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  Abstract        Trimethylamine N-oxide (TMAO) is widely dispersed in marine environments and plays an 
important role in the biogeochemical cycle of nitrogen. Diverse marine bacteria utilize TMAO as carbon 
and nitrogen sources or as electron acceptor in anaerobic respiration. Alteration of respiratory component 
according to the pressure is a common trait of deep-sea bacteria. Deep-sea bacteria from diff erent genera 
harbor high hydrostatic pressure (HHP) inducible TMAO reductases that are assumed to be constitutively 
expressed in the deep-sea piezosphere and facilitating quick reaction to TMAO released from fi sh which 
is a potential nutrient for bacterial growth. However, whether deep-sea bacteria universally employ this 
strategy remains unknown. In this study, 237 bacterial strains affi  liated to 23 genera of Proteobacteria, 
Bacteroidetes, Firmicutes and Actinobacteria were isolated from seawater, sediment or amphipods collected 
at diff erent depths. The pressure tolerance and the utilization of TMAO were examined in 74 strains. The 
results demonstrated no apparent correlation between the depth where the bacteria inhabit and their pressure 
tolerance, regarding to our samples. Several deep-sea strains from the genera of  Alteromonas ,  Halomonas , 
 Marinobacter ,  Photobacterium , and  Vibrio  showed capacity of TMAO utilization, but none of the isolated 
 Acinebacter ,  Bacillus ,  Brevundimonas ,  Muricauda ,  Novosphingobium ,  Rheinheimera ,  Sphingobium  and 
 Stenotrophomonas  did, indicating the utilization of TMAO is a species-specifi c feature. Furthermore, we 
noticed that the ability of TMAO utilization varied among strains of the same species. TMAO has greater 
impact on the growth of deep-sea isolates of  Vibrio   neocaledonicus  than shallow-water isolates. Taken 
together, the results describe for the fi rst time the TMAO utilization in deep-sea bacterial strains, and expand 
our understanding of the physiological characteristic of marine bacteria. 

  Keyword : marine bacteria; Trimethylamine N-oxide (TMAO); high hydrostatic pressure (HHP); pressure 
tolerance phenotype 

 1 INTRODUCTION 

 The deep-sea with depth over 1 000 m accounts for 
over 75% of the ocean. Our current knowledge of the 
microorganisms inhabiting the deep-sea environment 
is generally obtained by means of high-throughput 
sequencing, due to the diffi  culties in bacterial 
cultivation and analysis under HHP conditions. 
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Metagenomic analysis demonstrated that 
Gammaproteobacteria and Alphaproteobacteria are 
the most abundant taxa in diverse deep-sea 
environments, and Deltaproteobacteria, Acidobacteria 
and Actinobacteria are often detected as well (DeLong 
et al., 2006; Sogin et al., 2006; Lauro and Bartlett, 
2008; Salazar et al., 2016; Tarn et al., 2016). Stratifi ed 
deep-sea bacterial community composition has been 
observed in diff erent sites. Chemolithotrophic 
microbes are more abundant in the upper abyssal 
water while heterotrophic, methane and hydrogen 
utilizing, and sulfur-cycling microbes are enriched in 
the hadal water (Nunoura et al., 2015; Tarn et al., 
2016). However, the molecular basis of deep-sea 
adaptation remains unresolved since few of the deep-
sea bacteria have been successively cultivated in 
laboratory conditions. Piezophiles are microbes that 
favor growth at pressure conditions higher than 
atmospheric pressure (0.1 MPa). The majority of 
piezophiles isolated and cultivated to date are 
affi  liated to the genera of  Shewanella ,  Photobacterium , 
 Colwellia ,  Moritella  and  Psychromonas  of 
Gammaproteobacteria (Fang et al., 2010). The studies 
confi ned to limited species of  Shewanella  and 
 Photobacterium  demonstrated that bacterial 
adaptation to the deep-sea environment is a multifactor 
event including alterations in the composition and 
structure of macromolecules, regulation of gene 
transcription and metabolic pathway (Tamegai et al., 
2012; Ohke et al., 2013). 

 TMAO is an important component of organic 
nitrogen in the marine ecological environment. Its 
concentration in surface water reaches 76.9 nmol/dm 3 , 
higher than all the other methylamines (Gibb and 
Hatton, 2004; Ge et al., 2011). TMAO can be produced 
through oxidation of trimethylamine (TMA) by a 
variety of marine bacteria, phytoplankton, 
invertebrates and fi shes (Barrett and Kwan, 1985; 
Seibel and Walsh, 2002; McCrindle et al., 2005). Due 
to the diffi  culties in sampling techniques and TMAO 
detection approaches, the concentration of TMAO in 
deep-sea environment remains unknown. However, 
highly accumulated TMAO (up to 386±18 mmol/kg) 
has been observed in the muscle tissue of deep-sea 
animals, where it functions as an osmolyte and 
protects the proteins from multiple stresses including 
low temperature, high concentration of urea and HHP 
(Yancey et al., 1982, 2001, 2014; Gillett et al., 1997; 
Saad-Nehme et al., 2001; Zou et al., 2002; He et al., 
2009; Petrov et al., 2012). It is speculated that TMAO 
released from deep-sea animals may create a 

microenvironment with instant high concentration of 
TMAO and provides bacteria nearby precious nutrient 
for growth (Zhang et al., 2016). 

