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Industrial wastewater, petroleum pollution and plastic contamination are significant
threats to global marine biosecurity because of their toxic, mutagenic and persistent

nature’. The use of microorganisms in bioremediation has been constrained by the
complexity of organic pollutants and limited tolerance to saline stress?. In this study,
we used synthetic biology to engineer Vibrio natriegensinto a strain capable of
bioremediating complex organic pollutants in saline wastewater and soils. The
competence master regulator gene tfoXwas inserted into chromosome1ofthe

V. natriegens strain Vmax and overexpressed to enhance DNA uptake and integration.
Degradation gene clusters were chemically synthesized and assembled in yeast. We
developed agenome engineering method (iterative natural transformation based

on Vmax with amplified tfoX effect) to transfer five gene clusters (43 kb total) into
Vmax. The engineered strain has the ability to bioremediate five organic pollutants
(biphenyl, phenol, naphthalene, dibenzofuran and toluene) covering abroad
substrate range, from monocyclic to multicyclic compounds, inindustrial wastewater
samples from a chlor-alkali plant and a petroleum refinery.

Complex organic pollutants (such as petroleum and wastewater from
oil refineries) encompass polycyclic aromatic hydrocarbons (PAHs)
and monoaromatic hydrocarbons. These aromatic hydrocarbons are
often found as a mixture of several components that enter oceans
through atmospheric deposition or crude oil leakage, presenting
profound threats to human health and delicate ecosystems**. These
compounds canbebioremediated by bacteria®. Although these bacteria
typically cannot treat complex organic pollutants because they gener-
ate catabolic enzymes that are specific toasingle component or afew
components with similar chemical structures, the use of consortia of
microbes hasbeen demonstrated to be effective in the bioremediation
of seawater or saline water polluted by complex mixtures of organic
pollutants®’. The growth rate and tolerance to harsh liquid or solid
phases, such as high or low pH and high salinity, are also influencing
factors for microorganisms involved in the remediation of industrial
wastewater, saline soils, marine water and other sites®’. The expanding
field of synthetic biology has led to innovative approaches for devel-
oping degrading strains for bioremediation of contaminated sites®.
Vibrio natriegens is a promising chassis species that has been
used in synthetic biology™. It is the fastest-growing documented
bacterial species that shows adequate tolerance to elevated salt
and has the ability to efficiently convert diverse carbon sources
to valuable bioproducts™? Several genome engineering tools
have been developed for V. natriegens, including SWAPnDROP®,
NT-CRISPR™ and multiplex genome editing by natural transforma-
tion®. This microorganism has been phenotypically and genomically

characterized as a generally safe biological agent suitable for use in
biotechnology®.

Here we aimed to establish a V. natriegens strain capable of reme-
diating a range of pollutants (from monocyclic benzene to bicyclic
and multicycliccompounds), on the basis of the integration of several
degradation gene clusters (Fig. 1a). To improve the transformation
efficiency of the V. natriegens Vmax, we constructed astrain harbour-
ing a foreign tfoX gene on chromosome (chr.) 1. Subsequently, nine
degradation gene clusters were synthesized in vitro, assembled in yeast
and integrated into the Vmax genome to generate candidate strains
capable of remediating the targeted pollutants. Five gene clusters were
selected fromapool of candidate strains according to their remediation
performance. We developed theiterative natural transformation based
on Vmax with amplified ¢foX effect INTIMATE) method and integrated
all five degradation gene clusters into a final chassis strain. We then
evaluated the resulting strain for simultaneous remediation of five
organic pollutants in seawater, industrial wastewater and saline soil.

Selection of chassis strains

We initially explored the use of V. natriegens Vmax as a chassis cell for
remediation of organic pollutants, similar to several well-established
species for (P. putida KT2440, Sphingomonas sp. SHPJ-2 and B. xeno-
vorans LB400) (Supplementary Table 1). We compared the growth
ability of Vmax with these species in various media: lysogeny broth
(LB), LB, (LBwith 0.25x10.0 g I""NaCl), LB, (LBwith3x10.0 g I""NaCl),
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Fig.1| Construction of strains for remediation of complex organicpollutants
andselection of chassis cells. a, Schematic summarizing the development of
strains for remediation of complex organic pollutants. Acomplex pollutant
remediation strain was developed using the ‘design-building-testing-
learning’strategy. During the design stage, the degradation gene clusters

for monoaromatic hydrocarbons (benzene, toluene and phenol) and PAHs
(biphenyl, naphthalene, DBF and DBT) were synthesized and then assembled
inyeast. During the building stage, the gene clusters were inserted into the
genome of the chassis cells. We inserted ¢foX from Vibrio choleraeinto the
genome of V. natriegens Vmax to amplify its efficiency in natural transformation.
Aniterative natural transformation method known as INTIMATE was developed
toinsertallgeneclustersinto the genome of Vmax and generate remediation
strains. During the testing stage, the remediation strains were exposed to
seawater and industrial wastewater containing pollutants and tested to monitor

LB, (LB with 5x10.0 gI* NaCl), LB, (LB with 7 x 10.0 g I NaCl), M9

(minimal medium with glycerol) and nine-salt solution (NSS) with
glycerol” medium (Supplementary Table 2). Although Vmax exhibited
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the transformation of pollutantsinto harmless substancesin flasks, activated
sludge bioreactors and multi-parallel bioreactors. During the learning stage,
functional gene clusters characterized as effective were concatenated and
inserted into asingle chassis cell to generate acomplex organic pollutant
remediationstrain. b, Biomass (ODy,,) of V. natriegens Vmax, Pseudomonas
putidaKT2440, Burkholderia xenovorans LB400 and Sphingomonas sp. SHPJ-2
indifferent media. The grey bars above the grids indicate seven mediain which
the strains were cultured: media containing tryptone and yeast extractas carbon
and nitrogen sources with different salinities (LB,,,, LB, LB;, LB;and LB;) and
twosalinesolutionsadded withglycerol and NH,Cl as sole nitrogen and carbon
source (M9 and NSS). The coloursin each cellin the gridsindicate the biomass
(ODgqo) of the strains after 16 h. All data were derived from Supplementary
Fig.1.Panelawas created using BioRender (https://biorender.com).

no remarkable performance against KT2440 and LB400 under the
saline-deficient condition, it had a higher final biomass than the
other strains at optical density at 600 nm (OD,) of 1.4 in LB,, LB,


https://biorender.com

and LB, media. In addition, it grew in NSS and M9 media, reaching an
0Dy, value of 0.5 after 16 h (Fig. 1b and Supplementary Fig. 1). After
including organic pollutants, such as biphenyl, phenol, naphthalene,
dibenzofuran (DBF) and toluene, in the LB, LB, LB; and LBs media,
we compared the growth rates of these species. In the saline-deficient
LB,,, medium, KT2440 and LB400 exhibited faster growth rates. When
the salt concentration in the medium reached 30.0 or even 50.0 g 17,
Vmax demonstrated a superior growth rate than the others under a
detected concentration of organic pollutants (Fig. 2a and Supplemen-
tary Figs. 2-5). This suggests that Vmax exhibited tolerance to pollut-
ants in high-salt environments.

