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Abstract 

Background:  Flonicamid (N-cyanomethyl-4-trifluoromethylnicotinamide, FLO) is a new type of pyridinamide insec‑
ticide that regulates insect growth. Because of its wide application in agricultural production and high solubility in 
water, it poses potential risks to aquatic environments and food chain.

Results:  In the present study, Ensifer adhaerens CGMCC 6315 was shown to efficiently transform FLO into N-(4-trif‑
luoromethylnicotinoyl) glycinamide (TFNG-AM) via a hydration pathway mediated by two nitrile hydratases, PnhA 
and CnhA. In pure culture, resting cells of E. adhaerens CGMCC 6315 degraded 92% of 0.87 mmol/L FLO within 24 h at 
30 °C (half-life 7.4 h). Both free and immobilized (by gel beads, using calcium alginate as a carrier) E. adhaerens CGMCC 
6315 cells effectively degraded FLO in surface water. PnhA has, to our knowledge, the highest reported degradation 
activity toward FLO, Vmax = 88.7 U/mg (Km = 2.96 mmol/L). Addition of copper ions could increase the enzyme activity 
of CnhA toward FLO by 4.2-fold. Structural homology modeling indicated that residue β-Glu56 may be important for 
the observed significant difference in enzyme activity between PnhA and CnhA.

Conclusions:  Application of E. adhaerens may be a good strategy for bioremediation of FLO in surface water. This 
work furthers our understanding of the enzymatic mechanisms of biodegradation of nitrile-containing insecticides 
and provides effective transformation strategies for microbial remediation of FLO contamination.

Highlights 

1.	 E. adhaerens efficiently degrades the insecticide FLO via a hydration pathway.
2.	 Both free and immobilized cells effectively degrade FLO in surface water.
3.	 E. adhaerens nitrile hydratases CnhA and PnhA both hydrolyze FLO to TFNG-AM.
4.	 PnhA has, to our knowledge, the highest reported degradation activity toward FLO.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Microbial Cell Factories

*Correspondence:  gefeng@nies.org; daiyijun@njnu.edu.cn
1 Jiangsu Key Laboratory for Microbes and Functional Genomics, Jiangsu 
Engineering and Technology Research Center for Industrialization 
of Microbial Resources, College of Life Science, Nanjing Normal University, 
Nanjing 210023, People’s Republic of China
3 Nanjing Institute of Environmental Sciences, Ministry of Environmental 
Protection, Nanjing 210042, People’s Republic of China
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-5848-8414
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-021-01620-4&domain=pdf


Page 2 of 13Zhao et al. Microb Cell Fact          (2021) 20:133 

Introduction
Flonicamid (N-cyanomethyl-4-trifluoromethylnicotina-
mide, FLO) is a novel systemic insecticide with selective 
activity that exhibits very good efficacy in pest control 
[1–3]. It is widely applied for foliar treatment of cabbages, 
tea trees, dwarf berry crops, and fruits [4–6]. FLO and its 
metabolites N-(4-trifluoromethylnicotinoyl)glycinamide 
(TFNG-AM), 5-trifluoromethylnicotinic acid, and 4-(tri-
fluoromethyl)nicotinol glycine were detected in orange 
groves in field studies [6, 7]. FLO residues have also been 
detected in human serum and urine samples, and several 
watersheds around the Great Lakes Basin in the United 
States [8, 9]. High doses of FLO caused DNA degradation 
and severe genomic damage in mice [10]. Because of their 
high solubility in water, these compounds can remain in 
the edible parts of food and enter the food chain [10–12]. 
The presence of these long-lasting compounds in the 
environment poses potential risks to human health.

Microbial catabolism of pesticides is one of the most 
important and effective methods for pesticide decompo-
sition [13, 14]. Previously, we have shown that microbes 
may be one of the major factors affecting FLO degrada-
tion in soil [15]. Microvirga flocculans CGMCC 1.16731, 
Aminobacter sp. CGMCC 1.17253, and Ensifer meliloti 
CGMCC 7333 can each convert FLO to TFNG-AM in 
pure culture via hydration [16–18]; Alcaligenes faecalis 
CGMCC 17553 can transform FLO via hydrolysis and 
hydration pathways. Some reports indicate that the deg-
radation of FLO is rapid in soil, with a maximum DT90 
(the time required for 90% dissipation of the initial con-
centration) of 1.5–8.7 days, which is far below the trigger 
value of 100 days [19]. Per kilogram dry weight of soil, the 
LC50 value of FLO was > 1000  mg, which indicates that 
FLO poses a low risk to earthworms and soil microorgan-
isms [20]. However, FLO has higher persistence in water 
and the total water–sediment system, with DT50 values of 
30–37 and 36–44 d, respectively (https://​www.​ohp.​com/​
Labels_​MSDS/​PDF/​pradia_​sds.​pdf ). Microbial remedia-
tion of FLO in surface water environments has not yet 
been reported. The degradation behavior of FLO and its 
mechanisms are increasing concerns.

