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bacterial cells remained constant during the entire culture period in the presence of DON or 3A-DON (Fig. 2A). 
These results indicate that S3-4 cells grew slowly and retained high DON degradation activity under oligotrophic 
culture conditions.

To evaluate the ability of S3-4 to degrade DON in agricultural products, wheat grains infected with F. gramin-
earum and contaminated with DON were ground, incubated with S3-4 and monitored by HPLC for DON degra-
dation. Wheat samples contained 112 µg of DON before treatment, and after incubation with S3-4 for 72 hours, 
no DON was detectable (Fig. 2B). In contrast, levels of DON in control samples that were incubated in MM with-
out S3-4, were not significantly reduced after 72 hours. These results demonstrate that strain S3-4 can completely 
eliminate DON from wheat.

To detect the products of DON degradation, metabolites from S3-4 cultures (100 µg/mL DON) at 0 hai and 
120 hai were extracted and analyzed by HPLC. At 120 hai, there were two new compounds with retention times 
of 7.65 min (compound A) and 3.29 min (compound B), respectively (Fig. 3A). These compounds were produced 
at different times after inoculation with DON; significant levels of compound A accumulated at 12 hai, then levels 
sharply increased at 60 hai, and remained high at 120 hai. In contrast, compound B was not detectable until 72 
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and the molecular mass of the trimethysilyl group is 72, leaving a 2 dalton difference between DON and com-
pound A), and compound B is 512.2 Da (the same as DON).

These compounds were further characterized by 1H nuclear magnetic resonance (NMR) spectroscopy 
(Supplementary Fig. S3). All NMR assignments for compounds A and B were compared with previously pub-
lished NMR data for 3-oxo-DON and 3-epi-DON11, 15. The NMR experimental parameters, including 1H chem-
ical shifts, multiplicity and J-coupling constants, of compounds A and B closely match those of 3-oxo-DON 
and 3-epi-DON, respectively (Supplementary Table S1). GC/MS (Fig. 4) and NMR results strongly indicate that 
compounds A and B are 3-oxo-DON and 3-epi-DON, respectively.

Reduced impact of 3-oxo-DON and 3-epi-DON on wheat seedlings. To determine whether the two 
DON-degradation compounds have reduced phytotoxicity, wheat coleoptiles were inoculated with 100 µg/mL  
of DON, 3-oxo-DON and 3-epi-DON, respectively, and the lengths of wheat leaves and coleoptiles were meas-
ured 24 hai. As shown in Fig. 5A, there were no significant differences in coleoptile length between the four 
treatments. However, DON inoculation significantly reduced wheat leaf length (56%) compared with the water 
control, whereas 3-oxo-DON or 3-epi-DON inoculation did not significantly affect leaf length. Thus, in wheat, 
both 3-oxo-DON and 3-epi-DON have no or undetectable phytotoxicity.

3-oxo-DON and 3-epi-DON have reduced impact on the expression of DON-responsive genes 
in wheat seedlings. We next evaluated the effect of DON, 3-oxo-DON and 3-epi-DON on DON-responsive 
gene expression in wheat seedlings at 24 hai. Five wheat marker genes known to be induced by DON were assayed 
by qRT-PCR. Transcript levels for all five genes were significantly lower in 3-oxo-DON or 3-epi-DON-treated 
seedlings than in seedlings treated with DON, with reduction in transcript levels ranging from 2.0- to 6.6-fold 
(Fig. 5B). These results indicate the impact of 3-oxo-DON and 3-epi-DON on gene expression is significantly 
reduced compared with DON.

Figure 3. Chemical determination of DON and the products of DON catabolism in strain S3-4. (A) S3-4 was 
grown in mineral salts medium containing DON (100 µg/mL) and HPLC profiles were taken at 0 h (top panel) 
and 120 h (bottom panel). A representative result from three independent experiments is shown. (B) Depletion 
of DON and accumulation of its catabolites under the same conditions as in Fig. 2A during a period of 120 h. 
The values given are the means of three biological replicates. The error bars represent the standard deviation.
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Identification of oxidoreductase genes by comparative genomic sequence analysis. To perform 
comparative genome analysis with other bacteria, the S3-4 genome was sequenced. The S3-4 genome comprises 
three scaffolds (3,153,523 bp, 1,058,422 bp and 397,147 bp in length, respectively) and two plasmids (155,520 bp 
and 12,966 bp in length, respectively), with a total genome size of 4.7 Mb. There are 4,593 predicted genes, includ-
ing two 5 S rRNA, two 23 S rRNA, two 16 S rRNA, and 50 tRNA genes.

