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A B S T R A C T

Human activities have caused severe soil pollution through the discharge of pollutants, reshaping microbial 
communities. Among soil microbiota, the genus Pseudomonas exhibited remarkable tolerance to multiple con
taminants, including mercury (Hg). This study compared the Hg resistance mechanisms of two Pseudomonas 
canadensis strains isolated from contrasting environments: a resistant isolate from the rhizosphere of Hg- 
contaminated soil and a control strain from unpolluted soil. The strain originating from a Hg-enriched soil 
showed significant biovolatilisation capacity and 20-fold higher Hg resistance compared to the strain isolated 
from an unpolluted environment. Biomass and necromass responses indicated that the control strain primarily 
relied on passive resistance, while the resistant strain exhibited active detoxification. Transcriptomic analysis 
revealed a rapid upregulation of genes associated with metal detoxification and efflux pathways in the resistant 
strain, independently of the mer operon, suggesting alternative resistance mechanisms. In contrast, the control 
strain exhibited transcriptional signatures of cellular stress, with increased thiol metabolism, DNA repair, and 
oxidative stress responses. These findings demonstrate that long-term Hg exposure selects for functional adap
tations that sustain resistance in microbial populations. This work sheds new lights on Hg tolerance in 
P. canadensis and highlights the potential of naturally adapted strains for bioremediation strategies.

1. Introduction

Mercury (Hg) has been used by humans for centuries in various ap
plications, such as gold mining and chlor-alkali processes, and its in
dustrial use has generated contaminated sediments and effluents 
containing high concentrations of Hg (Gworek et al., 2020). However, 
this metal has been ranked third on the Agency for Toxic Substances and 
Disease Registry's priority list of hazardous substances (ATSDR, 2017), 
and its widespread dispersion in ecosystems poses a direct threat to the 
health of living organisms. Indeed, unlike other essential metals, such as 
iron or zinc, which are necessary for the proper functioning of living 
organisms, Hg has no biological role (Durand et al., 2015). It does not 
undergo biotic or abiotic degradation, but can exist in different forms, 

including methylated forms.
Hg in its elemental form, Hg0, is highly volatile and, once emitted 

into the atmosphere, can travel long distances before being redeposited 
(Meyer et al., 2023). As a result, Hg is widely distributed across the 
Earth's surface in a variety of ecosystems. Soil is the largest reservoir of 
Hg on Earth and contains this element in several forms, and biotic 
processes can impact Hg bioavailability in soils (Gworek et al., 2020; Xu 
et al., 2014). Some organisms, including soil microbiota, have adapted 
to cope with Hg toxicity (Meyer et al., 2023). Hg contamination exerts a 
selection pressure on soil microorganisms, which can lead to restruc
turing of microbial communities, and some studies have shown that 
there is a selection of fungal and bacterial strains possessing genes 
involved in resistance mechanisms (Jia et al., 2022). Hg resistance genes 
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can be located on the main chromosome or carried by plasmids, 
allowing the acquisition of Hg resistance through horizontal gene 
transfer (Meyer et al., 2023). Mobile genetic elements are also involved 
in the evolution of Hg resistance mechanisms and may promote the 
acquisition of resistance mechanisms following exposure to Hg. In 
addition, Hg resistance genes tend to be inherited vertically, and 
although maintaining the mer operon has low fitness costs, making it 
widespread, some mer genes are likely to be lost in the absence of se
lective pressure (Hall et al., 2020).

There are several pathways of resistance to Hg in microorganisms, 
the mechanisms of which are more or less understood. The mer operon 
represents the most well-characterized bacterial Hg resistance system, 
comprising genes responsible for Hg transport across cellular compart
ments and reduction to volatile Hg⁰ (Meyer et al., 2023). Bio
volatilisation is therefore an important Hg detoxification pathway, 
particularly in bacteria. However, Hg can also be sequestered outside 
cells by binding to extracellular polymeric substances containing sul
phide groups (Xiang et al., 2022). Furthermore, recent studies have 
shown that fungal necromass can also efficiently adsorb Hg (Maillard 
et al., 2022). Finally, Hg can undergo intracellular accumulation by 
binding to metallothioneins or phytochelatins (Aschner et al., 2006).

Certain bacterial strains belonging to the Pseudomonas genus have 
been isolated on several occasions from environments contaminated 
with heavy metals (Al-Ansari et al., 2021; Alfarras et al., 2022; Pramanik 
et al., 2021) and have demonstrated their ability to resist Hg 
(Bourdineaud et al., 2020; Chang et al., 2021; Pant et al., 2024; Zhang 
et al., 2020). Despite extensive phenotypic characterisation, tran
scriptomic investigations of Hg resistance mechanisms in Pseudomonas 
remain limited (Chang et al., 2021; Morales et al., 2021; Zheng et al., 
2018). To our knowledge, there are no comparative studies examining 
strain-specific resistance strategies in the literature. Yet understanding 
microbial Hg resistance mechanisms is crucial for elucidating the role of 
microorganisms in global Hg biogeochemical cycling, as well as for 
identifying potential bioremediation candidates. However, several crit
ical knowledge gaps persist: few studies have examined the gene 
expression patterns underlying Hg resistance in Pseudomonas species, 
and to date, no studies have compared resistance mechanisms between 
strains isolated from different environmental contexts. Furthermore, the 
molecular basis for strain-specific differences in Hg tolerance is not well 
understood.

This study aims to fill current knowledge gaps by comparing two 
Pseudomonas canadensis strains with contrasting environmental origins. 
P. canadensis has been isolated from diverse habitats—including fertil
ized agricultural soils, wild mushrooms, and Zophobas morio larvae
—and is known for its antagonistic activity against fungal and bacterial 
phytopathogens (Ghasemi et al., 2023; Kundlacz et al., 2024; Mazue
cos-Aguilera et al., 2025; Tambong et al., 2016). Its level of resistance to 
Hg demonstrated by this study further highlights its potential for 
bioremediation applications, while the availability of genomic data 
makes it an appropriate model for comparative transcriptomic analyses. 
In this work, we investigated two strains: P. canadensis UFC_B020, iso
lated from Hg-contaminated rhizospheric soil, and P. canadensis P31, 
from a salt marsh. We hypothesized that their contrasting environmental 
origins have shaped distinct Hg resistance strategies. To test this, we 
combined physiological, microscopic, and transcriptomic analyses to 
characterize and compare the Hg detoxification mechanisms of each 
strain. Our integrated approach revealed strain-specific molecular re
sponses to Hg exposure and provides the first comparative tran
scriptomic insight into Hg resistance within the genus Pseudomonas, 
advancing our understanding of microbial adaptation to metal 
contamination and identifying potential targets for bioremediation.

2. Materials and methods

2.1. Bacterial strains

The P. canadensis UFC_B020 strain was isolated from a Hg-enriched 
site located in Saint-Symphorien-sur-Saône in Côte d'Or, France, previ
ously described in other works (Durand et al., 2017). The P. canadensis 
P31 strain was kindly provided by the Groningen Institute for Evolu
tionary Life Sciences (University of Groningen) and was isolated from a 
Wadden Island salt marsh in the Netherlands, as described in the work of 
Mei et al. (2023).