 Marine microorganisms metabolize TMAO 
through two diff erent pathways. SAR11 clade and 
marine  Roseobacter  clade (MRC) bacteria could 
utilize TMAO as a carbon and nitrogen source 
(Lidbury et al., 2014, 2015). TMAO is transported 
into the cytoplasm through a TMAO-specifi c ABC 
transporter system and converted into DMA 
(dimethylamine) by TMAO demethylase. DMA is 
further catalyzed into MMA (monomethylamine) and 
ammonia, and participates into diverse metabolism 
pathways (Zhu et al., 2014). In addition, diverse 
species of marine bacteria, including  Alteromonas , 
 Campylobacter ,  Flavobacterium ,  Photobacterium , 
 Pseudomonas  and  Vibrio , and most species of 
Enterobacteriaceae are known to use TMAO as 
electron acceptor of respiration under anaerobic 
conditions (Barrett and Kwan, 1985; Dos Santos et 
al., 1998; Dunn and Stabb, 2008). TMAO reductase 
that is responsible for TMAO anaerobic respiration 
has also been detected in numerous deep-sea bacterial 
strains. Moderately piezophiles  P .  profundum  SS9 
and  P .  phospherum  ANT-2200 encode 3 and 4 sets of 
TMAO reductase (TorA), respectively. Previously, 
we observed that one of the TMAO reductase isozyme 
TorA1 is induced under HHP condition in ANT-2200 
(Zhang et al., 2016). In addition, we discovered, for 
the fi rst time, that TMAO improves the pressure 
tolerance of a piezo-sensitive strain  Vibrio   fl uvialis  
QY27, and an HHP inducible TMAO reductase is 
involved in this process (Yin et al., 2018). Yet, whether 
the utilization of TMAO and the TMAO-promoted 
pressure tolerance is a common trait of deep-sea 
bacteria remains unknown. 

 To answer these questions, we analyzed the ability 
of TMAO utilization and the pressure tolerance with 
or without the presence of TMAO of over 200 strains 
isolated from the South China Sea and the Mariana 
Trench. Our results demonstrated that there was no 
apparent correlation between the depth where the 
bacteria inhabit and their pressure tolerance, regarding 
to these samples. Strains from the genera of 
 Alteromonas ,  Halomonas ,  Marinobacter , 
 Photobacterium  and  Vibrio  showed capacity of 
TMAO utilization, but none of the isolated 
 Acinebacter ,  Bacillus ,  Brevundimonas ,  Muricauda , 
 Novosphingobium ,  Rheinheimera ,  Sphingobium  and 
 Stenotrophomonas  did. Furthermore, we noticed that 
TMAO has greater impact on the growth of deep-sea 
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isolates of  Vibrio   neocaledonicus  than shallow-water 
isolates. For most isolates, the utilization of TMAO 
does not change their pressure tolerance. Therefore, 
the TMAO-improved pressure tolerance we recently 
reported might be a species-specifi c trait of  V .  fl uvialis . 

 2 MATERIAL AND METHOD 

 2.1 Sample collection 

 Seawater samples of the South China Sea were 
collected at diff erent depths with Niskin bottles 
mounted on the rosette sampler. Seawater samples of 
the Mariana Trench were collected by pressure-
retaining sampler (Top Industrie, France) mounted on 
the rosette sampler or Niskin bottles carried by seabed 
lander. Sediment samples were collected by box 
sampler or push-core carried by seabed lander. Deep-
sea amphipods were captured using baited traps 
carried by seabed lander. The information of sampling 
sites is listed in table 1. 

 2.2 Isolation of deep-sea bacteria 

 The samples collected from the South China Sea 
and the Mariana Trench were fi rst incubated under 
high pressure vessels (Feiyu Technology Development 
Co. Ltd., China) for the enrichment of pressure 

tolerant bacteria. To specify, seawater samples were 
inoculated into cultural medium YPG (Martini et al., 
2013), 2216E (Simon-Colin et al., 2008) and R2A 
(Smith et al., 2004) with inoculums of 1/10. Sediment 
samples were processed by mixing 10 mL medium 
with 1 g sediment. Regarding to the deep-sea 
amphipods, an individual with length of approximately 
1.5 cm was incubated with 3 mL cultural medium. 
After incubation under high pressure condition under 
ambient temperature for 10 days, a series dilution was 
prepared for each of the samples and spread on solid 
medium for the purifi cation of single colonies. 
Purifi ed strains were cultured in the corresponding 
medium at room temperature (approximately 23–
25°C) for molecular identifi cation and strain 
conservation. 

 2.3 Phylogenetic analyses based on 16s rRNA gene 
sequences 

 The 16S rRNA sequences were amplifi ed with 27F 
and 1492R primers, and BLAST against the 
EzBioCloud Database (https://www.ezbiocloud.net/
identify) (Yoon et al., 2017). Sequence identity of 97% 
and 95% are used as the thresholds for classifi cation of 
species and genus, respectively (Tindall et al., 2010). 
The phylogenetic tree was established with the 

 Table 1 The information of sampling sites 

 Sample  Longitude (E)  Latitude (N)  Sampling method  Sampling depth (m) 

