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Summary. The diversity of microorganisms inhabiting the deep sea surface sediments was investigated in 9 stations 
(700-1900 m depth) in the Levantine basin by 454 massive tag sequencing of the 16S rDNA V4 region using universal primers. 
In total, 108,811 reads (an average of 10,088 per sample) were assigned to 5014 bacterial and 966 archaeal operational taxonomic 
units (OTUs; at 97% cut off). The 55% of the reads were of archaea, indicating dominance of archaea over bacteria at eight of 
the stations. The diversity and estimated richness values were high (e.g., H´ ranged from 5.66 to 7.41 for bacteria). The compo-
sitions of the microorganisms at all stations were remarkably similar, with Bray-Curtis similarities of 0.53–0.91 and 0.74–0.99 
for bacterial and archaeal orders respectively. At two stations, very high abundances of only a few genera (Marinobacterium, 
Bacillus, Vibrio, Photobacterium) were accountable for the dissimilarities documented compared to the other deep sea stations. 
Half of the bacterial reads (51%) belonged to the phylum Proteobacteria, comprising mainly Gammaproteobacteria (41–72% 
of the proteobacterial reads per sample), Deltaproteobacteria (12–29%), Alphaproteobacteria (7–18%) and Betaproteobacteria 
(3–14%). The most abundant bacterial family was Sinobacteraceae (order Xanthomonadales) with 5–10% of total bacterial 
reads per sample. Most abundant reads (15.4% of all microbial reads) were affiliated with Marine Group 1 archaea, putatively 
capable of ammonia oxidation (213 OTUs), and bacteria involved in nitrification were found in all samples. The data point to 
the significant role that chemolithotrophic carbon assimilation and nitrification fill in the oligotrophic deep sea Levant sediments. 
[Int Microbiol 19(2): 109-119 (2016)]
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Introduction

Most of the earth´s surface area is classified as deep sea sedi-
ments, and the microbial communities of deep sea sediments 
constitute a significant integral part of nutrient and organic 
matter recycling of the benthic food web, while bacteria can 
make up almost 90% of the total benthic biomass [28,48]. De-

spite these significant ecological roles, and especially in the 
case of archaea, not much is known about the microbial com-
munities and their distribution on the seafloor (apart from 
some hotspots like cold seeps, hydrothermal sediments or ce-
tacean carcasses on the ocean floors, which are high in diver-
sity and productivity [23,31]). Yet, recent studies show that 
the diversity of microorganisms in deep sea sediments is higher 
than in fairly studied other marine ecosystems such as vents, 
anoxic habitats and open ocean surface waters [53,66].
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Deep sea sediments (>200 m depth) are generally fine-
grained, and oxygenated in their upper layer, which can be up 
to 50 cm thick layers in oligotrophic regions [59]. They are 
subjected to extreme conditions such as low temperatures (–1 
° to 4 °C) and high pressures [23]. It is believed that these 
ecosystems are generally constant, since currents are low and 
the environmental conditions do not change considerably, and 
inhabited with heterotrophic microorganisms that depend on 
the organic matter descending from the euphotic surface. 
Since only a small fraction of the primary production at the 
surface reaches the deep sea floors, these ecosystems are oli-
gotrophic and energy-limited. Nevertheless, the microorgan-
isms in deep sea sediments abound with up to 109 cells/g sedi-
ment, which is comparable to the levels observed in coastal 
sediments [50]. Compared to other oceans and seas, the deep 
sea waters of the Mediterranean Sea are especially poor in 
nutrients, and the eastern basin is possibly one of the most 
oligotrophic seas in the world [46]. The Mediterranean Sea is 
characterized by an east-west oligotrophy due to its anti-estu-
arine circulation pattern in which nutrients are net-exported 
within the Levantine intermediate water from the easternmost 
Levantine basin towards the Atlantic Ocean [27,41]. Thus, the 
Levantine basin is an ultra-oligotrophic environment exhibit-
ing low inorganic nutrient concentrations as well as high sa-
linities of up to 39.5 psu and high minimum temperatures of 
13.5 °C down to the deep sea floor [5,26].

