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ABSTRACT 

 

Domain-specific metabolic inhibitors are useful to quantify the distribution of prokaryotic 

activity among Bacteria and Archaea in the oceanic water column. Although applied to 

marine prokaryotic communities in several studies, an in-depth analyses of the specificity of 

erythromycin (EMY) and N1-guanyl-1,7-diaminoheptane (GC7) to inhibit bacterial and 

archaeal activity, respectively, has not been done yet. We tested this domain specificity of 

these two inhibitors on natural prokaryotic assemblages from the North Atlantic. We 

hypothesized that in EMY-treated samples archaeal activity is obtained, whereas in GC7-

treated samples bacterial activity will be measured. Heterotrophic prokaryotic activity was 

estimated via 
3
H-leucine incorporation on the bulk and on the single-cell level using catalyzed 

reporter deposition fluorescence in situ hybridization combined with microautoradiography 

(MICRO-CARD-FISH). In the water masses used for this inhibitor test, the contribution of 

Bacteria to total DAPI counts ranged from 29 to 47%, while SAR11 comprised 12 to 21% of 

the DAPI counts, suggesting that SAR11 contributed substantially to bacterial community. 

The contribution of Thaumarchaeota ranged from 11 to 23% and Euryarchaeota from 2 to 

12% of DAPI counts. In EMY-treated samples leucine incorporation was reduced by ~61%. 

Using single-cell analyses to test the specificity of the inhibitors, GC7 reduced the substrate 

uptake of Bacteria and Archaea by 39% and 54%, respectively. Hence, we conclude that 

neither EMY nor GC7 is entirely domain-specific when applied to complex marine 

prokaryotic communities. Our results, therefore, call for caution when using these inhibitors 

to assess domain-specific activities. 

 

 

Keywords: Erythromycin (EMY), N1-guanyl-1,7-diaminoheptane (GC7), MICRO-CARD-

FISH, prokaryotes, dark ocean 
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INTRODUCTION 

 

The world ocean occupies 71% of the earth’s surface and a water volume of 1340 x 10
6
 

km
3

, assuming a mean depth of ~3700 m. In terms of volume the Atlantic Ocean is the second 

largest ocean occupying 24.6% of the world ocean (Shiklomanov & Rodda 2004) and plays a 

decisive role in regulating the world climate through the formation of major deep-water 

masses and the Meridional Overturning Circulation (MOC) (Marshall et al. 2001). 

Prokaryotes (i.e., Bacteria and Archaea) are dominating the biota of the meso- and 

bathypelagic waters, with abundances typically decreasing exponentially from 5 x 10
5 

to  

4 x 10
4
 cells mL

-1
 from the surface ocean to the bottom layers (Arístegui et al. 2009). The 

alpha-proteobacterial clade SAR11 belongs to the most successful microorganisms in the 

ocean and comprises up to 50% of the surface microbial community (Morris et al. 2002). 

Furthermore, SAR11 has the potential to contribute significantly to oceanic C, N, P and S 

cycles due to their high metabolic activity in surface waters (Malmstrom et al. 2004). While 

the contribution of SAR11 to total prokaryotic abundance decreases with depth, the relative 

contribution of mesophilic Archaea increases toward the deep-water masses where 

Euryarchaeota and Thaumarchaeota contribute up to 30% to the total prokaryotic abundance 

(Karner et al. 2001; Teira et al. 2006a; Varela et al. 2008). More specifically it has been found 

that Euryarchaeota are dominating the near-surface waters, whereas the relative contribution 

of Thaumarchaeota increases with depth (Herndl et al. 2005). 

Bacteria and Archaea possess a plethora of distinct metabolic pathways while the 

general differentiation between autotrophic and heterotrophic organisms is based on the 

utilized carbon source. Initially, heterotrophy was thought to be the exclusive microbial 

lifestyle in the oxygenated water column of the dark ocean, however, the chemoautotrophic 

fixation of dissolved inorganic carbon in the meso- and bathypelagic realm of the North 

Atlantic was recently estimated to be in a similar range as heterotrophic production 

(Reinthaler et al. 2010). This suggests that dissolved inorganic carbon (DIC) fixation might 

fundamentally contribute to the organic carbon demand of microbial communities in the dark 

ocean. In addition, mixotrophy is assumed to be widespread particularly in aquatic systems 

(Eiler 2006; Hügler & Sievert 2011) and part of the biomass production of heterotrophic 

Bacteria might also be fueled by inorganic carbon intermediates derived from anaplerotic 

reactions in the tricarboxylic acid (TCA) cycle (Owen et al. 2002; Hesselsoe et al. 2005). 

Besides the Calvin-Benson-Bassham (CBB) cycle using the key enzyme ribulose 1,5-

bisphospate carboxylase/oxygenase (RuBisCO), five alternative CO2-fixation pathways have 
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been identified thus far (Thauer 2007). A recent study showed that 47% of the 

Deltaproteobacteria SAR324, 25% of Gammaproteobacteria and 12% of all examined single 

amplified genomes contain RuBisCO genes, indicative for chemolithotrophy (Swan et al. 

2011). In autotrophic Thaumarchaeota, the 3-hydroxypropionate/4-hydroxybutyrate cycle (3-

HP/4-HB) or the dicarboxylate/4-hydroxybutyrate cycle (DC/4-HB) pathway have been found 

to assimilate DIC (Thauer 2007, Berg et al. 2010). In addition, it has been shown that 

Thaumarchaeota may play a significant role in the first step of nitrification (Francis et al. 

2007). The archaeal ammonia monooxygenase subunit alpha (amoA) gene abundance 

outnumbers the bacterial amoA gene abundance by 1-3 orders of magnitude in the North Sea 

and the Atlantic Ocean, suggesting a significant archaeal contribution to the oceanic nitrogen 

cycle (Wuchter et al. 2007). 

Only about four decades ago, the general notion was that the microbial activity in the 

dark ocean (>500 m depth) is negligible due to slow growth rates caused by the low amount 

and the poor quality of organic material in the deep sea (Jannasch & Wirsen 1973). This 

general view has changed in recent years when it became apparent that microorganisms in the 

meso- and bathypelagic ocean are fairly active (Arístegui et al. 2009). These findings were 

substantiated with the advent of activity measurements at single-cell resolution such as 

microautoradiography linked with catalyzed reporter deposition fluorescence in situ 

hybridization (MICRO-CARD-FISH) which allows to visualize the uptake of radiolabeled 

substrates by different phylogenetic groups (Lee et al. 1999; Teira et al. 2004; Alonso 2012). 

Single cell analysis was instrumental to show that Archaea play a vital role in the dark 

ocean’s microbial community taking up amino acids or inorganic carbon (Ouverney & 

Fuhrman 2000; Herndl et al. 2005; Teira et al. 2006b). 

MICRO-CARD-FISH is time consuming, which makes it impractical to use this method 

routinely if one wants to differentiate archaeal from bacterial activity. The use of specific 

inhibitors offers the possibilities to knock-out one domain while leaving the other one 

unaffected to determine group-specific production rates (Levipan et al. 2007a), for example.  

Metabolic inhibitors or antibiotics are chemicals that cause cell death or inhibit the 

growth of most microorganisms by affecting the DNA, RNA, cell wall or protein synthesis 

(Kohanski et al. 2010). Erythromycin (EMY), for example, is physically hampering either the 

translation of proteins or the translocation of peptidyl tRNAs and it is assumed that EMY 

affects predominantly the large ribosomal 50S subunit of Bacteria, whereas Archaea remain 

largely unaffected (Kohanski et al. 2010; Dunkle et al. 2010). Only recently, antibiotics have 

also been developed for Archaea and it has been shown that diphtheria toxin caused a 
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relatively specific inhibition of Archaea (Yokokawa et al. 2012). However, diphtheria toxin is 

expensive thus, alternative inhibitors were tested. In a lab study, the cell cycle of several 

archaeal extremophiles was arrested by additions of the spermidine analogue N1-guanyl-1,7-

diaminoheptane (GC7) (Jansson et al. 2000). GC7 binds within the active center of the 

enzyme deoxyhypusine synthase (DHS), which has been found in nearly all examined 

archaeal proteomes and eukaryotes, and inhibits the hypusination pathway thought to be 

essential for cell proliferation (Park et al. 2010). GC7 has been proposed as a less expensive 

and efficient alternative inhibitor for Archaea allowing incubations in larger volumes 

(Levipan et al. 2007a,b; Farías et al. 2009). Generally, the knowledge on the specificity of 

metabolic inhibitors is based mainly on a few culture experiments with simple community 

composition (Jansson et al. 2000; Löscher et al. 2012; Berg et al. 2014a) and has not been 

extensively studied in complex natural microbial assemblages. 