2.2. Genome sequencing of UFC_B020

Genomic DNA from UFC_B020 was extracted from an overnight 
culture at 30◦C and 250 rpm using the E.Z.N.A.® Bacterial DNA kit 
(Omega Bio-Tek, Inc., Norcross, GA). Extracted DNA was quantified 
using the Qubit™ dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA) 
and the A260/A230 and A260/A280 ratios were measured with the 
Spark® microplate reader (Tecan, Männedorf, Switzerland) to check the 
quality of the DNA extracts. High-quality DNA was fragmented by me
chanical shearing using ultrasonic shearing, followed by purification of 
the resulting fragments. End repair, 3’-end adenylation, and ligation of 
sequencing adapters were then performed. Size selection of the ligated 
fragments was carried out by agarose gel electrophoresis, and the 
selected fragments were subsequently amplified by PCR to generate the 
sequencing library. The library was first evaluated for quality, and those 
passing quality control were sequenced on the Illumina NovaSeq 6000 
platform, generating paired-end reads. Raw reads were initially assessed 
for quality, and low-quality sequences and adapters were filtered using 
fastp version 0.20.0 (Chen, 2023) to obtain high-quality clean reads. The 
clean reads were then aligned to the reference genome sequence using 
BWA version 0.7.17-r1188 (Li et al., 2009). Genomic sequences are 
available in the NCBI public repository, with the accession number 
PRJNA1308019.

2.3. Minimal inhibitory concentrations (MIC) of Hg

A Hg stock solution concentrated at 20 mM was prepared by dis
solving HgCl2 (Sigma-Aldrich, St-Louis, MO, USA) in ultra-pure water 
and then diluted as needed for the preparation of culture media. Each 
strain was pre-cultured in Luria-Bertani (LB) broth (BD, Cockeysville, 
MD, USA) supplemented with Hg at 30◦C under agitation (250 rpm) to 
reach the stationary growth phase. To determine the MIC of Hg for the 
two strains, fresh cultures of LB were inoculated by diluting the pre- 
cultures 100-fold, then supplemented with Hg at different concentra
tions: 0, 10, 25, 50, 75, 100, 200 and 400 μM. Since strain P31 did not 
grow at 10 µM Hg, a lower range of Hg concentrations was tested spe
cifically for this strain: 0.5, 1 and 5 µM. The Hg-supplemented solutions 
were obtained by diluting the Hg stock solution in LB medium. After 48 
h of incubation at 30◦C under agitation (250 rpm), the Optical Density at 
600 nm (OD600) of the cultures was measured to assess bacterial growth. 
For each concentration tested, the OD600 was measured in triplicate 
from three independent cultures.

2.4. Growth kinetics

Each strain was pre-cultured in LB broth supplemented with Hg at 
30◦C under agitation (250 rpm) to reach the stationary growth phase. 
Fresh cultures of LB were inoculated by diluting the pre-cultures 100- 
fold, then incubated at 30◦C under agitation (250 rpm). For each 
strain, three independent cultures were grown in LB broth only or 
enriched with Hg (at concentrations of 20 µM for UFC_B020 and 1 µM for 
P31, respectively, corresponding to 10% of the MIC). At the beginning of 
the incubation and every hour for a total duration of 10 h, the OD600 of 
the cultures was measured to assess bacterial growth. Kinetic parameters 
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(growth rate, generation time, lag time) were estimated with the 
Sym’previus software (https://symprevius.eu/en/, accessed on 28/10/ 
2024) from experimental growth kinetics data using the primary growth 
model (Le Marc & Coroller, 2025).

2.5. Bacterial cultures for Hg monitoring and RNA extraction

Each strain was pre-cultured in LB broth supplemented with Hg at 
30◦C under agitation (250 rpm). Fresh cultures of LB broth were inoc
ulated by diluting the pre-cultures 100-fold, then incubated at 30◦C 
under agitation (250 rpm) until the OD600 reached 0.4-0.5, corre
sponding to the start of the exponential phase (LaVoie & Summers, 
2018). Hg was then added to the medium for further incubation. Two Hg 
concentrations were tested: 0 µM, and 20 µM for UFC_B020 or 1 µM for 
P31. These concentrations correspond to 10% of their respective Hg MIC 
values. Two exposure times were tested: 30 min (t1, approximately one 
generation cycle, for short-term effects on bacteria) and 3 h (t2, after 
more than three cell divisions, for long-term effects). Immediately after 
the Hg was added and the culture medium homogenised, aliquots of 
cultures were collected to measure the initial Hg concentration in the 
medium.

At the end of the exposition times, the OD600 of the cultures was 
measured and the cells were recovered by centrifugation for 5 min at 4◦C 
and 14,000 x g. They were washed in PBS (Sigma-Adrich, St-Louis, MO, 
USA) and then centrifuged again for 5 min at 4◦C and 14,000 x g. The 
bacterial pellets were immediately frozen at -80◦C until RNA extrac
tions. For each condition, additional aliquots of cultures were collected 
and pooled for Hg measurements: samples were centrifuged for 5 min at 
14,000 x g, the supernatants were recovered, and the pellets were 
washed 3 times in PBS before being finally resuspended in an equivalent 
volume of PBS. Hg measurements were performed with the AMA 254 
(Altec Ltd., Prague, Czech Republic) according to the following steps and 
their respective parameters: a first phase of 35 s for sample drying, a 
second phase of 150 s for sample decomposition and a final phase of 45 s 
for Hg release and quantification by atomic absorption spectrometry at a 
wavelength of 245 nm. Tobacco leaves (Oriental Basma Tobacco Leaves, 
INCT-OBTL-5, ICHTJ, Poland) were used as certified reference material. 
For each condition and for each strain, Hg measurements were per
formed in three biological replicates, and each Hg quantification was 
performed from a pool of three independent bacterial cultures. Control 
solutions containing Hg (at concentrations of 20 µM and 1 µM) but no 
bacterial material were incubated in the same conditions in triplicates to 
evaluate spontaneous Hg volatilisation at 30◦C.

2.6. Bacterial necromass incubation with Hg

Each strain was pre-cultured in LB broth supplemented with Hg at 
30◦C under agitation (250 rpm). Fresh cultures of LB broth were grown 
as previously described until the OD600 reached 0.4-0.5. Chloram
phenicol (Euromedex, Souffelweyersheim, France) was added at a final 
concentration of 1 g/L in each bacterial culture. The cultures were 
incubated again for 24 h at 30◦C under agitation (250 rpm). After in
cubation with chloramphenicol to obtain bacterial necromass, Hg was 
added to the medium and the same protocol described in the previous 
section was followed for the monitoring of Hg concentration with bac
terial necromass. The bacterial necromass solution obtained after incu
bation with chloramphenicol was inoculated onto LB agar medium and 
then incubated at 30◦C for 24 h to check that there was no growth and 
that the bacteria were indeed dead.

2.7. Hg material balance

After Hg quantification with the AMA 254, several parameters were 
calculated to reconstruct the various passive and active transfers of Hg 
within the biomass and bacterial necromass (Chang et al., 2021; Chen 
et al., 2018b). Each parameter and its associated equation are described 

below: 

• The Hg remaining rate which corresponds to the percentage of Hg 
remaining in the culture medium after incubation. 

kremain =
Cmedium × 100

C0
(1) 

With Cmedium, the Hg concentration in the culture medium after incu
bation and C0, the initial Hg concentration. 

• The Hg bacterial rate which corresponds to the percentage of Hg 
measured in the bacterial material after incubation. 

kbact =
Cbact × 100

C0
(2) 

With Cbact, the Hg concentration in the resuspended bacterial pellet after 
incubation and C0, the initial Hg concentration.

