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Abstract

The mangrove ecosystem is an unexplored source for biotechnological applications. In this unique
environment, endemic bacteria have the ability to thrive in the harsh environmental conditions (salin-
ity and anaerobiosis), and act in the degradation of organic matter, promoting nutrient cycles. Thus,
this study aimed to assess the cellulolytic activities of bacterial groups present in the sediment from a
mangrove located in Ilha do Cardoso (SP, Brazil). To optimize the isolation of cellulolytic bacteria,
enrichments in two types of culture media (tryptone broth and minimum salt medium), both supple-
mented with 5% NaCl and 1% of cellulose, were performed. Tests conducted with the obtained colo-
nies showed a higher occurrence of endoglycolytic activity (33 isolates) than exoglycolytic (19
isolates), and the degradation activity was shown to be modulated by the presence of NaCl. The iso-
lated bacteria were clustered by BOX-PCR and further classified on the basis of partial 16S rRNA
sequences as Alphaproteobacteria, Gammaproteobacteria, Actinobacteria, Firmicutes or Bacte-
roidetes. Therefore, this study highlights the importance of studies focusing on the endemic species
found in mangroves to exploit them as novel biotechnological tools for the degradation of cellulose.
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Introduction

Mangrove ecosystems are geographically widely dis-
tributed, covering approximately 60 to 75% of the shoreline
in tropical and sub-tropical rainforests. These unique eco-
systems are most abundant in Brazil, Indonesia and Austra-
lia, and in Latin America, mangroves cover approximately
400,000 hectares (Hoguin et al., 2001). On the southeastern
Brazilian shore, the state of Sdo Paulo has an area of 125
km? covered by mangroves, which are distributed from
Ubatuba (north coast) to the city of Cananéia (south coast)
(Said and Pietro, 2004).

These ecosystems reveal significant biological diver-
sity of fish, crustaceans, mollusks, birds, reptiles and mam-
mals (Lankau and Strauss, 2007). This diversity requires a

high availability of nutrients at the beginning of the food
web (Dias et al., 2009), what is provided by microbes that
are adapted to the variability of salinity and the low avail-
ability of oxygen within the mangrove sediment (Lane et
al., 1985; Taketani ef al., 2010). Such microorganisms con-
stitute the major route for nutrient cycling by aiding in the
decomposition of organic matter and performing mineral
transformations (Flores-Mireles et al., 2007). Thus, one
can conclude that the microbial communities form the nu-
tritional basis of this ecosystem (Hoguin ef al., 2001).

In addition to the processes of photosynthesis per-
formed by mangrove plants, another source of carbon in
this environment is the degradation of organic matter,
mainly achieved by the senescence of plants and the re-
leases of plant roots. Cellulolytic microorganisms can per-

Send correspondence to F.D. Andreote. Laboratory of Soil Microbiology, Department of Soil Science, “Luiz de Queiroz” College of Agriculture, Univer-

sity of Sao Paulo, Piracicaba, SP, Brazil. E-mail: fdandreo@gmail.com.



