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Abstract 

Nicotine, a toxic and addictive alkaloid from tobacco, is an environmental pollutant. However, nicotine-degrading 
bacteria (NDB) and their function in tobacco planting soil are not fully understood. First, 52 NDB strains belonging to 
seven genera were isolated from tobacco soil. The most dominant genera were Flavobacterium (36.5%), Pseudomonas 
(30.8%), and Arthrobacter (15.4%), and Chitinophaga and Flavobacterium have not been previously reported. Then, two 
efficient NDB strains, Arthrobacter nitrophenolicus ND6 and Stenotrophomonas geniculata ND16, were screened and 
inoculated in the compost fertilizer from tobacco waste. The nicotine concentrations were reduced from 1.5 mg/g 
(DW) to below the safety threshold of 0.5 mg/g. Furthermore, strain ND6 followed the pyridine pathway of nicotine 
degradation, but the degrading pathway in strain ND16 could not be determined according to genomic analysis and 
color change. Finally, the abundance of nicotine-degrading genes in tobacco rhizosphere soil was investigated via 
metagenomic analysis. Five key genes, ndhA, nctB, kdhL, nboR, and dhponh, represent the whole process of nicotine 
degradation, and their abundance positively correlated with soil nicotine concentrations (p < 0.05). In conclusion, vari-
ous NDB including unknown species live in tobacco soil and degrade nicotine efficiently. Some key nicotine-degrad-
ing genes could be used in monitoring nicotine degradation in the environment. The fermentation of compost from 
tobacco waste is a promising application of efficient NDB.

Highlights 

• Chitinophaga spp. and Flavobacterium spp. were first confirmed as NDB.
• 52 NDB strains from seven genera were isolated from tobacco rhizosphere soil.
• Strains ND6 and ND16 efficiently degraded nicotine in medium and tobacco waste compost.
• ND16 may have a new nicotine-degrading pathway by phenotype and genome analysis.
• Abundance of five nicotine-degrading genes in soil correlated well with nicotine concentrations.
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Graphical Abstract

Introduction
Nicotine is widely found in Solanaceae plants and is 
abundant in tobacco, accounting for 2–8% of its dry 
weight. The chemical molecules of nicotine are mainly 
heterocyclic compounds composed of pyridine and pyr-
role rings. Nicotine is not only toxic and carcinogenic to 
humans but also poses a great threat to the environment, 
resulting in a serious damage to the ecological balance 
in soil and groundwater (McGrath-Morrow et  al. 2020; 
Chaffee et al. 2021; Wittenberg et al. 2020; Herman and 
Tarran 2020).

Nicotine is the main toxic pollutant in the waste from 
tobacco cultivation, and improper handling can leave 
high levels of it in the environment (Cheng et al. 2021). 
Nicotine is considered as a toxic discharge; for example, 
European Union Regulations classify tobacco waste as 
“toxic and harmful” when the nicotine content exceeds 
0.05% (w/w) (Novotny and Zhao 1999). Therefore, the 
degradation of nicotine in tobacco and its waste is an 
essential environmental concern to reduce the risk of 
ecosystem toxicity.

Tobacco is an important economic crop in many 
countries (Zou et  al. 2021). Of the six trillion cigarettes 
consumed globally each year, four and a half trillion are 
disposed of somewhere in the environment (Araújo and 
Costa 2019). Tons of tobacco waste from plant to prod-
uct need to be correctly treated (Novotny and Zhao 
1999; Lam et al. 2022). At present, the main methods of 
treating tobacco waste are (1) direct incineration, caus-
ing air pollution; (2) extraction and utilization of useful 
substances, causing problems concerning the disposal of 
residual waste; and (3) resource utilization and harmless 
treatment technologies, such as composting or reconsti-
tuted tobacco leaf technology (Di et  al. 2022; Cai et  al. 
2016). Some physical and chemical methods are used for 

