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ABSTRACT Variovorax is a metabolically diverse genus of plant growth-promoting
rhizobacteria (PGPR) that engages in mutually beneficial interactions between plants
and microbes. Unlike most PGPR, Variovorax cannot synthesize the phytohormone
indole-3-acetic acid (IAA) via tryptophan. However, we found that Variovorax boroni-
cumulans strain CGMCC 4969 can produce IAA using indole-3-acetonitrile (IAN) as
the precursor. Thus, in the present study, the IAA synthesis mechanism of V. boroni-
cumulans CGMCC 4969 was investigated. V. boronicumulans CGMCC 4969 metabo-
lized IAN to IAA through both a nitrilase-dependent pathway and a nitrile hydratase
(NHase) and amidase-dependent pathway. Cobalt enhanced the metabolic flux via
the NHase/amidase, by which IAN was rapidly converted to indole-3-acetamide (IAM)
and in turn to IAA. IAN stimulated metabolic flux via the nitrilase, by which IAN was
rapidly converted to IAA. Subsequently, the IAA was degraded. V. boronicumulans
CGMCC 4969 can use IAN as the sole carbon and nitrogen source for growth. Ge-
nome sequencing confirmed the IAA synthesis pathways. Gene cloning and overex-
pression in Escherichia coli indicated that NitA has nitrilase activity and IamA has
amidase activity to respectively transform IAN and IAM to IAA. Interestingly, NitA
showed a close genetic relationship with the nitrilase of the phytopathogen Pseu-
domonas syringae. Quantitative PCR analysis indicated that the NHase/amidase sys-
tem is constitutively expressed, whereas the nitrilase is inducible. The present study
helps our understanding of the versatile functions of Variovorax nitrile-converting
enzymes that mediate IAA synthesis and the interactions between plants and these
bacteria.

IMPORTANCE We demonstrated that Variovorax boronicumulans CGMCC 4969 has
two enzymatic systems—nitrilase and nitrile hydratase/amidase—that convert
indole-3-acetonitrile (IAN) to the important plant hormone indole-3-acetic acid (IAA).
The two IAA synthesis systems have very different regulatory mechanisms, affecting
the IAA synthesis rate and duration. The nitrilase was induced by IAN, which was
rapidly converted to IAA; subsequently, IAA was rapidly consumed for cell growth.
The nitrile hydratase (NHase) and amidase system was constitutively expressed and
slowly but continuously synthesized IAA. In addition to synthesizing IAA from IAN,
CGMCC 4969 has a rapid IAA degradation system, which would be helpful for a host
plant to eliminate redundant IAA. This study indicates that the plant growth-
promoting rhizobacterium V. boronicumulans CGMCC 4969 has the potential to be
used by host plants to regulate the IAA level.
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Plant growth-promoting rhizobacteria (PGPR) inhabit the rhizosphere and have a
direct or indirect influence on the host plant. In the former case, plant growth is

promoted either by providing nutrients or by producing phytohormones; in the latter
case, plants are protected from acquiring infections (biotic stress) or aided to maintain
healthy growth under environmental (abiotic) stress (1–3). The phytohormones pro-
duced by PGPR play an important role in regulating plant metabolic balance. Indole-
3-acetic acid (IAA) is the most abundant and basic auxin natively occurring and
functioning in plants, and it controls nearly every aspect of plant growth and devel-
opment, such as cell division, elongation, fruit development, and senescence (4, 5).
Bacterially produced IAA affects plant physiology and pathology, and it functions as a
signaling molecule that participates in plant-microbe interactions (6). IAA production
occurs in many plant-related bacteria. In the rhizosphere, �80% of bacteria are capable
of synthesizing IAA (7). IAA synthesis may be tryptophan dependent or tryptophan
independent. In the infrequently observed tryptophan-independent pathway, indole-
3-glycerolphosphate or indole is regarded as the main precursor. However, no enzyme
of this pathway has been characterized (8). Bacterial IAA synthesis mainly uses trypto-
phan as the precursor via four different pathways, classified according to their inter-
mediates: indole-3-acetamide (IAM), indole-3-pyruvate, indole-3-acetonitrile (IAN), and
tryptamine (9) (Fig. 1). The IAM and indole-3-pyruvate pathways are the two most
common routes for IAA biosynthesis in bacteria, while the IAN pathway has been
extensively studied in plants. Apart from synthesizing IAA, some PGPR, such as Pseu-
domonas, Arthrobacter, and Bradyrhizobium, can degrade IAA and use it as a carbon and
nitrogen source (10, 11). Thus, IAA synthesis and degradation in PGPR play important
roles in the regulation of IAA levels in host plants.

The genus Variovorax belongs to the family Comamonadaceae and consists of
metabolically diverse aerobic bacteria that possess extraordinary degradation abilities
and can degrade a series of organic pollutants (12). They are also common plant
symbionts found in the rhizosphere and used as model bacteria for the study of
microbe-plant interactions (13, 14). We previously isolated Variovorax boronicumulans
strain CGMCC 4969, which can degrade the neonicotinoid insecticides thiacloprid and
acetamiprid to their corresponding amide metabolites (15, 16). V. boronicumulans
CGMCC 4969 showed some plant growth-promoting traits, such as producing exopo-
lymer substances, siderophores, ammonia, and hydrogen cyanide and secreting salic-
ylate and 2, 3-dihydroxy benzoic acid (17). Those features can enhance the stress
tolerance and disease resistance of the host plant and aid in nutrient availability and
uptake. However, unlike most PGPR, V. boronicumulans CGMCC 4969 cannot produce
IAA using tryptophan as a precursor. The same phenomenon was also observed in V.
paradoxus strains S110, EPS, and B4. However, a few putative genes involved in the IAA
transport system were found in the genomes of these Variovorax strains. Interestingly,
we found that V. boronicumulans CGMCC 4969 produced IAA when IAN was used as the
substrate. Thus, the IAA metabolic pathway in V. boronicumulans CGMCC 4969 and its
synthesis mechanism from IAN were further explored.

