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Marine microbial communities are complex and dynamic, and their ecology impacts biogeochemical cycles in pelagic ecosys-
tems. Yet, little is known about the relative activities of different microbial populations within genetically diverse communities.
We used rRNA as a proxy for activity to quantify the relative specific activities (rRNA/ribosomal DNA [rDNA or rRNA genes]) of
the eubacterial populations and to identify locations or clades for which there are uncouplings between specific activity and
abundance. After analyzing 1.6 million sequences from 16S rDNA and rRNA (cDNA) libraries from two euphotic depths from a
representative site in the Pacific Ocean, we show that although there is an overall positive relationship between the abundances
(rDNAs) and activities (rRNAs) among populations of the bacterial community, for some populations these measures are uncou-
pled. Different ecological strategies are exemplified by the two numerically dominant clades at this site: the cyanobacterium Pro-
chlorococcus is abundant but disproportionately more active, while the heterotrophic SAR11 is abundant but less active. Other
rare populations, such as Alteromonas, have high specific activities in spite of their low abundances, suggesting intense popula-
tion regulation. More detailed analyses using a complementary quantitative PCR (qPCR)-based approach of measuring relative
specific activity for Prochlorococcus populations in the Pacific and Atlantic Oceans also show that specific activity, but not abun-
dance, reflects the key drivers of light and nutrients in this system; our results also suggest substantial top-down regulation (e.g.,
grazing, viruses, or organismal interactions) or transport (e.g., mixing, immigration, or emigration) of these populations. Thus,
we show here that abundance and specific activity can be uncoupled in open ocean systems and that describing both is critical to

characterizing microbial communities and predicting marine ecosystem functioning and responses to change.

he application of massively parallel DNA sequencing to ma-

rine microbial ecology has increasingly led to identification of
the breadth of bacterioplankton phylogenetic and genomic diver-
sity (1-3). In general, the most abundant environmental sequence
types have been assumed to be the most active, both on a per-cell
basis and as members of the community, and thus they are as-
sumed to drive nutrient and energy cycling, although there are
some important exceptions (e.g., N, fixers). Robust tools that can
determine the activities of specific phylotypes in the environment
have not been widely applied, even though the ability to measure
in situ activity will address key questions in microbial ecology and
biogeochemistry, including the environmental variables that fa-
vor specific taxa (4), the role of predation in regulating bacterio-
plankton abundances (5), and the relative importance of specific
taxa in biogeochemical cycling (6), among others.

In culture- and genome-based studies of a few model organ-
isms, marine microbes are often partitioned into oligotrophs (e.g.,
Prochlorococcus and “Candidatus Pelagibacter”), which grow
slowly on low levels of nutrients, and copiotrophs (e.g., Roseobac-
ter, Alteromonas), which require high concentrations of nutrients
and may display boom-or-bust population dynamics (7). Al-
though clearly delineated oligotrophs and copiotrophs are useful
as a binary classification, reality may reflect a gradient in respon-
siveness to environmental conditions (8). Some copiotrophs may
cycle between rare and abundant states, while others remain rare
in spite of high apparent growth rates due to predation pressure
(9), and oligotrophs may be more dynamic than previously
thought (7). Thus, combining measures of specific activity and
abundance can provide a more complete assessment of the bacte-
rioplankton community structure and the impacts of its members
on biogeochemical cycling and microbial ecology.
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Under steady-state growth and in the absence of selective pre-
dation by viruses and grazers, the most active bacteria would be
the most abundant, with higher growth rates leading to more bio-
mass (10). Based on these assumptions, investigators have often
assumed that rare bacteria are composed of slow-growing or dor-
mant bacteria that act as a “seed bank,” becoming abundant when
positively selected for by the environment (11). Yet, there is in-
creasing evidence that rare bacteria may be disproportionately
active relative to their abundances (9, 12). Observations of uncou-
pled specific activity and abundance in a coastal ocean time series
and in lakes have suggested that apparent equilibrium in these
environments masks a dynamic system and that some low-abun-
dance taxa may contribute disproportionately to ecological and
biogeochemical processes relative to their abundances (9, 12).