The microbial degradation of nitriles proceeds via 
two enzymatic pathways: (i) the nitrile hydratase/ami-
dase pathway, and (ii) the nitrilase pathway [21]. Nitrile 
hydratase (NHase, EC 4.2.1.84) is one of the key enzymes 
for nitrile metabolism in microorganisms. It catalyzes 
the hydration of nitriles to the corresponding amides, 

and shows great application potential in the degradation 
of toxic nitrile compounds [22–24]. NHases are heter-
omultimers composed of α- and β-subunits with either 
a non-heme iron (Fe-NHase) or a non-corrin cobalt ion 
(Co-NHase) in the active site [25]. Gene cloning and 
overexpression analysis identified two NHases in E. 
adhaerens CGMCC 6315, located on the chromosome 
(CnhA) and a plasmid (PnhA), respectively, that were 
responsible for conversion of the neonicotinoid aceta-
miprid [26]. However, these NHases have not been fully 
biochemically and structurally characterized.

In this study, we applied free and immobilized E. 
adhaerens CGMCC 6315 cells for remediation of FLO in 
surface water. We also characterized the NHases CnhA 
and PnhA from this bacterium; they degrade FLO, and 
PnhA shows high activity. These results enhance our 
understanding of FLO degradation and develop a good 
agent for FLO bioremediation.

Materials and methods
Chemicals and media
FLO (C9H6F3N3O, CAS Registry No. 158062-67-0, 95% 
purity) was purchased from Hubei Zhengxingyuan Fine 
Chemical Co. (Wuhan, China). TFNG-AM (C9H8F3N3O2, 
CAS Registry No. 158062-96-5, 99% purity) was prepared 
as described previously [15, 16]. High-performance liq-
uid chromatography (HPLC)-grade acetonitrile was sup-
plied by Merck (Darmstadt, Germany). All other reagents 
were of analytical grade and were supplied by Sangon 
Biotech (Shanghai, China).

Luria–Bertani (LB) medium (10 g/L NaCl, 10 g/L tryp-
tone, and 5 g/L yeast extract, pH 7.2) was used for cul-
tivation of all Escherichia (Es.) coli strains. The nutrient 
concentration of LB was diluted to give 1/15 LB, which 
was used for cultivation of E. adhaerens CGMCC 6315 
[26].
Strains and plasmids
E. adhaerens CGMCC 6315 and Es. coli Rosetta (DE3) 
harboring the E. adhaerens CGMCC 6315 NHase-encod-
ing genes (cnhA and pnhA) are stored in our laboratory 
[26, 27]. Es. coli Rosetta (DE3) pLysS (Novagen, USA) 
served as the host strain for protein expression experi-
ments, and pET28a (+) (Novagen, Germany) was used 
as the expression vector [26]. The accession numbers of 
the α-subunit gene, β-subunit gene, and activator gene 
(the genes encoding PnhA) in the GenBank database are 
MH998515, MH998516, and MH998517, respectively. 

5.	 The key residue (β-Glu56) may cause a significant difference in two NHase activities.

Keywords:  Biodegradation, Cell immobilization, Ensifer adhaerens CGMCC 6315, Enzymatic degradation, Flonicamid
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The accession numbers of the α-subunit gene, β-subunit 
gene, and activator gene (the genes encoding CnhA) in 
GenBank are MH998512, MH998513, and MH998514, 
respectively.

Kinetics of FLO degradation by resting cells of E. adhaerens 
CGMCC 6315
E. adhaerens CGMCC 6315 were inoculated into a 100-
mL flask containing 20  mL LB medium and incubated 
in a rotary shaker (220  rpm) at 30  °C. After incubation 
for 16 h, 1 mL of this seed culture was inoculated into a 
500-mL flask containing 150 mL 1/15LB medium supple-
mented with CoCl2 (final concentration of 0.1  mmol/L) 
and incubated for 72 h. Cells were harvested by centrifu-
gation at 7000×g for 8 min. The cell sediments obtained 
were washed twice with 50  mmol/L sodium phos-
phate buffer (pH 7.5). The cell density was adjusted to 
OD600 = 5 and then resuspended in 5  mL of the same 
buffer containing 0.87  mmol/L FLO. The reaction sys-
tem was placed on a rotary shaker (220  rpm) at 30  °C. 
Samples were taken at intervals, centrifuged at 12,000×g 
for 10 min to remove cells, and the supernatant was col-
lected, filtered, and diluted to a volume appropriate for 
analysis of the FLO and metabolites by HPLC.