970

form the degradation of cellulose-based compounds, result-
ing in the generation of simple-sugar derivatives in these
sediments (Hanson and Hanson, 1996; Tengerdy and Sza-
kacs, 2003). From a biotechnological perspective, the
unique environmental conditions present in mangroves may
serve as a selective pressure for the generation of unique
cellulolytic organisms that are able to degrade cellulose in
harsh environments (Wilson, 2009). The literature alludes
to the usefulness of mangrove species, like bacteria, to pro-
duce esterase, lipases and other enzymes (Dias et al., 2009).
The cellulases are the second largest group of carbo-
hydrases that have been commercially exploited (Angelo,
2004), mainly due to the high specificity and efficiency of
degradation. The conversion of cellulose into simple forms
of carbon may be useful for the production of bioenergy
(Bisaria and Ghose, 1981; Schallmey ef al., 2004). In gen-
eral, the degradation of cellulose occurs by the induction of
three types of enzymes: endo-1,4--D-glucanase (endocel-
lulase), exo-1,4-B-D-glucanase (exocellulase) and B-gluco-
sidase (cellubiose hydrolase) (Eveleigh, 1981; Hamada et
al., 1999). Enzymes called endoglucanases or endocel-
lulases represent a group of cellulases active in the cleavage
of random regions within cellulose, producing oligosaccha-
rides with variable sizes. The exocellulases or exoglu-
canases are also known as cellodextrinases and act on the
terminals of oligosaccharide chains generated by endo-
cellulases, releasing glucose or cellobiose. Thus, cellulases
are capable of breaking the glycosidic bonds of cellulose
microfibrils, resulting in the release of oligosaccharides
and improving the digestibility of cellulose (Dillon, 2004).
Thus, the discovery of bacteria that produce enzymes
with cellulolytic activity in environments with unique fea-
tures, such as mangroves, is of great interest to broaden the
genetic base on which biotechnological processes can be
explored (Akhtar et al., 2008; Thauer and Shima, 2006).
The present work aimed to screen the cellulolytic activity
of endo- and exoglucanases in bacteria isolated from man-
grove sediment by the enrichment of samples collected in a
preserved area at the [lha do Cardoso (Cananéia, Brazil).

Materials and Methods

Sample analysis

The samples used in this study were derived from
sediments collected in a mangrove located at the Ilha do
Cardoso in the city of Cananéia (SP, Brazil). The samples
were collected from the superficial sediment (0-10 cm),
aseptically stored in sterilized plastic bags and transported
to the laboratory at 4 °C. A total of five sub-samples were
collected in the environment. These samples were later ho-
mogenized, resulting in one composite sample.

Enrichment methodology

Enrichments were performed in triplicate using
aliquots of five grams of sediment. Flasks containing
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50 mL of two types of culture media were used for sediment
enrichment: Trypic Soy Broth (TSB) at 5% of the recom-
mended concentration (1.5 g.L'") and MM (6.0 gL'
NaNOs, 1.5 g.L' KH,PO,, 0.5 g.L"' KC1, 0.5 g.L™' MgSO,,
0.01 g.L"' FeSO, and 0.01 g.L"' ZnSO,). These flasks were
also supplemented with NaCl (5%) and cellulose (1%)
(Cellulose Powder, Sigma) or glucose (1% in control tubes)
as the carbon sources. In total, 12 flasks were used for en-
richments (2 medium x 2 treatments x 3 replicates), which
were incubated at 28°C with shaking at 150 rpm. The sam-
ples were then transferred to new culture medium (10%
v/v) at periods of 3, 6, 12 and 24 days after the initiation of
the enrichment and incubated at the same conditions. This
methodology is based on the enrichment of bacterial popu-
lations that are able to utilize cellulose as a carbon source.

Isolation of bacteria from the enrichments

During the transfer of enrichments at days 12 and 24
after setup, aliquots were used for bacterial isolation. Serial
dilutions (107" to 10) from the aliquots were used to inocu-
late Petri dishes containing the same media used in the en-
richment but supplemented with 1.5% (w/v) of agar. The
plates were incubated at the same temperature at which the
enrichments were performed. After 7 days of incubation,
the development of bacterial colonies was recorded. Addi-
tionally, colonies from each treatment were randomly se-
lected, comprising a total of 132 isolates. The number of 33
isolates from each enrichment was selected to allow the
BOX-PCR analysis in one gel lane, and also to represent
roughly half of the colonies obtained from each enrichment
plating. These isolates were grown in liquid media and pre-
served in a 20% glycerol solution at -80 °C.

