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by in situ X-ray observations based on the same pressure scale in the previous study'>'*.

The overpressure was calculated using these boundaries. We observed the pressure to drop
during the transformation by 1-2 GPa, but this would not affect the transformation rate
significantly because the overpressure is very large in the present study. This has been
confirmed in the post-spinel transformation’.

One starting material was a powdered mixture of natural pyrope and gold. In
experiments using the natural pyrope, the sample was annealed at 20 GPa and 1,523 K
for 2 h before the transformation to achieve equilibrium microstructures, resulting in
equigranular polycrystalline pyrope of 12 * 2 pm in diameter. Another starting material
was a sintered mixture of pure pyrope and gold, which was synthesized at 20 GPa and
1,773 K using the pyrope glass. The sintered pure pyrope was not annealed before the
transformation because equilibrium microstructures in the sintered sample are almost
maintained during the cold compression stage’. The grain size of pure pyrope was
3.2 £ 0.5 pm. After the pressure reached the desired value, the sample was heated at a rate
0f 500 K min~'. When the temperature reached the desired value, it was kept constant and
X-ray diffraction patterns of the sample were taken every 10-300 s by the energy dispersive
method using a Ge solid-state detector. The transformed volume fraction was estimated on
the basis of the integrated intensity of diffraction lines 400, 642 in pyrope relative to the
intensity before the transformation’. We observed uniform changes of the diffraction peaks
during the transformation, which is diagnostic of the absence of a preferred orientation.
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The most abundant class of bacterial ribosomal RNA genes
detected in seawater DNA by gene cloning belongs to SAR11—
an a-proteobacterial clade'. Other than indications of their
prevalence in seawater, little is known about these organisms.
Here we report quantitative measurements of the cellular abun-
dance of the SAR11 clade in northwestern Sargasso Sea waters to
3,000 m and in Oregon coastal surface waters. On average, the
SARI11 clade accounts for a third of the cells present in surface
waters and nearly a fifth of the cells present in the mesopelagic
zone. In some regions, members of the SAR11 clade represent as
much as 50% of the total surface microbial community and 25%
of the subeuphotic microbial community. By extrapolation, we
estimate that globally there are 2.4 X 10*® SARI11 cells in the
oceans, half of which are located in the euphotic zone. Although
the biogeochemical role of the SAR11 clade remains uncertain,
these data support the conclusion that this microbial group is
among the most successful organisms on Earth.

Comprehensive information is available about the overall abun-
dance of marine bacterioplankton, which dominate living biomass
and have a chief ecological role in marine food webs>®. With the
exception of marine Archaea®’, however, there is very little quan-

Figure 1 Distribution of the SAR11 clade in the world’s oceans. Red marks indicate
locations where SAR11 ribosomal RNA genes have been detected using molecular
techniques. Although 52 individual samples are represented, many studies along the
US Pacific coast and in the North Atlantic have been conducted at the same sample
locations and are therefore represented by a single red mark.
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titative information about the cellular abundance of specific phy-
logenetic groups of marine microorganisms. Most knowledge about
bacterioplankton diversity comes from 16S ribosomal RNA gene
(ribosomal DNA) cloning studies, which have identified several
groups of marine bacteria that are thought to be abundant in
seawater'. Although members of the SAR11 clade have no ascribed
physiology, they consistently dominate 16S rDNA clone libraries.
They have been present in over 50 studies of marine bacterioplank-
ton microbial diversity from sites around the globe (Fig. 1) and
account for 25% of all the genes recovered in these studies. Although
gene clone library data strongly support the importance of the
SARI11 clade in the oceans, these data are open to considerable
interpretation, owing to the uncertainties associated with the
specificity of polymerase chain reaction (PCR) amplification pri-
mers, ribosomal RNA gene copy number and other factors®.

