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Abstract

Polyribonuclectide probes targeting planktonic archaeal (Group | and Il) and bacterial rRNA revealed that Ar-
chaea comprised a significant fraction of total prokaryote cell abundance in the marine waters west of the Antarctic
Peninsula. Determinations of Archaea and Bacteria cell abundances were made during two research cruises to the
Palmer Long-Term Ecological Research region during the austral winter and summer of 1999. During the austral
summer, surface water abundances of Group | (Gl) Archaea were generaly low, averaging 4.7 X 10° cells ml—*
and accounting for 1% of the total picoplankton assemblage. The abundance of Gl Archaea increased significantly
with depth, averaging 2.1 X 10* cells ml - and comprising 9—-39% of the total picoplankton abundance in the meso-
(150—1,000 m) and bathypelagic (1,000-3,500 m) circumpolar deep water (CDW). Relative to summertime distri-
butions, Gl cells were more evenly distributed throughout the water column during the winter, averaging 10% of
the picoplankton in the surface waters and 13% in the CDW. Surface water Gl abundance increased 44% between
the summer and winter, coincident with a fivefold decrease in Gl abundance in the deeper waters. The abundance
of Group Il (Gll) Archaea was persistently <2% of the total picoplankton throughout the water column in both
summer and winter. Bacterial abundance was greatest in the upper water column (0—100 m) during the summer,
averaging 3.9 X 10° cells ml—* and comprised 89% of the total picoplankton assemblage. Generally, Gl Archaea
varied seasonally in the deeper waters, whereas bacterial abundance varied more in the upper waters. The observed
variability in bacterial and archaeal abundance suggests that these two groups of marine picoplankton are dynamic

components of Southern Ocean microbial food webs.

Marine picoplankton are arguably the most poorly under-
stood members of the marine plankton community, mainly
because of poor cultivation success. Continuing devel opment
of cultivation (Connon and Giovannoni 2002; Rappé €t al.

1 To whom correspondence should be addressed. Present address:
Ocean Sciences Department, University of California at Santa Cruz,
Santa Cruz, California 95064 (mchurch@es.ucsc.edu).

Acknowl edgments

The authors are grateful to the captains and crew of the ASRV
Laurence M. Gould and the RVIB Nathaniel B. Palmer. Field and
technical support from C. Carrillo and Raytheon Polar Support
made this study possible. D. Martinson and R. lannuzzi provided
the temperature and salinity data, and M. Vernet provided chloro-
phyll data. M. Church expresses appreciation to the Department of
Oceanography at the University of Hawaii for their hospitality dur-
ing his stay.

2002) and cultivation-independent (Olsen et al. 1986; De-
Long et al. 1989; Amann et a. 1990) approaches to studying
marine picoplankton are providing information on the phy-
logenetic diversity of marine plankton. Among other signif-
icant findings, studies have revealed that marine picoplank-
ton communities include all three domains of life: Bacteria,
Archaea, and Eukarya (Giovannoni et a. 1990; Del.ong
1992; L bpez-Garcia et al. 2001c).

The ecologica roles and biogeochemical importance of
planktonic Archaea are not well understood, but Archaea
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appear to constitute a numerically significant component of
plankton biomass (Del.ong 1992; Fuhrman et al. 1992; Kar-
ner et a. 2001). The domain Archaea encompasses two
kingdoms: the Crenarchaeota and the Euryarchaeota (Woese
1987; Barnes et a. 1996). Phylogenetic analyses of plank-
tonic Archaea indicate that marine Archaea generally group
within the Crenarchaeota and Euryarchaeota lineages. No-
table members of the Crenarchaeota include the hyperther-
mophiles that thrive in environments >70°C (Barnes et al.
1996; Moyer et al. 1998) and the psycrophilic sponge sym-
biont Cenarchaeum symbiosium (Preston et al. 1996). The
Euryarchaeota include the anaerobic methanogens and ex-
treme halophiles. Generaly, Group | (Gl) Archaea, members
of the Crenarchaeota, appear to be the most abundant ar-
chaeal group in the oceans (DeLong et al. 1998). Crenar-
chaeota typically appear in greatest relative abundance in
deep neritic waters and in the meso- (150-1,000 m) and
bathypelagic depth strata (1,000—3,500 m) of oceanic sys
tems (DeLong et al. 1999; Massana et al. 2000; Karner et
al. 2001). The Group Il (Gll) marine Archaea are members
of the Euryarchaeota. In the marine plankton, Euryarchaeota
tend to show greatest relative abundance in the surface wa-
ters of pelagic and coastal environments (Murray et al.
1999a; Massana et al. 2000). The Group Il (GlI1) Archaea,
also members of the Euryarchaeota, are distantly related to
the order Thermoplasmales (Fuhrman and Davis 1997; Mas-
sana et al. 2000). GlII Archaea appear most prevalent in
subeuphotic waters and are less widely distributed and abun-
dant than either the GI or GII Archaea (Lopez-Garcia et al.
2001a,b). Finally, a recent study has revealed a fourth group
of planktonic Archaea (GIV), distantly related to the ex-
tremely halophilic Euryarchaeota, found in the deep-ocean
waters of the Antarctic Polar Front region (Lopez-Garcia et
al. 2001a,b).

