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Abstract

The Mariana Trench is the deepest location on earth and harbors unique microbial communities as evidenced by 16S rRNA
gene amplicon and metagenomic sequencing. Obtaining culturable microorganisms from the Mariana Trench will contribute
to a further understanding of hadal biogeochemical processes and act as a unique microbial reservoir with potential applica-
tions. Here, 825 bacterial strains, identified by 16S rRNA gene sequencing, were isolated from 12 water depths (0—10,400 m)
of the Mariana Trench with 2216E and R2A media at 4 °C or 28 °C on four cruises during 2015-2017. These bacteria
belong to four phyla, nine classes, 27 orders, 45 families and 108 genera. Alphaproteobacteria, Gammaproteobacteria,
Actinobacteria_c, Bacilli and Flavobacteriia were the most abundant classes, accounting for 37.9%, 33.0%, 11.8%, 8.6% and
8.0% of the total bacterial isolates, respectively. 2216E and R2A media were found to have a better selectivity to Bacilli and
Flavobacteriia, respectively. Fifty strains were potential novel bacterial species with a 16S rRNA gene similarity < 98.65%,
and a higher percentage of novel strains were obtained from R2A than 2216E medium. Additionally, 301 (150 species) out
of 354 strains (178 species) selected from each depth could degrade at least one of the ten kinds of macromolecules tested.
These results indicate that there is a high diversity of culturable bacteria in the Mariana Trench and they can produce a variety
of extracellular enzymes. Our study provides a valuable resource of microorganisms for investigating their biogeochemical
roles in the Mariana Trench and for industrial applications.
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Introduction

The Mariana Trench, which extends to 10,984 m as the
Edited by Chengchao Chen. greatest depth in the Challenger Deep, is the deepest location
on earth (Gardner et al. 2014). Due to the unique "funnel”
geomorphology, low temperature and extreme high hydro-
static pressure (Fujioka et al. 2002; Simonato et al. 2006),
the microorganisms in the Mariana Trench, especially in the
B4 Xiao-Hua Zhang hadal zone, likely have a specific community composition

xhzhang@ouc.edu.cn and unique metabolic characteristics compared to those in
the open ocean. Hadal microbial communities are of great
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been a few reports on bacterial cultivation from the Mari-
ana Trench (Kato et al. 1998). However, the isolation and
purification of a wide range of cultivable bacteria from the
whole water column of the Mariana Trench and analysis of
their diversity remain rare. Although culturable bacteria only
account for a small proportion of the total bacterial popula-
tion (Kogure et al. 1979), a comprehensive understanding
of the physiology, biochemistry and metabolic activities of
these organisms and their roles in complex biogeochemical
cycles will undoubtedly require their cultivation.

To understand the diversity of heterotrophic bacteria
from the Mariana Trench and to investigate their potential
roles in the organic carbon cycle, water samples were col-
lected from different water depths (0—10,400 m; the trench
water > 6000 m) of the Mariana Trench during four expedi-
tions aboard the R/V Dong Fang Hong 2 from 2015 to 2017.
Heterotrophic bacteria were isolated using 2216E and R2A
media and identified by 16S rRNA gene sequencing follow-
ing our recent study on a culture-independent approach (Liu
et al. 2019a, b, c). The capacity of selected bacterial strains
to degrade a variety of macromolecules was also investi-
gated. A large number (825 isolates) of diverse bacterial
strains (including 50 potential novel bacterial strains) was
obtained and many of them were able to produce active
extracellular enzymes. These bacterial cultures provide a
valuable resource of microorganisms for investigating their
ecological roles as well as for industrial applications.

Results

Bacterial colony-forming unit (CFU) counts
at different water depths

During the cruise of December 2015, bacterial CFU was
counted from different water depths cultured on both marine
agar 2216E (2216E) and marine R2A agar (R2A) agar
plates. The bacterial CFU counts were (1.0-2.4) x 10* CFU/
ml at depths of 0-4000 m but increased significantly to
3.2x 10*-1.0x 103 CFU/ml at greater depths in the trench
(>6000 m; Fig. 1 and Supplementary Table S1). Neverthe-
less, there appeared to be a declining trend in the diversity of
isolates with depth as bacterial colonies were more colorful
at the surface than in the deeper water (Fig. 1). The CFU
counts on the two types of media were comparable and of
the same order of magnitude.

Diversity of heterotrophic bacteria isolated
from the Mariana Trench

A total of 825 bacterial strains were isolated, 423 strains

from 2216E medium and 402 from R2A medium. Accord-
ing to 16S RNA gene similarity analysis, these bacterial
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Fig.1 The visible bacterial colonies on two kinds of culture media
with water samples collected from different water depths of the Mari-
ana Trench in cruise of December 2015. a On 2216E agar plates; b
on R2A agar plates