2.8. Microscopic observations with Hg-specific fluorescent probes

4-(2-aminophenyl)-7-(diethylamino)-3-(1,3-dithiolan-2-yl)-3-for
mylcoumarin (ATC-Hg) is an exogenous probe which enables the 
detection of both Hg²⁺ and MeHg. This molecule was synthesised as 
described in Pan et al. (2018) by the synthesis platform of the Institut de 
Chimie et Biochimie Moléculaires et Supramoléculaires (Lyon, France), 
with a final purity of 95%. A stock solution of ATC-Hg concentrated at 5 
mM was prepared in DiMethyl SulfOxide (DMSO) and stored at -20◦C. 
Briefly, ATC-Hg fluorescence relies on the ortho 2-aminophenyl group 
installed to the Hg2+/MeHg-reactive 1,3-dithiolane moiety, which 
causes the fluorescence change of coumarin derivatives through an 
intramolecular charge transfer. The final product of the reaction is a 
heterocyclic aromatic compound whose fluorescent signal enables bac
terial imaging.

The two strains UFC_B020 and P31 were pre-cultured in LB broth at 
30◦C under agitation (250 rpm) to reach the stationary growth phase. 
Fresh bacterial cultures were centrifuged at 4000 x g for 3 min and 
bacterial pellets were washed three times in PBS. Bacterial pellets were 
then resuspended in PBS and divided into two groups: the control group 
and the experimental group. The control group was incubated with 5 µM 
ATC-Hg for 5 min at 30◦C and then washed 3 times with PBS. The 
experimental group was treated in the same way as the control group 
and was then incubated at different concentrations of Hg (10, 20 and 
100 µM) for 5 min at 30◦C. Contrary to what is described in Pan et al. 
(2018), the bacteria were first incubated with the probe and then with 
Hg, in order to limit potential biovolatilisation. Bacteria from the 2 
groups were then observed directly in PBS with a two-photon micro
scope. A second incubation protocol was tested at 20 µM Hg: the bacteria 
were incubated with the ATC-Hg probe first and then with Hg for 30 min 
before being observed under a two-photon microscope.

Two-photon imaging microscopy was performed on a Nikon A1-MP 
scanning microscope equipped with a Plan APO IR × 60 objective (NA, 
1.27; Water Immersion, Nikon). An IR laser (Chameleon, Coherent) was 
used to provide excitation at 810 nm. Fluorescence emission was 
collected on two detection channels: FF03-525/50 (500–550 nm) and 
FF01-629/56 (601–657 nm) (Semrock). All images were processed in 
the same way. The obtained images were analysed using ImageJ soft
ware (version 1.54p), with Java version 1.8.0_322 (Schindelin et al., 
2012). First, ratio images of the red/green channels were obtained using 
the RatioPlus plugin. Threshold correction using the Otsu method was 
then performed on each ratio image to distinguish the cells from the 
background, and the intensity was measured in the area delimited by 
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Otsu thresholding. For each condition, a minimum of three images was 
analysed.

2.9. RNA extraction, library preparation and sequencing

Bacterial pellets were slowly thawed on ice and RNA extractions 
were performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany) 
following the manufacturer’s instructions, including the optional DNase 
step. RNA quality and quantity were assessed with the Nanodrop 
(ThermoFisher Scientific, Waltham, MA, USA) and by running extracts 
on agarose gel. RNA extracts were stored at -80◦C until sequencing. For 
each condition and for each strain, RNA extractions were performed in 
three biological replicates, and each extraction was performed from a 
pool of three independent bacterial cultures.

Library construction and Illumina sequencing were performed by 
Novogene (Cambridge, UK). Raw reads were processed with fastp soft
ware to remove reads containing adapters, reads containing poly-N, and 
low-quality reads (Chen et al., 2018a) and the Q20, Q30 and GC content 
were calculated. Clean reads were then aligned on the genome sequence 
of Pseudomonas canadensis PseudoSSchier:P31 (Mei et al., 2023) with 
Bowtie2 v2.2.3 (Langmead & Salzberg, 2012). Rockhopper was used to 
identify novel genes. HTSeq v0.6.1 was used to count the read numbers 
mapped to each gene and the expected number of Fragments Per Kilo
base of transcript sequence per Millions base pair-sequenced (FPKM) of 
each gene was calculated based on the length of the gene and read count 
mapped to this gene (Anders et al., 2014). RNA sequence data are 
available in the NCBI public repository, with the accession number 
PRJNA1277159.

2.10. Gene expression analysis

K-means clustering was performed from read count data using the 
iDEP 2.01 webtool (integrated Differential Expression and Pathway 
analysis, https://bioinformatics.sdstate.edu/idep/, accessed on 09/04/ 
2025) (Ge et al., 2018). The top 400 genes with the lowest standard 
deviation for their expression levels were considered for clustering, and 
the number of clusters was determined following the elbow method. For 
each cluster, networks of enriched Gene Ontology (GO) terms related to 
Biological Process (BP) were generated with iDEP 2.01. The fold-change 
of transcripts and the screening of Differentially Expressed Genes (DEGs) 
were performed with DESeq2 version 42.1 using the R package Bio
conductor (Love et al., 2014). The criteria for significant difference 
expression were set to |log2FoldChange| > 1.5 and false discovery rate 
(FDR) < 0.05, with log2FoldChange corresponding to the log2 of the 
expression ratio of a gene between a test condition and a defined control 
condition and FDR corresponding to the p-value adjusted with the 
Benjamini-Hochberg correction. GO enrichment analysis was imple
mented by the GOseq R package, in which gene length bias was cor
rected. GO terms with corrected p-values < 0.05 were considered 
significantly enriched by DEGs. In addition, all DEGs were mapped to 
terms in the Kyoto Encyclopedia of Genes and Genomes (KEGG) data
base to identify the enriched KEGG terms (Kanehisa, 2000). Venn dia
grams were generated with the VennDiagram R package; other plots 
were generated with the ggplot2 R package. DEGs were grouped 
together by biological role within the cells according to associated GO 
terms and main functions based on literature searches and descriptions 
from UniProtKB (Bateman et al., 2022).

To investigate Hg resistance determinants, sequencing reads were 
first aligned to reference mer gene sequences using Bowtie2 version 
2.3.5.1 (Langmead & Salzberg, 2012) with default parameters. Aligned 
reads were then assembled de novo with SPAdes version 2.15.4 
(Prjibelski et al., 2020) to reconstruct potential mer operon fragments. 
Candidate mer genes were identified based on homology searches 
against the NCBI non-redundant protein database. For expression anal
ysis, RNA-seq reads obtained under control and Hg stress conditions 
were mapped to the predicted mer gene sequences using Bowtie2 version 

2.3.5.1.

2.11. Statistical analysis

The results were analysed with the software RStudio version 4.3.1. 
As the normal distribution of the data was not confirmed, non- 
parametric Kruskal-Wallis tests were carried out to compare the 
different conditions of a given experiment, and if the p-value was less 
than 0.05, the post-hoc Dunn’s test was performed to form the groups 
according to their significance. The FactoMineR package in R was used 
to perform Principal Component Analysis (PCA).

3. Results

3.1. Characterization of bacterial growth under Hg stress

The level of Hg resistance for P31 and UFC_B020 strains was assessed 
by culturing them in a medium with increasing concentrations of Hg. 
The MIC, defined as the lowest Hg concentration inhibiting growth, was 
10 µM for P31 and 200 µM for UFC_B020. Therefore, UFC_B020 was 20 
times more resistant to Hg compared to P31 (Fig. 1A). The growth of 
bacteria over time, both with and without Hg stress, was also charac
terised. A Hg concentration corresponding to 10% of the MIC was set, i.e. 
20 µM for UFC_B020 and 1 µM for P31. The growth curves (Fig. 1B) 
showed that UFC_B020 grew faster overall. The growth kinetics pa
rameters calculated in Table 1 showed that the growth rate of UFC_B020 
was higher than that of P31, whether in the presence of Hg or not. The 
generation time was approximately 27 min for UFC_B020 and more than 
45 min for P31, whatever the condition. Under Hg stress, the lag time of 
P31 increased, indicating that Hg had deleterious effects on cell 
machinery.