Microbial distribution patterns are considered to be driven 
by contemporary environmental as well as historical factors, 
including geographical barriers and past environmental re-
gimes [47]. Marine microbial communities have been corre-
lated to organic carbon input from the surface [66] and their 
distribution in the water column is affected by the movements 
of water masses and currents [33,60,66]. In accordance, spa-
tial distances explained the differences between microbial 
community compositions of rather stable sediments lacking 
physical mixing compared to more homogenous water col-
umn communities [66]. At a scale of 10–30,000 km, influ-
ences of spatial distances as well as of historical sways are 
likely [34]. Although species and genera have been shown to 
inhabit similar ecological niches around the world [15,37], a 
comprehensive study comparing abyssal surface sediment 
bacteria in samples from nine different ocean regions has 
found that the number of shared bacterial types decreased 
with geographical distances [66]. Most different to other oce-
anic regions, in terms of dominant bacterial phyla as well as 
higher taxonomic resolution, was the Mediterranean Sea in 
the aforementioned study. This fact that was explained by the 
limited exchange of Mediterranean waters with other oceans’ 

waters and the deep sea water´s high temperatures. Within the 
Mediterranean Sea, however, large differences between mi-
crobial communities at all spatial scales were found using the 
454 sequencing technique [53].

Most of the studies that focused on the diversity of deep 
water surface sediment were Proteobacteria, and especially 
Gammaproteobacteria. They were the most common phylum, 
and they seem to play a dominant role in the Mediterranean 
Sea as well [49,53]. Studies further revealed high abundances 
of Deltaproteobacteria, Chloroflexi, Acidobacteria, Actino-
bacteria and Planctomycetes [20,25, 42,44,45]. Archaea are 
also common in deep Mediterranean surface sediments, in-
creasing in importance compared to bacteria as you move 
eastwards, and with higher abundances of Crenarchaeota Ma-
rine Group 1 (MG1) than Euryarchaota [13,45]. However, in 
some exclusive habitats like methane seeps or mud volcanos 
[20,49], other groups of archaea, affiliated with hydrocarbon 
metabolizing Methanococcus, Mehtanobacterium or Metha-
nosarcinales, or archaeal groups like Thermoplasmales and 
Halobacteriales, were found. Further information on benthic 
archaea in the deep Mediterranean is very sparse [6,31].

This study aims to clarify bacterial and archaeal diversity 
and distribution in allegedly as of yet unaffected deep sea sur-
face sediments in the Levantine basin, using massive parallel 
tag sequencing of samples from eight deep water stations in 
the south-eastern Mediterranean Sea Levantine basin, as well 
as from a single, shallower station located in an area of gas 
drilling activities and extraction and close to the port of Ash-
dod. Maximum distances between the stations were about 170 
km, i.e., in a range that is likely to have a historical influence 
on communities. Environmental factors, including the con-
tents of metals, PAH and PCBs were compared with sequenc-
ing data in order to further relate variations of microbial di-
versity and community patterns. For these, the need to study 
regional diversity using medium scales instead of single spots 
was pointed out earlier [22].

Material and methods

Sampling of sediments. Sampling was carried out at 9 stations (Fig. 
1) in the Levantine basin of the south-eastern Mediterranean Sea in June and 
July 2013 with the RV ‘SHIKMONA’ (Israel Oceanographic and Limnologi-
cal Research). Eight stations were ≥1200 m deep, whereas station S4_03 
reached ~700 m at its deepest point (Fig. 1, Table 1). At stations G05, G09, 
G12, G14, G16, G26, G30, G31 and S4_03 four casts were done with a box-
corer and surface sediments were scooped into plastic tubes and immediately 
frozen for DNA extraction. Environmental data were determined from sam-
ples of one of the casts (Table 1). Casts at every station were 144 m apart from 
each other on average with a range of 9–1,032 m. To check for vertical vari-
ability, additional sediment was taken from one of the cores at station G09, 
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from a depth of 3– 4 cm (samples G09D). Depths and coordinates were pro-
vided by the Physical Oceanography Department, water content by the Ma-
rine Biology Department and TOC data were measured by the Marine Chem-
istry Department, all of the IOLR´s National Institute of Oceanography in 
Haifa. Grain sizes were determined by the Geological Survey of Israel (GSI), 
Jerusalem. 

