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Abstract

Objectives To discover novel feruloyl esterases

(FAEs) by the function-driven screening procedure

from soil metagenome.

Results A novel FAE gene bds4 was isolated from a

soil metagenomic library and over-expressed in

Escherichia coli. The recombinant enzyme BDS4

was purified to homogeneity with a predicted molec-

ular weight of 38.8 kDa. BDS4 exhibited strong

activity (57.05 U/mg) toward methyl ferulate under

the optimum pH and temperature of 8.0 and 37�C.

Based on its amino acid sequence and model sub-

strates specificity, BDS4 was classified as a type-C

FAE. The quantity of the releasing ferulic acid can be

enhanced significantly in the presence of xylanase

compared with BDS4 alone from de-starched wheat

bran. In addition, BDS4 can also hydrolyze several

phthalates such as diethyl phthalate, dimethyl phtha-

late and dibutyl phthalate.

Conclusion The current investigation discovered a

novel FAE with phthalate-degrading activity and

highlighted the usefulness ofmetagenomic approaches

as a powerful tool for discovery of novel FAEs.

Keywords Feruloyl esterase � Function-driven
screening � Phthalate esters � Site-directed
mutagenesis � Soil metagenome
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Introduction

Feruloyl esterases (FAEs) (EC 3.1.1.73) are a group of

enzymes that catalyze the cleavage of cross-linkages

among plant cell wall polysaccharides and phenolic

compounds, involving ferulic acid (FA) and p-

coumaric acid (Williamson et al. 1998). There has

been great interest to find new FAEs for biotechno-

logical use in recent years. FAEs not only play critical

roles in the lignocellulosic biomass conversion for

renewable energy production (Gopalan et al. 2015;

Dilokpimol et al. 2018), but also release phenolic

acids, e.g., FA, caffeic acid and sinapic acid, which are

valuable by-products as antioxidants, flavor precursors

and antimicrobial agents (Shahidi and Chandrasekara

2010).

FAEs are distributed in plants, fungi and bacteria of

which most FAEs are of microbial origins, more than

80 FAEs have been characterized from microbial

source since it was identified in the 1980s and

purification in 1991 (Oliveira et al. 2019). However,

the traditional enzyme screening approaches have

been confronted with the predicament of microorgan-

isms’ cultivation and the subsequent screen of the pure

strains for the desired catalytic activity, as much as

99% bacterial strains are uncultivable by standard

methods in the lab, which limit the exploitation for

possible novel FAEs in a large untapped gene pool

(Amann et al. 1995; Schloss and Handelsman 2005).

In addition, few FAEs were able to meet the require-

ments for a given application due to their low levels of

expression and weak catalytic activities (Dilokpimol

et al. 2016).

Culture-independent metagenomic method circum-

vents the culture of microorganisms, the DNA is

extracted directly from i.e. a given environmental soil

and cloned into a cultured heterologous host, provid-

ing an efficient way for systematically exploring

plenty of biosynthetic gene clusters from unculturable

microbial species (Handelsman 2004). A variety of

enzymes have been identified by using metagenomic

technology, including lipases, esterases and phospho-

lipases (Reyes-Duarte et al. 2012). Given that soil

sample was the largest microorganisms reservoir with

a wide range of diversity (Torsvik et al. 1990, 1998),

we focused on soil sample to screen, clone and identify

novel FAE genes through a metagenomic strategy.

Herein, we described the utility of metagenomics

coupled with function-driven screening for mining a

novel FAE from the soil sample. The detailed steps

were described including construction of metage-

nomic library, screening of positive clones, molecular

cloning and over-expression of a FAE, enzymatic

activity assay and application in wheat bran

hydrolyzation. Additionally, the degradation effect

of FAE on phthalates which are one of the most

frequently detected persistent organic pollutants in the

environment was investigated as well.

Materials and methods

Bacterial strains, plasmids, enzymes and materials

Escherichia coli EPI300 and pcc2FOS (Epicenter,

USA) were used for the construction of the metage-

nomic library. The pUC118 and E.coli DH5a Com-

petent Cells (Takara, Japan) were taken for

subcloning. The pET-28a (?) and E. coli BL21(DE3)

(Takara, Japan) were designed for protein expression.