The objective of this study was 1) to test the specificity of the two widely used 

inhibitors EMY and GC7 on natural complex prokaryotic assemblages throughout the water 

column of the North Atlantic and 2) to determine the relative contribution of Bacteria and 

Archaea on the bulk heterotrophic microbial activity. We measured bulk heterotrophic 

activity via 
3
H-leucine incorporation and used MICRO-CARD-FISH combined with 

automated cell counting to evaluate the single cell activity of Bacteria and Archaea. While the 

bulk measurements suggested selective inhibition of microorganisms, the single cell analyses 

revealed that EMY and particularly GC7 are not sufficiently specific to allow a clear 

differentiation of bacteria from archaeal activity by using these two inhibitors. 
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MATERIAL AND METHODS 

 

Study site and sampling 

Sampling was conducted during the MEDEA-2 cruise aboard the RV Pelagia in June 

and July 2012 in the North Atlantic Ocean (Fig. 1). Water samples were taken at seven 

stations between 49°N and 64°N in different water masses (see Table 1) using a conductivity-

temperature-depth (CTD) rosette sampler holding 19 Niskin bottles of 25 L each. 

 

 

 

Figure 1: Map of the sampled stations in the North Atlantic. Samples were retrieved at seven stations during the 

MEDEA-2 cruise in June/July 2012. White lines indicate the simplified flow pattern of major water masses in 

the North Atlantic. Iceland Scotland Overflow Water (ISOW), Denmark Strait Outflow Water (DSOW), LSW 

(Labrador Sea Water), North Atlantic Deep Water (NADW), North East Atlantic Deep Water (NEADW). 
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Prokaryotic abundance 

Prokaryotic abundance was enumerated following Marie et al. (1999). Duplicate 

seawater samples were fixed with glutaraldehyde (final concentration 0.5%) stored in the dark 

at room temperature for 10 min, flash-frozen and stored at -80°C until analysis on a flow 

cytometer (BD ACCURI C6, BD Biosciences). Thawed samples (250 µL) were diluted with 

0.2-μm filtered TE-buffer in a ratio of 1:1, 5 µL SYBRGreen I was added and samples were 

incubated at room temperature in the dark for 10 min. Subsequently, cell enumeration was 

performed by calculating the flow rate of 1 µm fluorescent microspheres of known 

concentration at 488 nm excitation wavelength (Solid State Blue Laser) and standard filter 

setup (533/30 nm). Cytogram plots of side scatter versus fluorescence were used to identify 

prokaryotes. The cell counts were normalized to the fluorescence of microspheres to minimize 

variability between samples. 

 

Bulk leucine incorporation rates 

Bulk leucine incorporation was measured as described in Reinthaler et al. (2010). 

Briefly, triplicate life samples of 50 mL and 2 formaldehyde killed blanks (final concentration 

2%) were spiked with 
3
H-leucine (final concentration 10 nM, specific activity 120 mCi 

mmoL
-1

, NEN) and incubated at in situ temperature in the dark for 1-24 h depending on the 

sampling depth. Thereafter, samples were filtered onto 0.2-µm polycarbonate filters 

(Nuclepore, Whatman) supported with 0.45-µm cellulose nitrate filters (HAWP, Millipore). 

The filters were rinsed twice with 5% ice-cold trichloroacetic acid (ACS-grade, Sigma-

Aldrich), transferred into 20 mL scintillation vials and dried. Eight mL of scintillation 

cocktail (FilterCount, Canberra-Packard) was added and after an incubation for ~18 h to  

stabilize fluorescence, the samples were counted in a liquid scintillation counter  

(Tricarb 3100TR, Perkin Elmer). The leucine incorporation rate was calculated using the 

mean disintegrations per minute (dpm) of the triplicate life samples corrected by the mean 

dpm of the duplicate blanks. The dpm were corrected for quenching with internal and external 

standards. 
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Concentration and latency experiments with inhibitors 

The appropriate concentration and incubation time before adding the radiolabel was 

tested at Stations 1 and 5 at 831 m and 700 m depth, respectively. To aliquots of 20 mL 

seawater samples, EMY or GC7 was added at different final concentrations: EMY was tested 

with concentrations of either 0.3 mmol L
-1

 or 0.7 mmol L
-1

, GC7 was tested with 

concentrations of 0.1 mmol L
-1

 and 1.0 mmol L
-1

. An antibiotic-free control received no 

inhibitors. At all concentrations including the blank, a pre-incubation period of the antibiotic 

of 30 min or 60 min was tested before adding the 
3
H-leucine. After subsequent incubation for 

~24 h at in situ temperature in the dark, the samples were processed as described above for 

the bulk incorporation measurements. These experiments revealed that using the high 

concentrations and 60 min pre-incubation time for both inhibitors resulted in the highest 

inhibition of activity (Fig. 3). 

 

MICRO-CARD-FISH 

Seawater for catalyzed reporter deposition fluorescence in situ hybridization combined 

with microautoradiography (MICRO-CARD-FISH) was collected into 500 mL polycarbonate 

bottles directly from the CTD. To reach an adequate cell abundance on the filters, between 20 

mL and 50 mL (depending on the sampling depth) of the seawater was aliquoted into plastic 

tubes (Greiner Bio one) and 0.7 mmol L
-1

 of EMY or 1 mmol L
-1

 of GC7 added to triplicate 

life samples and one formaldehyde killed control. After a pre-incubation time of 60 min for 

both inhibitors, 
3
H-leucine was added at a final concentration of 10 nmol L

-1
. The samples 

were incubated in the dark at in situ temperature for 1-24 h and subsequently, activity was 

terminated by adding formaldehyde (final concentration 2%). All fixed samples were 

incubated for 18 h at 4ºC, filtered onto 0.2-µm polycarbonate filters (GTTP, Millipore) and 

rinsed twice with particle-free Milli-Q water. The filters were dried completely and stored in 

1.5 mL microcentrifuge vials at -80°C until further processing in the laboratory. 

MICRO-CARD-FISH was performed according to Teira et al. (2004). The filters were 

thawed and embedded in 0.1% low-gelling-point agarose and subsequently dried at 37°C for 

10 min. The cell-wall permeabilization was done with either lysozyme (10 mg mL
-1

, 37°C, 1 

h) or HCl (0.1 mol L
-1

, 20°C, 1 min) for Bacteria and Archaea, respectively. Hybridization 

was performed with horse radish peroxide (HRP)-labeled probes specific for Bacteria, 

SAR11, Thaumarchaeota and Euryarchaeota and additionally with Non-EUB338 (for probe 

sequences and hybridization conditions see Table S2) supplied at a ratio of 1:20 of probe to 
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hybridization buffer. Hybridization was conducted at 35°C for 16 h under dark conditions in 

continuously rotating vials (5 rpm min
-1

). Signal amplification was performed by incubating 

the filters in a substrate mix of 1:100 dilution of tyramides linked to the fluorescent dye 

Atto488 in an amplification buffer under the presence of H2O2 (final conc. 0.0015%), at 37°C 

for 40 min (see detailed protocol in the supplementary material and methods). 

In a darkroom, the hybridized filters were transferred onto pre-cleaned microscopic 

glass slides coated with ~10 µm photographic emulsion and incubated for a previously 

determined time. We used the Kodak NTB2 photographic emulsion until Kodak ceased the 

supply. The experiments for Thaumarchaeota and Euryarchaeota of Stn 12 (subsurface layer, 

≈100 m depth, SSL), Stn 8, 12 and 22 (O2-min layer, ≈450 m) were conducted with the Kodak 

NTB2 emulsion, while the remaining experiments were conducted with the Ilford K.5  

(Ilford PHOTO, England). The emulsion was diluted in a 1:1 ratio with Milli-Q and pre-

warmed at 40°C for 1 h prior to coating the slides. Both emulsions revealed similar sensitivity 

according to tests with aliquots of some samples. The coated slides were dried briefly on an 

aluminum plate placed on ice. In the dark, filter sections were transferred onto the emulsion 

and thereafter, placed in a light-tight box containing silica-beads. 

