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ABSTRACT: Although detailed temporal studies of marine planktonic cyanobacteria have been
reported, relatively little is known about variation of other marine picoplankton groups on time scales
on the order of months to years. In this study, we followed variation in relative abundance of planktonic
archaeal TRNA at 5 depths in the upper 300 m of the Santa Barbara Channel (SBC) over 32 mo. Small
subunit rRNA targeted oligonucleotide probes were used to quantify archaeal, bacterial, and eucaryal
TRNA relative abundance. Archaea subgroups were quantified using probes specific to 2 planktonic
archaeal groups, termed GI and GII. The archaeal rRNA signal in the upper 20 m was characterized by
intermittent ‘blooms’ that coincided with increases in the relative abundance of GII rRNA as well as
decreases in chlorophyll a (chl a). At greater depths, archaeal rRINA abundance was consistently ele-
vated, approaching bacterial rRNA abundance. The Gl rRNA accounted for the majority of the deeper
archaeal rRNA signal throughout the time series. Consistent with a previous report, the 2 groups of
archaea had maximal rRNA abundance at different depths. The majority of the vanability in the GI
archaeal signal in the upper 75 m (77 %) could be attributed to a positive relationship with nutrients and
negative relationships with prokaryotic abundance, chl a, and temperature; although, at most, 41% of
the variability at each depth could be explained. Only 21 % of the variability in the GII rIRNA signal
could be explained by the variables included in the model. Leucine incorporation rates and, to a lesser
extent, prokaryote abundance, were highly correlated with chl a and POC levels. Only weak relation-
ships were observed between prokaryote abundance or leucine incorporation and increases in tem-
perature. The results of linear regressions between prokaryote abundance and leucine incorporation
suggest that top-down ecological controls may regulate prokaryotic assemblages in this dynamic
coastal system. The distribution of the 2 archaeal groups suggested that they responded independently
to environmental conditions, are physiologically different, and likely participate in different environ-
mental processes.
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INTRODUCTION

There are few detailed studies on the spatial and
temporal variability of specific prokaryotic picoplank-
ton, yet these are fundamental aspects of their biology
and ecology. These microorganisms can constitute up
to 50% of carbon biomass in the upper ocean (Cole et
al. 1988). That estimate, however, fluctuates signifi-
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cantly both spatially and temporally (Azam et al. 1995},
limiting the accuracy of global carbon cycling models.
In order to understand the marine ecosystem on a large
scale, there must first exist an understanding of which
organisms are present, how they are distributed, and
what regulates their abundance and biological activity.
The oxygenic photoautotrophs are the best understood
of the planktonic prokaryotes, due to their identifiable
morphological traits (Waterbury et al. 1986, Olson et al.
1990, Campbell & Vaulot 1993). Presently, generalities
regarding the distribution of other prokaryote assem-
blages are emerging from cultivation independent
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analyses of marine bacterioplankton assemblages.
DNA-DNA hybridization with total population DNA
(Lee & Fuhrman 1990, 1991), as well as rRNA or rDNA
hybridization studies of specific phylogenetic groups,
have indicated a high degree of population stratifica-
tion in coastal and open oceans. Depth-stratified
groups include a Chloroflexus-related group (Giovan-
noni et al. 1996), a Fibrobacter-related bacterioplank-
ton group (SAR406; Gordon & Giovannoni 1996), an o
proteobacteria group (SAR11; Field et al. 1997), and a
& proteobacteria group (SAR324; Wright et al. 1997).
Another significant finding of cultivation independent
molecular phylogenetic studies is the wide geographic
distribution of many of these previously undetected
bacterial groups. This suggests that there is potentially
a cosmopolitan distribution of many marine prokary-
otes, and that the molecular approaches are generally
reliable in detecting representative groups of the bac-
terioplankton.

Several studies of coastal bacterioplankton abun-
dance and activity have been conducted in the Santa
Barbara Channel(SBC)-Southern California Bight re-
gion (Fuhrman & Azam 1980, 1982, Simon & Azam
1989, and review by Geesey 1993). Other investiga-
tions have described the significance of bacterioplank-
ton in biogeochemical cycling in Southern California
waters (Cho & Azam 1988, 1995). Several molecular-
based studies have been conducted in the same re-
gion to detect ammonia-oxidizing bacteria (Voytek &
Ward 1995), to discern the phylogenetic relationships
between free-living and marine particle-associated
bacteria (DeLong et al. 1993), and have also led to
the discovery of the planktonic archaea (DelLong 1992,
Fuhrman et al. 1992). Recent concern regarding
coastal contamination, ecosystem ‘health’ and influen-
ces of long-term change (Hayward 1996), including
changes in food web structure, underscores the rele-
vance of understanding the ecology of coastal prokary-
otic assemblages. However, little detail is known con-
cerning the spatial and temporal variability of specific
prokaryotic groups, or of the response to varying envi-
ronmental conditions in SBC waters or other coastal
environments.

As part of a multi-investigator effort at the Universi-
ty of California at Santa Barbara an interdisciplinary
study was initiated to investigate inter-relationships
between biological, chemical and physical variations
in the center of the Santa Barbara Basin. The physical
oceanographic features of the SBC are complex, as
shown by recent studies of circulation (Henderschott &
Winant 1996, Harms & Winant 1998) and water mass
characteristics (Winant et al. 1996). Seasonal variations
in circulation patterns have been described (Harms
& Winant 1998); phytoplankton blooms traditionally
occur in spring at the time of upwelling and develop-

ment of surface stratification and again in fall after dis-
sipation of the thermocline, and bacterial biomass has
been reported to be the highest in Southern California
nearshore waters in August through October, when
surface water temperatures are at their seasonal high
(Geesey 1993}). The bottom waters of the Santa Barbara
Basin are seasonally anoxic {Reimers et al. 1990), and
sedimentation is low due to the minimal introduction of
allochthonous inorganic matter, resulting in high reso-
lution varved sediments of biogenic and lithogenic lay-
ers suitable for fine-scale studies of the geological
record (Behl & Kennett 1996).

