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INTRODUCTION

A key concept in the study of ecosystem ecology is
the balance between catabolic and anabolic processes,
usually defined as the growth efficiency. This parame-
ter quantifies the proportion of the organic carbon
incorporated into biomass (production) compared to
the total organic carbon uptake (production plus respi-
ration). In the oceanic ecosystem, prokaryotes play a
major role in the organic carbon fluxes, being respon-
sible for up to >90% of the community respiration
(Robinson & Williams 2005). Prokaryotes are also a key
component of the microbial loop, acting as a trophic
link (transforming dissolved into particulate organic
carbon) for higher trophic levels (Azam et al. 1983).
Therefore, the organic carbon concentration that will
be respired (CO2 release) in the ocean and/or the

amount of organic carbon that will flow through
prokaryotes to higher trophic levels greatly depends
on the prokaryotic growth efficiency (PGE) (Carlson et
al. 2007).

Although estimating PGE in the ocean is essential,
obtaining the metabolic rates involved in that assess-
ment is not simple. Prokaryotic heterotrophic produc-
tion (PHP) is frequently determined by measuring
leucine or thymidine incorporation and applying an
empirically obtained conversion factor to convert the
leucine or thymidine incorporation rates into carbon
production (del Giorgio & Cole 1998). However, the
relation between substrate incorporation and carbon
produced is not constant (Ducklow 2000). This leucine
(or thymidine) to carbon conversion factor (LeuCF)
may vary by a factor of 10 within individual systems
(e.g. Sherry et al. 2002, Alonso-Saéz et al. 2007).
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Therefore, it is generally recommended to empirically
determine LeuCFs to better constrain carbon fluxes
(Pulido-Villena & Reche 2003).

To fully understand the biogeochemical carbon cycle
in the ocean, it is imperative to take into account the
entire depth range where metabolic processes are pre-
sent. Dark ocean (>200 m depth) prokaryotes have
been reported to account for ca. 75% of biomass, 50%
of production (Arístegui et al. 2009), and
15% of respiration (del Giorgio & Williams
2005) in the global ocean, thus playing a
major role in the global carbon cycle. How-
ever, there are only a few studies reporting
dark-ocean PGE and LeuCFs, and almost
none of the available deep-ocean PGE
measurements were directly estimated
(but see Arístegui et al. 2005, Reinthaler et
al. 2006). Recently, from a global data set
of PHP and prokaryotic respiration (PR),
Arístegui et al. (2009) suggested that PGE
should decrease with depth to a value of
ca. 4% in the bathypelagic realm assum-
ing an epipelagic PGE of 15% (del Giorgio
& Cole 2000). This decrease in PGE with
depth has been associated with the
decrease in substrate quality and quantity
with depth (Baltar et al. 2009).

We review here existing information on
deep ocean PGE and LeuCFs and report
results from 13 experiments conducted to
determine PGE in the mesopelagic zone of
the subtropical NE Atlantic. The aim is to
provide additional estimates of PGE for the
dark ocean and to examine how the LeuCF
estimates affect the PGE. We hypothesized
that, as shown for other organic carbon-
limited systems (e.g. the oligotrophic
epipelagic subtropical NE Atlantic, Alonso-
Saéz et al. 2007), the deep ocean conver-
sion factors (CFs) are lower than the theo-
retical CF.

MATERIALS AND METHODS

Study site and sampling. To analyze the
variability of deep ocean LeuCF, 8 stations
were occupied in the subtropical north At-
lantic between the Canary and the Cape
Verde archipelagos during the RODA-II
cruise (February 2007) on board RV ‘Hes-
pérides’ (Fig. 1). Samples were obtained
from 4 different sites: within a cyclonic eddy
(Stn R2) generated by the presence of the is-
lands from near-shore waters (next to the

Canary Islands), in close proximity to the Cape Blanc up-
welling, and from the open subtropical Atlantic Ocean.
All samples were obtained from the mesopelagic realm
(ranging from 350 to 1000 m depth) (Table 1). The sam-
ples were immediately taken to temperature-controlled
chambers set at in situ temperature (±0.2°C).

