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The ocean’s interior is Earth’s largest biome. Recently, cultivation-
independent ribosomal RNA gene surveys have indicated a poten-
tial importance for archaea' in the subsurface ocean’™. But
quantitative data on the abundance of specific microbial groups
in the deep sea are lacking>®. Here we report a year-long study of
the abundance of two specific archaeal groups (pelagic euryarch-
aeota and pelagic crenarchaeota)’ in one of the ocean’s largest
habitats. Monthly sampling was conducted throughout the water
column (surface to 4,750 m) at the Hawai’i Ocean Time-series
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Figure 1 Contour plots of relative abundances with depth of bacteria and pelagic
crenarchaeota during a 1-yr sampling effort at the Hawai’i Ocean Time-series station,
ALOHA, in the North Pacific subtropical gyre. White dots indicate dates and depths where
samples were collected. Contour lines are percentages of bacteria and pelagic
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station’. Below the euphotic zone (> 150 m), pelagic crenarch-
aeota comprised a large fraction of total marine picoplankton,
equivalent in cell numbers to bacteria at depths greater than
1,000 m. The fraction of crenarchaeota increased with depth,
reaching 39% of total DNA-containing picoplankton detected.
The average sum of archaea plus bacteria detected by rRNA-
targeted fluorescent probes ranged from 63 to 90% of total cell
numbers at all depths throughout our survey. The high propor-
tion of cells containing significant amounts of rRNA suggests that
most pelagic deep-sea microorganisms are metabolically active.
Furthermore, our results suggest that the global oceans harbour
approximately 1.3x10® archaeal cells, and 3.1x10*® bacterial
cells. Our data suggest that pelagic crenarchaeota represent one of
the ocean’s single most abundant cell types.

Sampling was carried out at roughly monthly intervals from
September 1997 to December 1998 at the Hawai’i Ocean Time-
series station ALOHA? (22° 45’ N, 158° 00’ W) in the North Pacific
subtropical gyre. We quantified cells belonging in the domain
Bacteria, and two specific phylogenetic groups in the domain
Archaea, which are prevalent in marine plankton: ‘group 1 archaea’
(referred to here as pelagic crenarchaeota); and ‘group 2 archaea’
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crenarchaeota as compared with total microbial abundance at each depth. Total cell
abundance was assessed using the DAPI nucleic acid stain. Bacteria and archaea were
enumerated using whole-cell rRNA targeted fluorescent in situ hybridization with
fluorescein-labelled polynucleotide probes. See also Supplementary Information.
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(referred to here as pelagic euryarchaeota)’. Ribosomal RNA-
targeted polynucleotide probes® specific for either pelagic crenarch-
aeota, euryarchaeota or bacteria were hybridized with all samples
collected from September 1997 until December 1998 (one deep
sample collected in October 1998 had strong spurious background
fluorescence and was omitted from the data set). Probe-binding
cells were enumerated relative to total cells stained by 4’,6-di-
amidino-2-phenylindole (DAPI)* double staining’. Probe-con-
ferred fluorescence was most intense in samples from shallower
depths (0-500 m), and was weaker for both archaea and bacteria at
depths greater than 500 m. Negative control counts (hybridization
with a nonspecific probe and autofluorescence) were below 5% of
total cells in 96% of all samples, hence a high degree of confidence in
this method was achieved. (See also Supplementary Information.)
The two archaeal groups surveyed, as well as bacteria collectively,
lacked clear seasonal trends in relative cellular abundance (Fig. 1).
Therefore, averages were calculated for all samples for each depth
layer, yielding the mean annual depth profile for each phylotype
(Fig. 2a). Cells hybridizing with the bacterial probe dominated the
population in the upper 150 m of the water column, representing up
to 90% of all cells. Bacteria decreased in relative abundance with
increasing depth (Figs 1, 2a), and below 1,000 m they represented
only 35-40% of total cells. By comparison, pelagic crenarchaeota
increased sharply in relative abundance at the 250-m depth layer,
and below 1,000 m were as common as bacteria (Figs 1, 2a). Samples
from 150 m (included in 4 of the 14 sampling dates) indicated that
the relative increase in pelagic crenarchaeota occurred between 100
and 150 m, near the depth of the 1% isolume (Figs 1, 2a). In surface
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Figure 2 Mean annual depth profiles of microbial domains in the North Pacific subtropical
gyre. Numbers are percentages of bacteria and archaea as compared to total microbial
abundance at each depth. Total cell abundance was assessed using the DAPI nucleic acid
stain. Bacteria and archaea were enumerated using whole-cell rRNA targeted fluorescent
in situ hybridization with fluorescein-labelled polynucleotide probes. Data are averages of
up to 14 roughly monthly samplings over a 1-yr period at the Hawai'i Ocean Time-series
station, ALOHA. Error bars show standard error of mean; note column for total sample size
at each depth. See also Supplementary Information. a, Depth profiles for bacteria (solid
squares), pelagic crenarchaeota (open squares), pelagic euryarchaeota (open circles),
and a non-specific control probe (‘negative’, solid circles). b, Depth profile of the sum of
relative abundances of bacteria, pelagic crenarchaeota and pelagic euryarchaeota (open
diamonds). Relative abundances of bacteria and both archaeal groups were summated at
each depth and negative control data were subtracted.
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layers, pelagic crenarchaeota were only present sporadically, and
never abundant numerically. Pelagic euryarchaeota occasionally
appeared in the near surface layer, but generally remained at a few
per cent of the total count over the entire water column, too close to
negative counts to establish a statistically reliable estimate (Fig. 2a).
Pelagic crenarchaeota and euryarchaeota thus showed different
patterns of abundance in the open sea (Fig. 2a), with low numbers
of euryarchaeota in surface waters, in contrast to previous observa-
tions in coastal waters™'®".