tobacco waste treatment, but these have negative effects 
on the subsequent utilization of tobacco resources. In 
contrast, the biological treatments, such as nicotine 
degradation mediated by microbes or enzymes, are eco-
friendly and low-cost methods (Zhang et al. 2022). Many 
nicotine-degrading microorganisms have been used for 
nicotine degradation in tobacco waste. At present, most 
of them are bacteria, including Pseudomonas, Arthro-
bacter, Paleobacter, and Agrobacterium (Liu et  al. 2015; 
Zhong et  al. 2010; Zhang et  al. 2022; Guo et  al. 2019). 
Nicotine-degrading bacteria (NDB) are mostly used in 
the composting of tobacco waste (Ye et  al. 2017; Wang 
et al. 2013), the treatment of tobacco factory wastewater 
(Sabzali et al. 2012), and as a bacterial agent to remedi-
ate nicotine-contaminated soil (Shang et  al. 2017). For 
example, a nicotine-degrading bacterium, Arthrobac-
ter histidinolovorans EA-17, was added to the compost 
where tobacco straw as raw material was decomposed 
into organic fertilizer and the nicotine degradation rate 
was increased by 74.5% in comparison with the control 
(Wang et al. 2015).

Previous studies have demonstrated three main path-
ways of bacterial nicotine degradation. In the pyridine 
degradation pathway represented by the Gram-positive 
bacteria Arthrobacter, the main degradation enzymes 
include nicotine dehydrogenase, 6-hydroxynicotine 
oxidase, 6-hydroxypseudooxynicotine dehydrogenase, 
2,6-dihydroxypseudooxynicotine hydrolase, 2,6-dihy-
droxypyridine 3-monooxygenase, and nicotine blue oxi-
doreductase (Sachelaru et  al. 2005; Mihasan et  al. 2007; 
Schenk et  al. 1998; Deay et  al. 2020). In the pyrrolidine 
pathway represented by the Gram-negative bacteria 
Pseudomonas, the most important enzymes are nicotine 
oxidoreductase and 3-succinoylpyridine monooxygenase 
(Hu et al. 2019; Xia et al. 2018). A variant of the pyridine 
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and pyrrolidine pathways, named the VPP pathway 
(Huang et  al. 2020), is found in the bacteria Agrobacte-
rium sp. S33 (Shang et al. 2021), Stenotrophomonas genic-
ulata N1 (Liu et  al. 2014), and so on. Nonetheless, the 
degradation mechanisms of many NDB have not been 
elucidated so far, such as in Rhizobium spp. and Bacillus 
spp. (Mu et al. 2020; Liu et al. 2015; Zhang et al. 2022). 
Isolation and application of high-efficiency NDB are still 
important for nicotine degradation in environmental and 
human health; for example, the colonization of nicotine-
degrading bacterium Bacteroides xylanisolvens in the gut 
reduced tobacco smoking-exacerbated non-alcoholic 
fatty liver disease (Chen et al. 2022).

This paper aims to investigate NDB diversity and the 
relationship between the abundance of nicotine-degrad-
ing genes and nicotine concentrations in tobacco culti-
vation soils. Various NDB were isolated from tobacco 
rhizosphere soil and two efficient NDB were successfully 
applied in the composting of tobacco waste. In addition, 
nicotine-degrading genes and their function in soil were 
analyzed by using metagenomic methods.

Materials and methods
Soil sampling
The tobacco rhizosphere soils were collected from Enshi, 
Hubei Province, China (30° 18′ N 109° 23′ E). The soils 
were sampled between the flourishing and mature peri-
ods of tobacco growth. Five treatments with six replicates 
in completely randomized blocks were established. The 
treatments were as follows: (1) Control, non-tobacco 
planting soil; (2) Site I, planting tobacco in the first year; 
(3) Site II, successive cropping with unhealthy tobacco; 
(4) Site III, successive cropping with healthy tobacco; 
and (5) Site IV, successive cropping with lethal tobacco. 
A total of 30 soil samples were collected and sieved with 
2 mm mesh. Each soil sample was divided into four parts. 
Three of them were, respectively, used for the detection 
of nicotine concentrations, soil physicochemical proper-
ties, and metagenomic sequencing by Guangzhou MAGI 
Gene Sequencing Co. The last one was stored at – 80 ℃ 
for other experiments. In addition, NDB were isolated 
from one mixed tobacco planting soil sample.