Molecular biology has provided new tools for the study
of picoplankton. Single-cell fluorescent in situ hybridization
(FISH) with rRNA-targeted probes has provided a method
of directly quantifying the abundance of planktonic Archaea
and Bacteria in various aquatic ecosystems (Amann et al.
1990; Fuhrman and Ouverney 1998; DeLong et al. 1999;
Karner et al. 2001). FISH alows identification of whole,
intact, individual picoplankton cells, enabling direct micro-
scopic enumeration and quantification of the phylogenetic
composition of the picoplankton assemblages. However, ap-
plications of oligonucleotide rRNA FISH (oligoFI SH) to ma-
rine picoplankton assemblages have been hampered by the
inability to quantify more than ~80% of the picoplankton
population in any given sample (Glockner et a. 1999), and
at certain times of year and at depth, the oligoFISH method
seems to perform quite poorly (Pernthaler et a. 2002).

In an effort to alleviate some of the methodological prob-
lems associated with oligoFISH enumeration of planktonic
Archaea, a method based on multiply labeled 16S rRNA
polyribonuclectide probes (Trebesius et al. 1994) was adapt-
ed for identification of marine Archaea and Bacteria (De-
Long et a. 1999). Initial studies using the polyribonucleotide
rRNA probes indicate that many of the limitations associated
with the oligoFISH methods had been eliminated (Del ong
et al. 1999; Karner et a. 2001; Pernthaler et al. 2002). More-
over, these investigations confirmed that Crenarchaeota and
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Euryarchaeota were important contributors to prokaryote
abundance in marine plankton ecosystems (DeLong et al.
1999; Karner et al. 2001).

Studies describing the distributions of marine Archaea in-
dicate that they might be ubiquitous components of the pe-
rennially cold waters of both coastal and oceanic ecosystems
within the Southern Ocean (DelLong et a. 1994; Murray et
al. 1998, 1999b; Massana et al. 1998, 2000; Lopez-Garcia
et a. 2001a,b). Initial observations in the Southern Ocean
found that archaeal ribonucleic acids accounted for 16-34%
of the bulk community rRNA obtained from surface sea-
water in the nearshore waters off Anvers Island, Antarctica,
in the late austral winter (DeLong et a. 1994). Subsequent
studies in this region confirmed the presence of Archaea and
noted an apparent seasonality in the relative amount of ar-
chaeal rRNA in the surface waters (Murray et a. 1998; Mas-
sana et al. 1998).

As participants in the Palmer Long-Term Ecological Re-
search (LTER) program, we examined the distribution of
planktonic Archaea and Bacteria in seawaters west of the
Antarctic Peninsula during both the austral winter and sum-
mer. Use of polyribonucelotide FISH (polyFISH) enabled us
to observe the spatial and temporal variability in the phy-
logenetic structure of the picoplankton assemblage in Ant-
arctic waters. In this study, we present the first comprehen-
sive observations of the abundance of planktonic Archaea
in the waters off the Antarctic Peninsula and describe the
vertical and temporal differencesin archaeal cell abundance.
Our results indicate that the abundance of planktonic Cren-
archaeota and Bacteria are both temporally and spatially var-
iable in the Antarctic marine environment.

Methods

Sudy region and sampling—Samples for identification of
planktonic Archaea and Bacteria were collected in the Palm-
er LTER sampling grid off the Antarctic Peninsula. The
Palmer LTER sampling grid extends ~900 km in a north—
south direction paralel to the Antarctic Peninsula and more
than 200 km offshore. The region includes the shallow, near-
shore waters on the Antarctic shelf and the deep, open ocean
waters off the shelf west of the Antarctic Peninsula. Sam-
pling was conducted on cruises aboard the ASRV Laurence
M. Gould (LMG 99-1) during the summer (January 1999)
and aboard the RVIB Nathaniel B. Palmer (NBP 99-6) dur-
ing the austral winter (June-July 1999). Water column sam-
ples were collected at ~20-km intervals on east—-west tran-
sects in both the northern (600 transect line) and southern
(200 transect line) portions of the LTER sampling grid (Fig.
1). Water samples were collected using a CTD rosette
equipped with 24, 12-liter Niskin bottles. The instrumenta-
tion included a Sea Bird SBE 9 CTD, a Biospherical Instru-
ments QSP-200L PAR sensor, and a Sea-Tech MK 111 Aqua-
track fluorometer. Chlorophyll a (Chl a) concentrations were
determined fluorometrically from phytoplankton pigments
concentrated on glass fiber filters and subsequently extracted
in acetone.