3.2. Quantification of Hg in the presence of bacterial biomass versus 
necromass

The concentration of Hg was measured in both the culture medium 
and the bacterial material to investigate potential resistance pathways 
for coping with Hg toxicity. Moreover, both bacterial biomass and 
necromass were incubated under the same conditions for UFC_B020 and 
P31 to compare passive and active mechanisms (Fig. 2). Regarding 
UFC_B020 biomass, significant Hg removal occurred within 30 min of 
incubation, with less than 25% of the initial Hg concentration remaining 
in the medium after 3 h. In contrast, no significant differences were 
observed between UFC_B020 necromass and the 20 µM Hg control after 
either 30 min or 3 h of incubation (Fig. 2A). Hg resistance and removal 
were therefore related to active Hg biovolatilisation processes in the 
UFC_B020 strain. Strain P31 exhibited a significant decrease in Hg 
concentration in the medium for both biomass and necromass compared 
with the 1 µM Hg control. After 3 h of incubation, the remaining Hg rate 
kremain for biomass and necromass was roughly equivalent, suggesting 
that only passive Hg transfer mechanisms were involved in P31. These 
results are consistent with those observed for the Hg bacterial rate kbact 
in P31 (Fig. 2B). Indeed, some of the Hg present in the medium was 
probably adsorbed by both the biomass and the necromass of P31, which 
could explain the Hg removal capacity observed previously.

3.3. In vivo imaging with a Hg-specific exogenous fluorescent probe

Observations of bacteria using a two-photon microscope after incu
bation first with the ATC-Hg probe and then with different concentra
tions of Hg are shown in Fig. 3. The ATC-Hg probe, synthesized via the 
covalent assembly principle, emits fluorescence specifically upon Hg 
binding and has already demonstrated its effectiveness for in vivo im
aging with Escherichia coli (Pan et al., 2018): this exogenous probe was 
therefore used to compare the behaviour of strains UFC_B020 and P31 in 
relation to Hg exposure via microscopic imaging.
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The UFC_B020 strain only appeared to respond significantly at a 
concentration of 100 µM Hg (Fig. 3C). At lower concentrations, there 
was no difference in intensity ratios compared to bacteria incubated 
with the ATC-Hg probe alone. This is consistent with the results 
described above, since UFC_B020 seemed to have the ability to rapidly 
volatilise Hg in the medium at concentrations of 10 and 20 µM. At 100 
µM, the amount of Hg present in the medium was greater and therefore 
the incubation time of 5 min may not be sufficient to volatilise Hg, 
resulting in a higher intensity ratio. Conversely, for strain P31, there was 
a clear increase in the fluorescence signal at all Hg concentrations tested. 

However, no dose-dependent relationship was observed between Hg 
concentration and fluorescence intensity ratio: this could be explained 
by the mechanisms of Hg assimilation that are fortuitous and therefore 
not proportional to the environmental Hg concentration.

Variations in the incubation conditions of bacteria with Hg and ATC- 
Hg showed that when UFC_B020 was incubated for 30 min with 20 µM 
Hg, there was a significant decrease in the fluorescence signal, which 
was consistent with the Hg measurements in the medium, since Hg 
remaining part was less than 50% for this strain after 30 min of exposure 
(Fig. 3D). On the P31 side, an increase in incubation time with Hg 

Fig. 1. (A) Bacterial growth of UFC_B020 and P31 at various Hg concentrations. OD600nm of the culture medium was measured after 48 h of incubation at 30◦C. (B) 
Growth curves of UFC_B020 and P31 in absence or presence of Hg. OD600nm of the culture medium was measured over time of incubation at 30◦C. Under Hg stress, 
concentrations correspond to the MIC10% of each strain (20 µM for UFC_020 and 1 µM for P31 respectively). Error bars correspond to the standard deviation 
calculated from triplicates. Letters indicate significant differences between conditions according to Kruskal-Wallis test followed by Dunn analysis (p < 0.05).

Table 1 
Growth kinetics parameters of P31 and UFC_B020 strains with or without Hg stress. For each parameter, the estimated value ± the standard error are provided. Quality 
metrics of the kinetic model are provided for each condition.

Condition Growth rate (h-1) Lag time (h) Generation time (h) R² Standard error of the fit Residual variance

UFC_B020 0 µM Hg 1.59 ± 0.07 3.39 ± 0.13 0.44 ± 0.02 0.992 0.32 0.1022
UFC_B020 20 µM Hg 1.52 ± 0.13 3.50 ± 0.28 0.46 ± 0.04 0.959 0.717 0.5144
P31 0 µM Hg 0.82 ± 0.02 2.76 ± 0.09 0.84 ± 0.02 0.996 0.132 0.0175
P31 1 µM Hg 0.92 ± 0.04 3.46 ± 0.11 0.75 ± 0.03 0.994 0.152 0.023
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resulted in a significant increase in the intensity ratio.

3.4. Overview of RNA-Seq data and gene expression patterns

A summary of the sequencing statistics for RNA-Seq data is shown in 
Table S1. On average, 20.8 million clean reads were generated from 
each sample (20.8 ± 2.8 million reads, mean ± standard deviation, n =
24). Regarding UFC_B020, the total mapping rate and the unique map
ping rate were 95.45% and 92.45% respectively. Regarding P31, the 
total mapping rate and the unique mapping rate were 99.08% and 
98.10% respectively. In addition, GC content was constant across sam
ples and the Q20 and Q30 were above 90% for all samples, which in
dicates that the sequencing data was of high quality and that there had 
been no contamination of the samples.

The gene expression patterns were investigated in the absence or 
presence of Hg, after two exposure periods for both UFC_B020 and P31 
strains. A PCA was performed and explained 51.6% of the variability in 
the data (Fig. 4A). The first principal component (Dim1, 30.6%) mainly 
separated the exposure times (t1 = 30 min and t2 = 3 h), while the 
second principal component (Dim2, 21%) mainly separated the two 
strains studied. Incubation time predominantly affected the composition 
of expressed genes, as the samples were primarily grouped by exposure 
time. Within each time group, vertical separation was observed between 
strains, suggesting that genetic differences between strains were the 
second factor of variation, leading to distinct expression profiles be
tween P31 and UFC_B020. Time-dependent developmental or physio
logical changes appeared to be more significant than the response to Hg- 
induced stress; the latter may be more specific and targeted, affecting a 

smaller number of genes that do not dominate the overall variance.
K-means clustering was performed on the top 400 genes with the 

lowest standard deviation for their expression levels to group together 
genes with similar transcriptional signatures. Each cluster represented a 
functional “module” of potentially co-regulated genes (Fig. 4B). There 
were clear differences between the various conditions, and replicates 
within the same condition demonstrated homogeneity. Cluster 1 
exhibited a highly specific expression signature to the P31 strain 
exposed to Hg for 30 min, characterised by strong overexpression, which 
could represent a rapid response to Hg stress. The UFC_B020 strain under 
the same conditions also showed overexpressed genes, albeit with less 
contrast. Moreover, cluster 3 comprised a small number of genes that 
were overexpressed in both strains in the presence of Hg, at both 
exposure times tested. Therefore, these genes must be directly involved 
in specific response mechanisms to cope with Hg stress. Cluster 2 
showed a clear separation between the two strains: irrespective of Hg 
treatment and exposure time, gene overexpression was observed for 
strain P31. In a similar way to cluster 2, cluster 5 highlighted gene 
overexpression in P31 and underexpression in UFC_B020, although at a 
lower intensity. In contrast to clusters 2 and 5, there was an over
expression of genes for strain UFC_B020 in cluster 4, corresponding to a 
characteristic differential expression signature between the two strains. 
In cluster 6, gene expression showed an alternating pattern based mainly 
on exposure time (t1 vs t2). Therefore, there was a signature of genes 
regulated by exposure time more than by strain or Hg stress. The reverse 
expression pattern of cluster 7 indicated that temporal effects, inde
pendent of other experimental variables, influenced the regulation of 
gene expression.