 Seawater  113°01.05′  18°10.44′  Niskin bottle  500 

 Seawater  113°01.05′  18°10.44′  Niskin bottle  1 000 

 Seawater  141°30.00′  12°00.00′  Pressure-retaining sampler  1 821 

 Seawater  113°01.05′  18°10.44′  Niskin bottle  2 500 

 Seawater  113°01.05′  18°10.44′  Niskin bottle  2 800 

 Seawater  141°30.00′  10°09.00′  Pressure-retaining sampler  3 701 

 Seawater  141°30.00′  11°36.00′  Pressure-retaining sampler  4 590 

 Seawater  141°30.00′  10°39.00′  Pressure-retaining sampler  4 700 

 Seawater  141°30.00′  11°24.00′  Pressure-retaining sampler  6 001 

 Seawater  141°30.00′  11°09.00′  Pressure-retaining sampler  6 004 

 Seawater  141°30.00′  10°54.00′  Pressure-retaining sampler  6 010 

 Seawater  142°01.00′  10°57.00′  Pressure-retaining sampler  6 011 

 Sediment  141°58.50′  10°51.36′  Box sampler   5 525 

 Sediment  141°57.87′  10°59.38′  Box sampler   6 980 

 Sediment  141°47.958′  10°55.464′  Box sampler   7 026 

 Sediment  141°52.38′  11°33.189′  Box sampler   7 670 

 Sediment  142°12.11′  11°19.65′  Push-core   10 953 

 Amphipod  141°50.36′  11°12.50  Baited traps   8 600 

 Amphipod  141°56.81′  10°59.29′  Baited traps   7 022 
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sequences of 16S rRNA, using neighbor-joining (N-J) 
method in the software MEGA 5, in which 1 000 times 
repeated bootstrap analysis was used to test the 
credibility of the phylogenetic tree.  

 2.4 Cultivation of deep-sea bacterial isolates 

 For evaluation of growth at diff erent conditions, 
bacterial isolates were cultivated in 1 mL liquid 
medium overnight before inoculated into fresh 
medium with inoculums of 1:100. The cultures were 
then transferred into a disposable syringe and blocked 
with sterilized stopper. The syringes were placed in a 
high-pressure vessel and pressure was applied with a 
water pump (Top Industrie, France). After cultivation 
for 24 h, absorption at 600 nm was measured with a 
spectrophotometer (Agilent Technologies, the United 
States). TMAO was supplemented to a fi nal 
concentration of 1% (w/v) unless otherwise 

mentioned. All the culture experiments were carried 
out at room temperature (23–25°C). 

 For the measurement of the growth curve, cells 
were cultivated under the condition of 0.1, 10, 20, 30, 
40 and 50 MPa, respectively. The absorption at 
600 nm was measured every 5 h to obtain the growth 
curve. The maximum specifi c growth rate  μ  was 
calculated from the logarithm of the growth curve, 
 μ =3.322×Lg( x  2 / x  1 )/( t  2 – t  1 ). The  x  1  and  x  2  are the 
numbers of cells at the time of  t  1  and  t  2 , respectively.  

 3 RESULT 

 3.1 Molecular identifi cation of the deep-sea 
bacterial isolates 

 In total 237 strains were isolated from the seawater, 
sediments and deep-sea amphipods collected from the 
South China Sea and the Mariana Trench at the depth 
ranged from 500 m to over 10 000 m. Phylogenetic 
analysis based on the 16S rRNA gene sequences 
revealed their affi  liation to 50 species of 23 genera, 4 
phyla, using 97% and 95% sequence identity as the 
thresholds for classifi cation of species and genus, 
respectively (Tindall et al., 2010). Proteobacteria 
accounted for 81.4% of all the isolates (193 strains), 
with the majority belonged to Gammaproteobacteria 
(149 strains, 77% of Proteobacteria), and the rest 
belonged to Alphaproteobacteria (44 strains, 23% of 
Proteobacteria). In addition, we also obtained 8 
isolates (3.4%) affi  liated to Bacteroidetes, 14 isolates 
(5.9%) affi  liated to Firmicutes, and 22 isolates (9.3%) 
affi  liated to Actinobacteria (Fig.1).  

 Twenty-eight strains from 4 genera were isolated 
from sublittoral zone (200–1 000 m), dominated by 
 Pseudoalteromonas  (43%) and  Vibrio  (46%). 
Seventy-eight strains were isolated from the bathyal 
zone (1 000–4 000 m), consisting of  Pseudomonas  
(24%),  Halomonas  (8%),  Pseudoalteromonas  (8%), 
 Stenotrophomonas  (8%),  Photobacterium  (8%) and 
other 12 genera. Over a hundred strains belonged to 
14 genera were isolated from abyssal zone (4 000–
6 000 m), and one fourth of them were  Brevundimonas . 
From the hadal zone (over 6 000 m), we obtained 
twenty-six strains belonging to 12 genera, dominated 
by  Staphylococcus  (23%) and  Alteromonas  (19%) 
(Fig.2). Among all the isolates,  Alteromonas  was the 
only genus that had been isolated from all the four 
zones, while  Staphylococcus ,  Shigella ,  Enterococcus , 
 Lactococcus ,  Muricauda  and  Novosphingobium  were 
obtained only from the samples deeper than 4 000 m 
(Fig.2). 
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 Fig.1 Phylogenetic tree of bacteria isolated from the South 
China Sea and Mariana Trench 
 Neighbor-joining phylogenetic tree based on bacterial 16S rRNA 
genes from the South China Sea and the Mariana Trench, numbers 
on the nodes are the bootstrap values (percentages) based on 1 000 
replicates and values of above 20% were presented. Black solid 
lines represent strains of  Proteobacteria , red dash line represents 
strains of  Firmicutes , blue double dot dash line represents strains 
of  Actinobacteria , and violet dash-dotted line represents strains of 
 Bacteroidetes . Number in braces indicates the number of isolates.  
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 3.2 Eff ects of pressure on the growth of deep-sea 
bacterial isolates 