Picoplankton sampling during LMG 99-1 was most inten-
sive in the upper water column (0—100 m); however, samples
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Fig. 1. Map of the sampling area, including the west Antarctic Peninsula (right), with detail of
sampled transects (100 through 600 lines) and sampled stations (black dots) (left). Map constructed

using Ocean Data View (Schlitzer 2002).

were collected throughout the entire water column (0-3,500
m) at several stations along the cruise transect. Samples from
NBP 99-6 were collected from selected stations along the
600, 400, 200, and 100 transect lines. Samples from NBP
99-6 were collected from various depths evenly spaced
throughout the water column, ranging from 2 to 2,300 m,
enabling detailed vertical profiles of the abundances of Ar-
chaea and Bacteria. Samples from LMG 99-1 were collected
from Niskin bottles into 50-ml polyethylene centrifuge
tubes. Samples were collected, preserved, and processed as
described by Del.ong et al. (1999).

Samples from the NBP 99-6 cruise were collected from
the Niskin bottles into 500-ml amber polypropylene bottles.
Samples were fixed with formalin (2% final concentration),
immediately frozen (—20°C), and transported to the Univer-
sity of Hawaii for subsequent analyses. Approximately a
year after the sample collection date, frozen seawater sam-
ples were thawed at room temperature, gently shaken, sub-
sampled into 50-ml polyethylene centrifuge tubes, and fil-
tered onto 25-mm, 0.2-um polycarbonate filters and
processed as described in DelLong et al. (1999).

Polyribonucleotide FISH—Development of the polyribo-
nucleotide probes, as well as details on the synthesis, hy-
bridization, and wash conditions are described in Del ong et
a. (1999). Fluorescein-labeled polyribonucleotide rRNA
probes were used for all analyses. Each probe consisted of
hydrolyzed, labeled RNA, targeting Archaea (Gl or GllI) or
Bacteria, or a negative control probe. The control probe con-
sisted of a nonbinding complementary strand of Gl probe.
Control probe counts were not subtracted from the individual
determinations of GlI, GlI, and Bacteria cell abundance be-

cause it was not possible to attribute the control-positive
cellsto any of the three picoplankton groups examined; how-
ever, control probe counts were subtracted from estimates of
total probe-positive cell abundances. Microscope counts
were conducted on either a Zeiss Axiophot or a Nikon
EM®600 Infinity Optics epifluorescence microscope. DAPI-
stained cells were enumerated on each microscope field fol-
lowed by determination of probe—positive cells. Cell abun-
dance was estimated on 15 different microscope fields per
sample. The percentages of probe-positive cells were cal-
culated as the total number of probe-positive cells relative
to the DAPI-stained cells in each microscope field. In some
cases, the total probe-positive cells exceeded the DAPI-
stained cells, resulting in >100% of the total cells enumer-
ated by the polyFISH probes.

Results

Environmental characteristics—The Palmer LTER study
site is characterized by large temporal and spatial habitat
variability. In particular, the annual advance and retreat of
the pack ice, coupled with the seasonal oscillations in solar
irradiance, are hypothesized to be the fundamental determi-
nants on the magnitude and duration of biological produc-
tivity in this region (Smith et al. 1995; Karl et a. 1996).

The prominent chemical, physical, and biological prop-
erties of the region west of the Antarctic Peninsula have been
described previously (Holm-Hansen and Mitchell 1991; Karl
et al. 1991; Hofmann et al. 1996). The majority of samples
collected for this study were from stations located on the
continental shelf, where bottom depths ranged between 200



1896

Summer O Winter A

0 ﬁoomo% a
4, o8

AA ° 14

s0{ am 0053

[e]

[e] 0

Depth (m)
Temperature (OC)

100444 O

150 &

T T T 2 T T T T

0.01 0.1 1 10 100 335 340 345 35.0

ChlagL’) Salinity

Fig. 2. (a) Chlorophyll a concentrations (ug L—%) in the upper
ocean measured during the summer and winter cruises. (b) Tem-
perature-salinity (T-S) characteristics of stations sampled, indicat-
ing approximate T-S envelopes for water masses during the summer
and winter in the waters west of the Antarctic Peninsula. Descrip-
tions of water masses are provided in the text. Abbreviations are
Antarctic surface water (AASW), in box that includes both summer
surface water (SSW) and winter water (WW), and circumpolar deep
water (CDW).

and 500 m (Fig. 1). The continental shelf in this region is
depressed because of isostatic adjustment of the ice mass
covering the Antarctic continent. Four stations sampled out-
side the shelf break had bottom depths exceeding 3,000 m.
All stations occupied during LMG 99-1 were free of pack
ice, whereas surface water at several of the stations sampled
in NBP 99-6 were covered with sea ice. Seasonal ice retreat
typically opens water along the northern portion of the LTER
grid in the beginning of the austral spring (November), fol-
lowed soon after by clearance of the pack ice to the south
(Stammerjohn and Smith 1996).

