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Abstract 

Copper-based materials are actively explored for their potential as antimicrobial agents. However, recent studies show that sub- 
lethal concentrations of Cu ions can induce the via b le-but-noncultura b le (VBNC) cell state in certain bacteria, hampering contami- 
nation control, and monitoring. In this study we contribute to the unravelling of this largely enigmatic phenomenon by determining 
the time-r esolv ed pr oteome of Cu-tr eated Cupria vidus metallidurans CH34 during VBNC induction and r esuscitation. High-thr oughput 
quantitati v e liquid chr omatography tandem mass spectr ometr y (LC-MS/MS) anal ysis w as performed at multiple sample time points, 
r ev ealing the cellular adaptations that trigger VBNC formation and the c har acteristic spontaneous r ecov er y of cultura bility. Entr y into 
the VBNC state correlated with a widespr ead r esponse to oxidati v e str ess as well as downr egulated pyruv ate meta bolism. The expr es- 
sion of specific metal resistance determinants changed with Cu exposure time and culminated in the strong upregulation of proteins 
linked to periplasmic Cu ion detoxification during the resuscitation phase. We suggest that this delayed induction of Cu resistance 
proteins is paralleled by the gradual reconstitution of energy r eserv es thr ough meta bolization of intracellular pol yhydr oxybutyr ate , 
as supported by flow cytometric fluorescence measurements. Furthermore, Cu-treated cells showed upregulation of several motility 
and chemotaxis proteins, and increased cell motility was observed phenotypically. Our results reveal a highly dynamic proteomic 
r esponse, pr ovide fundamental insights into the VBNC state and emphasize the adv anta ges of time-r esolv ed pr oteomic anal ysis. 

Gr aphical abstr act 

Introduction 

The use of copper-based antimicrobials is a r e-emer ging str at- 
egy for decontamination purposes in a gricultur e, food industry, 
health settings, and e v en spaceflight a pplications [ 1–5 ]. Befor e 
implementation, the bacteriostatic effect of Cu ions needs to be 
thor oughl y tested. It has been shown that sublethal concentra- 
tions of Cu ions can induce the so-called viable-but-nonculturable 
(VBNC) cell state in se v er al bacterial species [ 6 ]. This VBNC state 
is thought to be a cellular survival strategy with the purpose of 
ensuring viability under harsh environmental conditions such as 
n utrient de pletion, dr astic temper atur e shifts, or exposur e to met- 
als, among others [ 7 ]. A central feature of VBNC cells is their 

inability to grow on regular microbiological media. This is a con- 
cern when r el ying on cultur e-based testing for bacterial diagnos- 
tics and monitoring as it could lead to false negativ e r esults [ 8 ]. 
Under more favorable conditions, VBNC cells can restore cultur- 
ability, a phenomenon called resuscitation. During resuscitation, 
vital cellular functions are recovered, including the virulence of 
pathogenic bacteria that might pose a risk in settings such as pub- 
lic health [ 9 , 10 ]. 

Resuscitation is usually (but not necessaril y) trigger ed by ex- 
ternal factors r e v erting the unfavor able conditions, suc h as nu- 
trient supplementation, metal ion chelation, but also biologi- 
cal stimulation [ 11 , 12 ]. Conversely, spontaneous resuscitation 

Recei v ed: October 2, 2024. Accepted: February 14, 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess. This is an Open Access article distributed under the terms of the Cr eati v e Commons Attribution 
License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
work is pr operl y cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/17/3/m

faf007/8019788 by guest on 09 July 2025

http://www.oxfordjournals.org
https://doi.org/10.1093/mtomcs/mfaf007
https://orcid.org/0000-0002-7459-496X
mailto:rvhoudto@sckcen.be
https://creativecommons.org/licenses/by/4.0/


2 | Patocka et al . 