Biodegradation of FLO in surface water by free 
and immobilized cells
Surface water samples were collected from Jiuxiang 
Lake, Nanjing, China, and then filtered through steri-
lized 0.22-µm Millipore filter membranes. FLO in sur-
face water samples is additionally added. Water samples 
(10 mL each) containing 0.21 mmol/L FLO were poured 
into 100-mL flasks and then resting cells of E. adhaer-
ens CGMCC 6315 were added to a final concentration of 
1 × 109 colony-forming units (CFU)/mL. Surface water 
with no added bacterial cells was used as a control. These 
flasks were incubated at 30  °C, 120  rpm. At 24-h inter-
vals, the supernatant was collected and prepared for 
HPLC analysis as described above [28].

For examination of the FLO-degradation ability of 
immobilized cells, 4  mL of seed culture broth were 
transferred into 1-L flasks containing 350 mL of 1/15 LB 
medium supplemented with CoCl2 (final concentration 
of 0.1 mmol/L) and incubated for 3 d (30  °C, 200 rpm). 
The cells were harvested, washed twice with 50 mmol/L 
sodium phosphate buffer (pH 7.5), and finally suspended 
in sterilized deionized water containing 4% sodium algi-
nate. The mixture was thoroughly stirred and dropped 
into CaCl2 (2% w/v) solution through a 10-mL injector. 
Gel beads with a diameter of about 2–3 mm were formed 
and calcified for 24  h [29, 30]. Beads giving a final bac-
terial concentration of 1.25 × 109  CFU/mL were trans-
ferred into 500-mL flasks holding 100-mL of surface 

water containing 0.21  mmol/L FLO. These flasks were 
then incubated at 30 °C, 150 rpm. At 2-d intervals, sam-
ples were collected and prepared for HPLC analysis as 
described above.

HPLC and liquid chromatography‑mass spectrometry (LC–
MS) analyses
An Agilent 1260 HPLC system was used for quantita-
tive analysis of FLO and its metabolites. The HPLC sys-
tem used an Agilent reverse phase HC-C18 column 
(4.6 × 250 mm) equipped with a reverse phase C18 pre-
column (4.6 × 20  mm). The mobile phase was deion-
ized water containing 0.01% acetic acid and acetonitrile 
(water: acetonitrile, 70:30 v:v). Elution was conducted at 
a flow rate of 1 mL/min and monitored at 265 nm using 
an Agilent G1314A UV detector. For LC–MS analysis, 
an Agilent 1290 infinity liquid chromatograph with a 
G1315B diode array detector and an Agilent 6460 triple 
quadrupole LC–MS system equipped with an electro-
spray ion source (Agilent Technologies) were used. LC–
MS analysis used the same mobile phase as HPLC, but 
the flow rate was 0.6 mL/min.

Biodegradation of FLO by resting cells of Es. coli Rosetta 
(DE3) overexpressing NHase from E. adhaerens CGMCC 
6315
We examined the FLO-degradation ability by resting 
cells of Es. coli pET28a-pnhA (expressing E. adhaerens 
CGMCC 6315 NHase PnhA) and Es. coli pET28a-cnhA 
(expressing E. adhaerens CGMCC 6315 NHase CnhA). 
Es. coli-pET28a cells were used as a control. Initially, 
bacteria were inoculated into a 100-mL flask contain-
ing 30 mL LB medium and incubated in a rotary shaker 
(37  °C, 220  rpm). After incubation for 12  h, 1  mL of 
this seed culture was inoculated into a 500-mL flask 
containing 150  mL LB medium and incubated for 
~ 2.5 h (until OD600 reached 0.5). Then isopropyl β-d-1-
thiogalactopyranoside was added to a final concentra-
tion of 0.2  mmol/L. After incubation for 6  h, the cells 
were harvested by centrifugation at 9000×g for 8  min. 
The cell sediments were washed with 50 mmol/L sodium 
phosphate buffer (pH 7.5). The cell density was adjusted 
to OD600 = 5 in 5  mL of the same buffer containing 
0.87 mmol/L FLO. After transformation for 2 h, the sam-
ples were centrifuged at 10,000×g for 8  min to remove 
the residual cells and the supernatant was collected, fil-
tered, and diluted to a volume appropriate for analysis of 
the substrate and metabolites by HPLC.

Enzyme purification and biochemical characterization
Details of the overexpression and purification of the two 
recombinant NHases were as reported in our previous 
studies [26, 31]. The E. adhaerens CGMCC 6315 NHases 
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were respectively overexpressed in Es. coli Rosetta (DE3) 
with an N-terminal 6 × His-tag and purified by affin-
ity chromatography according to the instructions of the 
chromatography resin manufacturer (Novagen Inc., 
Madison, WI, USA). Sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS-PAGE) was used to assess 
protein expression, and gels were stained using Coomas-
sie Brilliant Blue R-250. The concentrations of the sepa-
rating gel and focusing gel were 12.5% and 5% (w/v), 
respectively.