PR and PGE. PR was measured by following the
changes in dissolved oxygen concentrations during
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Stn Depth T Salinity Expt type Incubation PA PHP Tt HNA
time (PGE/CF)

R2 350 14.2 35.995 PGE 48 4.4 0.17 424 21
R2 1000 7.8 35.269 PGE 48 4.3 0.04 1346 25
T1 540 10.9 35.473 PGE/CF 48/218 0.9 0.13 112 36
T1 800 8.0 35.223 PGE/CF 48/218 0.7 0.11 107 33
T2 400 13.2 35.831 PGE 48 1 0.46 35 35
T2 800 8. 7 35.305 PGE 48 0.6 0.14 71 32
T6 400 12.8 35.670 CF –/190 1.8 0.33 88 39
T6 800 7.8 35.130 PGE/CF 48/190 0.9 0.03 418 35
T9 400 11.7 35.498 PGE 48 1 0.35 46 43
T9 800 7.3 34.989 PGE 48 0.6 0.21 47 41
T11 400 12.9 35.681 PGE 48 1 0.48 34 43
T11 800 7.3 35.016 PGE 48 0.6 0.36 27 41
T14 400 14.1 35.920 PGE/CF 48/141 0.8 0.09 147 42
T14 800 8.5 35.264 PGE/CF 48/141 0.4 0.35 37 39
T15 400 13.8 35.889 CF –/140 0.8 0.32 41 42
T15 800 8.6 35.296 CF –/140 0.5 0.21 38 37

Table 1. Temperature (T; °C), salinity, type of experiment performed, total
incubation time (h), initial prokaryotic abundance (PA; 105 cell ml–1), initial
prokaryotic heterotrophic production (PHP; pmol leu l–1 h–1), turnover time
(Tt; d), and high nucleic acid content cells (HNA; %) in the ambient water
(depth; m) collected at each station. PGE: prokaryotic growth efficiency;

CF: conversion factor

Fig. 1. Sampling stations during the RODA II cruises in February 2007.
d: stations where experiments to determine prokaryotic growth efficiencies
were performed. h: stations where assays to determine leucine-to-total 

carbon conversion factors were performed
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dark incubations. Water samples drawn into carboys
were carefully siphoned into 12 biological oxygen
demand (BOD) bottles, and 3 replicate bottles were
immediately fixed with Winkler reagents to determine
the initial oxygen concentration. Three replicate bot-
tles were incubated in the dark at in situ temperature
and fixed with Winkler reagents after 24 and 48 h. At
each time step, one additional replicate bottle was
used to determine prokaryotic abundance (PA) and
PHP as described in ‘PA and PHP’. Dissolved oxygen
measurements were made by automated Winkler
titrations on the basis of colorimetric end-point detec-
tion as described in Arístegui et al. (2005). PR was esti-
mated from the difference in oxygen concentration at
the start and the end of the incubation. To convert oxy-
gen consumption to carbon respiration, a respiratory
quotient of 1 was assumed (del Giorgio et al. 2006).

PGE was calculated as (PHP / PHP+PR) × 100. PR
was estimated as described above in the 48 h incuba-
tions (see Fig. 2 for an example). PHP was estimated in
4 different ways, based on: (1) Leu incorporation at the
start of the incubation using the theoretical conversion
factor (1.5 kg C mol–1 Leu that assumes no isotope dilu-
tion); (2) the integrated PHP over the 48 h incubation
using the theoretical conversion factor (1.5 kg C mol–1

Leu); (3) the change in prokaryotic biomass, estimated
from the increase in cell numbers during the incuba-
tion and using a conservative factor of 12 fg C cell–1

(Fukuda et al. 1998); and (4) the integrated PHP over
the 48 h incubation using the empirically determined
conversion factor of each sample in which it was deter-
mined.