strains belonged to four phyla, nine classes, 27 orders, 45
families, 108 genera and 190 species. The four phyla were
Proteobacteria (586 strains, mainly composed of Gam-
maproteobacteria and Alphaproteobacteria), Actinobac-
teria (99 strains), Firmicutes (71 strains) and Bacteroidetes
(69 strains) (Figs. 2, 3). At the class level, Alphapro-
teobacteria (313 strains), Gammaproteobacteria (272
strains), Actinobacteria_c (97 strains), Bacilli (71 strains)
and Flavobacteriia (66 strains) were the most abundant
five classes, accounting for 37.9%, 33.0%, 11.8%, 8.6%
and 8.0% of the total isolates, respectively. The other four
classes, i.e., Cytophagia, Epsilonproteobacteria, Nitrili-
ruptoria and Acidimicrobiia, contained only 1-3 strains
(Figs. 2, 3). Consistently, Alphaproteobacteria (45 gen-
era), Gammaproteobacteria (23 genera), Actinobacteria_c
(13 genera), Flavobacteriia (12 genera) and Bacilli (nine
genera) contained diverse genera, while the other four
classes contained only one or two genera (Supplementary
Table S2).

In terms of strain numbers within each genus, Altero-
monas (Gammaproteobacteria) had the most strains with
77 belonging to six species, accounting for 9.3% of the total



Marine Life Science & Technology (2020) 2:181-193

183

_734 Proteobacteria

100

6 (

C;c)ga(no ac:l 4 ap:é& SSK2-2T AB366005

R N’#ﬁ?&ﬁ?ﬁéﬁ 87197 X76443
100

—! B‘én%aa us 21959k NBRCT 15717 AB271743
L 100 HM%43 #
63 lluma ac er fluminis YM22-1337 AB360343

: K/l[fl /ruptor a/za?phllus DSM 45188 KQ033901

97
YEM}JJI%I%E‘JMQZ:%QE% NRRL B-3381" AF005021

7
E\Yemmrcmylum 25?og})nth¢as KME 0017 FJ042789
Nocardioides ginkgobilobae SYP-A7303™ KP128917

oo L EYT MRIRERIEL o)

7;"5 Nocardioides marinus CL-DD14™ DQ401093

ﬁF‘(‘i%cocélszgerastu C5" FR714842
100
’;‘t»vnro%gacrfer 3% aae LMG 195017 AJ315069
100

ﬁcmgacg‘;/%m sc%)elfer/ IFO 15075" AB004723
100

%112 %num caseﬁaCDO 2048" X76564

981 YHM

93 é-rachybay;enum mas‘s)lense mt5™ FXXB01000003
100, ZYF629 MN491975

5 YHM192 MN492454

100, YPiM053 MN492606 (3
lEuzebye/Ia marina CY01™ KU174197
'YHM085 MN492578 (10)

100

100 - YHM319 MN492464 (1)
'YHMO002 MN492540 (6)
'YHM334 MN492374 (14)
00, YHM052 MN492381 (3)
'YHM186 MN492404 (12)

—
0.020

Fig.2 Neighbor-joining phylogenetic tree of representative cultivated
bacteria isolated from the Mariana Trench seawater and their closest
relatives retrieved from the GenBank database based on 16S rRNA

bacterial isolates; Erythrobacter (Alphaproteobacteria) was
the second largest genus with 61 strains belonging to 11 spe-
cies, accounting for 7.4% of the total bacterial isolates. The
numbers of Marinobacter (Gammaproteobacteria) and Hen-
riciella (Alphaproteobacteria) strains were also relatively
high, including 40 strains of seven species and 35 strains
of three species, respectively (Supplementary Table S2).
Some other genera, such as Roseivirgaspongicola and
Nitriliruptor, only contained a single isolate (Supplementary
Table S2), but these genera can also reflect the diversity of
microorganisms in the water column of the Mariana Trench.

Diversity of culturable bacteria at different depths

There were clear differences in the diversity of culturable
bacteria at different depths (Figs. 1, 4). At class level, Alp-
haproteobacteria, the most abundant class in the Mariana
Trench, had the highest relative abundance at ~4000 m and
decreased slightly below 4000 m. The relative abundance
of Gammaproteobacteria, the second most abundant class,
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gene sequences. The numbers inside brackets represents the amount
of strains within the same species. Bar, the number of substitutions
per site

however, increased slightly at depths deeper than 7500 m
and had the highest relative abundance (~90%) near the bot-
tom water (10,400 m) of the trench. Like Alphaproteobacte-
ria, Actinobacteria_c also decreased in relative abundance at
depths greater than 4000 m, although its relative abundance
was much lower than Alphaproteobacteria. Bacilli mainly
existed within 2000-8000 m and had the highest relative
abundances at ~7500 m and ~ 8000 m. In addition, Flavo-
bacteriia was found at relatively low abundance throughout
the water column; however, it had the highest relative abun-
dance at~9000 m (36%). Cytophagia (three strains) was
only isolated at ~6000 m, ~9000 m and 9600 m, and Epsi-
lonproteobacteria (one strain), Nitriliruptoria (one strain)
and Acidimicrobiia (one strain) were each only isolated at a
single depth (Fig. 4a).