Bacteria containing nitrile-converting enzymes are widely used in the production of
high-value amides and carboxylic acid compounds, as well as for the bioremediation of
nitrile-contaminated soil and water. However, a role for nitrile-converting enzymes in
IAA synthesis has rarely been reported. IAA synthesis has mainly been reported in
plant-associated bacteria, including phytopathogenic bacteria and PGPR. High levels of
IAA produced by phytopathogenic bacteria such as Agrobacterium tumefaciens, Pseu-
domonas savastanoi, and Pseudomonas syringae pv. syringae cause necrotic lesions and
gall tumor formation on host plants. The main IAA synthesis route in these bacteria is
the IAM pathway (Fig. 1), in which tryptophan is converted to IAM by a tryptophan
2-monooxygenase (encoded by the tms-1 gene), and then IAM is converted to IAA by
an IAM-specific hydrolase/amidase (encoded by tms-2) (9). The Agrobacterium tms-1
and tms-2 genes are not functional inside the bacterium but are transferred into plant
cells where they are inserted into the plant chromosome and exert their pathogenic
effect. The P. savastanoi tms-1 and tms-2 genes are only functional inside bacterium-
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induced plant tumors and depend on the continuous production of IAA by the
infecting bacteria (18). Some PGPR, such as Rhizobium spp., Bradyrhizobium spp., and
Pseudomonas fluorescens, cannot use this pathway because they lack tryptophan
2-monooxygenase (19, 20). However, they can synthesize IAA using nitrile hydrolase
(NHase)/indoleacetamide hydrolase or nitrilase when IAN is provided as a substrate by
the IAN pathway. In addition, the expression modes of the nitrile-converting enzymes
are dissimilar, either inducible or constitutive. For example, Fusarium solani O1 nitrilase
was induced in the presence of 2-cyanopyridine (21), but Klebsiella ozaenae nitrilase
was constitutively expressed during the degradation of the herbicide bromoxynil (22).
Many microorganisms harboring nitrilase or NHase and amidase have been isolated,
but few have both enzymatic systems, especially acting on the same substrate (23). The
expression modes of the nitrile-converting enzymes influencing IAA metabolic influx
have rarely been reported. In the present study, the nitrile-converting enzymes in-
volved in the IAA synthesis mechanism of the plant growth-promoting rhizobacterium
V. boronicumulans CGMCC 4969 were characterized and their expression levels studied.
This study helps to explain the versatile functions of nitrile-converting enzymes in IAA
metabolism and the interactions between microbes and plants.

RESULTS AND DISCUSSION
Biotransformation of IAN by resting cells of V. boronicumulans CGMCC 4969

and metabolite identification. A high-performance liquid chromatography (HPLC)
analysis showed that resting cells of V. boronicumulans CGMCC 4969 transformed IAN
into two polar metabolites, P1 and P2, with retention times of 4.18 and 5.42 min,
respectively (Fig. 2A). Meanwhile, in controls without bacteria (Fig. 2B) or the IAN
substrate (Fig. 2C), the corresponding peaks were not observed. Metabolites P1 and P2
showed the same retention times as the standards IAM and IAA, respectively. A liquid

FIG 1 Model of Variovorax boronicumulans CGMCC 4969-plant interactions based on analysis of whole-genome metabolic pathways and metabolic interme-
diates. The four common tryptophan-dependent indole-3-acetic acid (IAA) synthesis pathways are shown, and red indicates the pathways in CGMCC 4969.
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chromatography-mass spectroscopy (LC-MS) analysis indicated that the fragmentation
patterns of P1 (Fig. 2D) and P2 (Fig. 2E) were the same as those observed for the
standard compounds. Metabolite identification thus proved that V. boronicumulans
CGMCC 4969 can synthesize IAM and IAA using IAN as the precursor.

Resting cells of CGMCC 4969 transformed IAN to IAM, with a maximum content
of 0.65 mmol · liter�1 at 48 h, while the IAA content gradually increased and
reached 0.96 mmol · liter�1 at 72 h (Fig. 3A). The molar transformation rate (the
total amounts of IAM and IAA divided by the consumed amount of IAN) at 72 h was
86.6%, which indicated that the synthesis of IAM and IAA was the main pathway of
IAN metabolism in strain CGMCC 4969. CGMCC 4969 NHase is a cobalt-dependent
metalloenzyme, and adding cobalt ions apparently enhanced its activity (15, 16). As
Fig. 3B shows, when a final concentration of 0.1 mmol · liter�1 CoCl2 was added to
the lysogeny broth (LB) used to preculture CGMCC 4969 cells, 1.44 mmol · liter�1

IAM was formed by the resting CGMCC 4969 cells in the initial 6 h (4.3-fold higher
than in the control), while the IAA content was 0.1 mmol · liter�1 (Fig. 3B). IAM
peaked at 12 h with a content of 1.49 mmol · liter�1, and the IAA content gradually
increased to the maximum of 1.88 mmol · liter�1 by 60 h. Thus, the enhancement
of the NHase/amidase pathway flux by cobalt supplementation accelerates the IAA
synthesis rate from IAN by CGMCC 4969.

