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ABSTRACT: The abundance (based on catalyzed reporter deposition-fluorescence in situ hybridization, CARD-FISH) and leucine incorporation rates of Archaea and Bacteria were determined
throughout the water column in the eastern Atlantic. Bacteria dominated throughout the water
column, although their contribution to total prokaryotic abundance in the bathypelagic layer (1000
to 4000 m depth) was lower than in the surface and mesopelagic layers (0 to 1000 m depth). While
marine Crenarchaeota Group I (MCG I) contributed 28 ± 12% to the total prokaryotic abundance,
with a generally higher contribution in the bathypelagic layer than in the surface and mesopelagic
layers, marine Euryarchaeota Group II contributed < 5% throughout the water column. Using
microautoradiography in combination with CARD-FISH, we tested the specificity of erythromycin
and diphtheria toxin and found them to selectively inhibit bacterial and archaeal activity, respectively. These inhibitors were thus used to determine the contribution of Bacteria and Archaea to
total leucine incorporation: Bacteria contributed 69 ± 15%, and this value decreased with depth;
Archaea contributed 32 ± 16% over the entire water column, with no significant difference
between surface and mesopelagic waters and the bathypelagic realm. The mean cell-specific
leucine incorporation rate of MCG I (5.3 ± 3.0 × 10−20 mol cell−1 d−1) was 3.5-fold lower than that of
Bacteria (18.6 ± 18.2 × 10−20 mol cell−1 d−1) in the surface and mesopelagic layer. In the bathypelagic layer, cell-specific leucine incorporation rates of Crenarchaeota were similar to those of
Bacteria (2.3 × 10−20 mol cell−1 d−1 for MCG I, 2.9 × 10−20 mol cell−1 d−1 for Bacteria). In the surface
and mesopelagic waters of the subtropical eastern North Atlantic, MCG I exhibited a lower
heterotrophic activity on a per-cell level than Bacteria. In the bathypelagic zone, cell-specific
heterotrophic activities of Bacteria and MCG I were similar.
KEY WORDS: Archaea · Bacteria · Leucine incorporation · Heterotrophic activity · Deep sea ·
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Mesophilic Archaea are ubiquitously present in all
the major oceanic basins (Karner et al. 2001, Teira et
al. 2006a, Kirchman et al. 2007). Among the meso-

philic marine Archaea, the marine Crenarchaeota
Group I (MCG I, recently coined Thaumarchaeota;
Brochier-Armanet et al. 2008) are by far the most
abundant archaeal group, accounting for about onethird of the total prokaryotic abundance in the waters
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below the euphotic zone (Karner et al. 2001, Herndl
et al. 2005, Varela et al. 2008).
Although MCG I are abundant in deep waters, little is known about their metabolic rates and, consequently, their biogeochemical role in the ocean.
Recent studies suggest that a substantial fraction of
the MCG I is chemoautotrophic, incorporating dissolved inorganic carbon (DIC) (Wuchter et al. 2003)
and using ammonia as an energy source (Könneke et
al. 2005, Ingalls et al. 2006, Wuchter et al. 2006,
Hansman et al. 2009). Quantitative PCR of the
archaeal gene encoding the ammonia monooxygenase subunit A (amoA) indicates that the archaeal
amoA gene abundance is orders of magnitude more
abundant than bacterial amoA in oceanic waters
(Mincer et al. 2007, Agogué et al. 2008, De Corte et
al. 2009), suggesting that MCG I might be more
important for oceanic ammonia oxidation than Bacteria. However, group- or even domain-specific ammonia oxidation measurements have not been reported
to date.
Not all MCG I are autotrophs, but apparently, a
fraction of MCG I is heterotrophic or at least
mixotrophic, taking up amino acids as revealed by
microautoradiography in combination with fluorescence in situ hybridization (MICRO-CARD-FISH)
(Ouverney & Fuhrman 2000). Also, MCG I have been
shown to preferentially take up D-aspartic acid over
L-aspartic acid in the bathypelagic waters of the
Atlantic (Teira et al. 2006b, Varela et al. 2008). Several organic compounds (leucine, a mixture of amino
acids, proteins, glucose, and extracellular polysaccharides) were taken up by MCG I in the water
column (0 to 500 m) of the western Arctic Ocean
(Kirchman et al. 2007). Although these results
obtained on a single-cell level indicate that a certain
fraction of the MCG I is also heterotrophic, the
relative contribution of Archaea to DIC fixation
and/or heterotrophy of the bulk prokaryotic activity
remains to be shown.
The aim of the present study was to estimate the
contribution of Archaea and Bacteria to total
prokaryotic leucine incorporation (as an indicator of
heterotrophy) throughout the water column of the
eastern Atlantic. Erythromycin specifically inhibits
protein synthesis in Bacteria (Kohanski et al. 2010)
but should not affect archaeal protein synthesis,
whereas diphtheria toxin inhibits protein synthesis in
Archaea but does not affect Bacteria (Kessel & Klink
1980, Rohwer & Azam 2000). Using this dual inhibitor
approach, we found that Archaea contribute on
average 32% to the total prokaryotic leucine incorporation throughout the water column.

MATERIALS AND METHODS
In the eastern Atlantic, sampling was carried out
aboard the RV ‘Sarmiento de Gamboa’ (Consejo
Superior de Investigaciones Cientificas, Spain) during the CAIBEX-2 and CAIBEX-3 cruises occupying
6 stations in July and August 2009 (Table 1). Water
samples were collected throughout the water column
with clean 12 l Niskin-bottles (General Oceanics)
attached to a conductivity, temperature and depth
(CTD) system (Seabird Model 9 plus). The seawater
was placed into acid-washed polycarbonate bottles
(1 l) for measuring several microbial parameters as
described below.