The outstanding tolerance of Vmax towards organic pollutants
piqued our interest in exploring the associated potential genes and
metabolic pathways. We profiled transcriptome changesin Vmaxunder
the stress of complex organic pollutants (biphenyl, phenol, naphtha-
lene, DBF and toluene). Of the 57 annotated ABC transporters, 43 were
reported to consist of membrane transporters for organic pollutants'®
anddetected as being upregulated. Under the stress of complex organic
pollutants, the transcription levels of the genes of global transcription
factors (fleQ, marA, pcaQ, pyrl and ysmB), multiple drug resistance
proteins (mdtA and mdtN) and channel proteins located in the outer
membrane (acrA, acrB, bepG, czcA, fadL, tolC, vmeY, vmeZ, ybaR and
yicG) were significantly increased (Extended Data Fig. 1a). We spe-
cifically noticed the upregulated transcriptional levels of marA and
acrAB-tolC, which serve as efflux pumps in gram-negative strains®.
Thetranscriptional level of marA, acrA, acrB and tolC was upregulated
for1.7-,3.5-,3.3-and 2.5-folds in Vmax cultured under the stress of pol-
lutants (Extended Data Fig. 1b).

Generating an optimized VCOD-2 strain

For highly efficient transformation and protein expression, approxi-
mately 150 genes were deleted from V. natriegens Vmax?°. Promoter
functions have not been thoroughly investigated in Vmax but have
been completed in wild-type V. natriegens®. Therefore, we used
sfGFP reporter expression assays in the Vmax chassis strain to exam-
ine the activity of constitutive promoters and inducible promoters:
Piac, Pes PJ23110r Plambdar Pacr PJ23119r Pys, Pr7 (induced by isopropyl B'D'
1-thiogalactopyranoside (IPTG)) and Py, (induced by arabinose) (Sup-
plementary Table 3). Ultimately, the constitutive P,sand inducible Py,
promoters demonstrated superior strength among them, chosen to
drive gene transcription in Vmax (Supplementary Fig. 6).

V. natriegenshas potential genes associated with natural transforma-
tion, and its expressionis enhanced by the global transcription factor
tfoX®. This expression facilitates the uptake of exogenous transform-
ing DNA into cells and its subsequent integration into the genome
(Supplementary Fig. 7). We transformed pET28a-tfoX into Vmax to
generate a new strain (VCOD-1), which has the capacity for natural
transformation. Afterinducing tfoX, we examined the ability of VCOD-1
toabsorb exogenous DNA. We chose the whfF gene, which enables the
production of a capsular polysaccharide, to evaluate the transforma-
tion efficiency. Deleting whfF resulted in the production of opaque
Vmax colonies when grown on agar plates, allowing visual assessment
of transformants. The efficiency of natural transformation in Vmax
was aligned with previously reported efficiencies in this bacterium
(Extended DataFig. 2).

Examination of the whole-genome sequencing of Vmax demon-
strated that the gene encoding the Dns exonuclease on Vmax chr.1was
replaced by a T7 RNA polymerase expression box (encompassingaLac
repressor, B-galactosidase, RNA polymerase, integrase and Loxp66/77).
Wechosetheintegrase genesite (int) downstream of T7RNA polymerase
and used natural transformation to insert donor DNA containing tfoX
under the control of the T7 promoter and p15A plasmid (possessing a
chloramphenicol resistance marker) into VCOD-1 (Fig. 2b). Following
the loss of pET28a-tfoX and p15A plasmid through continuous culturing,

we obtained VCOD-2 containing tfoXintegrated into chr.1and lacking a
resistance marker. We compared the efficiency of natural transforma-
tionbetween VCOD-2 and VCOD-1by replacing wbfF with the chloram-
phenicol resistance marker. VCOD-2 showed improved efficiency for
plasmid transformations (Fig. 2c). For linear donor transformation,
VCOD-2 showed better efficiency when the usage of the donor was
higher than 5 ngand the length of the donor was longer than1kilobase
(kb) (Fig. 2d,e). The growth of VCOD-2 was not reduced compared to
Vmax (Fig. 2f). Therefore, we considered VCOD-2 to be a suitable chassis
foravariety of molecular biology and biotechnology applications. We
further optimized the natural transformation experimental parameters
inVCOD-2 to maximize the transformation efficiency (Extended Data
Fig. 3) and optimized VCOD-2 to be suitable as a chassis for a variety
of molecular biology and biotechnology applications.

Screening aninsertion site

To achieve a stable and homogeneous expression of the degradation
pathway gene clusters, we selected 12 non-essential genesin the smaller
chromosome of Vmax (chr. 2) as candidate targets for genome engi-
neering through analysis of Vmax gene annotations (Supplementary
Fig. 8) and whole-genome V. natriegens CRISPRi data? (Fig. 2g and
Supplementary Table 4). To assess the feasibility of conducting gene
knock-ins in these candidate target genes, reporter genes were inte-
grated into each site using natural transformation to express sfGFP
under the control of the constitutive P,; promoter. The sfzfp donor DNA
was converted into three segments (an sfGFP gene and two 1-kb flanking
sequences). Thegrowth and fluorescence of each strain were analysed
using amicroplatereader. Theresult showed that VmaxAchr2_182::sfgfp
showed the lowest fluorescence intensity, and the other 11 variants
ranged from1.6 x107°t0 3.3 x 107° (Fig. 2h). We also found that chr2_297
yielded the highest (76.9%) integration efficiency, and inserting sfgfp
atchr2_297 had no detrimental effects onthe Vmax growth rate (Fig. 2i
and Supplementary Fig. 9).

Insertion of degradation gene clusters

We selected nine previously characterized degradation gene clusters
to produce strains capable of bioremediating organic pollutants. Each
gene cluster was chemically synthesized and assembled in Saccharo-
myces cerevisiaebefore insertioninto Vmax. The selected degradation
gene clusters catabolized the monocyclic pollutants (benzene?, tolu-
ene?*» and phenol®), dicyclic pollutants (naphthalene” and bipheny1)
and heterocyclic pollutants (DBF? and dibenzothiophene (DBT)*°)
(Supplementary Fig. 10 and Supplementary Table 5).

At present, the most often used size for synthetic DNA fragmentsin
commercial applicationsis 3 kb, whereas fragments of approximately
5 kb are becoming increasingly affordable®. Therefore, we directly
synthesized only gene clusters of less than 5 kb. The bed, dmp, dbfand
dszgene clusters were originally less than 5 kb. However, the nah, bph
and xyl gene clusters exceeded 5 kb, were first synthesized in frag-
ments of approximately 3 kb and then assembled into full-length gene
clusters in vivo using S. cerevisiae. We noticed that some genes in the
gene clusters overlapped with each other; therefore, we separated
these genes. Ribosome binding sequences were included between
the separated genes. All gene clusters were codon-optimized during
synthesis (Supplementary Table 6). Nine candidate gene clusters with
homology arms were ligated through restriction loci into the pRS415
shuttle plasmid and then amplified in Escherichia coli. The complete
donor DNA fragment for each degradation gene cluster (containing the
homology arm) was acquired from pRS415 through enzyme digestion or
polymerase chainreaction (PCR) amplification (Supplementary Fig. 11).