The sum of relative abundances of bacteria, pelagic euryarchaeota
and pelagic crenarchaeota (subtracting negative controls) shows the
total fraction of probe-binding cells over cells stained by DAPI
(Fig. 2b). Although our deep-sea data on relative abundance of
pelagic crenarchaeota (Fig. 2a) are globally higher than those
recently reported in coastal waters®, our cumulative relative abun-
dance data on total probe-positive cells (Fig. 2b) are lower. This may
be due to the oligotrophic nature of the study site. Total cell
abundance patterns reflected the higher total cell numbers in
surface waters (Fig. 3). Total cell abundance declined by an order
of magnitude between 150 and 1,000 m. Thus, the total number of
pelagic crenarchaeotal cells peaked between 150 and 500 m, but
remained at high relative numbers below this depth to the ocean
floor.

In recent years cultivation-independent rRNA gene surveys have
revealed new types of archaea in virtually every ecosystem
examined'>". Yet marine planktonic archaeal types have eluded
cultivation to date, and few quantitative data exist on their cellular
distribution and abundance. Most previous studies have relied on
the retrieval of rRNA-gene-containing clones to qualitatively
describe naturally occurring picoplankton populations™. A
number of studies using quantitative rRNA hybridization
techniques®'®'"'*"> have suggested a widespread occurrence and
high relative cell abundance of archaea in the upper water column.
Unfortunately, these earlier studies do not allow for quantification
of actual cell numbers. Quantitative microscopic surveys using
single-cell, fluorescent in situ hybridization with rRNA-targeted
oligonucleotide probes, by contrast, allow direct cell enu-
meration'®"”. A few investigations using oligonucleotide probes to
enumerate marine picoplankton®'**° have succeeded in detecting
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Figure 3 Mean annual depth profiles of microbial domains in the North Pacific subtropical
gyre. Numbers are total cell abundances of bacteria and archaea (pelagic crenarchaeota
and euryarchaeota combined). Bacteria and archaea were enumerated using whole-cell
rRNA targeted fluorescent in situ hybridization with fluorescein-labelled polynucleotide
probes. Data are averages of up to 14 roughly monthly samplings over a 1-yr period at the
Hawai'i Ocean Time-series station, ALOHA. See also Supplementary Information.
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naturally occurring bacterial and archaeal cells. One study® using
image intensification to enhance the fluorescence signal reported
high percentages of Archaea (up to 60%) in coastal temperate
waters and the Mediterranean Sea. Several studies, using an oligo-
nucleotide probe targeting the domain Archaea, detected few or no
archaeal cells in the upper water column'**.

None of these earlier studies, however, examined depths below
600 m, and only one'® identified specific archaeal cell types beyond
the domain level. Further, single-cell hybridization studies have
been hampered by the small size and apparent low rRNA content of
marine picoplankton®®'®, Multiply labelled, rRNA-targeted poly-
nucleotide probes® allow more systematic enumeration of specific
groups of planktonic microbes. But this approach has so far been
demonstrated only at a coastal ocean site®, prompting our study at
the Hawaii Ocean Time-series station.