The annotated protein sequence of S3-4 was compared with the genome sequences of Devosia sp. 17-2-E-8 
(D17), which is able to degrade DON25. Comparative analysis revealed that 1,859 protein-coding genes are con-
served between D17 and S3-4 (Fig. 6A). A second BLASTp search was conducted to compare these 1,859 pro-
teins against the genome of Sphingobium japonicum UT26 (S26), which is a close relative of S3-4 but does not 
have DON-degrading activity21. This comparison revealed that 188 of the 1,895 protein-coding genes conserved 
between D17 and S3-4 are not present in S26 (Fig. 6A). These 188 genes unique to the DON-degrading strains 
were subsequently used for identification of candidate genes responsible for DON-degradation in the S3-4 strain.

Functional annotation was done using the COG (Clusters of Orthologous Groups) database. Of the 188 
unique genes, 163 could be classified into 19 functional categories (Fig. 6B). Eleven genes in the class of energy 
production and conversion were selected for further analysis. This class was chosen because genes responsible 
for energy production and conversion likely play an essential role in allowing S3-4 to grow in MM media con-
taining DON as the only carbon source by metabolizing DON to generate energy for bacterial growth. Because 

Figure 4. Gas chromatography (GC) and mass spectrometry (MS) of DON and its metabolites. (A) Total ion 
chromatogram of DON. Mass spectra for peaks representing DON are shown in the right insert. (B) Total ion 
chromatogram of compound A. Mass spectra for peaks representing compound A are shown in the right insert. 
(C) Total ion chromatogram of compound B. Mass spectra for peaks representing compound B are shown in the 
right insert. The structures of DON and its metabolites are shown in the left inserts.



www.nature.com/scientificreports/

6SCIENTIFIC REPORTS | 7: 9549  | DOI:10.1038/s41598-017-08799-w

the transformation of DON into 3-oxo-DON is actually the oxidation of alcohol, which may be catalyzed by a 
dehydrogenase, 5 of the 11 genes that encode predicted oxidoreductases (related to aryl-alcohol dehydrogenases) 
were considered potential DON degradation candidate genes.

Figure 5. Toxicity of DON, 3-oxo-DON and 3-epi-DON to wheat seedlings. (A) The lengths of wheat leaves 
(white bars) and coleoptiles (gray bars) 24 hours after inoculation with DON, 3-oxo-DON, 3-epi-DON and H2O 
(control). (B) qRT-PCR determination of the expression levels of DON-responsive genes in the wheat samples 
from A. The levels of gene transcripts are calculated relative to the levels in the water inoculation sample.

Figure 6. Candidate genes for oxidation revealed by comparative genome sequence analysis. (A) The Venn 
diagram shows comparisons of gene numbers in the Sphingomonas sp. strain S3-4 (S3-4), Devosia sp. strain 17-
2-E-8 (D17) and Sphingobium japonicum UT26 (S26). Overlapping regions represent genes common to different 
genomes. (B) Functional classification of the genes unique to strain S3-4 according to the COG database.
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Identification of an oxidoreductase gene by functionally screening a BAC library. To identify the 
gene responsible for DON-degradation, a S3-4 BAC library was screened for enzymatic activity. This library con-
sists of 2,304 clones that were arrayed in six 384-well plates. Analysis of 30 random BAC clones showed that the 
library had an average insert size of 120 kb with a size range from 20 to 227.5 kb and an empty-vector rate of lower 
than 5% (Supplementary Fig. S4). The genome coverage of this library is estimated to be more than 50-fold (based 
on a genome size of 4.7 Mb). When this BAC library was screened for DON-degrading activity, one positive clone 
was identified. The insert of this clone was 148 kb in length and contained 152 genes. These genes can be classified 
into 20 categories based on COG database annotation, with 6 genes belonging to the energy production and con-
version category (Fig. 7). One of these genes, which was also identified as a gene unique to S3-4 and D17, encodes 
a predicted oxidoreductase, designated A1 (GenBank accession number: MF314460). This oxidoreductase gene is 
one of the five predicted oxidoreductases that were identified by comparative genomic sequence analysis (Fig. 6B) 
and was then further characterized.

