Author version: Antonie van Leeuwenhoek, vol.98(1); 9-18

16SrRNA and enzymatic diversity of culturable bacteria from
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Abstract

Sediment underlying the oxygen minimum zone of the eastern Arabian Sea is rich in organic
matter. Bacteria in this sediment-water interface are of great ecological importance as they are
responsible in decomposing, mineralizing and subsequent recycling of organic matter. This study
has for the first time addressed the phylogenetic and functional description of culturable bacteria
of this region. Genotypic characterization of the isolates using amplified rDNA restriction analysis
(ARDRA) followed by 16SrRNA sequencing grouped them into various phylogenetic groups like
Firmicutes, Gammaproteobacteria, Low G+C Gram positive bacteria, Actinobacteria and
unaffiliated bacteria. Among the enzyme activities, phosphatase was predominant (52%) and
was associated with all the phylotypes followed by amylase (37%) and gelatinase (33%). These
hydrolytic enzymes exhibited wide range of temperature and pH. Firmicutes expressed most of
the hydrolytic activities and thus signify its role in degradation of organic matter. Multiple enzyme
expression (>3) was exhibited by Actinobacteria (100%), followed by unaffiliated group (62.5%)
and Firmicutes (61.5%). Besides hydrolytic enzymes, the phylotypes also elaborated functional
enzymes such as nitrate reductase and catalase (58 and 81% of the isolates, respectively). In
the oxygen minimum zone, the diversity was high with 28 phylotypes. Culturable bacterial
assemblages encountered were Bacillus sp, Halobacillus sp, Virgibacillus sp, Paenibacillus sp,
Marinilactibacillus sp, Kytococcus sp, Micrococcus sp, Halomonas sp and Alteromonas sp. The
high diversity and high percentage of extracellular hydrolytic enzyme activities of the culturable
bacteria reflect their important ecological role in biogeochemical cycling of organic matter in the

oXygen minimum zone.
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Introduction

Oxygen Minimum Zones (OMZ) are unique ecosystems in the most productive coastal areas
and open oceans. The high oxygen demand along with flux of labile organic matter and limited
intermediate water ventilation lead to an intense, basin wide mid depth layer of oxygen depleted
waters (<0.5 ml.I"* dissolved oxygen concentration), which impinges on the continental slope,
extending from water depths of 150 to 1500 m (Wyrtki 1962; Kamykowski and Zentera 1990;
Helly and Levin 2004; Cowie 2005). Naqvi et al. (2006) have shown an increase in OMZ as
oceans are losing dissolved oxygen at high rates in intermediate water depths. Arabian Sea
(AS) which covers 59% of oxygen minimum area of the world oceans (Helly and Levin 2004) is
known for high primary productivity and vertical decrease in the dissolved oxygen concentrations
in the water column from 0.5 ml I'* to non-detectable levels. Sediment underlying the OMZ is rich
in organic matter and a primary site of sedimentary organic carbon burial with high sedimentation
rates (Hedges and Keil, 1995). The organic matter in the sediments below the OMZs is
contributed by the detritus exported from the overlying water column along with considerable
fluvial and aeolian inputs (Cowie, 2005). By virtue, organic particles get modified by
bacterioplankton during sinking to deeper depths so these settled organic matters do not contain
any of its original components. The aerobic heterotrophic bacteria are capable of producing
certain hydrolytic enzymes depending on the supply and nature of organic matter (Kristensen et
al. 1995). Being a zone of high organic matter, we hypothesize that the continental margin
sediments underlying the OMZ harbour numerous bacteria with hydrolytic enzymes responsible
for transformation of old, refractory and structurally complex organic matter that settles on the
ocean floor. Very little effort has been made to understand this microbial community and its
function. In this study we have made an attempt to understand the diversity and extracellular
hydrolytic enzyme activities of the aerobic culturable heterotrophic bacteria inhabiting the OMZ
sediment of the eastern Arabian Sea (200, 500 and 1000 m contours) along the western
continental margin of India. Though 16SrRNA based techniques are widely used and provide
taxonomic classification in a culture—independent approach (Woese et al. 1985; Pace et al.,
1986; Amann et al., 1995) they do not elaborate their metabolic activities in biogeochemical
cycles. In this study we have made an attempt to understand the diversity using 16SrRNA and
extracellular hydrolytic enzyme activities of the aerobic culturable heterotrophic bacteria
inhabiting the OMZ sediment of the eastern Arabian Sea (200, 500 and 1000 m contours) along

the western continental margin of India.