Fig. 4C illustrates the main pathways associated with enriched BP 
subontologies as networks for different clusters. Cluster 1, which 
showed specific overexpression in P31 and UFC_B020 in the presence of 
Hg after 30 min Hg exposure, comprised genes mainly associated with 
nucleotide metabolism and protein repair. More specifically, the pro
cesses involved were the biosynthesis and metabolism of dTMP and 
dTTP, and the organisation and repair of protein complexes, redox 
processes and electron transport chains. All this suggests a response of 
DNA and protein protection to Hg-induced stress. Cluster 3 had a dense 
network of transport pathways for inorganic ions, cations, transition 
metals, and metal ions. The enrichment of ion transporters is consistent 
with a response to Hg stress, as indicated by the expression signature on 
the heatmap. These genes are likely to be involved in cellular detoxifi
cation and metal ion homeostasis. Energy metabolism and catabolism 
processes were enriched in cluster 6, which is consistent with an adap
tive response to changes in energy processes over time, irrespective of 
the strain or the presence of Hg. Finally, cluster 7 appeared to be asso
ciated with phosphate homeostasis and protein quality control. This 
analysis of the main enriched BP pathways confirmed that the tran
scriptomic response observed was biologically coherent, with distinct 
functional clusters corresponding to different aspects of adaptation and 
response to Hg stress, with variations depending on the strain and 
exposure time.

3.5. Differentially expressed genes identification and gene functional 
enrichment analysis

DEGs were identified for each strain at each time step by comparing 
conditions with and without Hg exposure, with the following parame
ters: |log2FoldChange| > 1.5 and FDR < 0.05. For UFC_B020, there were 
25 up-regulated and 3 down-regulated DEGs after 30 min Hg exposure 
(Fig. 5A), and 16 up-regulated and 5 down-regulated DEGs after 3 h 
(Fig. 5B). The number of DEGs decreased slightly after 3 h, but the 
log2FoldChange (log2 FC) remained similar. After 30 min Hg exposure, 
the most enriched GO term for BP was metal ion transport 
(GO:0030001). Regarding Molecular Function (MF) GO terms, trans
membrane transporter activity (GO:0022857) and transporter activity 
(GO:0005215) were the two significantly enriched pathways (Fig. 6A). 

Fig. 2. Barplots representing (A) the Hg remaining rate kremain and (B) the Hg 
bacterial rate kbact after different conditions of incubation for 30 min or 3 h. Hg 
concentrations were set to the MIC10% of each strain (20 µM for UFC_B020 and 1 
µM for P31 respectively) and controls were incubated without bacterial mate
rial. Error bars correspond to the standard deviation calculated from triplicates. 
Letters indicate significant differences between conditions according to Kruskal- 
Wallis test followed by Dunn analysis (p < 0.05).
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After 3 h Hg exposure, no GO terms were significantly enriched 
regardless of the subontology. This can be explained by the low number 
of DEGs, which were scattered across different GO categories. Whether 
after 30 min or 3 h of exposure to Hg, no KEGG pathways were enriched 
in UFC_B020 compared to the control condition without Hg stress.

For P31, there were 60 up-regulated and 8 down-regulated DEGs 
after 30 min Hg exposure (Fig. 5C), and 49 up-regulated and 3 down- 
regulated DEGs after 3 h (Fig. 5D). In contrast to UFC_B020, there 
were more DEGs, and log2 FC values showed greater amplitude, espe
cially for up-regulated genes. After 30 min, no GO terms were signifi
cantly enriched, suggesting that the response mechanisms to Hg stress in 
P31 were diffuse. Regarding KEGG enrichment, after 30 min, the two- 
component system pathway (ppu02020) was enriched (Fig. 6C). After 
3 h, the organonitrogen compound catabolic process (GO:1901565) was 
the only significantly enriched GO term and the related DEGs were 
mainly involved in cell wall catabolism and allantoin degradation for a 
potential source of nitrogen (Fig. 6B). Histidine metabolism (ppu00340) 
and bacterial chemotaxis (ppu02030) KEGG pathways were also 
enriched in P31.

3.6. Comparison of strain-specific molecular responses

A linear regression analysis of the DEGs between UFC_B020 and P31 
under Hg stress yielded R² values of 0.139 and 0.098 after 30 min and 3 

h of Hg exposure, respectively (Fig. 7). There were 12 common DEGs 
between UFC_B020 and P31 after 30 min, and 9 after 3 h. Nearly half of 
UFC_B020 DEGs overlapped with P31, which nonetheless exhibited a 
broader transcriptional response. KEGG enrichment analysis comparing 
UFC_B020 to P31 under Hg stress highlighted that the sulphur meta
bolism pathway (ppu00920) was enriched after 30 min Hg exposure and 
the ABC transporters pathway (ppu02010) was enriched after 3 h, 
respectively.

4. Discussion

The genus Pseudomonas is ubiquitous, with numerous species 
demonstrating a remarkable ability to withstand environmental stresses 
(Silby et al., 2011). In this study, we compared Hg resistance levels 
between two Pseudomonas canadensis strains: P31, isolated from a salt 
marsh, and UFC_B020, isolated from Hg-contaminated soil.

4.1. Contrasting Hg resistance levels and detoxification strategies between 
UFC_B020 and P31

The two strains exhibited markedly different Hg resistance levels, 
with UFC_B020 capable of growing at Hg concentrations up to 20-fold 
higher than P31. This finding suggests that environmental selection 
pressure from the Hg-contaminated habitat led to enhanced Hg 

Fig. 3. Fluorescent two-photon microscopy images of (A) UFC_B020 and (B) P31 treated with 5 μM ATC-Hg for 5 min and various Hg concentrations (0, 10, 20 and 
100 μM) for 5 min. Ratio images correspond to the image ratio of red/green channels. Image acquisition was performed with a Nikon A1-MP scanning microscope 
equipped with a Plan APO IR × 60 objective and the excitation wavelength of the laser was set to 810 nm. For each condition, the ATC-Hg concentration was 5 µM. 
The scale bar represents a length of 20 µm. (C) Average intensity ratios from ratio images of UFC_B020 and P31 at various Hg concentrations. (D) Average intensity 
ratios from ratio images of UFC_B020 and P31 incubated with ATC-Hg and Hg under various conditions. Each intensity ratio has been calculated from a minimum of 3 
images. Letters indicate significant differences between conditions according to Kruskal-Wallis test followed by Dunn analysis (p < 0.05).
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resistance mechanisms in UFC_B020. In contrast, strain P31 comes from 
an uncontaminated environment, which may explain the lag time 
observed during bacterial growth, suggesting that Hg has deleterious 
effects on cell machinery. Deng and Wang (2012) observed similar 
patterns in the growth of Pseudomonas sp. S1 after exposure to MeHg. 
However, exposure to Hg did not affect the growth of UFC_B020 at the 
lowest Hg concentrations, confirming its high level of resistance. Pre
vious studies have documented the prevalence of Pseudomonas species in 
Hg-contaminated environments, and resistance to Hg has also been 
observed in the Pseudomonas genus at similar concentrations, high
lighting its adaptive capacity under metal stress conditions (Chen et al., 

2018b; Giovanella et al., 2015). For example, the P. alkylphenolica KL28 
strain was able to withstand Hg concentrations of up to 100 µM by 
accumulating it within the cells (Shi et al., 2019). Furthermore, Hg 
reduction and volatilisation mechanisms have been identified in certain 
Pseudomonas strains, including Pseudomonas strain K-62 (Sone et al., 
2013).

