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Abstract
Xylanase and α-amylase enzymes participate in the degradation of organic matter, acting in hemicellulose and starch mineral-
ization, respectively, and are in high demand for industrial use. Mangroves represent a promising source for bioprospecting
enzymes due to their unique characteristics, such as fluctuations in oxic/anoxic conditions and salinity. In this context, the present
work aimed to bioprospect xylanases from mangrove soil using cultivation-dependent and cultivation-independent methods.
Through screening from a metagenomic library, three potentially xylanolytic clones were obtained and sequenced, and reads
were assembled into contigs and annotated. The contig MgrBr135 was affiliated with the Planctomycetaceae family and was one
of 30ORFs selected for subcloning that demonstrated only amylase activity. Through the cultivationmethod, 38 bacterial isolates
with xylanolytic activity were isolated. Isolate 11 showed an enzymatic index of 10.9 using the plate assay method. Isolate 39
achieved an enzyme activity of 0.43 U/mL using the colorimetric method with 3,5-dinitrosalicylic acid. Isolate 39 produced
xylanase on culture medium with salinity ranging from 1.25 to 5%. Partial 16S rRNA gene sequencing identified isolates in the
Bacillus and Paenibacillus genera. The results of this study highlight the importance of mangroves as an enzyme source and
show that bacterial groups can be used for starch and hemicellulose degradation.
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Introduction

Mangroves are tropical ecosystems situated in transitional
areas between sea and land that have anaerobic/aerobic sedi-
ments and salinity varying from 4 to 30% [1]. These sedi-
ments are rich in organic matter but are deficient in nutrients

due to a low decomposition rate under oxygen-limiting con-
ditions. Therefore, the microbial community plays an impor-
tant role in transforming organic matter into sources of nitro-
gen, phosphorus, carbon, and other nutrients used by plants
and organisms [2]. Microorganisms present in mangroves are
adapted to diverse environmental characteristics, as there is
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variation in salinity, nutrients, and oxygen, representing a
promising source for bioprospecting microbial enzymes [3].

Xylanases and amylases are enzymes that present industrial
interest. Xylanases are glycoside hydrolases (EC 3.2.1.x) that
catalyze the hydrolysis of β-1,4-xylosidic linkages of the
main chain of xylan, producing xylooligosaccharides. Based
on the sequence of the catalytic domains, xylanases have been
classified into 6 different glycoside hydrolase (GH) families in
the Carbohydrate-Active enZymes (CAZy) database: GH5,
GH8, GH10, GH11, GH30, and GH43 [4]. However,
xylanases belonging to GH10 and GH11 are the most studied
and present differences in substrate specificity and structure
[5]. The GH10 xylanases, for example, present less substrate
specificity and the GH11 xylanases present a higher specific-
ity to hydrolyze xylan, being recognized as true xylanases [5].
These xylanases are used in industrial processes, such as
bioethanol production, animal feed, paper industries, food in-
dustries, and bioenergy [6]. Xylanases with special features as
halotolerant xylanases received attention because these
xylanases can be used in wastewater treatment and industrial
processes that require low water potential, such as carbohy-
drate production and processing of seafood and saline food
[7]. Xylan composes hemicellulose, a lignocellulosic material
present in organic matter and considered the second most
abundant polysaccharide in nature [8].

The 1,4-α-glucan branching enzyme (EC 2.4.1.18) cata-
lyzes the cleavage of α-1,4-glycosidic linkages and the forma-
tion of α-1,6-branch points in glycogen and starch substrates.
The glucan branching enzymes (GBE) from the Bacteria do-
main are members of subfamily 9 belonging to the glycoside
hydrolase family 13 (GH13) and its secondary structure formed
by three domains [9]. The A domain is a central (β/α) barrel
domain that presents the catalytic function and it is the most
conserved domain [9]. The B domain acts in the enzyme spec-
ified, and the C domain is responsible for substrate binding and
stabilizes the catalytic domain [9]. Amylolytic enzymes ac-
count for 25–33% of worldwide enzyme production and are
widely applied in biotechnological processes such as textiles,
baking, distilled beverages, beers, glucose syrup production,
and dextrin gum preparation [10]. Starch is present in organic
matter; found in the roots, stems, and leaves of plants; and used
as a glucose storage molecule [11].

The culture-dependent method is a classical strategy for
bioprospecting enzymes from environmental samples [12].
However, the necessity to reproduce requirements for microbial
growth in laboratory conditions is a limitation of this approach
[13]; thus, new strategies for bioprospecting have been driven by
culture-independent methods, such as functional screening from
metagenomic libraries constructed using environmental DNA
[14]. This method favors the discovery of enzymes from uncul-
tivated microorganisms without performing a cultivation step
[15]. The metagenomics libraries have permitted the discovery
of xylanases [16] and α-amylases [17].