Chl a concentrations demonstrated remarkable spatial het-
erogeneity in the summer. Concentrations on the January
cruise ranged more than two orders of magnitude (0.1-14.9
ng Chl a L% (Fig. 2a), with peak concentrations found at
the nearshore stations. Chl a concentrations in the surface
waters of stations located in the eastern end of the 200 sam-
pling line (inside Marguerite Bay) exceeded 14 ug Chl a
L%, whereas Chl a concentrations at stations offshore of the
continental shelf break ranged between 0.1 and 2.0 pg Chl
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a L-*. During the winter, concentrations of Chl a were uni-
formly low, averaging 0.05 ug Chl a L-* (range 0.0-0.1 ug
Chl a L) (Table 1).

Hydrography—Vertical profiles of temperature and salin-
ity (T-S) revealed the presence of distinct water masses in
the waters west of the Antarctic Peninsula (Fig. 2b). The
hydrography of this region has been well characterized, and
the water masses sampled in this study included the Antarc-
tic surface water (AASW) and circumpolar deep water
(CDW) (Niller et al. 1991; Hofmann and Klinck 1998; Smith
et a. 1999). In addition, winter water (WW) was sampled
during both cruises: WW is a subcomponent of the AASW
and is the remnant winter mixed-layer water isolated below
the seasonal pycnocline that is produced locally by summer
heating (Hofmann and Klinck 1998). All of these water mas-
ses were sampled on both the winter and summer cruises,
however, the most substantial seasonal modifications in T-S
signatures were observed in the surface waters (Fig. 2b).

Surface water temperatures during the austral summer
ranged from 0.5 to 1.5°C, and salinities ranged between 33.5
and 33.8 (Table 1; Fig. 2b). For purposes of comparison, we
define this summer surface water (SSW) component of the
AASW (Table 1; Fig. 2b). Immediately below the SSW, wa-
ter column temperatures reached a middepth minimum, de-
clining to between —0.8 and 0.8°C, accompanied by an in-
crease in salinity (~34.0) characteristic of WW. Below the
WW, temperatures progressively increased to 0.2—2°C, and
salinity increased to 34.7, characteristic of the oceanic CDW
water mass. CDW consists of well-defined upper and lower
water masses (Hofmann and Klink 1998), but for clarity in
this study, we opted to group the picoplankton abundances
in the CDW into a single water mass. The relatively warm,
salty CDW occupied the lower water column between ~150
and 3,500 m.

T-S profiles obtained during the austral winter revealed a
seasonally modified AASW mass that was both fresher and
cooler than the SSW. Only two distinct water masses were
observed during the winter cruise: the WW and the CDW.
The surface water mass was the winter end-member of the
WW (Table 1; Fig. 2b). Sdlinities in the WW ranged from
33.3 to 34.2, and temperatures were —1.8 to —0.3°C (Table
1; Fig. 2b). WW formed a deep mixed layer in the upper
ocean, extending from the surface waters all the way to the
top of the CDW at ~200 m. CDW was the densest water

Table 1. Characteristics of the principal water masses in the west Antarctic Peninsula.

Season
(cruise) Water mass® Depth (m)t Temperature (°C) Salinity Chla(ug L™
Summer (LMG 99-01) SSw 1-40 0.5-15 33.5-33.8 0.1-14.9
WW 44-100 —0.8-0.8 33.7-34.1 0.1-0.7
CDW 150-3,500 0.2-2.0 34.4-34.7 nst
Winter (NBP 99-06) WwW 2-222 —18to —0.3 33.3-34.3 0.0-0.1
CDW 74-2,325 0-1.7 34.3-34.7 ns

* See text for hydrographic description of water masses.

T Range of depths in each water mass where samples were collected for this study.

$ ns, not sampled.
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mass, consistently occupying the base of the water column
and undergoing little seasonal modification (Fig. 2b).

Picoplankton abundance and distributions—The abun-
dances and distributions of both Archaea and Bacteria var-
ied significantly between the summer and winter cruises and
among the various water masses. Overall, total picoplankton
(DAPI-stainable cells of <2.0 um diameter) abundance in
the summer ranged from 1.5 X 10* to 1.1 X 10° cells ml -2,
whereas the winter picoplankton abundance ranged from ap-
proximately 10*to 1.6 X 10° cells ml—* (Fig. 3). In the upper
ocean, picoplankton abundance declined between the sum-
mer and winter. Cell abundance in the deep, aphotic waters
also varied temporally; average picoplankton abundance in
the CDW declined 69% between the summer and winter
(Table 2).