As there was no difference between Hg amounts in biomass and 
necromass for P31, Hg may have been passively taken up by bacterial 
cells or adsorbed onto bacterial cell walls. The passive uptake phe
nomenon via Hg biosorption was studied and characterised in the Bre
vundimonas IITISM22 strain, which was found to have a high affinity for 

Fig. 4. Global expression pattern and GO enrichment in BP across gene clusters. (A) Principal component analysis plot of the estimated gene expression levels (based 
on counts of Fragments Per Kilobase of transcript sequence per Millions base pair-sequenced). Each point corresponds to a replicate, and replicates of the same 
condition are clustered by a coloured ellipse which delineate the 95% confidence intervals. (B) K-means clustering of the top 400 genes with the lowest standard 
deviation for their expression levels. Genes whose expressions were greater than the mean are coloured red while those below the mean are coloured green. Each 
column represents a specific condition (with 3 replicates per condition) and the dendrogram on the left shows the distance between genes. (C) Networks of main 
pathways associated with some clusters of genes, based on GO enrichment for BP subontology.
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Hg ions when used as an adsorbent for detoxification (Singh et al., 
2021). Conversely, the proportion of Hg taken up by the UFC_B020 
biomass increased after 30 min of exposure and then decreased after 3 h. 
In the case of necromass, there was no Hg uptake, regardless of the 
duration of exposure, as Hg bacterial rate kbact was practically zero. This 
suggests that biovolatilisation process occurred, with nearly 75% of the 
Hg present in the environment removed from the medium, as there did 
not appear to be any extracellular adsorption or intracellular accumu
lation. The Pseudomonas genus has previously been identified as being 
responsible for the biovolatilisation of Hg into its elemental form Hg0, 
and Pseudomonas strains have therefore been considered a promising 
bioremediation tool on several case studies (Chang et al., 2021; Chen 
et al., 2018b). Here, characterisation of Hg resistance mechanisms 
through evaluation of Hg remaining rate kremain and Hg bacterial rate 
kbact following incubation with bacterial biomass or necromass revealed 
distinct detoxification strategies between the two strains. UFC_B020 
demonstrated active Hg removal, likely through biovolatilisation, 
whereas P31 exhibited passive cellular mechanisms to cope with Hg 
toxicity. The latter strain showed evidence of Hg adsorption/accumu
lation, explaining the observed decrease in medium concentration, 
albeit significantly lower than that observed with UFC_B020.

The two-photon microscopy observations using the ATC-Hg fluo
rescent probe corroborated previous findings. Following 30 min of Hg 
exposure, UFC_B020 showed decreased fluorescence intensity ratios, 

which is consistent with Hg volatilisation. Conversely, prolonged Hg 
incubation of P31 resulted in increased fluorescence signals. Neither 
strain exhibited dose-dependent responses to increasing Hg concentra
tions, suggesting saturation or threshold effects rather than proportional 
responses. Strain P31 demonstrated potential for binary Hg detection, 
showing significant fluorescence increases even at 10 µM Hg: its 
inability to volatilise Hg over time makes it a promising candidate for 
bacterial biosensor development.

Other studies have confirmed the role of environmental conditions in 
the rapid evolution and selection of genes involved in resistance to 
contaminants, particularly metals and antibiotics (Jia et al., 2022; 
Zhang et al., 2022). Studies have shown the implications of horizontal 
gene transfer in the acquisition of Hg resistance genes within microbial 
communities, and the structure of the latter may be significantly affected 
by Hg pollution (Hall et al., 2020). In our study, we focused on indi
vidual strains, but it would be relevant to study the interactions and 
exchanges that could occur between P31 and UFC_B020. The genome of 
P31 was publicly available on NCBI, while that of UFC_B020 was 
sequenced in this study, confirming its taxonomic affiliation to 
P. canadensis. The genomic sequences of the two strains were then 
aligned and compared, revealing 93.32% sequence similarity. These 
data showed that although the two strains are genetically similar, they 
differ by more than 6% at the genomic level, which may reflect their 
respective adaptations to their environments, particularly to Hg stress in 

Fig. 5. Differential gene expression of UFC_B020 and P31 strains under Hg stress across exposition time. (A) Volcano plot showing DEGs in UFC_B020 after 30 min 
(t1) of Hg exposition in comparison to the same conditions without Hg. (B) Volcano plot showing DEGs in UFC_B020 after 3 h (t2) of Hg exposition in comparison to 
the same conditions without Hg. (C) Volcano plot showing DEGs in P31 after 30 min (t1) of Hg exposition in comparison to same conditions without Hg. (D) Volcano 
plot showing DEGs in P31 after 3 h (t2) of Hg exposition in comparison to the same conditions without Hg. Orange spots indicate significant up-regulated genes after 
Hg exposure; blue spots indicate significantly down-regulated genes. DEGs were screened with the following criteria: |log2Foldchange| > 1.5 and FDR < 0.05.
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the case of UFC_B020.

4.2. Transcriptomic responses of P. canadensis strains following Hg 
exposure

The transcriptomic approach aimed to compare the response of P31 
and UFC_B020 to Hg-induced stress, while considering their different 
levels of resistance. The concentrations selected for Hg exposure corre
sponded to 10% of the respective MIC of each strain, which avoided any 
growth impairment and ensured that both strains were exposed to a 
comparable level of stress in relation to their respective tolerances. RNA- 

Seq analysis revealed the molecular mechanisms underlying Hg resis
tance in both strains. This high-throughput sequencing technique has 
been previously applied to study metal-induced stress in Pseudomonas, 
including copper and zinc stress (Lei et al., 2020; Quintana et al., 2017) 
and bioremediation applications (Morales et al., 2021). To our knowl
edge, this work represents the first comparative transcriptomic study of 
Hg responses between Pseudomonas strains from two contrasting soils.

Gene clustering, DEGs analysis, GO and KEGG enrichment high
lighted that there was an active Hg influx into cells for potential vola
tilisation by UFC_B020 after short-term exposure, since the GO terms 
metal ion transport, transmembrane transporter activity and transporter 