Microbial enzymes have specificity, lower production cost,
and structural stability [18]. In addition, thermostable and
halotolerant enzymes are required in industrial processes that
occur in high temperatures and high salt concentrations; there-
fore, the bioprospection of enzymes tolerant to these condi-
tions is important [12]. The present study aimed to identify
genes and microorganisms from mangrove samples that were
able to produce xylanases and amylases, either using ap-
proaches dependent and independent of cultivation. Based
on previous studies that explored the mangrove sediments as
biotechnological source [14, 19–21], the study hypothesized
that the conditions found in mangrove areas, mainly the high
salinity, could select for organisms harboring genes and en-
zymes of high industrial interest and these enzymes could be
recovered by applying culture-dependent and culture-
independent methods.

Materials and methods

Sampling

Sampling was performed in a mangrove located in Bertioga,
São Paulo state (latitude 23° 53′ 49″ S and longitude 46° 12′
28″ W), in November 2010. The mangrove vegetation was
composed of Laguncularia racemosa (white mangrove),
Avicennia schaueriana (black mangrove), and Rhizophora
mangle (red mangrove) [22]. Samples were collected at three
different points in triplicate at a depth of 30 cm from the soil
surface. Aliquots of 50 g from each soil sample were pooled to
generate composite samples and homogenized for bacterial
isolation.

Metagenomic fosmid library construction

The metagenomic library of the mangrove soil was construct-
ed using the Cloning-Ready Copy Control pCC2FOS Kit
(Epicentre Biotechnologies, Madison, WI, USA). First, the
total DNAwas extracted from the mangrove sample following
the protocol developed by Tsai and Olson [23] with modifica-
tions proposed by Vasconcellos et al. [24]. High molecular
weight DNA fragments (~ 40 kb) were selected after visuali-
zation on a 1% agarose gel by pulsed-field gel electrophoresis
(PFGE) at 9 V cm−1, 0.5–0.5 for 5 h, 120° angle, and 12 °C.
The DNA fragments were cut from the gel and subjected to
the end-repair reaction, insert binding in the pCC2FOS vector,
and packing of fosmids in lambda phage, and it was trans-
formed into Escherichia col i EPI300 (Epicentre
Biotechnologies, Madison, WI, USA). In total, 12,960 clones
with insert sizes ranging between 30 and 40 kb were obtained.
For library validation, 30 clones were randomly selected and
submitted to restriction analysis.
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Metagenomic fosmid library and screening
for xylanolytic enzymes

For functional screening, E. coli transformants were inoculat-
ed into Petri dishes containing solid mediumwith xylan (yeast
extract 0.5 g L−1; NaNO3 0.5 g L

−1; K2HPO4 1.0 g L
−1; FeSO4

0.01 g L−1; MgSO4·7H2O 0.5 g L−1; beechwood xylan
(Sigma-Aldrich, USA) 2.0 g L−1; and agar 15 g L−1) supple-
mented with chloramphenicol (12.5 μg/mL) and incubated for
72 h at 37 °C. The xylanase activity of the clones was ob-
served by the presence/absence of hydrolysis halos around the
colonies indicated with iodine solution [25].

Extraction of fosmidial DNA and sequencing

The fosmidial DNA of three positive clones for xylanolytic
activity named MgrBr18, MgrBr61, and MgrBr135 was ex-
tracted using the Qiagen Large-Construct Kit (Qiagen Inc.,
Hilden, Germany). Sequencing was performed using Ion
Torrent (Life Technologies, USA) with the ION Xpress
DNA Fragment Library Kit to build the library and ION
Xpress™ Template v 2.0 Kit (Life Technologies, Camarillo,
USA) and ION Touch “mini robot” (Life Technologies,
Camarillo, USA) to sample enrichment. Sample fragments
were linked to Ion Sphere Particle (ISP) (metallic beads) and
injected in 316 Chip for sequencing. These chips generated up
to 100Mb of sequences (reads) ranging in size from 50 to 200
bp.

Assembly and annotation of contigs

Sequences generated for fosmidial DNA from MgrBr18,
MgrBr61, and MgrBr135 were processed for removing low-
quality sequences. The assembling positive clone contigs
were performed separately by CLC Genomics Workbench
Qiagen software (CLC Bio-Qiagen, USA). In the first step,
the data generated in the FASTQ format were imported into
the CLC software. The sequences were filtered using Create
Sequencing QC Report software considering only sequences
with Phred > 20. To remove the adapters and barcodes, the
sequences were trimmed using Trim Sequences Adapter List.
To map and remove the sequences related to the vector
(pCC2FOS) and to E. coli (EPI-300), the mapping for refer-
ence (Maps Reads to Reference) tool was used. The sequences
remaining were used for contig assembling through the “De
Novo Assembly” strategy with the following parameters: (i)
mismatch cost (3); (ii) interaction cost (3); (iii) deletion cost
(3); (iv) length fraction (0.3); and (v) similarity fraction (0.6).
After assembly, contigs larger than 20 kb and Phred > 20 were
submitted to gene annotation based on the open reading
frames (ORFs). After exporting the contigs in CLC
Genomics Workbench in FASTA format, these contigs were
submitted to the RAST (Rapid Annotation using Subsystem