based on the activation of intrinsic factors is rarely described. 
Recently, Maertens et al . found that water-borne cells of Cupri- 
avidus metallidurans enter the VBNC state upon exposure to low 

le v els of Cu ions, and spontaneously resuscitate after 7 days of 
incubation [ 13 ]. Cupriavidus metallidurans , a soil bacterium from 

the Bur kholderiaceae famil y, is a model organism for the study of 
bacterial metal resistance. Type strain CH34 features a remark- 
able amount of metal resistance genes, many of which are lo- 
cated on one of its two megaplasmids [ 14 , 15 ]. In the aforemen- 
tioned study, resuscitation was only possible when these plasmid- 
encoded metal resistance determinants were present [ 13 ]. This 
finding highlighted an interesting association between the VBNC 

state and bacterial Cu resistance. In the present study, we are fur- 
ther investigating this association at a proteomic level. In recent 
years, efforts to elucidate cellular mec hanisms contr olling the 
VBNC state hav e incr easingl y focused on the application of omics 
techniques [ 11 ]. Ho w ever, only a few studies explored the Cu- 
induced VBNC state [ 6 ]. Here, we analyzed whole proteome adap- 
tations of C. metallidurans CH34 during a Cu-induced VBNC state 
and, notably, during spontaneous resuscitation. Rather than com- 
paring only two different cell populations (e.g. before and after 
VBNC induction), our aim was to ca ptur e time-r esolv ed pr oteomic 
c hanges thr ough sampling at m ultiple time points . T his a ppr oac h 

allo w ed us to gain valuable insights into the dynamics of the 
VBNC state in C. metallidurans CH34, serving as a stepping stone 
to w ar d the unr av elling of the enigmatic VBNC state which can 

e v entuall y help to impr ov e countermeasur es a gainst bacterial 
contaminations. 

Material and methods 

Bacterial strains and culture conditions 

Cupriavidus metallidurans strain CH34 was routinely grown in Tris- 
buffered minimal medium (MM284) [ 16 ] with 0.2% Na-gluconate 
(VWR c hemicals, Leuv en, Belgium) at 30 ◦C. Liquid cultures were 
grown in a shaking incubator at 180 rpm. Agar plates were pre- 
pared by adding 2% bacteriological a gar (Oxoid, Hampshir e, UK). 
For motility assa ys , 0.4% agar plates were prepared. 

VBNC induction, resuscitation, and motility 

assays 

Full y gr own cultur es wer e washed twice with filter-sterilized 

(0.2 μm filter) bottled mineral water (Ordal, Belgium and Evian, 
France; additional information on their composition can be found 

in Table S1 ) and diluted to a starting inoculum of 10 8 cells/ml in 

the same mineral water. To induce the VBNC state, 10 μM CuSO 4 

(Merc k KGaA, Darmstadt, German y) was added, while no CuSO 4 

was added to the control condition, and samples were incubated 

in a shaking incubator at 30 ◦C. Where applicable, 5.6 mM thi- 
amine hydr oc hloride (Sigma-Aldric h, Saint Louis, Missouri, USA) 
was added. Samples were drawn after 0, 1, 2, 3, 4, 5, 24, 48, 72, 
96, and 120 h of incubation, and the total viable count was deter- 
mined by plating 100 μl of a serial 10-fold dilution (in sterile PBS) 
on MM284 agar and counting after 3 days at 30 ◦C. To test swarm- 
ing potential, 10 μl of cell suspension from samples at time points 
48, 72, 96, and 120 h was plated onto MM284-gluconate plates con- 
taining 0.4% bacterial agar. After 3 days of incubation at 30 ◦C, the 
visible swarming diameter was measured with a ruler and divided 

by corresponding CFU counts to yield the normalized swarming 
range. All experimental conditions were carried out in biological 
triplicates. Statistical analysis was performed using unpaired t - 
tests implemented in Gr a phP ad Prism 10. 