Evaluation of cellulolytic activities of isolates

Determination of the capacity of the isolates in de-
grading cellulose was indirectly inferred by the use of two
marker molecules: the degradation of carboxymethyl cellu-
lose (CMC), indicating the endoglycolytic activity, and the
degradation of Avicel, providing evidence regarding the
exoglycolytic activity. To determine the production of
endoglucanases, the isolates were grown on medium con-
taining CMC (0.5 g.L"' NaNO3, 1.0 g.L"' K,HPO,, 0.5 g.L"!
MgS0,.7H,0, 0.01 g.L'l FeSO,, 1.0 g.L'1 yeast extract,
10.0 gL' CMC, and 15.0 gL agar), and incubated at
28 °C for 72 h. After bacterial growth was detected, 5 mL of
1% iodine solution was added to each plate, and the pres-
ence of a stainless halo around the colony indicated produc-
tion of the enzyme (Kasana et al., 2008). A semi-quan-
titative approach was taken using the values obtained by the
ratio of the halo size (enzyme activity) and diameter of the
bacterial colony, resulting in what is named here as the en-
zymatic index (Lima et al., 2005).

Similarly, the exoglycolytic activity was estimated by
the cultivation of isolates in plates containing MM medium
supplemented with microcrystalline cellulose-avicel
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(6.0 gL' NaNOs;, 1.5 gL' KH,PO,, 0.5 gL' KCI,
0.5 g.L"' MgS0,.7H,0, traces of FeSO,, ZnSOy, 5.0 g.L”!
Avicel and 15.0 g.L™" agar). In this case, the observation of
halos was not possible, and the presence of the exoglu-
canases was shown by the development of bacterial colo-
nies. To rule out the possibility that the bacteria were
growing by using a residual carbon source from the previ-
ous culture media, isolates were subjected to three replica-
tions to guarantee the use of avicel as a carbon source.

Additionally, a test was performed to evaluate the re-
sponse of the isolates to salinity shifting. The test was based
on the endoglycolytic activity (CMC) using the same tech-
nique described above except that media lacking or con-
taining 5% NaCl (w/v) was also compared. The induction
or repression of endoglycolytic activity was considered to
have occurred when the enzymatic index was doubled or
diminished by half of that observed in the medium free of
NaCl, respectively.

Identification of isolates

Identification of the isolates was based on partial se-
quencing of the 16S rDNA gene. DNA was extracted by the
commonly used bead beating methodology and purified
with phenol:chloroform. Briefly, cells were suspended in
500 puL of TE buffer, and lysis was promoted by adding
0.1 g of glass beads (0.1 mm) and 5 uL of 10% SDS. This
mixture was agitated by a bead beater for 30 seconds. After
lysis, DNA purification was performed by extractions in
phenol and chloroform. The DNA obtained was precipi-
tated with isopropanol, dried and re-suspended in deionized
water. After extraction, the integrity and quality of the
DNA obtained was verified by agarose gel electrophoresis
(1% w/v) followed by ethidium bromide staining and visu-
alization using UV light.

Prior to sequencing, the isolates were clustered into
groups using the whole genome profiling technique, BOX-
PCR (Soto-Ramirez et al., 2010). BOX-PCR was per-
formed using approximately 50 ng of genomic DNA added
to 25 uL PCR reactions containing 1 mM dNTPs, 3 mM
MgCl,, 1x Taq buffer, 0.4 mM primer BOX-1AR (5’- CTA
CGG CAA GGC GAC GCT GAC G -3’), 10% DMSO
(2.5 puL), and 2 U of Taq DNA polymerase. The amplifica-
tion began with one cycle of denaturation at 95 °C for 2 min
that was followed by 35 cycles of 94 °C for 2 s, 92 °C for
305,50 °C for 1 min and 65 °C for 8 min. After all of the cy-
cles were complete, a final extension step was performed at
65 °C for 10 min.