In order to test the required exposure time for microautoradiography, two samples with 

high 
3
H-leucine and 

14
C-sodium bicarbonate incorporation rates were used (see 

supplementary Fig. S3A and S3B). These tests indicated that an exposure time of 6 - 8 days is 

sufficient. Consequently, the slides were incubated horizontally at 4°C for 6-8 days depending 

on the activity based on tests considering dpm counts and exposure time as well as screening 

of filter sections for activity without prior hybridization. Following incubation, the slides were 

processed according to Ilford specifications using Ilford Phenisol, Ilfostop and Rapid Fixer 

(Ilford Photo, England). 

To prevent systematic variation between the three treatments (Control, EMY and GC7) 

due to handling, emulsion thickness or emulsion age, the treatments of each probe were 

incubated on the same slide. After developing and fixing the photographic emulsion, peeling 

of the filter sections was done as described in Samo et al. (2014) using a cold spray (Cold 75 

Super; CRC Industries Europe BVBA). The cells were counter-stained and mounted in a 

DAPI-mix containing PBS, 1 µg mL
-1 

of 4’,6-diamino-2-phenylindole, Vectashield (Vector 

Laboratories, Inc.) and Citifluor (Citifluor, Ltd.). 
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Microscopic image acquisition and evaluation 

Microscopy was performed on a Zeiss Axio Imager M2 epifluorescence microscope 

(Carl Zeiss), with a filter set for Atto488 and DAPI. The silver grain halos (indicative for 

uptake of the radiolabeled tracer) around stained cells were detected by switching from the 

epifluorescence mode into the transmission mode. Pictures were taken manually with a Plan-

Apochromat 100x/1.46 oil objective lens and an AxioCam MRm black and white high-

resolution camera (Carl Zeiss). 

For each filter section, ~10 pictures were taken for each filter set (DAPI and Atto488) as 

well as in the transmission mode yielding a total ~120 pictures per slide. A set of 3 pictures 

was overlain and the pixels were evaluated by using the custom made software DotAre (Frank 

et al. in prep.). More than 300 DAPI-stained cells were counted per sample. The software 

parameters were optimized with a training set of 10 manually counted pictures using the 

whole range of possible configurations. Microbial cells were classified as probe positive if a 

DAPI-stained cell showed a fluorescence signal of the specific hybridization probe. Probe 

negative cells were visibly stained with DAPI only. Additionally, all fluorescence signals 

were checked for surrounding silver grain halos. The minimum requirement to assign an area 

to cell activity was a complete overlap between cell and silver grain halo. Thus, the random 

background noise was reduced. If cells had overlapping silver grain halos, the activity was 

weighted based on the distance between the cells and the center of the halo. Cells with 

Atto488 fluorescence but unrecognized DAPI signal were also classified as active probe 

positive cells, the percentage of these probes with silver-grain halo was overall < 10%. The 

hybridization with the Non-EUB338 probe to determine the percentage of unspecific binding 

yielded 1.4% ± 0.4% (mean ± SD, n = 13) probe positive signals and 3.7% ± 1.6% (n = 13) 

probe negative signals. 

 

Evaluation of cell-specific leucine uptake rates 

To calculate the leucine incorporation per cell, we normalized the bulk leucine uptake 

per filter to the total cell-bound silver grain area which was scaled to the same filter area. 

Subsequently, the obtained ratio (nmol d
-1

 µm
-2

) was multiplied with the silver grain area 

associated with determined probe-positive cells and normalized to the cell abundance on the 

filter area resulting in an average probe-positive cell-specific leucine uptake rate per day (mol 

leucine cell
-1

 d
-1

). 
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Evaluation of group-specific leucine incorporation rates 

We calculated the group-specific activity based on the counts of active cells and the area 

of the silver-grain halos. The cell-specific activity-count was calculated as the sum of probe-

positive cells surrounded by a silver-grain halo. The group-specific activity-count was 

determined as the sum of active probe-positive cells. To obtain the group-specific activity, the 

silver-grain halo-area was normalized to picture counts to correct for the number of pictures 

taken. Thereafter, the bulk leucine incorporation assessed by liquid scintillation counting was 

used as a quantitative reference and divided by the cell-bound silver-grain halo to obtain the 

cell-bound activity per pixel (nmol leu m
-3 

d
-1

 px
-1

) and multiplied with the probe-positive 

cell-specific silver grain halo area to determine the probe-positive cell-specific leucine 

incorporation (nmol m
-3

 d
-1

). Finally, the sum of Bacteria-, Thaumarchaeota- and 

Euryarchaeota-specific leucine incorporation was scaled to the measured bulk leucine 

incorporation. 

The abundance of specific prokaryotic groups, obtained with MICRO-CARD-FISH, is 

given as percentage of total DAPI counts. The Gaussian error propagation was used to 

calculate the total error of Bacteria and Archaea in Figure 2. 

 

Calculation of inhibition efficiency, specificity and statistics 

To account for the filter- associated variability of total probe-positive cells we 

normalized the activity based on the encountered probes in each treatment via the probe-

specific activity (PSA): 

 

 

   (1) 

 

where Pa is either the count of active probe-positive cells, resulting in the PSAc or the silver 

grain halo area, which results in the PSAa and Pt is the total number of probe-positive cells 

calculated for each treatment and both calculations. 
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To calculate the inhibition efficiency (IE), we used the PSA of each inhibitor (PSAtreat) 

and the untreated sample (PSActrl): 

 

 

  (2) 

 

To calculate the inhibition specificity (IS) for both inhibitors, the determined IE based 

on cell counts and silver grain halo area was used since we expect both to add different 

aspects of information:  

 

 

  (3) 

 

Assuming that EMY specifically inhibits Bacteria but not Archaea, we considered Bacteria as 

the target group (TG) and Archaea as the non-target group (NTG). GC7 is assumed to be a 

specific inhibitor of Archaea and Eukaryotes, while Bacteria should be unaffected. 

Consequently, in the case of GC7 Archaea are the TG and Bacteria the NTG. 

We controlled all samples for a possible treatment-related or a non-random cell-loss-

effect during the peeling of the filter after microautoradiography. Therefore, we determined 

the relative abundance of Bacteria and Thaumarchaeota, for each treatment separately and 

analyzed the ratio of  Bacteria to Thaumarchaeota probe counts using one-way analysis of 

variance (ANOVA). All statistical prerequisites for ANOVA were tested and met. All 

statistical analyses were conducted with SigmaPlot Version 11. 



13 

RESULTS 

 

Physical and chemical characteristics of sampled water masses 

The physical and chemical characteristics of the different water masses are given in 

Table 1. Overall, in our study area temperature ranged from 11°C to -0.8°C. Generally, the 

highest water temperature was measured in the SSL and O2-min, and increased from ~2°C to 

~11°C from the North to South, respectively. The temperature of the Upper Labrador Sea 

Water (ULSW) was ~4°C, while the coldest water temperature -0.8°C was measured in the 

Norwegian Sea Deep Water (NSDW) at 3200 m depth (Table 1). 

 

 

Table 1: Locations of the occupied stations (Stn) and the physical and chemical characteristics of sampled 

water masses (WM) in the northern North Atlantic. 

a Abbreviations of water masses: Subsurface layer (SSL), Oxygen minimum zone (O2-min), Upper Labrador Sea Water (ULSW), Norwegian 

Sea Deep Water (NSDW), No data (NA). 

WMa 
Stn.

...... 

Lat 

[°N] 

Long 

[°E] 

Depth 

[m] 

Temp. 