When IAN was added to the LB used for cell culture, the transformation of IAN by
CGMCC 4969 resting cells was significantly different from that in the control that lacked
IAN supplementation. The initial IAM formation after 6 h was 0.33 mmol · liter�1 (Fig.
3C), which was the same as the control value of 0.34 mmol · liter�1 (Fig. 3A), indicating
that IAN addition into the preculture did not affect the NHase activity. However, IAA
formation rapidly increased, to 1.49 mmol · liter�1 at 6 h, 64.6-fold higher than in the
control (0.02 mmol · liter�1) (Fig. 3A). Thus, the additional IAN activated the nitrilase
pathway, resulting in the increase in IAA synthesis by CGMCC 4969 resting cells.

Therefore, the biotransformation of IAN by resting cells revealed that there are two
IAN metabolic pathways in V. boronicumulans CGMCC 4969 that act via (i) nitrilase and

FIG 2 High-performance liquid chromatographs of the products of transformation of indole-3-acetonitrile (IAN) by
resting cells of V. boronicumulans CGMCC 4969 and liquid chromatography-mass spectra of the metabolites. (A)
Phosphate buffer containing 400 mg · liter�1 IAN and CGMCC 4969. (B) Phosphate buffer containing 400 mg ·
liter�1 IAN alone. (C) Phosphate buffer containing CGMCC 4969 alone. (D) Mass data for metabolite P1. (E) Mass
data for metabolite P2.
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(ii) NHase and amidase. Cobalt can regulate the IAN metabolic flux via NHase/amidase,
and IAN stimulated the metabolic flux via the nitrilase. Although both NHase/amidase
and nitrilase pathways convert IAN to IAA, the rates of IAA synthesis and the accumu-
lation of IAA are quite different. The nitrilase has a higher IAA synthesis rate than the
NHase/amidase system and can quickly respond to synthesize large amounts of the
phytohormone IAA. In the activated nitrilase pathway, when IAN and IAM were
completely transformed, the IAA produced was rapidly degraded (from 12 to 24 h),
while in the activated NHase/amidase pathway, the IAA content increased during this
period.

Biotransformation of IAN by growing culture of V. boronicumulans CGMCC
4969. The metabolism of IAN in a growing culture of V. boronicumulans CGMCC 4969
was investigated by inoculating the strain into mineral salt medium (MSM) broth
supplemented with 50 mg · liter�1 IAN. IAN was converted to IAM and IAA in the initial
12 h, and the cell numbers of CGMCC 4969 remained almost unchanged (Fig. 4).
Subsequently, the IAA content decreased, and the cell numbers increased from 3.21 �

107 CFU · ml�1 at 12 h to 7.50 � 107 CFU · ml�1 at 24 h. After the IAA and IAM were
consumed, the cell number did not increase further. Thus, IAN can be used as the sole
carbon and nitrogen source for cell growth by CGMCC 4969. To further test the ability
of CGMCC 4969 to degrade IAA, 50 mg · liter�1 IAA was added to MSM for transfor-
mation by growing cells. CGMCC 4969 completely degraded the IAA in 12 h, and no
metabolites were detected by an HPLC analysis, confirming that CGMCC 4969 is
capable of degrading IAA.

Thus, in addition to synthesizing IAA from IAN, CGMCC 4969 has a rapid IAA
degradation system. IAA degradation-related genes have rarely been reported. Pseu-

FIG 3 Biotransformation of indole-3-acetonitrile (IAN) by resting cells of V. boronicumulans CGMCC 4969.
(A) Resting cell transformation of IAN without adding cobalt ions and IAN to the culture medium. (B)
Resting cell transformation of IAN after adding 0.1 mmol · liter�1 cobalt(II) ions to the culture medium.
(C) Resting cell transformation of IAN after adding 100 mg · liter�1 IAN to the culture medium.
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domonas putida 1290 is a model microorganism for the study of the bacterial degra-
dation of IAA, and an 8,994-bp genomic DNA fragment involving 10 genes (iacA to iacI)
was identified as responsible for IAA mineralization (24, 25). However, this iac gene
cluster was not found in the CGMCC 4969 genome. Several other pathways of IAA
degradation have been proposed, such as the metabolism of IAA to anthranilic acid by
the production of 2-formaminobenzoylacetic acid (26) or dioxindole-3-acetic acid (27)
and the decarboxylation of IAA to skatole (which is further converted to catechol) (28).
However, none of the relevant IAA metabolic intermediates of these pathways were
observed by HPLC analysis in the present study. We hypothesize that CGMCC 4969 has
a different IAA degradation pathway.

Genome features and bioinformatic analysis of the IAA metabolic pathway and
nitrile-converting enzymes in V. boronicumulans CGMCC 4969. V. boronicumulans
CGMCC 4969 genomic DNA was isolated and sequenced. The genome of CGMCC 4969
consists of 7,137,898 bp in a single chromosome, with an average GC content of 68.54
mol%. The CGMCC 4969 genome contains 6,871 predicted genes, and biological roles
were assigned to 6,471 predicted coding sequences on the basis of similarity searches.
The IAA biosynthesis pathway of CGMCC 4969 was further investigated using a Kyoto
Encyclopedia of Genes and Genomes metabolic pathway analysis. Bacteria synthesize
IAA from tryptophan via four main pathways (Fig. 1). No homologous genes of the
indole-3-pyruvic acid and tryptamine pathways were found in CGMCC 4969. Further-
more, genes for tryptophan 2-monooxygenase, which converts tryptophan to IAM in
the IAM pathway, and the oxidoreductase that may function in converting tryptophan
to indole-3-acetaldoxime in the indole acetaldoxime/IAN pathway were not detected in
the genome. Those results were in accordance with our HPLC analysis, which showed
that tryptophan could not be converted to IAA by CGMCC 4969.

The strain does have one NHase-coding gene cluster, two putative indoleacetamide
hydrolase-coding genes, and two putative nitrilase-coding genes. The two putative
indoleacetamide hydrolases and two putative nitrilases were named IamA, IamB, NitA
and NitB. Their functions in the transformation of IAN to IAA were tested experimentally
by overexpression in Escherichia coli.