In August 2001, seawater samples were collected along a meri-
dional transect in the northwestern Sargasso Sea. Additional
samples collected from the Bermuda Atlantic Time-series Study
(BATY) site in February and March 2001 were also processed for
abundance during winter and spring periods. Surface samples (10 m
depth) from the Oregon coast were collected along the Newport
Hydroline at station NH5 (44°39.1' N, 124°10.6' W) in September
2001 and February 2002, where average nutrient content and
productivity are markedly higher than in the western Sargasso
Sea. Four Cy3-labelled oligonucleotide probes targeting SAR11
clade 16S rRNA and five Cy3-labelled oligonucleotide probes
targeting bacterial 16S rRNA were used in separate hybridization
reactions. Digital processing of raw images was used to restrict
counting to cells showing fluorescence from both the Cy3 probe and
the nucleic acid dye 4',6-diamidino-2-phenylindole dihydrochlor-
ide (DAPI)°. With this approach, there was very little ambiguity in
determining cell counts.

Unlike gene cloning, fluorescence in situ hybridization (FISH) is
an accurate method for determining the exact abundance of cells in
natural samples'® "%, provided that the probes circumscribe their
phylogenetic target and the fluorescence signals from cells are high
enough for consistent scoring. Because some microbial cells, such as
small, slow-growing bacterioplankton, are difficult to detect by this
method, various strategies have been used to increase signal inten-
sity and counting accuracy. Some of these studies have focused
primarily on probe design'>'*, whereas others have explored strat-
egies to amplify the fluorescent signal per cell'>™"”. Our strategy was
to use several probes that target different regions of the 16S rRNA to
produce an additive effect on signal intensity, coupled with a
sensitive cooled CCD (charge-coupled device) camera for detecting

Figure 2 SAR11 fluorescence in situ hybridization image composite. Dual image
overlay of DNA-containing cells stained with DAPI (blue) and the Cy3 probe (red). Cells
emitting a signal for both DAPI and the Cy3 probe are both blue and red, and cells
that did not hybridize to the set of SAR11 probes are blue. The identical fields of view
in the DAPI- and Cy3-stained images show the characteristic size and curved rod
morphology of a magnified SAR11 cell (white box). Scale bar, 1 pm.
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low levels of fluorescence. Our measurements of bacterial abundances
were equivalent to those obtained with polynucleotide probes (poly-
FISH) in coastal North Sea and Monterey Bay Californian samples'®.
The high quantum efficiency of cooled CCD cameras makes it
theoretically possible to detect single probe molecules; thus, in
hybridization experiments such as these the real limitations are the
signal-to-noise ratio achieved and the specificity of the probes.

Analyses of hybridization images showed that cells hybridizing to
the SARI1 probes were abundant curved rods of less than 1pm
(Fig. 2). These accounted for 35% (n = 24) and 18% (n = 7) of
total microbial cell abundance in the euphotic and mesopelagic
zones, respectively. There was no discernible difference in the
morphology of SARI11 cells from the different oceans, or from
different depths in the Atlantic. The biovolume of SARII cells
relative to the average for the marine bacterioplankton community
was determined from the ratio of the average areas of SAR11 cell
images (n = 175) and bacterial cell images (n = 257) by assuming
that the cells were prolate spheroids'. The biovolume of SAR11 cells
was inferred to be roughly half of the average biovolume for cells in
the bacterioplankton community.