Overall, probe-positive cells had bright, clear fluores-
cence, making them easily distinguished from the back-
ground. On average, we were able to quantify >89% (range
70-108%) of the picoplankton assemblage at the domain
level during the austral summer and 85% (range 50—116%)
during the winter (Table 2; Fig. 4), implying the polyFISH
probes were robust for identification of picoplankton assem-
blages in both the summer and winter, even at water depths
exceeding 3,000 m. Nonspecifically stained or autofluores-
cent cells were generaly low in al samples: negative control
probe-positive cell counts averaged 1% (n = 40) of the total
prokaryotic picoplankton.

Picoplankton abundance in the austral summer—The spa-
tial heterogeneity of the LTER sampling area was reflected
in the distributions of picoplankton cells during the summer
(DAPI-stainable cells) (Fig. 3). Total picoplankton abun-
dance in the SSW was nearly twice as great in the northern
sampling transect as cell concentrations in the southern tran-
sect (two-sample t-test, p < 0.01, data not shown). There
were aso strong vertical gradients in cell abundance with
picoplankton abundance decreasing nearly fourfold between
the SSW and CDW (Table 2).

Upon hybridization with the Gl probe, Gl probe—positive
cells were readily distinguished by a characteristic two-lobed
morphology previously described by Preston et al. (1996)
and DelLong et a. (1999). Gl abundance was very low in
the SSW (4.7 X 10° cells ml 1), increasing substantially in
the mid- and lower water column (Table 2; Fig. 5a). Gl
probe—positive cell abundances in the SSW were (on aver-
age) not significantly different from the control probe counts
(two-sample t-test, p > 0.05), indicating that the average
surface water Gl cell concentrations were at or below the
detection limits of this method. Although the relative abun-
dance of Gl cells in the SSW was low, the characteristic
morphology of these cells enabled positive identification of
the Gl-hybridized cells.

Gl abundance in the SSW accounted for ~1% of the total
picoplankton assemblage (Table 2; Fig. 6a), statisticaly in-
distinguishable from the negative probe count. Abundance
of Gl cells had a subsurface peak, with maximal cell abun-
dances in the WW at ~100 m (Fig. 5a). Gl probe—positive
cells in the middepth WW averaged 2.0 X 10 cells ml -1,
more than a fourfold increase relative to the SSW (Table 2).
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determined by epifluorescent microscope counts of DAPI-stained
cells.

Below the middepth WW, GI cell concentrations remained
roughly constant into the deep CDW (mean, 2.1 X 10* cells
ml -%; Table 2; Fig. 58). The increase in Gl cells between the
SSW and the deep CDW was notable given that total pico-
plankton abundance declined nearly 70% between the SSW
and CDW (Table 2). The average proportion of Gl cellsin-
creased with depth, averaging 5% of the total picoplankton
in the WW, and increasing to 17% in the CDW (Table 2).
Gll abundance was low or undetectable throughout the
water column (Fig. 5b). The proportion of Gll cells ranged
from <1% to 6% of the total picoplankton assemblage (Fig.
6b), and there were no significant differences in the average
proportion of Gll cells among any of the water masses ex-
amined (one-way ANOVA, p > 0.05). The average abun-
dance of GlI cells in the upper ocean was not significantly
different from GI cell abundance (two-sample t-test, p >
0.05); however, Gll cells were an order of magnitude less
abundant than the GI cells in the CDW (Table 2; Fig. 5b).
Bacteria dominated picoplankton abundances throughout
the entire water column in the waters west of the Antarctic
Peninsula. Bacterial abundance accounted for between 70
and 99% of the picoplankton assemblages in the upper ocean
and between 55 and 84% in the CDW (Fig. 6¢). Bacteria
abundance was relatively constant in the upper water col-
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Table 2. Abundances and relative proportions* of Archaea and Bacteria in water masses west of the Antarctic Peninsula.

Abundance (10* cells ml—1)

Proportion (%)

Archaea Archaea

Season Water mass Total t Gl Gll Bacteria Gl Gll Bacteria Total

Summer SSW 41.9 0.5 0.3 38.5 1.2 0.8 88.5 90.5
(n=36)8 (20.8) (0.7) (0.4) (19.2) (1.8) (1.0) (7.00) (6.89)
WW 46.2 2.0 0.3 385 5.0 0.9 88.0 94.5
(n=9) (15.7) (2.9) (0.4) (13.8) (7.2) (1.2) (7.33) (8.34)
CDW 129 21 0.3 8.9 171 2.0 70.0 89.0
(n=28) (6.5) 1.2 (0.4) 4.7 (6.46) (1.9 (8.96) (9.78)

Winter Ww 8.5 0.9 0.3 6.0 10.4 3.3 69.0 82.7
(n=45) (3.3) (0.5) (0.2) (2.8) (4.24) (2.46) (12.5) (15.1
CDW 4.0 0.4 0.2 29 12.6 4.1 72.3 88.8
(n=20) (2.0) (0.2) (0.2) (1.5) (5.71) (2.6) (8.96) (11.9)

* Top numbers are average abundances or relative proportions of specific picoplankton groups, numbers in parentheses are standard deviations of the means.
T Total picoplankton abundance determined by DAPI-stained cells. Gl + Gll + Bacteria not necessarily equal to total picoplankton because of <100% total

cell identification.