Materials and methods
Collection of sediment samples

Sampling was carried out during an inter-disciplinary cruise of FORV Sagar Sampada
(#253). The sampling stations were in the western continental margin of India (Fig. 1). Samples
were collected along a transect off Goa at 200, 500 and 1000 m depth contours using a box
corer. The collected sediment samples were sub-sampled using sterile syringes and stored at 4-

5°C until analysis.
Isolation of bacteria

Bacteria were isolated after serial dilution of sediment samples and plating on standard
nutrient medium (Hi Media, India) prepared in aged sea water. The composition of the medium
was peptic digest and sodium chloride -5g each; beef and yeast extract -1.5g each and 15g of
agar per litre of seawater. The plates were monitored at 24-hour interval for a period of 1 week in
order to isolate even the slow growing bacteria. Morphologically different isolates (150) from the

3 depth zones were isolated and purified for genotypic and enzymatic studies.
Genotypic characterization of isolates

Genomic DNA was extracted and purified from bacterial cultures grown in nutrient broth (Hi
Media, India) using standard protocol (Ausbel et al. 2003). 16SrRNA genes were amplified using
the primers 8F (5-AGAGTTTGATCATGGCTCAG-3) and 1492R (5'-
CGGTTACCTTGTTACGACTT-3) (Lane et al. 1991), using thermal cycler (Eppendorf,
Germany). Amplified Ribosomal DNA Restriction Analysis (ARDRA) was performed to group the
isolates into different phylotypes. 16SrRNA gene was digested using the four base-cutting
restriction enzyme Hae Il (1U) at 37°C for one hour. The restricted products were
electrophoresed in 1.2% agarose gel and viewed on Gel Imaging System (Kodak Gel Logic). The
patterns in the gels were compared using Bionumerics Software Version 4.6 (Applied Maths,
Belgium). Representative phylotypes were sequenced and compared with sequences in NCBI
database using BLAST software (www.ncbi.nih.nlm.gov). The sequences were submitted in the
GenBank (GenBank accession numbers: GQ900674-GQ900701).

Screening of Enzymes

Enzymatic activities were determined by agar diffusion method as per the protocols given in
manual of general bacteriology (Gerhardt et al. 1981). Enzyme activities were tested in nutrient
agar medium of pH 7.5 in sea water amended with respective substrates [amylase - 0.2%

soluble starch; gelatinase - 0.4% gelatin; nitrate reductase -0.1% potassium nitrate; citrate



synthase -0.2% sodium citrate]. The cultures that showed growth or clearing zones when tested
with respective reagents were considered as positive cultures. DNase activity was determined by
the growth of blue colonies on DNase test medium while phosphatase activity was determined
by the development of pink colouration on phenolphthalein agar when subjected to ammonia
fumes. Urease activity was detected by pink colouration of urease agar medium. Deposition of
the calcium chloride-lipid complex in degradative zones detected in medium amended with 1%
Tween 80 and Tween 20 showed esterase and lipase activity, respectively. Cytochrome oxidase
and catalase activities were determined with N; N; N; N-tetramethyl-p-phenyl-
diaminedihydrochloride and hydrogen peroxide solutions, respectively. Utilization of amino acids
by the isolates was assessed by their ability to grow in 1% of ornithine, arginine, lysine and
tryptophan. The isolates were also tested for enzyme activity at pH 6 and 7 and temperature 4,
20 and 28°C. Data from the 3 stations were pooled for a homogenous representation of the
OMZ region.

