Numbers to the left represent fragment length in base pairs. Putative phylogenetic affiliations of peaks representing 

 

>

 

 1% of total area were 
derived from 16S-ITS clone libraries constructed from the same set of DNA and are indicated to the right, along with an the number of clones 
from each library corresponding to each peak. D, December library, AU, August, AP, April, O, October.
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Fig. 2.

 

Evolutionary relationship inferred from 16S rDNA sequence analysis of representative clones associated with fragments lengths (identified 
in brackets) comprising 

 

>

 

 1% of total amplified DNA in ARISA profiles. Inserted graphs display temporal patterns for the phylotypes indicated 
within the legends, and phylotype names refer back to the phylogenetic trees. Data for these graphs were taken from the average per cent of 
total amplified product the associated peak represented from ARISA profiles analysed from 42 months over 4 years. Error bars display standard 
error.
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ARISA fragment lengths tend to diverge at 16S rDNA
sequence similarities between 98% and 99%. The level of
divergence is not consistent among taxa. For example, the
cyanobacteria have conserved fragment lengths only
among clones displaying 

 

≥

 

 99.4% 16S rDNA similarity,
beyond which lengths vary dramatically with length varia-
tions up  to  280 bp  between  clones  with  16S  similarities
of 97.3% (data not shown). Generally, at 16S rDNA
sequence similarities less than 98%, most taxa display
differences in derived ARISA fragment lengths greater
than 10 bp, well within the resolution of the method. Not
all subclades within the SAR11 clade are clearly identifi-
able by length heterogeneity. However, use of ITS
sequence data clearly resolves the within clade affilia-
tions, along with the extensive microdiversity within each
subclade (Fig. 5).

 

Correlation to authentic abundance

 

A comparison between the average per cent community
abundance displayed by the ARISA peak 825 and

 

Prochlorococcus

 

 cell counts as measured by flow cytom-
etry (courtesy of R. Shaffner) shows a consistent trend
(

 

R

 

2

 

 

 

=

 

 0.86) in seasonal cycle obtained by the two methods
(Fig. 6). This increases confidence that the 825 ARISA
peak does indeed represent the 

 

Prochlorococcus

 

 low B/
A clade 1 as indicated by the derived fragment lengths
data, and supports clone library analysis indicating this
clade is the dominant 

 

Prochlorococcus

 

 ecotype at 5 m
depth at the SPOTS station. It also shows that, for this
clade at least, the relative abundance by ARISA is pro-
portional to true abundance.

 

Temporal patterns of presence and abundance

 

Peaks for which a consistent and unambiguous phyloge-
netic identification could be made were examined from
ARISA profiles obtained for 42 months spanning approx-
imately 4 years at both 5 m and the deep chlorophyll
maximum horizon (ranging between 14.1 m and 40.3 m).
The integrated area under each peak was reported as a
per cent of the total area of the ARISA profile, and monthly
values were averaged to provide a seasonal profile for
each taxon (Fig. 2).

Seasonal profiles for groups CFB3 and CFB4
[Fig. 2A(1) and (2)] show opposing oscillating patterns
(correlation of 

 

-

 

0.47) over the 7 months from January to
July at the 5 m depth and a similar but less significant
(correlation of 0.04) pattern at the chlorophyll maximum
depth. From August to November, however, abundances
remain fairly steady with both groups near zero in the
chlorophyll a maximum while CFB4 maintains almost
highest levels over these months at 5 m. Similar profiles,
but with reversed seasonality, are displayed by the Alpha

Proteobacteria 1 and SAR11 surface three clusters
[Fig. 2B(3) and (4)]. These groups also show negative
correlations over their times of peak abundance, calcu-
lated at 

 

-

 

0.73 over the 6 months from July to December
at 5 m depth and 

 

-

 

0.12 at the chlorophyll maximum and
maintain fairly steady profiles over the remainder of the
year.