Each gene cluster was separately integrated into the chr2_297 site of
VCOD-2 and produced Vmax strains from VCOD-3 to VCOD-11 (Fig. 3a).
Concentrated Vmax culturing was used for complex wastewater
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Fig.2|Developmentofahelper plasmid-free gene transfer method and
selection of promotersfor V. natriegens. a, Candidate straingrowthratesin
LB,,, LB, LB;and LBsmediawith pollutants (biphenyl, phenol, naphthalene, DBF
andtoluene, respectively). The bubble size represents the ratio of the maximum
biomass (ODy,,) to the culture time (h). The growthrate datainLB,,, LB, LB;and
LB;mediawere derived from Supplementary Figs. 2-5.b, Schematic depicting
thearrangement of tfoXinsertion. The lac operator wasinserted into the int
site of V. natriegens ATCC 14048 to generate V. natriegens Vmax. The tfoX gene,
regulated by theinducible promoter P, wasinserted at the int sitein chr.10of
Vmax, downstream of DdRp and upstream of rsmE. ¢, VCOD-2 transformation
assay using 0.5-400 ng of p15A plasmid with natural transformation.d, VCOD-2
transformation assay using 0.5-400 ng of AwbfF::Cm" (3 kb/3 kb) donor DNAin
the chromosome with natural transformation. e, VCOD-2 transformation assay
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using 5 ng of AwbfF::Cm* donor DNA containing the indicated homologous
flanks with natural transformation. f, Growth of strains Vmax, VCOD-1and
VCOD-2inLB; medium, measured as OD,. g, Distribution of12 neutral sites
chosenas candidate insertionsites on chr.2 of Vmax. h, Fluorescence of cells
expressing sSfGFP inserted at the 12 sites via natural transformation.i, The
recombination efficiency of 12 sites was characterized using 2-kb flanking
homologous fragments and sfgfp donor DNA. Statistical analysis: dataare
presented asmean +s.d. of threeindependent experiments (c-e,i). Statistical
significance was assessed using two-tailed unpaired t-test with Welch’s
correction (c-e) and Tukey’s multiple comparison test (i). Data are presented as
mean of threebiological triplicates +s.d. (f,h). Pvalues areindicated above each
genotype except VmaxAchr2_297::sfgfp and relative to VmaxAchr2_297::sfgfp.
ND, notdetected.
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297::dszABC).b-j, Pollutant remediation efficiency of the engineered Vmax
strains (b, VCOD-3; ¢, VCOD-4;d, VCOD-5; ¢, VCOD-6; f, VCOD-7; g, VCOD-8;

h,VCOD-9;i,VCOD-10;j, VCOD-11). The coloured (engineered strain) and grey
(Vmax, which served as the negative control) dots reflect the concentration of
pollutants (lefty axis). The coloured (engineered strain) and grey (Vmax) bars
show theresidualamounts of pollutants (right y axis). k, Growth of strains
Vmax, VCOD-2 and engineered Vmax strains VCOD-2 to VCOD-7 in LB; medium,
measured as OD,. 1, Complex organic pollutant remediation efficiency of the
engineered consortiuminNSS. The engineered consortium was generated by
mixing the five engineered Vmax strains (VCOD-3 to VCOD-7). The complex
organic pollutant mixture consisted of five organic compounds: biphenyl,
phenol, naphthalene, DBF and toluene. Statistical analysis: data are presented
asmean +s.d. ofthreeindependent experiments (b-j,I). Statistical significance
was assessed using unpaired t-test with Welch’s correction. Dataare presented
asmean of three biological triplicates + s.d. (k).
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treatment in highly saline wastewater or offshore waters simulated
using NSS. We observed a decrease in the concentration of biphenyl
(from 938.6 to 26.2 uM), phenol (from 949.9 t0 186.2 uM), naphtha-
lene (from1,043.2t026.3 pM), DBF (from175.3 to 1.7 uM) and toluene
(from 1,053.2 to 37.8 uM) following treatment with VCOD-3, VCOD-4,
VCOD-5,VCOD-6 and VCOD-7, respectively (Fig. 3b-f). Analysis using
ultra-performance liquid chromatography-mass spectrometry dem-
onstrated that catechol (the degradation product of phenol), salicylic
acid (the degradation product of biphenyl, naphthalene and DBF) and
benzoicacid (the degradation product of toluene) were formed. Mass
spectrometry detection also identified multiple expected intermedi-
ate metabolites, including 2,2’,3-trihydroxybiphenyl (derived from
biphenyl degradation), naphthalene-1,2-diol (derived from naphtha-
lene degradation), biphenyl-2,3-diol and 2-hydroxy-2,4-pentadienoate
(derived from DBF degradation) and benzyl alcohol (derived from
toluene degradation) (Extended Data Fig. 4). Four of the engineered
strains, including VCOD-8, VCOD-9, VCOD-10 and VCOD-11, did not
exhibit the capacity to reduce the corresponding pollutants (benzene,
phenol, toluene and DBT, respectively) (Fig. 3g-j).

The inserted genes were expressed across all transformed strains
under the control of P, induced by IPTG in Vmax strains (from VCOD-3
to VCOD-7) (Extended DataFig. 5). Insertion of degradation gene clus-
ters slightly improved the tolerance of strains to phenol and DBF and
did not cause detrimental effects on the Vmax growth rate (Fig. 3k and
Supplementary Fig. 12). Therefore, VCOD-3, VCOD-4, VCOD-5, VCOD-6
and VCOD-7 were chosen as candidate strains for the bioremediation
of complex organic pollutants.

Asynthetic consortiumwas constructed using the engineered strains
VCOD-3,VCOD-4, VCOD-5,VCOD-6 and VCOD-7 for the remediation of
complex mixtures of pollutants. The synthetic consortium decreased
30.8% of biphenyl (from 205.0 to 141.9 uM), 22.6% of phenol (from 220.6
t0170.7 ptM),100.0% of naphthalene (from 204.8 to O uM), 29.2% of DBF
(from 40.6 to 28.8 pM) and 93.4% of toluene (from 212.8 to 14.0 uM)
in48 h (Fig. 31).

Complex organic pollutant bioremediation

We sought to create asingle strain containingall five degradation gene
clusters to simultaneously treat five organic pollutants. To accom-
plish this, we used yeast to combine the five gene clusters into a mul-
tigene cluster with a total length of 43 kb. However, a single natural
transformation event cannot integrate this cluster into the VCOD-2
genome. Therefore, we established a multigene cluster composite
strain through iterative insertion of degradation gene clusters into
the VCOD-2 genome.

Using VCOD-3 as the initial strain, four degradation gene clusters
(dmp, nah, dbfand xyl) wereinserted fromthe 5’ tothe 3’ends of chr. 2.
In the donor DNA used for insertions, each gene cluster was down-
stream of a2,000-bp sequence corresponding to the homology arm
of the previous gene cluster and upstream of a 2000-bp sequence
corresponding to the chr2_297 homology arm to enable integration
into the chromosome™. Each gene cluster also possessed a selectable
marker. The complete series of degradation gene clusters wasinserted
into the Vmax genome using two selectable markers (kanamycin and
chloramphenicol). Aseach gene cluster wasintroduced, the previously
used marker was overwritten owing to homologous recombination with
the incoming gene cluster (Supplementary Fig. 13). As afundamental
strategy, we applied it to construct complex pollutant remediation
strains; this method was designated INTIMATE.

Following each round of editing, we examined the functions of the
new strains VCOD-12, VCOD-13 and VCOD-14. Functional evaluations of
the three intermediate strains showed that VCOD-12 removed 100.0%
of biphenyl (from 186.1to O pM) and 26.6% of phenol (from 185.1 to
135.9 uM) (Extended Data Fig. 6¢,d). VCOD-13 removed 100.0% of biphe-
nyl (from183.5to 0 uM), 46.5% of phenol (from 223.4 t0119.6 pM) and
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70.7% of naphthalene (from195.7 to 57.4 pM) (Extended Data Fig. 7c—e).
VCOD-14 removed 100.0% of biphenyl (from 194.3 to 0 pM), 35.0% of
phenol (from 180.1t0 117.1 pM), 60.2% of naphthalene (from 211.1to
84.1 M) and 78.0% of DBF (from 37.2to0 8.2 M) within 48 h (Extended
Data Fig. 8c-f). The growth rates of the intermediate strains did not
decreasessignificantly after insertion of the degradation gene clusters
(Extended DataFigs. 6e, 7fand 8g).