In this report, we conclusively show that pelagic crenarchaeota
were equivalent in numbers to bacteria throughout the entire meso-
and bathypelagic zones in a major ocean gyre, over a 1-yr time-series
survey. Two main points arise from our observations. First, on
average, the fraction of pelagic crenarchaeota relative to DNA-
containing microorganisms equals or exceeds the bacterial fraction
below 1,000 m (Fig. 2a). This result suggests that pelagic crenarch-
aeota are a consistent and significant component of deep sea
microbiota, and that they may rival bacterial abundances in the
meso- and bathypelagic zones. Further, the standing stocks of
bacteria and pelagic crenorchaeota were inversely proportional.
Second, the total proportion of cells (bacterial and archaeal)
detected with polynucleotide probes (Fig. 2b) remained fairly
constant in surface waters to depths of 1,000 m, roughly 80% of
the total DNA-containing cells®. At depths between 2,000 and 3,000
m, this number decreased to about 60% before increasing again to
more than 70% close to the sea floor (Fig. 2b), similar to previously
reported microbial cell numbers and metabolic activity profiles in
the deep Pacific*’. DNA-containing cells unlabelled by polynucleo-
tide probes might include cells with low rRNA content, cells not
recognized by the probes (for example, unusually small Eucarya in
the 1-wm range”) or dead cells (ghosts)”. Our results place an
upper limit on the sum of the above categories. We conclude that the
use of polynucleotide probes provides a robust approach for
identification of deep-sea microbes, and that the fraction of remain-
ing unlabelled cells remains below 20—30% of the total cells.

A previous study® suggested that the number of cells positive for
rRNA hybridization techniques may reflect the number of metabo-
lically active cells. If true, then the total number of probe-binding
cells should represent the proportion of metabolizing cells in the
water column (60-80% of total cells present). The decrease in
probe-positive cells between 2,000 and 3,000 m might reflect
decreasing availability or quality of growth substrate, resulting in
a metabolically less active population. Close to the sea floor,
gravitationally deposited organic matter might trigger the observed
increase of the proportion of all probe-positive cells (Fig. 2b). This
result is consistent with observed increases in metabolic activity
near the sea floor previously found in Pacific bathypelagic microbial
populations®. Our data indicate that most deep-sea microbes
(archaea and bacteria) contain appreciable amounts of rRNA, and
so may be active contributors to the ecosystem. Furthermore, given
that the total number of microbes strongly decreases with depth in
the ocean®”, our data lead to an ecologically significant conclusion:
growth conditions for pelagic microbes do appear to be accurately
reflected by microbial standing stock. There may also be a popula-
tion shift with increasing depth to microbial groups better adapted
to deep sea conditions, a large fraction of which appears to be
pelagic crenarchaeota.

Combining our present data set with continental shelf data’, we
can extrapolate total cell abundances for archaea to the global
ocean®. Such an extrapolation suggests that the world ocean
contains approximately 1.3x10*® archaeal cells, and 3.1x10%®
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bacterial cells. About 1.0x 10%® cells, that is, 20% of all the pico-
plankton cells in the world ocean appear to be represented by one
specific clade, the pelagic crenarchaeota. The habitat range for this
single microbial group, spanning from mesopelagic to bathypelagic
depths, is unusually broad. As a dominant component of the deep
ocean, Earth’s largest biome, archaea are thus far from confined to
extreme niche habitats. Rather, the distribution of these archaea
suggests that a common adaptive strategy has allowed them to
radiate throughout nearly the entire oceanic water column. O

Methods
Sample preparation

Samples were fixed with 0.2-pm filtered formalin (2% final concentration) and filtered
onto 0.2-pm polycarbonate filters. After filtration cells were treated by overlaying the
filter for 2 min with a 0.25 M NaCl solution made up in 50% (v/v) ethanol. Samples
were stored frozen either before or after filtration, with equal preservation of probing
potential.

Whole-cell fluorescent in situ hybridization counts

Ribosomal RNA targeted hybridization was carried out on the filter-bound cells using
fluorescein isothiocyanate (FITC) multiply labelled probes® of more than 100 base pairs in
length, targeting crenarchaeota (marine group 1 archaea) or euryarchaeota (marine group
2 archaea)', or bacteria. A non-binding probe (consisting of the complementary strand of
the pelagic crenarchaeotal probe) served as the negative control, while the summation of
archaeal and bacterial fractions (minus negative control) provided a check on how total
probe-positive cells compared with total cell counts using the DAPI stain®. Probe was
added to a hybridization buffer at a final concentration of 2 ng pl™". The hybridization
buffer of 10% (w/v) dextran sulphate, 0.01% poly(A) and 0.1% sodium dodecyl sulphate
(SDS) in 5x SET was used with either 50% formamide (bacterial and negative control
probes) or 70% formamide (for both archaeal probes, 1x SET is 150 mM NaCl, ImM
ethylenediaminetetraacetic acid (EDTA), 20 mM Tris, pH 8.0).