Determination of nicotine concentrations in samples
Nicotine concentrations in liquid media were meas-
ured with a UV spectrophotometer (Wang et  al. 2015). 
The cultural samples were diluted with 0.05  mol/L HCl 
solution, and then the absorbance value at 259 nm wave-
length was detected. Nicotine concentrations in soil and 
organic fertilizer were measured with high-performance 
liquid chromatography (HPLC) (Jablonski et  al. 2006). 
First, nicotine was extracted using the following pro-
cedure. One gram (DW) of tobacco organic fertilizer 

sample was added to 2  mL 1  mol/L sodium hydroxide 
solution, and the pH of the sample was adjusted to be 
alkaline. Then, 3 mL ethanol was added to the solution, 
which was mixed and kept under 50 ℃ for 30  min and 
followed by ultrasonic treatment for 30 min. After that, 
the extracted nicotine was filtered with a 0.22  μm filter 
membrane. Finally, nicotine concentration in each sam-
ple was determined with HPLC (Shimadzu LC-20AT, 
Japan Shimadzu Company).

Isolation and identification of nicotine‑degrading bacteria
Nicotine selection medium (with nicotine as the sole 
carbon source) (Zhao et  al. 2012; Ruan et  al. 2005) 
was as follows:  (NH4)2SO4 2.0  g/L,  MgSO4·7H2O 
0.2  g/L,  CaCl2·2H2O 0.01  g/L,  FeSO4·7H2O 0.001  g/L, 
 Na2HPO4·12H2O 2.33  g/L,  NaH2PO4·2H2O 0.55  g/L. 
Nicotine was purchased from Desit Biological Company, 
China.

The soil sample was serially diluted with sterile water 
and then dilutions were spread on a nicotine selec-
tion medium and incubated at 28  °C aerobically. After 
2 days, single colonies were picked and further purified. 
The 16S rRNA gene was amplified with the primer pair 
27F/1492R. The 16S rRNA gene sequences of all NDB 
pair-end sequencing were carried out in an Illumina 
Hiseq PE150 system by Tsingke Biotechnology Co., Ltd. 
After the sequencing results were assembled, the 16S 
rRNA genes were analyzed on the EZbiocloud website 
(www. ezbio cloud. net). The sequences were deposited in 
the National Microbiology Data Center (https:// nmdc. 
cn/). The accession numbers are NMDCN000175N ND1-
NMDCN0001769 ND43.

Capacity of nicotine degradation in medium
Each strain involved in nicotine degradation was indi-
vidually inoculated into 5 mL LB medium and incubated 
at 28  ℃ with 150  rpm shaking. When  OD600 reached 
0.8–1.0, cells were inoculated into a 50 mL medium with 
the presence of 1.0  g/L nicotine. Culture samples were 
collected every 12 h for nicotine concentration measure-
ment. Last, the nicotine concentrations of the samples 
and the nicotine-degrading rate of each strain were cal-
culated, and the high-efficiency NDB were screened for 
the next experiments.

Effects of temperature and nicotine concentration 
on nicotine degradation
Strains ND6 and ND16 were selected as the high-effi-
ciency NDB based on the results described in “Capac-
ity of nicotine degradation in medium” Sect. In order to 
more clearly compare the nicotine-degrading ability and 
the phenotypic differences during nicotine degradation, 
a classical strain Pseudomonas putida S16 with a known 

http://www.ezbiocloud.net
https://nmdc.cn/
https://nmdc.cn/
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degradation pathway from Dr. Ping Xu in Shanghai Jiao 
Tong University (Yu et al. 2011) was used as control.

Assessments of the nicotine-degrading characteris-
tics of these three strains were performed in nicotine 
medium under 28 ℃ and 37 ℃ as well as nicotine con-
centration gradient as 0.5 g/L, 1.0 g/L, and 2.0 g/L. Three 
parallel experiments were carried out in each experimen-
tal group. Samples were taken regularly every 12 h during 
the cultivation process to determine bacterial growth and 
nicotine-degrading capacity.