The final strain obtained was VCOD-15, whichwe anticipated could
remediate a complex polluted environment (Fig. 4a). All degrada-
tion genes in each cluster were efficiently transcribed (Fig. 4b). The
concentrations of biphenyl (from189.3 to 0 pM), phenol (from 203.1
to0 59.6 M), naphthalene (from 185.8 to 52.5 uM), DBF (from 40.6
to 4.3 M) and toluene (from 201.7 to 20.3 pM) exhibited a simulta-
neous decrease upon treatment with VCOD-15 (Fig. 4c-g). VCOD-15
successfully removed 100.0% of biphenyl, 60.7% of phenol, 71.8% of
naphthalene, 89.3% of DBF and 89.9% of toluene in 48 h. We evaluated
the growth ability of VCOD-15 and found no decrease relative to that
of VCOD-2 (Fig. 4h).Inaddition, we detected anticipated metabolites
of allfiveinserted gene clusters and did not identify new metabolites
relative to the transformed single gene clusters (Extended Data Fig. 9).
We examined the influence of the insertion of several gene clusters
onthegrowth ofthe engineered strainand whether the gene clusters
could stably exist in the genome. The genetic stability of VCOD-15
was assessed through continuous culture for 2 weeks. PCR amplifi-
cation experiments have demonstrated the bridge regions across
degradation gene clusters and their upstream/downstreamssites (the
bridge regions are also known as ‘junctions’) (Supplementary Table 7).
Sanger sequencing findings also indicate that these junctions were
consistent with the original sequence. From this, we inferred that
they stably exist in the genome of VCOD-15 (Supplementary Fig. 14).
These findings indicate that the constructed strain has genetic
stability.

Pollutant remediation in wastewater

The multiple pollutant remediation capability of VCOD-15 was char-
acterized. Five aromatic pollutants in NSS could be simultaneously
remediated by VCOD-15; however, it is still unknown whether VCOD-
15 maintains the same capability in saline and petroleum industrial
wastewaters.

We collected industrial wastewater samples (named DL 1and BZ I).
The salinity in BZ 1(102.5 g 1) was higher thanin DL1(52.5g1™"), and
Na*was the most abundant metalionin the two industrial wastewater
samples (34.8 and 16.2 g1™") (Supplementary Table 8). We examined
the growth and pollutant tolerance ability of Vmax in the two waste-
water samples and compared them with several other candidate chassis
strains. Only Vmax could growin BZ I, and Vmax maintained tolerance
to organic pollutants in this industrial wastewater sample (Fig. 5a). In
DL I, Vmax exhibited the highest final biomass (measured by OD,,) and
fastest growth rate in the presence or absence of pollutants (Fig. 5b).
These findings indicate that Vmax has advantages in adapting to indus-
trial wastewater.

We compared the remediation ability of VCOD-15 with the natural
degradingstrainsin BZ l1and DL I. We chose biphenyl as the target pol-
lutant and selected P. putida B6-2, the native host of the bphA,,;,BCK-
HJID gene cluster, and LB40O0 as natural degrading strains®. In both
wastewater samples, the residual amount of biphenyl-administered
VCOD-15 was lower than B6-2 and LB40O (Fig. 5¢,d).

We constructed an activated sludge reactor to implement biore-
mediation and verify the remediation process for the complex
organic pollutants of VCOD-15 in industrial wastewater. A concen-
trated solution of the VCOD-15 culture was placed at the bottom of
the container as the main component of the activated sludge. The
wastewater to be remediated was then pumped into the container.
Freshair was pumped into the interface between the activated sludge
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Fig.4 |Examining the remediation of complex organic pollutants by
VCOD-15and gene expressionlevels. a, Schematic representation of the gene
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b, Quantitative polymerase chainreaction (QPCR) analysis of theindicated genes
fromthe complex pollutant-degrading gene clusterinengineered V. natriegens
strain cultures, induced with1 mMIPTG. c-g, Complex organic pollutant

and wastewater using a ventilation pump, allowing sufficient oxy-
gen for the reactions (Fig. 5e). VCOD-15 was cultured in LB; medium
for12 h and made into an activated sludge. After 12 h of reactions in
the activated sludge bioreactor, all of the pollutants (1.0 mM biphe-
nyl, 1.5 mM phenol, 1.1 mM naphthalene, 0.3 mM DBF and 1.2 mM

remediation efficiency of VCOD-15in NSS. The mixture of complex organic
pollutants consisted of five organic compounds (c, biphenyl; d, phenol;

e, naphthalene; f, DBF; g, toluene). The coloured (VCOD-15) and grey (Vmax) dots
reflect the concentration of pollutants (left y axis). The coloured (VCOD-15) and
grey (Vmax) bars show the residual number of pollutants (right y axis). h, Growth
of strains VCOD-2and VCOD-15in LBy medium was measured as OD,. Statistical
analysis: dataare presented as mean of three biological triplicates + s.d. (b). Data
arepresented asmean +s.d. of threeindependent experiments (c-g). Statistical
significance was assessed using unpaired t-test with Welch’s correction. Dataare
presented as mean of three biological triplicates + s.d. (h).

tolueneinBZ I;1.2 mMbiphenyl, 0.9 mM phenol, 1.0 mM naphthalene,
0.2 mM DBF and 1.3 mM toluene in DL I) were removed by VCOD-15
(Fig. 5f-j).

The capability of VCOD-15 was assessed in both flasks and activated
sludge bioreactor with resting cells, thereby limiting its potential
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Fig.5|Bioremediation of complex polluted industrial wastewater samples
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industrial wastewater samples, measured as OD,. Strains were cultured in
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corresponding concentration of pollutants (shownin grey bar above the panel)
at30 °Cwithshaking. c,d, Biphenyl remediation efficiency of the strains Vmax,
VCOD-15, P. putida B6-2 and B. xenovorans LB400 inindustrial wastewater
sampleBZI(c)and DL 1(d). e, Schematicdiagram of the activated sludge
bioreactor, whichwas used for remediation of complex organic pollutantsin
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industrial wastewater samples. f-j, Complex organic pollutant (f, biphenyl;

g, phenol; h, naphthalene; i, dibenzofuran;j, toluene) remediation efficiency
of VCOD-15inindustrial wastewater samples, performed inactivated sludge
bioreactor shownin e. Statistical analysis: data are presented as mean of three
biologicaltriplicates +s.d. (a,b). Dataare presented asmean t s.d. of three
independent experiments (c,d). Statistical significance was assessed using
one-way analysis of variance (ANOVA) followed with Tukey’s multiple comparison
test. Dataare presented as mean of three biological triplicates + s.d. (f-j).

Panel e was created using BioRender (https://biorender.com).
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applications in remediating complex organic pollutants. We subse-
quently used VCOD-15 as a live bacterial agent for the remediation of
complex organic pollutants in industrial wastewater samples using
multi-parallel bioreactors (Extended Data Fig. 10a). We again collected
industrial wastewater samples (‘BZ II’and ‘DL II'). We tested the growth
of VCOD-15 using different carbon sources (yeast extract, corn steep
liquor and molasses) in BZ Iland DL I (Supplementary Fig. 15). We chose
yeast extract as the carbon source. We added 1 g I of yeast extract as
the carbon source for BZ Il and DL II. The organic pollutant concen-
trations and salinity were measured using high-performance liquid
chromatography (HPLC) and/or gas chromatography and inductively
coupled plasma-mass spectrometry (Supplementary Table 9). The
industrial wastewater samples were added to the tanks of multi-parallel
bioreactors without sterilization and mixed with the VCOD-15 culture.
After 48 h of reaction in the bioreactors, the concentrations of five
organic pollutants (biphenyl, phenol, naphthalene, DBF and toluene)
remaining in BZ Il were 15.3,22.9,13.2,1.9 and 9.1 uM, respectively,
whereas the concentrations in DL [l were 22.0, 370.7, 33.5, 21.4 and
9.1 uM, respectively (Extended DataFig. 10b-f). Theresultsindicated
that VCOD-15 removed 98.9% of biphenyl, 98.5% of phenol, 99.6% of
naphthalene, 99.7% of DBF and 97.7% of toluene in BZ 11, as well as 98.4%
of biphenyl, 79.7% of phenol, 98.8% of naphthalene, 96.8% of DBF and
99.7% of toluene in DL II. To evaluate the viability of VCOD-15 in com-
petition with the native strains in the industrial wastewater samples,
we analysed the community composition at different times during
wastewater treatment. The initial absence of Vibrio was observed in
both samples before the introduction of VCOD-15.In BZ II, we observed
relative abundances of 7.7%, 24.6% and 17.3% for Vibrio at 0,24 and 48 h,
respectively, during the remediation process. Similarly, in DLII, the
relative abundances of Vibrio at these time points were 36.3%, 39.7%
and 40.5%, respectively (Extended Data Fig. 10g).