Cell counting, viability determination, and PHB 

quantification via flow cytometry 

All flo w c ytometry assays w ere performed on a NovoCyte Quan- 
teon flow cytometer (Agilent, Santa Clara, California, USA). 

Similar to the viable count, samples were drawn after 0, 1, 2, 3, 
4, 5, 24, 48, 72, 96, and 120 h of incubation. Viability was assessed 

with a SYBR Green/PI assay . Briefly , cell suspensions were 100- 
fold diluted in filter ed miner al water and SYBR Green (Life tech- 
nologies, Carlsbad, California, USA) and propidium iodide (Merck 
KGaA, Darmstadt, German y) wer e added to a final concentr ation 

of 1X (starting from a 10 000X commercial stock solution) and 

200 μM, r espectiv el y. Suspensions wer e incubated in the dark at 
37 ◦C for 20 min to allow complete binding of the dyes. Stained cells 
(including autoclaved cells as a control for dead cells) were ana- 
lyzed in “fast” flow mode and fluorescence was acquired using the 
FITC and PI detection c hannels. Additionall y, total cell numbers 
in unstained cell suspensions were enumerated based on manual 
forw ar d vs side scatter (FSC vs SSC) gating, excluding bac kgr ound 

e v ents. 
To quantify intracellular polyhydroxybutyrate (PHB) levels, the 

protocol described in [ 17 ] was adapted to flow cytometry: Nile Red 

stock solution (1 mg/ml) was prepared by dissolving Nile Red solid 

dye (Sigma-Aldrich, Saint Louis, Missouri, USA) in dimethyl sulfox- 
ide (DMSO; Sigma-Aldrich, Saint Louis, Missouri, USA) and filter- 
sterilizing the solution through a 0.45 μm DMSO-proof filter. C. 
metallidurans cells were diluted to a ppr oximatel y 10 6 cells/ml in 

filter ed miner al w ater and stained b y adding Nile Red stock solu- 
tion to a final dye concentration of 1 μg/ml, followed by a 30-min 

incubation step at 30 ◦C. Stained and unstained samples (including 
a water blank) wer e anal yzed in “fast” flow mode and fluorescence 
was acquired using the PE-Cy5 detection channel. 

Data analysis was carried out using the provided NovoExpress 
software (Agilent, Santa Clara, California, USA) and GraphPad 

Prism 10. For PHB quantification, median fluorescence intensities 
wer e compar ed using Mood’s median test and effect sizes were 
calculated using Cramér’s V [ 18 ]. 

Protein extraction 

Samples for pr otein extr action wer e taken e v ery 60 min until 5 h of 
incubation, as well as 24, 48, 72, 96, and 120 h after the start of the 
experiment. Samples were pelleted and washed twice with ice- 
cold PBS (Life technologies, Carlsbad, California, USA). P ellets w ere 
then resuspended in lysis buffer [2% sodium dodecyl sulfate (Life 
technologies, Carlsbad, California, USA) in 50 mM ammonium bi- 
carbonate aqueous solution (Sigma-Aldrich, Santa Clara, Califor- 
nia, USA)], vortexed for 30 s and subsequently incubated at 95 ◦C 

for 5 minutes. After cooling on ice, lysis was completed through 

sonication using a UP50H ultrasonic processor (Hielscher , T eltow, 
German y). The l ysates wer e centrifuged at 14 000 g and 4 ◦C for 
20 min and supernatants were stored at −80 ◦C for further pro- 
cessing. Pr otein concentr ations in the crude extracts were deter- 
mined using the bicinchoninic acid kit for protein determination 

(Sigma-Aldric h, Santa Clar a, California, USA) following the man- 
ufacturer’s instructions. 

Protein sample processing 

Extr acted pr oteins wer e further pr ocessed using the suspension 

tr a pping method, S-tr a p (Bioconnect, Huissen, The Netherlands), 
following the manufacturer’s instructions. 