Technology) database (http://rast.nmpdr.org). For a better
prediction of genes encoding xylanases, ORF sequences
generated and annotated in RAST were compared with the
Pfam (Protein Families) database and with the GenBank
databases through the BLASTp tool.

Taxonomic and functional annotation of contig
MgrBr135

The contig formed with reads of the MgrBr135 clone present-
ed Phred > 20 and size expected in the assembly with approx-
imately 36 kb, which was close to the size of the original insert
(40 kb) and was selected for further analyses. To determine the
taxonomic affiliation of the insert, nucleotide sequences of the
30 ORFs, generated by the functional annotation, were com-
pared with those present in the GenBank database using the
BLASTx program. Based on the functional annotation, one
sequence was selected and submitted to the Conserved
Domain Database (CDD) software and dBCAN (http://csbl.
bmb.uga.edu/dbCAN/) to identify possible catalytic domains,
carbohydrate-binding modules, and affiliation with the glyco-
syl hydrolase family. This sequence was selected for
subcloning into the expression vector and to perform the phy-
logeny study. To study the phylogeny of the ORFs used for
subcloning, its amino acid sequence was compared with the
GenBank database using the BLASTp tool. The maximum
identity obtained was 76%, and sequences with a similarity
greater than 74% were used for phylogenetic tree construc-
tion. The tree was constructed with the MEGA7 (Molecular
Evolutionary Genetics Analysis Version 7.0) program [26].
Sequence alignment was performed with the MUSCLE tool,
converted into a distance matrix determined by the JTT
matrix–basedmodel, and grouped by the maximum likelihood
method. The tree consistency was determined by bootstrap
analysis based on 1000 subsamples in the distance matrix.

Subcloning in the heterologous expression vector

ORF 30 was chosen to subcloning due to present similarity
with genes that encode hydrolytic enzymes. To amplify the
xylanase coding region, the primers, forward 5′-CAGT
CTCGAGGAACAAAAAGCAGAAAAAGC-3′ (containing
restriction site XhoI) and reverse 5′-TCTCATATCTAGAG
CCCCTTCATGTCTGA-3′ (containing restriction site XbaI),
were designed. PCR followed the following steps: an initial
denaturation at 94 °C for 4 min; 30 cycles of 94 °C for 1 min,
50 °C for 45 s, and 72 °C for 1.5 min; and a final extension at
72 °C for 10 min. The amplified product was purified with the
Wizard SV Gel and PCR Clean-Up System Kit (Promega,
Madison, WI, USA). Plasmid DNA from the expression vec-
tor pBAD/Myc-HisB and PCR product were digested with
XhoI (10 U/μL) and XbaI (10 U/μL) enzymes (Thermo
Scientific Inc., USA) in microtubes for 4 h at 37 °C. PCR
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product and digested plasmid were evaluated on 0.8% agarose
gel. The marker GeneRuler DNA Ladder 1 kb (Thermo
Scientific Inc., USA) and MassRuler Low Range DNA
Ladder (Thermo Scientific Inc., USA) were used to determine
DNA concentration. Bands at the expected size (2000 bp)
were cut from the gel and purified with a QIAEX II Gel
Extraction Kit (Qiagen, USA), and 2 μL of the samples was
again evaluated on an agarose gel for quality, quantity, and
band pattern. The ligation reaction consisted of 50 ng insert,
100 ng/μL pBAD/Myc-HisB, 2 μL T4 DNA ligase buffer
(10×) (Invitrogen, USA), 1 U/μL T4 DNA ligase
(Invitrogen, USA), and 8.9 μL of sterile deionized water to
reach a final volume of 20 μL. The reaction was incubated
overnight at 24 °C, and transformation was performed by
electroporation of E. coli TOP 10 (Invitrogen, USA).
Transformants were cultured on plates with Luria-Bertani
(LB) medium: 10 g L−1 tryptone, 5 g L−1 yeast extract, 5 g
L−1 NaCl, 2.0 g L−1 xylan, 0.002% of L-arabinose, and 15 g
L−1 agar with the antibiotic ampicillin 100 μg/mL for 24 h at
37 °C. To confirm cloning success, the colonies generated
were tested by PCR using the same reaction previously de-
scribed for gene amplification.