 Based on the sensitivity to HHP, bacteria can be 
divided into four types: a) the piezo-sensitive 
bacteria that have higher growth rates at atmospheric 
pressure (0.1 MPa); b) the piezo-tolerant bacteria, 
whose growth rate is stable under atmospheric 
pressure and HHP condition; c) the piezophilic 
bacteria that grow better under HHP condition; and 
d) the obiligate piezophilic bacteria that grow only 
under HHP condition (Kato et al., 2008). An accurate 
defi nition of the pressure tolerance of a bacterial 
strain is based on the comparison of the maximal 
growth rates under diff erent pressure conditions, and 
thus requires the measurement of plenty of growth 
curves. However, measuring the growth curve, 
especially under HHP conditions, is restrained by 
availability of cultivation equipment because 
sampling at each time point sacrifi ces at least one 

high pressure vessel. Therefore, to have a primary 
evaluation of the pressure tolerance of the bacteria 
isolates more effi  ciently, we fi rst compared their 
growth at atmospheric pressure (0.1 MPa) and HHP 
(30 MPa, under which condition the growth of 
typical piezo-sensitive strain such as  Escherichia  
 coli  is known to be obviously impeded, whereas 
most cultivated piezo-tolerant strains are not aff ected 
and piezophiles demonstrate improved growth 
compared to 0.1 MPa) conditions by measuring the 
absorbtion at 600 nm at the stationary phase, and 
calculated the ratio of biomass at 30 MPa to 0.1 MPa 
(ratio +/- pressure). The isolates with biomass ratio 
(+/- pressure) below 0.80 are preliminarily defi ned 
as pressure sensitive strains, that is, high pressure 
restrained their growth. Those with a ratio above 
1.20 are probably piezophiles, since they grow better 
under high-pressure conditions. And those in 
between (≥0.80 and <1.20) are likely to be pressure 
tolerant bacteria.  

 By applying these criteria, only two of the seventy-
four isolates,  Photobacterium   angustum  QY26 and 
 Photobacterium   leiognathi  W214 are defi ned as 
piezophiles, with the ratio +/- pressure of 1.30 and 
1.40, respectively (Fig.3 and Table 2). Fifty-three 
strains (72% of all the isolates) are sensitive to high 
pressure, and 19 isolates (26% of all the isolates) are 
not remarkably aff ected by increased pressure (Fig.3 
and Table 2).  
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 Fig.2 The composition and distribution of strains isolated 
from diff erent depth 
 Sublittoral (200 to 1 000 m depth) includes samples collected from 
the depth of 500 and 1 000 m; bathyal (1 000 to 4 000 m) includes 
samples collected from the depth of 1 821 m, 2 500 m, 2 800 m 
and 3 701 m; abyssal (4 000 to 6 000 m) includes samples collected 
from the depth of 4 590 m, 4 700 m, 5 525 m, 6 001 m, 6 004 
m, 6 010 m and 6 011 m; hadal (over 6 000 m) includes samples 
collected from the depth of 6 980 m, 7 022 m, 7 026 m, 7 670 m, 
8 600 m and 10 953 m. 
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 Fig.3 The eff ects of high pressure on growth of isolates 
from diff erent depth 
 Ratio of biomass +/- pressure represents the ratio of biomass at 
30 MPa versus 0.1 MPa. Left dash line represents the ratio +/- 
pressure of 0.8, the cut-off  value of piezo-sensitive and piezo-
tolerant characterization. The right dash line represents the biomass 
ratio +/- pressure of 1.2, the cut-off  value of piezo-tolerant and 
piezophilic characterization.  
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 Table 2 Characterizations of isolates from the South China Sea and Mariana Trench 

 Genus  Species  Strain  Depth (m) 
 Ratio of biomass at stationary phase 

 30/0.1 MPa -TMAO    a   30/0.1 MPa +TMAO  b   +/- TMAO 0.1 MPa  c  

  Acinetobacter  
  nosocomialis    W122  6 010  0.3  NA  0.9 

  venetianus    S15  10 953  0.4  NA  1.0 

  Alteromonas    macleodii  

 QY3  2 500  0.9  1.0  0.8 
 QY4  1 000  0.9  NA  1.3 

 QY18  500  0.8  0.9  0.8 

 QY28  2 500  1.1  0.6  0.9 
 S32  10 953  0.7  0.6  0.9 
 S33  10 953  1.0  1.1  1.5 

 W134  6 004  0.7  NA  0.9 
  Bacillus     circulans    W239  3 701  0.6  0.4  0.9 

  Brevundimonas  

  albigilva   W132  6 001  0.8  NA  1.1 
  aurantiaca   W150  4 700  0.5  NA  0.9 
  intermedia   W123  6 010  0.5  NA  0.9 

  mediterranea   W121  6 010  0.3  NA  0.9 
  vesicularis   W125  6 001  0.4  0.6  1.1 