The optimal reaction pH and temperature for degra-
dation of FLO were determined by measuring NHase 
activity in different buffers at pH 4–9 (citrate buffer pH 
4.0–6.0, sodium phosphate buffer pH 6.0–8.0, Tris–HCl 
buffer pH 8.0–9.0) and at 20–70 °C, respectively. To test 
the pH stability of NHase activity, the purified enzyme 
was preincubated at 4  °C for 12  h in FLO-containing 
buffers with different pH values and the residual activ-
ity was determined. Thermal stability was determined by 
preincubating the enzyme at 20–70  °C for 2  h, and the 
residual activity was measured. The effects of metal ions 
on NHase activity were measured after adding EDTA, 
CaCl2, CuSO4, FeCl3, MnCl2, ZnCl2, NaCl, CoCl2, or 
MgCl2 to the reaction mixture at a final concentration 
of 1  mmol/L. The effects of organic solvents on NHase 
activity were measured by individually adding dimethyl 
sulfoxide (DMSO), ethanol, methanol, dichlorometh-
ane, ethyl acetate, acetone, cyclohexane, or 1-butanol (at 
a volume ratio of 2%) to the reaction mixture. Substrate 
specificities of the two NHases were tested by separately 
adding 2  mmol/L FLO, acetamiprid (ACE), thiacloprid 
(THI), indole-3-acetonitrile (IAN), 3-cyanopyridine 
(3-CP), dichlobenil, bromoxynil, or fipronil to the reac-
tion mixture and then assaying by HPLC. For kinetic 
analysis, reactions with a range of FLO concentrations 
were performed at 37  °C. Kinetic constants were calcu-
lated using nonlinear regression analysis (Michaelis–
Menten) in Origin 8.6 software [16, 32, 33].

NHase activity was determined using HPLC analy-
sis. One unit (U) of NHase activity was defined as the 
amount of enzyme that catalyzed the formation of 1 µmol 
of TFNG-AM in 1 min. The reaction with total volume of 
1 mL was conducted for 10 min at 37  °C and quenched 
by the addition of 500 µL acetonitrile. Then, the samples 
were centrifuged at 10,000×g for 5 min and the superna-
tants were analyzed by HPLC.

Half‑life determination
Half-life values for the degradation of FLO were deter-
mined by plotting ln(I/I0) against time [based on the 
equation ln(I/I0) =  − kt, where I0 and I represent the ini-
tial and residual concentrations, respectively]. The half-
life (t1/2) was calculated as t1/2 = (ln2)/k, where k is the 

apparent elimination constant. The first-order equation 
provided a satisfactory fit for the data (r > 0.9) [34].

Structural homology modeling of NHases
Structural homology models of the NHases from E. 
adhaerens CGMCC 6315 were constructed using Phyre2 
(http://​www.​sbg.​bio.​ic.​ac.​uk/​phyre2/​html/) and the 
SWISS-MODEL website (https://​swiss​model.​expasy.​org/​
inter​active). The crystal structures of NHase subunits 
from Pseudonocardia thermophila and Pseudomonas 
putida (PDB accession codes 4ob1.1.A, 3qyg.1.B, 
3qxe.1.A and 3qz9.1.B) [35, 36] were used as templates 
for the α-subunit of PnhA, the β-subunit of PnhA, the 
α-subunit of CnhA, and the β-subunit of CnhA, respec-
tively. Global model quality estimation (GMQE) and 
quantitative model energy analysis (QMEAN) were used 
to assess the quality of the constructed NHase structures 
[16].

Results and discussion
The kinetics of FLO degradation by E. adhaerens CGMCC 
6315 and metabolite identification
E. adhaerens CGMCC 6315 metabolized FLO to one 
apparent polar metabolite with retention time 3.25  min 
by HPLC analysis (Fig.  1A), which corresponds to the 
retention time of TFNG-AM in LC–MS. This peak 
did not appear in the substrate or bacterium controls 
(Fig. 1A). In mass spectra in negative ion mode (Fig. 1B 
and C), the metabolite and substrate had peaks at m/z 
246 and 228, respectively, corresponding to [M−H]− 
ions. A common fragment ion was also observed at m/z 
146.2, which is consistent with C6H5NF3, already reported 
in a previous study [4]. Some reports have shown that the 
molecular weights of TFNG-AM and FLO are 247 and 
229 [15, 16]. Therefore, the metabolite of FLO was identi-
fied as TFNG-AM. These results indicate that E. adhaer-
ens CGMCC 6315 can metabolize FLO to TFNG-AM via 
hydration.