Testing the specificity of the bacterial and the
archaeal inhibitors
Several inhibitors were examined for their specificity to inhibit protein synthesis of either Bacteria or
Archaea. Erythromycin (Sigma-Aldrich, product
#45673) and streptomycin (Sigma-Aldrich, product
#85886) were tested as bacterial inhibitors, and
diphtheria toxin (Sigma-Aldrich, product #D0564)
was tested as an inhibitor of archaeal protein
synthesis, all provided at a final concentration of
10 µg ml−1. Initially, leucine incorporation rates with
and without the bacterial inhibitors streptomycin and
erythromycin and the archaeal inhibitor diphtheria
toxin were compared on individual samples collected
during the CAIBEX-2 and CAIBEX-3 cruises. Summing up the percentages of inhibition of leucine
incorporation in the erythromycin- or streptomycintreated samples with that of the diphtheria toxintreated samples revealed that streptomycin apparently did not effectively inhibit bacterial leucine
incorporation as the sum of the percentage of inhibition in streptomycin- and diphtheria toxin-treated
samples were substantially lower than 100%. In contrast, the sum of inhibition in erythromycin- and
diphtheria toxin-treated samples averaged 101 ±
23% compared to the untreated samples, tentatively
indicating high specificity of erythromycin and
diphtheria toxin as bacterial and archaeal inhibitors,
respectively (Table 1). Consequently, the specificities
of both erythromycin and diphtheria toxin for
inhibiting bacterial and archaeal protein synthesis,
respectively, were further tested using microautoradiography with [3H]-leucine as a substrate in
combination with CARD-FISH.
During the CAIBEX-3 cruise, Atlantic water from
300 m depth at Stn 3-23 (Table 1) was collected. To
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Table 1. Location, mean percentage ± standard deviation (SD) of inhibition of leucine incorporation in erythromycin- and
diphtheria toxin-treated samples relative to bulk (untreated control) leucine incorporation rates, and the sum of the percentage of inhibition in the erythromycin- and diphtheria toxin-treated samples at different stations and depths in the subtropical
eastern North Atlantic. SD is the propagation error calculated from triplicate subsamples of the leucine incorporation rate with
and without inhibitor. Values in parentheses indicate statistically not significant inhibition, indicated by a high SD (p > 0.05).
nd: not determined. Means (± SD) of each column were calculated excluding the values in parentheses. The sum of the
inhibition in a given sample was calculated only when both inhibitions were significant

Station
(Location)

Depth (m)

% inhibition of leucine incorporation rate
by streptomycin
by erythromycin
by diphtheria toxin

Sum

2-34
(37.981° N, 19.988° W)

100
300
700
1100
3000

nd
4.0 ± 0.3
13 ± 2.7
3.0 ± 1.1
(27 ± 36)

78 ± 22
(85 ± 82)
67 ± 20
(66 ± 57)
30 ± 9.6

26 ± 5.1
26 ± 2.5
35 ± 7.0
42 ± 17
37 ± 8.8

104
nd
103
nd
67

2-56
(29.548° N, 17.558° W)

120
300
700
1200
3000

nd
nd
nd
nd
nd

81 ± 7.0
53 ± 22
(87 ± 80)
66 ± 12
64 ± 17

11 ± 0.8
20 ± 6.5
(66 ± 63)
44 ± 9.1
56 ± 12

92
73
nd
109
120

2-65
(28.853° N, 14.115° W)

80
300
700
1100
1500

nd
nd
nd
nd
nd

77 ± 18
64 ± 13
66 ± 24
71 ± 13
(49 ± 88)

29 ± 3.6
27 ± 1.2
38 ± 14
8.0 ± 0.8
13 ± 4.6

106
91
104
79
nd

3-1
(30.118° N, 10.754° W)

100
300
700
1100
1800

nd
nd
nd
nd
nd

91 ± 27
(96 ± 173)
82 ± 18
72 ± 19
85 ± 26

6.0 ± 1.1
28 ± 5.0
21 ± 3.1
30 ± 2.3
56 ± 8.2

97
nd
102
103
142

3-23
(30.924° N, 11.095° W)

100
300
700
1100
1800

nd
nd
nd
nd
nd

78 ± 7.9
63 ± 21
(47 ± 44)
54 ± 12
55 ± 20

nd
nd
21 ± 4.5
17 ± 1.2
46 ± 19

nd
nd
nd
71
101

3-41
(31.178° N, 11.360° W)