Genome sequencing and nicotine‑degrading pathway 
analysis of strains ND6 and ND16
Genome pair-end sequencing was carried out in an 
Illumina Hiseq system by Wuhan Carboncode Bioin-
formatics Co. Ltd., China. Genome assembly was con-
ducted using SPAdes v3.11.1 (http:// cab. spbu. ru/ softw 
are/ spades/) software with filtered reads. The genes of 
the two strains were annotated using the eggNOG and 
GO databases. The 16S rRNA gene and whole-genome 
sequences of strains ND6 and ND16 were aligned against 
all the related sequences from the Type (Strain) Genome 
Server (https:// tygs. dsmz. de). Phylogenetic trees were 
constructed using the genome BLAST distance phylog-
eny method. The genomic average nucleotide identity 
and DNA–DNA hybridization values were obtained from 
EzBioCloud (https:// www. ezbio cloud. net) and the Type 
(Strain) Genome Server.

KEGG analysis was performed on the predicted genes 
of ND6 and ND16, and the metabolic pathways of nico-
tine degradation in these strains were annotated in com-
parison with the known nicotine metabolic pathways 
(https:// www. kegg. jp/ pathw ay/ map= map00 760& keywo 
rd= nicot ine).

Application of efficient NDB in fermented compost 
of tobacco waste
First, LB was used to cultivate strains ND6, ND16, and 
S16, and then the bacterial solution was inoculated into 
the compost fertilizer from tobacco waste from the Enshi 
Tobacco Company, Hubei Province. The total inoculum 
amount of bacterial solution in each experimental group 
was 10%, about  107 cfu/g. The same volume of bacteria-
free medium was added to the control. Each experiment 
was performed on three replicates. The control samples 
were tested in the absence of additional bacterial cells, 
then all groups were placed in a 28  ℃ incubator for 
12 days, and samples were taken once every 6 days. The 
nicotine concentrations of dry weight were determined 
as described in Determination of nicotine concentrations 
in samples.

Correlation analysis between nicotine concentrations 
and abundance of nicotine‑degrading genes in soil
The metagenomic data determination was performed by 
Guangzhou MAGI Gene Sequencing Co. The abundance 
of nicotine-degrading genes was calculated with the 
metagenomic data. Redundancy analysis (RDA), a mul-
tivariate direct gradient analysis method, was calculated 
using Canoco version 5.0 to elucidate the relationships 
between soil physicochemical properties, enzyme activi-
ties, and the relative abundance of nicotine degradation-
related genes.

Statistical analysis
All data required for between-group significance were 
statistically analyzed. The software SPSS Statistics 26.0 
was used for data comparison. Different letters were used 
to represent differences between groups.

Results
Multiple nicotine‑degrading bacteria in tobacco 
rhizosphere soil
From the tobacco cultivation rhizosphere soil, 52 NDB 
strains were obtained after separation and purifica-
tion under a plate with 1.0  g/L of nicotine serving as 
the sole carbon source. Based on the results of the 16S 
rRNA gene sequence alignment, these 52 strains were 
found to belong to seven genera, including Flavobacte-
rium, Pseudomonas, Arthrobacter, Stenotrophomonas, 
Sphingomonas, Chitinophaga, and Acinetobacter 
(Fig. 1A). The most dominant genera were Flavobacte-
rium, Pseudomonas, and Arthrobacter, accounting for 
36.54%, 30.77%, and 15.38%, respectively. It is interest-
ing that the strains from genera Flavobacterium and 
Chitinophaga had not been previously reported as 
NDB.

All these strains were then cultured in a liquid 
medium with an additional 1.0  g/L of nicotine. Dur-
ing 7-day incubation, the nicotine-degrading rates of 
these strains shifted from 20 to 98%, in which strains 
ND6 and ND16 showed the highest nicotine-degrad-
ing rates of 97% and 98%, respectively. Consequently, 
strains ND6 and ND16 were selected for subsequent 
experiments including genome sequencing, species 
identification, nicotine-degrading ability and pathway 
analysis, and application in compost fermentation of 
tobacco waste.
Taxonomic identification of efficient NDB ND6 and ND16
The 16S rRNA gene sequence analysis of strain ND6 
revealed that it belonged to the genus Arthrobac-
ter, with the highest similarity (99.2%) to the species 
Arthrobacter nitrophenolicus SJConT. As shown in 
Fig.  2A and B, the phylogenetic trees based on 16S 

http://cab.spbu.ru/software/spades/
http://cab.spbu.ru/software/spades/
https://tygs.dsmz.de
https://www.ezbiocloud.net
https://www.kegg.jp/pathway/map=map00760&keyword=nicotine
https://www.kegg.jp/pathway/map=map00760&keyword=nicotine