Resting cells of E. adhaerens CGMCC 6315 degraded 
FLO from an initial concentration of 0.87  mmol/L to 
0.07 mmol/L in 24 h (92% FLO degradation) in Fig. 2A. 
Meanwhile, 0.79  mmol/L TFNG-AM was formed 
(molar conversion 98.8%). Thus, TFNG-AM is the main 
product of FLO hydrolysis. The half-life of FLO in the 
presence of E. adhaerens CGMCC 6315 was only 7.4 h, 
significantly shorter than that in FLO degradation by 
A. faecalis CGMCC 17553 (15  h), E. meliloti CGMCC 
7333 (60  h), and Aminobacter sp. CGMCC 1.17253 
(178.8 h) [15, 17, 18]. Therefore, E. adhaerens CGMCC 
6315 may be more advantageous for microbial restora-
tion of FLO-contaminated environments. Metabolic 
pathways of FLO degradation in various microbes and 
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the FLO metabolites in common fruit and vegetable 
crops are shown in Fig. 2B.
Biodegradation of FLO in surface water by free 
and immobilized E. adhaerens CGMCC 6315 cells
FLO is highly soluble in water and can remain as resi-
due in the edible parts of crops that enter the food 
chain [12]. E. adhaerens CGMCC 6315 was inoculated 
into surface water to examine its ability to degrade FLO. 
After incubation for 4 d, the FLO content was reduced 
from the initial value of 0.21  mmol/L to 0.01  mmol/L 
(95.2% degradation) in Fig.  3A. The control without 
bacterial inoculation had no activity toward FLO.

 E. adhaerens CGMCC 6315 cells immobilized by 
gel beads using calcium alginate as a carrier were also 
prepared for evaluation of FLO degradation ability in 

surface water. The control beads adsorbed some FLO 
over the first 2 d; 11.1% of the initial FLO was adsorbed 
(Fig. 3B). The immobilized cells degraded 78.9% of the 
FLO after 11 d of incubation. These results indicate that 
E. adhaerens CGMCC 6315 has the potential to degrade 
FLO in surface water. When using free cells to degrade 
toxic substances in wastewater treatment, there are 
problems such as difficulty in handling, decrease in 
cell density, and reduction of adaptation and infiltra-
tion rates. However, cell immobilization technology can 
provide protection against harsh environmental condi-
tions and prolong the survival of microorganisms [37]. 
The immobilization of microbial cells has attracted 
increasing attention in the field of wastewater treat-
ment [30]. Compared with conventional wastewater 

Fig. 1  HPLC and LC − MS analysis. A HPLC analysis of the degradation of FLO by E. adhaerens CGMCC 6315. B Negative ion mass spectrum of 
TFNG-AM. C Negative ion mass spectrum of FLO
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treatment systems, immobilized cell systems have high 
potential to degrade toxic chemicals. In addition, the 
cost of biological treatment is much lower than that of 
physical and chemical methods [38].

We previously isolated an effective thiacloprid-degrad-
ing strain, M. flocculans CGMCC 1.16731, which showed 
weak FLO degradation ability in surface water, but 
immobilized cells barely degraded FLO (data not shown) 
[16]. As a nitrogen-fixing bacterium, application of M. 
flocculans is usually limited to microbe–plant combined 
remediation. E. adhaerens, as a nitrogen-fixing and plant 
growth-promoting rhizobacterium, is a common inhab-
itant of soil and water environments, and shows great 
potential to decompose complex organic pollutants [39]. 
Zhou et al. [27] reported that E. adhaerens breaks down 
the pesticide thiamethoxam and produces secondary 
metabolites that are beneficial to plant growth and ger-
mination. In the present study, E. adhaerens CGMCC 
6315 is shown to be capable of removing FLO from sur-
face water.

Fig. 2  A FLO biodegradation by E. adhaerens CGMCC 6315 in pure culture, and B proposed metabolic pathways

Fig. 3  Time course of FLO degradation by E. adhaerens CGMCC 6315 
in surface water. A Free cells; B cells immobilized by gel beads using 
calcium alginate as a carrier
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Bioinformatic analysis of the NHases of E. adhaerens 
CGMCC 6315, expression of the NHases in Es. coli Rosetta 
(DE3), and degradation of FLO
Es. coli Rosetta (DE3) overexpressing E. adhaerens 
CGMCC 6315 NHase genes were constructed in our 
previous study [26]. E. adhaerens CGMCC 6315 con-
tains genes encoding two nitrile hydratases, one (CnhA) 
encoded on the chromosome and the other (PnhA) on 
a plasmid. Their NHase gene clusters composition in E. 
adhaerens CGMCC 6315 is ⟨α-subunit⟩, ⟨β-subunit⟩, and 
⟨activator protein⟩. cnhA has gene structure α-subunit 
(648  bp), β-subunit (660  bp), and activator protein 
(375  bp). There is a four-base (ATGA) overlapping 
sequence between the α-subunit and β-subunit genes, 
and there is an overlapping sequence of 14 bases (TTG​
AAC​ACG​TGT​AA) between the β-subunit gene and the 
activator gene, which is similar to our previous report 
for E. meliloti CGMCC 7333 nitrile hydratase (Fig. 4A). 
pnhA has gene structure α-subunit (648  bp), β-subunit 
(657  bp), and activator protein (360  bp). The overlap-
ping sequence between the α-subunit and β-subunit 
genes is simply the base “A”, which differs from the four 
bases in cnhA, E. meliloti CGMCC 7333 NHase, Variovo-
rax boronicumulans CGMCC 4969 NHase [28, 33], and 
all other overlapping sequences previously reported for 
nitrile hydratases.