Historically, the activities of marine microbes have been as-
sessed at the community level by measuring the incorporation of
labeled precursors (13, 14). However, this technique cannot de-
termine the activities of specific populations, which may differ
from those of the total community. Other phylum-specific mea-
surements often require incubations that may distort microbial
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populations due to “bottle effects,” incorporation of substrates, or
development of specific probes or primers. To address this gap,
there is a growing trend of obtaining phylotype-associated mea-
surements of specific activity by quantifying rRNA and ribosomal
DNA (rDNA or rRNA genes) that reflect the activities and abun-
dances, respectively, of specific ribotypes (9, 12). Cellular ribo-
some abundances have been shown to correlate well with growth
rates of marine microbes in culture (15, 16), with some noted
exceptions (17, 18), and without the incubation or substrate in-
corporation requirement of many other approaches. However,
there are limitations to using this technique to infer an in situ
growth rate, as the rRNA content per cell is dependent on the cell
size, the growth rate, a taxon-specific relationship with growth,
and likely other clade-specific and environmental variables (17).
While the abundance of rDNA copies per cell (i.e., IDNA operons
per cell) can vary by roughly 1 order of magnitude between taxa
(19), the copies of rRNA per cell have an even wider range (from 0
in a dead cell to >10,000 copies in live cells [20]). Further, in
rRNA and rDNA library-based approaches, the number of reads
for each taxon observed is relative to reads for other organisms in
that library rather than an absolute measure of abundance. Many
comparisons of rRNA and rDNA have been based on relatively
small libraries that are potentially biased in their interpretation
because of insufficient sampling depth. These considerations
complicate direct comparisons between rDNA and rRNA in li-
brary sequencing (21).

Taking advantage of the strengths of this approach while ac-
knowledging that this technique, like others, has limitations, we
have applied the ratio of rRNA to rDNA for a given ribotype as a
proxy for bacterium-specific activity, which likely reflects the rates
of biomass- and non-biomass-producing cellular processes. The
strength of measuring rRNA/rDNA ratios comes not from a single
time point but in comparing measurements across time and space
to identify the drivers of activity and abundance for these organ-
isms at representative locations in the ocean. In contrast to a pre-
vious study, in which specific activity was examined using a coastal
time series (9), we examined open ocean stations and variability in
specific activities with depth. We focused on determining specific
activity in the cyanobacterium Prochlorococcus, which is impor-
tant as a model organism and as the dominant clade in the tropical
and subtropical open ocean environments. As Prochlorococcus is
an organism with well-known nutrient requirements and light-
driven physiology, measuring Prochlorococcus specific activity al-
lowed us to identify potential uncoupling of abundance and spe-
cific activity in the environment. Overall, this study allowed us to
examine the specific activities of different populations of bacteria
across their broad genetic diversity to better understand their re-
spective roles in biologically driven ocean processes.

MATERIALS AND METHODS

Sample collection. Seawater for 16S rRNA and rDNA library construc-
tion was collected at two depths (25 and 100 m) during Hawaii Ocean
Time-Series (HOT) cruise 215 at Station ALOHA (22°45'N, 158°W) on
25 September 2009, 2215 coordinated universal time (UTC). Bacterio-
plankton samples for DNA and RNA extraction were collected as de-
scribed previously (3, 22), with slight modifications. Briefly, seawater was
prefiltered through a 125-mm Whatman glass fiber (GF)/A filter to re-
move large eukaryotes. For DNA extraction, each sample was collected
onto a 0.22-pm Sterivex filter cartridge (Millipore), covered with 2 ml of
preservation buffer (50 mM Tris [pH 8.3], 40 mM EDTA, and 0.75 M
sucrose) and stored at —80°C. In total, 11 and 19 liters of seawater were
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filtered for DNA samples from the 25-m and 100-m depths, respectively.
The material for RNA extraction was collected by duplicate filtration of 1
liter of seawater from the same sample used for DNA collection on
0.22-pm Durapore filters (Millipore). After filtration, each filter was im-
mediately immersed in 1 ml of RNAlater (Ambion) and frozen at —80°C
until extraction. Environmental variables were obtained from the HOT
website (http://hahana.soest.hawaii.edu/hot/hot-dogs).