The LC-MS/MS analysis was performed using a nanoElute UH- 
PLC (Bruker Daltonics, Br emen, German y) connected to a QTOF- 
MS instrument (Impact II, Bruker Daltonics, Germany) via a Cap- 
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tiv eSpr ay nanoflow electr ospr ay source (Bruker Daltonics, Bre- 
men, German y). Samples wer e run in a r andom or der in or der to 
identify a potential batch effect. In total, 2 μg of tryptic digest (in 

solvent A) was injected onto a tr a pping column setup (300 μm x 
5 mm, C18 PepMap 300, 5 μm, 100 Å ; Bruker Daltonics, Bremen, 
German y). Subsequentl y, peptides wer e separ ated using a C18 Re- 
prosil AQ, 1.9 μm, 120 Å , 0.075 × 150 mm column operated at 40 ◦C 

(Bruker Daltonics, Br emen, German y) at a flow rate of 0.2 μl/min. 
Gradient conditions were: 2%–35% solvent B for 100 min; 35%–95% 

solvent B for 10 min; and 95% solvent B held for 10 min (solvent A, 
0.1% formic acid in water; solvent B, 0.1% formic acid in acetoni- 
trile). Drying gas flow and temper atur e of the Ca ptiv eSpr ay wer e 
set to 4 l/min and 180 ◦C, r espectiv el y, and nebulizer gas pr essur e 
was set to 0.4 bar. The MS acquisition rate was set to 2 Hz and 

data have been acquired over a 150–2200 m/z mass range. In all 
the full-scan measurements, a lock-mass (m/z 1221.9906, Hexakis 
(1H, 1H, 4H-hexafluorobutylo xy)phosphazine) (Bruk er Daltonics, 
Br emen, German y) was used as an internal calibrator. 

The Instant Expertise method (Compass otofSeries 4.1, Bruker 
Daltonics, Bremen, Germany) was used to select as many as possi- 
ble of the most intense ions per cycle of 3 s MS/MS accumulation 

depending on the MS1 le v el. The thr eshold (per 1000 summation) 
absolute was 2500 cts (spectral rate of 2 Hz). Peptide fragmenta- 
tion was performed with nitrogen gas on the most abundant and 

at least doubl y c har ged to five charged ions detected in the ini- 
tial MS scan. Active exclusion was performed after 1 spectrum for 
0.50 min unless the intensity of the precursor ions was more than 

3 times higher than in the pr e vious scan. 

Proteomics data analysis 

All raw mass spectrometry spectra files were processed using 
MaxQuant software version 2.0.1.0 and proteins were identified 

with the built-in Andromeda search engine [ 19 , 20 ]. In total, 60 
ra w files , with thr ee r eplicates of eac h 20 conditions (contr ol and 

Cu-induced at 10 different time points) were processed in parallel. 
The MS/MS spectra searches were performed with a database con- 
taining all C. metallidurans CH34 (Taxonomy ID: 266 264) UniProt 
protein sequences (downloaded from ftp.uniprot.org on 2022-03- 
30). Sear ches w ere performed with default MaxQuant parameter 
settings with cysteine carbamidomethylation as fixed modifica- 
tion, and methionine oxidation and Protein N-terminal acetyla- 
tion as variable modification. False-discovery rate cutoffs were 
set to 1% on peptide, protein, and site decoy le v el, trypsin as a 
digestion enzyme and se v en amino acids as minimum peptide 
length. The resulting data from MaxQuant with minimum two 
unique peptides was r etained, pr ocessed to r emov e r e v erse hits 
and contaminants, and Log 2 transformed for further analysis . T he 
tec hnical v ariation among r eplicates was r emov ed by median nor- 
malization on Log 2 -transformed intensities. Missing values in the 
data were replaced by values from a normal distribution with set- 
tings width = 0.3 and downshift = 1.8 [ 21 ]. Sample distribution 

was examined via density and box plots, as well as PCA analysis 
( Figs S1 –S3 ). Protein differential expression was calculated using 
the LIMMA R pac ka ge [ 22 ], based on the empirical Bayes moder- 
ated test-statistics. Differential expression was considered signifi- 
cant at a q -value < 0.05 and FC ≤ 0.67 or ≥ 1.5 ( | Log 2 -FC | ≥ 0.5849). 