Fig. 6. (A) Dot plot showing the significantly enriched GO terms for UFC_B020 under Hg stress vs no Hg stress after 30 min (t1). (B) Dot plot showing the 
significantly enriched GO term for P31 under Hg stress vs no Hg stress after 3 h (t2). BP: biological process; MF: molecular function. (C) Dot plot showing the 
significantly enriched KEGG pathways for different comparisons. Each comparison is specified in the gray panel. DEGs for GO and KEGG enrichment were screened 
with the following criteria: |log2Foldchange| > 1.5 and FDR < 0.05.
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activity were significantly enriched. In the long term, the transcriptional 
response was more heterogeneous, but this may be explained by the fact 
that after 3 h of exposure, more than two-thirds of the Hg initially 
present in the medium was removed. There was therefore an effective 
and rapid detoxification of Hg by UFC_B020, which reduced cellular 
stress and perhaps the differential expression of certain molecular 
pathways. For P31, after 30 min of Hg exposure, the two-component 
system pathway was enriched: two-component systems are composed 
of a homodimeric sensor histidine kinase and a response regulator that 
can bind to DNA and regulate the expression of certain genes in response 
to environmental changes (Casino et al., 2010). The presence of Hg 
therefore appeared to induce a rapid signalling cascade in P31. In the 
long term, after 3 h of exposure to Hg, activation of cell division and 
inhibition of nitrogen molecules degradation were demonstrated 
(Uehara et al., 2008). Histidine metabolism and bacterial chemotaxis 
were also enriched pathways. Beyond its affinity for cysteines with thiol 
groups, it has been shown that Hg can also be chelated by imidazole 
groups of histidine residues (Stratton et al., 2016): thus, the complexes 
formed between Hg and histidines could disrupt the structure of certain 
proteins. In addition, the two-component systems that were enriched 
after 30 min exposure rely on histidine phosphorylation for signal 
transduction. It can therefore be assumed that in the longer term, the 
increased mobilisation of the two-component systems has led to an in
crease in histidine metabolism (Papon & Stock, 2019). Bacterial 
chemotaxis allows the detection of chemical gradients in the environ
ment and can modify the motility of bacteria accordingly to optimise 
their position (Barrionuevo & Vullo, 2012). In the case of Hg-induced 
stress, this pathway can allow bacteria to migrate to a less contami
nated area, with an avoidance strategy. Other studies have already 
observed that bacterial chemotaxis as well as the two-component sys
tems were affected following Hg exposure in P. stutzeri (Zheng et al., 
2018).

Overall, the transcriptomic response was more pronounced in P31, 
with greater numbers of DEGs and higher log₂ FC for genes that were 
common to both strains (Table 2). Nevertheless, the experimental con
ditions differed between the 2 strains: UFC_B020 was exposed to 20 µM 
Hg while P31 was exposed to only 1 µM Hg, reflecting their respective 
resistance levels. Despite 20-fold lower Hg concentration, P31 showed 
stronger transcriptional changes, consistent with its limited detoxifica
tion capacity. Both strains exhibited perturbations in sulphur meta
bolism and oxidative stress responses that are well-documented effects 

of Hg exposure (Rice et al., 2014). Again, these responses were more 
pronounced in P31. Numerous DEGs in both strains related to membrane 
transport and efflux systems for metal ions and diverse molecules, sug
gesting that extracellular metal export represents a potential Hg resis
tance mechanism. However, UFC_B020 showed fewer transport-related 

Fig. 7. Pairwise scatter plots of the log2 FC values of DEGs for UFC_B020 and P31 (A) after 30 min (t1) and (B) after 3 h (t2) following Hg exposure. DEGs were 
obtained by comparing gene expression levels of a given condition under Hg stress to the same condition without Hg exposure. Red spots indicate DEGs present in 
both strains; purple spots indicate DEGs present only in UFC_B020; green spots indicate DEGs present only in P31. DEGs were screened with the following criteria: | 
log2Foldchange| > 1.5 and FDR < 0.05. The plots were fitted with a linear regression, corresponding to the red dotted line, and R² values are shown on the 
respective graphs.

Table 2 
Annotated differentially expressed genes (DEGs) common to UFC_B020 and P31 
after 30 min (t1) and 3 h (t2) under Hg stress.

Gene 
name

Gene product 
description

Log2 FC 
UFC_B020

FDR 
UFC_B020

Log2 

FC 
P31

FDR P31

Common DEGs at t1 (after 30 min Hg exposure)
cadA Cadmium, zinc and 

cobalt-transporting 
ATPase

6.42 0.00E+00 6.35 5.76E- 
219

qseC Sensor protein 1.79 9.52E-53 3.53 3.06E- 
188

dsbG Thiol:disulfide 
interchange protein

2.18 1.41E-54 3.59 1.26E- 
136

yneN Thioredoxin-like 
protein

1.91 4.77E-38 3.69 8.23E- 
136

ceeh-1 Epoxyde hydrolase 1 1.95 8.32E-29 3.66 1.98E- 
140

thrS Threonine–tRNA 
ligase

1.56 4.84E-09 3.41 3.36E-69

czcB Cobalt-zinc- 
cadmium resistance 
protein

2.64 1.05E-16 2.71 1.07E-16

Common DEGs at t2 (after 3 h Hg exposure)
cadA Cadmium, zinc and 

cobalt-transporting 
ATPase

5.54 0.00E+00 6.56 0.00E+00

czcA Cobalt-zinc- 
cadmium resistance 
protein

1.52 3.29E-07 3.22 4.12E-79

czcC Cobalt-zinc- 
cadmium resistance 
protein

1.94 2.29E-11 5.27 9.57E- 
202

lolD Lipoprotein- 
releasing system 
ATP-binding protein

1.51 6.73E-09 1.58 2.08E-19

czcB Cobalt-zinc- 
cadmium resistance 
protein

1.96 4.16E-06 6.22 2.76E- 
112

folE2 GTP cyclohydrolase 1.64 5.47E-06 2.60 9.47E-19
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DEGs, consistent with intracellular Hg biovolatilisation reducing the 
need for extensive efflux systems, as bacterial membranes are permeable 
to volatile Hg forms (Faucheur et al., 2013).

4.3. Strain-specific gene expression patterns

Gene expression profiles under Hg exposure showed poor correlation 
between the two strains, irrespective of exposure duration. Conse
quently, the number of DEGs following Hg stress varied considerably 
between strains, and even when DEGs were shared, their expression 
patterns remained strain-specific. Although both strains demonstrated 
overlapping Hg response mechanisms, they diverged markedly in 
response magnitude and employed distinct adaptive strategies. This 
distinction is crucial given that P31 exhibited greater fold-changes in 
response to 1 µM Hg than UFC_B020 displayed under 20 µM exposure, 
indicating differential Hg sensitivity and suggesting that P31 experi
ences more pronounced transcriptional stress per unit of Hg 
concentration.

KEGG enrichment analysis comparing UFC_B020 to P31 under Hg 
stress highlighted sulphur metabolism pathway enrichment after 30 min 
Hg exposure and ABC transporters pathway enrichment after 3 h, 
respectively. Indeed, Hg has a strong affinity for thiol groups, which is 
partly responsible for its toxicity (Norambuena et al., 2017), and this 
could explain the increase in sulphur metabolism. Regarding ABC 
transporters, these are a family of membrane proteins that use ATP to 
transport various molecules, several of which have been identified as 
involved in metal transfer (Theodoulou & Kerr, 2015). Under Hg stress, 
the enrichment of sulphur metabolism and ABC transporter pathways 
suggests an integrated response to oxidative stress. Sulphur metabolism 
contributes to the biosynthesis of thiol-based antioxidants such as 
glutathione, which is essential for maintaining cellular redox homeo
stasis. Concurrently, ABC transporters may facilitate the export of 
Hg–thiol conjugates and other oxidized metabolites, thereby supporting 
detoxification and redox balance. Together, these pathways likely 
represent a coordinated metabolic adaptation to mitigate Hg-induced 
oxidative damage. UFC_B020 therefore presents a potential capacity 
for Hg efflux and/or influx greater than P31, perhaps because it has 
more suitable resistance mechanisms. Furthermore, this active transport 
pathway favoured in UFC_B020 is consistent with the results for kremain 
and kbact as well as microscopic observations.