Expression assay of the transformants

To determine the expression of the enzymes by the
transformants, tests were conducted to detect xylanase and
amylase activities. The amylase test was performed based on
the identification of a catalytic domain to 1,4-α-glucan
branching enzyme (AmyAC_Glg_BE) in the amino acid se-
quence of the ORF through comparison in the CCD database.
For the expression test of xylanase activity, culture medium
containing xylan (2.0 g L−1) was used. This medium was
applied previously for functional screening of the
metagenomic library. For the expression test to amylase activ-
ity, mediumwith starch as the primary carbon source was used
(yeast extract 0.5 g L−1; NaNO3 0.5 g L

−1; K2HPO4 1.0 g L
−1;

FeSO4 0.01 g L−1; MgSO4·7H2O 0.5 g L−1; starch (Sigma-
Aldrich, USA) 2.0 g L−1; and agar 15 g L−1). Transformant
colonies were inoculated with sterilized wooden sticks in Petri
dishes containing the culture medium and maintained for 72 h
at 37 °C. The plates were stained with an iodine solution and
washed with 2 M NaCl to confirm enzyme activity [25].

Isolation, purification, and determination
of enzymatic potential of xylanolytic bacteria

To screen the xylanolytic bacteria, a qualitative method was
adopted where aliquots (0.1 mL) from serial dilutions (10−2–
10−5) of soil and saline water were added in solid medium
with xylan as the primary carbon source [27]. The plates were
incubated in growth chambers (BOD) at 28 °C for 48 h. The
test to confirm xylanolytic activity was performed by the

addition of iodine solution to evaluate the degradation halos
around the pure colonies [25]. To determine the enzymatic
potential through the plate assay method, the thirty-eight iso-
lates and E. coli (negative control) were inoculated with a
sterile toothpick in triplicate in solid medium with xylan and
incubated for 72 h at 28 °C [28]. The degradation halo was
evaluated with the addition of iodine solution and subsequent
washes with 5 M NaCl [29]. The enzymatic index (EI) was
determined by the ratio between the halo of the degradation
mean diameter (dh) and the colony mean diameter (dc). To
quantify enzymatic activity, the colorimetric 3,5-
dinitrosalicylic acid (DNS) method modified by Miller [30]
was used. The isolates and negative control (E. coli) were
cultured in triplicate for 4 days under agitation at 28 °C in
15 mL of liquid medium with xylan. To recover crude extra-
cellular enzymes, 2 mL of each sample was centrifuged at
14,000g for 20 min at 4 °C to collect the supernatant that
contained the extracellular enzymes [31]. The enzymatic as-
say was performed according to Samanta et al. [31] and was
read at 540-nm length [32] using a standard curve with known
xylose concentration. Enzymatic activity was expressed as a
unit of enzymatic activity (U) and was defined as the enzyme
amount required to release 1 μmol of reducing sugar per min-
ute of reaction in 1 min (1 U/mL) [33]. To determine the
enzymatic potential at different salt concentrations, isolate
39, which presented the highest EI, was submitted to enzy-
matic activity tests with different NaCl concentrations, 1.25%,
2.25%, 3.75%, and 5%, added to the reaction buffer [34], and
the same range of NaCl concentrations was used in the culture
medium to test enzyme activity under salinity conditions [35].

Molecular identification of the isolates

DNA extraction from 38 isolates was performed using the
phenol-chloroform extraction protocol by Sambrook and
Russel [36]. Isolate identification was based on partial 16S
rRNA gene sequencing using the primers pR1387 (5′-CGGT
GTGTACAAGGCCCGGGAACG-3′) and p027 (5′-GAGA
GTTTGATCCTGGCTCAG-3′). The amplification reaction
was carried out according to Odee et al., and the PCR product
was purified for sequencing on an ABI PRISM 3100 genetic
analyzer (Thermo Fisher Scientific, USA).

The generated sequences were imported to CLC Genomics
Workbench Qiagen software to remove low-quality se-
quences. Then, sequences were imported to Codoncode
Aligner v. 2.0.4 and trimmed using the “clips ends” tool.
Only nucleotides with a sequencing quality value ≥ 500 and
equivalent to Phred quality > 20 were considered. Valid se-
quences were used for BLASTn similarity searches in
GenBank. Sequences with the greatest similarity to those ob-
tained in the present study were used for inference based on a
phylogenetic tree constructed with MEGA7 [26] program.
The tree was first constructed by the sequence alignment by

Braz J Microbiol (2020) 51:217–228220



MUSCLE, later converted into a distance matrix determined
by the Kimura 2-parameter model and grouped by the maxi-
mum likelihood method [37]. The consistency of the tree
structure was determined by bootstrap analysis based on
1000 subsamples in the distance matrix. Sequence affiliated
with E. coli was used as an outgroup sequence for phyloge-
netic analysis. 16S rRNA sequences were submitted in the
NCBI GenBank under accession numbers MH478123-
MH478160 (Table 1).