  Halomonas  
  aquamarina  

 S18  6 980  0.2  NA  1.0 
 W112  4 590  0.1  NA  0.8 

  meridiana   W111  4 590  0.6  0.5  1.3 
  Marinobacter    hydrocarbonoclasticus   W211  1 821  0.6  0.7  2.6 

  Microbacterium  

  enclense   W116  6 011  0.8  1.0  1.1 

  laevaniformans  
 W124  6 001  0.4  0.4  1.3 
 W226  6 011  0.7  0.5  0.9 

  marinum    W142  4 700  0.2  NA  1.6 
  oxydans   W220  4 590  0.5  NA  0.7 

  Muricauda    beolgyonensis    W119  6 011  0.4  0.2  1.0 
  Novosphingobium    panipatense   W131  6 001  0.4  NA  0.8 

  Photobacterium  
  angustum   QY26  500  1.3  1.3  3.2 
  leiognathi   W214  1 821  1.4  1.2  2.0 

  Pseudoalteromonas  

  arabiensis    QY29  1 000  1.0  0.9  0.9 

  shioyasakiensis  

 QY1  500  0.9  0.9  0.9 
 QY2  2 500  1.0  NA  1.7 
 QY5  1 000  0.9  NA  0.9 
 QY7  2 800  0.5  NA  1.4 
 QY13  1 000  0.8  NA  0.9 
 QY14  1 000  0.6  NA  0.9 
 QY19  500  0.5  NA  0.9 
 QY21  1 000  0.8  NA  2.7 
 QY22  1 000  0.5  NA  0.8 
 QY23  2 800  0.8  NA  0.7 
 QY25  500  0.5  NA  2.4 
 QY30  1 000  0.8  NA  0.8 
 QY31  2 800  0.8  NA  0.9 
 QY32  2 800  0.9  0.9  0.9 
 QY34  500  0.8  NA  1.8 
 QY35  500  0.8  0.9  0.9 

  tetraodonis    QY10  2 500  0.2  0.3  1.0 

  a : the ratio of biomass of the cultures at 30 MPa versus 0.1 MPa, without addition of TMAO;  b : the ratio of biomass of the cultures at 30 MPa versus 0.1 MPa, 
with addition of TMAO;  c : the ratio of biomass of the cultures cultivated at 0.1 MPa with (+TMAO) versus without (-TMAO) supplement of TMAO. NA: 
not analyzed. QY represents seawater samples from the South China Sea, W, S and A represent seawater samples, sediments samples and microorganism 
samples from the Mariana Trench, respectively. 

To be continued
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 3.3 Characterization of pressure tolerance of 
selected isolates 

 The biomass ratio (+/- pressure) refl ects only the 
diff erence of biomass at the stationary phase. To 
ascertain their pressure tolerance, several isolates 
were further selected for detailed analysis of growth 
curve under 0.1, 10, 20, 30, 40 and 50 MPa conditions. 
In total 49 isolates were analyzed, and three types of 
pressure tolerance were observed (Fig.4). Thirty 
isolates affi  liated to 14 species of 10 genera (QY7-10, 
QY14, QY18-22, QY24, QY25, QY27, QY31, QY33, 
QY35, QY38 - 40, QY42, S32, W111, W117, W119, 
W124, W125, W211, W226, W228 and W239) were 
pressure sensitive strains. As represented by  Vibrio  
 furnissii  QY42, their growth rates kept decreasing 
when the pressure increased from 0.1 MPa to 50 MPa 
(Fig.4a). Seventeen isolates are pressure-tolerant, as 
their growth rates were stable when cultivated under 

from 0.1 MPa to 30 MPa, and decreased at 40 MPa 
and 50 MPa (Fig.4b).  Pseudoalteromonas  
 shioyasakiensis  QY32 and other sixteen isolates 
(QY1-5, QY23, QY15, QY16, QY28 - 30, QY32, 
A17, S33, W105, W107 and W116) from 8 species of 
5 genera belong to this type. The  Photobacterium  
 leiognathi  W214 and  P .  angustum  QY26 were the 
only piezophilic strains isolated in this study. Their 
growth rate increased remarkably when the pressure 
elevated from 0.1 MPa to 30 MPa, and dropped 
afterwards (Fig.4c). 

 The two piezophiles, QY26 and W214, are isolated 
from seawater of 500 m and 1 821 m depth, 
respectively. Meanwhile, piezo-tolerant and piezo-
sensitive strains can be obtained from 10 000 m 
depths. It further confi rmed our presumption that 
there is no apparent strict correlation between the 
depth where the bacteria inhabit and its pressure 
tolerance, regarding to these isolates. 