DNA extraction and 454 sequencing. DNA was extracted from 3 
different casts (for samples G09D only one cast was used) per station using 
the MoBio Powersoil DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA). 
DNA concentrations were measured with a nanodrop (ThermoScientific, 
Watham, MA) and equal amounts of each of the three extractions per station 
were pooled together for 16S-based tag encoded FLX amplicon pyrosequenc-
ing (bTEFAP) with the primer set bac515F (GTGCCAGCMGCCGCGG-

TAA) and bac806R (GGACTACVSGGGTATCTAAT) [8,9,10] at Molecular 
Research LP (sequencing and bioinformatics service provider; Shallowater, 
TX ). After a single-step 30-cycle PCR using the HotStarTaq Plus Master Mix 
Kit (Qiagen, Valencia, CA; denaturation at 94 °C for 30 s; annealing at 53 °C 
for 40 s and elongation at 72 °C for 1 min for 28 cycles). All amplicon prod-
ucts from the different samples were mixed in equal concentrations and puri-
fied using Agencourt Ampure beads (Agencourt Bioscience Corporation, 
MA). The samples were sequenced using 454 GS FLX titanium (Roche, Pen-
zberg, Germany) and the data derived were processed using a proprietary 
analysis pipeline [3,8,9,10,11,56] at Molecular Research LP. The sequences 
were depleted of barcodes and primers. Sequences <200 bp, with ambiguous 
base calls and sequences with homopolymer runs exceeding 6 bp were re-
moved. Sequences were denoised and chimeras removed, and operational 
taxonomic units (OTUs) were defined after removal of singleton sequences, 

Table 1. Environmental variables and sediment characteristics of the sampling sites

Station Latitude 
[°N]

Longitude 
[°E]

Bottom depth 
[m]

Water 
content [%]

TOC 
[%]

PAHs 
[µg kg-1]

PCBs 
[mg kg-1]

TRPH 
[mg kg-1]

Cadmium 
[mg kg-1]

G12 32.697 34.343 1387 21 0.87 39.96 0.2 11 0.062

G14 32.849 34.012 1587 34 0.73 12.18 0.3 11 0.087

G09 33.011 34.035 1689 34 0.89 33.16 0.8 19 0.104

G16 33.010 33.653 1653 32 0.63 16.7 0.4 18 0.068

G05 33.347 33.914 1901 30 0.73 18.97 0 18 0.062

G26 32.699 33.429 1388 34 0.63 20.78 0 17 0.064

G31 33.177 33.344 1678 42 0.59 21.66 0 17 0.066

G30 32.422 33.284 1198 35 0.58 16.13 0 14 0.062

S4_03 31.819 34.233 698 26 1.21 190.07 7.7 63 0.049
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olFig. 1. Stations in the Levantine basin sampled in June and 

July 2013. Inserted: map of the Mediterranean Sea; the 
square depicts the location of the study site off the Israeli 
coast.
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with clustering at 3% divergence (97% similarity). OTUs were then taxo-
nomically classified using BLASTN against a curated Greengenes database 
[7] and compiled into each taxonomic level.

The 454 pyrosequencing data were deposited in the NCBI Sequence 
Read Archive under the project number PRJNA270910 (SRA numbers 
SRX883264-73).

Statistical analyses. Ecological diversity indices and richness estima-
tors were calculated using OTUs (97% similarity) and cluster analyses of the 
community compositions, and analyses of similarity (ANOSIM) were per-
formed using the program PAST (Paleontological Statistics, Version 2.17c) 
[17]. The ‘envfit’ function in the ‘vegan’ package for R was used to test how 
environmental variables correlated with bacterial community compositions 
in percentages on the family level. The significance of association was calcu-
lated by 999 random permutations [39]. 

Results

Environmental variables. The nine sediment sampling 
sites were located on two crossing transects in the Levantine 
basin with water column depths ranging from 1198 to 1901 
m, including a single shallow station (700 m) nearer to the 
coast (Fig. 1). All sediments were fine-grained (58–73% clay, 
26–41% silt; from O. Crouvi, personal communication) and 

of the same brownish color. The highest TOC contents 
(1.25%) were found at station S4_03, as well as the highest 
PCB (polychlorinated biphenyl), PAHs (polycyclic aromatic 
hydrocarbons) and TRPHs (total recoverable petroleum hy-
drocarbons) concentrations (Table 1), and the lowest TOC 
contents were measured at stations G30 and G31 (0.59 and 
0.59%, respectively). In addition to the variables listed in Ta-
ble 1, measurements of 16 (heavy) metals (Cd, Hg, Ba, Sr, 
Mn, As, Mo, Be, Co, Pb, U, Ni, V, Cr, Cu, Zn) and 7 metal 
oxides (SiO2, Fe2O3, MgO, Al2O3, CaO, CaCO3, TiO2) were 
further included in the envfit analyses (data not shown), which 
revealed a significant relation between cadmium and the com-
positions of bacterial families (P = 0.026), while all other en-
vironmental factors were not related to the variations in the 
bacterial compositions detected at the different sites (see Ta-
ble 1 for cadmium concentrations).