At genus level (Fig. 4b; Supplementary Table S2), Altero-
monas, the most abundant genus (77 strains), was distributed
throughout the whole water column except for 200 m, and
it had the highest relative abundance at a depth of 8289 m.
Erythrobacter, the second largest genus (61 strains), was
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Fig.3 Neighbor-joining phylogenetic tree of members of Proteobacteria. Bar, the number of substitutions per site

isolated from nine of 12 depths, and showed little varia-
tion in abundance with depth. Marinobacter, the third larg-
est genus (40 strains), was most abundant at greater depths
(>4000 m). Inversely, the relative abundance of Henriciella
(35 strains) and Nocardioides (33 strains) were higher in
upper (<4000 m) rather than deeper (> 6000 m) waters
(Fig. 4b; Supplementary Table S2). Bacillus (33 strains) was
mainly present in 2000-8000 m samples, while Oceano-
bacillus (20 strains) was mainly found in the samples of
4000-8000 m. At 10,400 m, the community of culturable
bacteria was less diverse compared to other depths, with
Marinobacter being the most abundant (Fig. 4b).
Generally, there were clear differences in the com-
munities of cultivable heterotrophic bacteria with
depth. The majority of cultivable bacteria from 0
to 6000 m in the upper Trench were Proteobacteria

@ Springer

(Gammaproteobacteria and Alphaproteobacteria) and Act-
inobacteria (Actinobacteria_c), which were mainly com-
posed of Vibrio, Henriciella and Nocardioides; the majority
of cultivable bacteria from 6000 to 8000 m were Proteo-
bacteria (Gammaproteobacteria and Alphaproteobacteria)
and Firmicutes (mainly composed of Bacilli); Proteobacte-
ria were most abundant from 8000 to 10,400 m, especially
at 10,400 m, near the bottom, which was mainly composed
of Marinobacter.

Comparison of bacterial diversity isolated
from different cultivation media

Two culture media, i.e., 2216E and R2A, were used to
isolate bacteria in this study. While 423 isolates (seven
classes) were obtained from 2216E medium, 402 isolates



Marine Life Science & Technology (2020) 2:181-193

185

A Acidimicrobiia

Nitriliruptoria
Cytophagia percentage (%)
Epsilonproteobaceria o (1)0
Flavobacteriia . o 25
Bacill ® 50
Actinobacteria_c .
Gammaproteobacteria
Alphaproteobacteria .
ORI RIS RPN W° o o \Q@p@@@@@‘500%00%1%‘39@%@?\0 o

Depth(m)

Depth(m)

Fig.4 The bacterial diversity of cultivable bacteria isolated from different water layers. a At class level; b at genus level (top 20 dominant gen-

era)

M Proteobacteria
M Firmicutes

m Actinobacteria
M Bacteroidetes

m Actinobacteria_c

2216E

R2A

m Alphaproteobacteria

wm Bacilli

M Flavobacteria

m Gammaproteobacteria

wm Acidimicrobiia

m Cytophagia

B Epsilonproteobacteria

W Nitriliruptoria

i Alteromonas H Erythrobacter

® Bacillus mVibrio

B Henriciella B Paracoccus

= Oceanobacillus u Marinobacter

m Pseudoalteromonas B Ruegeria

B Aeromicrobium B Brachybacterium
Halomonas = Oceanicaulis

® Nocardioides B [ oktanella

B Leeuwenhoekiella B Mesoflavibacter
others

Fig.5 The community composition of cultivable bacteria on different culture media. a At phylum level; b at class level; ¢ at genus level (top 18

dominant genera)

@ Springer



186

Marine Life Science & Technology (2020) 2:181-193

26014[
H,
Yoz,
LLZWHA—
VOEWHA —
8GOWHA
winsopo! wr! Aopo::l/
—
ed e|°9!uea -L,Ld)l o
U2 wee?0
: g %\‘\‘?\):a/
ve® ™ 01\)\‘3,{/
s
gl \9“‘- g"o\}z‘\ \ﬂ// /
\A “?a\ ) / /
N oM™ o Q’ /
\\)oc ée) 000 \?—ég"'a/ / I l
NE LY
P P T
o™ & §E VRN I
\\6 £ SIS @
o & NI
& §s 3
38 S
s § 3
€ 3 3
\ Sy S
s 8
a
Colored ranges \ S >
K]
[ Proteobacteria K
|:| Actinobacteria §°
(7]
. Bacteroidetes \
_—

AuedIv

~3J
\\
R
\\\‘&" g,
\ STy %,
\ \\ PAYACY . %, IS
L2358 %, ‘s,
%2553 ° % % %
X3 > > o, %
2%%7 %5, %
8 Z% % "‘°<>°‘9
LY w4
3 2, <
s 23
3 =]
[} =
7] )
<
@ Datasets
. 2216E & R2A
> M ron
—— (22166

Tree scale: 0.1 b———

Fig.6 The diversity of potential novel bacterial strains under different culture conditions. Top-hit taxon of potential novel strains marked with

bold font. Bar, the number of substitutions per site

(eight classes) were obtained from R2A medium. 2216E

medium had better selectivity to Firmicutes at phylum level

and Bacilli at class level, while R2A medium had better
selectivity to Bacteroidetes at phylum level and Flavobac-
teriia at class level (Fig. 5a). Additionally, Acidimicrobiia
and Nitriliruptoria were only obtained from R2A medium,
while Epsilonproteobacteria was only isolated from 2216E
medium (Fig. 5b).