 Table 2 Characterizations of isolates from the South China Sea and Mariana Trench 

 Genus  Species  Strain  Depth (m) 
 Ratio of biomass at stationary phase 

 30/0.1 MPa -TMAO    a   30/0.1 MPa +TMAO  b   +/- TMAO 0.1 MPa  c  

  Pseudomonas  

  aestusnigri    W107  1 821  0.8  0.9  1.1 

  chengduensis    W105  1 821  0.8  0.9  1.1 

  hibiscicola   W117  6 011  0.7  0.4  1.1 

  stutzeri   W228  6 011  0.6  0.6  1.5 

  Rheinheimera    nanhaiensis   W108  1 821  0.5  NA  0.7 

  Sphingobium  
  olei   S16  10 953  0.5  NA  0.8 

  yanoikuyae   W148  4 700  0.5  NA  1.1 

  Stenotrophomonas    maltophilia   A8  8 600  0.5  NA  0.8 

  Vibrio  

  alginolyticus  

 QY9  500  0.7  0.6  4.1 

 QY20  2 500  0.6  0.6  2.4 

 QY33  500  0.7  NA  1.7 

 QY36  500  0.6  NA  1.3 

 QY37  500  0.6  NA  1.3 

  campbellii   
 A7  8 600  0.6  NA  3.6 

 A17  8 600  0.9  0.9  1.1 

  furnissii  

 QY40  1 000  0.7  0.7  1.5 

 QY42  1 000  0.7  0.7  1.5 

 QY45  1 000  0.8  NA  1.4 

  fl uvialis   QY27  2 500  0.6  NA  1.1 

  neocaledonicus  

 QY8  500  0.6  NA  1.5 

 QY15  2 800  1.1  1.0  5.0 

 QY16  2 800  0.8  1.1  4.8 

 QY24  2 800  0.7  NA  1.3 

 QY38  500  0.6  NA  1.2 

 QY39  1 000  0.5  0.4  1.5 

 QY41  1 000  0.8  NA  1.5 

 QY43  1 000  0.6  NA  1.1 

 QY44  1 000  0.6  NA  1.2 
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 3.4 Utilization of TMAO by deep-sea bacteria 

 TMAO is commonly found in the tissues of marine 
organisms, especially in deep-sea species where it 
serves to protect against the adverse eff ect of HHP. 
Meantime, high concentration of TMAO implies a 
locally and temporally abundant substrate disposable 
for bacterial metabolism. To evaluate the potential of 
TMAO metabolism in the isolates, 74 strains as listed 
in Table 2 were cultivated under atmospheric pressure 
with or without the supplementation of TMAO, and 
the ratio of the biomass (+/- TMAO) was calculated. 
We found that the addition of TMAO improved the 
growth of 29 strains belonging to 13 species of 7 
genera as indicated by the biomass ratio (+/- TMAO) 
>1.20, whereas it had no or negative eff ect on the 
growth of 45 strains from 28 species of 14 genera 
with the biomass ratio (+/- TMAO) ≤1.20 (Table 2). 

 We then monitored the growth curves of 32 strains, 
in order to further ascertain their capacity of TMAO 
utilization. The  P .  angustum  QY26 and other 13 
strains from 10 species of 6 genera (S33, QY9, QY15, 
QY16, QY20, QY39, QY40, QY42, W111, W124, 
W211, W214 and W228) had a similar response to 
TMAO. Both the growth rate and the biomass 
increased when they were cultivated with the addition 
of TMAO, indicating they were able to utilize TMAO 
(Fig.5a). On the contrary, the growth of the rest 18 
strains (A17, S32, QY1, QY3, QY10, QY18, QY28–
29, QY32, QY35, W105, W107, W116–117, W119, 
W125, W226 and W239) were not aff ected or even 
slightly repressed with the addition of TMAO 
(Fig.5b). The results obtained by growth curve 
measurement were consistent to the comparison of 
biomass at stationary phase, further supported the 
preliminary classifi cation of TMAO-utilizing and 
TMAO-not-utilizing strains. 

 Seventy-four strains whose biomass ratio (+/- 
TMAO) have been analyzed belong to 36 species of 
16 genera, including at least 5 strains of  Alteomonas , 
 Brevundimonas ,  Microbacterium ,  Pseudoalteromonas  
and  Vibrio , respectively. Almost all the isolates of 
 Vibrio  are capable of TMAO utilization, whereas the 
growth of over 70% of  Pseudoalteromonas  and 
 Alteromonas  strains were not improved by addition of 
TMAO (Table 2), indicating that the TMAO utilization 
is a species-specifi c feature. 

 To further understand the TMAO utilization at 
deep-sea environment, we sought for relationship 
between the depth where bacterium inhabits and its 
ability of TMAO utilization. Nine strains of  V . 
 neocaledonicus  have been isolated from diff erent 
depth from 500 m to 2 800 m. Most of them were able 
to utilize TMAO. Addition of TMAO had the most 
signifi cant impact on the growth of QY15 and QY16 
isolated from 2 800 m depths, with over 4-fold rising 
of biomass. Whereas the growth of other isolates is 
moderately improved, with the ratio of biomass (+/- 
TMAO) ranged from 1.11 to 1.53. It suggests that the 
ability of TMAO utilization might be in positive 
correlation with the depth of in situ habits. However, 
whether this rule can be applied to all the deep-sea 
bacteria that are capable of TMAO utilization remains 
to be confi rmed by the increasing number of samples 
in the future.  