F Mean percent polyFISH probe GI + GIl + Bacteria-positive cells as a percentage of total DAPI counts.

§n, total number of samples from each water mass.

umn, declining with depth; the average bacterial abundance
in the SSW was 3.9 X 10° cells ml %, decreasing to 8.9 X
10* cells mli—* in the CDW (Table 2).

Picoplankton abundance in the austral winter—Total pi-
coplankton abundances (DAPI-stained cells) were signifi-
cantly lower during the austral winter than in the summer
(Fig. 3). Average picoplankton abundances were 80% lower
in the WW and 69% lower in the CDW in the winter (Table
2). Cell abundance generally decreased with depth, but ver-
tical gradients in total picoplankton abundance were not as
pronounced as during the summer (Table 2).

Gl cells displayed relatively homogeneous distributions
during the winter. Gl abundances throughout the surface wa-
ters averaged 9.0 X 10° cells ml—%, increasing by 44% rel-
ative to abundances measured in the SSW during the sum-
mer (Table 2). In general, upper ocean Gl cell proportions
were a greater fraction of total picoplankton abundance dur-
ing the winter, averaging 10% of the picoplankton assem-
blage (Table 2; Fig. 6a). In the CDW, GI abundance was
nearly fivefold lower in the winter than in the summer, but
Gl cells remained a large fraction of the total picoplankton
in the CDW during the winter (averaging 13%) (Table 2;
Fig. 69).

Gll cell densities were a low proportion of total pico-
plankton abundance during the winter (Fig. 6b). The pro-
portion of archaeal Gll cells ranged from <1% to 10% of
the identifiable picoplankton cells (Fig. 6b). There were no
significant differences in Gl abundance among the water
masses sampled during the winter cruise, nor were there sig-
nificant differences in Gl abundances between the summer
and winter (two-sample t-test, p > 0.05).

Bacterial abundances during the winter cruise were sig-
nificantly lower than cell abundances during the summer.
The average bacterial abundance during the winter in the
WW was 6.0 X 10* cells ml %, an 84% decline in abundance
relative to the SSW. CDW bacterial abundance was also sig-
nificantly lower than during the summer, averaging 2.9 X
10* cells ml—2, equating to a 67% decline relative to the

summer. Vertical gradients in cell abundance were somewhat
less pronounced during the winter: bacterial abundance de-
creased ~50% between the WW and the CDW during the
winter, compared to a ~75% decrease between the SSW and
CDW during the summer (Table 2).

Discussion

The primary objectives of this study were to quantify the
abundances and distributions of archaeal Group | Crenar-
chaeota, archaeal Group Il Euryarchaeota, and Bacteria cells
in the waters west of the Antarctic Peninsula. By examining
how the abundance and distributions of these populations
changed between the summer and winter, we hoped to gain
insight into the temporal dynamics of microbial food webs
in these poorly understood remote habitats. By using the
recently developed polyFISH method, we successfully dis-
criminated the major components of the picoplankton assem-
blage in the waters west of the Antarctic Peninsula. The two
most important observations obtained from this study were
that picoplankton abundance and phylogenetic composition
varied among the water masses found off the Antarctic Pen-
insula and that the abundances of both Archaea and Bacteria
varied significantly between the summer and winter cruises
within each water mass. These results indicate that, on sea-
sonal time scales, there were imbalances in net population
growth of both Archaea and Bacteria, suggesting selective
losses of the individual prokaryote subpopulations.

FISH detection of Archaeain the Southern Ocean—A few
other studies have utilized FISH to quantify the abundance
of Archaea in the Southern Ocean. Murray et al. (1998) used
a suite of oligonucleotide rRNA FISH probes to enumerate
planktonic Bacteria and Archaea from coastal seawater off
the west Antarctic Peninsulain the early austral spring. They
estimated that Gl abundance in the upper ocean (0-50 m)
ranged from 9.0 X 10° to 2.7 X 10* cells ml -, and Bacteria
were 6.0 X 10°-1.4 X 10° cells ml—* (Murray et al. 1998).
During the austral summer in the upper ocean of offshore
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Fig. 4. Depth profile of probe-positive picoplankton normalized
to total picoplankton abundance (DAPI-stained cells) for both sum-
mer and winter cruises.