CGMCC 4969 NHase is a cobalt-type NHase, and it functions in the degradation of
the neonicotinoid insecticides thiacloprid and acetamiprid (16). Amidases are classified
into the amidase signature family and aliphatic amidases on the basis of their amino
acid sequences (29). A multiple-sequence alignment analysis of the two putative
indoleacetamide hydrolases showed that they contain a highly conserved GGSS motif
and belong to the amidase signature family. A BLAST analysis showed that IamA had
the highest identity (81%) to putative Cupriavidus necator indoleacetamide hydrolase,
and IamB had the highest identity (59%) to putative Burkholderia sp. strain AU4i
indoleacetamide hydrolase. The two putative CGMCC 4969 indoleacetamide hydrolases

FIG 4 Biotransformation of indole-3-acetonitrile (IAN) by growing cells of V. boronicumulans CGMCC
4969. CK (control), CGMCC 4969 cells inoculated in MSM; EK, CGMCC 4969 cells inoculated in MSM
supplemented with 50 mg liter�1 IAN.
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only share a 52.8% amino acid sequence identity with each other. In a phylogenetic
analysis based on amino acid sequences, IamA and IamB clustered in a branch with
indoleacetamide hydrolases from the PGPR Bradyrhizobium japonicum (30), indepen-
dent from the phytopathogens Pseudomonas syringae pv. syringae (31) and Agrobac-
terium vitis (32), and also showed evolutionary divergence from the aliphatic amidases
from Rhodococcus rhodochrous strain M8 (33) and P. aeruginosa (34) (Fig. 5A).

Nitrilases are frequently classified into one of three categories on the basis of
substrate specificity: aliphatic nitrilases, which act primarily on aliphatic nitriles such as
acrylonitrile; aromatic and heterocyclic nitrilases, which act primarily on aromatic or
heterocyclic nitriles such as benzonitrile and cyanopyridine; and arylacetonitrilases,
which act primarily on arylacetonitriles such as IAN and phenylacetonitrile (35). CGMCC
4969 NitA and NitB have a conserved Glu(49)-Lys(131)-Cys(165) and Glu(47)-Lys(132)-
Cys(166) catalytic triads, respectively. NitB is a putative aliphatic nitrilase and showed
the highest identity (81%) to putative Bordetella sp. strain FB-8 aliphatic nitrilase.
Surprisingly, a phylogenetic analysis showed that NitB clustered in a branch with
Arabidopsis thaliana nitrilases NIT1, NIT2, and NIT3 (36), independent from the aliphatic
nitrilases from R. rhodochrous strain K22 (37) and Acidovorax facilis (38) (Fig. 5B). NitA
putatively belongs to the arylacetonitrilases, whereas in a phylogenetic analysis, it
clustered in a branch with nitrilase from the phytopathogen P. syringae pv. syringae
B728a (39). The IAA secreted by phytopathogens acts as a virulence factor to subvert
plant defense systems and facilitate invasion into plant tissues (9). CGMCC 4969 nitrilase
showed a close relationship with nitrilases from phytopathogens, which may explain its
beneficial traits for colonizing plant tissues.

Characterization of V. boronicumulans CGMCC 4969 nitrile-converting en-
zymes. In V. boronicumulans CGMCC 4969, NHase activity for transforming IAN to IAM
has been confirmed (16). The putative nitrilase-coding genes nitA and nitB and in-
doleacetamide hydrolase-coding genes iamA and iamB were overexpressed in E. coli
Rosetta(DE3)/pLysS. The resting cell transformation of IAM in E. coli overexpressing
indoleacetamide hydrolase genes indicated that the IamA transformed IAM to IAA,

FIG 5 Phylogenetic trees of indoleacetamide hydrolases and nitrilases. The phylogenetic trees were constructed on
the basis of protein sequences by the neighbor-joining method, and the bootstrap percentages from 1,000
replicates are shown at the nodes. (A) Indoleacetamide hydrolase phylogenetic tree. (B) Nitrilase phylogenetic tree.
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whereas the IamB did not. The resting cell transformation of IAN in E. coli overexpress-
ing nitrilase genes indicated that the NitA showed the IAN-to-IAA transformation
activity, whereas the NitB only transformed aliphatic nitriles. Subsequently, the NHase,
IamA, and NitA were purified (see Fig. S1, lanes 3, 5, and 7, in the supplemental
material) and their biochemical properties were characterized. The optimal tempera-
ture for the transformation of both IAN by NHase and IAM by IamA was 40°C, and for
the transformation of IAN by NitA, it was 50°C (see Fig. S2, S3, and S4). The optimal pH
for IAN transformation by both NHase and NitA was 7.0, and for the transformation of
IAM by IamA, it was 8.0 to 9.0. The NHase, IamA, and NitA retained �60% residual
activity for 5 h at 30°C but were unstable at 50°C, and �60% of the activity was lost at
pH �4.0.

The Vmax of the NHase for IAN was 30.82 U · mg�1 and the Km was 2.87 mmol · liter�1

(Table 1). Although there have been many reports of the kinetic parameters of NHases
toward aliphatic nitriles, aromatic nitriles, and heterocyclic nitriles, the parameters
toward IAN have rarely been reported. Indoleacetamide hydrolase mainly exists in
phytopathogens in the tryptophan 2-monooxygenase-dependent IAA synthesis path-
way. Vega-Hernández et al. reported that NHase/indoleacetamide hydrolase catalyzed
the conversion of IAN to IAA in Bradyrhizobium USDA110, and the specific activity of the
conversion of IAM to IAA was only 0.8 U · mg�1 (20), two orders of magnitude lower
than that of CGMCC 4969 IamA. CGMCC 4969 NitA has a Km value of 0.77 mmol · liter�1

for IAN, which is lower than that of Streptomyces sp. strain MTCC 7546 nitrilase (1.3
mmol · liter�1) (40). In addition, the Km value of the NHase is higher than that of NitA,
which indicated that the nitrilase NitA has a higher affinity for IAN than the NHase.