The Sau3A I, BamHI and HindIII (Vazyme, China)

were used as restriction enzymes. The standard

chemicals, reagents and recombinant xylanase from

Aspergillus oryzae were purchased from Sigma-

Aldrich.

Metagenomic library construction and screening

The soil sample was collected from Baoding region

(Latitude-38.548913 N, Longitude-115.23515 E), at

Hebei Province, China. The crude environment DNA

was extracted according to the described protocol

(Brady 2007). The DNA fragments of around 40 kb

were obtained, and then ligated to the pcc2FOS vector

and transfected into E. coli EPI300 for constructing

the library according to the manufacturer’s guide

(Copy ControlTM Fosmid Library Production Kit).

The function-driven screening was performed on the

Luria–Bertani (LB) agar plates with 1.5 mg/mL

methyl ferulate (MFA) (Cheng et al. 2012a). The

putative FAE clone was identified by the formation of

a clear halo around the colony margin. One single

positive clone was picked up and cultured in LB liquid

medium (chloramphenicol 12.5 lg/mL, MFA 1.5 mg/

mL, IPTG 0.5 mM). The fermented broth was filtrated

with a 0.22 lm organic membrane filter and then

analyzed by high pressure liquid chromatography

(HPLC) equipped with an Agilent Zorbax SB-C18
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column (4.6 9 150 mm, 5 Micron). The linear gradi-

ent elution was performed from 10% solution A/90%

solution B to 0% solution A/100% solution B (solvents

solution A, 1% acetic acid; solution B, methanol) with

a flow rate of 1 mL/min. The detected peak area of FA

at 320 nm was used to calculate the FAE activity.

Subclone library construction

The plasmid from the positive clone was extracted

using Plasmid Mini kit I (OMEGA, USA). The

obtained plasmid was partially digested by Sau3A I

enzyme. The fragments were purified by a 1% agarose

gel. The acquired DNA fragments (1-5 kb) were

chosen to ligate into the BamHI site of pUC118 vector

and then transferred into the competent E. coli DH5a
via the heat shock method. The transformants were

cultivated on LB agar plates (ampicillin 100 lg/mL,

MFA 1.5 mg/mL) at 37�C overnight and the E. coil

subclone library was constructed. The desired sub-

clone was rescreened for FAE activity by HPLC and

confirmed by DNA sequencing.

Bioinformatics analysis

The sequence was analyzed by online server Open

Reading Frame (ORF) Finder (https://www.ncbi.nlm.

nih.gov/orffinder/) (Hancock and Bishop 2004). The

sequence similarity was retrieved by BLAST program

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul

et al. 2005). The multiple alignment of FAEs sequence

was performed on the online software Clustal Omega

program (https://www.ebi.ac.uk/Tools/msa/clustalo/)

(Li et al. 2015). Theoretical molecular weight was

calculated using the ProtParam program (https://web.

expasy.org/protparam/). The phylogenic tree was

generated by neighbor joining algorithm method with

bootstrap test and Poisson model using MEGA 6.0

software (Tamura et al. 2013). The three-dimensional

structure was simulated by COACH database (https://

zhanglab.ccmb.med.umich.edu/COACH/) (Yang

et al. 2013a, b).

Expression and purification of recombinant

enzyme

The FAE-encoding gene was amplified by PCR with a

pair of specific primers: hFv/BamHI 50-GCTGGATC-
CATGCCATATATTTCCACC-30 and hRv/HindIII 50-

GCTAAGCTTTGGCTTTTGAATTAATTG-30 (under-
lined bases are the BamHI and HindIII sites, respec-

tively). The PCR reaction system (50 ll): ddH2O 20 ll,
2 9 TaqMasterMix 25 ll, primers (10 lM) 2 ll, DNA
template 1 ll. The PCR reaction conditions: 95�C for

5 min; 35 cycles of 94�C for 5 min, 56�C for 30 s, and

72�C for 1 min; 72�C for 10 min. The PCR products

were digested with BamHI and HindIII, and then ligated

into the corresponding sites of pET-28a (?) expression

vector by T4 DNA ligase. The recombinant plasmid

(pET-bds4)was yielded and then transformed intoE. coli

BL21(DE3) for protein expression.