Phylogenetic analysis based on the amino acid 
sequences of NHase α-subunits indicated that CnhA 
clustered in a branch with the NHase of other FLO 
degrading bacteria, E. meliloti CGMCC 7333 and Amin-
obacter sp. CGMCC 1.17253 [17, 33], with 82.33 and 
74.42% protein sequence similarity respectively. Compar-
ing E. adhaerens CGMCC 6315 PnhA and CnhA with the 
enzymes from E. meliloti CGMCC 7333, the protein sim-
ilarities were 51.63% and 82.33%, respectively. E. adhaer-
ens CGMCC 6315 PnhA and CnhA clustered in different 
branches, indicating evolutionary divergence (Additional 
file 1: Figure S1).

SDS-PAGE analysis suggested that the solubility of 
CnhA was good (Fig. 4B, lane 4). In contrast, PnhA was 
less soluble and more inclusion bodies were observed 
(Fig.  4B, lane 7). Lanes 5 and 8 represent the purified 
CnhA and PnhA, respectively. Activator protein bands 
were not observed. We speculate that the reason may be 
a low expression level of the activator protein, which is 
similar to the previously reported mfNHase from another 
FLO-degrading bacterium, M. flocculans CGMCC 
1.16731 [32]. Resting cells of Es. coli pET28a-pnhA and 
Es. coli pET28a-cnhA respectively exhibited FLO deg-
radation activity, while control cells (Es. coli-pET28a) 
had no activity toward FLO. The results indicated that 
PnhA and CnhA each degrade FLO to TFNG-AM via 
hydration.

Enzymatic characterization of E. adhaerens CGMCC 6315 
CnhA
The optimal pH for FLO hydration by CnhA was 8.0 
(Fig. 5A), and the enzyme activity reached the highest. 
At pH 5.0, the enzyme activity was only 47.6% of the 
maximum activity, while it dramatically inhibited FLO 
hydration by 52.4%. Preincubation of CnhA for 12 h at 
different pH 5–9 had only a slight effect on the NHase 
activity toward FLO; the residual activity remained 
> 95.6% (Fig.  5B). CnhA exhibited its maximum FLO 
degradation activity at 50  °C. When the reaction tem-
perature was increased to 60  °C, the enzyme activity 
decreased markedly (Fig.  5C). When the pure enzyme 
was preincubated for 2  h at > 40  °C, the activity dra-
matically declined. After preincubation for 2 h at 60 °C, 
CnhA had almost no activity (Fig. 5D). When the pre-
incubation temperature exceeded 40  °C, Aminobacter 
sp. CGMCC 1.17253 NHase activity also decreased 
dramatically, like that of CnhA [17]. PnhF from M. 
flocculans CGMCC 1.6731 was preincubated for 2 h at 
20–60  °C and the residual activity remained at about 
60% [16].

Fig. 4  Expression of E. adhaerens CGMCC 6315 PnhA and CnhA 
in Escherichia coli. (A) Comparison of the NHase gene clusters in 
E. meliloti CGMCC 7333, V. boronicumulans CGMCC 4969, and E. 
adhaerens CGMCC 6315. B SDS-PAGE analysis of expression of E. 
adhaerens CGMCC 6315 NHases in Es. coli. Lane M, protein molecular 
weight markers (116, 66.2, 45, 35, 25 and 18.4 kDa); lanes 1 and 2, the 
total and soluble protein from Es. coli control cells; lanes 3 and 4, the 
total and soluble protein from Es. coli cells expressing E. adhaerens 
CGMCC 6315 CnhA; lane 5, purified CnhA; lanes 6 and 7, the total and 
soluble protein from Es. coli cells expressing E. adhaerens CGMCC 6315 
PnhA; lane 8, purified PnhA
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Addition of many types of metal ion slightly pro-
moted CnhA activity in hydration of FLO. However, 
strikingly, addition of Cu2+ ions increased the activity 
by 4.2-fold compared with the control treatment (no 
added metal ions) (Fig. 5E). This promotion of activity 
by Cu2+ ions was not found for the NHases from other 
FLO-degrading bacteria (A. faecalis CGMCC 17553, 
Aminobacter sp. CGMCC 1.17253, E. meliloti CGMCC 
7333 and V. boronicumulans CGMCC 4969) [15, 17, 18, 
28]. We speculate that Cu2+ ions may promote enzyme 
folding, thereby forming a larger amount of NHase 
with the correct conformation and hence increasing 
the enzyme activity [40]. Among the tested organic 
solvents, DMSO and ethanol inhibited the activity 
of CnhA in hydration of FLO by 20.1% and 24.75%, 
respectively. Acetone increased the activity in hydra-
tion of FLO by 1.54-fold (Fig. 5F).