Of the total 108 genera, 85 were obtained from 2216E
medium, while 69 were obtained from R2A medium.
Forty-eight genera (45.7%) were found in both 2216E and
R2A media. While Vibrio (22 strains), Brachybacterium
(11 strains) and Oceanicaulis (nine strains) were isolated

@ Springer

only from 2216E medium, Mesoflavibacter (12 strains)
was isolated only from R2A medium. In addition, 2216E
medium had a better selectivity to Bacillius, Henriciella,
Paracoccus, Oceanobacillus and Ruegeria, while R2A
medium was more selective to Alteromonas, Erythrobac-

ter and Nocardioides (Fig. 5¢).

Comparison of bacterial diversity isolated
at different temperatures

All the bacterial strains were isolated at temperatures of 4 °C
and 28 °C. While 176 isolates (belonging to five classes)
were obtained at 4 °C, 649 isolates (belonging to nine
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classes) were obtained at 28 °C. All the four phyla were
found at both 4 °C and 28 °C. However, the low temperature
had a better selectivity to Proteobacteria, while the higher
one was more selective to Firmicutes, Bacteroidetes and Act-
inobacteria (Supplementary Fig. S1a). At class level, Aci-
dimicrobiia, Cytophagia, Epsilonproteobacteria and Nitrili-
ruptoria were only isolated at 28 °C. In addition, 28 °C had
better selectivity to Actinobacteria_c, Bacilli and Flavobac-
teriia, while 4 °C had better selectivity to Alphaproteobacte-
ria and Gammaproteobacteria (Supplementary Fig. S1b). At
genus level, Ruegeria, Vibrio, Oceanobacillus, Muricauda,
Leeuwenhoekiella, Mesoflavibacter, Brachybacterium and
Microbacterium were only isolated at 28 °C, while Cobe-
tia, Winogradskyella and Croceicoccus were only isolated
at 4 °C. Moreover, 28 °C had better selectivity to Henric-
iella, Nocardioides, Bacillus and Aeromicrobium, while 4 °C
was more selective to Erythrobacter, Pseudoalteromonas,
Marinobacter, Sulfitobacter, Pseudomonas and Idiomarina
(Supplementary Fig. S1c).

Potential novel bacterial species from the Mariana
Trench

Fifty bacterial strains (7.0% of the total isolates) showed
16S rRNA gene similarities of less than 98.65% to the
type strains of their closest known bacterial species, and
represented 24 potential novel species, details of three of
these have recently been published (Liu et al. 2019a; Sun
et al. 2019; Zhou et al. 2018). These strains were isolated
from different depths, including the surface (nine strains),
1000 m (five strains), ~2000 m (three strains), ~4000 m

A
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strains), ~ 8000 m (one strain), ~9000 m (nine strains) and
9600 m (eight strains); no strains of potential novel species
were obtained from 200 m, 8289 m and 10,400 m (Sup-
plementary Table S3). The proportions of potential novel
bacteria were highest at 0 m (18.0%) and 9000 m (18.0%)
(Supplementary Table S3). Moreover, 33 (16 species) of the
50 potential novel strains were obtained from R2A medium,
while the remaining 17 strains (10 species) were obtained
from 2216E medium (Fig. 6). These potential novel strains
belonged to Flavobacteriia (23 strains), Alphaproteobac-
teria (14 strains), Gammaproteobacteria (seven strains),
Actinobacteria_c (four strains), Nitriliruptoria (one strain)
and Epsilonproteobacteria (one strain).

The abilities of bacterial isolates to degrade various
macromolecules

To investigate the degradation activity of bacterial iso-
lates from the Mariana Trench to various macromolecules,
at least one strain from each bacterial species at different
water depths were selected. In total, 354 isolates belonging
to 178 species were screened for their degradation activ-
ity against ten kinds of macromolecules (Supplementary
Table S4). More than 50% (194 out of 354 isolates) of the
isolates showed an ability to degrade Tween 40 (59.9%),
gelatin (57.9%) and Tween 20 (56.5%), 29%—35% of the
isolates were positive for hydrolysis of Tween 80 (34.2%),
starch (30.2%) and DNA (29.9%) but less than 10% of the
isolates were positive for hydrolysis of casein (8.2%), CM-
cellulose (7.1%), chitin (3.4%) and alginate (1.7%). Further-
more, no strains had a broad range of biodegradability to all
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Fig.7 Macromolecule degradation activities of bacterial isolates. a Number of bacterial isolates that could degrade different macromolecules. b
Macromolecule degradation activities of bacterial isolates at different water layers

(five strains), ~6000 m (four strains), ~7500 m (six
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Table 1 Proportion of bacterial strains that can degrade various macromolecules at different water depths

Chitin (%)

Tween 80 (%) Tween 40 (%) Tween 20 (%) Casein (%)

DNA (%) Starch (%)

Cellulose (%) Gelatin (%)

Alginate (%)

Water depths (no. of
bacterial strains)

222
5.26

2.