Confirming pollutant degradation in soil

To assess the remediation potential of VCOD-15 in soil, we con-
ducted bioremediation experiments using soil mixed with biphe-
nyl (0.77 mmol kg™), phenol (1.06 mmol kg™), naphthalene
(0.48 mmol kg™) and DBF (0.20 mmol kg™). Following an 8-day treat-
mentwith10% (v/w) VCOD-15bacterial suspension, VCOD-15 mediated
netremediation of biphenyl (0.16 mmol kg™), phenol (0.66 mmol kg™),
naphthalene (0.21 mmol kg™) and DBF (0.03 mmol kg™) (Supplemen-
tary Fig.16). Soil samples were amended with both non-labelled
and isotopically labelled pollutants: *C-labelled biphenyl and phe-
nol, D-labelled naphthalene, DBF, biphenyl and phenol, followed by
VCOD-15 treatment. High-resolution gas chromatography-mass
spectrometry (HRGC-MS) analysis identified stable isotope-labelled
intermediates within the metabolic pathways of all four pollutants dur-
ing the flask-based remediation experiment (Supplementary Fig. 17).
Consistent HRGC-MS profiles were subsequently observed in the soil
remediation experiments (Supplementary Figs. 18-21).

Discussion

Inthis study, we engineered the V. natriegens strain VCOD-15 by itera-
tively integrating five degradation gene clusters (totalling 43 kb) into
aneutral genomic site, enabling the remediation of complex organic
pollutantsin saline wastewater. However, VCOD-15 exhibits limitations.
Its growth in low-salt environments is inferior to that of P. putida and
B. xenovorans*, and it cannot completely mineralize pollutants or use
them as carbon sources unlike these bioremediation strains.

One major challenge is the inability of VCOD-15 to use pollutants as
energy and carbon sources for growth. Introducing metabolic gene
clustersfor benzoicacid, catechol and salicylicacid could address this
limitation, enabling complete pollutant mineralization. Moreover, we
aimtoadaptthegene cluster designandinsertion strategies developed

for VCOD-15to other established degradation strains, such as P. putida
KT2440, thereby expanding the applicability of engineered strains
for diverse environments. Additionally, salinity tolerance genes from
V. natriegens, such as ectBACD and prowXV, could beincorporated into
P. putidaKT2440 to enhanceits performance under saline conditions™®.
Adaptive laboratory evolution offers another pathway to improve the
robustness, tolerance, robustness and remediation efficiency of these
strains’.

Such engineered strains could be deployed to degrade complex
organic pollutants in environments with fluctuating salinity, such as
coastal marineareas polluted by freshwater effluents®. Furthermore, the
substrate range of VCOD-15 can be expanded. Emerging marine pollut-
ants, including azo dyes, organohalides and microplastics, pose signifi-
cant challenges because of their resistance to degradation®*°. Recent
studies have identified microbial strains capable of degrading these
pollutants, such as the trypanblue-degrading strain Vibrio sp.JM-17*,
the organohalide-respiring strain Desulfoluna spongiiphila DBB*
and the polyvinyl chloride-degrading strain Klebsiella sp. EMBL-1*.
The degradation gene clusters from these strains could be integrated
into VCOD strains to expand their capabilities.

To ensure environmental safety, biocontainment systems (such as
suicide loops) could be incorporated into the genomes of engineered
strains. Inducible promoters equipped with biosensors that are respon-
sive to pollutants could enable controlled in situ degradation. Once
remediation is complete, these microbial communities could safely
exit the ecosystem*,

V. natriegens offers significant advantages for genome engineering
using tools such as natural transformation®. Using natural transfor-
mation, we developed the INTIMATE method, which enables iterative
genome engineering. A current limitation of natural transformation
is the requirement for long homology arms (approximately 2 kb) for
optimalfragmentintegration (Fig. 2e). By contrast, the Red/ET recom-
bination system requires only 30- to 50-bp homologous regions for
efficient recombination*. By incorporating Red/ET recombination
into VCOD-2 through natural transformation, we could develop aRed/
ET-assisted INTIMATE system, enhancing the recombination efficiency.
This would allow homology arms to be incorporated directly into the
donor DNA during PCR amplification, streamlining the engineering
process®.

In summary, INTIMATE offers a robust platform for engineering
next-generation strains with expanded substrate spectra, enhanced
pollutant degradation capabilities and improved safety features. These
strains could sense pollutants, self-destruct after remediation and
integrate seamlessly into microbial communities to enhance envi-
ronmental restoration efforts. Combining engineered strains with
natural microbial communities could further increase bioremediation
efficiency and address pressing environmental challenges.
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Methods

Bacterial strains, media, chemicals and growth conditions

For plasmid propagation and cloning, the E. colistrains used were DH5x
and Top10. All E. coli strains were grown in LB at 37 °C with shaking at
220 rpm. To produce a solid medium, 1.5% (w/v) agar was added to
LB. The following antibiotics were added to the medium as required:
50 pg ml”kanamycin, 34 pg ml™ chloramphenicol and 50 pg ml™ ampi-
cillin. All V. natriegens strains were grown in LB; at 30 °C or 37 °C with
shakingat220 rpm. Solid medium was prepared by adding 1.8% agar to
theliquid medium. When needed, the following antibiotics were added
to the medium: 200 pg ml™? kanamycin, 9 ug ml™ chloramphenicol
and 10 pg ml™ ampicillin. P. putida KT2440, P. putida B6-2 and Sphin-
gomonassp.SHPJ-2were grownin LB mediumat 30 °Cwith shaking at
220 rpm. B. xenovoransLB400 was grownin LBy, at 30 °Cwith shaking at
220 rpm (ref. 48). Antibiotics were acquired fromInalco S.p.A. Phenol,
toluene, naphthalene (NAP), biphenyl, DBF and DBT (purity of 99% or
higher) were acquired from)&K Scientific. Biphenyl-°>C,, was acquired
from Toronto Research Chemicals (Chemical Abstracts Service number:
104130-36-1). Phenol-*C,, biphenyl-D,,, phenol-D,, naphthalene-Dg
and dibenzofuran-Dg were acquired from Sigma-Aldrich (Chemical
Abstracts Service numbers: 70211-36-8,1486-01-7,13127-88-3,1146-65-2
and 93952-04-6). All other chemical reagents were purchased from
Merck-Sigma, unless otherwise indicated.