The substrate spectra of NitA and IamA were assessed. NitA showed a higher
specific activity for the arylacetonitrile IAN, phenylacetonitrile, and (R)-(�)-4-
methylmandelonitrile but could not transform the aromatic and heterocyclic nitrile
benzonitrile, bromoxynil, or 3-cyanopyridine (Table 2). NitA also exhibited compar-
atively low activity toward aliphatic nitriles, but interestingly, as the carbon chain
increased in length from acetonitrile to hexanedinitrile, its activity increased. IamA
showed strict substrate specificity and could only transform IAM and benzamide.
The high activities of the nitrile-converting enzymes toward IAN or IAM indicate
that the main role of the nitrile-converting enzymes in CGMCC 4969 is concerned
with the synthesis of IAA.

Transcription level analysis of nitrile-converting enzymes in V. boronicumulans
CGMCC 4969. The addition of cobalt and IAN to the culture medium activated the
CGMCC 4969 NHase/amidase and nitrilase pathways, respectively. Quantitative PCR
(qPCR) was conducted to determine whether the expression of the nitrile-converting
enzymes was influenced by the two different additives. When a final concentration of
0.1 mmol · liter�1 CoCl2 was added into the culture medium, the transcriptional levels
of the NHase, IamA, and NitA showed no obvious changes; however, when a final
concentration of 100 mg · liter�1 IAN was added to the culture medium, the transcrip-
tional level of NitA increased by 10.7-fold at 6 h and 8.9-fold at 12 h compared with a
culture in normal LB medium (Fig. 6).

Thus, the qPCR analysis showed that cobalt did not activate the NHase/amidase
pathway by increasing the expression level of the NHase or IamA; it may function as a
cofactor in the mature NHase, resulting in the improvement of NHase activity. However,

TABLE 1 Kinetic parameters of V. boronicumulans CGMCC 4969 nitrile-converting
enzymesa

Enzyme Vmax (U · mg�1) Km (mmol · liter�1)

NHase 30.82 � 1.64 2.87 � 0.31
IamA 13.09 � 1.05 0.52 � 0.08
NitA 23.67 � 2.51 0.77 � 0.12
aThe kinetic parameters of the nitrile-converting enzymes were estimated over a range of substrate
concentrations (0.1 to 6 mmol · liter�1) at 37°C in 50 mmol · liter�1 phosphate buffer at pH 7.5. Data
shown are mean values � standard deviations from three replicates.
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IAN activated the nitrilase pathway by inducing the expression of the nitrilase. The
qPCR results were in accordance with our findings in resting cells of CGMCC 4969 that
the addition of 0.1 mmol · liter�1 CoCl2 enhanced the IAM content by 4.3-fold, while the
addition of 100 mg/liter IAN enhanced the IAA content by 64.6-fold. Further analysis of
the CGMCC 4969 genome showed that an AraC family transcriptional regulator (acces-
sion number ATA54506) is present in the downstream region of NitA and shows 27%
sequence identity to the positive transcriptional regulator NitR of R. rhodochrous strain
J1. R. rhodochrous J1 nitrilase was found to be required for isovaleronitrile-dependent
induction, and the deletion of the central and 3=-terminal portion of the downstream
nitR resulted in the complete loss of nitrilase activity (41).

TABLE 2 Substrate specificities of purified V. boronicumulans CGMCC 4969 NitA and IamA

Substrate Relative activity (% [� SD])a

NitA
IAN 100.00 � 0.62
Phenylacetonitrile 257.98 � 2.41
(R)-(�)-4-Methylmandelonitrile 32.97 � 1.26
Acetonitrile 0.39 � 0.07
Butyronitrile 2.72 � 1.61
Isobutyronitrile 0.44 � 0.05
Succinonitrile 5.25 � 0.13
Hexanedinitrile 23.14 � 1.32
3-Cyanopyridine ND
Benzonitrile ND
Bromoxynil ND

IamA
IAM 100.00 � 2.13
Benzamide 64.89 � 1.07
Nicotinamide ND
Phenylacetamide ND
Acetamide ND
Acrylamide ND

aNitA and IamA activities were determined in standard assay conditions. The specific activities toward IAN
(12.39 U · mg�1) and IAM (9.89 U · mg�1) were taken as 100%. SD, standard deviation; ND, not detected.

FIG 6 mRNA expression levels of genes encoding nitrile-converting enzymes in V. boronicumulans
CGMCC 4969. CK (control), CGMCC 4969 cultured in LB medium; CoCl2, V. boronicumulans CGMCC 4969
cultured in LB medium supplemented with 0.1 mmol · liter�1 CoCl2; IAN, V. boronicumulans CGMCC 4969
cultured in LB medium supplemented with 100 mg · liter�1 IAN. “6 h” and “12 h” indicate the sampling
times of V. boronicumulans CGMCC 4969. Error bars represent the standard deviations from three
biological replicates.
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Effect of V. boronicumulans CGMCC 4969 inoculation on the growth of Arabi-
dopsis thaliana plantlets. V. boronicumulans CGMCC 4969 is a plant growth-
promoting rhizobium, and we investigated the effect of its inoculation on A. thaliana
plantlets. After the inoculation of CGMCC 4969 onto the root of A. thaliana for 14 days,
the main root length of A. thaliana plantlets increased 30%, the shoot weight increased
21%, and the total weight increased 24% compared with those of controls (Table 3).
These results indicate that CGMCC 4969 promoted the growth of A. thaliana.