53.33
55.26

60
58.16

33.33
38.60
31.63

53.33 28.88 46.67

61.40
50.50

6.66
3.51
9.18

2.22

0.87

0-200 m (45)

7.02

61.40
59.18

27.20
23.98

26.31

1000-4000 m (113)

10.71

29.08

2.04

6000-10,400 m (196)

macromolecules and all were only able to degrade a small
number of compounds.

Among the isolates, Gammaproteobacteria and Alp-
haproteobacteria were positive for hydrolysis of all the
ten macromolecules, while Actinobacteria_c, Bacilli and
Flavobacteriia were negative for hydrolysis of alginate and
chitin. In addition, Cytophagia was positive for hydrolysis
of gelatin, DNA, starch and Tween 20 (Fig. 7a).

There were fewer isolates that could degrade alginate,
chitin and CM-cellulose compared with other macromol-
ecules. Only seven strains from seven genera, Cobetia,
Paracoccus, Pseudoalteromonas, Aestuariibacter, Marino-
vum, Pseudooceanicola and Salinicola, were positive for
hydrolysis of alginate, and these belonged to Alphaproteo-
bacteria and Gammaproteobacteria. Twelve strains belong-
ing to seven genera were positive for hydrolysis of chitin,
including eight strains from Gammaproteobacteria and four
strains from Alphaproteobacteria (Fig. 7a). Twenty-eight
strains belonging to 23 genera were positive for hydrolysis
of CM-cellulose, mostly from Gammaproteobacteria (13
strains) and Alphaproteobacteria (seven strains) and a few
from Actinobacteria_c (three strians), Flavobacteriia (three
strains) and Bacilli (two strains). In most cases, the propor-
tion of strains that could degrade the same macromolecule
was comparable at different depths (Table 1). However, it
was noticed that the proportion of strains with starch degra-
dation activity decreased with increasing water depth, while
the proportion of strains with casein degradation activity
exhibited an opposite trend (Fig. 7b).

Discussion

Although culture-independent methods (e.g., 16S rRNA
gene high-throughput sequencing and metagenomics) have
been extensively used to explore the diversity and potential
metabolic pathways of microorganisms in marine environ-
ments, cultivation of microorganisms is still required to fully
understand the physiology and biogeochemical functions
of these organisms. As a complement to previous molecu-
lar studies, a large number of bacterial cultures were iso-
lated from the seawater of the Mariana Trench in this study
and their ability to degrade various macromolecules was
investigated.

Highly diverse heterotrophic bacteria were
obtained from the Mariana Trench

In this study, 825 bacterial strains (belonging to 108 genera
and including 50 potential novel strains) were isolated from
different water depths of the Mariana Trench. This cultur-
able bacterial community was mainly composed of the phyla
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Proteobacteria, Actinobacteria, Firmicutes and Bacteroi-
detes, which was similar to previous culture-independent
studies by 16S rRNA genes high-throughput sequencing
and metagenomics in the Mariana Trench (Liu et al. 2019c;
Nunoura et al. 2015; Peoples et al. 2018; Tarn et al. 2016).
At class level, Alphaproteobacteria, Gammaproteobacte-
ria, Actinobacteria_c, Bacilli and Flavobacteriia, which
accounted for the majority of the culturable bacteria, were
also the dominant classes (Liu et al. 2019¢; Nunoura et al.
2015; Peoples et al. 2018; Tarn et al. 2016). In addition,
the distribution and abundance patterns were found to be
distinct from those in abyssal waters. For example, Gam-
maproteobacteria was abundant in hadal waters. This dif-
ference between hadal and abyssal waters was also noted
in previous studies with culture-independent data (Nunoura
et al. 2015; Peoples et al. 2018). The abundance of Gam-
maproteobacteria, and thus heterotrophic activity, at the bot-
tom of the trench was considered to be caused by organic
matter sinking downward and funneling into the trench
topography (Danovaro et al. 2003; Glud et al. 2013; Ichino
et al. 2015; Peoples et al. 2018; Wenzhofer et al. 2016). In
fact, Gammaproteobacteria is the most commonly reported
bacteria in many different oceanic areas worldwide, such
as the South Atlantic Ocean (Wang et al. 2017), East China
Sea and South China Sea (Lu et al. 2012), the Pacific nodule
province (Xu et al. 2005) and the Mid-Atlantic Ridge (Ner-
cessian et al. 2005).