Microbial compositions in the deep sea sam-
ples. The V4 region of the 16S rRNA gene was amplified 
using a conserved primer pair, which was tagged with a short 
oligonucleotide sequence of 6 bp (i.e., barcodes). A total of 

Table 2. An overview of the main results from the 454 massive tag sequencing of the 10 samples together

All samples Per sample (average) Per sample (range)

Reads in total 108811 10881 3070–23213

Archaea reads 57130 5713 2092–12514

Thaumarchaeota reads 55746 5575 2062–12130

Euryarchaeota reads 1384 138 30–374

Bacteria reads 51026 5103 962–11299

Ratio B:A 0.89   

OTUs in total 6028 1807 795–2933

Archaeal OTUs 966 506 376–675

Bacterial OTUs 5014 1288 416–2501

Ubiquitous OTUs 192

Ubiquitous arch. OTUs 141

Ubiquitous bact. OTUs 51

Singletons arch. OTUs 0.42 % 3 1–6.8

Singletons bact. OTUs 2.57 % 12 4.5–22.8

Genera in total 399

Bacterial genera 355 176 98–262

Archaeal genera 40 19 10–32

Ubiquitous genera 61

Ubiquitous archaeal genera 6

Ubiquitous bacterial genera 55
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174,825 reads were obtained and a total of 108,811 reads 
were assigned to 6,028 OTUs (97% similarity) after sequence 
processing (Table 2). Of these reads, 57,130 were archaeal 
(55,746 of Crenarchaeota, 1,384 of Euryarchaeaota) and 
51,026 were bacterial (of 177 families). Most of the OTUs 
were of bacteria (5014), 966 OTUs were of archaea, 48 OTUs 
were unclassified or incorrectly classified and not further in-
cluded in the analyses. The bacterial OTUs were assigned to 
177 families and 355 genera (Table 2).

Diversity indices were calculated with OTUs a at 97% 
similarity cut-off level (Table 3). The archaeal and bacterial 
diversity indices´ values were similar in all samples. The 
Shannon index values (H´) were lower for the archaea (4.84–
5.42) than they were for the bacteria (5.66–7.41), and highest 
for the bacteria at station S4_03 (7.41). Also the evenness val-
ues (E) did not differ much between the samples and were 
higher for bacteria (0.4–0.69) than for archaea (0.28–0.45). 
The Chao richness estimator values for bacteria varied and 
were about 4 times higher at station S4_03 (2,916) compared 
to station G31 (734). As total reads of station sample G31 

were lowest (3,070), the observed richness covered only 57% 
and 68% of the estimated total bacterial and archaeal richness, 
respectively, while the other samples showed a higher cover-
age range of 63% (G16) to 86% (S4_03) of bacterial richness 
and of 77% (G16) to 88% (G05) of archaeal richness (Table 3). 
The percentages of singletons (unique reads that occurred 
only once in a sample) were quite low but not constant 
throughout the samples (1.0–6.8% for archaea and 4.5–22.8% 
for bacteria; Table 2).

On average, 55% of the reads were of archaea, ranging 
from 35% at station S4_03 to 68% at station G31, with bacte-
ria to archaea ratios (Table 3) correlating with the sediment 
TOC content (coefficient = –0.92). Averagely only 2.4% of 
archaeal reads were of Euryarchaeota (e.g., Archaeoglobacea-
cea, Thermoplasmataceae, Methanococcacea, Methansaeta-
cea) and the vast share of Thaumarchaeota consisted mainly 
of a few genera in the Marine Group I, all presumably in-
volved in ammonia oxidation [54]. 