[°C] 
Sal 

σθ 

[kg m-3] 

NH4 

[µM] 

NO3 

[µM] 

PO4 

[µM] 

Si 

[µM] 

            

SSL 22 64.07 354.10 99 3.37 34.93 27.80 0.47 10.39 0.74 4.15 

 20 61.32 341.89 99 8.95 35.20 27.28 0.13 12.62 0.82 4.39 

 18 57.62 332.19 99 8.34 35.03 27.25 0.14 13.59 0.88 5.44 

 12 53.38 319.93 99 5.48 34.79 27.45 0.15 18.76 1.18 10.02 

 8 51.34 326.87 98 11.01 35.23 26.95 0.14 9.54 0.63 4.08 

            

O2-min 22 64.07 354.10 248 1.91 34.97 27.96 0.08 13.73 0.92 5.47 

 20 61.32 341.89 726 7.05 35.15 27.54 0.11 18.27 1.18 10.07 

 12 53.38 319.93 495 4.03 34.88 27.69 0.13 16.59 1.09 8.45 

 5 51.30 336.55 689 8.90 35.28 27.36 NA NA NA NA 

 1 49.23 347.98 823 9.94 35.63 27.47 NA NA NA NA 

            

ULSW 20 61.32 341.89 988 5.15 35.01 27.68 0.10 18.44 1.20 10.90 

 12 53.38 319.93 989 3.72 34.89 27.73 0.13 17.09 1.11 9.68 

 8 51.34 326.87 1086 4.04 34.92 27.73 0.08 17.28 1.12 10.05 

            

NSDW 22 64.07 354.10 3137 -0.79 34.91 28.08 0.05 15.69 1.04 14.07 
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Bulk prokaryotic abundance and leucine incorporation 

In general, the prokaryotic abundance was highest in the SSL (range 4.1 – 2.2 x 10
5
 

cells mL
-1

) and lowest in the NSDW (5.9 x 10
4
 cells mL

-1
). Generally, higher cell abundance 

was obtained by flow cytometry (range 4.1 x 10
5
 – 5.9 x 10

4
), while abundances obtained 

with CARD-FISH were ~38% and with MICRO-CARD-FISH ~77% lower compared to flow 

cytometry (Fig. S1A). 

Similar to the total cell abundance, the leucine uptake of the bulk community decreased 

exponentially with depth (Fig. S1B). The highest uptake of radiolabeled leucine was 

measured in the SSL (51.6 ± 32.8 nmol leu m
-3

 d
-1

, n = 5). Leucine uptake declined towards 

the O2-min (11.5 ± 6.2 nmol leu m
-3

 d
-1

, n = 4) and was low in the ULSW (1.9 ± 0.5 nmol leu 

m
-3

 d
-1

, n = 3) and the NSDW (1.3 nmol leu m
-3

 d
-1

, n = 1) (Fig. S1B). 

 

Bacterial and archaeal abundance and community composition 

The relative abundance of Bacteria measured with MICRO-CARD-FISH was 43.1 ± 

7.2% (n = 8) in the epi- and upper mesopelagic water masses, while the relative abundance 

declined with depth to 29.2 ± 24.2% ( n = 3) in the ULSW and to 28.6% (n = 1) of DAPI 

stained cells in the NSDW of the Arctic Ocean. However, the relative contribution of the α-

proteobacterial clade SAR11 was rather constant throughout the water column (18.1% ± 9.8% 

of DAPI stained cells, n = 12) (Fig. 2). 

The relative abundance of Thaumarchaeota increased with depth from 10.5% ± 4.2% (n 

= 5) in the SSL to 23.2% (n = 1) in the NSDW (Fig. 2). Generally, the contribution of 

Euryarchaeota to total DAPI counts was rather constant throughout the water column with an 

average of 2.5% ± 1.7% (n = 11). Euryarchaeota in the NSDW of the Arctic Ocean exhibited 

a relative abundance of 11.5% (n =1) of DAPI stained cells. 
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Figure 2: Community composition obtained by MICRO-CARD-FISH. The probe coverage was calculated as the 

percentage of the specific fluorescent probe compared to the total DAPI counts. Error bars indicate the standard 

deviation of the mean values of SAR11 and the total error of counting Bacteria, Thaumarchaeota and 

Euryarchaeota. SSL (n = 5), O2-min (n = 4), ULSW (n = 3), NSDW (n = 1). For water mass abbreviations see 

Table 1. 

 

Testing the bulk inhibition of EMY and GC7 

Samples treated with 0.3 mmol L
-1

 EMY and pre-incubated for 30 min yielded a leucine 

incorporation rate of 28.4 nmol leu m
-3

 d
-1

 (range: 20.5 – 36.4 nmol leu m
-3

 d
-1

,
 
n = 2) and 

after 60 min pre-incubation, leucine incorporation was slightly higher at 33.0 nmol leu m
-3

 d
-1

 

(range: 29.3 – 36.8 nmol leu m
-3

 d
-1

,
 
n = 2) (Fig. 3A). With a pre-incubation time of 30 min 

and EMY additions of 0.7 mmol L
-1

 the substrate incorporation was 22.6 nmol leu m
-3

 d
-1

 

(range: 15.5 – 29.8 nmol leu m
-3

 d
-1

,
 
n = 2) and after pre-incubating the samples for 60 min, 

leucine incorporation was 25.8 nmol leu m
-3

 d
-1

 (range: 21.3 – 30.2 nmol leu m
-3

 d
-1

,
 
n = 2) 

(Fig. 3A). 

Addition of 0.1 mmol L
-1

 of GC7 and a pre-incubation time of 30 min resulted in an 

incorporation of 90.4 nmol leu m
-3

 d
-1

 (range: 71.2 – 109.6 nmol leu m
-3

 d
-1

,
 
n = 2) and after 

60 min of pre-incubation time in 85.9 nmol leu m
-3

 d
-1

 (range: 61.0 – 110.8 nmol leu m
-3

 d
-1

,
 
n 

= 2). Using 1 mmol L
-1

 of GC7 addition, leucine incorporation after 30 min resulted in a 

leucine incorporation of 71.9 nmol leu m
-3

 d
-1

 (range: 53.9 – 89.8 nmol leu m
-3

 d
-1

,
 
n = 2) and 

after 60 min 64.1 nmol leu m
-3

 d
-1

 (range: 48.8 – 79.4 nmol leu m
-3

 d
-1

,
 
n = 2) (Fig. 3A). 
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Hence, the highest inhibition of the in situ bulk leucine incorporation was achieved by using a 

combination of 30 min pre-incubation with the highest tested concentration of EMY (0.7 

mmol L
-1

) and 60 min for GC7 (1 mmol L
-1

) (Fig. 3A). In addition, a sample of Station 5 (700 

m depth) was spiked with both inhibitors at highest concentrations (EMY, 0.7 mmol L
-1

 and 

GC7, 1 mmol L
-1

) and a pre-incubation time of 60 min was applied. The leucine incorporation 

was 27.7 nmol leu m
-3

 d
-1

 and similar to the 0.7 mmol L
-1

 in the EMY-treated sample with 

25.8 nmol leu m
-3

 d
-1

 (Fig. 3A). In these experiments the untreated control yielded a bulk 

leucine incorporation of 111.8 nmol leu m
-3

 d
-1

 (range: 79 - 144 nmol leu m
-3

 d
-1

, n = 2) (Fig. 

3A). 

The inhibitors EMY and GC7 were also tested on the bulk community in the different 

water masses (Fig. 3B). In general, inhibition was rather constant over the different water 

masses for both inhibitors. The percentage of leucine incorporation in samples collected from 

the different water masses and treated either with EMY or GC7 in relation to the leucine 

incorporation obtained in the untreated samples is shown in Fig. 3B. Averaged over the 

individual water masses, in samples treated with EMY, leucine incorporation was reduced to 

23 ± 9% of the leucine incorporation in the untreated water masses while in the GC7-treated 

samples leucine incorporation amounted to 59 ± 10% (n = 13) of that in the untreated water 

masses (Fig. 3B). 

Leucine incorporation [nmol m
-3

 d
-1

]

0 20 40 60 80 100 120 140 160

EMY + GC7 (0.7 + 1.0 mmol L-1)

EMY (0.7 mmol L-1)

EMY (0.3 mmol L-1)

GC7 (1.0 mmol L-1)

GC7 (0.1 mmol L-1)

CTRL

30 min 

60 min 

A

Bulk leucine incorporation - Percent of control

0 20 40 60 80

NSDW

ULSW

O2-min

SSL

EMY 

GC7

B

 

Figure 3: Bulk leucine incorporation of (A) different concentrations and incubation times of EMY and GC7, 

whiskers indicate the range of the duplicates; (B) water-mass associated samples treated with either EMY or 

GC7 using a pre-incubation time of 60 min and highest concentrations as indicated in the left panel. Error bars 

indicate the standard deviation of the mean, SSL (n = 5), O2-min (N = 4), ULSW (n = 3), NSDW (n = 1). For 

water mass abbreviations see Table 1. 
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Qualitative evaluation of treatment-effect on the percentage of leucine-positive cells 

The enumeration of cells taking up leucine ranged between 39.7% and 47.9% 

throughout the water column in the untreated control (Table 2). In general, a lower percentage 

of leucine-positive cells was obtained in samples treated with EMY (range: 21.4% - 36.9%) 

than with GC7 (range: 39.4% - 41.6%). The addition of EMY reduced the percentage of 

active cells (range: 8.4% - 54.5%) and GC7 (range: -3.2% - 33.8%) compared to unamended 

controls (Table 2). 