Page 5 of 11Wang et al. Bioresources and Bioprocessing           (2023) 10:10  

rRNA gene sequences and genome showed strain ND6 
is close to A. nitrophenolicus. Moreover, the aver-
age nucleotide identity (ANI) value and DNA–DNA 
hybridization (DDH) value between ND6 and A. nitro-
phenolicus SJConT were 95.9% and 86.2%, respectively 
(Additional file 1: Table S1), meeting the cut-off value 

for the same species (Chun et al. 2018). Consequently, 
strain ND6 was identified as Arthrobacter nitrophe-
nolicus. Likewise, strain ND16 was identified as Steno-
trophomonas geniculata (Fig.  2C and D, Additional 
file 1: Table S2).

Fig. 1 Diversity of nicotine-degrading bacteria isolated from the tobacco rhizosphere soil

Fig. 2 Phylogenetic trees of strains ND6 (A, B) and ND16 (C, D) based on 16S rRNA gene sequences (A, C) and genome (B, D)
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Nicotine metabolic pathway analysis of strains ND6 
and ND16
A. nitrophenolicus ND6 and S. geniculata ND16 all grew 
well in nicotine medium with an additional 1.0  g/L of 
nicotine (Fig. 3). Strain ND6 showed deep blue color at 
an early stage and then gradually became brown (Fig. 3A 
and Additional file 1: Fig. S3), degrading 87% of nicotine 
after 3  days (Fig.  3B). In contrast, strain ND16 did not 
change color over time, degrading 92.6% of nicotine after 
5 days (Figs. 3C and D).

The nicotine metabolic pathways of the two strains are 
shown in Additional file 1: Figs. S1 and S2. It was found 
that five key genes of the pyridine pathway are anno-
tated in strain ND6, including nicotine dehydrogenase, 
(S)-6-hydroxynicotine oxidase, 6-hydroxypseudooxyni-
cotine dehydrogenase, 2,6-dihydroxypseudooxynicotine 
hydrolase, and nicotine blue oxidoreductase (Additional 
file 1: Fig. S1). The color change from blue to brown was 
consistent with the color phenotype of the pyridine path-
way (Fig.  3A and Additional file  1: Fig. S3). Therefore, 
strain ND6 degrades toxic nicotine into nutrients for its 
own growth through the pyridine pathway. In contrast, 

strain ND16 was not annotated any key gene involved 
in the nicotine metabolic pathway, nor did it have any 
color change in nicotine-containing incubation over time 
(Figs.  3C, Additional file  1: Figs. S2 and S3). The color 
change was different from reported pathways, including 
pyridine pathway’s change from blue to brown, the green 
color of the pyrrolidine pathway, and the deep brown 
color of the VPP pathway. Consequently, both genotype 
and phenotype indicated that strain ND16 may have a 
novel nicotine-degrading pathway.

Effects of temperature on nicotine degradation in strains 
ND6 and ND16
A known efficient nicotine-degrading bacterium P. 
putida S16 was used as the control for comparison of 
nicotine-degrading ability with an additional 1.0  g/L of 
nicotine under 28 ℃ or 37 ℃.

Strain A. nitrophenolicus ND6 grew rapidly dur-
ing 0–24  h, and bacterial mass reached its maximum 
value at 36  h under 28 ℃. In contrast, the biomass was 
lower under 37 ℃ than under 28 ℃, and the nicotine-
degrading ability declined significantly (Fig.  4A and 

Fig. 3 Strains ND6 and ND16 growing on plate and liquid medium with 1.0 g/L of nicotine as sole carbon source. A, C The strains grew on the 
plate; B, D growth curves and nicotine-degrading curves under 28 ℃
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D). The growth and degradation of strain S. geniculata 
ND16 did not show a significant difference under 28 ℃ 
and 37 ℃ (Fig. 4B and E). The control strain of P. putida 
S16 showed a weak decrease in growth and degradation 
under 37 ℃ in comparison with 28 ℃ incubation (Fig. 4 
C and F).