A new aldo/keto reductase family member AKR18 A1 is responsible for DON-degradation.  
Alignment of the amino acid sequences of the S3-4 A1 protein and aldo/keto reductases retrieved from BLAST 
searches showed that the A1 protein contains typical AKR signature motifs, such as an (α/β)8-barrel motif 
and catalytic tetrad (Asp-57, Tyr-62, Lys-90, and His-131), which are conserved among aldo-keto reductases 
(Supplementary Fig. S5). The AKR superfamily comprises 17 families, with more than 190 members (as of July 
2015, http://www.med.upenn.edu/akr/). No AKR protein has more than 40% amino acid sequence identity to 
the A1 protein. A phylogenetic tree was generated based on amino acid sequence alignments of all 24 annotated 
AKRs from bacteria (http://www.med.upenn.edu/akr/) and the A1 protein. Based on this tree, A1 is most closely 
related to AKR12, but only has 37%, 36% and 35% identity to AKR12A1, AKR12B1 and AKR12C1, respectively 
(Supplementary Fig. S6). The nomenclature criterion for the AKR family is >40% identity26; therefore, these 
results led us to propose a new AKR family, family 18, and A1, designated AKR18A1, as the first member of this 
family.

Enzymatic properties of recombinant AKR18A1 expressed from E. coli. AKR18A1 was expressed 
in E. coli BL21, purified by affinity-chromatography and assayed for its DON-degrading activity and enzymatic 
properties. This recombinant protein had the expected size based on SDS-polyacrylamide gel electrophoresis 
(Fig. 8A) and was used in all enzymatic activity assays. The recombinant AKR18A1 protein oxidized DON to 
form 3-oxo-DON in the presence of cofactor NADP+ (Fig. 8B), whereas no activity was seen in the presence of 
NAD+ (data not shown), indicating that NADP+ is essential for DON-degradation activity. The AKR18A1 pro-
tein catalyzed a reverse reaction of 3-oxo-DON into DON in the presence of the cofactor NADH (Supplementary 
Fig. S7), whereas no activity was seen in the presence of NADPH (data not shown).

Recombinant AKR18A1 had the highest activity at pH 10.6 and 45 °C, and activity was maintained over a wide 
range of pH values (from 7 to 11) and temperatures (from 10 to 50 °C), implying high stability and activity under 
different conditions (Fig. 8C). Km and Vmax values for AKR18A1 were 1214.4 ± 73.3 µM and 25.7 ± 0.8 nmo-
l·min−1·mg−1 protein, respectively (Fig. 8D), and for the cofactor NADP+ in the oxidation reaction, the Km 
and Vmax values were 480 ± 70 µM and 53.7 ± 2.4 nmol·min−1·mg−1 protein, respectively. Regarding reversible 
reduction reaction from 3-oxo-DON into DON, the Km and Vmax values for AKR18A1 were 547.1 ± 121.4 µM 
and 176.1 ± 19.5 nmol·min−1·mg−1 protein, respectively, while for the cofactor NADH the Km and Vmax were 
78 ± 28 mM and 147.5 ± 5.2 nmol·min−1·mg−1 protein, respectively.

Figure 7. Functional classification of genes in one positive BAC clone isolated by functional screening. Genes 
functions were classified according to the COG database.
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Disruption of AKR18A1 in Sphingomonas sp. strain S3-4. To further verify that AKR18A1 is respon-
sible for DON-oxidation in strain S3-4, its coding sequence was disrupted by gene replacement with a disruption 
plasmid pK18mobsacB, generating an isogenic Sphingomonas strain, ∆akr18a1, that differs from the strain S3-4 
only in a single gene, AKR18A1. The specific disruption of AKR18A1 was confirmed by PCR (Supplementary 
Fig. S8). The mutant ∆akr18a1 and wild-type (WT) S3-4 strains had similar growth patterns in nutrient broth 
(NB) medium. When WT S3-4 was cultured in MM supplemented with 100 µg/mL DON, DON was substantially 
degraded at 36 hai and completely degraded at 72 hai. However, when the mutant strain ∆akr18a1 was cultured 
under the same conditions, DON was not degraded at all during the entire culture period while the number 
of cells remained constant (Supplementary Fig. S9). The abolishment of DON-degrading activity in ∆akr18a1 
demonstrates that AKR18A1 is the only gene responsible for oxidation of DON in S3-4.