Additional depth profiles for Prochlorococcus quantitative PCR
(qPCR) and quantitative reverse transcription-PCR (qRT-PCR) were
taken at a station in the equatorial Pacific (2°S, 155°W) on 2 September
2006, 0207 UTC, and a station in the Sargasso Sea (30°43'N, 72°41"W) on
24 May 2010, 1832 UTC. At each station, discrete water samples at ~10
depths in the upper ~200 m were taken using a conductivity-tempera-
ture-depth (CTD) rosette system. At the equatorial Pacific site, macronu-
trient samples were collected in bottles, frozen, and then analyzed on
shore using an Astoria AutoAnalyzer as described previously (23). The
detection limit for nitrate is 0.05 wmol liter '. At the Sargasso Sea site,
nitrate was measured using an in situ UV spectrophotometer (ISUS)
nitrate sensor (Satlantic) mounted on the CTD rosette (24, 25). The
ISUS nitrate detection limit is 0.5 wmol liter !, and values below the
detection limit were reported as zero. To obtain the material for qPCR,
100 ml of seawater was filtered through a 0.22-pm polycarbonate filter
under low vacuum conditions (more than —3 X 10* Pa), washed with 3
ml of preservation solution (10 mM Tris, 100 mM EDTA, 0.5 M NaCl [pH
8.0]), and frozen at —80°C until extraction. In obtaining samples for
Prochlorococcus qRT-PCR, 100-ml samples were taken in duplicate, and
each filter was preserved in 600 pl of RLT solution (Qiagen) with 1%
B-mercaptoethanol and frozen at —80°C until extraction.

Nucleic acid extraction for 16S rRNA and rDNA libraries. The pres-
ervation solution in the Sterivex cartridge was collected and concentrated
using an Amicon Ultra 10-kDa filter unit (Millipore) and combined with
the filter. DNA extraction was performed according to the manufacturer’s
instructions (DNeasy tissue kit; Qiagen) with the addition of bead beating
(0.2 g,0.1-mm Zr beads for 3 min at 4,800 rpm). Total RNA was extracted
as described previously (22), with some modifications. Briefly, the RNAI-
ater solution was concentrated to less than 100 pl using an Amicon Ultra
10-kDa filter unit and then returned to the vial with a filter. Then, 0.2 g of
0.1-mm Zr beads was added to the vial, and the sample was lysed by bead
beating at 4,800 rpm for 2 min at 4°C. Total RNA was isolated from the
lysate using an RNeasy MinElute column (Qiagen) following the manu-
facturer’s instructions and treated with DNase using a Turbo DNA-free
kit (Ambion). cDNA was synthesized using a SuperScript IT reverse trans-
criptase system (Invitrogen) with random hexamer primers.

Amplicon library preparation. 16S gene fragments were amplified by
PCR from environmental DNA and cDNA templates using universal
primers 926F and 1392R plus adaptors for 454 pyrosequencing. Triplicate
PCRs (20 pl) for each library included 0.25 U JumpStart Taq (Sigma), 1X
JumpStart PCR buffer, 0.05 WM each primer, 200 pM each deoxynucleo-
side triphosphate (ANTP), and 300 pg/ml bovine serum albumin (BSA).
The reaction mixture was thermocycled at 95°C for 3 min, 25 cycles at
95°C for 30's, 55°C for 45 s, and 72°C for 90 s, followed by a final extension
of 10 min at 72°C. PCR products were separated by electrophoresis on
Tris-acetate-EDTA (TAE) agarose gels and purified using a MinElute gel
extraction kit (Qiagen). Finally, 454 library preparation and sequencing
were conducted at the Joint Genome Institute (JGI) in Walnut Creek, CA.

Analysis of 16S rRNA and rDNA tag libraries. A total of 1.6 million
raw sequences were obtained by sequencing PCR amplicons for the four
libraries described above. Sequences were processed using QIIME 1.2.1
(SVN1920) (26). Briefly, the sequences were filtered for length (300 =
length = 540 bp), quality score (mean, >30), and number of homopoly-
mer runs (<8). Sequencing errors were minimized by using Denoiser 0.91
for titanium reads, by chimera removal using ChimeraSlayer, and by de-
fining operational taxonomic units (OTUs) at 97% identity using the
UCLUST algorithm. OTUs were removed with only one occurrence in all
four libraries, with a eukaryotic or archaeal best BLAST hit (refse-
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FIG 1 Vertical variability of key physical, chemical, and biological variables at station ALOHA. (A) Irradiance (percentage of surface) and nitrate (umol kg™ ).
Arrows indicate the depths of samples chosen for the bacterioplankton diversity analysis. (B) Chlorophyll a (mg m™>) and temperature (°C). (C) Cellular
abundance was measured by flow cytometry for Prochlorococcus and nonphotosynthetic bacterioplankton (cells ml ™).

q_genomic) or an E value of >10">° against the SILVA (v106) database
(27). This analysis yielded a total of 861,659 sequences after preprocess-
ing; to control for variation in the number of reads per library, the libraries
were each subsampled 75,000 times (21). For the 50 most abundant
OTUs, a representative sequence was hand aligned using ARB (28) and a
maximum-likelihood tree constructed using PhyML (default parameters)
with 100 bootstrap replicates (29) and a lane mask.