Growth curve measurement

Growth curves for the bacterial strains were measured using a Bioscreen
Cinstrument. Strains were grown to log phase (OD,, of 0.4-0.5) by
sub-culturing overnight bacterial culture1:100 in LB medium at 30 °C
andresuspended in corresponding media, and 5 pl of this normalized
bacterial suspension was then inoculated into 100 pl of the desired
growthmedia (LB, LB, LB;, LB;, LB, NSS and M9) in triplicates. Plates
were incubated at 30 °C, and OD,,, was measured every hour overnight
while shaking continuously at high speed.

Transcriptomic analysis

VCOD-15 was cultured in LB; medium with high-concentration pol-
lutants (4 mM biphenyl, 4 mM phenol, 4 mM naphthalene, 0.8 mM
DBF and 4 mM toluene) or without the supplementation of complex
organic pollutant mixture. The cells (6 h of cultivation) were col-
lected by centrifugation (12,000 rpm; 4 °C; 15 min) and then frozen
in liquid nitrogen. Total RNA was isolated using the TRIzol Reagent
(Invitrogen Life Technologies). Quality and integrity were determined
using a NanoDrop spectrophotometer (Thermo Fisher Scientific)
and a Bioanalyzer 2100 system (Agilent). Zymo-Seq RiboFree Total
RNA LibraryKit was used to remove the ribosomal RNA from the total
RNA. Random oligonucleotides and SuperScript Ill were used to syn-
thesize the first-strand complementary DNA (cDNA). Second-strand
cDNA synthesis was subsequently performed using DNA polymerase
Iand RNase H. The remaining overhangs were converted into blunt
ends through exonuclease/polymerase activities, and the enzymes
were removed. After adenylation of the 3’ ends of the DNA frag-
ments, lllumina PE adaptor oligonucleotides were ligated to prepare
them for hybridization. To select cDNA fragments of the preferred
400-500 bp in length, the library fragments were purified using the
AMPure XP system (Beckman Coulter). DNA fragments with ligated
adaptor molecules on both ends were selectively enriched using an
Illumina PCR Primer Cocktailina15-cycle PCRreaction. The products
were purified (AMPure XP system) and quantified using an Agilent
high-sensitivity DNA assay on a 2100 Bioanalyzer system (Agilent).
The sequencing library was then sequenced on aNovaSeq 6000 plat-
form (Illumina) by Shanghai Personalbio. Raw sequence data were
collected and filtered using Genescloud (Shanghai Personalbio). From
the two constructed libraries of the three treatment groups (negative
control and pollutant-induced), 2,602,294,177, 2,583,798,437 and

2,807,929,296 cleanreads and 87,272,844, 84,163,224 and 81,043,456
clean reads were obtained, respectively. The reference genome and
gene annotation files of V. natriegens were downloaded from the
National Center for Biotechnology Information (NCBI). The refer-
ence genome index was built using Bowtie 2 (v.2.5.1), and the filtered
reads were mapped to the reference genome using Bowtie 2 (http://
bowtie-bio.sourceforge.net/index.shtml). The gene read count value
was counted using HTSeq (v.0.9.1) as the original expression level of the
gene. Tomake the gene expression levels of different genes and differ-
ent samples comparable, fragments per kilobase of exon per million
mapped fragments was used to normalize the expression. Differen-
tially expressed messenger RNA was analysed using DESeq (v.1.30.0).
Transcripts with [log,-fold change| greater than1and Pvalueless than
0.05were considered differentially expressed. The heat map was plot-
ted using Bioinformatics (https://www.bioinformatics.com.cn; last
accessed on30 August 2024), an online data analysis and visualization
platform.

QPCR for assessing the transcription of genes

Toremove potential DNA contamination, total RNA was treated with1U
DNase I (EN0521; Thermo Fisher Scientific) for 20 min at 37 °C and puri-
fied using a Bacterial Total RNA Extraction Kit (catalogue no. DP430;
TIANGEN). Total RNA (1.0-3.0 pg) was reverse transcribed to cDNA
using the SuperScript Il First-Strand Synthesis System (18080051;
Invitrogen). The same amount of total RNA was used for direct com-
parison. QPCR was conducted usingiQ SYBR Green Supermix (1708880;
Bio-Rad) with150 nM primersin a10-plreaction. Amplifications were
performed with the following protocol for all experiments: 95 °C for
10 min, followed by 40 cycles of 95 °Cfor15s,58 °Cfor15 sand 68 °C for
20 s. The specificity of primer pairs was examined using melting curves
at the end of the 40th amplification cycle. The rpoD gene encoding a
sigma factor for transcription initiation was selected as an internal
housekeeping gene and was used as the baseline control for evaluating
the expression of the degradation genes*. Relative RNA expression
represents the relative expression level. See Supplementary Table 10
for the primers used in qPCR.

Generation of reporter strains and time-lapse analysis

The reporter strains for mutagenesis were derived from Vmax. The
fragments flanked by arms complementary to the promoter scaffold
were amplified by means of PCR using Phusion PCR Master Mix (New
England Biolabs) and cloned into the p15A and pET28a vectors via Gib-
son Assembly according to the manufacturer’s protocol. The ODgq,
values and fluorescence signals were examined, and glycerol stocks of
bacteriastored at -80 °C were streaked on non-resistant or agar plates
containing the corresponding antibiotics to isolate single colonies.
A single colony was inoculated into a test tube containing 3 ml of LB,
(supplemented with the appropriate antibiotic corresponding to the
strain resistance gene) and cultured in a shaker at 30 °C with shaking
at220 rpm. After approximately 12 h of growth, the bacterial solution
was added to fresh LB; at OD,, of 0.1. Culturing was continued in a
shaker at 30 °C with shaking at 220 rpm until the culture in each test
tube reached the mid-log phase. Each culture was diluted to OD, of
0.07-0.09 and inoculated into a 96-well plate (Costar; black; clear
bottom), adding 150 pl per well. LB, wells with antibiotics were used
for resistant strains, and LB, wells lacking antibiotics were used for
the Vmax and VCOD-2 strains. Each 96-well plate contained at least
three wells without inoculation, and only LB; was added as a negative
control. A microplate reader (Infinite M Plex 200 PRO) was used to
obtain the OD,, and fluorescence absorption data in a black 96-well
microtitre plate, and the parameters were established using Tecan
i-control software. The fluorescence intensity was assessed as follows:
the sfGFP excitation wavelength was established at 480 nm, and the
detection wavelength was established at 510 nm. The fluorescence
intensity scan mode was executed as follows: for sfGFP excitation,
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the wavelength was 475 nm, and the emission wavelength detection
range was 495-750 nm. The black 96-well plate was cultured by under-
going continuous shaking on the plate microplate reader, and the
0D, and fluorescence measurements were recorded every 20 min.
All experiments were conducted using three technical replicates
(three replicate wells) and two to three independent experiments.
The fluorometry data were processed using Tecan i-control software
and exported to Microsoft Excel 2019 and GraphPad Prism v.8.3.1 for
data analysis.