Among the 5 most abundant genera (59,878 reads), 
40,965 were affiliated with Nitrosopumilus, 10,592 with 

Table 3. General 454 sequencing statistics per samples including prokaryotic richness and diversity estimates based on 97% 
OTU clusters

 G05 G09 G09D G12 G14 G16 G26 G30 G31 S4_03

Bacteria to Archaea ratio and OTUs per sample

Ratio B:A 0.82 0.99 0.82 0.85 0.88 0.70 0.53 0.64 0.46 1.79

OTUs 2593 1774 1400 2933 1307 1291 1341 1671 795 2961

Diversity, evenness and richness indices and estimators calculated with OTUs (97% cut off)

    Archaea

OTUs 675 518 437 674 449 461 491 530 376 448

Simpson (1-D) 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98

Shannon (H) 5.42 5.23 5.08 5.34 5.18 5.29 5.27 5.37 5.12 4.84

Pielou Evenness (J) 0.34 0.36 0.37 0.31 0.40 0.43 0.40 0.41 0.45 0.28

Chao-1 763 653 570 786 559 583 613 650 555 533

    Bacteria

OTUs 1898 1239 949 2240 849 818 843 1131 416 2501

Simpson (1-D) 0.998 0.994 0.997 0.998 0.989 0.997 0.997 0.998 0.995 0.999

Shannon (H) 6.93 6.33 6.33 7.13 5.84 6.29 6.33 6.57 5.66 7.41

Pielou Evenness (J) 0.54 0.45 0.59 0.56 0.41 0.66 0.66 0.63 0.69 0.66

Chao-1 2290 1653 1406 2703 1218 1290 1236 1548 734.6 2916

Total observed richness/Chao-1 estimate * 100

Total 84.4 75.8 70.0 83.3 73.0 68.4 72.5 75.5 61.3 85.6

Bacteria 82.9 75.0 67.5 82.9 69.7 63.4 68.2 73.1 56.6 85.8

Archaea 88.5 79.3 76.7 85.7 80.3 79.1 80.1 81.6 67.8 84.1

 G05 G09 G09D G12 G14 G16 G26 G30 G31 S4_03
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Cenarchaeum, 4,448 with Sinobacteraceae (the most 
abundant bacterial group at the genus level) and 3,882 
reads were affiliated with Cand. Nitrosoarchaeum. In 
numbers of archaeal reads per sample, around 20% were 
of the genus Cenarchaeum, between 3% and 14% of Nitro-
soarchaeum, and 62% to 76% of Nitrosopumilus. Some 
archaeal reads (max. 0.8%) were affiliated with Nitrosos-

phaera, an ammonia oxidizing archaeum (AOA) first iso-
lated from a hot spring [19].

Most of the bacterial OTUs belonged to the phylum Pro-
teobacteria (15–35% of the total reads per sample and 51% of 
all bacterial reads), with the most abundant classes being 
Gammaproteobacteria (41–72% of the bacterial reads per 
sample), Deltaproteobacteria (12–29%), Alphaproteobacteria 
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Fig. 2. (A) Bacterial community structure in the sediment samples (order level). (B) Cluster analysis of bacterial orders (Bray–Curtis similarity). 
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(7–18%) and Betaproteobacteria (3–14%). Further high abun-
dant phyla were Planctomycetes (3–7% of the bacterial reads 
per sample), Chloroflexi (3–4%), and Firmicutes in samples 
G09, G09D and G14 (13%, 12% and 30% of the bacterial 
reads, respectively). Further phyla that represented >1% of 
the total reads per sample were Gemmatimonadetes, Actino-
bacteria, Nitrospirae, and the candidate divisions SBR1093, 
OP3 and NC10 (Fig. 2A). In total, the samples comprised be-
tween 18 and 22 bacterial phyla. The most abundant bacterial 
order was Xanthomonadales, consisting almost exclusively of 
members of the family Sinobacteraceae (5–10% of the total 
bacterial reads, Fig. 2). 156 OTUs were of Sinobacteraceae, 
with up to 715 reads per OTU. Furthermore, several bacterial 
taxa involved in nitrification were identified in all samples: 
the ammonia oxidizing bacterium Nitrosococcus made up 
1.2–3.9% of bacterial reads per sample, and the nitrite oxidiz-
ers Nitrospina and Nitrospira constituted 2–6% of the bacte-
rial reads in the samples. 