 

TABLE 2: Overview of leucine-positive cells to total cell counts in %. 

a For abbreviation of water masses see Table 1, ±SD - standard deviation of the mean, n – number of measurements. 

 

Cell-specific leucine incorporation determined by MICRO-CARD-FISH 

The cell-specific leucine incorporation of samples treated either with EMY or GC7 in 

relation to the unamended control is shown in Table 3. In general, the per-cell activity of 

Bacteria and Archaea in the untreated control decreased with depth (Table 3). The highest 

cell-specific leucine incorporation was obtained in the SSL for Bacteria (6.3 x10
-20

 mol 

leucine cell
-1

 d
-1

) and SAR11 (5.6 x10
-20

 mol leucine cell
-1

 d
-1

), while the highest per-cell 

activity of Thaumarchaeota (25 x10
-20

 mol leucine cell
-1

 d
-1

) was obtained in the O2-min and 

of Euryarchaeota in the SSL (4.1 x10
-20

 mol leucine cell
-1

 d
-1

). 

In the SSL, we obtained for EMY-treated samples a bacterial per-cell substrate uptake 

of 2.1 x10
-20

 mol leucine cell
-1

 d
-1

 and of Thaumarchaeota 0.5 x10
-20

 mol leucine cell
-1

 d
-1 

(Table 3). Hence, EMY affected the per-cell activity of Bacteria and Thaumarchaeota 

similarly. Generally, GC7 reduced the per-cell substrate incorporation of Bacteria (5.6 x10
-20

 

mol leucine cell
-1

 d
-1

) and Thaumarchaeota (1.1 x10
-20

 mol leucine cell
-1

 d
-1

) less efficiently 

WMa 
CTRL EMY GC7 

Mean ±SD n Mean ±SD n Mean ±SD n 

          

SSL 47.4 9.7 20 26.3 16.8 20 31.4 10.9 20 

          

O2-min 47.9 12.4 16 21.8 9.2 14 39.4 6.9 15 

          

ULSW 40.3 14.9 12 36.9 9.6 11 41.6 14.6 11 

          

NSDW 39.7 7.1 4 21.4 6.5 4 39.4 6.9 4 
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than EMY, albeit both groups were affected. These findings highlight the relatively low 

specificity of GC7 at the single-cell level for Archaea (Table 3; Fig. 5). 

In some samples the obtained per-cell leucine incorporation rates of the treatments were 

higher than those of the unamended controls (Table 3). 

 

TABLE 3: Cell-specific leucine incorporation [x10
-20 

mol cell
-1

 d
-1

]. 

a For abbreviation of water masses (WM) see Table 1, ND – Not determined, ±SD - standard deviation of the mean, n – number of 

measurements. 

 

Group-specific leucine incorporation determined by MICRO-CARD-FISH 

To examine the group-specificity of both inhibitors, we measured the leucine 

incorporation in the untreated controls and either EMY- or GC7-treated samples. In the 

uninhibited control, leucine uptake decreased with depth (Fig. 4A). In the SSL, leucine 

incorporation of Bacteria was 46.3 nmol leu m
-3 

d
-1

 with almost half of the bacterial activity 

due to SAR11. Bacterial leucine uptake decreased to 8.7 nmol leu m
-3 

d
-1

 in the O2-min, where 

60% of the bacterial leucine uptake was mediated by SAR11 (Fig. 4A). The lowest bacterial 

activity was obtained in the ULSW of the bathypelagic (1.7 nmol leu m
-3 

d
-1

) and in the 

NSDW of the Arctic Ocean (1.0 nmol leu m
-3 

d
-1

). Similarly, leucine uptake of SAR11 

WMa Probe 
CTRL EMY GC7 

Mean ±SD n Mean ±SD n Mean ±SD n 

           

SSL Bacteria 6.3 3.2 5 2.1 2.3 5 5.6 3.2 5 

 SAR11 5.6 4.2 5 2.7 4.4 5 2.1 1.6 5 

 Thaumarchaeota 2.2 1.8 5 0.5 0.4 5 1.1 0.8 5 

 Euryarchaeota 4.1 2.4 5 3.5 7.4 5 5.8 5.5 5 

           

O2-min Bacteria 2.4 1.6 4 0.5 0.2 4 0.9 0.6 4 

 SAR11 2.4 0.4 4 0.4 0.3 4 0.7 0.5 4 

 Thaumarchaeota 25.3 49.0 4 0.2 0.2 4 0.3 0.3 4 

 Euryarchaeota 2.9 2.7 4 0.6 0.6 4 1.5 0.7 4 

           

ULSW Bacteria 1.4 1.0 3 0.4 0.1 2 12.1 16.5 3 

 SAR11 1.2 0.9 3 0.3 0.2 3 0.4 0.4 3 

 Thaumarchaeota 0.1 0.0 3 0.1 0.1 3 3.3 4.8 3 

 Euryarchaeota 0.7 0.6 3 0.7 0.8 3 1.0 0.7 3 

           

NSDW Bacteria 1.7 ND 1 16.0 ND 1 1.0 ND 1 

 SAR11 2.6 ND 1 1.3 ND 1 0.8 ND 1 

 Thaumarchaeota 0.1 ND 1 0.1 ND 1 0.2 ND 1 

 Euryarchaeota 0.6 ND 1 0.2 ND 1 0.4 ND 1 
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followed the general declining trend with depth, albeit SAR11 contributed about 50% to 

bacterial leucine uptake throughout the water column (Fig. 4A). 

Also archaeal leucine uptake declined with depth (Fig. 4A). Thaumarchaeota 

contributed about twice as much to leucine uptake (3.8 nmol leu m
-3 

d
-1

) than Euryarchaeota 

1.5 nmol leu m
-3 

d
-1

) in the SSL (Fig. 4A). In the O2-min zone, leucine uptake by Archaea 

decreased to approximately one-third of that in the SSL (1.2 nmol leu m
-3 

d
-1 

for 

Thaumarchaeota, 0.6 nmol leu m
-3 

d
-1 

for Euryarchaeota). Both archaeal groups showed the 

lowest leucine uptake (0.1 nmol leu m
-3

 d
-1

) in the ULSW (Fig. 4A). 

As bulk leucine incorporation decreased in both treatments (EMY and GC7), we 

determined the relative contribution of the individual prokaryotic groups to the remaining 

activity. Overall, we did not detect an obvious change in the relative contribution of each 

group to the total leucine uptake (Fig. 4, Fig. S2). Nevertheless, the apparent decrease in 

overall activity (Fig. 3, Table 2, Table 3 and Fig. 4) and the distribution of the activity within 

the community seemed to remain fairly constant (Fig. S2). Addition of EMY to O2-min 

samples resulted in a remaining Bacteria-associated leucine uptake of 20.2% of the originally 

measured 10.5 nmol m
-3 

d
-1

 of the control. Similarly, the activity mediated by SAR11 was 

9.1% of the total leucine uptake in the unamended control (Fig. 4B, Table S1). Remarkably, 

the addition of EMY affected also Archaea. The remaining thaum- and euryarchaeotal activity 

was 2.5% and 3.0%, respectively, of the total activity in the respective control. 

Similar to EMY, the addition of GC7 also reduced the leucine uptake of Bacteria in O2-

min samples (Fig. 4C). The remaining bacterial leucine uptake in GC7-treated samples was 

48.9% of the unamended control and only 7.3% for SAR11 (Fig. 4C). In the GC7-treated 

samples, the remaining leucine uptake of Thaum- and Euryarchaeota was only 9.4% and 

5.6%, respectively, of the corresponding leucine uptake in the unamended samples (Fig. 4C). 
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Figure 4: (A) Group-specific leucine incorporation of the control, (B) remaining leucine incorporation of EMY - 

treated samples and (C) of GC7 - treated samples, expressed as the percentage of control. The error bars show 

the standard error of the bulk leucine incorporation. Further details are given in the supplementary (Fig. S2). For 

water mass abbreviations and numbers of determinations see Table 1. 