Depth profiles showed that members of the SAR11 clade were
numerically abundant throughout the water column in the western
Atlantic, averaging 2.0 X 10°cells1™" (n = 24) within and 0.2 X
10%cells1™! (n =7) below the euphotic zone (>150m; Fig. 3).
Cell counts determined with DAPI averaged 5.7 X 10°cells1™"
(n = 72) withinand 1.2 X 108 cells] ™' (n = 21) below the euphotic
zone. To ensure that cells were not being removed in the hybridiza-
tion process, direct cell counts determined from hybridization
preparations were compared with independent preparations that
used standard DAPI staining procedures for counting cells®. Agree-
ment between the values was 99.6% in pair-wise comparisons,
showing that most cells remained on the filters throughout the
hybridization procedure.
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Figure 3 SAR11 probe counts, bacterial probe counts and direct cell counts (DAPI-
staining particles) in the northwestern Sargasso Sea. a—d, SAR11 clade (squares),
Bacteria (circles) and DAPI (diamonds) counts at 32°N, 64° W (CDOM-01; BATS site;
a), 30°N, 64°W (CDOM-03; b), 28°N, 64°W (CDOM-05; ¢) and 26° N, 64°W
(CDOM-07; d). e, A transect composite shows the mean abundance values by depth
for SAR11 clade and bacterial cell counts as percentages of direct cell counts (DAPI
staining particles); n = 4, except for depths below 250 m, where n = 1. Standard
deviations are given for depths of 1-250 m. One sample point was obtained for depths
below 250 m at 26° N, 64° W (CDOM-07).
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Probe counts were compared with total DAPI cell counts from the
same samples to determine the relative abundances of the SAR11
clade and domain Bacteria. Results from a mean composite of
all Atlantic transect profiles indicated that SAR11 accounted for
31-41% of the total DAPI cell counts within the euphotic zone, and
16-19% between 250 and 3,000 m (Fig. 3). The relative abundance
of SAR11 exceeded 40% in several profiles and accounted for 51% of
the microbial community in the 40-m sample from the BATS site
(CDOM-01). Data from samples collected at BATS in February and
March 2001 showed similarly high cellular abundances of SAR11
cells in winter months (data not shown). On average, SARI1 cells
accounted for 35% (n = 8) of the total DAPI cell counts in surface
waters to 200 m, and 16% (n = 5) at depths from 250 m to 3,600 m.
The relative abundance of the SAR11 clade in Oregon coastal surface
samples was 17% in September 2001 and 38% in February 2002.

Transect averages showing the relative contribution of cells
counted with the bacterial probe suite to total DAPI cell counts
ranged from 65 to 86% in the upper ocean surface, reaching
maximum values in the surface 40 m (Fig. 3). These values were
corrected by subtracting the autofluorescent cell counts obtained
from duplicate slides hybridized to the negative control probe. This
procedure may result in an underestimate of the total number of
cells detected with the bacterial probes, because autofluorescent
cells, including cyanobacteria, were excluded. The bacterial contri-
bution to total DAPI cell counts declined to 54% between 250 and
3,000m. Although bacterial cell counts may be underestimated
because some cells fail to produce a probe signal that is sufficient to
raise the detection level above background, these observations are
consistent with previous findings of a significant archaeal contri-
bution to picoplankton abundance in the mesopelagic®.

Hybridization of radioactive probes to bulk RNA extracted from
the same samples and from monthly time-series samples collected at
the BATS site between September 1997 and August 2000 showed a
similar trend in the vertical distribution of SAR11 clade rRNA
(Fig. 4). In transect samples taken in August 2001, the percentage of
bacterial 16S rRNA contributed by the SAR11 clade varied from
18% (n = 3) in the euphotic zone to 3% (n = 4) in the aphotic zone
(Fig. 4b). Monthly time-series data produced similar values and
showed an annual trend in SAR11 clade 16S rRNA abundance
(Fig. 4a). Maximal values occurred in the summer, when SARI11
clade 16S rRNA accounted for as much as 32%, 26% and 28% of
all bacterial 16S rRNA present in surface waters at the BATS site
(June—July 1998, August 1999 and August 2000, respectively). Note
that the relatively low temporal variability of total DAPI counts

(Fig. 4c), despite a temporally dynamic SAR11 population, suggests
the possibility that other prokaryotic populations are changing as
well. SAR11 SSU rRNA percentages are less than the measured
percentages of SAR11 cells for the same depth strata, probably
because SAR11 cells are unusually small and ribosome content is
correlated with cell volume®'. SAR11 cells have been cultured in our
laboratory, and SAR11 biovolumes have been estimated to be about
0.01 pm® from electron micrograph data?. These results and the
image data discussed above indicate that the SAR11 contribution to
marine biomass is less than their absolute numbers would suggest.

A previous study that used a single oligonucleotide probe to
count SAR11 cells in coastal water samples reported that SAR11
abundance was low (<1% of total marine microbial abundance)?.
That result may reflect a real variation in SAR11 abundance;
alternatively, single oligonucleotide probes might undercount
their target if signals from some cells fall below the background
fluorescence of the in situ hybridization preparation, which is
particularly likely to occur when the target cells are unusually
small'®.