Prochlorococcus ecotype qPCR and qRT-PCR DNA extraction. Fil-
ters for qPCR were shaken without beads in a bead beater (BioSpec) for 2
min at 4,800 rpm with 650 wl of 10 mM Tris (pH 8.0) buffer, followed by
incubation at 95°C for 15 min. The resulting lysate was used as the tem-
plate for qPCRs in parallel with serially diluted standards of known cell
concentrations. For qRT-PCR, individual samples were lysed with 0.2 g of
zirconium beads in the bead beater at 4,800 rpm, alternating bead beating
(30 s) and cooling on ice, for a total of 2 min of bead beating. Total RNA
was extracted from the sample using an RNeasy minicolumn (Qiagen)
with DNase digestion according to the manufacturer’s protocol. cDNA
was synthesized using random hexamer primers from the extracted RNA
using an iScript cDNA synthesis kit (Bio-Rad) and used as the template in
qPCRs following the same protocol as that for the genomic DNA qPCR.

Prochlorococcus ecotype-specific qPCR and qRT-PCR. For environ-
mental DNA samples, qQPCR was performed using primers targeting the
23S rRNA designed for specific ecotypes. Ecotype (e)MIT9312 (eHL-II)
was amplified as described previously (23, 30), and eMIT9313 (eLL-IV)
was amplified using the modified primers 23S-678F (5'-CGAGTCTGAA
TAGGGCGATC-3") and 23S-1210R (5'-CTCCCCTACCATTTAACAA
G-3") and thermocycled at 95°C for 15 min, 45 cycles at 95°C for 15 s, 62°C
for 30 s, and 72°C for 30 s, followed by a final extension of 5 min at 72°C.
The specificities of the eMIT9313 primers were verified using lab isolates
of Prochlorococcus and Synechococcus as well as environmental clone
libraries. For synthesized cDNA, qPCR was performed using 23S rRNA
gene primers for eMIT9312 (eHL-II) (30) and eMIT9313 (eLL-IV) (23S-
678F and 23S-1210R). The relative abundances and 23S rRNA gene ex-
pression levels of Prochlorococcus ecotypes from environmental DNA and
cDNA pools, respectively, were determined by comparing the threshold
cycle (C;) value with serially diluted culture standards. Because the tem-
plate preparation process for the standards (30) differs from that for the
environmental DNA and cDNA samples, the qPCR results are presented
as unitless relative values.

Nucleotide sequence accession number. The sequences reported here
have been deposited in the GenBank short-read archive under accession
number SRA058462. Oceanographic data are available at http://bcodmo
.org.
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RESULTS AND DISCUSSION

To quantify the abundances and specific activities of diverse bac-
terioplankton in the open ocean, we sampled DNA and RNA from
a well-characterized oceanographic station in the North Pacific
Ocean (ALOHA) in conjunction with the Hawaii Ocean Time-
Series in September 2009. At this location, the alphaproteobacte-
rium SAR11 and the cyanobacterium Prochlorococcus are gener-
ally the dominant clades throughout the year (31, 32). However,
the surface waters (0 to 200 m) of station ALOHA are highly strat-
ified in key environmental variables such as temperature, light,
and nitrate, resulting in vertical gradients in biological properties
such as chlorophyll concentration and Prochlorococcus and non-
photosynthetic bacterioplankton abundances (Fig. 1), among
others. To examine the bacterioplankton community in detail, we
used 16S rDNA libraries to quantify the diversity and relative
abundances of specific ribotypes coupled with 16S rRNA libraries
to link their phylogenetic identities to environmental activities.
Large-scale 16S ribosomal DNA and RNA tag libraries (mean frag-
ment length, 390 bp) covering the variable regions V6 to V8 were
constructed from samples collected at two depths (25 m and 100
m), which correspond to the upper photic zone and the deep
chlorophyll maximum, respectively (Fig. 1, arrows).