The transformants were incubated at 37�C in the LB

liquid medium (kanamycin 50 lg/mL, MFA 1.5 mg/

mL, IPTG 0.5 mM) and E. coli BL21(DE3) with an

empty vector pET-28a (?) was used as a negative

control. The cells were induced with 0.5 mM IPTG

when the OD600 value of the culture reached 0.4. The

cells were harvested by centrifugation (4�C, 6000 *g,

5 min) and then suspended in the sodium phosphate

buffer (20 mM, pH 8). The cells were lysed by

sonication and the supernatant was collected as crude

enzyme by centrifugation (4�C, 12,000 *g, 20 min).

The recombinant enzyme was purified by Ni–NTA-

Sefinose Column (Sangon Biotech, China) and eluted

with a linear gradient of imidazole buffer solution (20,

50, 100, 250, 500 mM) in a flow of 1 mL/min. The

molecular weight of purified BDS4 was examined by

SDS-PAGE analysis. The BDS4 was concentrated by

an ultrafiltration centrifuge tube with 10 kDa cutoff

(Millipore, USA). The content of total protein was

quantified by using the Bradford Protein Assay.

Biochemical characterization

The biochemical reactions were initiated by the addition

of 20 lg/mL purified BDS4 and incubated in 1 mL

buffer with 5-9 mMMFA as substrate with time interval

5 min. The optimal pH for enzyme activities was

measured in different buffers: pH 3.0–6.0, 20 mM so-

dium citrate buffer; pH 6.0–8.0, 20 mM Na2HPO4-

NaH2PO4 buffer; pH 7.5–9.0, 20 mM Tris-HCl buffer;

pH 9.0–11.0, 20 mM glycine-NaOH buffer. To deter-

mine pHstability, the purified enzyme indifferent buffers

was pre-incubated at 4�C for 1 h, and then incubated

37�C for 5 min, the residue enzymatic activity was

measured under standard condition (Cheng et al. 2012a).

The optimal temperature was determined at 4-75�C. For
thermostability, the enzyme was pre-incubated at
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different temperatures for 1–4 h and then the residual

activity was measured. One unit of FAE activity was

defined as the amount of enzyme that released 1 lmol of

FA per minute. The metal ions and chemicals (Table 1)

were added into the reaction mixture to investigate their

effects on enzyme activity. In addition, enzymatic kinetic

parameters (Km, Vmax, kcat, kcat/Km) were calculated

using different concentrations of MFA, ethyl ferulate

(EFA), methyl p-coumarate (MpCA), methyl caffeate

(MCA), methyl vanillate (MV), methyl sinapate (MSA),

chlorogenic acid (CGA) and methyl gallate (MG) from

0.5 to 9 mM to determine substrate binding and speci-

ficity of BDS4.All quantitative assayswere performed in

triplicate for statistical analysis.

Site-directed mutagenesis

Site-directed mutagenesis was performed by using

TreliefTM SoSoo Cloning Kit (TsingKe Co, China).

The primers were designed to introduce base substi-

tutions (Supplementary Table 1) and then elongated

by PCR using pET-bds4 vector as the template. The

mutated gene was harvested and then the nicks were

ligated based on homologous recombination, followed

by transferring into E.coli BL21(DE3). The point

mutants were generated and sequenced for further

confirmation. The transformants were grown at 37�C
in LB screening agar plates and further analyzed by

enzymatic activity assay.

Release of FA from DSWB

The ability of releasing FA by the purified BDS4 was

examined using de-starched wheat bran (DSWB) as

the complex substrate according to the previously

reported procedure (Haase-Aschoff et al. 2013). The

reaction mixture containing 200 mg DSWB powder

was incubated at 37�C for 10 h in the 20 mM Tris–

HCl buffer (pH 8.0) with BDS4 (20 U) or combined

with commercial xylanase (100 U). The released FA

was examined by HPLC.

Phthalate biodegrading experiment

The ability of phthalate degradation by the purified

BDS4 was determined using diethyl phthalate,

dimethyl phthalate and dibutyl phthalate as substrates.

20 mM Tris–HCl buffer (pH 8) was mixed with a

single phthalate at a concentration of 1 mg/mL, then

the 40 lg/mL purified BDS4 was added into the 1 mL

reaction mixture. The control was carried out as the

above procedure without enzyme. All the reactions

were accomplished in dark at 37�C for 12 h. The

samples were dried by N2 and redissolved in methanol,

and filtrated by 0.22 lm organic membrane filters.