Results

Metagenomic fosmid library, screening for xylanolytic
enzymes, and annotation of contigs

Three clones (MgrBr18, MgrBr61, and MgrBr135) presenting
xylanolytic activity were obtained after functional screening of
the metagenomic library. The 316 Chip with 69% sequencing
coverage and 2,029,977 reads was used for all evaluated clones
with 100 bp as the average size. Most of the sequences present-
ed Phred values between 20 and 30 (Online Resource 1). From
all evaluated clones, 34 contigs were obtained for clone
MgrBr18, 3 contigs for clone MgrBr61, and 2 contigs for clone
MgrBr135. Functional annotation of the contig formed by the
MgrBr135 clone reads was prioritized for analysis because this
clone presented the best quality, a contig with approximately 36
kb, whichwas close to the original insert size (40 kb), and it was
similar with genes that encode hydrolytic enzymes. In addition,
30 ORFs generated in the RAST server demonstrated a consid-
erable size (1944 nucleotides) that likely contained the coding
region of the enzyme of interest.

Taxonomic and functional annotation of contig
MgrBr135

The MgrBr135 contig map is presented in Fig. 1, and the func-
tional annotation of the 30 ORFs can be visualized in Table 2.
The contig sequence was deposited in the GenBank database
(code PRJNA483139), in the BioProject, and SRR7726101 in
the Sequence Read Archive (SRA). Of the 30 ORFs, 87% were
affiliated with the Planctomycetes phylum, 87% with the
Planctomycetia class, 80% with the Planctomycetales order,
and 74% with the Planctomycetaceae family (Fig. 2). Through
ORF functional analysis, one gene encoding a 1,4-α-glucan
branching enzyme composed of 647 amino acids was identified.
The sequence of ORF 30 was submitted to comparison with
sequences of proteins by the Conserved Domain Database
(CDD) and the ORF 30 was identified and confirmed encoding
a 1,4-α-glucan branching enzyme (AmyAC_Glg_BE). This en-
zyme belongs to the glycosyl hydrolase (GH13) family present-
ing also a carbohydrate-binding domain 48 (CBM 48) as anno-
tated by dbCAM software that based on classification of family

and domain from CAZy database (Online Resource 2). Through
evaluation based on the phylogenetic tree, a 1,4-α-glucan
branching enzyme belonging to Planctomycetes sp. bacteria
[38] presented 72.54% of identity with the 1,4-α-glucan
branching enzyme isolated in this work (Fig. 3).

Table 1 Identification of the similarities among 16S rRNA partial gene
sequences of the xylanolytic bacteria isolated from mangrove sediment
with sequences in the GenBank database (fragments of approximately
400–1100 bp)

Isolates Organism Ident (%) Accession number

2 Bacillus cereus 100 MH478123

11 Bacillus megaterium 99 MH478124

30 Bacillus aquimaris 100 MH478125

48 Bacillus subtilis 100 MH478126

3 Bacillus infantis 100 MH478127

12 Bacillus subtilis 100 MH478128

22 Bacillus pseudomycoides 100 MH478129

31 Bacillus cereus 100 MH478130

39 Bacillus pumilus 99 MH478131

49 Paenibacillus polymyxa 99 MH478132

4 Bacillus aquimaris 100 MH478133

13 Bacillus subtilis 100 MH478134

23 Bacillus aquimaris 100 MH478135

32 Bacillus megaterium 100 MH478136

40 Bacillus pseudomycoides 100 MH478137

50 Bacillus aquimaris 100 MH478138

14 Bacillus aquimaris 100 MH478139

25 Bacillus cereus 100 MH478140

42 Paenibacillus polymyxa 99 MH478141

51 Bacillus aquimaris 99 MH478142

7 Bacillus aquimaris 99 MH478143

15 Bacillus aquimaris 100 MH478144

26 Bacillus aquimaris 99 MH478145

34 Bacillus aquimaris 99 MH478146

43 Bacillus aquimaris 100 MH478147

8 Bacillus aquimaris 100 MH478148

16 Bacillus aquimaris 100 MH478149

27 Paenibacillus polymyxa 99 MH478150

35 Bacillus megaterium 100 MH478151

9 Bacillus pseudomycoides 100 MH478152

18 Bacillus indicus 100 MH478153

28 Bacillus megaterium 100 MH478154

36 Bacillus megaterium 100 MH478155

45 Bacillus aquimaris 99 MH478156

10 Bacillus aquimaris 99 MH478157

19 Bacillus aquimaris 99 MH478158

29 Bacillus cereus 100 MH478159

37 Paenibacillus polymyxa 99 MH478160
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Table 2 Functional comparative annotation of ORFs. The ORF MgrBr135 (accession number SRR7726101) selected to proceed with subcloning is
highlighted