Analysis of kinetic parameters showed that the pro-
cess of FLO degradation by CnhA accorded with 
Michaelis–Menten kinetics (Additional file  1: Fig-
ure S2). The Michaelis constant was 5.07  mmol/L, 
and Vmax was 9.55 U/mg. The Michaelis constant and 
Vmax of PnhF from M. flocculans CGMCC 1.16731 
involved in the formation of TFNG-AM from FLO were 
32.9  mmol/L and 5.9 U/mg (Table  1), which indicated 
that CnhA had a higher affinity for FLO than PnhF.

Enzyme characterization indicated that E. adhaerens 
CnhA has notable tolerance to a range of pH, metal 
ions, and organic solvents, and may have application 
potential in repairing environmental pollution. Oves 
et al. [41] reported that E. adhaerens OS3 can not only 
biosorb 95% of the Ni and 74% of the Pb under labora-
tory condition; it can also produce and secrete plant-
promoting biomass. Zhou and Sun [26, 27] reported 
that E. adhaerens CGMCC 6315 could degrade the neo-
nicotinoids thiamethoxam and acetamiprid, and pro-
mote the germination rate of soybeans under salt stress. 
E. adhaerens has already been widely used in agricul-
tural production, but its application in the remediation 
of pesticide pollutants is still relatively rare.

Enzymatic characterization of E. adhaerens CGMCC 6315 
PnhA
The optimal pH for FLO hydration by PnhA was 6.0 
(Fig. 5A), and the enzyme activity reached the highest. At 
pH 5.0, the PnhA activity only retained 2.43% of the max-
imum activity. Preincubation of PnhA for 12 h at pH 5–9 

buffer had a slight effect on the NHase activity toward 
FLO; the residual activity was  > 86.98% (Fig.  5B). PnhA 
showed its maximum activity toward FLO at 50  °C; the 
enzyme showed only 23.38% of the maximum activity at 
70 °C (Fig. 5C). When the enzyme was preincubated for 
2 h at > 40 °C, its activity dramatically declined; indeed, 
it had almost no activity after preincubation at ≥ 50  °C 
(Fig. 5D).

On addition of metal ions, all the tested ions except 
Mg2+, Zn2+ and Cu2+ inhibited the degradation activ-
ity of PnhA toward FLO. Addition of Zn2+ and Cu2+ 
ions increased the activity by 1.2- and 1.26-fold, respec-
tively compared with the control treatment (no added 
metal ions)  (Fig.  5G). Furthermore, promotion by Cu2+ 
ions was also found for CnhA. However, obviously, the 
promoting effect of Cu2+ ions on CnhA is much higher 
than that of PnhA. Compared with CnhA, all organic sol-
vents tested inhibited the activity of PnhA toward FLO. 
In particular, compared with the control treatment, ethyl 
acetate and ethanol inhibited the activity by 91.68% and 
53.85%, respectively (Fig.  5H). These results indicated 
that PnhA is more sensitive to organic solvents.

Analysis of kinetic parameters showed that the process 
of FLO degradation by PnhA accorded with Michae-
lis–Menten kinetics (Additional file  1: Figure S2). The 
Michaelis constant was 2.96 mmol/L, and Vmax was 88.7 
U/mg. The Vmax values of NitA, NitD, PnhF and Amino-
bacter sp. CGMCC 1.17253 NHase involved in the forma-
tion of TFNG-AM from FLO were 0.58 U/mg, 0.18 mU/
mg, 5.9 U/mg, and 14.98 mU/mg, respectively (Table 1), 
much lower than the Vmax of PnhA. As far as we know, 
PnhA has the highest degradation activity toward FLO 
yet reported.

Both CnhA and PnhA could degrade FLO, THI, 3-CP, 
IAN, and ACE. The activity of PnhA toward THI, 3-CP 
and ACE was much higher than that of CnhA, but its abil-
ity to transform IAN was much lower than that of CnhA 
(Table 2). We speculate that this is because of the struc-
ture of IAN, which means that it binds more easily to the 
active-site pocket of CnhA than PnhA. Both NHases had 
no degradation activity toward fipronil, dichlobenil or 
bromoxynil (Table 2). Our results indicate that CnhA and 
PnhA both exhibit strict substrate specificity.