100
300
700
1100
2000

nd
nd
nd
nd
nd
nd

84 ± 19
91 ± 46
77 ± 33
(84 ± 59)
41 ± 13
69 ± 15

25 ± 1.8
61 ± 11
53 ± 11
63 ± 29
28 ± 9.2
32 ± 16

109
152
130
nd
70
101 ± 23

Mean ± SD

40 ml subsamples spiked with erythromycin, 5 nM
[3H]-leucine (final conc.) was added and incubated in
the dark at in situ temperature for 24 h. Controls
without the addition of erythromycin were also run.
The specificity of diphtheria toxin and erythromycin
as archaeal and bacterial inhibitors, respectively, was
evaluated on 2 samples collected in the North
Atlantic at 200 m (2.5° N, 41.7° W) and 300 m (46.3° N,
39.7° W) depth during the Dutch GEOTRACES
Cruises 1 and 2 (April to July 2011). Subsamples of
40 ml were spiked with either diphtheria toxin or
erythromycin (final conc. as above) and kept at in situ
temperature for 30 min. Subsequently, 10 nM [3H]-

leucine (final conc.) was added, and the samples
were incubated at in situ temperature in the dark for
12 h. Controls without the addition of erythromycin
or diphtheria toxin were also run. Incubations were
terminated by adding paraformaldehyde (2% final
conc.), and subsequently, the samples were stored at
4°C in the dark for 12 h. Thereafter, the samples were
filtered onto 0.2 µm pore-size polycarbonate filters
(Millipore, GTTP, 25 mm filter diameter) supported
by cellulose nitrate filters (Millipore, HAWP, 0.45 µm
pore size), rinsed twice with Milli-Q water, dried, and
stored in a microcentrifuge vial at −20°C until further
processing in the laboratory.
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Measuring leucine incorporation rates
During the CAIBEX-2 and CAIBEX-3 cruises, triplicate subsamples (1.5 ml) were dispensed into screwcapped centrifuge tubes (VWR International, 2.0 ml
screw tube), amended with 5 nmol l−1 (final conc.) of
[3H]-leucine (PerkinElmer, product #NET460A080MC)
and incubated at in situ temperature (±2°C) in the dark
for 1 h (for samples from 0 to 200 m depth) or for 24 h
(for samples from 250 m to bottom) following the protocol of Kirchman (2001). One trichloroacetic acid (TCA)killed blank was used per sample. The incubation was
stopped by adding TCA (final conc. 5%), and the samples were centrifuged at 18 000 × g for 10 min, followed
by a TCA rinse (5%) and an ethanol rinse (80%, icecold). The pelleted sample was radio-assayed with a
liquid scintillation counter (PerkinElmer, Tri-Carb
3100TR) using Ultima-GOLD (PerkinElmer) scintillation cocktail. Quenching was corrected based on an
external standard channel ratio. The disintegrations
per minute (DPM) of the TCA-killed blank were subtracted from the average DPM of the samples, and the
resulting DPM was converted into leucine incorporation rates. Leucine additions of 5 nM were found to be
sufficient to obtain maximum incorporation of [3H]leucine even in surface water prokaryotic communities.
The relative contribution of Archaea and Bacteria
to total prokaryotic leucine incorporation was determined using erythromycin and diphtheria toxin as
bacterial and archaeal inhibitors of protein synthesis,
respectively, and compared with the leucine incorporation in the untreated sample. The inhibitors were
added to the respective treatments concurrently with
the [3H]-leucine. The contribution of Bacteria and
Archaea to total prokaryotic leucine incorporation
was calculated as follows: (1 − [leucine incorporation
measured in the erythromycin- or diphtheria toxintreatment] / leucine incorporation in the untreated
sample) × 100. The propagation error (standard deviation) of the percent inhibition was calculated
according to Bevington & Robinson (2002).
Cell-specific leucine uptake was calculated from the
leucine incorporation obtained in the erythromycin
and diphtheria toxin-treated samples divided by the
abundance of Bacteria and MCG I, respectively, determined using CARD-FISH as described below.

CARD-FISH
The abundance of Bacteria, MCG I, and marine
Euryarchaeota Group II (MEG II) was determined
using CARD-FISH with specific oligonucleotide

probes (Teira et al. 2004). Water samples of 20 to
40 ml were fixed with paraformaldehyde (2% final
conc.) and incubated in the dark overnight. Thereafter, the samples were filtered through 0.2 µm polycarbonate filters (Millipore, GTTP) with 0.45 µm cellulose nitrate support filters (Millipore, HAWP),
washed with Milli-Q water, air dried, and stored at
−20°C until further processing.
Filters for CARD-FISH were embedded in lowgelling-point agarose and incubated either with
lysozyme for the Bacteria probe mix (Eub338,
Eub338II, and Eub338III; Daims et al. 1999) or with
proteinase-K for the MEG II probe Eury806 (Teira et
al. 2006a) and the MCGI probe mix (Cren537 [Teira
et al. 2006a] and GI-554 [Massana et al. 1997]).
Hybridization buffer with 55% formamide was used
for the Bacteria probe mix and 20% formamide for
Eury806 and the MCG I probe mix.
The probes were added at a final concentration of
0.28 ng µl−1 (0.05 µM), and hybridization was performed at 35°C for 12 to 15 h. Thereafter, the fluorescence signal was amplified by incubating the filters
with H2O2 (0.0015%) and tyramide-Alexa488 at 37°C
for 30 min. The filters were stained and mounted on
slides with a 4’, 6-diamidino-2-phenylindole (DAPI)
mix (5.5 parts Citifluor, 1 part Vectashield, and 0.5
parts PBS with DAPI at a final concentration of 1 µg
ml−1). Cells were detected under a Zeiss Axioplan-2
epifluorescence microscope with a 100 W Hg-lamp
and corresponding filters for Alexa488 and DAPI.