ORF RAST Blastp Pfam

1 Regulator protein Regulator protein Regulator protein

2 Cell division protein FtsH Cell division protein FtsH Cell division protein FtsH

3 1-Deoxy-D-xylulose 5-phosphate
reductoisomerase

1-Deoxy-D-xylulose 5-phosphate
reductoisomerase

1-Deoxy-D-xylulose 5-phosphate
reductoisomerase

4 Intramembrane protease Probable metalloproteinase -

5 UDP-3-O-[3-Hydroxymyristoyl] glucosamine
N-acyltransferase

UDP-3-O-(3-Hydroxymyristoyl) glucosamine
N-acyltransferase

UDP-3-O-(3-Hydroxymyristoyl) glucosamine
N-acyltransferase

6 Hypothetical protein Hypothetical protein Hypothetical protein

7 Hypothetical protein Hypothetical protein Hypothetical protein

8 Acetoacetate metabolism regulatory Acetoacetate metabolism regulatory Acetoacetate metabolism regulatory

9 Ribonucleotide reductase of class II Ribonucleotide reductase Ribonucleotide reductase

10 Ribonucleotide reductase of class II Ribonucleotide reductase Ribonucleotide reductase

11 Ribosomal protein Ribosomal protein Ribosomal protein

12 Ribonuclease Ribonuclease Ribonuclease

13 Hypothetical protein Hypothetical protein -

14 Hypothetical protein Hypothetical protein -

15 Phosphoenolpyruvate protein Phosphoenolpyruvate protein Phosphoenolpyruvate protein

16 Phosphotransferase system, phosphocarrier
protein HPr

PTS IIA–like nitrogen regulatory protein PtsN -

17 Probable sigma-54 modulation protein Probable sigma-54 modulation protein Probable sigma-54 modulation protein

18 Iron-binding protein Iron transporter Iron transporter

19 Hypothetical protein Hypothetical protein -

20 Serine hydroxymethyltransferase Glycine hydroxymethyltransferase Serine hydroxymethyltransferase

21 Hypothetical protein Hypothetical protein Hypothetical protein

22 Hypothetical protein Hypothetical protein Hypothetical protein

23 Hypothetical protein Hypothetical protein -

24 Alpha/beta hydrolase fold Alpha/beta hydrolase fold protein Alpha/beta hydrolase fold protein

25 Hypothetical protein Hypothetical protein -

26 Hypothetical protein Hypothetical protein Hypothetical protein

27 Radical SAM domain protein Radical SAM protein -

28 Hypothetical protein Hypothetical protein Hypothetical protein

29 Trehalose synthase Alpha-amylase Phosphotransferase enzyme family

30 1,4-Alpha-glucan branching enzyme Glycogen branching protein Alpha amylase

Fig. 1 Map of the contig MgrBr135. The highlighted ORF (red) represents the ORF used in subcloning
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Subcloning in an expression vector
and the expression of amylase in E. coli transformants

Twenty-four colonies were cultivated in the medium
with the antibiotic ampicillin and four of these colonies
carried the gene with the expected size of approximately

2000 bp (Online Resource 3). The colonies were inocu-
lated in the culture medium with starch as the primary
carbon source and showed a degradation halo (Online
Resource 4), and none of the transformants demonstrat-
ed enzymatic activity in the medium amended with
xylan.

Fig. 2 Representation of the
taxonomic affiliation of the 30
ORFs generated through the
RAST server. Sequences were
compared with those present in
the GenBank database through
the BLASTx program. a Phylum.
b Class. c Order. d Family

Fig. 3 Phylogenetic
reconstruction demonstrating the
relationships between the
metagenomic insert (amino acids)
and sequences of the most similar
organisms present in the BLASTp
database. Phylogeny was
determined by distance matrix–
based model JTT. Values on the
branches indicate the frequency
of grouping, as determined by the
bootstrap test with 1000 repli-
cates. The obtained α-amylase is
indicated with bold letters
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Isolation and enzymatic potential assays

Using targeted microorganism isolation, thirty-eight bac-
terial isolates were obtained with the ability to consume
xylan. Enzymatic indexes ranged from 0 to 10.9, and
only isolate 39 showed no degradation halo. Isolate 11
showed the highest value (EI = 10.9) (Fig. 4), and
xylanolytic enzyme activity by the DNS method ranged
from 0.02 to 0.44 U/mL (Fig. 5). Isolate 39 did not
present a degradation halo by the plate assay method
but reached the highest enzymatic activity value (0.44
U/mL) determined by the DNS method and was submit-
ted to a test at different salt concentrations. This isolate
showed an enzymatic activity reduction (0.33 U/mL)
when 3.75% NaCl was added to the reaction buffer
(Tukey’s test p > 0.05). Therefore, the enzyme released
under such culture conditions can be used in processes
using 0 to 2.25% NaCl concentrations. However, the
NaCl addition in the culture medium did not alter enzy-
matic activity (p = 0.35 at p value > 0.05); thus, higher
NaCl concentrations could be tested to identify the max-
imum concentration tolerated by the isolate (Fig. 6).