Planktonic archaea have recently been detected in
seawater mainly by hybridization of oligonucleotide
probes to TRNA or by PCR amplification and sequenc-
ing of 16S rDNA genes
tonic biomass (DeLong 1992, Fuhrman et al. 1992,
DeLong et al. 1994, Fuhrman & Davis 1997, Massana et
al. 1997,1998, Mclnerney et al. 1997, Murray et al.
1998, 1999). A limited number of studies has also re-
ported on genetic or biochemical properties of these re-
cently discovered archaea (Preston et al. 1996, Stein et
al. 1996, Delong et al. 1998, Massana et al. 1998, Pre-
ston 1998, Schleper et al. 1998a,b}. A preliminary study
(Massana et al. 1997) of the planktonic archaea in the
SBC reported that all recoverable archaeal rDNA
clones belonged to a crenarchaeal (GI) or euryarchaeal
(GII) group, that the 2 groups occupied different zones
of the water column, and that GI archaea constituted a
significant fraction of the prokaryotic biomass. The pre-
sent study was conducted with the goal of better under-
standing the ecological relationships between the
planktonic archaea and their environment, and to de-
termine the variability of the 2 archaeal groups over an
extended time period. In combination with surveys of
water column temperature, salinity, inorganic nutri-
ents, particulate organic carbon and nitrogen, we de-
termined prokaryote abundance, activity, chlorophyll a
(chl a) concentration and relative abundance of bacter-
ial, archaeal and eucaryal rRNA. We also monitored
planktonic GI and GII archaeal groups independently
(which was facilitated by use of rRNA oligonucleotide
probes to each group (Massana et al. 1997) since they
displayed different depth-related distributions.

amplified from natural plank-

METHODS

Study site and sampling. A time series study was
conducted at a mooring near the center of the SBC.
A mooring was deployed in spring 1994 at 34° 17" 32"
N, 120° 00" 03" W (Santa Barbara Mooring Station
[SBMS1]) and was then relocated in May 1995 to the
location 34° 15 04" N, 119° 54’ 66" W (SBMS2) where
it currently resides (bottom depth 522 m). This report
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covers a 32 mo period between 1 January 1995 and
20 August 1997. Seawater samples were obtained with
a Niskin bottle (10 1, General Oceanics) from a boat on
a bimonthly basis over the study period (64 dates
sampled). A SeaBird Conductivity-Temperature-Depth
system (SBE-19 CTD) was used to measure depth pro-
files of temperature, conductivity, and pressure. Total
pigment fluorescence was measured with a Sea-Tech
fluorometer fitted to the CTD system. CTD casts were
conducted on all sample dates except for 9 April and
6 August 1997. Biological and chemical seawater char-
acteristics were determined for samples collected at
the surface, 10, 20, 30, 50, and 7?5 m. Chl a concentra-
tion was measured in triplicate using standard fluoro-
metric methods (Parsons et al. 1984). Duplicate 500 ml
samples for particulate organic carbon and particulate
organic nitrogen at each depth were filtered onto
Whatmann GF/F glass fiber filters and analyzed on a
Control Equipment Corporation CHN Analyzer, Model
440XA, according to Sharp (1991). Seawater for nutri-
ents was filtered through a 0.2 pm pore-size syringe fil-
ter and stored frozen (-30°C) until analysis by flow
injection (Johnson et al. 1985). Measurements were
made for ammonium ion (6 January 1995 to 8 October
1996), nitrite (6 November 1996 to 20 August 1997),
combined nitrate and nitrite (NO,_3), and phosphate
(both 6 January 1995 to 20 August 1997). A subsequent
report will discuss the oceanographic data in more
detail. This study focuses on the relationship between
environmental data and the picoplankton variables
measured.

Seawater was collected at 0, 20, and 75 m for micro-
bial studies. Beginning on 12 July 1995, samples were
collected at additional depths of 150 and 300 m at
monthly intervals. Four to 10 ] seawater samples were
collected at each depth (at least 4 1 for 0, 20, and 75 m,
and 10 1 for 150 and 300 m samples). Seawater was
stored insulated in the dark on board, and processed
at the lab as soon as possible (usually within 2 h of
collection). Subsamples were taken for picoplankton
enumeration and °H-leucine incorporation experi-
ments, then the remainder of the sample was filtered
for nucleic acid collection using a multichannel peri-
staltic pump (Millipore). Seawater was first passed
through in-line polycarbonate filter holders with
1.0 pm glass fiber filters (MSI), then cells were col-
lected on 0.22 pm Sterivex filters (Millipore). Though
picoplankton >1.0 pm would have been excluded
from our analysis, Massana et al. (1998) showed that
the majority of archaeal cells reside in the <0.8 pm
fraction in Antarctic waters. Lysis buffer (1.8 ml;
40 mM EDTA, 50 mM Tris-HCI, 0.75 M sucrose) was
added to the Sterivex filter units after filtration and
the samples were stored frozen at —20°C until nucleic
acid extraction.

Bacterioplankton cell abundance and leucine in-
corporation. Samples for bacterial abundance were
preserved in glutaraldehyde (1% final concentration),
stored at 4°C and enumerated, usually within 1 wk of
collection. Standard methods employing DAPI staining
and epifluorescence microscopy were used to enumer-
ate the bacteria (Porter & Feig 1980). In all cases, dupli-
cate filters (0.22 pm black polycarbonate, Millipore)
were prepared for each sample. Ten fields (averaging
>30 cells field™!; 3 ml for surface and 20 m samples,
and 5 ml for >75 m samples) were counted per filter.
The reported bacterial abundances were derived from
the average of duplicate counts.

SH-leucine incorporation into protein was measured
using standard methods (Kirchman et al. 1985). Seawa-
ter samples and formalin-killed controls were incubated
with 3H-leucine (180 Ci mmol~!, 10 nM final concentra-
tion) for 120 min at temperatures approximating in situ
conditions; averaging 15°C for surface, 14°C for 20 m,
11°C for 75 m, 10°C for 150 m and 9°C for 300 m samples.
After incubation, duplicated samples (5 ml for surface
and 20 m samples and 10 ml for 75, 150, and 300 m) were
filtered onto 0.2 pm pore-size membrane filters (Milli-
pore) in a multi-well filtration manifold (Millipore).
Macromolecules were precipitated by rinsing 3 times
with 3 ml of 5% ice-cold TCA and then 2 times with 3 ml
cold 80 % ethanol. The filters were dried for 1 h, and then
0.5 ml ethyl acetate was added to dissolve the filters. The
next day, scintillation cocktail (3.5 ml, Liquiscint, Fisher
Scientific) was added to the scintillation vials, and sam-
ples were counted using a liquid scintillation counter
(Beckman LS 5000 TA) with internal quench correction.
Rates of leucine incorporation were determined by sub-
tracting the DPM determined in the formalin-killed con-
trol, and then by converting DPM to picomoles of leucine
incorporated per hour.