Both taxa within the 

 

Roseobacter

 

 clade displayed peaks
in abundance between the months February to June at
both depths [Fig. 2B(1) and (2)], and were essentially
absent for the remainder of the year, while the 

 

Prochloro-
coccus

 

 show a ‘spring low’ seasonal profile [Fig. 2A(3)
and (4)]. The seasonal cycles of this ecotype, as observed
at both the 5 m and chlorophyll maximum depths, are
closely paralleled by two taxa affiliated with the marine
Actinobacteria, and one from the Gamma Proteobacteria
[Fig. 2A(3) and (4)]. The Gamma Proteobacteria 1 group
is a novel cluster, with the only previously reported closely
related sequence, CHAB-I-7, originating from the Mediter-
ranean Sea. This cluster resolves adjacent to the SAR 86
clade, a commonly recovered marine clade among which
a gene coding for the pigment proteorhodopsin (light-
driven proton pump) has recently been described (Beja

 

et al

 

., 2000, 2002). The Actinobacteria groups 1 and 2 fall
together on an independent branch within the Marine Act-
inobacteria clade, originally identified from 10 m depth
near Bermuda (Fuhrman 

 

et al

 

., 1993), and found com-
monly in many marine environments. Comparisons of
seasonal profiles of each of these taxa to that of the

 

Prochlorococcus

 

 peak 825 shows positive correlations of
0.70, 0.81 and 0.74 at 5 m and 0.89, 0.51 and 0.53 at the
chlorophyll maximum depth for the Gamma Proteobacte-
ria 1 and the Actinobacteria 1 and 2 respectively.

 

Discussion

 

Clone libraries encompassing the 16S-ITS rDNA provide
the ability to examine bacterial diversity at a number of
discrete levels. The 16S rDNA molecule provides identifi-
cation of organisms by assignment within defined phylo-
genetic groups. However, this molecule is a relatively
conserved region of the bacterial core genome, and there
is an increasing and compelling body of evidence indicat-
ing that considerable, ecologically significant, diversity
exists beyond the resolution of 16S rDNA discrimination.
For example, environmental shotgun sequencing projects
have identified extensive genomic heterogeneity among
co-occurring lineages with nearly identical or identical 16S
rDNA sequences (Tyson 

 

et al

 

., 2004; Venter 

 

et al

 

., 2004).
Ecotypes within a number of environmental groups,
including the 

 

Prochlorococcus

 

 clade and the planktonic
freshwater bacterium 

 

Brevundimonas alba,

 

 have been
defined on the basis of ITS sequence clusters which cor-
relate with distinct physiological characteristics (Rocap
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et al

 

., 2002; Jasper and Overmann, 2004). Consequently,
ITS sequence analysis can provide fine scale taxonomic
resolution and may serve as a fast molecular chronometer
by which initial genome diversification and evolutionary

speciation may be detected (Schloter 

 

et al

 

., 2000). Fur-
thermore, once a suitable ITS sequence database has
been established for a given environment, fine scale res-
olution of clone phylogenetic affiliation can be easily

 

Fig. 3.

 

ARISA profiles generated using specific primers targeting the SAR11 (A) and marine cyanobacterial (B) clades.
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Difference in ARISA fragment lengths as a function of 16S rDNA sequence similarity. Trendlines for taxa shown are polynomial fits.
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established, generally with a single sequence reaction.
We constructed a clone library using DNA from the deep
chlorophyll maximum horizon at the San Pedro Ocean
Time Series during April 2001 and sequenced only the
ITS region. By comparison to our 16S-ITS database we
were able to identify 80% of clones to a single phyloge-
netic cluster (

 

>

 

 98% 16S rDNA sequence similarity) with

a single ITS sequence without further 16S rDNA sequenc-
ing. The recovery of essentially all the major marine
groups within our clone libraries concurs with the findings
of Suzuki and colleagues (2001) that the linkage of 16S-
ITS-23S rDNA is conserved in most marine bacterioplank-
ton, and highlights the ease with which additional, more
discerning, phylogenetic information can be obtained with
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Evolutionary relationships inferred from 
ITS sequence analysis showing the extent of 
microdiversity within the SAR11 clade. Sub-
clades are identified after Garcia-Martinez and 
Rodriguez-Valera, 2000). Scale bar represents 
0.1 substitutions/site.
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Average monthly abundance profiles of 

 

Prochlorococcus

 

 cells as estimated by flow 
cytometry and by calculation of the per cent 
area ARISA profiles over 42 months. Units for 
the 
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 axis are identified in the legend.
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minimal additional effort using the 23Sr primer as com-
pared with traditional 16S rRNA cloning alone.