Southern Ocean waters, Glockner et al. (1999) did not detect
Archaea by oligoFISH; however, only 50-60% of the total
picoplankton assemblage was identified in their study. Sim-
ilarly, using oligoFISH, Simon et al. (1999) failed to identify
Archaea in the surface waters of the Southern Ocean during
the austral summer despite characterizing >80% of the total
picoplankton assemblage. OligoFISH methods appear less
sensitive than the polyFISH method for enumerating marine
picoplankton in coastal and open ocean habitats (Pernthaler
et a. 2002), and these methodological differences might ex-
plain the apparent discrepancies between the present study
and past studies using oligoFI SH.

Vertical segregation of Archaea and Bacteria—Our ob-
servations on the vertical abundance of planktonic Archaea
and Bacteria corroborate past investigations describing the
relative distributions of planktonic archaeal rRNA in Ant-
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arctic marine picoplankton communities. In a study con-
ducted in the Gerlache Strait, Antarctica, Massana et al.
(1998) estimated that Archaea accounted for <1-15% of the
surface water microbial rRNA, increasing to 25% at 500 m
depth. Murray et al. (1998) also described a subsurface max-
imum in archaeal rRNA in the waters of the Palmer Basin,
Antarctica, during the early austral spring, with archaed
rRNA accounting for up to 17% of the total picoplankton
rRNA. Subsequent evaluation of the relative proportion of
archaeal rRNA to total bulk picoplankton rRNA revealed
that Archaea constitute a significant but variable fraction of
the picoplankton community in subsurface Antarctic waters
(Murray et al. 1999b).

The summertime distributions and abundances of Gl cells
appeared consistent with Gl cell distributions in temperate
ecosystems. DeLong et al. (1999) found greatest Gl abun-
dance off the coast of California at water depths of 60—150
m (total water depths ranged from ~250 to 4,400 m). Con-
sistent with these results, Gl appeared consistently more
abundant near the base of the photic zone (~150-200 m) in
the oligotrophic subtropical North Pacific (Karner et al.
2001). Surface water Gl abundances (~5 X 103 cells ml -%)
in the western Antarctic Peninsula were approximately an
order of magnitude lower than abundances measured in the
North Pacific (~5 X 10* cells ml—%; Karner et al. 2001), but
roughly equivalent to those measured off California (5 X
10°-1 X 10* cells ml-%; DelLong et al. 1999). In the meso-
pelagic waters (150—1,000 m) off the Antarctic Peninsula,
Gl cell concentrations were approximately equal to those
measured in the North Pacific midwaters (~2-5 X 10* cells
ml-1), but roughly sevenfold lower than Gl abundance in
California coastal waters (DeLong et a. 1999). In the deep,
bathypelagic waters (1,000-3,500 m), Gl abundances in the
Antarctic were approximately equivalent to cell concentra-
tions measured in both the North Pacific and off the Cali-
fornia coast (~2 X 10* cells ml—1).

The metabolic capabilities of planktonic Archaea remain
unclear (Ouverney and Fuhrman 2001; Pearson et a. 2001,
Wuchter et al. 2003), but the vertical distributions of Ar-
chaea and Bacteria observed in our study might reflect uti-
lization of different resources by these picoplankton groups.
The relative success of bacterial populations during the pro-
ductive summer suggests that bacterial growth istied to the
seasonally phased production of labile organic matter; con-
versely, the high abundance of Gl populations in the mid-
and deep water column suggests these organisms were suc-
cessful in the region of the water column where fluxes of
labile organic matter are restricted, light fluxes are low or
nonexistent, inorganic nutrient concentrations are high, and
both remineralization and oxidation are the dominant pico-
plankton processes.

Temporal variability in archaeal abundance—In addition
to vertical gradients in picoplankton abundance, we also ob-
served pronounced temporal changes in the abundances of
specific groups of picoplankton. Gl generally comprised an
insignificant component of surface water picoplankton as-
semblages during the summer, becoming more abundant dur-
ing the winter. Murray et al. (1998) estimated that archaeal
rRNA contributed between 14 and 29% to the wintertime
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Fig. 5. Depth profiles of absolute abundance (cells ml-2) of Gl,
Gll, and Bacteria during summer and winter cruises.

universal probe-bound rRNA in the surface waters near An-
vers Island. The same study found that archaeal rRNA fell
to <1% of the universal probe during the austral summer.
In support of these observations, Murray et a. (1999b) es-
timated that Archaea accounted for 7-36% of the surface
water picoplankton rRNA in the winter, declining to 1% in
the summer. Seasonality in archaeal populations does not
appear restricted to polar marine environments. Murray et
a. (1999a) observed large temporal fluctuations in popula-
tions of both Gl and Gl archaeal rRNA in the coastal waters
of the Santa Barbara Channel, and Pernthaler et al. (2002)
observed a large seasonal change in surface water Gl abun-
dances in the North Sea.