A total of ~1.6 million reads (630 Mbp of sequence) were
obtained among the four libraries and carefully edited for quality
(see Materials and Methods), netting 861,659 sequences for sub-
sequent analyses. In contrast with the high diversity and extreme
“rare biosphere” observed by others (33), our rarefaction collector
curves of each library (see Fig. S1 in the supplemental material)
plateau to a maximal value (Good’s coverage, =99%), indicating
that the community’s diversity is well constrained. Additionally,
the number of OTUs (operational taxonomic units, here defined
at 97% identity) observed in each library (219 to 575 OTUs) (see
Table S1) is similar to values predicted for coastal seawater in a
well-curated 16S rDNA clone library (1). Nevertheless, a substan-
tial fraction of the OTUs from each library (16 to 38%) are unique
to that library, suggesting that further sampling may yield addi-
tional OTUs (see Fig. S2 in the supplemental material), even
though most of the library-specific OTUs are in low abundances
(<1% total). The majority of OTUs are unique to each depth
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FIG 2 Phylogenetic relationship of bacterial diversity with activity and abundance measurements for 16S rRNA and rDNA libraries from station ALOHA
at 25 m and 100 m. (A) Maximum-likelihood phylogenetic tree of the partial 16S rRNA sequences for the 50 most abundant OTUs (97% identity) in
equally subsampled 16S rRNA and rDNA libraries (75,000 members). Bootstrap percentages of >80 for a given branch are indicated by a small circle. (B)
Heat map showing the log abundance (log [observations + 1]) for each OTU from the tree in panel A for RNA and DNA libraries. (C) Ratio of RNA to
DNA (rRNA/[rDNA + 1]) showing the specific activity of each OTU for libraries from 25 and 100 m.

(53% at 25 m, 66% at 100 m), indicating substantial microbial
biogeography even in the upper 100 m of the open ocean (see Fig.
S2). These distinct communities form within the water column
even though similar ecological and biogeochemical processes are
thought to occur at both depths, albeit at much different rates.
In addition to differences in the taxonomic composition be-
tween depths, the relative abundances of OTUs change substan-
tially both between depths and between DNA (abundance) and
RNA (activity) libraries at the same depth. For example, among
the 50 most abundant OTUs for the combined data set (represent-
ing 90% of the total sequences), most OTUs are present in all four
libraries (Fig. 2), and they represent the broad phylogenetic
groups common to many open ocean environments, including
Prochlorococcus, SAR11, and Roseobacter (see Table S2 in the sup-
plemental material). However, the relative abundances of these
OTUs can vary substantially between depths, such as for the most
abundant Alphaproteobacteria rDNA clade (OTU 1506), which is
substantially more abundant in the rDNA library at 25 m than at
100 m (Fig. 2). OTUs can also vary in their relative rank abun-
dances in rDNA and rRNA libraries, leading to dramatic differ-
ences in the rRNA/rDNA ratios among OTUs both within a given
depth and between depths (Fig. 2C). Differences in the rRNA/
rDNA ratios can be further skewed by dissimilarities in the even-
ness of diversity among the libraries; rDNA libraries have signifi-
cantly (P = 0.013) higher Shannon indices (3.13 = 0.41) than
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those of the rRNA libraries (1.12 * 0.35), demonstrating a dispro-
portionate effect of a small number of OTUs on relative activity.
Due to differing numbers of copies per cell of rRNA and rDNA
and the dependence of quantification on the abundance of other
OTUs in the library, 1:1 ratios in rRNA and rDNA libraries would
not be expected even when activity was highly coupled with abun-
dance for a specific OTU. However, if abundance and activity are
related, we would expect the relative rank of an OTU to be the
same within a given depth, and in fact at both depths the rRNA
and rDNA rank abundances were positively related (Fig. 3) (Ken-
dall’s and Spearman’s P < 0.005, 25-m Kendall’s tau = 0.1646,
n = 470; 100-m tau = 0.0834, n = 642). In spite of an overall
relationship between ranks in the rDNA and rRNA libraries, de-
viations in correspondences of relative ranks between rDNA and
rRNA libraries can be used to identify OTUs for which there are
uncouplings of abundance and activity. Also, while ~50% of the
bacterioplankton assemblage is shared between depths, the abun-
dances (rDNA), activities (rRNA), and specific activities (rRNA/
rDNA) of ribotypes vary dramatically.