Nucleic acid extraction. Nucleic acid extraction
and rRNA hybridization were as previously described
(Massana et al. 1997, Murray et al. 1998). Briefly, each
Sterivex filter was thawed and incubated at 37°C for
30 min in the presence of lysozyme (1 mg ml™!). Next,
proteinase K (0.5 mg ml™*) and SDS (1% final concen-
tration) were added, and the filter units were incu-
bated at 55°C while rotating for 2 h. Lysates were
recovered from each filter unit and the filters were
rinsed with 1 ml lysis buffer for 10 min at 55°C. The
lysates were pooled, and then extracted with an equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1,
pH 8.0), followed by extraction with an equal volume
of chloroform:isoamyl alcohol (24:1). The aqueous frac-
tion was washed 2 times with 1 ml TE (pH 8.0) in
a microconcentrator (Centricon 100, Amicon} and
reduced to 100-200 pl final volume. Nucleic acid con-
centration was determined for each extract using the
Hoechst dye assay (Paul & Myers 1982), and fluores-
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cence was determined with a fluorometer (TKO-100,
Hoeffer Scientific Instruments). DNA vyields varied
with depth of sample collection: 1.0 + 0.73 ng DNA 1!
seawater at 0 m (n = 62), 1.05 + 0.76 pg DNA I'! sea-
water at 20 m (n = 58), 0.70 + 0.41 ng DNA 1-! seawater
at 75 m (n = 60), 0.45 + 0.23 pg DNA 1"! seawater at
150 m (n = 24) and 0.46 + 0.24 ng DNA I"! seawater at
300 m (n = 24).

rRNA hybridization analyses. rRNA oligonucleotide
hybridization experiments for domain analysis of ar-
chaeal, bacterial and eukaryal rRNA in natural samples
(Stahl et al. 1988, DeLong 1992, Raskin et al. 1994,
Zheng et al. 1996, Massana et al. 1997, 1998, Murray et
al. 1998) were the primary tool used in this study.
Oligonucleotide probes specific to Eucarya (EUK 1209
GGG CAT CAC AGA CCT G, Giovannoni et al. 1988),
Archaea (ARCH 915 GTG CTC CCC CGC CAA TTC
CT, Amann et al. 1990b) and Bacteria (BACT 338 GCT
GCC TCC CGT AGG AGT Amann et al. 1990a), and 2
different planktonic groups within the Archaea, the
Crenarchaeotal Group I (GI 554 TTA GGC CCA ATA
ATC MTC CT, Massana et al. 1997) and the Eur-
yarchaeotal Group II (GII 554 TTA GGC CCA ATA
AAA KCG AC, Massana et al. 1997), were used for
all experiments (listed in the 5'-3' direction with
Escherichia coli numbering specified for the 5' base).
Two universal probes (UNIV 1392 ACG GGC GGT
GTG TRC, Pace et al. 1986 and UNIV1390 GAC GGG
CGG TGT GTA CAA, Zheng et al. 1996) were used
for normalization of the domain hybridization signals
(HS). Ribosomal RNAs representing each domain were
run with every set of experiments. The following 16S
TRNA standards were used: Eucarya: Saccharomyces
cervisiae; Bacteria: Pseudomonas nautica, E. coli, or
Cytophaga johnsonii; Archaea: Haloferax volcanii, Sul-
folobus solfataricus or Thermoplasma acidophilum. Ce-
narchaeum symbiosum rRNA was included in all ex-
periments as a control for GI rRNA. For most
experiments (n = 49), GI (2i) and GII (OAR22} plasmids
with TDNA inserts were used as controls. For some ex-
periments, starting 20 November 1996 and carrying on
through most of 1997 (19 total), IRNA transcripts pre-
pared from cloned rDNA plasmids GI:SB95-57 and
GII:SB95-77 (Massana et al. 1997) were used to normal-
ize the GI and GII probe data, as described by Polz &
Cavanaugh (1997).

All nucleic extracts were applied to nylon mem-
branes (Hybond-N, Amersham) using a slot blotting
apparatus. Nucleic acids and control IRNAs were de-
natured in 0.5% glutaraldehyde/50 mM Na,PO,, and
the plasmid DNA was denatured by boiling for 10 min.
Each membrane had 4 samples in a 6-fold serial dilu-
tion serles (starting with 50 ng) and rRNA controls for
each domain and archaeal group in 4-fold dilution
series. Six or 7 replicate membranes were prepared for

each set of samples. After the membranes were dry,
nucleic acids were UV-crosslinked to the membranes
(120000 pJ cm™? Stratalinker, Strategene). Mem-
branes prehybridized for 30 min at 45°C in hybridiza-
tion buffer (10 ml; 0.9 M NacCl, 50 mM Na,PO,, 5 mM
EDTA, 0.5% SDS, 10 x Denhardt’s solution, 0.5 mg ml™!
polyadenosine), and then rRNA oligonucleotide probes
endlabeled with 3*P were added. After hybridization
for 8 to 16 h, the blots were washed for 30 min at room
temperature and then for 30 min at the high stringency
wash temperature for each probe (37°C for UNIV 1392
and EUK 1209, 45°C for BACT 338 and UNIV 1390,
56°C for ARCH 915, and 40°C for GI 554 and GII 554)
in pre-warmed wash buffer 1XSET/1% SDS (1XSET:
150 mM NaCl, 20 mM Tris-HCI pH 7.8, 2 mM Nas,-
EDTA). After drying, membrane hybridization signals
were quantified with a radioanalytic gas proportional
counter {Ambis, Scanalytics).

The HS of each domain was calculated as previously
described by Murray et al. (1998). The amount of
domain-specific probe bound per unit picoplankton
rRNA was determined, and slopes were then multi-
plied by a probe-specific correction factor {universal
probe bound per unit control rRNA x domain-specific
probe bound per unit control TRNA™Y) and divided by
the amount of universal probe bound per unit
picoplankton rRNA. Archaeal, bacterial and eucaryal
HS were expressed as percentages of the universal
probe binding. The GI and GII archaeal HS were cal-
culated in the same manner, except that the slopes
were multiplied by a group-specific probe correction
factor (archaeal probe bound per unit control rRNA x
group-specific probe bound per unit control rRNA™Y)
and were then divided by the amount of archaeal
probe bound per unit sample rRNA. The GI HS was
multiplied by the percent archaea and is therefore
expressed as a percent of the universal slope (desig-
nated GI HS,3q,), since native GI rRNA is available as a
control (Preston et al. 1996). The GII data were nor-
malized to a plasmid rDNA control in most cases. Once
a GII rRNA transcript was available, the GII probe data
were normalized to the transcript. The GII tfRNA HS
was always expressed as a ratio of normalized GII
slope:archaeal HS and was designated GII HS, . .ca.

Both universal probes were used in most experi-
ments (n = 177 UNIV 1390, and n = 236 UNIV 1392) to
evaluate the differences between these probes, since a
report by Zheng et al. (1996) suggested a bias to
archaeal TRNA with the UNIV 1392 probe, which was
confirmed by other studies (Massana et al. 1998, Mur-
ray et al. 1998, 1999). The data in this report have been
normalized to the UNIV 1392 probe. However, since
the majority of experiments were conducted with both
probes, we empirically determined that the UNIV 1392
probe overestimates the archaeal signal by a factor of
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2.09 (+ 0.94 SD, n = 177, Murray 1998) as determined
by the ratio of the archaea HS;39; to archaea HS,3q0.
This ratio is almost identical to ratios determined for
other studies investigating the Antarctic archaea (Mas-
sana et al. 1997, Murray et al. 1998, 1999).