The resulting amplicons were separated on a 2%
agarose gel for 2 hours and 40 min, stained with ethidium
bromide and visualized under UV light. Clustering of the
isolates was performed based on the BOX-PCR patterns
observed after scanning the agarose gel images at Bionu-
merics (Applied Maths, Belgium), where the band profiles
were compared and clustered by UPGMA based on a
Pearson correlation analysis (Tacdo ef al., 2005).
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Bacterial isolates representing the clusters defined by
BOX-PCR analysis were used for identification based on
the sequencing of approximately 500 bp covering the vari-
able regions V6-V8 of the 16S rDNA gene. PCR products
generated with primers P027 (5’- GAG AGT TTG ATC
CTG GCT CAG-3") and R1387 (5’- CGG TGT GTA CAA
GGC CCG GGA ACG -3’) (Kathiresan and Bingham,
2001) were purified using the PowerCleanTM DNA
Clean-Up Kit (MoBio Laboratories, USA). The resulting
DNA fragments were sequenced using an automated se-
quencer with the reverse primer (R1387) as the basis for the
sequencing reaction (ABI Prism377, PE Applied Bio-
systems, Foster City, CA, USA). The obtained sequences
were assessed for quality and subjected to similarity analy-
sis using RDPQuery and BlastN analysis by GenBank
(nr/nt). The best matches from the comparisons were re-
trieved from the databases to compose the dataset used in
the phylogenetic approach. The sequences of the isolates
were deposited in GenBank under the accession numbers
EF488520 to EF488531.

For the phylogenetic analysis, the sequences were
aligned and further clustered by a neighbor-joining analysis
based on the Kimura-2 parameters from a study conducted
using MEGA version 4.0 (Tamura et al., 2003), which
aided in the determination of the preferred phylogenetic
tree. The analysis was supported by bootstrap values and
was based on an analysis of 1,000 subsamples.

Results and Discussion

In 1981, Bisaria and Ghose (Bisaria and Ghose, 1981)
proposed that cellulose was the only renewable energy
source capable of meeting the long-term demands of modern
society and in a sustainable manner. However, cellulose is a
complex source of organic carbon and often has a high mo-
lecular weight. For this reason, the use of cellulose requires
the action of enzymes that assist in its degradation and that
can function under varying conditions of temperature, pres-
sure and salinity (Angelo, 2004; Taketani ef al., 2010).

The combination of new methodologies and the ex-
ploitation of unexplored environments are the most impor-
tant factors that may lead to an increase in the efficiency in
the degradation of cellulose by enzymatic activities.
Mesbah and Wiegel (2008) performed studies in saline
lakes throughout the world using culture-independent tech-
nologies to identify cellulolytic genes in environmental
DNA samples, which improved the description of cellula-
se-codifier genes. In this study, we analyzed the cellulose
degradation capability of a collection of isolates retrieved
from mangroves and obtained by enrichments with cellu-
lose powder in an attempt to discover their biotechnologi-
cal potential.

Enrichment and isolation of bacteria

The enrichment was successfully carried out in accor-
dance with the methodology described in the materials and
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methods section. It was possible to observe the develop-
ment of microorganisms in all culture media under the dis-
tinct levels of salinity imposed. Some important visual
observations could be made in bottles where the enrich-
ment was carried out in which flasks with 5% NaCl re-
vealed the formation of biofilms on the glass walls. This
finding corroborates previous observations made by Sa and
Melo (2008), who described biofilm formation by cellu-
lolytic bacteria in roots of Rhizophora mangle (a typical
plant found in mangroves), and identified biofilm forma-
tion as an adaptation strategy to the changing salinity con-
ditions in this niche. Concerning the isolation of bacteria,
after 12 and 24 days of enrichment, the density of the bacte-
rial communities was between 18 and 30 colonies per plate
in the 10™ dilution. Colonies were selected from these
plates and composed a collection of 132 isolates (Table 1).

Detection of the cellulolytic activities of the isolates

Characterization of the 132 isolates was performed
using a test for the production of endoglucanase and exo-
glucanase evidenced by the degradation of CMC and
microcrystalline cellulose (Avicel), respectively. The first
important observation is that there was a higher occurrence
of isolates with endoglycolytic activity (32 isolates) than
exoglycolytic activity (18 isolates) (Table 1). This trend has
been recurrently observed in many studies focusing on
cellulolytic enzymes (Bisaria and Ghose, 1981; Leschine,
1995; Sinegani and Mahohi, 2010). Although it is believed
that in the environment it would be advantageous for an or-
ganism to degrade cellulose in its entirety (endo- and exo-
glycolytic activity), this finding is not commonly observed.
Morais et al. (Morais et al., 2010) observed that the combi-
nations of endocellulase and exocellulase can lead to a rise
in the cellulose degradation activity by synergy, working
on both internal and external cleavage of the cellulose mol-
ecules. One possible explanation for the higher occurrence
of endoglucanases is that bacteria produce only endoglu-
canases and do not use this carbon source as glucose for pri-
mary metabolism but instead make use of the oligosaccha-
rides by alternative metabolism.