Data showing a global distribution of SAR11 (Fig. 1), and the
consistent cell counts that we obtained from highly disparate sites,
suggest that global extrapolation from our data is justified. Using
our mean percentages for surface and mesopelagic samples and
previous reported values*, which estimated that globally there are
3.6 X 10%® prokaryotic cells in the upper 200 m of the ocean surface
and 6.5 X 10*® prokaryotic cells below 200 m, we calculate that the
global abundance of SARI11 in the oceans is 2.4 X 10%® cells.
Previous studies® have calculated the abundance of the pelagic
crenarchaeota clade to be of the same order as our estimates for
the SARII clade, 1.3 X 10°® archaeal cells, and have calculated
bacterial cell numbers of 3.1 X 10°® cells. On the basis of previous
calculations®** of total global ocean prokaryotic cell abundance, we
estimate that SARI1 contributes 24-55% of oceanic prokaryotic
cells. Using estimates of global ocean prokaryotic abundance® and
the relative cell sizes measured by microscopic imaging, we calculate
that SAR11 cells account for 18% of the total bacterial biomass in
surface waters (upper 200 m) and for 9% in deeper waters (200—
3,000m), assuming that the average SARI1 cell contains roughly
half as much carbon per cell as the average for marine bacteria.
Opverall, we estimate that SAR11 contributes about 12% of total
marine prokaryotic biomass. Although approximations, these num-
bers highlight the magnitude of global SAR11 clade populations.

Dividing SAR11 cells were observed in Sargasso Sea samples from
all depths, suggesting that members of this clade are actively
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Figure 4 Percentages of SAR11 clade 16S rRNA at surface depths and depths
=200 m. a, Monthly time-series samples from the BATS site for surface (filled
squares) and 200-m depths (open squares) over a 3-yr period. b, August 2001
transect averages for surface (n = 3) and =200 m (n = 4) depths from CDOM-03
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(1 m), CDOM-05 (1, 250 m) and CDOM-07 (1, 250, 1,000 and 3,000 m).

¢, Corresponding total prokaryotic abundance (filled circles) in the surface 5m for the
BATS time series data, estimated by direct counting with DAPI. d, Average prokaryotic
abundance from 1 m (CDOM-01, CDOM-03, CDOM-05 and CDOM-07).
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replicating throughout the water column. Although exponentially
growing cultures can be readily distinguished from stationary-phase
cultures by the presence of dividing cells in the former, we were
unable to make quantitative estimates of the in situ growth rates of
SARI1 cells by measuring the frequency of dividing cells. The noise
in image analysis parameters associated with cell shape is inherently
high when viewing cells that have a size close to the limit of
resolution of light microscopy.

Although the SAR11 clade probe suite used in this study did not
distinguish between different SAR11 lineages, previous work has
shown that different phylogenetic groups within the SAR11 clade
are found in different regions of the water column®. It is unknown
whether this phylogenetic differentiation is associated with special-
ization in the use of nutrient resources. The numbers of SAR11 cells
indicated by this study suggest that these organisms are efficient
competitors for resources that are available throughout the water
column. Our results do not rule out the possibility that other
microorganisms may grow more rapidly than SAR11 but may be
less abundant because grazing, viral predation or other sources of
mortality result in a high rate of cell removal. Genome sequencing
of SAR11 is now in progress, and future research will undoubtedly
seek to identify specifically the physiological activities of these cells
and their role in the oceanic carbon cycle. O

Methods

Sample collection

We collected water from four transect stations in the northwestern Sargasso Sea. Samples
from ten depths between 1 and 3,000 m were collected in Niskin bottles on a 24-place
conductivity—temperature—density device rosette and transferred to primary collection
bottles. Subsample volumes of 10-40 ml were immediately fixed in filtered
paraformaldehyde at a final concentration of 3% and stored at 4 °C for 6-8 h. Fixed
samples were filtered onto white 0.2-pm Osmonics polycarbonate filters, placed
immediately in slide boxes containing silicon desiccant and stored at —20 °C.