A. thaliana has four nitrilases, NIT1, NIT2, NIT3, and NIT4. NIT1, NIT2, and NIT3 are
arylacetonitrilases and can transform IAN to IAA, which links them to auxin synthesis.
NIT4 is widespread in the plant kingdom and is likely important in the cyanide
detoxification pathway (36). Vorwerk et al. reported that A. thaliana NIT1, NIT2, and NIT3
have Km values toward the auxin precursor IAN of 11.1, 7.4, and 30.1 mmol · liter�1,
respectively (42), which are much higher than the Km value of CGMCC 4969 NitA (0.77
mmol · liter�1), indicating that the CGMCC 4969 nitrilase has a higher affinity for IAN
than the A. thaliana nitrilases. Additionally, the Vmax values toward IAN of A. thaliana
NIT1, NIT2, and NIT3 were 640, 300, and 250 pkat/mg (38.4, 18, and 15 mU/mg),
respectively, which are three orders of magnitude lower than that of CGMCC 4969 NitA.
In long-term plant-microbe interactions, many plant-associated microbial nitrilases
appear to have evolved to metabolize plant-derived nitriles or use plant nitriles as a
carbon and nitrogen source (43). IAN contains a nitrile group, and some cruciferous
plants, such as A. thaliana, are capable of synthesizing IAN (44). Thus, we speculate that
when CGMCC 4969 colonizes the root of A. thaliana plantlets, its nitrilase may effec-
tively compete with the plant’s nitrilase for the common precursor IAN to produce IAA.
Therefore, we hypothesize that Variovorax nitrile-converting enzymes may be involved
in IAA production through the IAN pathway using plant-synthesized IAN as a substrate,
leading to plant growth-promoting rhizobacterial Variovorax strains playing key roles in
the regulation of auxin concentrations in the plant rhizosphere.

MATERIALS AND METHODS
Chemicals. IAN, IAM, and IAA (98% purity) were purchased from Sigma-Aldrich (Shanghai, China).

HPLC grade acetonitrile was purchased from Merck KGaA (Germany). All other reagents were of analytical
grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

Strains, plasmids, plants, and media. The wild-type bacterium V. boronicumulans CGMCC 4969 was
isolated from soil and deposited in the China General Microbiological Culture Collection Center (CGMCC;
Beijing, China) under accession number 4969. E. coli Rosetta(DE3)/pLysS (Novagen) was used as the host
strain for gene expression and stored in our laboratory The plasmid pET28a (Novagen) was used as the
expression vector. The A. thaliana was Columbia wild type and purchased from Beijing Hua Yue Yang
Biological Co. Ltd. (Beijing, China). LB medium and MSM were used for cell cultivation (45). Half-strength
Murashige and Skoog (1⁄2MS) salt medium (Sigma-Aldrich, Sydney, Australia) was used for the cultivation
of A. thaliana plantlets.

Biotransformation of IAN by V. boronicumulans CGMCC 4969. To explore the metabolism of IAN
in V. boronicumulans CGMCC 4969, the bacterium precultivated on an LB agar plate was inoculated in 100
ml of LB, incubated in a rotary shaker at 220 rpm for 24 h at 30°C, and harvested by centrifugation at
8,000 � g for 5 min, and then the cell pellet was washed twice with 50 mmol · liter�1 potassium
phosphate buffer (pH 7.5). The cell sediment was resuspended in the same buffer with an IAN
concentration of 400 mg · liter�1, and the cells were adjusted to an optical density at 600 nm of 5.0. These
IAN transformation systems were defined as the standard resting cell transformations. Resting cell
transformation broth, excluding IAN or cells, was used in negative controls. To further investigate the
influence of IAN and cobalt on nitrile-converting enzyme activity, IAN and CoCl2 were added to LB to
concentrations of 100 mg · liter�1 and 0.1 mmol · liter�1, respectively, to culture CGMCC 4969, and then
the bacterium was prepared as resting cells to transform IAN in the aforementioned standard conditions.

TABLE 3 Influence of V. boronicumulans CGMCC 4969 on the growth of A. thaliana plantletsa

Time
(days)

Root length (cm) Shoot wt (mg) Total wt (mg)

Control
Bacterial
inoculation Control

Bacterial
inoculation Control

Bacterial
inoculation

0 3.3 � 0.19 A 3.2 � 0.15 A 11.07 � 0.69 A 10.80 � 0.61 A 11.68 � 0.88 A 11.36 � 0.85 A
14 10.87 � 0.78 A 14.13 � 0.97 B 41.07 � 1.29 A 49.88 � 1.63 B 43.65 � 1.60 A 53.98 � 0.96 B
aData indicate the means � SDs from three biological replicates, and 12 A. thaliana plantlets were determined per replicate. Different uppercase letters within a
column indicate significant difference (P � 0.05) according to Welch’s t test. Control, A. thaliana plantlets cultured independently without bacterial inoculation.

Sun et al. Applied and Environmental Microbiology

August 2018 Volume 84 Issue 16 e00298-18 aem.asm.org 10

http://aem.asm.org


The transformation systems were incubated for the indicated times, and 0.5 ml of the transformation
broths was sampled and centrifuged at 12,000 � g for 10 min. The supernatants were filtered through
an organic-phase membrane with a 0.22-�m pore size and diluted 5-fold for HPLC analysis.

To determine whether V. boronicumulans CGMCC 4969 can use IAN as a carbon and nitrogen source
for cell growth, MSM containing 50 mg · liter�1 IAN was used to cultivate CGMCC 4969. The culture broth
was sampled at regular intervals to detect the cell growth and metabolites. The cell growth was
monitored by counting the CFU on LB plates after 2 days of growth at 30°C. The metabolites of IAN
transformation were detected by HPLC. MSM containing CGMCC 4969 alone was used as a control.