When the temperature was 28 ℃, strain ND6 had the 
best growth, followed by strains S16 and ND16. At 37 ℃, 
strain S16 had the best growth, followed by strains ND6 
and ND16. The final biomass values shown by the  OD600 
values of the three strains were very close at 0.4 under the 
two temperatures. Temperature of 28 ℃ and 37 ℃ only 
affected the growth rate of these three strains at the early 
and middle stages, but not the final biomass.

Besides growth, all these three strains were able to 
degrade more than 80% of 1.0 g/L nicotine under 28 ℃; 
ND6 had the strongest degradation capacity of more 
than 90% (Fig. 4D–F). When the temperature was 37 ℃, 
the nicotine degradation ability of ND6 significantly 
decreased to 60%, while the degradation ability of ND16 
and S16 was almost unaffected at different tempera-
tures. Therefore, temperature had the greatest effect on 
the degradation ability of ND6, but almost no effect on 
ND16.

Effects of nicotine concentrations on degradation in strains 
ND6 and ND16
Strains A. nitrophenolicus ND6, S. geniculate ND16, 
and P. putida S16 all grew well in a nicotine medium 

with a nicotine concentrations of 0.5–2.0  g/L at 28 ℃ 
(Fig.  5). The nicotine concentrations had the great-
est effect on the growth of strain ND6, which showed 
a significant delay in growth under 2.0 g/L of nicotine 
within 36  h, however, the growth rate was accelerated 
after 36 h with the higher biomass than that under nic-
otine concentrations 0.5 g/L or 1.0 g/L. In contrast, the 
growth of ND16 and S16 only showed a weak delay at 
the exponential phase under 2.0 g/L of nicotine in com-
parison with growth under 0.5 g/L and 1.0 g/L.

Under 0.5  g/L of nicotine concentration, strains 
ND16 and S16 rapidly degraded 80% of nicotine within 
24 h, which was faster than ND6 (Fig. 5). Under 1.0 g/L 
of nicotine concentration, the fastest nicotine-degrad-
ing rate of 88% was observed in strain S16 within 48 h, 
followed by 78% in strain ND6 and 70% in ND16. When 
nicotine concentration reached 2.0 g/L, strain ND6 had 
the highest degrading rate of 95% within 96 h; however, 
the degrading rates of strain S16 and ND16 were 73% 
and 56%, respectively. Strain ND16 degraded nicotine 
faster than ND6 under 0.5 g/L of nicotine; in contrast, 
ND6 had the higher nicotine-degrading rate than ND16 
under more than 1.0  g/L. The growth and nicotine-
degrading capacity of the two strains were close to the 
reported control strain S16. Therefore, strains ND6 and 
ND16 were utilized in the subsequent nicotine degra-
dation in compost fertilizer fermented from tobacco 
waste.

Fig. 4 Effects of temperature on bacterial growth and nicotine degradation. Nicotine-degrading bacteria Arthrobacter nitrophenolicus ND6 (A, 
D), Stenotrophomonas geniculata ND16 (B, E), and control strain Pseudomonas putida S16 (C, F). A–C Growth curves of strains under different 
temperatures; D–F nicotine-degrading curves of strains under different temperatures
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Application of NDB in nicotine degradation of tobacco 
compost
Strains A. nitrophenolicus ND6, S. geniculate ND16, 
and P. putida S16 were used in nicotine degradation of 
compost fertilizer fermented from tobacco waste. Un-
inoculated compost served as a control with native NDB. 
The initial nicotine concentration in the tobacco com-
post was approximately 1.5 mg/g (DW). After 12 days of 
cultivation, the concentration of nicotine in each group 
of compost significantly decreased (Fig. 6). The nicotine 
concentration in compost significantly decreased from 

1.5 to 0.35  mg/g, 0.29  mg/g, and 0.77  mg/g with addi-
tional strains ND6, ND16, and S16, respectively, which 
was lower than that in the control by 0.9  mg/g. In par-
ticular, the nicotine concentrations in compost fertilizer 
inoculated with strains ND6 and ND16 were below the 
European Union Regulations threshold of 0.5  mg/g 
(Novotny and Zhao 1999).