 

Group-specific inhibition efficiency and specificity of EMY and GC7 

The inhibition efficiency (IE) of both inhibitors was assessed for both phylogenetic 

groups (Bacteria and Thaumarchaeota) based on the probe specific activity (PSA) as defined 

in Material and Methods. Euryarchaeota were excluded, owing to their relatively low 

abundance and very low leucine incorporation rates in the controls, which made calculations 

of IE rather stochastic. 

For EMY, we determined an IE for Bacteria of 42.4 ± 21.4% (n = 10) and for 

Thaumarchaeota of 45.7 ± 22.9% (n = 10) throughout the water column (Table 4). The IE for 

Bacteria and Thaumarchaeota was similar in the epi- and upper mesopelagic (50.2 ± 19.9%; n 

= 15). In the ULSW the IE ranged between 22.5 and 38.2% (n = 2) for Bacteria and between 

6.3 and 51.9% (n = 2) for Thaumarchaeota, respectively. The lowest IE of 9.7% was 

calculated for Bacteria in the NSDW (Table 4). 

For GC7, the overall IE for Bacteria was 28.6 ± 10.4% (n = 10) and for Thaumarchaeota 

47.1 ± 25.5% (n = 8). In the SSL, the bacterial IE was 34.9 ± 7.9% (n = 4) and in the 

mesopelagic of the North Atlantic and the upper bathypelagic of the Arctic Ocean 24.3 ± 

10.2% (n = 6). Generally, higher inhibition was obtained for Thaumarchaeota with 53.0 ± 

22.7% (n = 4) in the SSL and 41.3 ± 30.1% (n = 4) in the O2-min and ULSW (Table 4). 

Since determination of activity based on binary numbers (PSAc, non-active/active) is 

only a qualitative approach, we additionally calculated the IE of EMY based on the probe 

specific activity (PSAa) obtained from the area of the silver-grain halo (see Material and 
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Methods). Using this metric approach for EMY-treated samples, we obtained similar 

inhibitions of 78.2 ± 9.2%; (n = 11) and 76.0 ± 14.2% (n = 11) for Bacteria and 

Thaumarchaeota, respectively (Table 4).  

GC7-treatments resulted in an IE for Bacteria of 47.3 ± 9.5% (n = 12) and of 

Thaumarchaeota of 59.9 ± 24.7% (n = 8) throughout the water column. The lowest inhibition 

of 25.0% was found in the NSDW (Table 4). The IE of GC7 for Thaumarchaeota was highest 

in the SSL 77.6 ± 14.5% (n = 3), decreased towards the O2-min and ULSW to 49.1 ± 28% (n 

= 4) and was 50% in the NSDW of the Arctic Ocean (Table 4). 

To obtain a quantitative measure for the specificity of both inhibitors towards its target 

group, the inhibition specificity (IS) was calculated (see Material and Methods formula 3). 

We assumed for EMY, that Bacteria would be the target group, while for GC7, Archaea was 

the target group. In cases where the amendment of the antibiotic resulted in higher activities 

than in the control, the negative IE values were excluded to maintain meaningful IS values. 

Overall, this was assessed only in eight cases, two times using EMY and six times using GC7. 

Summarizing the ratios given in Table 4, we obtained an overall specificity ratio of 0.18 ± 

0.68 (n = 20) for EMY, indicating that the inhibition of Bacteria was 18% higher than of 

Archaea. A ratio of 0.89 ± 1.72 (n = 15) was determined for GC7, showing that the specificity 

of GC7 for Thaumarchaeota was 89% higher than for Bacteria (Table 4, Fig. 5).
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TABLE 4: Group-specific inhibition efficiency of EMY and GC7 based on the counts of probe-positive active cells (PSAc) and associated silver-grain halo area (PSAa). 

a For abbreviation of water masses see Table 1. b Ratio – calculated inhibition specificity (for details see material and methods formula 3). Positive ratios indicate an enhanced inhibition of the target (TG), whereas negative 
ratios imply higher inhibition of the non-target group (NTG). NA – No data. ND – ratio not determined, if negative inhibition efficiencies were obtained, owing to a lower PSA in the control than in the treatment.

WMa Stn 

EMY (PSAc)  GC7 (PSAc)  EMY (PSAa)  GC7 (PSAa) 
 

Bacteria Thaumarchaeota Ratiob 
Thaumarchaeota Bacteria Ratiob 

Bacteria Thaumarchaeota Ratiob 
Thaumarchaeota Bacteria Ratiob 

SSL 8 63.0 73.3 -0.14 67.2 29.2 1.30 62.4 70.2 -0.11 66.6 49.3 0.39 

 
12 70.0 53.3 0.31 -33.5 28.5 ND 79.9 57.6 0.39 NA 56.9 ND 

 
18 -5.5 40.8 ND 72.8 36.9 0.98 88.2 78.7 0.12 NA 54.6 ND 

 
20 50.7 63.7 -0.20 22.2 -3.4 ND 81.2 90.9 -0.11 94.4 48.7 0.94 

 
22 12.3 18.8 -0.34 49.8 45.3 0.10 90.3 95.4 -0.05 69.9 47.7 0.47 

              

O2-min 8 NA NA NA 78.7 10.2 6.71 NA NA NA 81 56 0.44 

 
12 62.3 6.7 0.03 NA NA NA 81.8 85.7 -0.05 NA NA NA 

 
20 43.7 66.6 -0.34 45.5 21.8 1.08 63.6 76.0 -0.16 27 34 -0.23 

 
22 51.6 21.5 1.40 5.8 26.2 -0.78 83.2 53.8 0.55 25 54 -0.55 

              

ULSW 8 NA NA NA 35.0 18.0 0.94 NA NA NA 65 42 0.54 

 
12 22.5 6.3 2.56 -151.7 40.0 ND 83.4 81.2 0.03 -145 53 ND 

 
20 38.2 51.9 -0.26 -519.0 -2.1 ND 75.9 87.5 -0.13 -252 46 ND 

              

NSDW 22 9.7 -61.4 ND -23.4 29.7 ND 70.3 58.8 0.20 50 25 1.00 
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Figure 5 shows an overview of the summarized IS ratios given in Table 4 for EMY and GC7. 

The IS ratios of EMY for both calculation approaches imply a relatively low specificity of the 

inhibitor. The most abundant ratios were found in the class 0 indicating that the target group 

and the non-target group were affected similarly by EMY (Fig. 5A). In this summary GC7 

revealed a slightly enhanced IS towards the target group, since most IS ratios were found in 

the classes 0.5 – 1.5 (Fig. 5B). To our knowledge, a common guideline about the specificity 

of inhibitors is unavailable. Therefore, we defined a specific inhibition, if the IS ratio was 

>1.0, meaning that the inhibition of the TG was >100% higher than the non-target group. An 

unspecific inhibition was determined if the IS ratio was between ±1.0, while an IS ratio of 0 

implies that the respective inhibitor revealed an equal specificity regardless of the target 

group or the non-target group. 

An ANOVA analysis (One Way Repeated Measures ANOVA) considering the ratios of 

Bacteria to Thaumarchaeota revealed no significant difference between the control and EMY, 

(F = 0.32, p = 0.59) or GC7 (F = 0.26, p = 0.63). 

 

 

 

Figure 5: Histogram of specificity ratios grouped into different size classes for EMY (A) and GC7 (B). 
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DISCUSSION 

 

Liquid scintillation counting and MICRO-CARD-FISH were used to examine the 

inhibition efficiency (IE) and specificity (IS) of EMY and GC7 on natural prokaryotic 

assemblages throughout the water column of the North Atlantic. The hybrid method MICRO-

CARD-FISH allows the assessment of group-specific leucine incorporation rates at single-cell 

resolution in addition to examine specific community compositions.  

The contribution of Bacteria to total DAPI counts in our study ranged from 29% to 

41%, similar to the relative bacterial abundance of 30% reported from a large transect in the 

North Atlantic (Teira et al. 2006a). The contribution of Thaumarchaeota ranged from 11% to 

23% and increased with depth, as reported by other authors (Karner et al. 2001; Church et al. 

2003). In earlier studies of the eastern North Atlantic, Thaumarchaeota were found to 

contribute between 10% and 54% (Yokokawa et al. 2012; Teira et al. 2006a), thus our results 

are within the range of other reports. 