 3.5 The eff ect of TMAO metabolism on bacterial 
pressure tolerance 

 Our previous study demonstrated addition of 
TMAO in the culture medium improves the pressure 
tolerance of strain QY27 and changes the piezo-
sensitive phenotype into a piezophilic one (Yin et al., 
2018). Whether this intriguing phenomenon is 
universal in deep-sea bacteria or restrained in certain 
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 Fig.4 The eff ect of pressure to the maximal growth rate of strains isolated in this study 
 The maximal growth rates under diff erent pressure conditions of a. piezo-sensitive strains, represented here by  Vibrio   furnissii  QY42; b. piezo-tolerant strains, 
represented here by  Pseudoalteromonas   shioyasakiensis  QY32; and c. piezophilic strain, represented here by  Photobacterium   angustum  QY26. The maximal 
growth rates at 0.1 MPa (a and b) or 30 MPa (c) were set as 100%. 
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species requires further investigation. 
 Thus, we tested the eff ect of TMAO to the growth 

of thirty-two isolates under HHP conditions. As 
represented by the strain QY28, eighteen strains that 
are unable to utilize TMAO under both atmospheric 
pressure and 30 MPa (Fig.6a, Table 2). For those 
utilizing TMAO under atmospheric pressure, their 
growth was also improved by TMAO under HHP, but 
the pressure tolerance remained the same. With the 
presence of TMAO, 12 piezo-sensitive or piezo-
tolerant strains grew better at the atmospheric pressure 
than at high pressure (Fig.6b, black line versus red 
line, Table 2), whereas the piezophilic strain QY26 
and W214 had longer exponential growth phase and 
higher biomass at the end of growth at high pressure 
compared to atmospheric pressure (Fig.6c, Table 2). 
Collectively, for the strains analyzed in this study, the 
metabolism of TMAO may improve their growth, but 
have no impact on the pressure tolerance, and the 
TMAO-improved pressure tolerance might be a 
feature of only few species such as  Vibrio   fl uvialis .     

 4 DISCUSSION 

 The discrepancy between the number of cells in 
seawater samples and the colonies formed on agar 
plates has been noticed decades ago (Jannasch and 
Jones, 1959). However, the low effi  ciency in seawater 
bacteria isolation remains an unsolved problem. 
Several hypotheses have been proposed, such as the 
dormancy state of microorganisms in natural 
environment, the incapable of forming colonies on 
agar plates, or certain microbes have specialized 
requirements for media that are diffi  cult to meet in 
laboratory. Regarding to deep-sea bacteria, the in situ 
HHP might be the major factor inhibiting their 
cultivation (Tamburini et al., 2013). The application 
of pressure-retaining sampler and cultivation system 
(such as DEEP-BATH) leaded to isolation of several 
piezophiles and even obligate piezophiles (Parkes et 
al., 2009). Apart from those isolated from hydrothermal 
vent, most piezophiles are psychropilic and cannot be 
cultured at temperatures higher than 20°C. Yet, 
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 Fig.6 Combination eff ects of hydrostatic pressure and supplementation of TMAO on the growth 
 The growth curves at 0.1 MPa or 30 MPa, with or without supplementation of TMAO of a. eighteen strains that are unable to utilize TMAO, represented by 
the piezo-tolerant strain  A .  macleodii  QY28; b. 12 piezo-sensitive or piezo-tolerant strains that utilize TMAO, represented by the piezo-sensitive strain  V . 
 alginolyticus  QY20; and c. two piezophilic strains, represented by the piezophilic strain  P .  angustum  QY26. The dash lines represent culture without TMAO, 
the solid lines represent culture with supplementation of TMAO. Line in black, 0.1 MPa; line in red, 30 MPa. 
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isolation of meso-piezophilic ( Demacoccus   abyssi  
MT1.1) and thermo-piezophilic bacteria ( Marinitoga  
 piezophila  KA3,  Thioprofundum   lithotrophica  strain 
106 and  Piezobacter   thermophilus  strain 108) from 
the Challenger Deep of the Mariana Trench or the 
East-Pacifi c Rise have been reported previously 
(Pathom-Aree et al., 2006; Takai et al., 2009; Lucas et 
al., 2012; Ji et al., 2013). In this study, typical psychro-
piezo-tolerants and psychro-piezophiles such as 
 Shewanella ,  Moritella  and  Psychromonas  that have 
been previously isolated from the Mariana Trench are 
absent in our isolates which is possibly due to the 
relatively high temperature conditions (23–25°C) 
utilized for bacterial isolation. High temperature is 
favored for mesophiles but impedes the growth of 
psychrophiles.  

 Low temperature and HHP have similar physical 
eff ect to biological molecules, both lead to a reduction 
in volume that infl uence the structure and function of 
macromolecules. Therefore, although a pre-incubation 
at HHP condition was performed in the attempt to 
enrich for pressure tolerant strains, the eff ect of HHP 
might have been neutralized by the relatively high 
temperature comparing to the in situ condition (23°C 
vs 3°C) and enables the survival and growth of 
pressure sensitive strains.  

 As has been demonstrated in deep-sea model 
strains, the physiological condition and metabolism 
capacity of deep-sea bacteria can be infl uenced by 
both temperature and pressure (Jian et al., 2016; 
Xiong et al., 2016). In our study, the  Photobacterium  
 leiognathi  W214 and  Photobacterium   angustum  
QY26 are the only two piezophiles among the 74 
isolates with experimentally confi rmed pressure 
tolerance. Some of the isolates from bathyal zone 
demonstrated even better growth at HHP condition 
comparing to isolates from abyssal zone, such as 
QY29 isolated from 1 000 m, QY28 from 2 500 m 
and QY15 from 2 800 m that had biomass ratio 
30 MPa/0.1 MPa without TMAO over 1.0. Even the 
four strains isolated from over 10 000 m depth showed 
better growth at 0.1 MPa than at 30 MPa (Fig.3 and 
Table 2). It suggests that tolerance to HHP may not be 
a required feature of deep-sea bacteria. However, it 
refl ects only the bacterial pressure tolerance at room 
temperature conditions, but not that under in situ 
conditions with lower temperature. Growth 
experiments at diff erent temperature conditions are 
on-going and are thus expected to bring novel 
knowledge regarding the pressure tolerance and 
TMAO metabolism of these isolates.  