Data analysis. Pearson correlation coefficients were
calculated to determine the relationships between the
measured planktonic variables and environmental
variables. Nominal correlation coefficients of r = 0.3
and significance levels of p < 0.05 were chosen,
although all p-values less than 0.05 are shown in the
results. Spearman rank correlations were also calcu-
lated with the same data set to determine whether out-
liers in the data set were skewing the Pearson correla-
tion results. Stepwise multiple regression analyses
were conducted using both forward and backward
selection procedures to help identify the physical,
chemical, and biological (independent) variables that
were most useful in explaining or predicting the ar-
chaeal HS, bacterial abundance, and the leucine incor-
poration rate (dependent variables). Forward models
add independent variables in the order of their ability
to predict the dependent variable, and backward mod-
els start with all variables in the model, and remove the
ones that are least useful in predicting the dependent

variable. Default settings employing the partial F-ratio
as criteria for adding or deleting variables were used.
Statistical analysis was performed with StatView ver.
5.0 (SAS).

RESULTS

Oceanographic conditions in the SBC,
January 1995 to August 1997

Contour plots displaying annual variation through
the upper 75 m of temperature, chl a, and NO,,; con-
centrations are shown in Fig. 1. There was a high de-
gree of interannual varation in chl a concentration,
which coincided with interannual variations in temper-
ature and inorganic nutrient concentration. The data
collected in 1995 showed intense phytoplankton
blooms (indicated by chl a concentrations exceed-
ing 39 pg I'! at the surface), coincident with low
temperatures, and higher salinity and density. The
data collected in 1996 showed less variability than
that observed in 1995, though spring phytoplank-
ton blooms were detected (chl a concentrations ap-
proached 10 pg 1! on 2 occasions in surface waters). In

Depth

Chiorophyll a (pg/L)

T

Depth

Depth

Fig. 1. Contour plots of chl a concentration (pg I'!), NO,,; (1M} and temperature (°C) at Santa Barbara Mooring Stns 1 and 2

(SBMS1 and SBMS2) throughout the time series. Contours for chlorophyll are 1 pg 1", although the scale was not appropriate for

spring 1995, where concentrations were as high as 39 pg I"'. Contours are 2 pm for NO,,; and are 1°C for temperature. Sample

collection depths are shown with dots for chlorophyll and NO,,;. Temperature data were measured with a CTD, and
averaged into 1 m bins
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1997 the SBC experienced conditions brought on by El
Nifo, including low winds, early surface stratification
and low nutrients. These conditions likely influenced
the lack of chl a accumulation in surface waters in
spring 1997 (chl a concentrations peaked at 5.5 pg I!
11 June, Fig. 1). Overall temperatures (for the 32 mo
time course) were more stable at depth (10.5°C, CV =
0.07 at 75 m as compared to 15.6°C, CV = 0.14 at the
surface).

Several water masses and mixtures thereof are found
in the SBC. Based on recent work by Winant et al.
(1996), the water most commonly sampled at SBMSZ2 in
our 32 mo study had the temperature/salinity charac-
teristics of SBC and Upwelling water masses. Tempor-
al variability in water mass was high particularly

1005 Thon dif

orant
when differe

rent water

in spring-carly summer
masses were sampled on almost every

sampling date. During spring 1996,
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individual hybridization experiments using the do-
main- and group-specific probes. Standard deviations
averaged 23.8, 9.7, 3.9, 24.7 and 12.9% (over 3 depths)
of the total HS calculated for EUK 1209, BACT 338,
ARCH 915, GI 554, and GII 554 probes respectively.
Identical TRNA controls were used in nearly all
hybridization experiments. Evaluation of experimental
correction factors {(cf. universal probe bound [group-
specific HS]™!) determined for each probe also indi-
cated minimal variation. The cf for the probes normal-
ized to the UNIV 1392 probe ranged as follows for a
total of 68 experiments: 1.05 + 0.35 for EUK 1209,
0.36 + 0.19 for BACT 338, 043 + 0.16 for ARCH 915,
1.50 + 0.54 for GI 554 normalized to Cenarchaeum
symbwsum TRNA, 1.48 + 0.54 for the GI 554 normal-
cd to the Gl plasmid DNA, and 1.33 £ 0.72 when nor-

izcd to the

upwelling water was sampled on every
occasion, in contrast to spring 1997
when samples from only 3 dates indi-

Table 1. Summary of hybridization, prokaryote abundance, and leucine incor-
poration data collected at Santa Barbara Mooring Station (SMBS2) from 23 May
1995 to 20 August 1997. The hybridization signal (HS) values are expressed as
percentages of UNIV 1392 or archaeal probe binding, as indicated by subscripts

cated upwelled water, likely a result of
El Nino conditions in the channel. The

(see ‘Methods’)

salinities in all samples from mid-July
to December generally indicated SBC Variable Depth (m) Mean SD Min. Max. cv n
water. The depth of the mixed layer Arch HS 0 0 801 820 070 49.00 1.02 53
{MLD) was defined by the depth at 20 1147 1050 170 5330 092 52
which the change in temperature was 75 31.02 13.80 6.37 61.60 0.45 53
0.5°C lower than the temperature at ;(5)8 g‘;fg gii jgg g;gg 835 gi
2 m (data was binned at 1 m depth GI HS 30, 0 063 083 000 359 068 52
intervals, and also checked at changes 20 1.95 248 0.00 11.11 127 52
in temperature of 0.1 and 0.2°C). 75 2227 11.07 584 5160 050 52
150 23.59 8.99 5.56 41.45 0.38 22
300 30.49 9.52 10.54 46.13 031 21
. . . a . . 0. 1. 0.83 2
Methodological considerations GII HSarchaea 28 gjg 8_:; Ogg 122 0.90 22
75 0.12 0.12 0.00 0.54 1.02 52
In this study we used small subunit 150 0.08 0.10 0.00 0.39 1.33 25
rRNA oligonucleotide probes to esti- FUK HS 308 2222 13;0 828 eggé (1)23 23
: o 1302 ) 55 10 ) . 4
ma.te the relative contributions of bac- 20 2301 1217 310 57.10 051 48
teria, eukaryotes and archaea, and 2 75 028 5.59 0.00 95 50 060 47
archaeal subgroups (GI and GII) to es- 150 582 534 0.00 21.60 092 22
timate the <1.0 pm picoplankton frac- 300 6.51 545 0.00 21.70 0.84 23
tion in the SBC at 5 different depths BACT HS39, 0 77.13 18.28 38.20 132.00 0.24 48
. 20 73.88 24.21 31.80 139.70 0.33 48
over a 32 mo period. Attempts were 75 5031 17.04 1530 9610 034 47
made throughout this study to use con- 150 41.14 938 26.20 56.80 0.23 22
sistent sample processing and extrac- 300 44.53 1245 23.00  69.80 0.28 23
tion procedures_ The amount of nu- Prokaryots abun—l 0 10.57 3.62 4.56 27.90 834 54
: : : : dance (10° cellsI”') 20 9.60 3.99 4.26 26.90 42 54
cleic acid required for sample analysis - 166 136 154 260 029 54
(and total numbers of samples ana- 150 414 159 196 8.78 039 25
lyzed) precluded analysis of replicate 300 3.94 1.30 1.63 6.81 033 24
samples on a regular basis. However, Leucine incorpor- 0 580.28 52444 5450 2840.00 0.90 30
to provide an approximation of the ex- ation (pM h™) 20 349.55 269.87 2430 95090 077 30
. .. 75 32.00 28.41 1.20 116.60 0.89 30
perimental precision of the HS de- 150 2205 1723 314 6439 078 16
terminations, experiments were con- 300 1011 12,65 000 4540 1.25 15