The numerically dominant OTU across all libraries was most
similar to Prochlorococcus, which is consistent with previous mo-
lecular diversity studies and flow cytometry counts (Fig. 2) (3).
Despite the low maximal growth rate (<1 day~ ') and small cell
size (34) that typically correspond to a low ribosome requirement
for cellular maintenance (20), Prochlorococcus dominates both
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abundance and activity libraries, suggesting an important role in
the ecology and biogeochemistry of the bacterioplankton com-
munity, as observed previously (3, 35). The second-most-abun-
dant OTU across libraries was most similar to “Candidatus
Pelagibacter,” which is consistent with the SAR11 clade being one
of the most abundant clades in the surface ocean (31, 36). How-
ever, this OTU, as well as other closely related Alphaproteobacteria,
was strikingly underrepresented in the rRNA libraries (Fig. 2), and
in rank order abundance it was 11 positions lower in rank in the
rRNA than in the rDNA libraries at both depths. These results
suggest that SAR11-like clades display less activity per cell than
other bacterioplankton populations, with potentially broader im-
plications for their ecological and biogeochemical importance in
the open ocean. This underrepresentation in libraries of activity
(i.e., rRNA) may be due to a low growth rate and the extremely
small cytosol volume of cells in the SAR11 clade, which is roughly
1 order of magnitude less than that of Prochlorococcus cells (37).
Alternatively, these results may reflect a low point of activity in a
temporally or spatially dynamic population (9).

Similar to studies in other aquatic environments (9, 12), we
observed that OTUs often dismissed as “weeds”—low-abundance
species that are easily cultured and thought to be unimportant in
natural environments—are disproportionately abundant in
rRNA libraries. The resulting high rRNA/rDNA ratio for such
weeds suggests that although these OTUs are not numerically
abundant among the marine microbial milieu, they are highly
active, and their populations may be regulated by tightly coupled
grazing or viral pressure (38, 39) or, alternatively, that their prev-
alence cycles between abundance and rarity. Interestingly, one
low-abundance OTU with high specific activity (rRNA/rDNA >
7) that ranked at least 18 positions higher in the rRNA libraries
than libraries at both depths is related most closely to Alteromonas,
a genus shown to enhance Prochlorococcus growth under condi-
tions of oxidative stress (40, 41). Thus, this clade’s ecological niche
and success, despite low abundance, could be due to a mutualistic
relationship with Prochlorococcus. These results highlight that spe-
cificactivity in the marine environment may be independent from
abundance and that interactions between taxa in complex ocean
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environments may guide productivity over simple bottom-up (re-
source-limited) or top-down (predation/viral lysis) pressures.

Uncoupling of specific activity and abundance in ecotypes of
Prochlorococcus. Due to the abundance and biogeochemical im-
portance of Prochlorococcus in the open ocean and the difficulty in
resolving ecologically distinct Prochlorococcus clades using partial
16S rDNA sequences (e.g., Fig. 2), we applied an alternative ap-
proach to examine this group in greater detail. Here, we used 23S
rRNA-targeted qPCR primers to quantitatively measure the abun-
dances (rDNA) and activities (rRNA) of two dominant ecotypes
of Prochlorococcus (high-light eMIT9312/eHL-II and low-light
eMIT9313/eLL-1V) for two open ocean depth profiles in relation
to environmental variables. In both the Sargasso Sea and the equa-
torial Pacific stations, the two ecotypes exhibited maxima in cel-
lular abundance with depth that are consistent with proposed
physiological and genetic characteristics: eHL-II is adapted to
high-light and low-nutrient regimes, whereas eLL-IV is adapted to
low-light and higher-nutrient regimes (Fig. 4A and D) (42, 43).
The abundances obtained with this technique are comparable to
those from qPCR studies of ecotype abundances using well-estab-
lished qPCR primers (23, 32, 44), and the most prevalent clades
were captured in this analysis (Fig. 1 and 4). While the abundance
data (rDNA) aligned with the expected light-driven physiology of
the clades, we saw distinct results in the specific activities that
differed between locations (Fig. 4). In both ocean depth profiles,
the maximal specific activity largely coincided with abundance for
eLL-IV, suggesting a relatively strong coupling of population
abundance and specific activity. However, the abundances and
specific activity of eHL-II were dramatically uncoupled with depth
in the Sargasso Sea (but not the equatorial Pacific) (Fig. 4B and E),
with a maximal relative activity at ~75 m but a fairly constant cell
abundance throughout the upper mixed layer (Fig. 4D and E). The
differences in eHL-II specific activities among the locations could
be explained by environmental nutrient distributions: the station
in the equatorial Pacific has nutrients at the surface, where eHL-1I
can fully take advantage of its adaptation to high light, whereas at
the station in the Sargasso Sea, nutrients are below detection near
the surface, and eHL-II specific activity is maximal close to the
nutricline, even though light energy is much less favorable at that
depth. Yet, the abundance of eHL-II remains high near the surface
in the Sargasso Sea, a finding that that may be attributable to
mixing from a deeper source population, an uncoupling of growth
and grazing, or other processes resulting in a non-steady-state
condition.