Probe analysis

We analysed 261 SAR11 and 12,300 total 16S rRNA sequences using the ARB sequence
analysis package® to determine probe specificity and accuracy. A total of 149 SAR11
sequences contained sequence spanning at least one target site, and 133 contained an exact
match to at least one probe sequence. A minimum of three of the four probes matched
exactly all rRNA genes with sequence spanning all target sites (n = 27), and most of these
sequences (66%) matched all four probes identically. None of the probes used in the SAR11
probe suite matched sequences outside the SAR11 clade. The oligonucleotide probes used
to enumerate members of the SAR11 clade were as follows: SAR11-152R (5'-ATTAG
CACAAGTTTCCYCGTGT-3"), SAR11-441R (5'-TACAGTCATTTTCTTCCCCGAC-3"),
SAR11-542R (5'-TCCGAACTACGCTAGGTC-3'), and SAR11-732R (5'-GTCAGTAATG
ATCCAGAAAGYTG-3"). The oligonucleotide probes used to enumerate Bacteria were as
follows: EUB-27R (5'-CTGAGCCAKGATCRAACTCT-3"), EUB-338Rpl (5'-GCWGCC
WCCCGTAGGWGT-3"), EUB-700R (5'-CTAHGCATTTCACYGCTACAC-3'), EUB-
700Ral (5'-CTACGAATTTCACCTCTACAC-3") and EUB-1522R (5'-AAGGAGGTGAT
CCANCCVCA-3"). The negative control oligonucleotide was 338F (5'-TGAGGATGCCC
TCCGTCG-3').

FISH

Hybridization reactions were carried out essentially as described'? with the following
modifications. Reactions were done on one-quarter membrane sections at 37 °C for 16 hin
hybridization buffer (900 mM NaCl, 20 mM Tris (pH 7.4), 0.01% (w/v) SDS, 15%
formamide) and either SAR11 or Bacteria-specific Cy3-labelled oligonucleotide probes.
Individual probes in each set of probes were each used at a final concentration of 2 ng pl .
We also used a Cy3-labelled nonsense oligonucleotide (338F) as a negative control at a final
concentration of 8 ng pl ~'. Optimal hybridization stringency was achieved by washing the
membranes in hybridization wash (150 mM NaCl, 20 mM Tris (pH 7.4), 6 mM EDTA and
0.01% SDS) for two 10-min intervals at experimentally determined temperatures of
dissociation (T 4) specific for the individual sets of probes (SAR11, 55 °C; Bacteria, 50 °C;
338F, 50 °C). Nucleic acid staining was achieved by transferring the membrane to
hybridization wash containing 5 pg ml ™" DAPI for 10 min at 4 °C. DAPI was rinsed off for
2 min in a final hybridization wash at 4 °C. All reagents were filtered through 0.2-pm
membranes.

Fluorescent microscopy

After mounting the filters in Citifluor (Ted Pella), Cy3-positive and DAPI-positive cells
were counted for each field of view using a Leica DMRB epifluorescence microscope
equipped with a Hamamatsu ORCA-ER CCD digital camera, filter sets appropriate for
Cy3 and DAPI, and Scanalytics IPLab v3.5.5 scientific imaging software. Consistent
exposure times of 1 and 5s were used for DAPI and Cy3 images, respectively. We
segmented DAPI images using IPLab software and overlaid them on corresponding Cy3
image segmentations to identify positive probe signals with corresponding DAPI signals.
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Negative control counts were determined using the same technique and subtracted from
positive probe counts to correct for autofluorescence and nonspecific binding. We
counted an average of 693 DAPI-staining cells for surface samples from 1 to 150 m

(n = 72), and an average of 320 DAPI staining cells for mesopelagic samples from 250 to
3,000 m (n = 21).