Results and Discussion
Phylotypes distribution

The sediment-water interface is a zone of high microbial abundance and processes/fluxes
occurring are of great biogeochemical importance especially in the continental margin in the AS
(Walsh, 1991) creating unique sedimentary environment. Though earlier study in Pacific Ocean
has reported low species richness (Levin 2003), cultivation-independent studies of the sediments
in OMZs of Pacific and Atlantic oceans have shown enormous bacterial diversity (Schippers and
Neretin 2006; Liu et al. 2003 a, b). Further, this technique has facilitated the detection of
uncultured bacteria which at times constitute 99% of the total bacteria (Olsen 1986; Schloss and
Handelsman 2004). Notwithstanding the prospective of cultivation-independent techniques to
provide taxonomic identification; in this study we have adopted pure culture technique to link
bacterial species with their functions. In the present study, ARDRA of the culturable bacterial
isolates categorized them into various phylotypes which were then sequenced for identification.
ARDRA analysis showed 28 phylotypes, affiliated to Firmicutes, Proteobacteria, Low G+C Gram
positive bacteria and Actinobacteria (Table 1). Being the first report from OMZ, the results are
being discussed with those obtained using different methods of direct analysis of 16SrDNA of
culturable bacteria of sediments from other ecosystems such as Shimokita peninsula, Southern
Okinawa trough and mangroves (Kobayashi et al. 2008; Dang et al. 2009, Dias et al. 2009).
Unlike the deep sea sediments of Pacific Ocean where the dominant groups were
Gammaproteobacteria and Alphaproteobacteria (Kato et al. 1996; DelLong et al. 1997; Wang et
al. 2004), the OMZ sediment in the AS was dominated by Firmicutes. Interestingly, most of the

sequences had high similarity (>98%) with earlier reported culturable bacterial strains of the



deep sea sediment (Dang et al. 2009). However, few sequences showed lesser similarity and
these were categorized as unaffiliated bacteria and the possibility of new species endemic to this
region cannot be ruled out. The genera obtained from the OMZ sediments were Bacillus sp,
Halobacillus sp, Virgibacillus sp, Paenibacillus sp, Marinilactibacillus sp, Kytococcus sp,
Micrococcus sp, Halomonas sp and Alteromonas sp (Table 1). Bacillus was the dominant genus
in the OMZ sediment unlike in Okinawa Trough and southwestern Okhotsk Sea where
Halomonas was the major group (Dang et al. 2009; Inagaki et al. 2003). In addition, Low G+C
Gram positives and unidentified groups were also obtained. High bacterial diversity was reported
for OMZ waters of the AS by culture independent method (Fuchs et al. 2005). However in the
sediment, most of cultivable bacteria were restricted to Firmicutes and a few representatives of
other phyla, in spite of the fact that the sediment was rich in organic matter. This may be due to
the competition for the variable and limited labile substrates that reach the bottom of the sea
from the overlying euphotic zone especially in the slope of the AS. The sediment carbohydrate
content gives the best idea of concentration of readily assimilable organic matter which ranged
from 1.33-17.99 mg g™ of dried sediment with higher concentration in the middle region of the
shelf and the least at the base of the slope of the AS (Bhosle et al 1978). Occurrences of a few
dominant species have been reported form different areas, in spite of different methodologies
used for typing the isolates (Giuliano et al. 1999; Uphoff et al. 2001). The occurrence of a few
dominant phylotypes may be habitat adaptations enabling them to survive in the OMZ

environment.
Extracellular enzymatic activity and its ecological Implications

Studies have revealed that the oxic and anoxic bacteria are able to degrade organic matter
at similar rates (Kristensen et al. 1995; Hall et al. 1998). However, aerobic heterotrophic bacteria
are capable of producing certain hydrolytic end products of their metabolism that are effective in
initiating degradative pathways of old, refractory and structurally complex organic matter (Mayer
et al.1994; Hedges and Keil 1995; Kristensen et al. 1995; Hall et al. 1998) compared to
anaerobic bacteria and thus play an important role in nutrient cycling. The present study covers
the continental slope of the eastern AS which is an excellent site of deposition and preservation
of organic carbon (>4%) (Paropkari et al. 1993). The unsuitability of the sedimentary organic
matter for direct assimilation by the bacteria leads to the production of several extracellular

enzymes that makes it more assimilatory (Hoppe et al 1991; Meyer-Reil et al. 1991).