MICRO-CARD-FISH
The CARD-FISH protocol for Bacteria was carried
out as described above. Microautoradiographic
development was performed as outlined by Teira et
al. (2006b). Hybridized filter sections were transferred onto slides coated with photographic emulsion
(type NTB-2, melted at 43°C for 1 h). The slides were
then placed in a light-tight box containing a drying
agent and incubated for exposure at 4°C for 4 d for
the CAIBEX samples and 2 d for the GEOTRACES
samples. Finally, the slides were developed and fixed
following Kodak’s specifications (in Dektol developer
[1:1 dilution with Milli-Q water] for 2 min, in Milli-Q
water for 10 s, in the fixer for 5 min, and subsequently
in Milli-Q water for 2 min). Before they were completely dried, the filter sections were removed, and
the cells were counterstained with the DAPI mix and
examined under a Zeiss Axioplan-2 epifluorescence
microscope. The presence of silver grains surrounding the cells was checked in the bright-field mode of
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the microscope at 1250× magnification. For each
microscope field, we enumerated the relative abundance of probe-positive cells compared to DAPIstained cells and the number of cells surrounded by a
silver grain halo. In the GEOTRACES samples, the
leucine uptake per cell was quantified using the
quantitative MICRO-CARD-FISH approach as outlined by Sintes & Herndl (2006). Briefly, the area of
the silver grain halo was measured using an image
analysis system, and the total silver grain area per
sample related to the bulk leucine uptake was calculated as described by Sintes & Herndl (2006). A total
of > 200 leucine-positive cells or > 800 DAPI-stained
cells were enumerated for each sample. The total
leucine uptake associated to Bacteria or Archaea in
the different treatments was determined as the abundance of bacterial or archaeal cells taking up leucine
(cell with silver grain halo) multiplied by the average
silver grain area per active cell. The reduction in
leucine uptake due to the addition of erythromycin or
diphtheria toxin was calculated as a percentage of
the leucine uptake in the untreated controls.

RESULTS
Testing the specificity of the inhibitors using
MICRO-CARD-FISH
MICRO-CARD-FISH was used to test the specificity of both erythromycin and diphtheria toxin. In
the subtropical Atlantic (during the CAIBEX-3
cruise), water collected at Stn 3-23 at 300 m depth
(Table 1) was used to check the specificity of erythromycin. On this sample, the specificity of diphtheria toxin was not determined for logistic reasons. At
Stn 3-23, Bacteria comprised 62% of the total
prokaryotic abundance, and 80% of the Bacteria
took up leucine (based on the cells with a silver grain
halo) in the absence of erythromycin (untreated sample). In the erythromycin-treated samples, only 3%
of the Bacteria took up leucine, indicating a high
specificity of erythromycin to inhibit bacterial leucine
uptake. No MCGI cells with silver grain halos were
detected in the untreated or in the erythromycintreated sample.
Samples taken during the GEOTRACES Cruises 1
and 2 from the western North Atlantic at 200 m and
300 m depth were used to test the specificity of the
inhibitors erythromycin and diphtheria toxin on
Bacteria and Archaea. The contribution of Bacteria to
total prokaryotic abundance was 80% at 200 m depth
and 93% at 300 m depth, and MCG I contributed 20
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and 7% at 200 m and 300 m depth, respectively, to
the total prokaryotic abundance. The addition of erythromycin reduced the percentage of bacterial cells
taking up leucine by 35% at 200 m and by 73% at
300 m depth compared to the abundance of leucinepositive bacterial cells in the untreated control. Using
diphtheria toxin, 86% and 72% of the Archaea taking up leucine were inhibited at 200 m and 300 m
depth, respectively, compared to the abundance of
leucine-positive archaeal cells. These inhibition percentages are based on enumerating cells with at least
3 silver grains attached to the cell for classification as
leucine-positive cells. Applying the quantitative
MICRO-CARD-FISH approach and quantifying the
silver grain halo area around leucine-positive cells,
however, provided a more realistic assessment of the
inhibition pattern of the 2 inhibitors used in the present study. The addition of erythromycin reduced the
halo area of the Bacteria taking up leucine by 81% at
200 m and by 91% at 300 m depth compared to the
halo area of leucine-positive bacterial cells in the
untreated control. Conversely, the total silver grain
halo area of MCG I cells taking up leucine was
reduced by 88% and 74% at 200 m and 300 m depth,
respectively, upon addition of diphtheria toxin.
Diphtheria toxin decreased the total halo area of
leucine-positive Bacteria by < 5% as compared to the
control, while erythromycin did not affect the halo
area of MCG I taking up leucine, as judged by the
essentially identical halo area around Archaea in the
erythromycin treated and the untreated samples.

Prokaryotic, bacterial, and archaeal abundance
throughout the water column
Prokaryotic abundance ranged from 5.0 × 104 to 7.2
× 105 cells ml−1 in surface and mesopelagic layers (88
to 700 m depth) and decreased exponentially with
depth (ranging from 4.4 × 104 to 9.5 × 104 cells ml−1 in
the bathypelagic layer [1100 to 3000 m]; Fig. 1).
The recovery efficiency of prokaryotes using
CARD-FISH (sum of Bacteria, MEG II, and MCG I)
was on average 84 ± 9% (±1 SD, n = 25). The contribution of Bacteria to total prokaryotic abundance
ranged from 43 to 78% and that of Archaea ranged
from 10 to 54% (Fig. 1). Bacteria dominated over
Archaea throughout the water column (paired t-test,
p < 0.001; Table 2). On average, Bacteria contributed
57 ± 9% to the total prokaryotic abundance, with a
higher contribution in surface and mesopelagic layers than in the bathypelagic layer (t-test, p < 0.001;
Table 2). In contrast, the mean contribution of MCGI
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Fig. 1. Depth profiles of prokaryotic abundance (DAPI-stained cells) and the percentage of Bacteria and marine Crenarchaeota Group I (MCG I) determined using CARD-FISH relative to prokaryotic abundance at the sampling sites in the
subtropical eastern North Atlantic occupied during the CAIBEX-2 and CAIBEX-3 cruises

was 28 ± 12%, with a higher contribution in the
bathypelagic layer than in the surface and
mesopelagic layers (t-test, p < 0.001; Table 2). MEG II
always contributed < 5% to total prokaryotic abundance (data not shown).