ducted to assess the variability within
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malized to the GI rRNA transcript. The cf for the GII
554 probe was 1.21 + 0.72 when normalized to GII plas-
mid rDNA and 4.00 + 2.02 when normalized with the
GII 57-95 rRNA transcript. Due to the differences in the
binding efficiencies of the probe to the plasmid rDNA
and the rRNA transcript, the GII signals reported in the
majority of the experiments estimated by correction
with the plasmid DNA may be underestimated by a
factor of 4. The GII rRNA transcript was likely more
representative of native rRNA, since slopes normalized
with the correction factors derived using the transcript
data averaged 0.57 + 0.45 of the archaeal signal, in
contrast to 0.15 + 0.19% when the GII plasmid DNA
was used as a control.

shown in Fig. 2. The surface archaeal signal was sub-
stantially lower than the samples from 75 m and
deeper (see averages in Table 1). The lack of agree-
ment between the GI and archaeal HS,34; in the upper
20 m suggested that GII was responsible for the ma-
jority of the archaeal signal in surface waters. De-
tectable rRNA HS from GII archaea was almost exclu-
sively limited to the upper water column (20 m and
above, Fig. 3). Temporally, the GII archaeal signal was
quite variable, as indicated by the reported SDs and
CVs (Table 1). Intermittent surface ‘blooms’ in archaeal
HS 39, were associated with peaks in the GII HS, i 1e4-
The GI HS,;chaea Dever exceeded 11.4% in surface
waters or 20.8 % in 20 m waters throughout the study.

Picoplankton composition in the SBC

The results of the hybridization experi-
ments are summarized in Table 1. The
archaeal HS in surface waters averaged
approximately 10% of the bacterial sig-

nal (8% of the UNIV HS,q,), and 33 % of 60
the eucaryal signal in the cellular frac-
tion passing the 1.0 pm GF/F filter.
Deeper in the water column, the relative
contribution of the archaeal HS was
higher, approachead that of the bacterial

20m

HS (average 39.2 compared to 44.5% HS
at 300 m), and greatly exceeded the
eucaryal HS by a factor of 6 (Table 1).
Variability in the archaeal signal indi-
cated by the coefficient of variation (CV)
showed that the archaeal HS was much

Archaea and Gl Hsmv (%)

more variable in surface waters (1.02)

compared to depth (0.34 at 300 m). The
eucaryal HSj39; was consistently low
since only the less than 1.0 pm cellular
fraction was collected, and decreased
from 24.4% at the surface to 6.5% at
300 m. The vanability of the eucaryal

signal increased with depth (CV 0.52 in

surface waters compared to 0.92 at 150 m)
while the bacterial HS dominated the
rRNA at all depths (61.4 + 23.3% HS30,
over all depths) and was more stable,

Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul

1995 | 1996 | 1997

with CVs ranging between 0.23 and 0.42 104

for all depths investigated. 0
The crenarchaeotal (GI) and eur- Jan

yarchaeotal (GII) planktonic archaea |

were found to consistently inhabit dis-
tinct depth strata in the water column.
The archaeal and GI hybridization data
for discrete samples at 5 depths sampled
throughout the 32 mo time series are

Fig. 2. Temporal variability in the hybridization signal (HS) at SBMS1 and

SBMS?2 between 1 January 1995 and 20 August 1997. Archaeal (@ and

and GI (A and - - - -) HS 39, represented as percents of the universal HS were

plotted for each depth from which samples were collected. (The archaeal
HS 44, Overestimates the archaeal HS ;g by a factor of 2)

)
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transcript (which had a correction factor 4-fold higher than for the same probe
binding the GII plasmid encoded DNA)
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The GI HS was substantially higher at
depths 275 m (accounting for 70.1% of
the archaeal signal and 22.2 to 30.5% of
the universal HS; 345}

Selected vertical profiles of archaeal
rRNA from 5 dates in 1996 (Fig. 4) de-
monstrate the dynamic nature of plank-
tonic archaeal distribution in the water
column. Occasional increases of archaeal
rRNA in surface waters were not ex-
plained by the GI HS. In late summer and
fall 1996 there was a peak at 150 m of
both archaeal and GI rRNA. At depth, the
GI HS dominated the planktonic archaeal
signal. In total, profiles collected from 22
hydrocasts to 306 m (with data collected
from all 5 depths) indicated peaks in the
archaeal signal at 75 m for 23% of the
casts, and at 150 m for 18% of the casts.
The remaining majority of hydrocasts
(59%) indicated the highest relative ar-
chaeal rRNA abundance at 300 m.

Correlations between the archaeal HS
and water column physical conditions
were investigated, but did not indicate
any significant trends. Distinct changes
in % archaeal HS were detected within
the same water mass (at least on the res-
olution of the time series), as well as in
different water masses {Murray 1998).
Detailed examination of variability in
temperature measured at high frequency
(every 1.5 h) using temperature data log-
gers (Hobo Temp) in 1996 and 1997 did
not show a correlation between tempera-
ture and archaeal HS at the surface or 75 m
(data not shown). Linear regression of
the archaeal, GI and GII hybridization
data with the MLD did not indicate a sig-
nificant relationship between archaeal
distribution and the depth of the upper
mixed layer (Murray 1998). Collection of

Fig. 4. Vertical profiles of archaeal and GI
HS,44; during different seasons throughout
1996. In all cases: (@ and ) archaeal
HS, 5, and (A and - - - -} Gl HS34;. Temper-
ature is shown with the thicker solid line, data
collected with a SBE19 CTD. Water column
conditions were: (A} Vertically mixed water
column, deep thermocline {75 m}; (B) typical
spring upwelling conditions, weak thermo-
cline at 45 m; (C) development of stratification,
shallow surface mixed layer (upper 10 mj; (D)
stratified upper water column with intense
thermocline; and (E) breakdown of the ther-
mocline
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Fig. 5. Temporal variation in prokaryote abundance (DAPI-

stained cells x 10% celis I"!) (@ and ) and leucine incor-

poration rate (pM h™!) (A and - - - -) at SBMS 1 and SBMS2

at all depths sampled. Different scales were used to account
for changes in abundance and activity with depth

samples at only 5 depths might not have provided suf-
ficient resolution to reveal the actual in situ vertical
distributions.