The products were detected and analyzed by a 7890A

gas chromatography-5975C mass spectrometry (GC–

MS, Agilent, USA) coupled with a Hp-5MS column.

The GC conditions were as follow: initially, the oven

temperature was 60�C for 1 min; then ramped to

180�C at a rate of 10�C per min for 10 min; further

ramped to 220�C at a rate of 15�C per min for

5 min. The injection volume was 1 ll, the split mode

was 20:1, and 7 min was set as the solvent delay time.

Table 1 Effect of metal

ions and chemical reagents

on the activity of BDS4 at

37�C and pH 8.0

Activities were determined

at optimum conditions

(pH8.0, 37�C) with no

additive as control (100%).

The mean value and the

standard deviation are

indicated

Metal ion Relative activity (%) Reagent Relative activity (%)

5 mM KCl 103.58 ± 4.69 1% acetone 99.02 ± 5.32

5 mM MnCl2 89.25 ± 3.92 1% methyl alcohol 100.28 ± 5.02

5 mM CaCl2 104.19 ± 4.38 1% dimethyl sulfoxide 102.29 ± 6.70

5 mM FeCl3 94.45 ± 1.27 1% Triton-100 100.85 ± 5.84

5 mM MgCl2 98.06 ± 3.65 1% acetonitrile 86.07 ± 4.93

5 mM CoCl2 34.95 ± 3.45 1% Dimethyl formamide 101.25 ± 2.68

5 mM CuCl2 0.98 ± 0.23 1% isopropanol 97.00 ± 2.47

5 mM FeCl2 46.55 ± 4.86 5 mM EDTA-2Na 88.02 ± 7.85

5 mM ZnCl2 4.27 ± 0.86 5 mM SDS 0.01 ± 0.00
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Results

Metagenomic library construction and FAE

screening

The metagenomic library was constructed with

1.2 9 106 clones approximately with an average

DNA insert size of 40 kb, and was predicted to

contain about 4.5 Gbp genomic DNA. One positive

fosmid clone with the clear halo was isolated which

showed strong FAE activity by HPLC analysis

(Supplementary Fig. 1). To identify an FAE-encod-

ing ORF, the pUC118 subclone library was generated

from Sau3A I-digested fosmid clone. The pUC118

subclone library consisted of around 2000 clones. One

positive subclone was obtained after rescreening and

Fig. 1 Multiple sequence alignment of bds4 and similar

esterase on the amino acid level. The aligned sequences were

derived by the PSI-BLAST program: AB hydrolase (Q9HDX3,

Q9US38) from Schizosaccharomyces pombe; Arylesterase

(B5BLW5) from Sulfolobus solfataricus; Carboxylesterase

NlhH (P9WK86) from Mycobacterium tuberculosis

CDC1551. The conserved G-X-S-X-G motif was shaded in

gray rectangle and the putative catalytic triad (S158, D256 and

H286) was indicated by triangles
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further analyzed by sequencing with vector-specific

primers.

Sequence analyses of bds4

The insert of 4185 bp-long DNA fragment in subclone

harboured 24 possible functional ORFs as revealed by

ORF Finder program, in which one ORF was identi-

fied as a putative FAE and named bds4. The homol-

ogous search of bds4 was retrieved from Genbank

database through Position-Specific Iterated BLAST

(PSI-BLAST). The bds4 exhibited the top highest

identity with Carboxylesterase NlhH (P9WK86, 35%)

from Mycobacterium tuberculosis CDC1551, AB

hydrolase (Q9US38, 34%) from Schizosaccharomyces

pombe and Arylesterase (B5BLW5, 34%) from Sul-

folobus solfataricus. The multiple alignment analysis

was performed on the online software Clustal Omega

program (Fig. 1). The results suggested that the

deduced amino acid sequence of bds4 contained a

G-D-S-A-G sequence (position 156 to 160) corre-

sponding well to the conserved G-X-S-X-G motif in

many other FAEs, such as G-L-S-M-G and G-H–S-Q-

G from rumen (Cheng et al. 2012a; Wong et al. 2013),

G-C-S-T-G from A. oryzae (Koseki et al. 2009). It can

be deduced that the catalytic triad might consist of a

nucleophile serine (S, 158), aspartate (D, 256) and

highly conserved histidine (H, 286) residues (Prates

et al. 2001).