PA and PHP. Picoplankton cells were enumerated
using flow cytometry on a FACSCalibur (Becton Dick-
inson) with a laser emitting at 488 nm wavelength.
Samples (1.5 ml) were fixed with paraformaldehyde
(1% final concentration), incubated at 4°C for 15 to
30 min, and then stored frozen in liquid nitrogen until
analysis. Prior to counting the cells, 200 µl of sample
were stained with a DMSO-diluted SYTO-13 (Mole-
cular Probes) stock (10:1) at 2.5 µM final final con-
centration. Prokaryotes were identified by their signa-
ture in a plot of side scatter (SSC) versus green
fluorescence (FL1).

PHP was estimated by the incorporation of tritiated
leucine (specific activity 171 Ci mmol–1; Amersham)
using the centrifugation method (Smith & Azam 1992).
Four replicates and 2 TCA-killed blanks were incu-
bated with 40 nmol l–1 of 3H-Leu for 3 to 7 h. Precipita-
tion was done with ice-cold trichloroacetic acid (TCA).
Although the use of 40 nmol l–1 as a saturating concen-
tration was justified by concentration kinetics done on
board, the ambient leucine could have diluted the
tracer by 10 to 20%, introducing some variability in
the data.

Determination of LeuCF. Eight experiments were
performed to determine LeuCFs for deep-water het-
erotrophic prokaryotic communities (see Fig.2 for an
example). Each water sample was gently filtered
through a 0.6 µm polycarbonate filter (Millipore,
GTTP), and incubated in 2 l acid-clean polycarbonate
bottles in the dark at in situ temperatures. Subsamples
were taken for PHP and PA measurements every 12 to
24 h until prokaryotes reached the stationary growth
phase (on average 8 measurements per experiment).
CFs were calculated with the cumulative method
(Bjørnsen & Kuparinen 1991), which maximizes the use
of available data.
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Fig. 2. (A) Mean (±SD) of prokaryotic biomass (PBM; µg C l–1),
high nucleic acid content cells (HNA; %) and leucine incorpo-
ration (LIR; pmol leu l–1 h–1) during the carbon-to-leucine con-
version factor experiment at Stn T1 (540 m). (B) Variation in
prokaryotic heterotrophic production (PHP; µmol C l–1 d–1),
biomass (PBM; µg C l–1), high nucleic acid content cells (HNA;
%) and oxygen concentration (µmol l–1) during the prokary-
otic growth efficiency experiment at Stn T1 (540 m). In most
of the parameters plotted, SDs are not visible since they are 

smaller than the symbols



Aquat Microb Ecol 60: 227–232, 2010

Statistical analyses. Data were log transformed, and
normality was checked with a Shapiro-Wilks test
before Pearson correlations were calculated using the
freely available R software (Ihaka & Gentleman 1996).

RESULTS AND DISCUSSION

Deep-ocean variability in LeuCF

We empirically estimated the CFs in the different
stations and obtained a 7-fold variation (0.13 to 0.85 kg
C mol–1 Leu) (Table 2, Fig. 2). The empirically obtained
CFs were consistently lower than the theoretical CF for
open ocean surface waters (1.55 kg C mol–1 Leu
assuming no isotope dilution; e.g. Ducklow et al. 1999,
Carlson & Ducklow 1996, Zubkov et al. 2000). Our
results are in agreement with the range of CFs (0.02 to
1.29 kg C mol–1 Leu, mean = 0.32 kg C mol–1 Leu)
reported by Alonso-Sáez et al. (2007) for the olig-
otrophic surface waters of the NE Atlantic Ocean. Fur-
thermore, in the only other study where deep-ocean
(>200 m depth) CFs are reported (Gasol et al. 2009),
CF ranged between 0.39 and 2.38 kg C mol–1 Leu, and
the latter value was the only one higher than the theo-
retical CF out of 5 measurements with no significant
difference between epi- and mesopelagic CFs. Our
average CF (0.5 ± 0.2 kg C mol–1 Leu) is similar to the
mean CF of 0.4 ± 0.2 kg C mol–1 Leu reported by Gasol
et al. (2009) and the mean CF of 0.3 ± 0.3 kg C mol–1

Leu obtained by Alonso-Sáez et al. (2007). Although it
is known that CFs can substantially deviate from the
theoretical CF (Kirchman 1992), the underlying reason
for this is still unclear.