Prokaryote abundance and leucine incorporation
data for the 32 mo study are shown in Fig. 5 and sum-
marized in Table 1. Cell concentrations in surface and
20 m waters were consistently 2-fold higher than
counts at 75, 150, or 300 m. Prokaryote abundance
determined by counting DAPI-stained cells showed lit-
tle variation at all depths, with the CV ranging be-
tween 0.29 and 0.42. Cellular abundance did not show
a significant seasonal signal, though one dramatic
increase at the surface (approaching 3 x 10° cells I"! on
28 May 1996) coincided with a phytoplankton bloom
and POC accumulation. Two bacterioplankton blooms
at 20 m {(approaching 3 x 10° cells 1!) coincided with an
increase in temperature (September 1995}, after a mid-
winter phytoplankton bloom (when chl a concentra-
tions were 4.27 ug I'' on 20 December 1995, and
3.16 ug I'! on 9 January 1996), and accumulated POC

in the upper water column (338 ng 1! on 20 December
1995 and 181 pg 1"! on 9 January 1996). Leucine incor-
poration rates were much more variable than the
prokaryote counts at the same depths, showing only
significant activity in the surface and 20 m samples.
The average at 75 m was more than a factor of 10-fold
lower than the activity at 20 m. Peaks in bacterial activ-
ity (inferred from leucine incorporation), particularly
for the 20 m samples, were observed in spring and
summer of 1996 and 1997.

Statistical analyses

Significant differences were found between the
oceanographic parameters recorded at the 2 buoy
locations (SBMS1 and SMBS2). When the 2 data sets
(SBMS1 and 2, and SBMS2 only) were compared by
t-test, temperature, chl a, C:N ratio, eucaryal and bac-
terial HS;39;, were all significantly (p £ 0.05) higher in
the SBMS1 and 2 data set. Sigma-t and the GI HS,3q;
were significantly higher in the SBMS2 data set.
Together these findings implied that the 2 sites were
substantially different and the data sets should be con-
sidered separately. The SBMS2 data set was evaluated
by correlation and stepwise regression analysis, since
a more complete data set (22 mo) was available for that
location.

A large number of pairwise correlations were con-
ducted in this study (378). With such high numbers
of experiments, the chance of getting 1 or more signif-
icant results can be much higher than the chance for
any individual test, so that the tests should not be
taken as decisive. We have presented p-values (p <
0.05, Fisher’s Z-test) for fair consideration of the signif-
icance of these data.

Multiple pairwise correlation results are summarized
for the archaeal, GI and GII HS data (Table 2A) in
which the correlation coefficients were determined for
the archaeal HS data compared to environmental
parameters. In most cases significant (p < 0.05) Pearson
correlations were also significant (p £ 0.05) with the
Spearman rank correlation. In the surface waters total
archaeal HS,;q4, correlated positively with NO,~, and
the GII signal was correlated with stratified conditions
(negative correlations with sigma-t, NO,™ and eucaryal
rRNA). The small GI signal in surface waters was cor-
related with conditions indicative of upwelled water
(negative correlation with temperature, positive corre-
lation with sigma-t, NO,,5”, PO,%" and SiO,). Note that
nitrite was determined between 6 November 1996 and
20 August 1997, whereas the combined nitrate and
nitrite concentrations were determined throughout the
entire study. At 20 m similar results were found. The
archaeal signal was correlated positively with NO,~
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and PO,*", and negatively with bacterial rRNA HS. GI
levels correlated with characteristics of upwelled
water. Negative correlations were also significant
between the GI HS and POC, PON, and GII rRNA,
which is consistent with speculations that the GI and
GII inhabit distinct water column strata, and that the
GI planktonic archaeal TRNA is not found in conditions
of high biomass (Murray et al. 1998, 1999). The GI sig-
nal also showed a positive relationship with NO,™. The
positive correlations with NO,™ are suggestive of a
relationship, but are not as strong as for the other vari-
ables measured due to the low number of samples in
which nitrite was measured (n = 20).

Correlations between environmental variables pro-
karyote abundance, leucine incorporation, and chl a
concentrations are summarized in Table 2B. Condi-
tions in the surface waters showed a significant posi-
tive correlation between prokaryote abundance and
leucine incorporation with POC. Leucine incorporation
was also positively correlated with chl a. Chl a levels
correlated significantly with upwelling conditions (low
temperature and higher sigma-t), fluorescence and
POC. At 20 m similar findings suggested the occur-

139

rence of higher prokaryotic abundance with fluores-
cence, chl a, and bacterial rRNA. Leucine incorpora-
tion also covaried with chl a and POC, though the cor-
relation coefficients were not as high as those
determined for the surface samples. Prokaryote abun-
dance at 75 m correlated negatively with salinity and
positively with fluorescence and eucaryal rRNA (sug-
gesting intermittent mixing conditions). Leucine incor-
poration at 75 m was positively correlated again with
chl a as was seen in the surface waters. Linear regres-
sions of prokaryote abundance or leucine incorpora-
tion and temperature at each depth sampled indicated
that there was no significant correlation between these
variables in the SBC.

Stepwise regression analyses conducted on the GI
and GII HS,34, data (Table 3) supported the results of
the correlation analysis, and indicated variables poten-
tially significant in influencing the archaeal group HSs
determined. In the surface waters, the variables used in
the analysis did not account for the variability in either
archaeal subgroup. At 20 m, POC and NO,,;” con-
tributed to 41 % of the variability in the GI archaeal sig-
nal. The variance in the GII HS was not due to the vari-

Table 3. Summary of stepwise regression results for the SBMS2 data set. All independent variables listed were included in the

analysis, only significant variables left in the model are reported. All variables except GII HS, temperature and salinity were log

transformed due to non-normal distributions. Colinear variables with correlation coefficients >20.8 were not analyzed. Both for-

ward (F) and backward (B) stepwise regressions (Reg.) were performed. The GII data normalized with the rRNA transcript were
not included in the analyses. Probability values £0.05 are indicated in bold

Dependent Depth — Independent variables - = R? p-value Reg. n
variable (m) Temp. Salinity Log Log Log Log Log Log
(°C) (%0) chla POC C:N NO,,;” prokaryote leucine