 Forty-one strains affi  liated to 21 species of 9 genera 
showed the ability of TMAO utilization, some of 
them were isolated from the abyssal and hadal zone. 
Our results demonstrated that the ability of TMAO 
utilization is species-dependent at certain level. All 
the isolates of  Vibrio  are capable of using TMAO for 
growth, as the biomass increased when TMAO is 
present, whereas the growth of  Pseudoalteromonas  
spp. are not improved with the addition of TMAO. 
TMAO reduction has been reported in species of 
 Alteromonas  and  Pseudomonas  (Ringø et al., 1984; 
Barrett and Kwan, 1985; Ge et al., 2017). However, 
we noticed that TMAO didn’t promote the growth for 
most of the isolates from the two genera in our study. 
As was pointed out by E. L. Barrett and H. S. Kwan, 
certain species of  Pseudomonas  have been re-
classifi ed into  Alteromonas  when the G+C content 
was taken into consideration (Barrett and Kwan, 
1985). Therefore, a careful examination of the early 
reports and experimental confi rmation might be 
necessary before a conclusion could be made for 
these two genera. With regarding to  Bacillus , 
 Brevundimonas ,  Halomonas ,  Marinobacter , 
 Muricauda ,  Novosphingobium ,  Rheinheimera , 
 Sphingobium  and  Stenotrophomonas , the number of 
strains analyzed in this study is still inadequate for a 
conclusion.  

 Among the strains capable of TMAO utilization, 
15 strains affi  liated to 8 species of 5 genera are closely 
related to pathogen or symbiotic bacteria. The 
 Brevundimonas   vesicularis ,  Pseudomonas   stutzeri , 
 Vibrio   furnissii ,  V .  fl uvialis ,  V .  alginolyticus  and  V . 
 campbellii  are reported as pathogen or opportunistic 
pathogen (Lee et al., 1981; Brenner et al., 1983; Wang 
et al., 2007; Yoo et al., 2012; Bashar et al., 2017; 
Dong et al., 2017). While  Halomonas   meridian  and 
 Photobacterium   leiognathi  are commonly found as 
symbiotic bacteria (Courtenay et al., 2000; Meyer et 
al., 2015). TMAO could be generated by oxygenation 
of TMA in human, or synthesized endogenously in 
diverse marine animals (Ufnal et al., 2015). It’s 
plausible that comparing to the free-living bacteria 
inhabiting oceanic environment, pathogenic and 
symbiotic bacteria are more likely to encounter with 
higher concentration TMAO (Proctor and Gunsalus, 
2000; Lee et al., 2012).  

 Apart from one of the most important osmolytes 
which counteract the adverse eff ect of low temperature 
and urea, TMAO is also known as piezolyte. High 
concentration of TMAO has been observed in multiple 
deep-sea animals and is speculated to prevent the 
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eff ect of HHP on protein structures and enzyme 
function by protecting the protein interior from 
invasion of water molecules (Gillett et al., 1997; 
Saad-Nehme, et al., 2001; Yancey et al., 2001, 2014; 
Petrov et al., 2012). Accumulation of TMAO has been 
reported in diverse deep-sea animals but not 
microorganisms dwelling in the deep-sea environment. 
Our recent study demonstrated that TMAO anaerobic 
respiration is favorable for bacterial acclimation to 
HHP conditions. Both expression of TMAO reductase 
and kinetics of TMAO reduction are increased under 
HHP condition, which eventually result in improved 
pressure tolerance in deep-sea bacteria  V .  fl uvialis  
QY27 when TMAO is presented (Yin et al., 2018). 
Pressure inducible TMAO reductase has been reported 
in several deep-sea bacteria (Vezzi et al., 2005; Le 
Bihan et al., 2013; Zhang et al., 2014, 2016), it is 
plausible to deduce that TMAO improved pressure 
tolerance may be present in other strains as well. 
However, none of the 32 strains analyzed in this study 
exhibited improved pressure tolerance at 30 MPa 
when supplemented with TMAO, indicating the 
remarkable phenomenon might be a species-specifi c 
feature of  Vibrio   fl uvialis .  

 5 CONCLUSION 

 In this study, 237 bacterial strains affi  liated to 50 
species, 23 genera of Proteobacteria, Bacteroidetes, 
Firmicutes and Actinobacteria were isolated from 
deep-sea environment. We observed no strict 
correlation between the depth where the bacterium 
inhabit and its pressure tolerance under ambient 
temperature conditions. Strains from the genera of 
 Alteromonas ,  Halomonas ,  Marinobacter , 
 Photobacterium  and  Vibrio  showed capacity of 
TMAO utilization, but none of strains from 
 Acinebacter ,  Bacillus ,  Brevundimonas ,  Muricauda , 
 Novosphingobium ,  Rheinheimera ,  Sphingobium  and 
 Stenotrophomonas  did, indicating the utilization of 
TMAO is a species-specifi c feature. Taken together, 
the results described for the fi rst time the TMAO 
utilization in deep-sea bacterial strains, and expanded 
our understanding of the physiological characteristic 
of marine bacteria. 
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