Whether using 16S rDNA or ITS sequence data, multi-
ple, heterogeneous rDNA operons originating from a sin-
gle organism may theoretically result in misinterpretation
of microbial diversity estimations (whether derived from
clone sequences or ARISA peak number). This may not
be a large issue in the oligotrophic marine environment,
as whole genome analyses of representatives from com-
mon marine clades (including the SAR11, marine cyano-
bacteria and 

 

Roseobacter

 

 clades) have shown these
organisms contain only one or a few operon copies
(SAR11 has one (S. Giovanonni, pers. comm. cited in
Acinas 

 

et al

 

., 2004), 

 

Prochlorococcus

 

 and 

 

Synechococ-
cus

 

 one or two (Dufresne 

 

et al

 

., 2003; Palenik, B 

 

et al

 

.,
2003; Rocap, G 

 

et al

 

., 2003; PNAS) and 

 

Silicibacter
pomeroyii

 

 three (Moran 

 

et al

 

., 2004). In all these marine
bacteria studied to date, where multiple operons have
been detected they are identical, even within the highly
variable 16S-23S ITS region. The generally low rDNA
copy number of these marine isolates may be a result of
their ecological strategies, being relatively slow growers
in the oligotrophic environment (Klappenbach 

 

et al

 

.,
2000). This is consistent with the observation that in our
database we did not observe any variation in ITS length
(or sequence) associated with a single 16S rDNA
sequence. Therefore, although there are probably marine
bacteria with variable rDNA operons, there is no evidence
to date that these are a significant component in seawater.
Effects of multiple operons may be more problematic in
more nutrient rich environments such as soils.

A further use for 16S-ITS clone libraries is found in
providing putative identifications of taxa detected by
ARISA fingerprinting of the study environment. ARISA is
an extremely sensitive and reproducible means of
describing microbial diversity within environmental sam-
ples. It is also fast and inexpensive, meaning large num-
bers of samples can be analysed, and because it is
based on discrete data, samples need not be run in par-
allel to be compared. This allows construction of large
data sets over time and even direct comparisons between
laboratories. As a stand alone tool it has been used to
define population gradients in freshwater (Fisher and Trip-
lett, 1999), estuarine (Hewson and Fuhrman, 2004),
marine (Schwalbach 

 

et al

 

., 2004) and sediment (Hewson

 

et al

 

., 2003) environments. Attaching phylogenetically
informative data to ARISA profiles provides the ability to
track organisms of interest through temporal, spatial and
biogeochemical gradients.

As predicted from the ITS database, there are occa-
sions where phylogenetically disparate organisms in a
sample display equivalent ARISA lengths, hence differen-
tiation between such groups is not possible using univer-
sal ARISA alone. Ambiguous identification is not a

problem unique to ARISA. Oligonucleotide hybridization
methods, such as FISH, often suffer from the fact that
many non-target organisms can have an identical or near
identical sequence which is close enough to lead to mis-
identification (or organisms within a target clade may lack
the matching sequence) (Amann 

 

et al., 1995), while com-
monly used fingerprinting techniques such as T-RFLP and
DGGE often fail to resolve multiple phylotypes within sin-
gle bands. The use of group specific primers (Fig. 3) can
go some way to alleviating ambiguous identifications with
ARISA, with only modest incremental effort.

The level of phylogenetic information contained in ITS
fragment lengths, and hence the level of discrimination
available using ARISA analysis, is variable among taxa.
The marine cyanobacteria have fragment lengths con-
served only among organisms displaying > 99.4% 16S
rDNA sequence similarity, so ARISA analysis is capable
of identifying the ecotypes within this clade. By compari-
son, while members of the SAR11 clade are readily iden-
tified as a group, the various subclades are not all
discernable by sequence length alone. Sequence data
from the ITS region can differentiate ambiguities within
such groups (Fig. 5), at a level of resolution not attainable
with data obtained by sequencing bands from 16S rRNA
DGGE analysis or T-RFLP profiles. Clones relating to a
particular ARISA peak can easily be identified from a
library by applying ARISA to pools of clones in array
format and cross-referencing profiles after the method of
Grant and Olgivie (2004). Alternatively, it is likely that the
SAR11 subclades could be readily identified by a com-
bined fingerprinting approach whereby ARISA fragments
are further differentiated on the basis of sequence com-
position, such as SAR11 specific ARISA/T-RFLP or
ARISA/DGGE.