Preparation of electrocompetent cells and electroporation of

V. natriegens

An overnight culture of V. natriegens was pelleted, rinsed once with
fresh medium and diluted 1:100 in growth medium. The culture was
grown at 37 °Cin aflask with shaking at 220 rpm until reaching OD,,
of 0.5. The culture was transferred to a 50-ml centrifuge tube and
centrifuged at 6,500 rpm in a himacR18A-4020 centrifuge rotor for
15 min at 4 °C. The supernatant was carefully removed, and the cell
pellets were carefully resuspended in 30 ml of electroporation buffer
(680 mM ssucrose and 7 mM K,HPO, (pH 7.0) and inverted several times
to combine. The cells were centrifuged at 6,750 rpm for 15 minat 4 °C
inthe himacR18A-4020 rotor. The supernatant was removed, and the
wash was repeated twice for atotal of three washes. Following the final
wash, the cell pellet was carefully resuspended in residual electropo-
ration buffer (resulting in a final OD,, 0f 16.0). For long-term stor-
age, competent cells were aliquoted into 50-pl aliquots in pre-chilled
tubes, frozen using liquid nitrogen and stored at —80 °C for future
use. Plasmid DNA (1.0 pg) was added to 100 pl of electrocompetent
cells and gently mixed in a chilled 1.5-ml microcentrifuge tube with-
out producing air bubbles. The cell-DNA suspension was transferred
to a chilled electroporation cuvette with a 1-mm gap size and elec-
troporated using a Bio-Rad Gene Pulser electroporator at 0.9 kV,1kQ
and 25 pF. To avoid unnecessary cell death, the electroporated cells
were immediately recovered in 0.5 ml of recovery medium (LB; or
SOC medium containing 680 mM sucrose, lacking any antibiotics)
and transferred to a1.5-ml microcentrifuge tube. The cells were then
recovered after incubation at 37 °C for 1 h. Aliquots of the recovery
medium were plated on warm selective agar plates containing the
appropriate antibiotics. The plates were incubated for 8 hat 37 °C or
12 hat30 °Cto allow colonies to appear.

Natural transformation of VCOD-1

V. natriegens strains containing pET28a-tfoX were induced by growing
overnight (15 h) in LB, supplemented with 200 pg ml™ kanamycin and
0.1mM IPTG in an orbital shaker incubator at 30 °C. Then, 3.5 pl of
the culture was diluted directly into 350 pl of Instant Ocean medium
(I0M; 28 g I™") supplemented with 0.1 mMIPTG. Approximately 300 ng
of transforming DNA was added as indicated, and the reactions were
incubated statically at 30 °C for 6 h. Next, 1 ml of LB; was added, and
thereactions underwent outgrowthat 30 °C with shaking (220 rpm) for
2 h.The culture was spread on abi-antibiotic LB, agar plate (containing
200 pg ml? kanamycin and 9 pg ml™ chloramphenicol) to select for
integration of the selected product.

Natural transformation optimization with VCOD-2

VCOD-2 was induced by growing overnight (final OD,, of 3.8-4.2) in
LB, supplemented with 0.1 mM IPTG in the orbital shaker incubator
at30 °C. Then, 3.5 pl of the culture was diluted directly into 350 pl of
IOM (28 g 1) supplemented with 0.1 mM IPTG. Approximately 200 ng
of transforming donor DNA (homologous arms of 2 kb) or 100 ng of
plasmid wasadded asindicated, and the reaction was incubated stati-
cally at 30 °C for 6 h. Next, 1 ml of LB; was added, and the reactions
underwent outgrowth at 30 °C with shaking (220 rpm) for 2 h. The
culture was then spread on a bi-antibiotic LB; agar plate to select for
integration of the selected product.

Designing of the synthetic degradation gene clusters

The synthetic degradationgene clusters were designed using the follow-
ing pipeline*®. Known natural degradation and metabolism gene cluster
sequences were identified (step 1). The gene cluster was annotated by
(1) listing all degradation metabolism-related functions encodedin the
gene cluster and (2) finding the corresponding coding DNA sequence
(CDS) for each known function (step 2). The presence of each func-
tioninthe synthetic gene cluster was verified by ensuring that (1) each
degradation-related function had aunique CDS corresponding toitand
(2) each CDS corresponded to a unique degradation function (step 3).
All CDSs were codon-optimized according to the codon preference of
V. natriegens (Supplementary Table 6), so that the translated protein
sequence remained unchanged, although the codon was one of the
degenerate codons with the highest frequency of corresponding amino
acidsin V. natriegens (step 4). Theribosome binding sequence (80029,
B0030,B0034,and BO0O35; Supplementary Table 3) was added before
all CDSs (step 5). The CDSs were arranged from 5’ to 3’ on the original
gene cluster to obtain the gene sequence (step 6). A P, promoter was
added atthe 5’ end of the gene cluster sequence, and a T7 terminator was
added atthe 3’ end of the gene cluster sequence (step 7). The designed
gene cluster sequence of the synthetic gene cluster was finalized (step 8).

Preparation of resting cells and degradation test

The strains were activated in LB, for 1 h, collected following growth to
the late logarithmic phase (approximately 10 h after IPTG induction),
rinsed three times and resuspended in NSS. The final optical density at
600 nmwas adjusted to 8.0-10.0. The cells were then starved at 30 °C
for 2 h. After culturing at 30 °C with shaking at 200 rpmfor 0, 6,12, 24,
36 and 48 h, an equal volume of ethyl acetate was added to the cultures,
followed by vortexing (45 W for 2 min) and centrifugation (8,000 rpm
for 5 min). The liquid phase was collected for HPLC detection. The
initial concentrations of organic pollutants were established as fol-
lows: 1 mM biphenyl, 1 mM phenol, 1 mM NAP, 0.2 mM DBF and 1 mM
toluene. To examine the degradation of VCOD-15 and other engineered
strains containing more than one degradation gene cluster, the initial
concentrations of organic pollutants were set as follows: 0.2 mM phe-
nol, 0.2 mMtoluene, 0.2 MM NAP, 0.2 mM biphenyl and 0.04 mM DBF.

Industrial wastewater sample collection and characterization
DL Iand DL Il were collected from a petroleum refinery at Sinopec
ChemicalIndustrial. BZ Iand BZ Il were collected from BEFAR GROUP.
The ssalinity and concentration of primary metal saltionsin theindus-
trial wastewater samples were measured using a conductivity meter
and inductively coupled plasma-mass spectrometry.

Organic pollutant mixture remediationin activated sludge
bioreactor

VCOD-15was cultured in LB, for 1 h, collected following growth to the
late logarithmic phase (approximately 10 h after IPTG induction), rinsed
threetimes, resuspendedinsalineindustrial wastewater sampleand con-
centrated into asolution with OD,,, 0f 12.0. The solution was placed at
the bottom of the reactor as the main decomposer of the activated
sludge. Then, 11 of the wastewater sample was immediately added
to the reactor. The entire reaction was conducted with a ventilation
flow rate of 200 1 h™ at room temperature (approximately 25 °C). After
remediationfor0, 2,4, 6,8and 12 h,10 ml of wastewater was sampled,
and then an equal volume of ethyl acetate was added to the cultures,
followed by vortexing and centrifugation. The liquid phase was col-
lected for HPLC detection.

Organic pollutant mixture remediation in multi-parallel
bioreactors

A total of 0.5-g yeast extract, 153.1-mg biphenyl, 94.1-mg phenol,
128.17-mg naphthalene, 33.7-mg DBF and 87.2-mg toluene were added



to 0.51of the wastewater sample and sufficiently stirred in the tank of
multi-parallel bioreactors to ensure even distribution of pollutantsin
the wastewater sample. The salinity was measured using a conductivity
meter. Major ion and organic pollutant concentrations were measured
using ICP, HPLC equipped with diode array detector (DAD) and/or gas
chromatography equipped with flame ionization detector (FID) (Sup-
plementary Table 9). The wastewater sample was not sterilized, and
the remediation test was conducted in an open system. VCOD-15 was
culturedin LB; medium. The cell solution (50 ml) was added to 450 ml
of the wastewater sample. IPTG (0.1 mM) was added to the wastewater/
VCOD-15 sample to induce the expression of the degradation gene
clusters. The temperature of the wastewater sample in the tank was
maintained at 30 °Cwith stirring at 200 rpm, and air was supplied ata
speed of 200 1 h™. Then, 2 ml of the water sample was collected every
12 hfor 48 h, mixed with2-ml ethyl acetate and vortexed. The extracted
residual pollutants were measured using an Agilent Technologies HPLC
1200/1260 series equipped with DAD and an Agilent Technologies 8890
GC System equipped with FID.