Log GI HS3q; 0 0.365 - 0.088  0.0627 B 40
GII HSrchaes 0 0.020 -0.314 - 0.085 0.2654 B 33
Log prokaryote 0 - 0.198 0.184 0.0365 F+B 24
Log leucine 0 0.053 -1.215 1.365 - 0.604 0.0003 F+B 24
Log GI HSy34; 20 -0.847 0.627 - 0.413 <0.0001 F+B 38
GII HS chaea 20 -0.385 0.580 - 0.040 0.5194 B 35
Log prokaryote 20 - -0.083 0.068 0.2279 B 23
Log leucine 20 1.004 -0.359 2.489 - 0.711 <0.0001 B 23
Log GI HSy392 75 ~0.115 -0.121 0.238 -0.390 - 0.242  0.0206 B 46
GII HSchaes 75 0.037 - 0.132 0.0294 F+B 36
Log prokaryote 75 0.091  0.356 0.386 - 0.355 0.0362 B 23
Log leucine 75 -0.191 0.242 0.652 - 0.338  0.0451 B 23
Log GI HS 30, 150 0.104 - - - - - 0.057 0.3570 B 17
GII HS, chaea 150 - - - - 0.094 - 0.085 0.3345 B 13
Log prokaryote 150 0.184 - - - - - 0.232  0.1129 B 12
Log leucine 150 2.341 - - - - 0.270  0.0833 B 12
Log GI HS 30 300 0.135 - - - - 0.124  0.1803 B 16
GII HSrchaes 300 - - - - 0.062 - 0.256  0.1354 B 10
Log prokaryote 300 1.409 - - - - - -0.249 0.490 0.0679 B 12
Log leucine 300 2.804 - - - - -0.143 - 0.391  0.1377 B 11
Log GI HSq39, 0, 20, 75 -0.080 ~0.240 0.582 -0.781 - 0.767 <0.0001 F+B 124
GII HSchaee 0,20,75 0.019 -0.265 0.031 - 0.207 <0.0001 B 104
Log prokaryote 0, 20, 75 0.024 0.224 - 0.080 0.586 <0.0001 F+B 70
Log leucine 0,20, 75 0085 0.424 0.917 - 0.762 <0.0001 F+B 70
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ables in the model. Though significant, the measured
variables at 75 m only accounted for 24.2 and 13% of
the Gl and GII HS variability respectively. When all the
data (0, 20 and 75 m) were analyzed together, a sub-
stantial component of the archaeal GI signal (77 %)
could be accounted for by a weak negative relationship
with temperature, stronger negative relationship with
chl a and prokaryote abundance, as well as a strong
positive relationship with NO,,,". Positive relationships
with temperature and chl &, and a negative relationship
with salinity explained 21 % of the variability in the GII
signal (when the 0, 20, and 75 m data were pooled).

Analysis of the stepwise regression model for the
prokaryote abundance and leucine incorporation data
indicated that at times the model could account for the
majority of the variability observed. The majority of the
variability in the leucine incorporation data in surface
waters (60 %) was due to a strong positive relationship
with POC concentrations, a weak relationship with
temperature, and a strong negative relationship with
salinity. At 20 m, the model did not explain the vari-
ance in the abundance data very well (r? = 0.07), yet
the variables {chl a concentration, C/N ratio and POC)
did account for the majority of the variance in the
leucine incorporation rate (r? = 0.71). At 75 m, 36 % of
the variance in the abundance data could be explained
with positive relationships with POC, salinity, and a
weak relationship with temperature. Similarly, 34 % of
the variance in the leucine incorporation data was
attributed to positive relationships with POC, chl a,
and a negative relationship with temperature. Deeper
in the water column {150 m) the model did not explain
the majority of the variance in either the prokaryote
abundance or leucine incorporation rate data set.
When data from the upper 75 m were combined the
model accounted for 59 and 76 % of the variance in the
abundance and leucine incorporation rate respec-
tively, where POC and chl a concentrations were
clearly the most influential factors on the prokaryote
community, with a smaller positive relationship with
temperature.

DISCUSSION

Cultivation independent studies of natural prokary-
otic assemblages employing DNA sequencing of small
subunit TRNA genes have identified a variety of phylo-
genetically diverse, new marine prokaryotic groups
(i.e. Giovannoni et al. 1990, Schmidt et al. 1991, De-
Long 1992, Fuhrman et al. 1992, 1993, DelLong et al.
1993, Giovannoni et al. 1996, Gordon & Giovannoni
1996, Field et al. 1997, Wright et al. 1997). However,
little is known about the biology and ecology of many
of these groups. In this study we have used rRNA tar-

geted oligonucleotide hybridization experiments to
monitor variability in picoplankton rRNA at several
depths over a long-term (32 mo} period. Other biologi-
cal, chemical, and physical oceanographic characters
were sampled simultaneously so that the hybridization
data could be interpreted in light of associated envi-
ronmental conditions. This study focused on investi-
gating the planktonic archaea, which have been de-
tected in a variety of oceanic locations and environ-
ments including the SBC (DeLong 1992, Massana et al.
1997) and the nearby Southern California Bight (Fuhr-
man et al. 1992). The results of the present study indi-
cate that the planktonic archaea are cosmopolitan res-
idents of all coastal water masses sampled. Neither GI
or GII planktonic archaea have been cultivated yet.
Their physiology and ecological function are likely
very different from their closest known phylogenetic
relatives, the sulfur-dependent hyperthermophiles
(GI) or the thermoplasmales (GII). This renders deter-
mination of their ecological roles speculative. Never-
theless their importance as a significant component of
the picoplankton biomass is very evident from this and
other studies.

Ribosomal rRNA hybridization proved to be a valu-
able means for monitoring long-term variability in the
picoplanktonic assemblage. High replication and low
variability in experimental correction factors for over
67 experiments indicated a reasonably high precision
in the experimental protocol. These experiments are
not subject to PCR amplification biases, since total
TRNA was used as the target. However, the results are
still subject to biases and varnability in sample prepara-
tion, nucleic acid extraction and hybridization experi-
ments. Interpretation is also limited by the calculation
of relative TRNA abundances, rather than absolute val-
ues. This is also further complicated by the physiologi-
cal variability of cellular TRNA content. Variations in
TRNA could reflect changes in absolute cell numbers,
physiological state, or a combination of both.

Abundance and activity of the SBC
prokaryotic assemblage

Bacterioplankton abundances determined by enu-
merating DAPI-stained cells were generally consist-
ent within a given depth and were similar to ranges
reported for the Southern California Bight region
(Geesey 1993). Peaks in prokaryote abundance oc-
curred in January, May and September in different
years and coincided roughly with or after periods of
high chl a concentration or temperature increases.
Overall, the relationship between bacterial abundance
and chl a concentration was variable and deviated
from described empirical relationships (Bird & Kalff
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1984, Cole et al. 1988), though as described by
McManus & Peterson (1988), the relationships
between bacteria and chlorophyll may hold on a large
scale, but at smaller scales other factors are likely
important.

The relationship between abundance versus activity
has been used to infer relative importance of bottom-
up (nutrient limitation) and top-down (removal) pro-
cesses (Billen et al. 1990), where slopes >0.7 are
indicative of strong bottom-up control (Shiah & Duck-
low 1995) and slopes of 0.4 to 0.55 suggest moderate
control by bottom-up processes (Dufour & Torreton
1996). Linear regression between log prokaryote abun-
dance and log leucine incorporation rate (Fig. 6A) indi-
cated that prokaryotic abundance and activity were
not directly coupled (slope 0.21, r? = 0.53). From this we
can rule out control by bottom-up processes, and sug-
gest that top-down processes such as grazing, sedi-
mentation, or advection (which influence the relation-
ship in a similar fashion) could be important factors in
controlling the SBC prokaryote assemblages. Even
though we did not measure all of the related parame-
ters to discriminate between these different ecosystem
regulation processes, this result is in agreement with
Saunders et al. (1992), who demonstrated that top-
down control processes were important in coastal and
eutrophic environments, and bottom-up controls were
more important in oligotrophic environments.