Prokaryotic leucine incorporation
At all 6 stations, prokaryotic leucine incorporation
rates decreased in the untreated samples by 2 to 3
orders of magnitude from the surface layer to the ba-

thypelagic layer, ranging from 0.26 to 205.56 pmol l−1
d−1 (Fig. 2). In the erythromycin-treated samples,
leucine incorporation rates ranged from 0.13 to
47.15 pmol l−1 d−1, while in the diphtheria toxin-treated
samples, leucine incorporation ranged from 0.23 to
145.59 pmol l−1 d−1 (Fig. 2). The percentage of inhibition of leucine incorporation by erythromycin was always higher than the inhibition by diphtheria toxin,
except at Stn 2-34 at 3000 m depth (Table 1). The sum
of the percentage of inhibition of leucine incorporation
by erythromycin and diphtheria toxin was on average
101 ± 23% (range: 67 to 152%, n = 21; Table 1).

Table 2. Mean contribution ± SD (%) of Bacteria and marine Crenarchaeota Group I (MCG I) to total prokaryotic abundance,
percent contribution to leucine incorporation, and cell-specific leucine incorporation rate throughout the water column (10 to
3000 m), in the surface and mesopelagic layer (10 to 1000 m), and in the bathypelagic layer (1000 to 3000 m). Number of
samples is given in parentheses
Depth layer
(m)

% contribution to total
prokaryotic abundance
Bacteria
MCG I

% contribution to leucine
incorporation rates
Bacteria
MCG I

Specific leucine incorporation
rate (×10−20 mol cell−1 d−1)
Bacteria
MCG I

10−3000
10−1000
1000−3000

57 ± 9 (29)
62 ± 8 (17)
50 ± 6 (12)

69 ± 15 (23)
75 ± 11 (14)
60 ± 17 (9)

12.2 ± 15.9 (22)
18.6 ± 18.2 (13)
2.9 ± 1.4 (9)

28 ± 12 (25)
21 ± 9 (13)
36 ± 9 (12)

32 ± 16 (27)
29 ± 14 (15)
37 ± 18 (12)

3.7 ± 2.7 (21)
5.3 ± 3.0 (9)
2.3 ± 1.6 (12)
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The average percentage of inhibition by erythromycin and, hence, the putative contribution of Bacteria to total prokaryotic leucine incorporation was 69 ±
15% (n = 23; Table 2). The average percentage of
inhibition by diphtheria toxin, i.e. the putative contribution of Archaea to prokaryotic leucine incorporation, was 32 ± 16% (n = 27; Table 2). The percentage
of the putative contribution of Bacteria to leucine
incorporation decreased significantly from the surface and mesopelagic waters (75 ± 11%) to the
bathypelagic layer (60 ± 17%, t-test, p = 0.017;
Table 2, Fig. 3). The percentage of leucine incorporation by Archaea did not significantly vary with depth
(comparing surface and mesopelagic layers with the
bathypelagic layer: t-test, p = 0.20; Table 2, Fig. 3).
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Cell-specific leucine incorporation rates of Bacteria
were up to 2 orders of magnitude higher in the surface and mesopelagic layers than in bathypelagic
layers (t-test, p = 0.019, range: 0.9 × 10−20 to 54.5 ×
10−20 mol leucine cell−1 d−1; Table 2).
In MCG I, cell-specific leucine incorporation rates
were slightly higher in the surface and mesopelagic
layers than in bathypelagic layers (t-test, p = 0.008,
range: 0.3 × 10−20 to 10.0 × 10−20 mol leucine cell−1 d−1;

Fig. 3. Percentage of leucine incorporation rates in Bacteria
and marine Crenarchaeota Group I (MCG I) relative to total
leucine incorporation throughout the water column