The predicted three-dimensional structure of BDS4

was built by COACH online tool using 4RE5 protein

sequence as a template which generated automatically

with the highest score (Fig. 2). The overall topology of

BDS4 protein contains a typical a/b hydrolase fold

and a Ser-Asp-His catalytic triad, in which two

domains can be identified, one is a catalytic domain

that consists of an eight-stranded b-sheet with con-

necting a-helices, the other is a cap domain developed

by a-helices which are located at the upper of the

central b-sheets and it can be used as the entrance for

the substrate binding (Suzuki et al. 2014).

Phylogenic analysis and classification of bds4

According to the amino acid sequence, substrates

specificity for aromatic substrates and biochemical

properties, FAEs have been classified into four types

(A–D) (Crepin et al. 2004). A phylogenetic tree was

constructed by the amino acid sequences of bds4 and

other known FAEs (Crepin et al. 2004; Dilokpimol

et al. 2016) for further understanding the evolutionary

relationship (Fig. 3). It can be observed that the FAE

sequences were separated into four major phyloge-

netic clades and BDS4 belonged to C clade, suggesting

that BDS4 was a new member of type-C FAEs,

resembling the other identified type-C FAEs with the

activity toward model substrates (MFA, MCA, MSA

and MpCA).

Cloning, expression and purification of BDS4

The bds4 gene was cloned into pET-28a (?) and then

transformed into E. coli BL21(DE3) for expression.

The recombinant enzyme BDS4 was purified by Ni–

NTA affinity resin and its molecular weight was

determined by SDS-PAGE (Fig. 4). The BDS4 con-

taining polyhistidine tags showed a molecular weight

of 38.8 kDa.

Biochemical characterization and substrate

specificity

The optimum activity of BDS4 was measured over the

pH range of 3.0–11.0 and the temperature range of

4–75�C with MFA as the substrate. The activity of

Fig. 2 The predicted three-dimensional structure of BDS4 by

COACH sever. BDS4 had a typical a/b hydrolase fold and a Ser-
Asp-His catalytic triad (S158, D256 and H286), which consisted

of the cap domain (above the line) and catalytic domain (below

the line). The a-helices, b-strands and random coils were shown

in red, blue, and gray respectively
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BDS4 increased as pH increased from 3.0 to 8.0, the

highest activities was achieved at pH 8.0 and declined

when the pH was over 8.0 (Fig. 5a). The pH stability

experiment revealed BDS4 still maintained more than

60% residual activity in the pH 7.0–8.5, indicating that

BDS4 was more stable under weakly alkaline condi-

tions (Fig. 5b). The activity of BDS4 exhibited the

almost same profile as the temperature increased from

4 to 37�C with incubation and without incubation in

the corresponding temperature, and displayed the

maximum activation at 37�C (Fig. 5c). The ther-

mostability experiment showed that the activity of

BDS4 decreased with the increasing of the reaction

time, and the higher the temperature, the greater the

loss of activity (Fig. 5d).The effects of metal ions and

chemical reagents on BDS4 were showed in Table 1.

For further characterization of BDS4, enzymatic

kinetic parameters were examined with different

substrates as shown in Table 2. BDS4 were active

toward MFA, EFA, MpCA, MCA, MV and MSA

except for MG and CGA. It exhibited the strongest

Fig. 3 Phylogenetic tree of

BDS4 and other known

FAEs using the neighbor-

joining method (MEGA 6.0)

based on 1000 replicates.

Four phylogenetic clades

respectively represent

functional sub-classes of

FAEs (type A, B, C, D)

according to the

classification (Crepin et al.

2004)

Fig. 4 The SDS-PAGE analysis of BDS4. Lane M, protein

marker; lane 1, crude enzymes; land 2, purified BDS4
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activity to MFA with a value of 57.05 U/mg followed

by EFA and MpCA. The lowest Km (0.11 mM) for

MV suggested that BDS4 have the best affinity toward

MV in the tested substrates, while the maximal kcat/

Km (79.04 mM-1s-1) and Vmax (0.019 mM s-1) for

MFA indicated that BDS4 displayed the highest

catalytic efficiency and reactive velocity towardMFA.