HPLC and LC-MS analyses. An Agilent 1260 HPLC system equipped with a reverse-phase C18

precolumn (4.6 mm by 20 mm; Agilent Technologies) and an HC-C18 column (4.6 mm by 250 mm, 5-�m
particle size; Agilent Technologies) was used to analyze the transformation of IAN and its metabolites.
Elution was conducted at a 1-ml · min�1 flow rate in a mobile phase that contained water, acetonitrile,
and 0.01% acetic acid (water-acetonitrile, 60:40). The signal was monitored at 230 nm using an Agilent
G1314A UV detector. LC-MS was conducted using an Agilent 1290 infinity liquid chromatograph with a
G1315B diode array detector and an Agilent 6460 triple quadrupole LC-MS system equipped with an
electrospray ion source that was operated in positive ion mode.

Genome sequencing, assembly, gene annotation, and protein classification. The genomic DNA
of V. boronicumulans CGMCC 4969 was sequenced using a PacBio RS II platform and Illumina HiSeq 4000
platform at the Beijing Genomics Institute (BGI; Shenzhen, China). Four SMRT cell zero-mode waveguide
arrays were used by the PacBio platform to generate the subread set. Draft genomic unitigs, which are
uncontested groups of fragments, were assembled with the Celera Assembler against a high-quality
corrected circular consensus sequence subread set.

Gene prediction was performed on the V. boronicumulans CGMCC 4969 genome assembly using
glimmer3 (http://www.cbcb.umd.edu/software/glimmer/) with hidden Markov models. Tandem repeats
annotation was obtained using Tandem Repeats Finder (http://tandem.bu.edu/trf/trf.html). For func-
tional annotations, the best hit was abstracted using BLAST. Seven databases, Kyoto Encyclopedia of
Genes and Genomes, Clusters of Orthologous Groups, nonredundant protein, Swiss-Prot, Gene Ontology,
TrEMBL, and EggNOG, were used for general functional annotations.

Cloning and expressing recombinant indoleacetamide hydrolase and nitrilase in E. coli. The
hypothetical nitrile-converting enzyme-coding genes were cloned into plasmid pET28a and expressed in
E. coli Rosetta(DE3)/pLysS. Genomic DNA was extracted using a bacterial genomic DNA extraction kit
(TaKaRa, Dalian, China). Primers were designed using Primer Premier 5.0 software (Premier Biosoft
International, Palo Alto, CA, USA) and are listed in Table 4. Primer pair F1 and F2 was used for amplifying
the indoleacetamide hydrolase-coding gene iamA, F3 and F4 were for amplifying the indoleacetamide
hydrolase-coding gene iamB, F5 and F6 for amplifying the nitrilase-coding gene nitA, and F7 and F8 for
amplifying the nitrilase-coding gene nitB. The PCR system and program used were as previously reported
(46). The PCR products were analyzed by 1% agarose gel electrophoresis and ligated into pET28a
according to the protocol of the ClonExpress II one-step cloning kit (Vazyme Biotech, Nanjing, China). The
recombinant plasmids were verified by DNA sequencing performed by Springen Biotech (Nanjing,
China). The transformation of the recombinant plasmids into competent E. coli Rosetta(DE3)/pLysS cells
and the overexpression of the recombinant indoleacetamide hydrolase and nitrilase were conducted
according to methods described in our previous report (47).

Purification and determination of nitrile-converting enzyme activity. The purification of the
recombinant His-tagged nitrile-converting enzymes was conducted by affinity chromatography, accord-
ing to the instructions of the chromatography resin manufacturer (Novagen Inc., Madison, WI). The
expression and purity of the recombinant proteins were checked by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The standard enzyme assay was conducted by mixing 1 mmol ·
liter�1 IAN or 1 mmol · liter�1 IAM and an appropriate amount of enzyme in 50 mmol · liter�1 sodium
phosphate buffer (pH 7.5). The reaction was performed at 37°C in a volume of 1 ml. NHase activity was
analyzed by HPLC. NitA and IamA activities were assessed by quantifying the amount of ammonia
released during the reaction according to the phenol-hypochlorite method (48). The optimal pH was
determined by dissolving 1 mmol · liter�1 IAN in different 50 mmol · liter�1 sodium citrate (pH 4 to 6),
phosphate (pH 6 to 8), and Tris-HCl (pH 8 to 10) buffers. The optimal temperature was determined by
conducting the reaction from 20 to 60°C in 50 mmol · liter�1 sodium phosphate buffer (pH 7.5). The pH
stability was determined by incubating the enzymes at 4°C for 12 h in buffers at different pH values and
the residual activity was determined using the method described above. The thermal stability was
assessed by incubating the enzymes at different temperatures, and the activity remaining was measured
using the enzyme assays described above. The substrate specificities of IamA toward IAM, benzamide,
nicotinamide, phenylacetamide, acetamide, acrylamide, and of NitA toward IAN, phenylacetonitrile,
(R)-(�)-4-methylmandelonitrile, acetonitrile, butyronitrile, isobutyronitrile, succinonitrile, hexanedinitrile,
3-cyanopyridine, benzonitrile, and bromoxynil, were determined in the standard reaction system with 5
mmol · liter�1 substrate. The kinetic parameters of the nitrile-converting enzymes toward IAN and IAM
were calculated by determining the initial velocity in the ranges 0.1 to 6 mmol · liter�1 IAN and IAM. The
maximal reaction rate (Vmax) and apparent Michaelis-Menten constant (Km) were deduced from Eadie-
Hofstee plots.