Table 2). In the bathypelagic layers, there was no significant difference in cell-specific leucine incorporation rates between Bacteria and MCG I (t-test, p =
0.382; Table 2).
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DISCUSSION
Using erythromycin and diphtheria toxin to inhibit
bacterial and archaeal protein synthesis, respectively, we found that Archaea contribute on average
32% to the bulk leucine incorporation of prokaryotes
in the water column of the eastern North Atlantic.
Euryarchaeota were present in abundances of only
< 5% of DAPI-stained cells throughout the different
layers of the water column. This indicates that the
detected archaeal leucine incorporation is probably
mainly due to MCG I, confirming earlier findings
obtained using MICRO-CARD-FISH that a certain
fraction of MCG I might be heterotrophic (Ouverney
& Fuhrman 2000, Teira et al. 2006a,b, Kirchman et al.
2007, Varela et al. 2008). Also, radiocarbon analyses
of mesopelagic MCG I collected at 2 depths in the
North Pacific Gyre indicated that a fraction of MCG I
is heterotrophic rather than chemoautotrophic
(Hansman et al. 2009).
The contribution of total MCG I to prokaryotic
leucine incorporation increased only insignificantly
with depth (Table 2) in contrast to MCG I abundance,
which has been shown to increase with depth in
the Pacific (Karner et al. 2001), the Atlantic (Herndl
et al. 2005, Teira et al. 2006a, Varela et al. 2008), the
Mediterranean Sea (De Corte et al. 2009), and the
Arctic (Alonso-Sáez et al. 2007, Kirchman et al.
2007).
While a number of studies provide information on
the contribution of MCG I to total prokaryotic abundance, only a few studies have explicitly measured
MCG I activity. Archaeal chemoautotrophy, based on
ammonia oxidation as energy source, has been
shown to be widespread (Herndl et al. 2005, Wuchter
et al. 2006). In the mesopelagic waters of the North
Atlantic and in the Arctic Ocean, high DIC fixation
rates by the prokaryotic community were found
(Reinthaler et al. 2010, Alonso-Sáez et al. 2010,
Varela et al. 2011), while other studies have shown
heterotrophic activity of MCG I in the same regions
(Kirchman et al. 2007, Varela et al. 2008). None of
these studies, however, specifically determined the
contribution of Archaea or MCG I to the leucine
incorporation of the prokaryotic community.
Averaged over the entire water column, MCG I
contributed 32% to the prokaryotic leucine incorporation in the subtropical North Atlantic (Tables 1
& 2) without any significant trend with depth, while
the bacterial contribution decreases with depth
(Fig. 3). T. Yokokawa and T. Nagata (unpubl. data)
found that diphtheria toxin inhibited up to 37% of
the leucine incorporation in both the upper and

deeper layers of the Pacific. Hence, the results
obtained for the subtropical North Atlantic are in
the same range as those in the Pacific. Recently, the
bacterial inhibitors streptomycin and ampicillin
were used to estimate archaeal activity at a single
station in the Red Sea (Ionescu et al. 2009). These
authors found a high contribution of Archaea to DIC
fixation at around 350 and 550 m depth and a generally low archaeal contribution to prokaryotic
leucine incorporation (Ionescu et al. 2009). Because
these measurements were performed at a single station in the Red Sea, we do not know whether this is
a general feature of the Red Sea. It might well be,
however, that the contribution of Archaea to heterotrophy in the ocean is variable, particularly in
regional seas like the Red Sea. Also, in the present
study, the archaeal contribution to prokaryotic
leucine incorporation was variable, as indicated by
the coefficient of variation being about twice as
high (50%, contribution mean ± SD: 32 ± 16%) as
that of Bacteria (22%, mean ± SD: 69 ± 15%).
The substantial deviations from 100% of the total
percentages of inhibition of leucine incorporation by
erythromycin and diphtheria toxin for some samples
(Table 1) might be caused by incomplete inhibition
of the target group or by unspecific inhibition of
the non-targeted group by one or both inhibitors.
Depending on the prokaryotic community composition, the efficiency of the inhibitors against the target
group and their effect on the non-target group might
vary. Values of inhibition substantially higher than
100% could be related to some degree of inhibition
of the non-target group by erythromycin or diphtheria toxin. In contrast, resistance to antibiotics
(Baya et al. 1986, Levy & Marshall 2004) might
explain inhibition values <100%. Moreover, the
inhibitors might potentially serve as a substrate for
the non-inhibited prokaryotic fraction (Dantas et al.
2008), thus inducing elevated activity in specific cells
and consequently lowering the fraction of inhibition.
Thus, the impact of the inhibitors on both the targeted and the non-targeted prokaryotic group needs
to be thoroughly evaluated. However, taken together, the results of our specificity tests using a
quantitative MICRO-CARD-FISH approach (Sintes &
Herndl 2006) and the average inhibition obtained for
Archaea and Bacteria in the Atlantic of 81% and
86%, respectively, validate our choice of inhibitors to
target Archaea and Bacteria.
To date, the energy and carbon sources used by
Archaea and the distribution patterns of heterotrophic and autotrophic prokaryotes are still not well
understood in the ocean, particularly in the lower
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meso- and bathypelagic realm. It has been suggested
that Archaea are mainly chemoautotrophs, based on
different approaches (Hallam et al. 2006, Wuchter et
al. 2006, Hansman et al. 2009), down to bathy- and
abyssopelagic waters (Agogué et al. 2008, Konstantinidis et al. 2009, Church et al. 2010). Nevertheless,
the heterotrophic lifestyle of MCG I has also been
shown (Teira et al. 2006b, Martin-Cuadrado et al.
2008). Our results further support the occurrence of
some extent of heterotrophic activity in MCG I in the
open ocean and might indicate either a mixotrophic
lifestyle of Archaea or the presence of autotrophic
and heterotrophic lifestyles in different taxa of
MCG I.
The cell-specific leucine incorporation rates of
MCG I were similar to those of Bacteria in the bathypelagic layer but were, however, 3.5-fold lower than
those of Bacteria in the top 1000 m layer (Table 2).
Because only leucine-positive MCGI and Bacteria
were included in these calculations, the lower
leucine uptake rate of MCG I than Bacteria in the
surface and mesopelagic waters represents actual
differences in the leucine uptake on a single-cell
level rather than simply differences in the fraction of
MCG I or bacterial cells capable of taking up leucine
or being metabolically active. Likewise, the similar
leucine uptake rates of MCG I and Bacteria in the
bathypelagic waters indicate similar activity levels
on a single-cell basis rather than shifts in the metabolically active fraction of the MCG I or bacterial
community. Using the quantitative MICRO-CARDFISH approach (Sintes & Herndl 2006), Varela et al.
(2011) found that MCG I are fixing DIC at significantly lower rates than Bacteria throughout the water
column of the subtropical North Atlantic. This might
indicate that MCG I exhibit, on a per-cell basis, lower
or similar activity levels as Bacteria, in both the autoand heterotrophic life mode. More detailed studies
are required, however, to verify this conclusion. The
use of specific inhibitors for activity measurements in
combination with single-cell analyses, such as
MICRO-CARD-FISH, might be a valuable tool to
differentiate the role of Archaea and Bacteria in the
biogeochemical cycles of the ocean.
The present study demonstrates the potential of
erythromycin and diphtheria toxin as protein synthesis inhibitors in Bacteria and Archaea, respectively.
The fairly high specificity of the 2 inhibitors allows
for estimations of the relative contribution of these 2
prokaryotic domains to the overall activity of the
prokaryotic community. Our measurements throughout the water column of the eastern subtropical
North Atlantic indicate that a substantial part (on
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average, 32% over the entire water column) of the
heterotrophic prokaryotic activity is due to MCG I.
The cell-specific leucine uptake of Bacteria and
MCG I appears to be similar in the bathypelagic
Atlantic waters. Given the generally high abundance
of MCG I in bathypelagic waters of the global ocean,
there is evidence now that deep-water prokaryotic
heterotrophic activity is mediated not only by
Bacteria but to a considerable extent also by marine
Crenarchaeota Group I.