Among the studied enzymes, 52% of the OMZ isolates expressed phosphatase (Fig 2a).
Phosphatase is known to be prevalent in marine bacteria (Hoppe, 2003) and these bacteria have
been reported in sediments of east coast of India (Ayyakkannu and Chandramohan, 1971). An

increased level of phosphate concentration in the pore waters of suboxic continental margins is



due various factors such as microbial degradation of organic matter (Froelich et al., 1988;
Ruttenburg and Berner 1993), desorption from iron oxides (Sundby et al., 1992; Slombe et al.,
1998) and dissolution of fish debris (Suess, 1981). It has been reported that benthic
phosphorous regeneration and consequent dissolution of phosphate in the sediment-water
interface are observed under oxygen-depleted conditions (Ingall and Jahnke 1994). The
occurrence of DNase among the OMZ isolates provides a source of phosphorous by degrading
the extracelluar DNA in the sediment. Dell’Anno and Corinaldesi (2004) have demonstrated that
the extracellular DNA concentration as well as the degradation of DNA in sediments was higher
than that in water. Also they have suggested that preservation of DNA in deeper sediment layers
may be favoured in the benthic systems with higher sedimentation rates. It is not only a source of
phosphorous but also a suitable carbon and nitrogen source for prokaryotic metabolism
(Jorgensen et al, 1993, Dell’Anno and Danovaro 2003). Therefore phosphatase and Dnase are
the two enzymes that play an important role not only in phosphorous cycling but also in the

carbon and nitrogen cycling of OMZ sediments.

Carbohydrates and proteins generally form about <90% of the biopolymeric carbon in
marine sediments (Poremba, 1995; Azam 1998). In the Chilean margin, it has been reported that
most of the photosynthetically produced particulate protein in the photic zone gets degraded in
the upper water column up to 300m and only 2% reaches the sediment-water interface (Pantoja
et al., 2004). Studies by Bhosle et al., (1989) in shallower sediments of Arabian Sea in the
western continental margin, have demonstrated that the total carbohydrate in the sediments was
high depending on the season. Furthermore, Alagarsamy (2003) has reported that the
contribution of hydrolysable carbohydrates and aminoacids to the total organic carbon in Oman
margin sediments is only 10% and the remaining being recalcitrant in nature. Proteolytic and
starch hydrolyzing microflora are well documented in non -OMZ sediments of India (Nair et al.
2000, Raghukumar et al. 2006). In the OMZ sediments amylase and gelatinase were expressed
by 37 and 33% of the isolates, respectively reflecting the presence of these biopolymers. These
biopolymeric compounds are degraded by the benthic bacteria extracellularly and their
oligomeric products become available as substrates for the microbial uptake. Studies have
shown that marine heterotrophic bacteria are capable of synthesizing extracellular proteases
which breakdown proteins into smaller units that can act as immediate precursors for protein
synthesis and other microbial cell metabolism (Pantoja and Lee, 1994; Mudryk and Podgorska,
2006). Studies have also shown that the lipolytic bacteria are of great significance as they aid in
the processes of modification and transformation of lipid compounds (Wakeham, 1995). In situ
lipase activity experiments conducted by Boetius and Lotche (2000) in the North East Atlantic
demonstrated that the lipids which are the nutritional compounds of the deep sea

microorganisms, get rapidly consumed during sedimentation in the water column. However, in