qPCR analysis of nitrile-converting enzyme genes in V. boronicumulans CGMCC 4969. V.
boronicumulans CGMCC 4969 cells were cultured in LB with or without 0.1 mmol · liter�1 CoCl2 and 100
mg liter�1 IAN and harvested after 6 and 12 h, respectively. The total RNAs were isolated using a spin
column total RNA purification kit (Sangon Biotech, Shanghai, China) according to the manufacturer’s
instructions. The extracted total RNA (500 ng) was reverse transcribed using the PrimeScript RT reagent
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kit with gDNA Eraser (TaKaRa Biotech, Dalian, China). The synthesized cDNA was subjected to qPCR using
the Applied Biosystems StepOne real-time PCR system (Carlsbad, CA, USA) and SYBR Premix Ex Taq II (Tli
RNaseH Plus; TaKaRa Biotech). Specific primers were designed and are listed in Table 4. The reaction was
performed in a 20-�l mixture containing 10 �l of SYBR Premix Ex Taq II (Tli RNaseH Plus, 2�), 0.8 �l of
each primer (10 �mol · liter�1), 0.4 �l of ROX reference dye (50�), 2 �l of cDNA template, and 6 �l of
sterilized deionized water. The thermal cycling conditions were as follows: 95°C for 30 s, followed by 40
cycles of 95°C for 5 s and 60°C for 30 s. A melting curve was analyzed at the end of the qPCR to verify
specific amplification. The 16S rRNA gene was used as a reference gene to normalize the amount of RNA
in each sample (49). We conducted three biological replicates and each sample was measured in
triplicates.

A. thaliana plantlet cultivation and V. boronicumulans CGMCC 4969 inoculation. A. thaliana
culture was conducted according to the revised method of Conn et al. (50). Seeds were surfaced sterilized
by immersing in 75% (vol/vol) ethanol for 1 min, soaking in 6% sodium hypochlorite for 10 min, and
thoroughly rinsing 10 times in sterile distilled water. Sterilized seeds were placed onto 1⁄2MS salt
medium, and the plates were sealed with micropore tape and placed inversely at 4°C for 3 days to
achieve stratification. Plants were then transferred to an illuminated incubator with a 16-h light/8-h dark
cycle, a light density of 2,000 lx, and a temperature cycle of 25 and 20°C day/night. After incubating for
5 days, when two leaves appeared, the plants were transferred to new 1⁄2MS plates to continue growth
under the conditions above.

A single bacterial colony of V. boronicumulans CGMCC 4969 grown on an LB agar plate was
inoculated in a 250-ml flask containing 50 ml of LB and incubated in a rotary shaker at 220 rpm and 30°C
for 24 h. Then, the bacterial cells were collected by centrifugation at 5,000 � g for 10 min, washed twice
with sterile double-distilled water, and resuspended in double-distilled water with the concentration
adjusted to 109 cells · ml�1. When the A. thaliana seedlings had grown for 7 days, 25 �l of bacterial
suspension was uniformly sprayed onto the root of the plant, and then plant culture was continued.
Other plantlets were sprayed with 25 �l sterile double-distilled water as a control. Fourteen days after
inoculation, the A. thaliana plantlets were taken out, the surface water was blotted up, and the total fresh
weight, shoot fresh weight, and the length of the main root were measured.

Accession number(s). The sequence data for V. boronicumulans CGMCC 4969 (also known as strain
J1) were submitted to the GenBank database with accession number CP023284. The GenBank accession

TABLE 4 Primers used in this study

Target Primera Sequence (5=¡3=)b

Amplicon
size (bp)

iamA F1 ACAGCAAATGGGTCGCGGATCCGA 1,410
ATTCATGACCGCATCCCCCGCCCT

F2 ATCTCAGTGGTGGTGGTGGTGGTGC
TCGAGTCACTGCGCGACCAGCGGC

iamB F3 ACAGCAAATGGGTCGCGGATCCGAA 1,401
TTCATGCAACTCTGGCAACTGGAAGC

F4 ATCTCAGTGGTGGTGGTGGTGGTGCT
CGAGTCAGGCGGGGTCGACCG

nitA F5 ACAGCAAATGGGTCGCGGATCCGAA 1,005
TTCATGCCGACCACCGTCCACC

F6 ATCTCAGTGGTGGTGGTGGTGGTGCT
CGAGTCAGGCCACGACCGGCTC

nitB F7 ACAGCAAATGGGTCGCGGATCCGAAT 1,047
TCATGCTTGATCTGCCCAAGTTCAAGG

F8 ATCTCAGTGGTGGTGGTGGTGGTGCTC
GAGTCATGGCGTGCCCTCCCCG

NHase NHa-F GCCAATACCGACGACCAGCAC 172
NHa-R TGGTCTCGGGCAAGGTGGT

Indoleacetamide Ind-F ATCGCCGAACTCAACCCGC 153
Hydrolase Ind-R GTCGACGTTGACCTTGATGCTC

Nitrilase Nit-F CGCTACCACGACAACTCGCTGAT 111
Nit-R CGCCGCTTTCTCGCTGTAG

16S 16S-F TACTGGGCGTAAAGCGTGCG 174
16S-R ATTGCCTTCGCCATCGGTGT

aPrimers F1 to F8 were used for amplification of target genes. Primers NHa-F, NHa-R, Ind-F, Ind-R, Nit-F, Nit-R,
16S-F, and 16S-R were used for quantitative PCR analysis.

bUnderlined bases indicate the restriction enzyme cleavage sites of EcoRI (GAATTC) and XhoI (CTCGAG).
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numbers for IamA, IamB, NitA, and NitB are ATA56605, ATA56697, ATA54505, and ATA55581, respec-
tively.
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