Alonso-Sáez et al. (2007) analyzed the cause for
these lower-than-theoretical CFs in oligotrophic sur-
face waters of the NE Atlantic by measuring the respi-
ration and assimilation of 14C-labeled leucine along a
productivity gradient. These authors found an increas-
ing fraction of leucine respired and decreasing CFs

towards offshore, suggesting that leucine catabolism
might be related to low CFs. Thus, a proportion of the
leucine taken up is not used for protein synthesis and,
hence, for biomass production, but is rather respired.
We suggest that similar processes as reported for olig-
otrophic surface waters also take place in the dark
ocean, where carbon limitation and a slower prokary-
otic growth than in surface waters are generally
reported. The slow growth of deep-ocean prokaryotes
could also involve a relatively higher protein turnover
than in surface waters, further reducing the deep-
water CFs as compared to the theoretical one. Alonso-
Sáez et al. (2007) specifically tested the possibility of
protein turnover and did not find a significant influ-
ence of this process on the low CFs measured in olig-
otrophic surface waters, but similar measurements in
the dark ocean are lacking. Overall, our results sug-
gest a possible overestimation of carbon production
(and concomitantly of PGE) in deep waters if calcu-
lated from leucine incorporation measurements using
the commonly applied theoretical CF.

Variability of prokaryotic growth efficiencies in the
dark ocean

The use of different approaches for estimating PHP
in the incubation experiments resulted in a consider-
able range of deep-water PGEs (Table 3). A similar
conclusion was reached by Alonso-Sáez et al. (2007)
for the oligotrophic surface waters of the same study
area (NE subtropical Atlantic) and by P. A. del Gior-
gio et al. (pers. comm.) for north Pacific waters. Using
the theoretical CF (CFt) and the PHP measured at the
start of the incubation (PHPt0 CFt) resulted in PGEs
one order of magnitude lower (PGE ranging between
<1 and 2%), as compared to the integrated PHP
(PHPint CFt), determined over the course of the incu-
bation (PGE ranging between <1 and 34%), or the
average value based on the increase in prokaryotic
biomass (PBM; PGE ranging between <1 and 33%)
(Table 3). Averaging all the different approaches,
PGEs ranged from <1 to 24% (Table 3). The highest
PGE estimates for deep waters are similar to the aver-
age PGE of surface water prokaryotes (del Giorgio &
Cole 2000) and are within the range reported by
Alonso-Sáez et al. (2007) for the surface waters of the
same study region (1 to 56%). Although there are
only a few reports of PGE available for the dark
ocean, the ranges obtained in the present study also
fall close to the PGEs measured or estimated in other
studies. Arístegui et al. (2005) estimated an average
PGE of 18 ± 3% and 13 ± 2% at 600 m and 1000 m
depths, respectively, for the same study region. In an
experimental simulation at the Bermuda Atlantic
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Stn Depth (m) Leu to C CF
(kg C mol–1 Leu)

T1 540 0.67
T1 800 0.55
T6 400 0.59
T6 800 0.54
T14 400 0.27
T14 800 0.13
T15 400 0.66
T15 800 0.85

Table 2. Empirically obtained leucine-to-carbon prokaryotic 
conversion factors (LeuCFs)
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Time-Series Study (BATS) site, Carlson et al. (2004)
estimated PGE to be 8 ± 4% for the upper meso-
pelagic prokaryotic assemblage after convective over-
turn. Reinthaler et al. (2006) found an average PGE of
2 ± 1% in the meso- and bathypelagical realm of the
North Atlantic Ocean. Tanaka & Rassoulzadegan
(2004), by replacing total amount of organic carbon
assimilated by prokaryotes with the organic carbon
flux, estimated an annual PGE of 19 to 39% for the
mesopelagic layers of the northwest Mediterranean
Sea. Zaccone et al. (2003) estimated a PGE range of 6
to 21% for the water column of the Ionian Sea from
electron transport system (ETS) measurements, the
highest PGE corresponding to the deepest water mass
(2000 to 3500 m depth). Therefore, all of the above
results (except Reinthaler et al. 2006) suggest that
PGEs in the mesopelagic realm are not always as low
as predicted from the empirical function proposed by
del Giorgio & Cole (1998), although there is a high
variability of PGE estimates depending on the
approach chosen to compute PHP (Table 3).