Temporal patterns of presence and abundance

Comparison of equivalent ARISA peaks in multiple pro-
files allows the tracking of operational taxonomic units
(OTU), in this case across temporal scales. We were
surprised how well the ARISA abundance estimates cor-
related with flow cytometry counts for the Prochlorococcus
group (Fig. 6). Although it is tempting to think that such
quantitative relationships apply in general, caution must
be used in extrapolating ARISA data to in situ abundance
estimates as we do not expect such a good relationship
to apply necessarily for all taxa. Note that this comparison
was for a single OTU as it changed over time, not different
OTU’s compared with each other. The impacts of factors
such as multiple rDNA operons from single organisms and
PCR artifacts (such as chimeras or heteroduplexes) on
ARISA peak numbers and abundances are generally
unknown. However, relative abundance estimates may be
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useful in interpreting ecological cycles of organisms for
which no alternative direct measurements are available.

The seasonal cycle at the SPOTS station is character-
ized by a 5 to 6-month period between March and July
where nutrient availability and phototrophic eukaryotic
abundance tend to be highest, leading to increased het-
erotrophic bacterial abundance and associated bacterial
production. It is in such environmental conditions that
organisms displaying a ‘spring high’ seasonal abundance,
which include taxa within the CFB and Roseobacter
clades, predominate. This is in accordance with previous
work linking both the CFB and Roseobacter clades to
degradation of phytoplankton and associated dissolved
organic compounds, and in particular to degradation of
organic sulfur compounds (Gonzalez et al., 2000; Zubkov
et al., 2003; Vila et al., 2004). Conversely, taxa showing
‘spring low’ profiles, such as the Prochlorococcus, pre-
dominate during periods characterized by warmer waters,
lower nutrient availability, lower phytoplankton abundance
and lower bacterial production, essentially similar to olig-
otrophic oceanic regions. Prochlorococcus spp. have
previously been observed to dominate phytoplankton
populations in oligotrophic central oceanic gyres (Camp-
bell et al., 1994; Partensky et al., 1999), potentially result-
ing in part from their ability to efficiently utilize organic
nitrogen compounds (Zubkov et al., 2003). The positive
correlations observed by taxa within the Gamma Proteo-
bacteria and Actinobacteria with Prochlorococcus low B/
A clade 1 seasonal profile suggests some interesting pos-
sibilities. These organisms may be reliant on some aspect
of the Prochlorococcus physiology, or they may occupy a
similar ecological niche, i.e. the ability to utilize photosyn-
thesis as a means of energy production. Several recently
published reports (e.g. Beja et al., 2000; Kolber et al.,
2000) have indicated non-chlorophyll a dependent pho-
totrophy may be much more common among marine bac-
terioplankton than previously realized. Select members of
the SAR 86 clade, which lies adjacent to the Gamma
Proteobacteria 1 cluster (Fig. 2), have been suggested to
be capable of phototrophy (Beja et al., 2002). This ability
has never been attributed to organisms within the marine
Actinobacteria clade, but the 780 proteorhodopsin-like
protein genes reported from the Sargasso Sea by Venter
and colleagues (2004) are so diverse that they may
include versions from groups like the Actinobacteria.
While these possibilities are intriguing, it may simply be
that the ‘spring low’ clades are just those that do best
under open-ocean oligotrophic conditions for a variety of
reasons.

Conclusions

The initial construction of 16S-ITS clone libraries requires
no more effort or cost than traditional 16S libraries, but

provides the ability to examine fine-scale phylogenetic
relationships within an ecosystem by ‘ground-truthing’
ARISA profiles and by obtaining high-resolution phyloge-
netic data at the same time. Analysis of multiple samples
using ARISA can be used to compare community compo-
sition and identify groups of interest, which can be specif-
ically targeted for sequencing from clone libraries. Hence
by coupling ARISA with 16S-ITS rDNA libraries, research-
ers have the ability to deconstruct environmental microbial
populations at the community level (ARISA patterns), the
species level (16S rDNA linked to ARISA) and the
‘ecotype’ level (ITS sequence analysis) as required.

Experimental procedures

Study site and sample collection

Water samples were obtained as part of the USC Microbial
Observatory program in coordination with the San Pedro
Ocean Time Series monthly sampling, at station 33∞33¢N,
118∞24¢W, situated approximately midway between San
Pedro Harbor and Catalina Island in the San Pedro Channel,
CA. Clones presented here were obtained from 5 m depth
collected during October 2000, April 2001, August 2001 and
December 2001. The water conditions in the euphotic zone
have significant open-ocean character, often oligotrophic as
a result of eddies of low-nutrient water moving inshore and
up the coast (euphotic zone depths are often >60 m). How-
ever, the hydrographic regime is complex, and the surface
waters sometimes show influence from upwelled water from
near Point Conception, swept southward by the California
Current (Hayward and Venrick, 1998). Samples were
obtained using 20 L Niskin bottles, sequentially filtered
through a 142-mm Gelman type AE filters followed by a 142-
mm Durapore 0.22-mm pore size filter using positive pressure
filtration, and filters were stored at -80∞C.