Site-directed mutagenesis

To confirm the catalytic residues in bds4, three

recombinant mutant plasmids were constructed, in

which Ser158, Asp256, His286 were replaced with

Cys, Asn, Lys respectively by site-directed mutagen-

esis (Supplementary Fig. 2). The S158C, H286 K and

D256 N mutants could completely abolished the

catalytic activity, implying that Ser158, Asp256 and

His286 were very important to the activity of BDS4

and they might constitute its catalytic triad.

Fig. 5 The effects of pH and temperature on BDS4. a The

effect of pH on activity. b The effect of pH on stability. c The
effect of temperature on activity. The enzymatic activity was

assayed in Tris–HCl buffers (pH 8.0) with or without pre-

incubation for 1 h in different temperatures. d The effect of

temperature on thermal stability assay. Each point presented

mean ± standard deviation (n = 3)
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Synergistic effects of BDS4 with xylanase

on DSWB

The possible synergy between BDS4 and xylanase was

studied using the substrate DSWB as shown in Fig. 6.

BDS4 released a small amount FA from DSWB

without the presence of the xylanase, and also a few

FA was detected with xylanase alone. But, the amount

of released FA increased significantly and reached as

high as 28.49 lg/mLwhen BDS4 and xylanase mixed,

suggesting a synergistic effect occurred between

BDS4 and xylanase.

Phthalate-biodegrading analysis

The reaction products of diethyl phthalate, dimethyl

phthalate and dibutyl phthalate were analyzed by GC–

MS. According to authentic standards, degradation

products of diethyl phthalate, dimethyl phthalate and

dibutyl phthalate were identified as phthalic acid with

an obvious peak, indicating that these phthalates with

shorter side chains were finally transformed into

phthalic acid and the possible enzymatic degradation

pathway of BDS4 was proposed as shown in Fig. 7.

Discussion

Metagenomics strategy has been effectively applied in

the discovery of novel FAE biocatalysts from the

environment (Wong et al. 2013; Li et al. 2018). The

new FAE gene bds4 was identified from a metage-

nomic library. This is the first report of the molecular

cloning, expression and characterization of bds4 gene.

BDS4 was described as a novel type-C feruloyl

esterase according to phylogenetic analysis and sub-

strate specificity experiments. Also, the current

research provides more information for the function

of BDS4.

The purified BDS4 exhibited specificity against the

four methyl esters of hydroxycinnamic acids (MFA,

MpCA, MCA and MSA) and other substrates (EFA,

MV). BDS4 showed strong activity (57.05 U/mg)

toward MFA which was much higher than most of

FAEs identified, such as EstF27 (7.3 U/mg) and FAE-

Xuan (40 U/mg) from soil samples (Shu et al. 2011; Li

et al. 2018), lhFAE (10.3 U/mg) from Lactarius

hatsudake (Wang et al. 2016), ScFAE1 (12 U/mg) and

ScFAE2 (14 U/mg) from Sorangium cellulosum (Wu

et al. 2012). The optimum enzymatic activity for

BDS4 was under pH 8.0 and 37 Æ C. Most FAEs

analyzed to date show optimal activity under acidic

conditions (Oliveira et al. 2019). However, for appli-

cations such as increasing the yield of pulp from

Table 2 Substrate specificity and selected kinetic parameters of purified BDS4 at 37�C and pH 8.0

Specific activity (U/mg) Vmax (mM s-1) Km (mM) kcat (s-1) kcat/Km (mM-1s-1)

EFA 42.96 ± 0.97 0.0143 ± 0.0003 1.0283 ± 0.0232 27.7643 ± 0.6296 27.0129 ± 1.0281

MFA 57.05 ± 0.92 0.0190 ± 0.0003 0.4668 ± 0.0143 36.8702 ± 0.5915 79.0403 ± 3.1565

MCA 12.98 ± 0.57 0.0043 ± 0.0002 0.8122 ± 0.0822 8.3910 ± 0.3658 10.3714 ± 0.6108

MpCA 35.97 ± 0.83 0.0120 ± 0.0003 0.7514 ± 0.0360 23.2480 ± 0.5352 30.9680 ± 0.9562

MV 4.25 ± 0.07 0.0014 ± 0.0000 0.1122 ± 0.0014 2.7440 ± 0.0469 24.4591 ± 0.4122

MSA 1.72 ± 0.06 0.0006 ± 0.0000 0.9043 ± 0.0267 1.1109 ± 0.0382 1.2299 ± 0.0776

Fig. 6 Release of FA from de-starched wheat bran by BDS4

and xylanase. The FA was detected by HPLC. Error bars

represent standard deviation (n = 3)
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alkaline pulping in paper-making processes it is

important to have enzymes working in alkaline

conditions (Record et al. 2003; Moukouli et al.