the AS, bacterial and terrestrial fatty acids are enriched in the sediments within the oxygen
minimum zone (Schulte et al.,, 2000). Thus the production of lipase enzyme by the bacterial
isolates reflects the high lipase activity in the sediments (Middelboe et al, 1995). The aerobic
isolates also expressed hydrolytic enzymes at wide range of pH and temperature (Table 2).
Maximum amylase activity was at 28°C both at neutral (44%) and acidic (30%) conditions.
Interestingly, about 21 and 48% of the isolates were able to produce amylase enzyme at wide
range of temperature and pH, respectively. However, the highest DNase activity was observed
with 52% positive isolates at 20°C in neutral conditions, while high acidic DNase activity was
recorded at 4°C and 28°C (12% each), respectively. Other enzymes such as arginine
decarboxylase, lysine decarboxylase, ornithine decarboxylase, tryptophanase (lyases) and the
oxidoreductases such as catalase, oxidase and nitrate reductase were also produced by most of
the OMZ isolates (Fig 2b). About 32, 33 and 32% of OMZ isolates expressed arginine, lysine and
ornithine decarboxylases, respectively and 58% of the isolates were able to reduce nitrate.
Nitrate is an abundant electron acceptor in the Arabian Sea (Neretin 2006). It has also been
demonstrated that denitrification is the major mode of respiration in the sub-oxic zones of the
Arabian Sea (Codispoti et al. 2001; Naqvi 1994). Inagaki et al. (2003) and Biddle et al. (2005)
found that aerobic bacteria from the deep sea sediments of Peru margin and Okhotsk Sea
formed a major part of heterotrophs and can be facultative in nature. Oxidase enzymes are
generally present in bacteria which possess an aerobic type of metabolism for the regeneration
of NAD in the respiratory system (Nishiyama et al. 1997). Oxidase was present in more than
50% of the OMZ isolates. Later studies on these enzymes revealed the presence of NADH
oxidases belonging to peroxiredoxin oxidoreductases that are not only involved in the
regeneration of NAD, but also in scavenging of peroxides (Poole et al. 2000). Thus, the
anaerobic or facultative anaerobic bacteria without respiratory systems or peroxide scavenging
systems are able to survive in the aerobic conditions with the help of these enzymes (Niimura et
al. 1990). About 81% of the OMZ isolates were able to express catalase enzyme. Rocha and
Smith (1995) have demonstrated that this enzyme helps in the detoxification of oxygen
byproducts even in anaerobic conditions. Such diverse and abundant hydrolytic enzyme
producers have been reported from organic and methane rich deep sub seafloor of off Shimokita
Peninsula (Kobayashi et al. 2008). These enzyme activities signify the role of culturable bacteria
in the degradation and minerialization of organic matter and the production and activity depend
primarily on the availability, distribution, type and concentration of the organic substrates
(Boetius, 1995). These complex organic matters may be relatively fresh or partially degraded

organic carbon (Paropkari et al. 1992).

Among the various groups, Firmicutes was the major enzyme producing group expressing

all the enzymes tested and was found to be metabolically versatile (Fig.3). Though



Actinomycetales are known to be a producer of numerous important enzymes (Nakai 1987), in
the present study they were restricted to the production of only six out of the eight hydrolytic
enzymes tested. Interestingly, 61.5% of Firmicutes exhibited multiple enzyme expression (>3)
(Fig 4). The unidentified group also formed a major producer of all the enzymes tested and
exhibited multiple expressions (62.5%) with only marginal difference with the Firmicutes. Though
Actinomycetales produced only six out of the eight hydrolytic enzymes tested, highest multiple
expressions of enzymes were shown by this group with all the representatives expressing 3 or
more enzymes. Proteobacteria showed the highest phosphatase activity (100%) followed by
unaffiliated bacteria (81%). Phosphatase enzyme production has been reported in heterotrophic
bacteria falling in Proteobacteria and Firmicutes (Chrost and Overbeck, 1987). The phylogenetic
group with the highest DNase activity was shown by Low G+C Gram positive group (42.8%).
Amylase activity was observed in all phylogenetic groups with the highest in the Actinobacteria
(100%) followed by Low G + C gram positives (57%). A similar trend was observed in gelatinase
activity. Though esterase activity was observed in four phylogenetic groups lipase activity were
restricted to only 3 phylogenetic groups. Interestingly, Actinobacteria formed the dominant group

showing esterase and lipase activity.

The significance of metabolically active aerobic culturable bacteria in cycling of organic
matter has been reiterated in our present study. The OMZ sediments of the AS harbour diverse
bacteria which have enormous catabolic efficiencies. The supply of organic material to the OMZ
sediment is a key factor in stimulating the production of extracellular hydrolytic enzymes. These
hydrolytic enzymes are responsible for organic matter mineralization and thereby play important

role in situ biogeochemical processes.
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Table 1: Nearest neighbours of the phylotype representatives in the GenBank.