Many abundant genera from the cultures, such as Alfero-
monas, Marinobacter, Pseudoalteromonas, Erythrobacter,
Henriciella, Bacillus, Nocardioides, Aeromicrobium, Halo-
monas, Vibrio, Oceanobacillus and Pseudomonas, were also
present in many of the culture-independent studies (Liu et al.
2019c; Peoples et al. 2018; Tarn et al. 2016). These results
indicate that the culturable bacteria studied herein reli-
ably reflect the total microbial communities of the Mariana
Trench. The culturing also recovered some rare genera from
the waters deeper than 6000 m, including Lysinibacillus,
Citreicella, Altererythrobacter, Croceicoccus, Luteimonas
and Winogradskyella. These genera have been previously
found in deep-sea environments (Fan et al. 2014; Lai et al.
2009, 2011; Xu et al. 2009) and some have been shown to
have the ability to degrade (e.g., Lysinibacillus can degrade
xylan, fomesafen and ethanethiol) (Lee et al. 2010; Liang
et al. 2009; Wan et al. 2010), indicating that they may have
evolved specific strategies to survive in deep-sea environ-
ments such as the Mariana Trench. Some of the abundant
groups in other culture-independent study, e.g., Epsilonpro-
teobacteria and Cytophagia (Liu et al. 2019c; Tarn et al.
2016), were rare in the cultivation study reported here, indi-
cating that the culture conditions still have many limitations.
Different culture media and culture conditions will be neces-
sary to obtain a more diverse bacterial community.

In summary, the heterotrophic bacterial diversity changed
significantly with water depth, which was probably caused
by changes in physicochemical properties such as pressure,
salinity, temperature, oxygen, light penetration and primary
productivity. In addition, other biotic and abiotic charac-
teristics such as dissolved organic carbon (DOC), particu-
late organic carbon (POC) and dimethylsulfoniopropionate
(DMSP) may also help explain changes in the community
structure (Phoma et al. 2018).

Fifty potential novel strains (belonging to 24 potential
novel species) were isolated from the Mariana Trench,
including Abyssibacter profundi gen. nov., sp. nov. (Zhou
et al. 2018), Alcanivorax profundi sp. nov. (Liu et al. 2019a)
and Glycocaulis profundi sp. nov. (Sun et al. 2019); descrip-
tions of these have recently been published. Nine other novel
species have also been identified from the Mariana Trench
(Hu et al. 2015; Kusube et al. 2017; Meng et al. 2019;
Pathom-aree et al. 20064, b, ¢, 2007; Takai et al. 1999; Wei
et al. 2018). This shows that the Mariana Trench contains
abundant novel microbial resources and further study is
bound to identify many more.

Additionally, the near bottom water of the Mariana
Trench had more abundant culturable bacteria than the upper
waters, according to our CFU count results, consistent with
previous culture study results using the dilution counting
method (Nunoura et al. 2015). Indeed, at the near bottom
water of the Trench, the abundance of total bacteria identi-
fied by the 16S rRNA gene qPCR method was also found
to increase (Liu et al. 2019¢; Nunoura et al. 2015), and the
near bottom water was supposed to be dominated by hetero-
trophic bacteria (Nunoura et al. 2015).

Different culture conditions are important
for obtaining a highly diverse heterotrophic
bacteria community

This study identified 108 genera of culturable heterotrophic
bacteria from the Mariana Trench, well exceeding the 33
genera obtained in a previously (Peoples et al. 2018). Six-
teen genera were shared by both studies, with Pseudoalte-
romonas, Halomonas and Vibrio being the dominant genera
in both studies. While 90 genera were only obtained in this
study, 17 genera were only found in the study by Peoples
et al. (2018). This difference in bacterial diversity may be
caused by the culture conditions used. Peoples et al. (2018)
cultured the bacteria on 2216E plates and in bulbs at 4 °C,
whereas this study used two media (2216E and R2A) and
cultured at two temperatures (4 °C and 28 °C). Therefore,
the more diverse media and temperatures allowed more bac-
terial genera to be isolated. In addition, the different sam-
pling methods may also have contributed to the difference in
the diversity of the bacterial cultures; while a CTD was used
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to collect all the samples in this study, Peoples et al. (2018)
used several different kinds of collection methods.

Regarding culture media, both 2216E and R2A are com-
monly used heterotrophic culture media. In this study, 423
bacterial isolates (belonging to seven classes and 85 gen-
era) were obtained using 2216E medium, while 402 isolates
(belonging to eight classes and 73 genera) were obtained
using R2A medium. Fifty genera (47.0%) were isolated from
both 2216E and R2A media. Results of this study showed
that 2216E medium had better selectivity to Firmicutes,
while R2A medium had better selectivity to Bacteroidetes.
In addition, R2A medium was able to isolate some less
common bacteria species. For example, one rare isolate of
Bacteroidetes, Euzebyella marina RN62, which possessed a
considerable capacity for carbohydrate metabolism, was iso-
lated from hadal water by R2A medium (Liu et al. 2019b).
Moreover, most (33 out of 50) of the potential novel strains
(belonging to 16 potential novel species) obtained in this
study were isolated by R2A medium. The reason for the dif-
ferences in bacterial selectivity might be because these two
media have different carbon sources and nutrient concen-
trations; R2A medium is a relatively oligotrophic medium
compared with 2216E medium and is more similar to natural
marine waters.

Previous studies by us have isolated some bacterial taxa
with selective media that were rare or absent in 2216E and
R2A media in this study (Liu et al. 2019c). For example,
strains of Alcanivorax venustensis and Alcanivorax diesel-
olei, which can efficiently degrade alkanes, were only
obtained from medium supplemented with alkane as a sole
carbon source; strains of Vibrio campbellii (unpublished
data) were only obtained from TCBS (thiosulfate citrate
bile salts sucrose) medium, which is a selective medium
for Vibrio. These results indicated that the combination of
general media (e.g., 2216E and R2A) and selective media
(e.g., TCBS and medium supplemented with alkane) can be
used to obtain a more diverse range of culturable bacteria.