The microbial community compositions of the 10 samples 
taken from the stations were remarkably similar (Fig. 2A,B; 
Table 4). The Bray–Curtis similarity index values reached 
0.98 and 0.92 when calculated with orders of archaea and bac-
teria, respectively, and when calculated with OTUs they still 
reached values as high as 0.79 for archaea (G09 and G14) and 
0.59 for bacteria (G05 and G12). Main differences in com-
munity composition occurred in samples G14, S4_03 and in 
both samples of station G09 (Fig. 2B). Bacillales, which in 
the other samples amounted to ~1%, have increased to 10% 
and 11% in samples G09D and G09, respectively, and to 27% 
of all the bacterial reads at station G14, consisting almost ex-

clusively of Bacillus sp. Oceanospirillales were not predomi-
nant among the ribogroups of bacteria in most of the samples 
(<2.5%) but accounted for 10% at station G14 (of these 91% 
were similar to Marinobacterium jannaschi). Another signifi-
cant difference was the large proportion of Vibrionales at sta-
tion G14 (4%; Photobacterium) and even more at station G09 
(22.5%; Vibrio and Photobacterium), while this order was ab-
sent or rare at the remaining stations. The removal of these 
three orders increased the Bray–Curtis similarity index values 
of G09 and G14 with the other samples from an average of 0.62 
and 0.56, respectively, to an average of 0.85 and 0.82, respec-
tively. Unlike these samples, the sample of station S4_03 dif-
fered not by extreme counts of few ribotypes, but rather by the 
overall composition. It also revealed highest counts of reads 
that were low in abundance (<1% of total reads), fewer reads of 
Planctomycetales but highest reads of Enterobacteriales.  

Discussion

In order to elucidate the spatial distribution of microorgan-
isms in deep sea surface sediments and to reduce the general 
information deficiency regarding microbial community com-
positions in sediments of the eastern Mediterranean Sea 
[42,53], sequences of surface sediment samples from 9 sta-
tions located in the Levantine basin were produced by 454 
massive tag sequencing and compared to each other. The re-
sults revealed high species richness and high diversity in the 
Levantine deep surface sediments, including 3–4 cm below 
the surface. The coverage of the sequencing efforts was rela-

Table 4. Bray–Curtis similarities between samples calculated for archaeal (top right) and bacterial orders (bottom left) 

Archaeal orders

Sample ID G05 G09 G09D G12 G14 G16 G26 G30 G31 S4_03

G05 1 0.96 0.96 0.96 0.97 0.95 0.97 0.96 0.95 0.77

G09 0.62 1 0.94 0.96 0.96 0.97 0.96 0.98 0.94 0.78

G09D 0.81 0.68 1 0.94 0.98 0.94 0.97 0.94 0.95 0.77

G12 0.90 0.62 0.82 1 0.95 0.98 0.95 0.97 0.91 0.82

G14 0.55 0.70 0.61 0.54 1 0.94 0.99 0.95 0.96 0.76

G16 0.91 0.63 0.81 0.89 0.55 1 0.95 0.98 0.92 0.81

G26 0.92 0.62 0.79 0.86 0.55 0.88 1 0.96 0.96 0.77

G30 0.92 0.62 0.82 0.88 0.54 0.88 0.89 1 0.92 0.80

G31 0.83 0.59 0.74 0.80 0.52 0.81 0.84 0.85 1 0.74

S4_03 0.76 0.53 0.73 0.80 0.47 0.80 0.74 0.77 0.64 1

 Bacterial orders         
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tively high, especially for archaea, and the diversity indices´ 
values for archaeal OTUs were almost as high as they were 
for bacterial OTUs. Since a few archaeal OTUs were most 
abundant, evenness values were lower than those observed for 
bacterial OTUs. High microbial diversity was also reported 
for stations in the central and eastern Mediterranean Sea 
[30,42,43,44,53] and Gammaproteobacteria, further Delta-
proteobacteria, Alphaproteobacteria and Planctomycetes were 
found as abundant members of the microbial communities in 
eastern Mediterranean sediments [42,45,49,53]. However, in 
a strong contrast to the aforementioned studies, the numbers 
of reads of Acidobacteria were very low in all of the samples 
in this study (<0.4 % of total reads).