DNA extraction and purification

DNA was extracted from Durapore filters using hot SDS,
phenol:chloroform:isoamyl alcohol, ethanol precipitation
extraction protocol as described by Fuhrman and colleagues
(1988).

Clone library construction and analysis

Clone libraries were constructed from PCR amplified prod-
ucts using the primers 27f, 5¢-AGAGTTTGATCMTGGCT
CAG-3¢ (bacterial-specific 16S rDNA) (Lane, 1991) and 23Sr,
5¢-GGGTTBCCCCATTCRG-3¢ (bacterial specific 23S rDNA)
(Fisher and Triplett, 1999). The 100 ml reaction mixture con-
tained a final concentration of 1¥ PCR AmpliTaq Gold® buffer
(Applied Biosystems), 3.5 mM MgCl2 (Applied Biosystems),
350 mM of each dNTP (Promega), 800 nM of each primer,
0.4 ng m-1l BSA, 5 U AmpliTaq Gold®, and 0.1 ng m-1l of tem-
plate DNA. The reaction mixture was held at 94∞C for 10 min
followed by 24 cycles of amplification at 94∞C for 40 s, 55∞C
for 40 s and 72∞C for 3 min with a final step at 72∞C for 7 min.
Amplification products were purified using a Qiagen MinElute
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PCR purification column, quantified using Pico Green fluo-
rescence (Molecular Probes) in a Bio-Rad VersaFluor™ flu-
orometer and ligated into pGEM®-T Easy (Promega) plasmid
vectors. Ligation reactions were transformed into JM109 High
Efficiency Competent Cells (Promega) and colorimetric
screening used to determine clones containing recombinant
vectors. Plasmid DNA was isolated from 3 ml overnight cul-
tures using the QIAprep Spin Miniprep Kit (Qiagen).

Plasmid DNA was sequenced with the DYEnamic ET Ter-
minator Cycle Sequencing Kit (Amersham Biosciences) and
5 pmol of sequencing primer. Sequencing reactions were
prepared and cleaned according to the manufacturer’s
instructions. Electrophoresis was carried out on an ABI
377XL automated sequencer. All clones were initial
sequenced with the universal 16S rDNA primer 1392F (5¢-
GYACACACCGCCCGT-3¢). Further sequencing was done on
representative clones (selected on the basis of the initial
sequence run) with primer M13F (5¢-GTAAAACGACGG
CCAGT-3¢), M13R (5¢-CAGGAAACAGCTATGAC-3¢), univer-
sal 536F (5¢-CAGCMGCCGCGGTAATWC-3¢) and one of
1520rev a (5¢-AAGGAGGTGATCCAGCC-3¢), b (5¢-TAGGAG
GTGATCCAGCC-3¢), c (5¢-AAGGAGGTAATCCAGCC-3¢), d
(5¢-AAGGAGGTGATCCAACC-3¢), e (5¢-AAGGAGGTGTTC
CAGCC-3¢), f (5¢-AAGGAGATGTTCCAGCC-3¢), g (5¢-AAA
GAGATATTCCAGCC-3¢), h (5¢-AAGGAGGTATTCCAGCC-
3¢), I (5¢-ATGGAGGTGATCCAGCC-3¢), j (5¢-AAGGAGGT
GATCCATCC-3¢) or m (5¢- TAGGAGGTGATCCATCC-3¢) to
provide  full  length  clone  sequences.  Electropherograms
were visualized and annotated using the program Chromas
version 1.45 (http://www.mb.mahidol.ac.th/pub/chromas/
chromas.htm). 16S rDNA Sequences were imported into the
Hugenholtz (2002) alignment in ARB (http://www.mikro.
biologie.tu-muenchen.de/pub/ARB/), aligned using the ARB
integrated alignment tool and manually corrected. Phyloge-
netic trees were generated using the ARB neighbour joining
tree tool. Sequence data from this study have been submitted
to GenBank under the accession numbers DQ009080–
DQ009478 and DQ020203–DQ020205.