Cultivated bacteria from the Mariana Trench can
degrade a diverse range of macromolecules

To understand the potential roles of heterotrophic bacteria in
organic carbon cycling, strains of a number of genera from
each depth were tested for their ability to degrade ten kinds
of macromolecules, including Tween 20, Tween 40, Tween
80, gelatin, starch, DNA, casein, CM-cellulose, chitin and
alginate. Tween 20, Tween 40 and Tween 80 were used as
substrate to examine the lipase activities, following previous
studies (Li et al. 2001; Plou et al. 1998; Tindall et al. 2007).
Tween 20 (lauric acid ester), Tween 40 (palmitic acid ester)
and Tween 80 (oleic acid ester) represent three different
esters, so they can reflect different kinds of lipase activity in
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bacteria. It was interesting to find that these bacterial strains
had a variety of extracellular enzyme activities. While many
macromolecules could be degraded by most bacterial strains,
some refractory macromolecules, such as alginate and chitin,
could be degraded by only a few strains, belonging to Gam-
maproteobacteria and Alphaproteobacteria. Some strains of
Actinobacteria_c, Bacilli and Flavobacteriia were positive
for hydrolysis of casein and cellulose. In addition, bacterial
strains isolated from the Mariana Trench found it easier to
use Tween 40 and Tween 20 than Tween 80 (Fig. 7).

Some of the representative strains have the potential to be
used as model microorganisms to study the organic carbon
cycling in the Mariana Trench. For example, one flavobacte-
rial strain isolated from hadal water in this study was found
to have a capacity for carbohydrate utilization and possessed
a potential ability for intracellular cycling of the glycogen/
starch pathway (Liu et al. 2019b). In addition, some of the
strains with high activity to degrade macromolecules have
potential value for industrial applications. For example, Alte-
romonas has been shown to produce extra- and intracellular
alginate lyases (Sawabe et al. 1997), and Bacillus can be
used as a probiotic in aquaculture (Ziaei-Nejad et al. 2006).
Additionally, five strains of V. campbellii and four strains of
Labrenzia aggregate isolated from different depths of the
Mariana Trench were investigated for their capacity to utilize
carbohydrate and adapt to the deep-sea environment (unpub-
lished data). Meanwhile, some strains from our study were
found to have DMSP synthesis and degradation capabilities
(unpublished data).

Conclusions

In summary, 825 heterotrophic bacterial strains (belonging
to 108 genera and including 50 potential novel strains) from
12 water depths (0-10,400 m) of the Mariana Trench were
isolated with 2216E and R2A media at 4 °C or 28 °C on four
cruises during 2015-2017. The diversity of these bacterial
strains was much higher than found in previous studies. To
obtain a more abundant culturable bacterial diversity, it was
essential to employ a variety of culture conditions, i.e., dif-
ferent culture media, temperatures, etc. Although culturable
bacteria account for only a small part of all bacteria, com-
pared with culture-independent studies, bacterial cultures
can be used for a variety of purposes. Many of the strains
obtained here are novel taxa. In addition, some bacterial
strains can be used as model organisms to study their bio-
geochemical functions or their deep-sea adaptation mecha-
nisms in deep waters such as the Mariana Trench. Moreover,
some of the strains may have potential values for industrial
application.
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Materials and methods
Sample collection

Seawater samples were collected from the Mariana Trench
(Supplementary Table S5) aboard the R/V Dong Fang Hong
2, on four cruise; December 2015, September 2016, March
2017 and October 2017. For the convenience of statistics,
samples from adjacent depths were divided into 12 depths,
namely 0, 200, 1000, 2000, 4000, 6000, 7500, 8000, 8289,
9000, 9600 and 10,400 m. The samples were collected using
a 12 L Niskin bottles (with either 8 or 24 bottles). 10 ml
subsamples were transferred into 15 ml sterile conical tubes,
and stored at 4 °C (within 1 h) prior to bacterial isolation.
The basic environmental parameters, such as temperature,
salinity and pH were measured by CTD (Supplementary
Table S2).

Bacterial isolation

The seawater samples were diluted to 10~ in a 1-to-10 dilu-
tion series. Aliquots (0.1 ml) of each dilution were spread
on duplicated marine agar 2216E (1 g yeast extract, 5 g
peptone, 0.01 g ferric phosphate, 20 g agar, 1,000 ml sea
water, pH 7.6) or marine R2A agar (0.5 g yeast extract, 0.5 g
peptone, 0.5 g casein, 0.5 g glucose, 0.5 g soluble starch,
0.5 g sodium pyruvate, 20 g agar, 750 ml sea water, 250 ml
distilled water) plates, respectively. The inoculated plates
were incubated at either 4 °C or 28 °C in onboard incubators.
The colony-forming units (CFU) were counted at 4 weeks
(at 4 °C) or 7 days (at 28 °C) when most morphologically
different colonies appeared on the plates. Individual colonies
were picked randomly, purified by streaking three times on
fresh media, and incubated at the same temperature. Bacte-
rial stocks were preserved at — 80 °C freezer in sterile 0.85%
(w/v) NaCl supplemented with 15% (v/v) glycerol after iden-
tification by 16S rRNA gene sequencing.