Acknowledgements. We thank T. Reinthaler, C. Beauchemin, M. Gil Coto, and J. Aristegui for assistance during
the CAIBEX cruises and the captains and crew of RV
‘Sarmiento de Gamboa’ and RV ‘Pelagia’ for their help at
sea. Shiptime and material for work in the laboratory and at
sea was provided by the GEOTRACES project. T.Y. was also
supported by the Earth and Life Science Division of the
Dutch Science Foundation (ALW-NWO, GEOTRACES project, 839.08.413) to G.J.H. The laboratory and on-board
work was supported by the GEOTRACES project and the
Austrian Science Fund (FWF): I486-B09 and P23234-B11 to
G.J.H.

LITERATURE CITED

➤ Agogué H, Brink M, Dinasquet J, Herndl GJ (2008) Major
➤

➤
➤

➤

➤
➤

➤

gradients in putatively nitrifying and non-nitrifying
Archaea in the deep North Atlantic. Nature 456:788−791
Alonso-Sáez L, Balague V, Sa EL, Sanchez O and others
(2007) Seasonality in bacterial diversity in north-west
Mediterranean coastal waters: assessment through clone
libraries, fingerprinting and FISH. FEMS Microbiol Ecol
60:98−112
Alonso-Sáez L, Galand PE, Casamayor EO, Pedrós-Alió C,
Bertilsson S (2010) High bicarbonate assimilation in the
dark by Arctic bacteria. ISME J 4:1581−1590
Baya AM, Brayton PR, Brown VL, Grimes DJ, Russek-Cohen
E, Colwell RR (1986) Coincident plasmids and antimicrobial resistance in marine bacteria isolated from polluted
and unpolluted Atlantic Ocean samples. Appl Environ
Microbiol 51:1285−1292
Bevington P, Robinson DK (2002) Data reduction and error
analysis for the physical sciences, 3rd edn. McGraw-Hill,
New York, NY
Brochier-Armanet C, Boussau B, Gribaldo S, Forterre P
(2008) Mesophilic crenarchaeota: proposal for a third
archaeal phylum, the Thaumarchaeota. Nat Rev Microbiol 6:245−252
Church MJ, Wai B, Karl DM, DeLong EF (2010) Abundances
of crenarchaeal amoA genes and transcripts in the
Pacific Ocean. Environ Microbiol 12:679−688
Daims H, Bruhl A, Amann R, Schleifer KH, Wagner M (1999)
The domain-specific probe EUB338 is insufficient for the
detection of all Bacteria: development and evaluation of
a more comprehensive probe set. Syst Appl Microbiol 22:
434−444
Dantas G, Sommer MOA, Oluwasegun RD, Church GM
(2008) Bacteria subsisting on antibiotics. Science 320:
100−103