Of the Gammaproteobacteria, the most abundant bacterial 
family was Sinobacteraceae. These microorganisms were 
found in high abundances in sediment of the oligotrophic 
South Pacific gyre (six of the most abundant 30 OTUs; [57]), 
in contaminated estuarine sediments [55], in manganese ox-
ide-rich sediments [58], and they presented almost 10% of 
sequences in polluted beach sand samples [16]. The family 
Sinobacteraceae was only recently proposed, based on a sin-
gle isolate, and the metabolic characteristics of this bacterial 
group are not yet documented [65]. The discovery of high per-
centages of Sinobacteracea in a variety of marine sea bottoms, 
pristine as well as affected by contaminations, calls for further 
studies concentrating on these Gammaproteobacteria.

Comparisons between the sediment samples taken from 
the eight deep (>1,000 m) stations located up to 130 km away 
from each other resulted in high similarities at the order level 
(Fig. 1, Table 4), including sample G09D, which was taken at 
3–4cm sediment depth. These results hint at low environmen-
tal dynamics across the sampling area, as most of the stations 
are located at a depth between 1,200 and 1,900 m under a 
relatively uniform water mass, the Cretan Outflow Water. Due 
to the lack of physical mixing, the differences of the micro-
bial communities might be the results of the historical effects 
which include limitation of dispersal and past environmental 
conditions which influenced the population structure of mi-
crobes [34].

Contaminants, including heavy metals, were reported to 
influence bacterial diversity and species distribution [55]. At 
station S4_03, concentrations of PCBs, PAHs and TRPHs 
were much higher than at the other stations, but it is also the 
only shallow station and the one nearest to the coast (40 km). 
Furthermore, the station is located at an area of gas drilling 
activities and extraction and close to a port (Ashdod, Israel) so 
that anthropogenic influences are highly expected here and 
might explain the higher concentration of the persistent pol-

lutants, for examples PCBs or PAHs. Thus, the unexpected 
similarity between the bacterial composition at this shallow 
coastal station and the bacterial compositions at the deep sta-
tions is particularly remarkable, but it is still conceivable that 
contaminants are not necessarily associated with bacterial di-
versity, as reported for the case of petroleum contamination of 
Mediterranean Sea sediments [43].

In contrast, the envfit function of R revealed a significant 
correlation between cadmium and the compositions of the 
bacterial families, primarily in stations G14 and G09, where 
cadmium levels were the highest, though still in the range of 
the usual measured cadmium concentration in deep sea sedi-
ment [24]. Indeed, these two stations differed from the other 
sediment sites in terms of bacterial compositions, substan-
tially caused by the high read abundances of a few genera, 
namely Marinobacterium, Bacillus and Photobacterium in 
station G14 and Vibrio and Bacillus in station G09, which also 
caused reduced evenness values for these samples (<0.5).

It might be worth mentioning that Bacillus, abundant in 
stations G09 and G14, was discovered to be a cadmium and 
mercury resistant taxon [21,32], a fact which might be related 
to the high abundances of Bacillus at these stations (mercury 
concentrations were also higher at station G09 with 46.3 µg/
kg, compared to 23.8–36.2 µg/kg at the other stations; data 
not shown). 

The further overrepresented genera Marinobacterium, 
Vibrio and Photobacterium at the stations G14 and G09 are 
known as r-strategists, able to grow fast when resources are 
plenty, and might have benefited from past local nutrient sup-
plies absorbed into the sea bottom, that could not be detected 
by TOC measurements anymore.

The sequencing results further revealed extremely high 
shares of archaea in most of the samples, comparable to me-
sopelagic waters in the Mediterranean Sea [62]. While high 
archaeal abundances were assigned for some deep sea [36,57] 
and sandy [38] sediments, in most studies bacteria were more 
abundant than archaea [35 and references therein], something 
which was noted throughout the Mediterranean Sea, with a 
decreasing trend eastwards [13], where ratios decreased to 
<1.5. Archaeal dominance is correlated to their advantage 
over bacteria in oligotrophic sediments [51,52]. The negative 
correlation coefficient between TOC content and the percent-
ages of archaeal reads in the samples supports these findings.