Bulk nucleic acid hybridization

Unamplified small subunit ribosomal RNA was probed essentially as described”. We used
only two oligonucleotide probes, SAR11-441R and SAR11-542R, from the in situ set of
probes because these two probes could detect nearly all representative SAR11 clade 16S
rRNA sequences and because the additive effect on intensity needed to identify small cells
using FISH was not necessary. Stringency conditions used for this study were determined
empirically. Individually determined hybridization wash temperatures were 42 °C for the
SARI11 probes, making it possible to combine the two SAR11 probes used in this study into
a single probe set. The SAR11 signal was compared with the total bacterial RNA signal
obtained using probe EUB-338Rpl and the specific hybridization value was determined by
comparison with the SAR11 positive control strains, HTCC1040 and HTCC1062 (ref. 22).
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The process of adaptation occurs on two timescales. In the short
term, natural selection merely sorts the variation already present
in a population, whereas in the longer term genotypes quite
different from any that were initially present evolve through the
cumulation of new mutations. The first process is described by
the mathematical theory of population genetics. However, this
theory begins by defining a fixed set of genotypes and cannot
provide a satisfactory analysis of the second process because it
does not permit any genuinely new type to arise. The evolution-
ary outcome of selection acting on novel variation arising
over long periods is therefore difficult to predict. The classical
problem of this kind is whether ‘replaying the tape of life’ would
invariably lead to the familiar organisms of the modern biota"*.
Here we study the long-term behaviour of populations of auton-
omously replicating computer programs and find that the same
type, introduced into the same simple environment, evolves on
any given occasion along a unique trajectory towards one of
many well-adapted end points.

When replicate lines of microbes are cultured in the same
conditions, they usually evolve higher rates of growth in parallel.
In principle, this need involve no more than the successive substi-
tution of the same series of mutations and thus the emergence of the
same multilocus genotype™’. The tempo of adaptation can be
analysed through the theory of periodic selection*?; the lack of
substantial genetic variance of fitness among replicate lines suggests
that this simple description might often be adequate®’. In a few
cases where the relevant loci are known this has been confirmed
directly®'’, but in other experiments replicate lines have diverged in
fitness'', or the pattern of correlated responses has shown that they
have diverged genetically, despite their similar direct responses'>".
In some cases, the physiological and genetic responses occurring in
replicate lines have been identified, showing how the same selection
pressure can lead to quantitatively and qualitatively different out-
comes'*". In experiments with large multicellular organisms such
as Drosophila, differences among replicate lines can be caused by
initial differences among the founding populations, or by inbreed-
ing or drift during the course of the experiment'®". In microbial
experiments with large populations of asexual organisms derived
from isogenic founders, these explanations are ruled out, raising the
possibility that long-term evolutionary change is often highly
contingent.
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We studied an auto-adaptive genetic system called Tierra'®",

comprising a virtual microcosm inhabited by self-replicating com-
puter programs (‘creatures’). The genome of each creature is a
sequence of instructions that directs the flow of control. Each
instruction performs some elementary operation, such as incre-
menting a register or moving the instruction pointer to another
location in the genome. When an appropriate sequence of instruc-
tions is correctly executed, the sequence is copied elsewhere in
computer memory; changing the sequence of instructions usually
changes the rate of replication. Selection between the variants
produced by mutation is caused by competition for CPU time:
variants that replicate more rapidly tend to increase in frequency.
The evolving population of programs thus resembles an evolving
population of bacteria or viruses, and such auto-adaptive genetic
systems are now coming into use to supplement conventional
analytical methods in evolutionary theory®®. We have shown pre-
viously that the microevolutionary dynamics of Tierran popu-
lations are adequately described by conventional population
genetics theory*'.

We began each experiment with a single creature that was allowed
to proliferate indefinitely, with an initial carrying capacity of 500
individuals and a mutation rate of 0.1 per genome per replication.
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Figure 1 Variety of evolutionary end points. Genotypes are classified according to the
presence and position of key instructions such as div (divide), mal (allocate memory),
IncC (increment register C), PushX (put a value in register X onto a stack), ifz (if
register equals zero then execute next instruction, else advance two instructions) and
ret (return). DD types are density-dependent and cannot replicate as single copies in
pure culture; DI types are density-independent. The diversity of size-22 DI types is
arranged according to the position of instructions relative to div and mal. a is adrb or
adro; b is SUbAAC or movBA; ¢ is subCAB or pushB. The numbers in parentheses give
the number of observed outcomes of a given kind. a, Small-population experiments; b,
large-population experiments.
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