256

Aquat Microb Ecol 66: 247–256, 2012

➤ De Corte D, Yokokawa T, Varela MM, Agogué H, Herndl GJ

➤

➤

➤

➤

➤
➤

➤

➤
➤

➤

➤
➤

(2009) Spatial distribution of Bacteria and Archaea and
amoA gene copy numbers throughout the water column
of the Eastern Mediterranean Sea. ISME J 3:147−158
Hallam SJ, Mincer TJ, Schleper C, Preston CM, Roverts K,
Richardson PM, DeLong EF (2006) Pathways of carbon
assimilation and ammonia oxidation suggested by environmental genomic analyses of marine Crenarchaeota.
PLoS Biol 4:e95
Hansman RL, Griffin S, Watson JT, Druffel ER, Ingalls AE,
Pearson A, Aluwihare LI (2009) The radiocarbon signature of microorganisms in the mesopelagic ocean. Proc
Natl Acad Sci USA 106:6513−6518
Herndl GJ, Reinthaler T, Teira E, van Aken H, Veth C, Pernthaler A, Pernthaler J (2005) Contribution of Archaea to
total prokaryotic production in the deep Atlantic Ocean.
Appl Environ Microbiol 71:2303−2309
Ingalls AE, Shah SR, Hansman RL, Aluwihare LI, Santos
GM, Druffel ERM, Pearson A (2006) Quantifying
archaeal community autotrophy in the mesopelagic
ocean using natural radiocarbon. Proc Natl Acad Sci
USA 103:6442−6447
Ionescu D, Penno S, Haimovich M, Rihtman B and others
(2009) Archaea in the Gulf of Aqaba. FEMS Microbiol
Ecol 69:425−438
Karner MB, DeLong EF, Karl DM (2001) Archaeal dominance in the mesopelagic zone of the Pacific Ocean.
Nature 409:507−510
Kessel M, Klink F (1980) Archaebacterial elongation factor is
ADP-ribosylated by diphtheria toxin. Nature 287:
250−251
Kirchman DL (2001) Measuring bacterial biomass production and growth rates from leucine incorporation in natural aquatic environments. In: Paul JH (ed) Methods in
microbiology, Vol 30. Academic Press, New York, NY,
p 227−237
Kirchman DL, Elifantz H, Dittel AI, Malmstrom RR, Cottrell
MT (2007) Standing stocks and activity of Archaea and
Bacteria in the western Arctic Ocean. Limnol Oceanogr
52:495−507
Kohanski MA, Dwyer DJ, Collins JJ (2010) How antibiotics
kill bacteria: from targets to networks. Nat Rev Microbiol
8:423−435
Könneke M, Bernhard AE, de la Torre JR, Walker CB,
Waterbury JB, Stahl DA (2005) Isolation of an autotrophic ammonia-oxidizing marine archaeon. Nature
437:543−546
Konstantinidis KT, Braff J, Karl DM, DeLong EF (2009) Comparative metagenomic analysis of a microbial community
residing at a depth of 4, 000 meters at station ALOHA in
the North Pacific Subtropical Gyre. Appl Environ Microbiol 75:5345−5355
Levy SB, Marshall B (2004) Antibacterial resistance worldwide: causes, challenges and responses. Nature Med 10:
122−129
Martin-Cuadrado AB, Rodriguez-Valera F, Moreira D, Alba
JC and others (2008) Hindsight in the relative abunEditorial responsibility: Eva Lindström,
Uppsala, Sweden

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤
➤

dance, metabolic potential and genome dynamics of
uncultivated marine archaea from comparative metagenomic analyses of bathypelagic plankton of different
oceanic regions. ISME J 2:865−886
Massana R, Murray AE, Preston CM, DeLong EF (1997) Vertical distribution and phylogenetic characterization of
marine planktonic Archaea in the Santa Barbara Channel. Appl Environ Microbiol 63:50−56
Mincer TJ, Church MJ, Taylor LT, Preston C, Karl DM,
DeLong EF (2007) Quantitative distribution of presumptive archaeal and bacterial nitrifiers in Monterey Bay and
the North Pacific Subtropical Gyre. Environ Microbiol 9:
1162−1175
Ouverney CC, Fuhrman JA (2000) Marine planktonic
Archaea take up amino acids. Appl Environ Microbiol
66:4829−4833
Reinthaler T, van Aken HM, Herndl GJ (2010) Major contribution of autotrophy to microbial carbon cycling in the
deep North Atlantic’s interior. Deep-Sea Res II 57:
1572−1580
Rohwer F, Azam F (2000) Detection of DNA damage in
prokaryotes by terminal deoxyribonucleotide transferase-mediated dUTP nick end labeling. Appl Environ
Microbiol 66:1001−1006
Sintes E, Herndl GJ (2006) Quantitative substrate uptake by
individual cells of marine bacterioplankton by catalyzed
reporter deposition fluorescence in situ hybridization
combined with microautoradiography. Appl Environ
Microbiol 72:7022−7028
Teira E, Reinthaler T, Pernthaler A, Pernthaler J, Herndl
GJ (2004) Combining catalyzed reporter deposition-fluorescence in situ hybridization and microautoradiography to detect substrate utilization by Bacteria and
Archaea in the deep ocean. Appl Environ Microbiol 70:
4411−4414
Teira E, Lebaron P, van Aken H, Herndl GJ (2006a) Distribution and activity of Bacteria and Archaea in the deep
water masses of the North Atlantic. Limnol Oceanogr 51:
2131−2144
Teira E, van Aken H, Veth C, Herndl GJ (2006b) Archaeal
uptake of enantiomeric amino acids in the meso- and
bathypelagic waters of the North Atlantic. Limnol
Oceanogr 51:60−69
Varela MM, van Aken HM, Sintes E, Herndl GJ (2008) Latitudinal trends of Crenarchaeota and Bacteria in the
meso- and bathypelagic water masses of the eastern
North Atlantic. Environ Microbiol 10:110−124
Varela MM, van Aken HM, Sintes E, Reinthaler T, Herndl
GJ (2011) Contribution of Crenarchaeota and Bacteria to
autotrophy in the North Atlantic interior. Environ Microbiol 13:1524−1533
Wuchter C, Schouten S, Boschker HTS, Damste JSS (2003)
Bicarbonate uptake by marine Crenarchaeota. FEMS
Microbiol Lett 219:203−207
Wuchter C, Abbas B, Coolen MJL, Herfort L and others
(2006) Archaeal nitrification in the ocean. Proc Natl Acad
Sci USA 103:12317−12322
Submitted: January 18, 2011; Accepted: May 14, 2012
Proofs received from author(s): June 28, 2012