Automated rRNA intergenic spacer analysis

Universal bacterial ARISA was performed using the primer
1392F and a 5¢TET labeled version of the primer 23Sr. The
50 ml reaction mixtures contained final concentrations of 1¥
PCR buffer (Promega), 2.5 mM MgCl2 (Promega), 250 mm
of each dNTP (Promega), 200 nM of each primer, 40 ng m-1l
BSA, 5 U of Taq polymerase (Promega) and 0.2 ng m-1l of
template DNA. The reaction mixture was held at 94∞C for
2 min followed by 30 cycles of amplification at 94∞C for 40 s,
56∞C for 40 s and 72∞C for 90 s, with a final step of 72∞C for
5 min. Amplification products were purified using Qiagen
MinElute PCR purification columns, quantified using Pico
Green fluorescence (Molecular Probes) in a Bio-Rad Ver-
saFluor™ fluorometer and diluted to a final concentration of
5 ng m-1l. Finally, 2 ml of diluted product was mixed with 0.5 ml
Custom 50–1500 MapMarker® (Bioventures) internal size
standard, 0.5 ml Tracking Dye (Bioventures) and 2.5 ml de-
ionized formamide. Fragments were discriminated using an
ABI 377XL automated sequencer and resulting electrophero-
grams analysed using the ABI Genescan software. Peaks
contributing < 0.09% of the total amplified DNA (as deter-

mined by relative fluorescence intensity) were eliminated
from profiles as being indistinguishable from baseline noise
(after Hewson and Fuhrman, 2004).

SAR11 ARISA was performed as a nested PCR. First
round amplification was performed using primer SAR11 708F
(5¢-TAGAAAGAAYACCAAWTG-3¢) (this study) and the unla-
belled primer 23Sr. Cycling parameters were the same as
above except an annealing temperature of 49∞C was used.
Amplification products were purified and quantified as above
and 10 ng used as template in second round amplification,
which was identical to the Universal bacterial ARISA
described above.

Cyanobacterial ARISA was performed using primers
Cyano1247f (5¢-AACAGCTATGACCATG-3¢) (Rocap et al.,
2002) and 5¢TET-23Sr. Reaction conditions were identical to
ARISA-PCR described above.

Phylogenetic identifications were linked to ARISA
fragments by examination of 16S-ITS-23S clone DNA
sequences. The length in base pairs between (and including)
the 1392f primer site and the 23Sr primer (those primers
used to generate ARISA profiles) was calculated for each
clone, and designated as the derived ARISA fragment length
for that clone. The 16S portion of the clone sequence was
then used to identify its phylogenetic affiliations. A discrep-
ancy was noted between the largest ARISA fragments and
the largest clone derived ARISA lengths. Thus, selected
clones were analysed using ARISA to determine the fidelity
of the fragment length data, and the actual ARISA length data
from the clones (of known 16S phylogeny) was used to iden-
tify larger fragments.

Flow cytometry analysis of Prochlorococcus

Flow cytometric analysis of Prochlorococcus cells was based
on the method of Binder and colleagues (1996). Briefly, nat-
ural seawater samples were vortexed and duplicate 1 ml
subsamples transferred to separate tubes. The nucleic acid
stain SYTO 13 (Molecular Probes) was added to a final
concentration of 2.5 mM, along with internal size standards,
consisting of 1 mm and 2.5 mm green fluorescent beads (Poly-
sciences and Molecular Probes). Tubes were vortexed for 5 s
and incubated at room temperature in the dark for 15 min.
Tubes were weighed before and after analysis to record sam-
ple volumes analysed. Samples were run on a FACSCalibur
Flow Cytometer (FC) and results analysed using the
CellQuest software (BD Biosciences). Gating conditions for
Prochlorococcus cells were determined by cultures and
Prochlorococcus cells in natural samples were discriminated
from the < 2.5 mm fraction based upon chlorophyll (FL3)
fluorescence.

Correlations of ARISA seasonal profiles and auxiliary data

Seasonal profiles for ARISA peaks were determined
by averaging the percentage area each peak con-
tributed to the entire ARISA profile for each month.
Correlations between seasonal profiles were deter-
mined using the Pearson’s correlation coefficient, calculated

as ,
where  X  and  Y  are  the  monthly  average  per  cent  peak
area for each of the two phylotypes being compared.

r n XY X Y n X X n Y Y= 2 2 2S S S S S S S( ) ( )( ) ( )[ ] ( )[ ]– – – 2
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