Analytical methods

Each aromatic contaminant was identified and quantified using HPLC
(Agilent Technologies 1200/1260 series) using a variable-wavelength
detector and an Agilent Eclipse XDB-C18 column (4.6 x 150 nm; 5 pm).
The mobile phase flow rate was 0.8 ml min™ and was held for 15 min.
Phase A consisted of Q1 H,0 (added with 0.1% methane acid; v/v), and
phase B consisted of acetonitrile. The detection wavelengths were
254 nm (naphthalene and biphenyl), 275 nm (phenol) and 280 nm (DBF
and DBT).

Toluene and benzene were detected and quantified using the Agilent
Technologies 8890 GC System equipped with an Agilent 7697 head-
space autosampler,aDB-1301 columnand an FID detector. The Agilent
8890 GC ovenwas maintained at 60 °C for 1 min, followed by anincrease
of 5°C mint0 165 °C and then 25 °C min™ to a final temperature of
300 °C, which was held for 14 min. The volume of the injected sample
was 10 pl.

The intermediate metabolites of various substrates were prepared
using a previously described method®.. The extraction was detected
and analysed using ultra-performance liquid chromatography coupled
with quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS)
(Agilent 1290 Infinity LC with 6230 quadrupole mass spectrometry).
The HPLC and UPLC-QTOF-MS for PAHs and heterocyclic derivatives
were performed using an Agilent Eclipse XDB-C18 column (4.6 x 150 nm;
5 um) using the previously described method, in which the flow rate
was modified to 0.8 mI min™, and 0.1% (v/v) formic acid was added to
deionized water®2. Mass spectrometry was conducted in electrospray
ionization negative-ion mode.

Microbial diversity analysis in industrial wastewater samples

Totalgenomic DNA samples were extracted using the PureLink Genomic
DNA Purification Mini Kit (Invitrogen), following the manufacturer’s
instructions, and stored at —20 °C before further analysis. The quan-
tity and quality of the extracted DNA samples were measured using a
NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific)
and agarose gel electrophoresis, respectively. PCR amplification of the
bacterial 16S ribosomal RNA gene V3-V4 region was performed using
the forward primer 338F (5-ACTCCTACGGGAGGCAGCA-3’) and reverse
primer 806R (5-GGACTACHVGGGTWTCTAAT-3’). Sample-specific 7-bp
barcodes were incorporated into the primers for multiplex sequencing.
The PCR components contained 5 pl of buffer (5x), 0.25 pl of FastPfu
DNA Polymerase (5 U pl™), 2 pl (2.5 mM) of deoxynucleotide triphos-
phates, 1 ul (10 pM) of each forward and reverse primer, 1 ul of DNA
template and 14.75 pl of ddH,0. Thermal cycling consisted of initial
denaturation at 98 °C for 5 min, followed by 25 cycles of denatura-
tionat 98 °Cfor30 s, annealing at 53 °Cfor 30 s and extensionat 72 °C
for 45 s, with a final extension of 5 min at 72 °C. PCR amplicons were

purified using Vazyme VAHTS DNA Clean Beads and quantified using
the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). After the indi-
vidual quantification step, amplicons were pooled in equal amounts,
and pair-end 2 x 250 bp sequencing was performed using an lllumina
NovaSeq platform with a NovaSeq 6000 SP Reagent Kit (500 cycles)
from Shanghai Personalbio.

Bioinformatics was performed with QIIME 2 2022.11 with slight
modifications accordingto the official tutorials (https://docs.qiime2.
org/2022.11/tutorials/). Briefly, raw sequence data were demultiplexed
using the demux plugin, followed by primer cutting using the cutadapt
plugin. Sequences were then quality-filtered, denoised, merged and
chimeras removed using the DADA2 plugin. Non-singleton amplicon
sequence variants were aligned with MAFFT and used to construct
a phylogeny using FastTree 2. Taxonomy was assigned to amplicon
sequence variants using the classify-sklearn naive Bayes taxonomy
classifier in a feature-classifier plugin against the SILVA Release 138.1
database. Principal component analysis was also conducted on the
basis of genus-level compositional profiles. The significance of dif-
ferentiation of microbiota structure among groups was assessed by
permutational multivariate analysis of variance, analysis of similarities
and permdisp using QIIME 2. The taxonomic compositions and abun-
dances were visualized using MEGAN, GraPhlAn and ChiPlot (https://
www.chiplot.online/).

Soil remediation by VCOD-15

To prepare a complex organic polluted saline soil sample, bulk Dan-
ish peat soil (Pindstrup Mosebrug A/S) was doused with an aqueous
30 g kg™ NaCl solution and sufficiently shaken. Complex organic pol-
lutant liquor (60 ml) was sprayed into a 3-kg saline soil sample, and
then the soil was sufficiently mixed. A 25-g sample of the soil sample
was mixed with 25-mlethyl acetate and then vortexed. After extraction
with an equal volume of ethyl acetate, the mixture was centrifuged
at 8,000 rpm for 10 min to separate the supernatant organic layer.
The concentration of pollutants in the sample was measured using
the Agilent Technologies HPLC 1200/1260 series equipped with DAD.
Theremaining soil was acidified to pH 2.0 using 6 MHCl and subjected
to secondary ethyl acetate extraction. The resultant organic phase
from both extractions was combined, evaporated to dryness under a
N, stream using a TurboVap concentrator and reconstituted to1/100th
of the original volume. The concentrated extract was derivatized with
bis(trimethylsilyl)trifluoroacetamide at 70 °C for 0.5 h to enhance
volatility, followed by analysis using gas chromatography coupled
with HRGC-MS (Orbitrap Exploris GC 240; Thermo Fisher Scientific)
in chemical ionization mode.

Calculation of net biodegradation capacity of VCOD-15

The net biodegradation capacity of VCOD-15 was calculated by
subtracting abiotic losses (adsorption/volatilization) observed
in the phosphate-buffered saline-treated control group from the
total removal in the VCOD-15-treated group. For each pollutant,
background-corrected degradation was determined as follows:

Net degradation concentration (mmol kg™) = (initial concent-
rationycgp.s — final concentrationycp.;s) — max((initial concentra-
l"iOnnegativecontro] - ﬁnal ConcentratiOnnegativecontrol)r 0)

Negative valuesin control groups (indicating no net abioticloss) were
set to O to avoid overestimating biological contributions®.

Statistical analysis

Primary data processing and organization were performed in Microsoft
Excel (2021). Statistical analyses were performed using GraphPad Prism
v.8. Statistical significance between two groups was determined using
anunpaired two-tailed ¢-test. In the case of unequal variance between
the two groups, the unpaired Welch'’s ¢-test was used. To determine
the differences between more than two groups, one-way ANOVA was
applied. Depending on the scientific question, one-way ANOVA was
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followed by no post hoc test or Tukey’s post hoc test (comparing all
groups), as indicated in the figure legends. Data are expressed as the
mean, and the error bars indicate the s.d. unless otherwise specified**.
Adetailed description of the statisticsis provided inthe figure legends.
Statistical significance was defined as*P < 0.05, **P < 0.01, **P < 0.001
and ***P < 0.0001. NS denotes not significant.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The genome assembly generated in this study was deposited in NCBI
under the BioProject PRJNA1240198. All other data are presented in
the paper and Supplementary Information. The public data used in
this study included function annotations of non-essential genesin the
genome of Vmax and degradation gene clusters from the NCBI database
(https://www.ncbi.nlm.nih.gov). The accession numbers of the genes
arelisted in Supplementary Tables 4 and 5.
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