Comparing the cultivation media, the TSB was as ef-
ficient as MM for the isolation of cellulolytic bacteria, pos-
sibly indicating that the isolates present in these environ-
ments have endoglycolytic activity as a complementary
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form of their carbon nutrition. As described by Said and
Pietro (2004), enzymes are considered biological catalysts
composed of protein molecules and are produced by living
cells. Therefore, the small amount of carbon compounds in
the environment serve to supply the basal cell metabolism,
which uses this feature for the production of enzymes that
degrade cellulose and show high catalytic activity and se-
lectivity to the specific substrate used (Bhat, 2000).

Characterization of the endoglycolytic activity of
isolates submitted to the salinity variation

The 33 mangrove isolates with endoglycolytic activ-
ity (CMC degradation) were assessed for their sensitivity to
changes in salinity. This test has revealed that of the 33 iso-
lates evaluated, eight (TN4, MN26, MN27, TN23, TN17,
MN3, TNC19 and MN20) have a reduced ability to degrade
CMC when NaCl was added, while nine (TNC6, MN23,
TNC13, MN25, TN13, TN24, MN31, TNC21 and MN2)
isolates have an increased ability (Figure 1). This result
suggests that, depending on the salinity present in man-
groves (mainly imposed by the tidal regime), distinct bacte-
ria can act on cellulose degradation. The mangrove is
considered a saline environment (Hoguin, 2001), with val-
ues varying between 4 and 30% NaCl equivalent (Wilson,
2009). Thus, one may suggest that the variation in salinity
can cause the selection of groups more adapted to high sa-
linity, thus leading to a constant degradation level of carbon
compounds throughout the salt gradient in this environ-
ment. Rejméankova and Houdkova (Rejmankova and
Houdkova, 2006) have demonstrated through testing the
degradation of cellulose that this activity was significantly
slower in areas with high salinity. S& and Melo (2008)
found that biofilm formation and reduced endoglycolytic
activity are induced in bacterial isolates from the rhizos-
phere of Rhizophora mangle, which is a tree species exclu-
sively found in mangroves.

Genomic fingerprinting of isolates by BOX-PCR

BOX-PCR fingerprinting revealed the selection pres-
sure exerted by the use of distinct media during enrich-
ments as well as the pressure exerted by the insertion of
cellulose as a carbon source for bacterial multiplication
(Figure 2). The diversity of fingerprinting patterns was
higher in the TSB medium when compared with the isolates

Table 1 - Composition of the collection of bacterial isolates used in genotypic characterization and the production of cellulases. MM indicates minimum

medium and CP indicates the addition of cellulose powder.

Enrichment Codes N° of isolates Activities Endo/exoglucanase
activities
endoglucanase exoglucanase
TSB5%+NaCl+CP TNC 33 12 4 1
TSB5%+NaCl TN 33 7 4 1
MM+NaCl+CP MNC 33 7 4 1
MM+NaCl MN 33 6 6 0
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Figure 1 - Cellulase production by the isolates in mangrove sediment un-
der two salinity conditions. (a) The results are presented as an index of en-
zyme activity, calculated by dividing the diameter of the halo by the diam-
eter of the colony. (b) Relationship between the activities in the two
conditions. Values indicating an increase or decrease in the two halos are
represented by the lines y =2x and y = 0.5x, respectively. Additionally, the
names of the isolates with activity modulated by salinity are presented.

obtained in the MM. However, the selection due to cellu-
lose was evidenced in both types of media. Moreover, the
clustering analysis indicates the formation of more distin-
guishable and concise groups for isolates obtained from the
enrichments in MM (Figures 2b and 2d) and using cellulose
(FIGURES 2a and 2b). These results support our phylogen-
etic inference that is based on a limited number of isolates
that represent the major groups determined by BOX-PCR.