In general, the total recovery efficiency as the sum of probe positive bacterial and 

archaeal cells from total DAPI counts ranged from 44.5% to 69.2%, obtained with MICRO-

CARD-FISH (Fig. 2). Such a discrepancy between probe positive cells and total DAPI counts 

might be caused due to insufficient cell-wall permeabilization, preventing the diffusion of 

HRP-labeled oligonucleotide probes into the cells (Wagner et al. 2003). Moreover, it should 

be noted that several sequence variations of specific probe target sites do exist, prohibiting a 

group coverage of 100% (Daims et al. 1999; Amann & Fuchs 2008). However, the relatively 

low abundance of DAPI-stained cells of 37% after microautoradiography highlights the 

critical step of filter peeling (Fig. S1A). Nevertheless, the ANOVA analysis conducted with 

the ratio number of probes to DAPI counts between the control and each treatment (EMY and 

GC7) revealed no significant difference. According to these results no specific cell loss due to 

the inhibitor treatments or the filter peeling occurred. Thus, we assume that the cell loss 

occurred randomly supporting the reliance and reproducibility of our reported results.  

The concentration and latency experiments measured on the bulk community revealed a 

substrate incorporation of 111.8 nmol leu m
-3

 d
-1

 in the control, while 0.7 mmol L
-1

 EMY-

treated samples revealed 25.8 nmol leu m
-3

 d
-1

 and 1 mmol L
-1

 GC7 showed 64.1 nmol leu m
-3

 

d
-1

. Yokokawa et al. (2000) used a lower concentration of EMY of 0.15 mmol L
-1

 with a pre-

incubation time of 30 min and reported leucine incorporations in the range of 0.1 to 47.2 nmol 

leu m
-3

 d
-1

 which is up to ~55% higher than the leucine incorporation of the 0.7 mmol L
-1

 

treatment reported in this study. We obtained lower leucine incorporation rates in both 
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treatments probably indicating a better inhibition due to increased concentrations and a longer 

pre-incubation time. Furthermore, the inhibition of the bulk community with EMY was 

always higher compared to the inhibition of GC7 (Fig. 3B), which is in agreement with the 

findings of Yokokawa et al. (2012). 

The combination of EMY and GC7 revealed a leucine incorporation which was higher 

than the uptake rates of EMY-treated samples. Generally, most microorganisms are 

susceptible to antibiotics (Wilson 2014) although multidrug resistance is assumed to be 

widespread (Kohanski et al. 2010; Dunkle et al. 2010). More specifically, for a variety of 

pathogenic Bacteria single and multidrug resistance has been reported (Levy & Marshall 

2004). Such resistance mechanisms against EMY and or GC7 might explain the relatively 

high remaining leucine incorporation rates of samples treated with the inhibitors (Fig. 4B and 

Fig. 4C). Furthermore, several isolated soil Bacteria are able to metabolize antibiotics as their 

sole carbon source (Dantas et al. 2008). Hence, antibiotic resistant microrganisms might be 

able to assimilate the inhibitor which could explain to some extent the higher leucine 

incorporation rates of samples treated with either EMY or GC7 compared to the unamended 

controls (Table 2, Table 3, Table 4). In general, such discrepancies have been found more 

frequently in GC7-treated samples than in samples spiked with EMY. According to Jansson et 

al. (2000) GC7 causes a reversible inhibition of archaeal cell growth, thus the polyamine 

could also stimulate the growth of resistant microorganisms. However, the effects of a drug 

combination on bacterial survival are manifold ranging from additive, synergistic to 

antagonistic (Kohanski et al. 2010). Thus, we cannot exclude a suppression interaction (Chait 

et al. 2007; Kohanski et al. 2010) between EMY and GC7. This might additionally explain the 

slightly higher leucine incorporation of the bulk community found in the combined treatment 

of EMY and GC7 compared to the single treatments (Fig. 3A). 

Considering the bulk inhibition alone, it seems that the substrate uptake of the bulk 

community treated with GC7 represents the bacterial and EMY-treated samples the archaeal 

fraction (Fig. 3B). This assumes a similar substrate affinity of Bacteria and Archaea, a 

community composition that is dominated by Bacteria (~80%) rather than by Archaea (20%) 

and additionally that both inhibitors are truly group-specific. However, comparing the results 

of Figure 3B with Table 3 and Figure 4 these assumptions, particularly in terms of group 

specificity, seem to be rather unlikely. To clarify these statements in more detail, we 

determined both, the group-specific inhibition efficiency and specificity of both inhibitors. 

The inhibition efficiency (IE) assessed with EMY for Bacteria was 61% indicating that 

the bacterial metabolism is affected, although the IE seems to be lower than previously 
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assumed by Yokokawa et al. (2012) who reported inhibitions ranging from 81% at 200 m to 

91% at 300 m depth. Archaea seem to be susceptible to EMY since the activity of 

Thaumarchaeota was considerably inhibited by ~62%. EMY should specifically inhibit the 

bacterial protein synthesis (Wilson 2014), whereas Eukaryotes and Archaea should remain 

unaffected (Dunkle et al. 2010). Yokokawa et al. (2012) reported a specific inhibition of 

Bacteria but not of Archaea due to EMY using a concentration 0.15 mmol L
-1

. Nevertheless, 

the interaction between EMY and the 50S ribosome is primarily structure dependent but to a 

certain extent also affected by the concentration of the antibiotic (Dunkle et al. 2010). Thus, 

under relative high concentrations archaeal ribosomes may be a potential target site, 

apparently reflected by the unspecific inhibition pattern obtained during this study, since 

samples were spiked with a four times higher concentration of EMY (0.7 mmol L
-1

). 

The finding that GC7 caused an inhibition of both Bacteria (39%) and Thaumarchaeota 

(54%) implies that GC7 is apparently not as specific as previously assumed  

(Löscher et al. 2012; Berg et al. 2014a). The inhibition specificity ratio of GC7 was 0.88, 

suggesting that Thaumarchaeota were to 88% more affected than Bacteria. Nevertheless, a 

relatively high inhibition of the non-target group by GC7 was found in our samples. 

According to phylogenetic studies, genes encoding for deoxyhypusine synthase (DHS), a 

crucial enzyme involved in the post-translational modification of initiation factors, are subject 

of horizontal gene transfer, supposedly from Archaea to Bacteria. However, it remains 

enigmatic whether Bacteria can make use of those acquired genes (Brochier et al. 2004). 

Indeed, Jansson et al. (2000) reported a 30% longer doubling time of E. coli treated with 1 

mmol L
-1

 of GC7. They concluded that an elevated polyamine level within bacterial cells 

might be responsible for the cell growth delay (Jansson et al. 2000). Similarly, our results also 

imply that Bacteria are affected by the used concentrations of GC7, although supposedly 

indirectly due to higher internal polyamine concentrations rather than directly through an 

interaction between the inhibitor and a specific enzyme, owing to the assumption that the 

potential target site for GC7 is absent in Bacteria. 

Inhibition of archaeal chemoautotrophic activity and N2O production by GC7 have been 

reported (Löscher et al. 2012; Berg et al. 2014a,b), however, a detailed evaluation of the 

group-specific inhibition was not presented. It should be noted that the assessment of 

inhibition specificities have been generally conducted under experimental conditions and 

tested with selected model organisms (Kannan & Mankin 2011; Löscher et al. 2012; Berg et 

al. 2014a). Hence, knowledge about the influence of antibiotics on complex and diverse 

natural microbial communities is sparse. 
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Most studies are predominantly based on Bacteria and Eukaryotes, since most human 

and veterinary pathogens are located within the phyla Bacteroidetes, Firmicutes, Alpha-, 

Beta- and Gammaproteobacteria (Eckburg et al. 2003; Sommer et al. 2009). Moreover, no 

archaeal virulence genes or virulence factors have been found and no archaeal human 

pathogens are known (Eckburg et al. 2003). Hence, the hitherto reported knowledge about 

inhibitors is inevitably biased towards Bacteria.  

Finally, it should be noted that the MICRO-CARD-FISH approach has inherent 

limitations. In addition to the lower cell recovery, the activity is estimated by measuring the 

silver-grain halo as an area, although the ionizing radiation of radiolabeled substrates is 

emitted in a three-dimensional space. Consequently, we will underestimate the real activity 

especially if cells are highly active and thus, the calculated inhibitions might be biased 

towards Bacteria, since the bacterial leucine incorporation was generally higher compared to 

Thaumarchaeota. 

 

 

 

SUMMARY AND CONCLUSIONS 

 

We showed that EMY affected the substrate incorporation of Bacteria and Thaumarchaeota. 