Genomic DNA extraction

For Gram-negative bacteria, the genomic DNA of the bacte-
rial isolates was extracted by the simplified “colony boiling
method” (Margassery et al. 2012), as the cell wall of Gram-
negative bacteria is susceptible to cell disruption. Briefly,
the bacterial isolate was subcultured on an 2216E/R2A agar
plate, and the bacterial colonies were picked into Eppendorf
tubes containing 200 pl 1 X TE buffer (1 mol/L Tris—HCI,
0.5 mol/L EDTA, pH 8.0). The Eppendorf tube was oscil-
lated on a micro-vortex mixer, heated on water bath of boil-
ing water (100 °C) for 10 min, and immediately ice bathed
for 30 min. Subsequently, the mixture was centrifuged at

14,000 g for 5 min, and the supernatant was used as the
DNA template.

For Gram-positive bacteria, genomic DNA was extracted
by the traditional “phenol/chloroform method”, according to
the previous published procedures (Moore et al. 1999, 2004),
as Gram-positive bacteria have much thicker cell walls con-
taining more peptidoglycans than Gram-negative bacteria
which are difficult to break.

16S rRNA gene PCR amplification and sequencing
analysis

The 27F (5'-AGAGTTTGATCCTGGCTCAG-3")/1492R
(5'-GGTTACCTTGTTACGACTT-3’) primer pairs (DeLong
1992) were used as bacterial universal primers for 16S
rRNA gene amplification. The 50 pl PCR reactions con-
tained 5 pl of TaKaRa PCR 10 X buffer, 5 pl of Super pure
dNTPs (2 mol/L), 0.25 pl of TaKaRa Taq (5U/ul), 0.5 pl of
the primer pairs (20 pmol/L) and 2.0 pl of genomic DNA.
The PCR program was set as follows: 95 °C for 5 min,
and 30 cycles of 95 °C for 60 s, 55 °C for 60 s and 72 °C
for 90 s, and a final extension of 72 °C for 10 min. The
PCR amplification products were purified, digested by the
restriction endonuclease Haelll and checked with agarose
gel electrophoresis. Two or three bacterial isolates from
each of the restriction endonuclease digestion profiles on
16S rRNA gene PCR products were selected and their 16S
rRNA genes were sequenced by Beijing Genomics Institute
(BGI, Shenzhen, China). The effective fragments (~ 650 bp)
of 16S rRNA gene sequence were blasted by EzBioCloud
server (https://www.ezbiocloud.net/) for comparison, and the
single-track similarity values between bacterial isolates and
their closely related type strains were calculated.

Screening for the abilities of bacterial strains
to degrade various macromolecules

In total, 354 (out of 825) bacterial strains isolated from the
waters of the Mariana Trench were chosen to perform mac-
romolecules hydrolysis tests. Generally, at least one bacte-
rial strain belonging to each species was selected from each
depth. A total of ten macromolecules, including Tween 20,
Tween 40, Tween 80, gelatin, starch, DNA, casein, CM-
cellulose, chitin and alginate, were tested. Hydrolysis of
casein, gelatin, starch, cellulose, and Tween 20, Tween 40
and Tween 80 were carried out according to the standard
methods of Tindall et al. (2007). Hydrolysis of DNA was
determined by DNase test agar (Qingdao Hope Bio-tech-
nology Co. Ltd, China) prepared with sterile seawater. HCI
(mol/L) solution was used to flood the plates to detect DNase
producers, and a clear transparent zone appearing around the
colony indicating positive result. Alginate hydrolysis activity
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was determined by the formation of depression zones around
colonies on alginase test agar [2 g (NH,),SO,, 3 g KH,PO,,
7 g K,HPO,-3H,0, 0.1 g MgSO,-7H,0, 0.05 g FeSO,-7H,0,
30 g NaCl, 5 g sodium alginate, 15 g agar, 1000 ml distilled
water, pH 7.5] (Zhang 2016). The activity could be further
confirmed by adding a few drops of 10% CaCl, around colo-
nies and a transparent or opalescent zone will appear for
positive strain. Chitinase activity was determined by the
method of previous used (Zhang 2016). Briefly, bacterial
strains were inoculated onto chitin agar [2216E agar supple-
mented with 10% (w/v) chitin colloid (Ocean University of
China)]. Typically, the plates were required to be incubated
for ~2 weeks to observe the results, as chitin is a refrac-
tory macromolecule. The appearance of a transparent zone
around a colony indicated that the strain was positive for
chitinolytic activity.

Nucleotide sequence accession numbers

The 16S rRNA gene sequences of 706 cultivated bacte-
rial strains have been deposited in the GenBank database
under the accession numbers MN491931-MN492266,
MN492268-MN492635, MK660097 and MN515145.
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