Catabolism of zearalenone by strain S3-4 and recombinant protein AKR18A1. To deter-
mine whether AKR18A1 can target the ketone group of another Fusarium mycotoxin, zearalenone (ZEN), the 
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addition, the purified recombinant AKR18A1 protein could efficiently degrade GO and MG (Supplementary 
Fig. S11C and D). These results demonstrate that AKR18A1 can catabolize aldehyde compounds.

Discussion
In this study function-based screening and comparative analysis were used to isolate a DON-detoxifying bacterial 
strain, S3-4, and the gene responsible for catabolic activity, AKR18A1. Biotransformation of DON into two differ-
ent compounds, 3-oxo-DON and 3-epi-DON, in the same strain provides direct evidence that DON degradation 
occurs via sequential reactions. To date, only two bacterial strains, one Devosia10, 11 and one mixed culture14, are 
known to oxidize DON into 3-oxo-DON, whereas several Devosia and Nocardioides strains have been shown to 
epimerize DON into 3-epi-DON10, 15, 27. However, there is no a single strain that can catabolize DON into both 
compounds. It has been proposed that DON is first oxidized to 3-oxo-DON and then converted to 3-epi-DON5. 
In the present study we demonstrate that these reactions are sequential (Fig. 9). First, AKR18A1 catalyzes the 
reversible oxidation/reduction of DON to 3-oxo-DON and second, 3-oxo-DON is converted to 3-epi-DON by 
an unknown enzyme. In strain S3-4 there is much higher oxidation activity than epimerization activity, but the 
mechanistic basis for this differential activity remains unknown.

The S3-4 AKR18A1 protein contains conserved domains typical of AKR family members but is less than 
40% identical to other AKR proteins. Therefore AKR18A1 represents a new member of the AKR superfamily. 
The AKR18A1 protein carries conserved sequences that have been identified in sequence alignments and struc-
tural analysis of AKRs. For instance, the residues of the cofactor-binding pocket across all the AKRs are strictly 
conserved (Asp, Asn, Gln, and Ser)26, and these residues are all found in the AKR18A1 sequence (Asp-50, Asn-
162, Gln-187, Ser-268) (Supplementary Fig. S5). The substrate-binding pocket for the AKRs is formed by the 
carboxyl-terminal regions of the central β-strands where there is a conserved catalytic tetrad of Tyr, Lys, His, 
Asp26. This catalytic tetrad is also present in AKR18A1 (Supplementary Fig. S5).

The AKR18A1 protein appears to have favored catalytic direction towards the reverse reduction reaction of 
3-oxo-DON into DON in vitro assays, whereas in the S3-4 strain, DON is completely converted into 3-oxo-DON 
and 3-epi-DON (Fig. 2B). This discrepancy between recombinant the AKR18A1 protein and the S3-4 strain may 
relate to the presence of other proteins in the S3-4 strain that may catalyze the 3-oxo-DON to 3-epi-DON; it has 
been speculated that during microbial conversion from DON into 3-oxo-DON and 3-epi-DON the coupling of 
the transformation to another pathway may drives it away from equilibrium26.

In addition to degrading DON, AKR18A1 catalyzes the reduction of ZEN into α-ZOL and β-ZOL 
(Supplementary Fig. S10), as well as the reduction of the aldehydes, GO and MG (Supplementary Fig. S11). Thus, 
AKR18A1 can catalyze the reduction of a wide range of ketones and/or aldehyde-containing compounds and the 
oxidation of alcohols. It is likely that AKR18A1 could reduce aflatoxin dialdehyde to mono and bis-alcohols, as 
has been demonstrated for the AKR superfamily members AKR7A2 and 7A3. This reaction can prevent aldehydes 
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S3-4 within 72 h (Fig. 2), indicating the great practical potential of S3-4 in decontaminating food/feed stuff. A 
large-scale culture of this strain via fermentation and its application for detoxification of DON-contaminated 
food/feed products are in progress. The recombinant AKR18A1 protein can also be used to detoxify DON. 
Moreover, because DON is a virulence factor that is required for the spread of plant FHB pathogens1, the 
AKR18A1 gene can potentially be used to control plant diseases caused by DON-producing pathogens. The 
improvement of plant resistance against Fusarium pathogens and mycotoxins is a major challenge because most 
cultivars currently grown are susceptible to this disease and no highly resistant germplasm is available. Thus the 
identification of new genes to control Fusarium mycotoxins, such as AKR18A1, is particularly important.