At the gene level, cadA had the highest log2 FC for both strains 
(Table 2). This gene is involved in the active transport of metal ions 
(Co²⁺, Zn²⁺, Cd²⁺) coupled with ATP hydrolysis. The czcCBA efflux system 
genes were also overexpressed in both strains, consistent with their 
interdependent expression with cadA as shown by Ducret et al. (2020) in 
Pseudomonas aeruginosa. All metal-related genes were up-regulated, 
whether for efflux, regulation of resistance mechanisms at the tran
scriptional level, or for magnesium and iron homeostasis which is 
consistent with the GO enrichment results for UFC_B020. However, the 
log2 FC of these metal ion-related genes was higher for P31, which 
contained arsenic resistance genes such as arsB and arsC (Fernández 
et al., 2014). The P31 strain therefore appeared to possess the ars 
operon, in contrast to UFC_B020 (Tables S2 and S3). Furthermore, the 
zntR and cueR genes, which correspond to transcriptional regulators of 
genes involved in zinc and copper stress response mechanisms, respec
tively, were overexpressed in UFC_B020. These two genes are homo
logues of the MerR family, which is associated with the uptake and 
detoxification of metal ions (Fang & Zhang, 2021). In addition, several 
genes encoding transporters were overexpressed, particularly after 30 
min Hg exposure and in greater numbers in P31. This may indicate the 
establishment of resistance mechanisms based on Hg efflux. The gene 
encoding the lipoprotein translocase LolD to the outer membrane was 
overexpressed in both UFC_B020 and P31 in the presence of Hg (Bei 
et al., 2022). In P31, efflux genes linked to antibiotic resistance, such as 
acrE and opdE, were differentially expressed. Co-selection of heavy 
metal and antibiotic resistance genes has been demonstrated, and their 

coexistence within a bacterial strain's genome can affect its resistance 
(Vats et al., 2022).

Some DEGs were also involved in processes regulating gene expres
sion and genetic material repair. However, a much larger number of 
genes in this category were differentially expressed in P31, suggesting 
that Hg-induced stress was greater in this strain, which is consistent with 
the KEGG enrichment results. Furthermore, msrPQ genes were strongly 
up-regulated in P31 in the presence of Hg after 30 min Hg exposure; 
these genes protect proteins from oxidative stress (Vergnes et al., 2022). 
Indeed, one of the harmful effects of Hg on cells is an increase in ROS 
production, which causes oxidative damage (Rice et al., 2014). The 
metabolism of sulphur molecules was also affected by the presence of Hg 
as shown by KEGG enrichment analysis. The yneN and dsbG genes, which 
exhibit antioxidant activity, were differentially expressed in both P31 
and UFC_B020. Only P31 contained additional genes associated with 
thiol-containing molecules. These were highly overexpressed only after 
30 min, indicating that the presence of Hg in the environment rapidly 
affects sulphur metabolism. Finally, the qseC gene, which is involved in 
quorum sensing and the regulation of flagella assembly, was found to be 
upregulated after a 30 min exposure in both strains (Sperandio et al., 
2002). In the longer term, the bdlA gene, which encodes a biofilm 
dispersion protein in P31, was also overexpressed. Hg was therefore 
found to affect cell motility and quorum sensing, which is consistent 
with another study by Zheng et al. (2018), which showed that Hg 
resistance genes are involved in inhibiting biofilm formation and fla
gellum development.

4.4. Demonstration of mer-independent detoxification mechanisms

Both strains exhibited substantial transcriptomic responses to Hg 
exposure, but with distinct expression patterns confirming strain- 
specific resistance strategies (Fig. 4). Notably, no mer operon genes 
were identified among DEGs, suggesting that resistance mechanisms 
operate independently of this classical detoxification system in both 
strains. Bacterial Hg biovolatilisation has been documented across 
several genera (Agarwal et al., 2019; Chang et al., 2019; Lefebvre et al., 
2006) and was typically associated with the merA gene encoding mer
curic reductase, which converts Hg²⁺ to volatile Hg⁰ (Dash et al., 2017). 
However, Hg volatilisation has also been demonstrated in microorgan
isms lacking the mer operon (Lavoie & Poulain, 2025; Wiatrowski et al., 
2006), which appeared to be the case for UFC_B020. Indeed, genes 
identified as corresponding to merA were found in the genomic data of 
UFC_B020, but were not differentially expressed under Hg stress 
(Table S4), and no other genes from the mer operon could be identified, 
confirming that the mechanisms of Hg resistance in UFC_B020 are 
mer-independent, which is the first time this has been observed within 
the genus Pseudomonas. Generating mutants and conducting a more 
detailed study of the DEGs in UFC_B020 in the presence of Hg would 
enable the identification of potential candidates involved in Hg bio
volatilisation pathways. Recently, Lavoie and Poulain (2025) hypothe
sized that cellular thiols are key interaction sites mediating Hg 
reduction: although the exact cellular components remain unidentified, 
these are relevant avenues for elucidating Hg biovolatilisation inde
pendent of the mer operon, given the KEGG pathways and enriched GO 
terms highlighted in this study. Given the atmospheric persistence of Hg, 
biovolatilisation processes would enhance its environmental mobility, 
thereby extending contamination in uncontaminated ecosystems which 
is not intended for bioremediation purposes.

4.5. Limitations and future perspectives

The relatively modest number of DEGs under our experimental 
conditions, combined with limited gene annotations, resulted in few 
significantly enriched GO terms and KEGG pathways. While GO and 
KEGG enrichment analysis provides broad overviews of affected bio
logical processes, individual DEG analysis enables more precise 
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understanding of specific molecular mechanisms. However, differential 
expression of individual genes does not necessarily indicate pathway- 
level perturbations, and DEG interpretation requires careful consider
ation of broader regulatory networks.

Fig. 8 proposes a model of response to Hg-induced stress that is 
specific to each of the two P. canadensis strains. This model highlights 
the contrasting cellular-level effects of Hg depending on the level of 
resistance. Further refinement of this model at the molecular level could 
elucidate the biovolatilisation mechanisms in UFC_B020, which do not 
rely on the mer operon unlike what is often the case in bacteria. Addi
tionally, validation of transcriptomic findings through proteomics and 
metabolomics approaches would provide a more comprehensive un
derstanding of strain-specific Hg resistance mechanisms: this would 
provide new insights into the role of microorganisms, particularly the 
Pseudomonas genus, in the biogeochemical cycle of Hg. For bioremedi
ation purposes, it would be relevant to enhance the tolerance of strains 
of interest by gradually increasing the Hg stress concentration: these 
acclimatisation phases would thus optimise the decontamination pro
cesses. Overall, this work confirmed that the search for endogenous 
microbial candidates may be promising, since the selection pressure 
exerted by contaminants in contaminated soils allows for genetic 
adaptation as well as for acquisition of resistance and detoxification 
mechanisms that can be used in a tailored manner.

5. Conclusions

This study compared the response to Hg stress in two strains of 
Pseudomonas canadensis: UFC_B020, which was isolated from a Hg- 
contaminated medium, and P31, which was isolated from an unpol
luted matrix. Using multiple experimental approaches, including 
monitoring Hg transfer processes in the presence of biomass and bac
terial necromass, as well as through microscopic observations and RNA- 
Seq, we were able to characterise the processes involved in Hg detoxi
fication at the cellular and molecular levels, and assess their effective
ness. The UFC_B020 strain exhibited a significantly greater ability to 
withstand Hg stress than P31; the former displayed active resistance 
mechanisms, such as biovolatilisation, whereas the latter exhibited 
passive and compensatory mechanisms in response to Hg toxicity. In 
particular, almost no genes belonging to the mer operon were identified 
in UFC_B020, and none of them were differentially expressed, suggesting 
that the detoxification pathways in this strain rely on mer-independent 

mechanisms, which, to date, had not been demonstrated in a Pseudo
monas species. Despite their high genomic similarity, these results 
demonstrated how environmental conditions can impact the selection of 
Hg resistance genes and provided insights into the responses to Hg stress 
in the Pseudomonas genus.
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