We did not automatically subtract the negative count corresponding to each sample
because cells showing a ‘negative’ image, for example, owing to autofluorescence, could be
of any group: crenarchaeota, euryarchaeota or bacteria. When reporting the sum of
relative cell numbers from all probes, however, we did subtract the negative count as here
we can relate the negative count to all cells, yielding a conservative estimate for total probe
positive cells. During April 1998, high negative values of 25% and 36% were observed for
the 5-m and the 25-m layers, respectively; for the other 120 samples the negative control
averaged 2.0 = 1.5% (mean = s.d.). Hybridization temperatures were 65 °C for the two
archaeal probes, and 55 °C for bacterial and negative control probes. Hybridization time
was 12 h. Post-hybridization wash (2 h) was at 50 °C for archaeal probes, and 45 °C for
bacterial/negative control probes in a 0.2x SET solution made up in 50% formamide.
Filters were mounted in Citifluor (Ted Pella), and FITC-positive cells were counted in
relation to DAPI-positive cells on the same filter’. Counting was performed using a Zeiss
epifluorescence microscope equipped with a X100 Neofluar objective and 100-W mercury
lamp illumination, as well as the appropriate filter sets for DAPI and FITC (Chroma
Technology).
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Hamilton’s* theory of kin selection suggests that individuals
should show less aggression, and more altruism, towards closer
kin. Recent theoretical work has, however, suggested that compe-
tition between relatives can counteract kin selection for altru-
ism®~'", Unfortunately, factors that tend to increase the average
relatedness of interacting individuals—such as limited disper-
sal—also tend to increase the amount of competition between
relatives. Therefore, in most natural systems, the conflicting
influences of increased competition and increased relatedness are
confounded, limiting attempts to test theory**'°. Fig wasp taxa
exhibit varying levels of aggression among non-dispersing males
that show a range of average relatedness levels. Thus, across
species, the effects of relatedness and competition between rela-
tives can be separated. Here we report that—contrary to Hamil-
ton’s original prediction> but in agreement with recent

510

%4 © 2001 Macmillan Magazines Ltd

theory’ "' —the level of fighting between males shows no correla-
tion with the estimated relatedness of interacting males, but is
negatively correlated with future mating opportunities.

Hamilton’s rule" provides a tool for understanding a range of
social interactions, including altruism, aggression, selfishness and
spite. It states that altruism (or less aggression) is favoured when
rb—c > 0, where c is the fitness cost to the altruist, b is the fitness
benefit to the beneficiary and r is their genetic relatedness. For a
given benefit and cost, the evolution of altruism therefore relies
upon a sufficiently high relatedness between interacting individuals.
Hamilton® originally suggested that a high relatedness could arise in
two ways: (1) behaviour based upon direct kin recognition between
individuals, or (2) limited dispersal (population viscosity).

However, the importance of limited dispersal in increasing the
relatedness among interacting individuals and favouring altruism
has been controversial>™"'. Hamilton’s original suggestion has been
contested because limited dispersal can also increase competition
between neighbouring relatives, which opposes the evolution of
altruistic behaviour’™"'. Unfortunately, empirical tests of theory,
that determine the relative importance of increases in both related-
ness and competition between relatives, have been hindered because
both factors are influenced by dispersal, and so their effects are
usually confounded**".

The variable form of mate competition and population structure
across fig wasp species with wingless males offers an opportunity for
disentangling the confounded effects of relatedness and competi-
tion between relatives in viscous populations'>™'"®. Fig wasps are
species that develop within the fruit of fig trees, and include
mutualistic pollinating species as well as parasitic non-pollinating
species”. In many species the males are wingless, and mate with the
winged females before the females disperse. The level of aggression
between these non-dispersing males varies enormously across
species’”™'>'®, At one extreme, males of some non-pollinating
species are highly modified for combat with armoured bodies and
huge mandibles. These mandibles are used to tear soft tissue and
sever body parts, including limbs, head and abdomen, and can
result in extremely high mortality levels. At the other extreme, males
of other non-pollinating and most pollinating species show no
modifications for combat or aggression.

Across these species, the average relatedness of competing males
varies enormously owing to variation in the number of females that
lay eggs in each fruit'*™'. For example, if only one female lays eggs in
a fruit then all the competing males will be brothers; increasing
numbers of females laying eggs in a fruit will lead to males
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Figure 1 Mean injury level contrasts plotted against estimated relatedness contrasts.
Across species, the mean injury level (lifetime extent of injury, LEl) and the proportion of
individuals severely injured (SI) showed no significant relationship with estimated
relatedness (LEI: all contrasts, F(1,15) = 1.01, r? = 0.06, p = 0.33; not including
contrasts within the pollinator lineage, F(1,11) = 0.72, r?=0.06, P=0.42; Sl: all
contrasts, F(1,15) = 0.04, r? < 0.01, p = 0.84; not including contrasts within the
pollinator lineage, F(1,11) = 0.05, r2 < 0.01, p = 0.83). Circles, contrasts between the
non-pollinating species; squares, contrasts between the pollinator species; triangle, the
contrast between pollinators and non-pollinators.
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