GC7 inhibited Thaumarchaeota, however, Bacteria were also considerably affected. Taken 

together, we could show that the dual inhibitor approach using EMY and GC7 is error prone 

and estimated group specific activity has to be interpreted with caution, at least if applied to 

natural and complex microbial communities. Furthermore, our results underline the 

importance to elucidate the inhibition efficiency and specificity of metabolic inhibitors at the 

single-cell level. 
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SUPPLEMENTARY MATERIAL 
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Figure S1: (A) Prokaryotic abundance obtained with flow cytometry, CARD-FISH and MICRO-CARD-FISH. 

(B) Leucine incorporation of the bulk community. The error bars indicate the standard deviation of the mean 

values. SSL (n = 5), O2-min (n = 4), ULSW (n = 3), NSDW (n = 1). For water mass abbreviations see Table 1. 
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Figure S2: Values given in Figure 4 are up-scaled to 100% in order to increase the readability. (A) Leucine 

uptake of the control, (B) of EMY and (C) of GC7. For water mass abbreviations see Table 1. 
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B 

Test of exposure time for microautoradiography 

The required exposure time for microautoradiography was tested on two samples with 

high substrate incorporations of the SSL at station 8. One sample was amended with 
3
H-

leucine and one with 
14

C-sodium bicarbonate, liquid scintillation counting revealed an 

incorporation of 12.4 µmol C m
-3

 d
-1

 and 46.5 µmol C m
-3

 d
-1

, respectively (Fig. S3A and 

S3B). Additionally, MICRO-CARD-FISH was performed with both samples, after an 

exposure time of 6 days 53% of DAPI counted cells were active (Fig. S3A), whereas after 29 

days just 6% of measured DAPI positive cells were active in the sample spiked with 
14

C-

sodium bicarbonate (Fig. S3B). Thus, an exposure time of 6 days was used for all SSL 

samples and for the O2-min samples of Stn 8, 12 and 22. We decided to extend the exposure 

time to 8 days for the following water masses and stations (O2-min Stn 20, as well as for 

NSDW Stn 22, ULSW Stn 8, 12, and 20), since a slight decrease of developed sliver-grain 

halos was noticed compared to the tested SSL sample of Stn 8. The 
14

C-sodium bicarbonate 

experiments were excluded from further analysis, since the low percentage of active cells. 

Therefore, we focused on 
3
H-leucine to test the inhibition specificity of EMY and GC7 on 

natural prokaryotic assemblages. 

 

Figure S3: MICO-CARD-FISH images of different radioactive labeled substrates of SSL samples at Stn 8. (A) 
3
H-leucine after 6 days of exposure with a substrate uptake of 12.4 µmol C m

-3
 d

-1
 of the CTRL sample and (B) 

of 
14

C-sodium bicarbonate after 29 days of incubation and 46.5 µmol C m
-3

 d
-1

 of the CTRL. 

 A 
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TABLE S1: Overview of bulk- and group-specific leucine incorporations [nmol m
-3

 d
-1

] determined in the control and both treatments. 

a For water mass abbreviations and number of measurements see Table 1. CTRL – Control, EMY – Erythromycin, GC7 – N1-guanyl-1,7-diaminoheptane. 

WMa 
CTRL EMY GC7 

Bulk Bacteria SAR11 Thaumarchaeota Euryarchaeota Bulk Bacteria SAR11 Thaumarchaeota Euryarchaeota Bulk Bacteria SAR11 Thaumarchaeota Euryarchaeota 

                

SSL 51.6 46.3 24.5 3.8 1.5 12.0 10.0 2.5 0.7 1.4 27.4 23.0 5.6 1.4 2.9 

                

O2-min 10.5 8.7 5.1 1.2 0.6 2.4 1.7 0.9 0.4 0.3 5.9 4.5 1.7 0.9 0.5 

                

ULSW 1.9 1.8 0.6 0.1 0.1 0.5 0.4 0.2 0.0 0.1 1.2 0.9 0.1 0.2 0.1 

                

NSDW 1.3 1.0 0.4 0.1 0.3 0.4 0.3 0.0 0.0 0.0 0.8 0.7 0.3 0.1 0.0 
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Table S2: Overview of applied horseradish peroxidase oligonucleotide probes for MICRO-CARD-FISH. 

a FA %: percentage of formamide in the hybridization buffer. 
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Probe Sequence (5’ –3’) Target organisms Published by [FA] %a 

          

EUB338-I GCTGCCTCCCGTAGGAGT Bacteria (most) Amann et al. (1990) 55 

EUB338-II GCAGCCACCCGTAGGTGT Planctomycetales Daims et al. (1999) 55 

EUB338-III GCTGCCACCCGTAGGTGT Verrucomicrobiales, Chloroflexi Daims et al. (1999) 55 

          

NON-EUB338 ACTCCTACGGGAGGCAGC  Wallner et al. (1993) 55 

     

SAR11-152R ATTAGCACAAGTTTCCYCGTGT SAR 11 cluster Morris et al. (2002) 45 

SAR11-441R TACAGTCATTTTCTTCCCCGAC SAR 11 cluster Morris et al. (2002) 45 

SAR11-542R TCCGAACTACGCTAGGTC SAR 11 cluster Morris et al. (2002) 45 

SAR11-732R GTCAGTAATGATCCAGAAAGYTG SAR 11 cluster Morris et al. (2002) 45 

          

CREN537 TGACCACTTGAGGTGCTG Crenarchaea Teira et al. (2004) 20 

CREN554 TTAGGCCCAATAATCMTCCT Crenarchea 554-573 Woebken (2007) 20 

          

EURY806 CACAGCGTTTACACCTAG Euryarchaeota Teira et al. (2004) 20 
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ZUSAMMENFASSUNG 

 

Die Verwendung von Inhibitoren, die spezifisch den Metabolismus von Bakterien und 

Archaeen inhibieren, ist hilfreich um gruppenspezifische Aktivitäten zu messen. Im Zuge 

dieser Arbeit testeten wir die Inhibierungsspezifität von Erythromycin (EMY) und N1-

guanyl-1,7-diaminoheptan (GC7) an Prokaryoten des offenen Ozeans, die bis dato noch nicht 

in diesem Umfang durchgeführt worden ist. Wir stellten die Hypothese auf, dass EMY 

behandelte Proben die Produktivität der Archaeen repräsentieren, wohingegen GC7 

behandelte Proben als guter Proxy der bakteriellen Aktivität angesehen werden können. 

Wasserproben wurden im Juni und Juli 2012 aus verschiedenen Tiefen im Nordatlantik 

genommen. Die Inhibierung der 
3
H-Leucin Aufnahme wurde mit Hilfe von Catalyzed 

Reporter Deposition Fluorescence In Situ Hybridisierung in Kombination mit 

Mikroautoradiographie (MICRO-CARD-FISH) und Flüssigszintillationszähler gemessen. Des 

Weiteren wurden Durchflusszytometrie, CARD-FISH und MICRO-CARD-FISH 

angewendet, um die mikrobielle Abundanz und die Zusammensetzung der mikrobiellen 

Gemeinschaft zu bestimmen. Die mikrobielle Abundanz nahm mit der Tiefe exponentiell ab, 

von 3.3 x 10
5
 zu 8.1 x 10

4
 Zellen mL

-1
. Die Leucin-Aufnahme korrelierte gut mit der 

mikrobiellen Abundanz und schwankte zwischen 51.6 und 1.9 nmol Leucin m
-3

 d
-1

. Gemessen 

an DAPI-Zählungen, schwankte der Anteil an Bakterien zwischen 28.6 und 46.5%, während 

SAR11 zwischen 12.2 und 20.8% ausmachte. Gemessen an gesamten DAPI-Signalen 

machten Thaumarchaeen zwischen 10.5 und 23.2% und Euryarchaeen zwischen 2.3 und 

11.5% aus. Entgegen bisheriger Annahmen, führte EMY zu einer vergleichbaren Inhibierung 

der Leucin-Aufnahme von Bakterien und Archaeen (~61%). GC7 reduzierte die 

Substrataufnahme, ähnlich wie EMY, allerdings war die 
3
H-Leucin-Aufnahme der Bakterien 

zu 39% und die der Archaeen zu 54% reduziert. Wir schlussfolgern daher, dass der getestete 

Doppelte-Inhibierungsansatz scheinbar zu unspezifisch ist, um damit die Aktivität von 

Bakterien und Archaeen im offenen Ozean unterscheiden zu können. 
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