2008). This makes BDS4 potentially useful in indus-

try. The activity of BDS4 was strongly inhibited by

Co2? and Fe2?, and abolished in the presence of Cu2?,

Zn2?and SDS. The impact of Cu2?, Zn2? on BDS4

activity was consistent with properties of reported

FAEs from the EstF27 (Benoit et al. 2008), Tan410

(Yao et al. 2013), FAE-Xuan (Li et al. 2018). SDS

suppressed the activity of BDS4, which was similar to

Xyln-SH1 (Cheng et al. 2012b). The presence of

EDTA-2Na reduced the enzymatic activity of BDS4,

however, the activity of FAE-SH1 could slightly

improve by EDTA (Cheng et al. 2012a). In future,

some attempts on BDS4 can be used to improve

enzymatic activity such as site directed mutagenesis

and directed evolution (Ohlhoff et al. 2015; Pereira

et al. 2017).

In experiments with DSWB, only low amounts of

FA were released when FAE or xylanase were present

alone, but more FA was released when both enzymes

were present. This indicates that the release of FA can

be mostly attributed to the synergistic interaction

between BDS4 and xylanase. It suggested that BDS4

required low molecular-weight feruloylated sub-

strates; xylanase can cleave glycosidic linkages to

produce short-chain xylooligosaccharides on which

FAE can act on (Dilokpimol et al. 2016). It has been

demonstrated that FAE can significantly enhance the

amount of FA released in the presence of cell wall-

degrading enzymes (Yu et al. 2011). Similar experi-

mental results have been found that xylanase can

enhance the hydrolytic action of FAEs on plant cell

Fig. 7 The proposed degradation pathways for phthalates by

BDS4 using GC–MS method. The main detected degradation

product of dimethyl phthalate, diethyl phthalate and dibutyl

phthalate was phthalic acid in all cases. a dimethyl phthalate,

b diethyl phthalate, c dibutyl phthalate
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wall materials as reported EstF27 (Shu et al. 2011) and

FoFaeC-12213 (Moukouli et al. 2008). It is thus

common to find synergism between FAEs and

xylanase.

In addition, BDS4 was the first reported FAE with

phthalate-biodegrading activity. The phthalates are

widely used as the plasticizer, their global consump-

tion grow rapidly and they can easily enter into the

environment through the process of manufacturing,

using and disposing plastics (Lu et al. 2009; Chen et al.

2015). The safety of phthalates has aroused much

public attention because they are suspected of playing

an estrogen-like effect in humans and animals, which

can interfere with endocrine and cause carcinogenic

effects (MacOn and Fenton 2013). Microbial activity

is responsible for phthalate degradation in the envi-

ronment (Benjamin et al. 2015). BDS4 can degrade

diethyl phthalate, dimethyl phthalate and dibutyl

phthalate into phthalic acid which suggested BDS4

may have potential application value in environmental

protection.

In summary, a FAE gene was successfully identi-

fied from the soil metagenomic library, which illus-

trated the advantages of metagenomic approach in

mining novel enzyme genes and discovering new

biocatalysts with industrial and biotechnological

applications. The heterologously produced BDS4

possessed the optimal activity in neutral and weakly

alkaline environment (pH8.0, 37�C), that showed its

potential application in industrial processes. BDS4

was insensitive to some metal ions and chemicals such

as Mg2?, Fe3?, isopropanol, acetone, dimethyl sul-

foxide, Triton-100, dimethyl formamide, however it

was inhibited significantly by Cu2?, Zn2? and SDS.

Moreover, BDS4 acted synergistically with xylanase

to release FA from DSWB. Notably, BDS4 can

degrade diethyl phthalate, dimethyl phthalate and

dibutyl phthalate into the products phthalic acid.

Taken together, these properties make BDS4 as an

interesting candidate for biomass degradation and

environmental protection.
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