Based on the PGE measured, as well as on other
metabolic proxies for prokaryotes, Arístegui et al.
(2005) claimed that the mesopelagic prokaryotic
assemblage in the subtropical NE Atlantic is as active
as that of the surface waters, even though prokaryotic
abundance is lower in the mesopelagic realm than in
surface waters. Overall, although some uncertainties
remain on the actual PGEs, deep-ocean PGEs appear
to be comparable to the PGEs of oligotrophic surface
waters, suggesting that dark-ocean prokaryotes can
play a substantial role in the marine carbon flux.

Relationship between CFs and PGE in
the dark ocean

As shown above, CF variability is
high in the dark ocean, influencing the
PHP and PGE estimates of deep-ocean
prokaryotes (Table 3). In experiments
with surface waters, decreases in
empirically determined CFs along de-
creasing trophic gradients have been
reported for the Mediterranean Sea
(Pedros-Alió et al. 1999), the NE Pacific
Ocean (Sherr et al. 2001) and for the NE
Atlantic Ocean (Alonso-Sáez et al.
2007). These trends suggest that CFs
are ecologically constrained and not
just confinement artifacts caused by
bottle enclosures (Massana et al. 2001).
However, for deep waters this is not so
clear due to the low number of CF
experiments carried out thus far.

We found a significant correlation
(Pearson r = 0.93, p = 0.019, n = 5, log-log

transformed) between the empirically derived CFs and
the PGEs estimated using the integrated PHP and the
theoretical CF, but no significant relation with the PGE
obtained with the PHP measured at the start of the incu-
bation and with the PHP calculated from the increase in
prokaryotic abundance over time. It is noteworthy that
autocorrelation is not responsible for this relation be-
cause PGE was estimated with the theoretical CF.
Alonso-Sáez et al. (2007) also reported a correlation
(Pearson r = 0.86, p < 0.0004, n = 12, log-log transformed)
between empirically determined CFs and PGEs (averag-
ing biomass increase and leucine incorporation at the
start of the incubation) for the oligotrophic surface NE
Atlantic Ocean. Our findings support the idea that, also
in the dark ocean, both parameters (CF and PGE) reflect
basically the same physiological processes as reported
for surface water prokaryotes (Alonso-Sáez et al. 2007,
P. A. del Giorgio et al., pers. comm.).
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Stn Depth (m) PR PBM PHPt0 CFt PHPint CFt PGErange PGEavg PGE CFe

R2 350 480 8 <1 1 <1–2 1
R2 1000 970 4 <1 1 <1 <1
T1 540 1180 33 6 277 1–19 7 9
T1 800 450 – <1 114 <1–20 10 8
T2 400 1040 13 4 260 <1–20 7
T2 800 120 22 2 38 2–24 14
T6 800 170 18 1 28 <1–14 7 4
T9 400 590 13 8 70 1–11 4
T9 800 490 52 2 110 <1–18 10
T11 400 190 9 2 38 1–17 7
T11 800 90 44 1 47 1–34 24
T14 400 190 25 2 27 1–16 8 3
T14 800 190 29 2 6 1–13 6 <1

Table 3. Prokaryotic respiration (PR), biomass production (PBM) estimated from
the change in abundance assuming a carbon content per cell of 12 fg C cell–1

(Fukuda et al. 1998), leucine-based (using theoretical CF of 1.55 kg C mol–1 Leu)
prokaryotic heterotrophic production at the initial incubation time (PHPt0 CFt)
and integrated over 48 h of incubation (PHPint CFt), prokaryotic growth effi-
ciency (PGE; %) range and average (see text for details), and PGE calculated
from the empirically obtained carbon-to-leucine (PGE CFe). Metabolic rates are 

in µmol C m–3 d–1. CF: conversion factor
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