Molecular characterization of the isolates

Phylogenetic reconstruction revealed affiliation of the 38 iso-
lates with the Firmicutes phylum. The Bacillus genus belong-
ing to the Bacillaceae family harbored 89% of these isolates,
and 17 isolates were identified that had 99 to 100% identity
with the Bacillus aquimaris 16S rRNA gene, and 5 isolates

Fig. 4 Enzymatic index (EI) of the 38 bacterial isolates from a composite
sample of mangrove sediment, an oil spill area, located in the city of
Bertioga, São Paulo. The EI was calculated by the ratio of the mean
diameter of the degradation halo and the mean diameter of the colony
(cm). Error bars indicate the standard deviation above the mean (n = 3)

Fig. 5 The quantitative xylanolytic activity of 38 bacterial isolates from a
composite sample of mangrove sediment located in the city of Bertioga,
São Paulo. The activity was measured by the proportion of reducing
sugars released by the enzymatic hydrolysis of xylan. The error bars
indicate the standard deviation above the mean (n = 3)

Fig. 6 Enzymatic reaction of isolate 39 with different concentrations of
NaCl. Growth of isolate 39 at different concentrations of NaCl added to
the culture medium and enzymatic activity under addition of the same
NaCl concentration range in the reaction buffer
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presented the same identity index range with Bacillus
megaterium. For the other isolates, 100% identity was dem-
onstrated with 4 isolates similar to B. cereus, 3 isolates similar
to B. subtilis, 3 isolates similar to B. pseudomycoides, 1 isolate
similar to B. pumilus, 1 isolate similar to B. indicus, and 1
isolate similar to B. infantis. The other 11% of isolates were
affiliated with the genus Paenibacillus, classified in the
Paenibacillaceae family and showed a 99% identity index
with the 16S rRNA of Paenibacillus polymyxa (Fig. 7 and
Table 1).

Discussion

The advantage of using two different methods to bioprospect
microbial enzymes is the ability to access genes belonging to
either cultured or uncultured microorganisms [13]. The gene
encoding an amylase obtained through functional
metagenomics was affiliated with the Planctomycetaceae fam-
ily, belonging to the Planctomycetes phylum. Most
Planctomycetes species have slow growth, making cultivation
difficult [39]; thus, the adoption of a culture-independent
method is important to allow isolation and subcloning of en-
zymes belonging to the phylum. This group is involved in
nitrogen cycling, participating in the ammonium oxidation
process. Planctomycetes have been described as belonging
to the mangrove microbial community of the same area used
in the present study [22] and are found in other habitats, such
as marine water [40], freshwater [41], rhizosphere [42], and
soil [43]. The 1,4-α-glucan branching enzyme obtained in this
work was most related to an amylase sequence from a genome
also belonging to a species of Planctomycetes recovered from
an aquifer system [38], and the non-catalytic domain

described is designated as a starch-binding domain (SBD)
reported to facilitate the binding and insoluble starch [44]
degradation. Planctomycetes have been demonstrated to syn-
thesize esterases in mangroves [14] and forest soils [15], and
genome analyses have revealed genes that encode cellulases
[45] and xylanases [46]. However, studies have not explored
amylases produced by Planctomycetes.

Applying a culture-dependent approach, a collection of
isolates that produced xylanases were obtained, and all iso-
lates were affiliated with the phylum Firmicutes; this phylum
is highly represented by cultured microorganisms described in
the literature [47]. The investigation of the microbiota from
mangroves in the present work [22], through metagenomics
analyses, identified Firmicutes as the second most abundant
phylum. Firmicutes play an essential role in organic matter
and xenobiotic degradation with a great capacity to promote
catabolic reactions of recalcitrant organic compounds [48].
Most isolates obtained in this study were affiliated with the
Bacillus genus. This genus plays a fundamental role in bio-
geochemical cycles and is a group within the Bacteria domain
with a great biotechnological importance and industrial appli-
cation [49]. Numerous hydrolytic enzymes belonging to
Bacillus have been characterized, including xylanases [50],
cellulases [51], and amylases [52]. Some enzymes are already
used on a large scale in bioconversion processes [53]. The
other isolates belong to the genus Paenibacillus, and isolates
from this genus are capable of hydrolyzing lignocellulosic
materials and are often isolated from soil and plant samples
[54]. Paenibacillus secrete extracellular enzymes such as
xylanase and cellulase, and their enzymatic system has been
increasingly studied [55].