As was observed in the Sargasso Sea, all of the distinguishable
subpopulations of Prochlorococcus in the North Pacific (station
ALOHA) had maximal specific activities at the 100-m depth (Fig.
2), even though the total Prochlorococcus abundance was highest
near the surface (Fig. 1). Thus, the observations at station ALOHA
were also consistent with a deep nutricline limiting Prochlorococ-
cus productivity but not cell numbers in the surface ocean (Fig. 2).
Regardless of the precise mechanism, measurements of specific
activity (and not abundance) were most consistent with the ob-
served nutrient and light distributions. Thus, specific activity
measurements identify the locations or time points when a re-
source-limitation-only model (bottom-up control) for Prochloro-
coccus populations (and likely other bacterioplankton) does not
apply and provide a potential methodology for resolving unex-
plained biogeography or other ecological patterns in genetically
distinct groups of bacterioplankton (45).
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FIG 4 Prochlorococcus abundance and activity with associated physicochemical variability versus depth for two representative locations in the equatorial Pacific (A, B,
and C) and the Sargasso Sea (D, E, and F). Abundance profiles (A and D) of the two dominant ecotypes, high-light eMIT9312/eHL-II and low-light eMIT9313/eLL-IV,
measured using qQPCR of 23S rDNA (cells ml~"). Normalized specific activity (B and E) of eHL-IT and eLL-IV ecotypes measured using qPCR of 23S rRNA and rDNA.
Profiles of physicochemical variability (C and F), including irradiance (percentage of surface), temperature (°C), and nitrate (pmol kg ).

Implications of uncoupled specific activity and abundance.
Marine microbiology has progressed dramatically from assessing
the abundance and diversity of the bacterioplankton (16S rDNA
surveys) to making functional assignments using genomics and
metagenomics. There are now methods that can relate the pres-
ence of an organism or gene to its expression or activity in that
environment (rRNA qRT-PCR, metatranscriptomics) (46). Our
results suggest that low-abundance microbes may be dispropor-
tionately active in certain environments (Alteromonas) and that
some of the most abundant microbes (e.g., SAR11) may have low
metabolic activity. Comparisons of rRNA and rDNA levels in situ
have the potential to estimate environmental growth rates and
activity without the biases associated with incubations or cultur-
ing. Although absolute quantification of a specific target is not
possible in gene libraries, qRT-PCR of rRNA (cDNA) and qPCR
of rDNA provide estimates of specific activities for clades of or-
ganisms and are complementary to library-based approaches that
allow intercomparison among many groups. We observed uncou-
pling of abundance and specific activity of Prochlorococcus in the
Sargasso Sea depth profile, which highlights deficiencies in our
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understanding of marine microbial ecology and population struc-
ture. If the specific activity is higher for eHL-II deeper in the water
column, was this population in the process of becoming more
abundant, or do other factors such as predation limit its abun-
dance at depth? Techniques that allow us to investigate the activ-
ities and abundances of specific ecotypes in situ will also allow us
to examine the environmental factors that structure bacterio-
plankton populations and link the relative abundances and spe-
cific activities of marine bacterioplankton populations. Future
studies should include a broad suite of methodologies that assess
different metrics of microbial activity (e.g., ATP, carbon uptake,
growth rate) to examine how rRNA-based activity is related to
these other measurements.
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