Homology modelling of PnhA and CnhA
The amino acid sequence similarities between the 
templates and the E. adhaerens CGMCC 6315 protein 

(See figure on next page.)
Fig. 5  Enzymatic characterization of E. adhaerens CGMCC 6315 CnhA and PnhA. A Effects of pH on the activity of CnhA and PnhA. B Effects of pH 
on the stability of CnhA and PnhA. C Effects of temperature on the activity of CnhA and PnhA. D Effects of temperature on the stability of CnhA 
and PnhA. E Effects of metal ions and F organic solvents on the activity of CnhA. G Effects of metal ions and H organic solvents on the activity of 
PnhA. Enzyme assays used FLO as the substrate. Average values and standard deviations were calculated from triplicate samples from three parallel 
cultures (n = 9). Different letters (a–f ) above the columns indicate significant differences at p ≤ 0.05 according to the Duncan test
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Fig. 5  (See legend on previous page.)
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subunits of interest were 39.18%, 36.87%, 62.87%, and 
44.91%, respectively (Additional file  1: Figure S3). The 
GMQE values were 0.15, 0.75, 0.80 and 0.78, and the 
QMEAN values were − 3.41, − 3.47, − 0.24 and − 2.10, 
respectively. The GMQE value is a number between 0 
and 1, where higher numbers indicate higher reliability. 
A QMEAN score near 0 indicates that the model struc-
ture is in good agreement with experimental structures 
of similar size; a score of − 4.0 or below indicates that 
the quality of the model is low [42].

The three-dimensional structural models of PnhA 
and CnhA are shown in Fig. 6A and B. The metal coor-
dination sphere in the α-subunit of PnhA involves 
residues Cys115–Thr116–Leu117–Cys118–Ser119–
Cys120 (Fig. 6C). Cys118 and Cys120, which coordinate 
the cobalt ion, were post-translationally oxidized to 

sulfinic and sulfenic acid, respectively. In the α-subunit 
of CnhA, residues Cys116–Thr117–Leu118–Cys119–
Ser120–Cys121 were in the coordination sphere of the 
cobalt ion; Cys119 and Cys121 of CnhA play the same 
role as Cys118 and Cys120 of PnhA (Fig.  6D) [43–45]. 
The post-translational oxidation of these residues has 
also been observed in the NHases from M. flocculans 
CGMCC 1.16731 and Streptomyces canus CGMCC 
13662 [16, 46].

The second-shell residues β-Glu56 and β-His147 (far 
from the active site) play important roles in the cata-
lytic activity of P. putida NHase [36, 46]. The key amino 
residue Glu-56 was present in the β-subunit of E. adhae-
rens CGMCC 6315 PnhA (Fig. 6C). However, the corre-
sponding amino residue was not found in CnhA. Both 
PnhA and CnhA can transform FLO, but the specific 
activity of PnhA was much higher than that of CnhA. 
We speculate that CnhA may lack other key residues, 
resulting in the large difference in enzyme activity.

Conclusions
In this study, we found that E. adhaerens CGMCC 6315 
efficiently degrades the insecticide FLO, and showed 
that two NHases from this bacterium, PnhA and CnhA, 
mediate the hydrolysis of FLO to metabolite TFNG-
AM. Both free and immobilized E. adhaerens CGMCC 
6315 cells were found to effectively degrade FLO in sur-
face water. PnhA has the highest degradation activity 
toward FLO of any NHase yet reported. CnhA is more 
tolerant to a wide range of pH, heavy metal ions, and 
organic solvents. These findings could help to generate 
effective strategies for microbial remediation of FLO 
contamination.

Table 1  Biochemical properties of purified enzymes from FLO-degrading bacteria

Name Protein Microorganism Vmax (U/mg) Km (mM) Optimum reaction References

pH Temperature

NHase PnhA E. adhaerens CGMCC 6315 88.7 2.96 6 50 °C This study

NHase CnhA E. adhaerens CGMCC 6315 9.55 5.07 8 50 °C This study

NHase PnhF M. flocculans CGMCC 1.16731 5.9 32.9 5 50 °C Zhao et al. [16]

NHase ANHase Aminobacter sp. CGMCC 1.17253 14.98 × 10–3 21.03 7 40 °C Yang et al. [17]

Nitrilase NitA A. faecalis CGMCC 17553 0.58 0.59 7 40 °C Yang et al. [15]

Nitrilase NitD A. faecalis CGMCC 17553 0.18 × 10–3 145.87 8 40 °C Yang et al. [15]

Table 2  Substrate specificities of purified CnhA and PnhA

NHase activity was assayed with 2 mmol/L substrate. Data indicate the means 
of three replicates. Values are the mean ± SD. Different letters adjacent to the 
values indicate statistically significant differences (Duncan test, p ≤ 0.05)

ND: no activity detected

Substrate CAS Registry No Specific activity ± Standard 
deviation (U/mg)

CnhA PnhA

FLO 158062-67-0 4.30 ± 0.12b 34.12 ± 1.32c

ACE 135,410-20-7 0.85 ± 0.01a 21.34 ± 0.17b

THI 111988-49-9 7.65 ± 0.04c 58.09 ± 1.38d

3-CP 100-54-9 158.25 ± 3.86e 625.62 ± 4.24e

IAN 771-51-7 21.28 ± 0.79d 9.15 ± 0.39a

Fipronil 120068-37-3 ND ND

Dichlobenil 1194-65-6 ND ND

Bromoxynil 1689-84-5 ND ND
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