Bifunctional enzymes that present two activities were re-
ported to present activities of xylanase-cellulase, xylanase-

Fig. 7 Phylogenetic
reconstruction demonstrating
relationships between isolates
analyzed with sequences of the
most similar organisms present in
the database. Phylogeny was
determined by the maximum
likelihood method using the
distance matrix Kimura 2-
parameter model. The
Escherichia coli sequence was
used as an external group for tree
rooting. Values on the branches
indicate the frequency of isolate
grouping, determined by the
bootstrap test with 1000 replicates
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arabinosidase, xylanase-deacetylase, and xylanase-glucanase
[56], but the enzymes that present bifunctional activity to
xylanase and amylase were not found in the literature.
However, some microorganisms classified as xylanolytic also
present amylase activity, such asGracilibacillus sp. TSCPVG
[35], Paenibacillus xylanilyticus sp. nov. [54], and Bacillus
amyloliquefaciens US573 [57]. These microorganisms pre-
sented in its genomes genes that separately encode amylase
and xylanase enzymes. Zhao et al. [58] characterized a clone
with 68 ORFs, and through sequence annotation, identified
ORF 6 encoding an amylase and a cluster (ORF63 to
ORF68) encoding a xylanase. This clone also exhibited amy-
lase and xylanase activity in functional screening. One hy-
pothesis for why an amylase rather than a xylanase was se-
lected in this study is that 11 ORFs deduced as hypothetical
proteins were discarded without analysis. Therefore, one of
these sequences could contain a gene encoding xylanase since
the initial MgrBr135 clone showed a degradation halo in me-
dium with xylan.

Through the xylanase potential assay using the enzymatic
index method, isolates with an EI value greater than or equal
to 2.0 were obtained. Indexes equivalent to or greater than this
value indicate that microorganisms are good extracellular en-
zyme producers on solid medium and are used as a parameter
to compare enzymatic activity [59]. Based on this premise,
most isolates had high-production enzyme rates. Eida et al.
[60] obtained enzymatic indexes ranging from 0.56 to 2.84
in bacteria present in compost. Bacteria responsible for
degrading lignocellulosic material in the digestive tract of
the invertebrate Stenochironomus presented EI values from 0
to 3.9 [61]. Singh et al. [62] obtained EI values ranging from 0
to 4.5 in Bacillus, Stenotrophomonas, and Pseudomonas iso-
lates from koala intestines.

Similar results were observed with yeast isolates that did
not present the enzymatic index correlated with enzymatic
activity [29]. Xylanase yield is governed by some key factors
and parameters, such as gene expression level, accessibility to
the substrate, pH, temperature, and agitation, and a modifica-
tion in the culture method may alter enzyme production. The
value obtained is higher than that presented by the genus
Sugiyamaella, fungi isolated by Sena et al. [63] that achieved
0.05 to 0.29 U/mL activity. Bacteria isolated from Bacillus
licheniformis species had xylanolytic activity of 0.44 U/mL
when cultivated in minimal medium with xylan added [64].
Other authors reported that enzymatic activity from Bacillus
and Streptomyces genera presented higher values than those
found in the present study [65]. Sánchez et al. [66] observed
the xylanolytic activity of bacteria grown in different salt con-
centrations and obtained satisfactory xylanase production
from Paenibacillus isolates cultivated in 5% sodium chloride.
These results suggest that the enzymatic activity of isolate 39
can be stable with the addition of sodium chloride in culture

medium and that enzymes produced under these conditions
can be tested in reactions with higher NaCl concentrations.

Brazilian mangroves possess a great diversity of microbial
hydrolases [14, 21, 67, 68], and the use of different method-
ologies in this work was effective for accessing and exploring
two different enzymes. The culture-dependent method associ-
ated with molecular analyses enabled to classify Bacillus and
Paenibacillus that possess a xylanolytic capacity, supporting
the participation of these bacteria in xylan degradation [14].
This method was more effective to obtain the initial target
enzyme, as it allowed the direct isolation of microorganisms
that produce xylanases. Through the culture-independent
method, the gene that encodes xylanase was not obtained,
but this method isolated a gene that encodes an amylase, the
1,4-α-glucan branching enzyme. The amylase accessed
through the independent approach is produced by
Planctomycetes, a trait newly described for this bacterium in
mangroves, indicating its participation in starch degradation.
In summary, adopting classical and culture-independent meth-
odologies improved our view of results obtained from previ-
ous metagenomics analyses [22] and fosmid library studies
[14], supporting the suggestion that the bacterial groups are
associated with hydrolysis production. The further use of
these resources may confirm the potential of mangrove con-
ditions to modulate enzymes with useful characteristics for
particular purposes.
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