While both microbial domains include approximately half 
of the sequenced tags, only 966 OTUs were of archaea com-
pared to 5,014 bacterial OTUs. On the genus level the dis-
crepancy increases to 40 versus 355 genera. Aller´s [1] com-
prehensive study showed that in 16S rDNA analyses archaea 
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were seldom as diverse as bacteria in same environments. 
This discrepancy, which cannot be explained as of yet, might 
be correlated to physiological functions. It is further possible 
that the sequencing of different genes like the 16S-23S inter-
genic spacer region or longer reads, may lead to different por-
traits. The majority of the archaea were of the novel archaeal 
division of Thaumarchaeota [54], and only a minor fraction 
belonged to Euryarchaeota. This relatively low diversity of 
Archaea of mainly Marine Group 1 representatives is known 
for oxic sediments [40], and similar archaeal compositions 
were found in sediments off Acre in the Levant [49] and in 
surface sediments off Monterey Bay and the Antarctic shelf 
[2,14].

Half of the thaumarchaeal reads in our study were affili-
ated with the hydrothermal vent clone pIVWA5 (acc nr 
AB019728), a member of the MG1 group and therefore a pu-
tative ammonia oxidizer [54]. Further abundant Marine Group 
1 reads were of the genera Nitrosopumilus and Nitrosoarchae-
um, both ammonia oxidizing archaea (AOA), and Cand. Ce-
narchaeum, which is considered as putative AOA encoding 
the key enzyme AmoA. AOA are recognized as ubiquitous, 
exhibiting higher affinities to ammonia than ammonia oxidiz-
ing bacteria, and also preferring low oxygen concentrations 
[12,18]. Some AOA are also capable of assimilating organic 
carbon, but so far growth was obligatorily coupled to ammo-
nia oxidation [54]. They were found in high numbers in ma-
rine ecosystems like oxygen minimum zones where they seem 
to provide nitrite for anaerobic ammonia oxidation to dinitro-
gen, and in Beggiota mats, where nitrification by archaea has 
been coupled with nitrate respiration [61]. Abundances of 
MG1 archaea were linked with the importance of chemoli-
thotrophy in oligotrophic aphotic Mediterranean Sea water 
[64] and they have been shown to be the dominant nitrifiers in 
the North Sea and North Atlantic [63]. The high percentages 
of thaumarchaeotal reads together with some ammonia oxi-
dizing bacteria (mainly Nitrosococcus with 1.2—3.9 % of 
bacterial reads per sample) in our samples corroborates the 
assumption that these microorganisms contribute significant-
ly to carbon assimilation coupled with ammonia oxidation to 
nitrite in the sediments of the Levantine basin. A high propor-
tion of autotrophic C fixation by archaea was also found in 
deep waters of the Thyrrenian basin [64]. Nitrite is the inter-
mediate product of aerobic nitrification and is oxidized to ni-
trate by nitrite oxidizing bacteria (NOB). The genera Nitro-
spina and Nitrospira, the two most common marine nitrite 
oxidizers, constituted 2-6% of the bacterial reads in the sam-
ples. The numerical discrepancy between the AOA and the 
NOB reads might be due to low activity rates of AOA com-

pared to NOB, or due to additional processes that AOA are 
involved in [29].

Nitrification is an integral part of the N-cycle and plays an 
important role in deep sea sediments coupling ammonifica-
tion with denitrification, and has been shown to be a signifi-
cant process in the deep sea sediment of the NW Atlantic con-
suming up to 35% of the oxygen in the sediments [4]. Since in 
oligotrophic ocean basins the oxic zone can span tens of cen-
timeters, all the sediments samples in this study are consid-
ered well oxygenated [59]. Thus, denitrification or anaerobic 
ammonia oxidation (anammox) are expected here only in an-
aerobic microenvironments [4]. Accordingly, Planctomycetes 
species putatively capable of anammox were found only in 
negligible numbers (e.g., a total of 128 reads of Candidatus 
Brocadia), while Phycisphaera spp. was overrepresented in 
the phylum Planctomycetes, comprising 253 OTUs and 3–8% 
of bacterial reads in each sample.

This study elucidated the microbial diversity in and be-
tween Levantine deep sea sediment sites within distances of 
up to 140 km, and compared archaeal and bacterial composi-
tions of the sequence reads of the same samples, and of a high 
number of samples collected from an area that is not subject 
to extreme environmental variables. The data showed the ex-
tent to which microbial communities located over a vast area 
can be similar and provided an important hint regarding the 
role of chemolithotrophic carbon assimilation and nitrifica-
tion in oligotrophic deep sea sediments.  
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