Correlation between soil nicotine concentrations 
and abundance of nicotine degradation genes
Nicotine concentrations was varied from 0.0 to 77.7 mg/
kg in tobacco rhizosphere soil in order of Control, Site I, 
Site II, Site IV, and Site III (Fig. 7). Ten nicotine-degrad-
ing genes were annotated from the metagenome. They 
are the genes of nicotine dehydrogenase subunit (NdhA), 
6-hydroxypseudooxynicotine dehydrogenase subunit 
(KdhL), nicotine blue oxidoreductase (NboR), 2-furoyl-
CoA dehydrogenase (HmfB), 2,6-dihydroxypseudoox-
ynicotine hydrolase (Dhponh), (S)-6-hydroxynicotine 
oxidase (NctB), nicotine oxidoreductase (Nod), aerobic 
carbon-monoxide dehydrogenase (CodH), nicotinami-
dase (PncA), and molybdenum cofactor cytidylyltrans-
ferase (MobA). Among the ten nicotine-degrading genes, 
ndhA, nctB, kdhL, nboR, and dhponh are the key nicotine-
degrading genes in the pyridine pathway, and ndhA and 
nctB are also the key genes of the VPP pathway. The rest 
of the genes have multiple functions besides of nicotine 
degradation.

Fig. 5 Effects of nicotine concentrations on bacterial growth and nicotine degradation. A–C Growth curves of tree strains under different nicotine 
concentrations; D–F nicotine-degrading curves and colors of three strains under different nicotine concentrations

Fig. 6 Addition of nicotine-degrading bacteria ND6 and ND16 on 
nicotine degradation in compost fertilizer fermented from tobacco 
waste
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RDA clearly showed that nicotine concentrations were 
positively and strongly correlated with the abundance 
of the genes ndhA, nctB, kdhL, nboR, hmfB, and dhponh 
(Fig. 7). However, the abundance of nod and codH had no 
correlation with nicotine concentrations. Moreover, the 
abundance of pncA and mobA had a negative correlation 
with nicotine concentrations.

Discussion
The reported NDB in recent years mainly include spe-
cies from Arthrobacter, Pseudomonas, Acinetobacter, 
Ochrobactrum, and Agrobacterium, among which fewer 
genomes have been sequenced (Zhang et al. 2022). Our 
research confirmed at least seven genera of NDB in the 
rhizosphere soil of tobacco plantings. To our knowl-
edge, the genera Flavobacterium and Chitinophaga have 
not been previously reported as NDB. It is interesting 
that Flavobacterium species were the most abundant 
nicotine-degrading strains in the tobacco rhizosphere 
soil. Many species involved in nicotine degradation have 
not received sufficient attention, possibly due to their 
low nicotine-degrading capacity, such as in this case. 

Therefore, it is possible that NDB with high nicotine-
degrading ability will be found in the future.