Phylotype Accession Similarity

representative Phylogenetic group numbers Nearest neighbour (%)

G12-15A Firmicutes GQ 900675 Halobacillus (FJ237396) 97
Bacillus licheniformis

G12-10A Firmicutes GQ 900678 (FN298317) 99

G12-11B Firmicutes GQ 900681 Bacillus sp.(DQ078995) 96
Halobacillus mangrovi strain

G12-8A Firmicutes GQ 900685 (DQ888316) 99

G9-1A Firmicutes GQ 900686 Halobacillus sp (AB305183) 99

G9-2 Firmicutes GQ 900687 Bacillus sp (FJ977613) 89

G9-6 Firmicutes GQ 900688 Bacillus sp. (DQ868675) 99

G9-15A Firmicutes GQ 900689 Virgibacillus sp (FJ477404) 97

G9-18B Firmicutes GQ 900690 Halobacillus sp (AB305183) 99

G9-12 Firmicutes GQ 900693 Paenibacillus sp.(DQ854976) 99
Uncultured Firmicutes

G6-4 Firmicutes GQ 900694 (EU753617) 98

G6-13A Firmicutes GQ 900696 Halobacillus sp. (AB198765) 96
Marinilactibacillus sp

G6-10 Firmicutes GQ 900698 (DQ344859) 9%
Kytococcus sedentarius

G12-23A Actinobacteria GQ 900676 (AY881239) 98

G12-22B Actinobacteria GQ 900677 Micrococcus sp.(EF491952) 97
Low G + C Gram Low G+C gram positive organism

G12-14A positives GQ 900683 (AB002642) 92
Low G + C Gram Low G+C gram positive organism

G12-12A positives GQ 900684 (AB002643) 94
Low G + C Gram Low G+C Gram-positive

G6-15 positives GQ 900695 bacterium (AF348730) 99

G6-16 Proteobacteria GQ 900700 Halomonas sp (EU781513) 98
Alteromonas hispanica

G6-9 Proteobacteria GQ 900701 (EU529840) 99

G12-11A Unidentified bacteria GQ 900674 Glacial ice bacterium (AF479338) 99
Uncultured bacterium

G12-21B Unidentified bacteria GQ 900679 (FJ479457) 99
Uncultured compost bacterium

G12-21A Unidentified bacteria GQ, 900680 clone (DQ346631) 99
marine  sediment  bacterium

G12-1A Unidentified bacteria GQ 900682 (AY936960) 95
Uncultured compost bacterium

G9-15B Unidentified bacteria GQ 900691 (DQ346631) 97
Marine  sediment  bacterium

G9-5 Unidentified bacteria GQ 900692 (AY911022) 94
Uncultured bacterium

G6-8 Unidentified bacteria GQ 900697 (AM183073) 93
Uncultured compost bacterium

G6-14 Unidentified bacteria GQ 900699 (DQ346631) 97




Table 2: Percentage of bacteria producing enzyme at different temperature and pH

Temperature pH

Enzymes (4,10, 28°C) (6,7,8)
Amylase 21 48
Lipase 3 24
Gelatinase 3 15
DNase 9 21




Legends to Figures

Figure 1: Location of sampling stations

Figure 2 a: Percentage of bacteria producing hydrolytic enzymes in OMZ
Figure 2 b: Percentage of bacteria producing other enzymes in OMZ

Figure 3: Multiple hydrolytic enzymes (> 3) by phylogenetic groups

Figure 4: Extracellular hydrolytic enzyme production by different

phylogenetic groups

Figure 5: Percentage of the phylogenetic groups exhibiting other enzymes



1 [ &

16°

15°

14°

71° 72° 73° 74° 75°
: J - 1 II 1 1 170
2000 5
| 1000
200
| N - 16°
Arabian _
- Sea '_ “ __ s
31
_ _150
!.I T T T - T 14o
71° 72° 73° 74° 75°

Figure. 1



Fig 2a
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Fig 2b
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Fig 4
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Fig 5
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