Conclusion
In the present study a bacterial strain, S3-4, capable of detoxifying Fusarium toxins was isolated and the gene 
responsible for detoxification, AKR18A1, was cloned. Both the S3-4 strain and the recombinant AKR18A1 pro-
tein could be used as detoxifying agents to control FHB pathogens and to reduce mycotoxin levels in food and 
feed products. These results serve as the basis for future isolation of novel genes that detoxify mycotoxins and 
dissection of the complete pathway for degradation of Fusarium
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bacterial suspension of Sphingomonas sp. S3-4 (1 × 1010 CFU mL−1) or MM and incubated at 28 °C for 72 h in an 
aerobic chamber. The samples were freeze-dried. DON was extracted and assayed by HPLC as described above.

Inoculation of wheat seedlings with DON and quantitative real-time PCR. Wheat seedlings were 
inoculated with DON and its metabolites as described29 and seedling lengths were scored 24 h after inoculation. 
Total RNA from wheat seedlings that were harvested 24 hai were used for reverse transcription and quantitative 
real-time PCR as previously described29. Five genes, P450 (cytochrome P450), 221 (Efflux family protein), C12 
(Glutathione S-transferase), C7 (methionyl-tRNA synthetase) and C14 (Putative kinase), which are induced in 
wheat in response to DON30, were quantitatively assayed. Primers are listed in Table S2.

BAC library construction. A BAC vector was prepared with Hind III (Fermentas, MA, USA) from the 
high-copy composite vector pHZAUBAC1 and was used for construction of a BAC library with Hind III digested 
genomic DNA isolated from strain S3-4 as previously described31. One mL overnight culture for each BAC clone 
was suspended in 1 mL MM containing DON (20 µg/mL). After incubation for 5 days at 37 °C, metabolites were 
extracted and analyzed by HPLC. The positive clone was sequenced at both ends by BGI (Shenzhen, China) with 
primers listed in Table S2.

Sequencing, assembly, annotation, and genome comparisons. Bacterial DNA was isolated using 
a DNA extraction kit (Axygen, Hangzhou, China). The genome of strain S3-4 was sequenced by Personalbio 
(Shanghai, China) using an Illumina Miseq system. A combination of three libraries containing 450 bp 
(paired-end), 3 kb and 8 kb (mate-paired) inserts was sequenced. The generated sequences were assembled using 
Newbler de novo (version 2.6)32, and the pre-assembled contigs were scaffolded using the SSPACE program33. 
Gaps between contigs were closed using GapCloser software (version 1.12; http://soap.genomics.org.cn) and PCR 
amplification. Prediction of open reading frames (ORFs) was accomplished using Glimmer 3.0 (http://www.cbcb.
umd.edu/software/glimmer/), whereas RNAmmer 1.234 and tRNAscan-SE (Version 1.3.1)35 were used for the 
identification of rRNA and tRNA. Functional annotation of genes was done using BLAST2GO software36 and the 
refseq-protein database (https://www.ncbi.nlm.nih.gov/refseq/). A putative function was assigned to each gene 
using a cutoff E-value of ≤1 E−06. Predicted protein sequences of strains with and without DON-degradation 
activity, Devosia sp. 17-2-E-825 and Sphingobium japonicum UT2621, respectively, were compared with strain S3-4 
using bidirectional BLASTp comparisons with an E value cutoff of 10−5 as previously described37.

Cloning, expression and purification of recombinant protein in E. coli. The AKR18A1 gene was 
amplified by PCR from genomic DNA of strain S3-4 using KOD-plus-DNA polymerase (Toyobo, Shanghai, 
China) with the primers listed in Table S2. The PCR products were cloned into a pET-22b vector (Novagen, CA, 
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protein was induced by the addition of 0.2 mM IPTG. After 60 min 10 mL aliquots were exposed to a 2 mM con-
centration of GO or MG, and OD600 was determined over the course of 4 h.

GO and MG catabolism by recombinant AKR18A1 protein. The GO and MG catabolic activity of 
AKR18A1 was measured in a 50 µL mixture containing 100 µM each substrate, 0.2 mM NADPH and 6 µg purified 
protein. The reaction was terminated as described above, and substrate concentration was determined by HPLC 
as previously described42.

Statistical analysis. All assays were performed in triplicate. The results were analyzed using ANOVA for 
multiple comparisons followed by the Duncan test using SAS software v.8.1 (SAS institute, Cary, NC, USA), with 
significance levels of 0.01.
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