A similar approach was previously used by Mendes et
al. (2007) to cluster endophytic isolates from sugarcane, in-
dicating that isolates with similar BOX-PCR patterns share
a strict phylogenetic affiliation. For most of the clusters
formed, we observed a similar taxonomic affiliation when
the BOX-PCR patterns were clustered.

Identification of isolates by partial sequencing of the
16S rRNA

The identification of 28 selected isolates (12 positive
for enzymatic activites - seven for endoglucanase, four for
exoglucanase, and one positive for both activites) from the
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groups obtained using the technique of BOX-PCR resulted
in the determination of the major phylogenetic groups of
cellulolytic bacteria present in mangrove sediment. The
comparison of the obtained sequences with those found in
the databases (GenBank and RDP) demonstrated that the
two most abundant groups were Alphaproteobacteria and
Firmicutes, followed by Gammaproteobacteria, Actino-
bacteria and Bacteroidetes (Figure 3). Within the Alpha-
proteobacteria, the sequences of the isolates were affiliated
with the genera Sphingomonas, Novosphingobium and
Nitratireductor. The literature describes the growth of bac-
teria belonging to the class Alphaproteobacteria in the ex-
tremes of pH (5-12) and also shows the abundance of such
groups in marine environments. However, the activity of
these organisms in cellulose degradation in mangroves is
described here for the first time. Concerning the
Firmicutes, sequences from the isolates were similar to
those for bacteria belonging to the genera Bacillus and
Exiguobacterium, which have both been described as cellu-
lose-degrading organisms in other environments (Lima et
al., 2005). Gammaproteobacteria is represented by the ge-
nus Halomonas, which encompasses organisms adapted to
saline environments, such as mangroves. According to
Soto-Ramirez et al. (2007), the occurrence of the genus
Halomonas in mangroves indicates the salinity tolerance,
suggesting that in this study, this group could have been se-
lected during the enrichment process. Bacteria affiliated
with this genus were also found in oceanic water, where the
abundance of such groups seems to be modulated by the
variation in the salinity of superficial or deep-sea water
(Radjasa et al., 2001). The isolates of Actinobacteria found
in mangroves are affiliated with the genus Microbacterium,
whereas the bacteria affiliated with Bacteroidetes seem to
belong to the genera Salinibacter and Algoriphagus. These
groups are not reported to degrade cellulose in the litera-
ture, and their role on cellulose consumption in mangroves
remains to be elucidated.

Moreover, the taxonomical affiliation has shown the
presence of known groups previously described to be in-
volved in cellulose degradation as well as those not related
to this feature. This finding indicates that studies focusing
on endemic species of mangroves serve as a basis for ob-
taining new biotechnology tools with greater efficiency and
applicability in the degradation of cellulose for various pur-
poses.

Conclusions

The results of this study indicate that cellulolytic bac-
teria live in the mangrove sediment sampled at Ilha do
Cardoso (Cananéia, SP). The applied methodology was ef-
ficient for obtaining a collection of bacteria involved in cel-
lulose degradation in mangroves. Endoglucanase activity
was more frequently observed among the isolates, and this
activity was modulated according to the salinity. The main
taxonomical groups of cellulolytic bacteria from mangrove
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MM with glucose (c), and MM with cellulose (d). Similarity clusters were determined by UPGMA based on a Pearson correlation analysis of
densitometric curves. The names of the isolates used in the phylogenetic reconstruction are in bold, and prefixes Ed and Ex indicate those with
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sediments are Alphaproteobacteria, Gammaproteobacteria,
Actinobacteria, Firmicutes and Bacteroidetes. Overall, the
results show that mangroves may harbor cellulolytic organ-
isms with unique characteristics that may be further ex-
plored for cellulose degradation for distinct purposes.
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