In the deeper waters west of the Antarctic Peninsula, the
temporal response of Gl cells was fundamentally different
from that observed in the upper ocean. Assuming that phys-
ical transport of cells by seawater circulation was the same
for all picoplankton, the differences between archaeal and
bacterial cell accumulations in the CDW suggest that net
archaeal population growth might have exceeded bacterial
growth by as much as 60% in the meso- and bathypelagic
waters. Over relatively long timescales (>1 month), even
small imbalances in growth and removal among these two
subpopulations of picoplankton could result in large changes
in the abundance of these groups. Similar *‘ summer blooms”
of GllI Archaea have been observed in coastal California
waters and in the North Sea (Pernthaler et al. 2002; Del.ong
et al. unpubl. data). Our observations suggest that in polar
waters, Gl abundances in the deep water column aso ex-
perience seasona imbalances in population growth and re-
moval.

This study confirmed several previous observations de-
scribing the low relative proportion of Gl Archaea in South-
ern Ocean ecosystems (DelLong et a. 1998; Massana et al.
1998, 2000; Murray et al. 1998, 1999b; Bga et al. 2002).
In contrast to these reports, euryarchaeotal rRNA gene se-
quences were retrieved from the meso- and bathypelagic wa-
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Fig. 6. Depth profiles showing the relative proportion of pico-
plankton cells identified using either the GI, Gll, or Bacteria
polyFISH probes. Dotted lines are mean control probe counts, in-
dicating the detection limit of probe-positive cell enumerations.

ters around Antarctica (Lopez-Garcia et a. 2001a,b), but the
quantitative significance of this study is difficult to assess
since the analyses relied solely on PCR-amplified rRNA
gene libraries. Through direct polyFISH identification of Ar-
chaea, we did not find appreciable GlI cell abundances in
any of our samples, irrespective of season. The average pro-
portion of Gll cells in the Antarctic was indistinguishable
from the control probe counts throughout the entire water
column, with no significant differences in the average GllI
abundance between the two cruises. To date, it is not known
what ecological or biogeochemical role the Archaea play in
marine ecosystems, but our results and prior phylogenetic
picoplankton surveys suggest that Gll populations are not
numerically abundant members of Southern Ocean plankton
communities (DeLong et al. 1998; Massana et al. 1998,
2000; Murray et a. 1999b).

Bacterial populations also experienced substantial season-
al modification; however, unlike the distributions of Gl cells,
changes in bacterial abundance were most pronounced in the
upper ocean. Bacterial abundance in the SSW averaged 3.9
X 10° cells ml—*, approximately sixfold greater than con-
centrations measured in the winter surface waters (Table 2).
The seasonal removal of bacterial biomass in the surface
waters during the winter coincided with a 40% enrichment
in Gl cells, suggesting that removal processes were highly
selective for Bacteria or were not balanced as effectively by
growth as that of Gl Archaea. The large increase in bacterial
abundance with the onset of the austral summer presumably
reflects an enhancement of bacterial growth over removal in
the upper water column. Given the large increase in phyto-
plankton biomass in the summer (Fig. 2a), it is likely that
surface water bacterial assemblages responded to enhanced
organic matter fluxes brought about by the large seasonal
increase in phytoplankton biomass. The response of bacterial
abundance to seasonally driven upper ocean processes sug-
gests that Bacteria contribute most substantially to prokary-
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ote abundance when energy fluxes through the planktonic
community are at their seasonal peak. As a corollary, Ar-
chaea either cannot successfully compete with Bacteria for
the seasonally accumulated phytoplankton-derived organic
matter, or do not use organic matter as their primary source
of carbon and energy.

Distributions of pelagic Archaea and Bacteria—Little is
known about the ecophysiological niche or niches of marine
Archaea; however, several recurring trends appear in the
emerging information on archaeal distributions in the sea.
First, the Crenarchaeota are widespread in a variety of aquat-
ic environments that include both coastal and open ocean
ecosystems (Massana et a. 2000). Second, the abundance
and relative proportion of Crenarchaeota generally appear to
increase with depth (Massana et a. 1997; DelLong et al.
1999; Karner et a. 2001). Third, Euryarchaeota cell abun-
dance appears mostly restricted to the upper water column
in temperate ecosystems (Murray et al. 1999a; Massana et
a. 2000). Finally, temporal fluctuations in archaeal abun-
dance suggest they are active members of marine plankton
food webs (Murray et a. 1998; Murray et a. 1999a).

Our results provide the first evidence that the abundances
of Archaea in the west Antarctic Peninsula undergo pro-
nounced seasonal changes. Most remarkably, the phyloge-
netic composition and abundances of picoplankton popula-
tions in both the meso- and bathypelagic waters aso
demonstrated large seasonal changes. The observed temporal
shifts in archaeal and bacterial abundance could reflect the
dependence of these picoplankton populations on seasonally
variable biogeochemical and trophodynamic processes. The
coincident summertime reduction in Archaea and increased
abundance of Bacteria suggests that these two picoplankton
populations have different input and removal mechanisms
and likely play different roles in ocean ecology.
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