Most peaks in leucine incorporation rate were
observed in April, May and at the end of September,
and were found to correlate more significantly with chl
a concentration and POC concentrations than for the
prokaryote abundance data (Table 2b, Fig. 6). The lin-
ear regressions between log prokaryote abundance
and log chl a concentration indicated no relationship
between absolute cellular abundances of prokaryotes
and phytoplankton in this system (Fig. 6B). The linear
regression between log leucine incorporation and log
chl a concentration indicated a significant relationship
(slope 0.86, r* = 0.55, Fig. 6C). Similar relations have
been described for estuarine (Hoch & Kirchman 1993)
and lake systems (Sommaruga & Conde 1997). Also,
unlike estuarine ecosystems which have been studied
in recent years, where temperature was clearly the
controlling environmental factor (Shiah & Ducklow
1995, Goosen et al. 1997), prokaryote abundance in the
SBC seemed to be independent of temperature control
(though a peak in September did correlate with sur-
face warming). Even though there was an 8°C spread
in temperature at both the surface and 20 m through
the annual cycle (12 to 20 or 10 to 18°C, respectively),
these temperatures may exceed the range for which
this relationship holds (<12°C, Hoch & Kirchman 1993).

Several possibilities could account for the lack of
relationship between the prokaryote abundance data

and measured parameters. The absence of a relation-
ship between chlorophyll concentration and bacterial
abundance suggests that other factors such as all-
ochthonous carbon (potentially advected with up-
welled water masses), or other top-down controls could
play important roles in controlling bacterioplankton
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populations. DOC, which we did not determine, might
have considerable influence on variability. One as-
sumption often made regarding bacterioplankton as-
semblages is that as a whole they would react to envi-
ronmental controls similarly. It is quite possible that
there are independent controls affecting different
groups of planktonic prokaryotes (Hollibaugh 1994).
The factors influencing the SBC bacterioplankton
assemblage are probably therefore the result of a com-
bination of controls such as diurnal mixing (Shiah &
Ducklow 1995), substrate quality and quantity (Chin-
Leo & Benner 1991), temperature (e.g. Shiah & Duck-
low 1995, Goosen et al. 1997}, and top-down influences
such as bacterivory (e.g. del Giorgio et al. 1996).

Planktonic archaeal variability and ecology

The planktonic archaea are a conspicuous member
of the planktonic assemblage in the waters of the SBC.
Lower archaeal rRNA relative abundances were de-
tected in most surface water samples, although infre-
quent blooms exceeding 15 % HS 39, were observed on
at least 7 occasions over the 32 mo period. Unlike the
dramatic seasonal variation in rRNA abundance seen
in the Antarctic surface waters (Murray et al. 1998), the
pattern of archaeal rRNA abundance was not strongly
seasonal in SBC surface waters. This long-term study
extended and verified preliminary observations that
members of the planktonic Gl {Crenarchaeotea) and
GII (Euryarchaeota) inhabit distinct depth zones in the
water column and supports the concept that these
2 groups are governed by different environmental con-
trols (Massana et al. 1997).

Vertical stratification in bacterioplankton groups
defined by 16S rDNA phylogenetic relationships
appears to be a consistent feature of both the coastal
and open ocean. Layering in the water column, the
most important factor controlling primary production
{Michaels et al. 1994), results in creating unique strata
differentiated by chemical and physical conditions
which partially define the biological community. As
suggested by others (Giovannoni et al. 1996, Gordon &
Giovannoni 1996, Field et al. 1997, Wright et al. 1997)
stratification in the water column appears to have led
to specialization and selection of distinct phylogenetic
groups adapted to specific regions of the water col-
umn, sometimes within highly related tDNA phyloge-
netic clusters (Field et al. 1997, Moore et al. 1998). In
this study, the distributions of the 2 archaeal groups
were overlapping but distinct.

The GII HS accounted for the majority of the
archaeal HS in blooms detected at the surface and
20 m. The GII HS did not correlate with upwelling con-
ditions, or with upwelling water masses. GII blooms

did not covary with chl a (Table 2) unlike other upper
water column associated picoplankton (i.e. Chisholm
et al. 1988, Gordon & Giovannoni 1996}, though some
peaks in surface-associated GII rRNA (4/9) succeeded
phytoplankton blooms (>2.5 pg 1! chl a). Stepwise
regression models with the environmental variables
available did not explain the majority of the variability
in the GII HS. Based upon the observation of higher
archaeal signals in surface waters following periods
of increased phytoplankton abundance, the GII
archaea could be heterotrophs supported by DOC ex-
udates from phytoplankton. However we cannot at
present rule out possible photoautotrophic or photo-
heterotrophic modes of growth for GII archaea.

The GI archaea appear to be the predominant phylo-
genetic type found at 75 m and deeper in SBC waters.
There was a moderate degree of variability in the
archaeal HS 39, at 75, 150, and 300 m though the val-
ues rarely dropped below 20%. When detected in sur-
face waters, the GI signal correlated with upwelled
water characteristics (low temperature, high salinity
and density, and high nutrient concentrations), pos-
sibly indicating transport of these cells with the
upwelled water. At 75 m and below, neither the mea-
sured environmental variables, nor correlations with
water mass changes could explain the variability
observed in the GI HS. Negative correlations with bac-
terial TIRNA (r = -0.44, p = 0.002), and a negative rela-
tionship with prokaryotic abundance in the stepwise
regression model, suggested that the GI archaea were
not dominant at times of high bacterial biomass or
activity. This finding is consistent with other studies
conducted in the Antarctic {Massana et al. 1998, Mur-
ray et al. 1998, 1999), where the GI archaea were only
detected in appreciable amounts in surface waters dur-
ing relatively low biomass and low productivity peri-
ods (austral winter). The correlation analysis indicated
a positive relationship between the GI HS and NO,”
concentrations. Regressions for both the 20 and 75 m
data were weak but significant (r> = 0.28, p = 0.017%,
n = 20, and r? = 0.22, p = 0.036, n = 20, respectively).
The subsurface maxima in nitrite was approximately at
40 m in the SBC. This finding is suggestive of a poten-
tial connection and suggests further avenues of inves-
tigation.

In combination with other reports (Fuhrman & Davis
1997, Massana et al. 1997) it appears that the plank-
tonic GI in temperate regions are consistently abun-
dant in the subsurface (below the thermocline), sug-
gesting specific adaptation to aphotic, inorganic nutrient
rich, low temperature oceanic regions. Several lineages
in the domain Bacteria have also been found to harbor
similar subsurface distributions, suggesting the exis-
tence of a well-defined subsurface prokaryotic assem-
blage (Gordon & Giovannoni 1996, Giovannoni et al.
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1996, Field et al. 1997, Wright et al. 1997, Murray et al.
1998). Inferring the ecological roles of uncultivated
microorganisms, particularly those with no close culti-
vated phylogenetic relatives, will always be challeng-
ing. Detailed studies of their ecological distributions
and variability will provide some of the necessary data
to meet this challenge.
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