Investigation of nicotine-degrading pathways is an 
important field, although some pathways, including the 
pyridine pathway, pyrrolidine pathway, and their com-
bined VPP pathway, have been elucidated in Arthrobac-
ter, Pseudomonas, and Agrobacterium (Hu et al. 2019; Liu 
et al. 2015; Shang et al. 2021). In this study, both genomic 
annotation and phenotype of color change indicated that 
S. geniculata ND16 may have a novel nicotine-degrading 
pathway (Additional file 1: Figs. S2 and S3). In particular, 
the known nicotine degradation enzymes 6-hydroxyp-
seudooxynicotine amine oxidase and 6-hydroxy-3-suc-
cinoylpyridine hydroxylase in same species S. geniculata 
N1 were not annotated in ND16 (Wang et al. 2019). The 
nicotine metabolic pathways have not been elucidated 
in other bacteria, for example, for the Flavobacterium 
and Chitinophaga species in this study. As a result, this 
situation limits deep investigation of nicotine-degrad-
ing genes and analysis of their function in the environ-
ment. Nonetheless, we have explored the abundance of 
these effective nicotine-degrading genes in soil and tried 
to describe the relationship between gene abundance, 
nicotine-degrading status, and nicotine concentrations. 
Interestingly, the soil nicotine concentrations correlated 
well with the abundance of five nicotine-degrading genes 
that belonged to the pyridine and VPP pathways, encom-
passing ndhA, nctB, kdhL, dhponh, and nboR (Fig. 7). In 
addition, these five abundant genes represent the initial, 
middle, and concluding reactions of nicotine metabolism 
(Li et al. 2016; Mihasan et al. 2007; Sachelaru et al. 2005), 
implying that nicotine can be completely degraded into 
non-toxic nutrients in a timely manner in the tobacco 
rhizosphere soil. Therefore, there exists the potential to 
utilize these key genes to monitor nicotine metabolism 
mediated by bacteria in the environment and to inocu-
late nicotine-contaminated environments with them to 
eliminate nicotine toxicity. However, some nicotine deg-
radation-related genes, such as nod and codH, were not 
correlated with nicotine concentrations, possibly because 
of their multiple functions. For example, Nod is both a 
nicotine oxidoreductase and an amine oxidase. However, 
further study is needed because none of the genes of the 
pyrrolidine pathway have been detected in the soil, which 
may have three possibilities. One is lower gene abun-
dance of pyrrolidine pathway, such as in Pseudomonas. 
The second reason is that most nicotine-degrading genes 
have not been elucidated as mentioned above. Lastly, it 
may be related to sequencing depth.

In this study, we also successfully applied NDB to 
degrade nicotine in compost fertilizer fermented 
from tobacco waste (Fig.  6), showing the nicotine 

Fig. 7 Redundancy analysis of the relationships among nicotine 
concentrations, abundance of nicotine-degrading genes 
and some soil properties in tobacco rhizosphere soils. codH 
aerobic carbon-monoxide dehydrogenase gene, ndhA nicotine 
dehydrogenase subunit gene, kdhL 6-hydroxypseudooxynicotine 
dehydrogenase subunit gene, hmfB 2-furoyl-CoA dehydrogenase 
gene, mobA molybdenum cofactor cytidylyltransferase 
gene, nboR nicotine blue oxidoreductase gene, dhponh 
2,6-dihydroxypseudooxynicotine hydrolase gene, nctB 
(S)-6-hydroxynicotine oxidase gene, pncA nicotinamidase gene, 
nod nicotine oxidoreductase gene, De dehydrogenase, ACP 
acid phosphatase, AP organic phosphorus, AN alkali hydrolyzed 
nitrogen, OM organic matter, 4-HA 4-Hydroxybenzoic acid, 3,4-DHA 
3,4-dihydroxyphenylacetic acid, Cd cadmium, Zn zinc
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concentration was below the European Union Regula-
tions threshold of 0.5  mg/g. This provides an environ-
mentally friendly method of producing safe organic 
fertilizer by using huge amounts of tobacco waste, such 
as straw, waste tobacco leaves, and abandoned tobacco 
shreds. Notably, it is necessary to isolate or genetic-
modify more efficient and tolerant nicotine-degrading 
microbes in compost fermentation to rapidly decrease 
the nicotine concentration since high temperature or 
limited oxygen depresses microbial growth and nicotine 
degradation during the composting process.

Conclusion
In this study, multiple and diverse NDB have been iso-
lated from tobacco rhizosphere soil and two high-effi-
ciency NDB A. nitrophenolicus ND6 and S. geniculata 
ND16 were successfully applied to degrade nicotine in 
the compost fertilizer of tobacco waste. In particular, 
strain ND16 may follow a new pathway of nicotine deg-
radation according to genomic analysis and color change. 
It is noteworthy that to isolate more NDB and elucidate 
their nicotine-degrading pathways and to apply these 
NDB to eliminate nicotine toxicity in nicotine-contam-
inated environments. In addition, five key genes, ndhA, 
nctB, kdhL, nboR, and dhponh, represent the whole pro-
cess of nicotine degradation, and their abundance posi-
tively correlated with nicotine concentrations in tobacco 
planting soil (p < 0.05). This would offer a more promising 
way to utilize these key genes to monitor nicotine metab-
olism mediated by bacteria in the environment.
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