Results 

Cupriavidus metallidurans enters the VBNC state 

upon Cu stress and resuscitates spontaneously 

Maertens et al . identified the transition into a VBNC state when 

C. metallidurans cells are exposed to elevated Cu 

2 + levels in drink- 

ing w ater, sho wing spontaneous r esuscitation within se v er al days 
of incubation [ 13 ]. In a first step, we corr obor ated this observ a- 
tion and added sampling time points as well as statistical analy- 
ses. Mineral water (Ordal) was inoculated with cells of type strain 

CH34 to a starting cell number of a ppr oximatel y 10 8 cells/ml and 

supplemented with 10 μM CuSO 4 (no CuSO 4 in control condi- 
tion). Colony forming units were assessed during the first 5 h and 

e v ery 24 h after starting the experiment (Fig. 1 ). In a gr eement 
with Maertens et al ., the number of culturable cells decreased 

by 4 Log during the first hours of Cu tr eatment. Alr eady after 1 
h, Cu-treated cells sho w ed a significant reduction in culturabil- 
ity ( P < .001). From 24 h (1 day) after the start of Cu treatment, 
a gr adual incr ease in CFU counts could be observed, while cell 
numbers in the control condition were staying relatively constant. 
Until 96 h (4 days), the reduction in culturability was still signif- 
icant ( P < .05). From 120 h (5 days) onw ar ds, no statistical differ- 
ence between Cu and control condition could be observed, cor- 
responding to the complete resuscitation (Fig. 1 ). Throughout the 
experiment, the total cell numbers as assessed b y flo w c ytometry 
wer e not significantl y differ ent between the Cu-tr eated and con- 
trol conditions ( Fig. S4 ). In addition, cell viability was also assessed 

with a SYBR Green/PI assay that monitors viability based on mem- 
br ane integrity, whic h indicated that 10%–20% of Cu-tr eated cells 
remained viable between 24 and 120 h of exposure ( Fig. S4 ). Finally, 
to verify that VBNC induction and resuscitation was not unique 
to the used mineral w ater, w e tested an additional mineral water 
(Evian; Fig. S5 ), which sho w ed the same phenomena. 

VBNC and resuscitating cells show dynamic 

proteomes 

To investigate the proteomic state of VBNC cells and during re- 
suscitation, cells were pelleted for protein extraction at the fol- 
lowing sample time points: 1, 2, 3, 4, 5, 24, 48, 72, 96, and 120 
h of incubation (Cu and control condition). Proteome analyses 
were performed via protein extraction and subsequent LC-MS/MS 
analysis. All detected proteins, including data from single repli- 
cates, are listed in Table S2 . The number of identified proteins for 
each time point ranged between 2195 and 2570 (Table 1 , Fig. 2 B). 
In general, a good coverage of CH34’s annotated proteome could 

be r eac hed, with an av er a ge of 2373 identified pr oteins, whic h 

amounts to 36.6% of the 6488 annotated coding sequences in the 
Ky oto Enc yclopedia of Genes and Genomes (KEGG) database [ 23 ]. 
For each time point, DE proteins were determined by comparing 
their abundance in Cu-treated and control samples. Proteins with 

a FC ≤0.67 or ≥1.5 ( | Log2-FC | ≥0.5849) and q -values < 0.05 were 
considered DE (Table 1 ). The number of DE proteins was the low- 
est at 5 h with 32 DE proteins (Fig. 2 B). Afterw ar d, the number 
of DE pr oteins gr aduall y incr eased to r eac h a maxim um at 120 h 

(1038 DE proteins). 
Identified proteins were categorized based on Clusters of Or- 

thologous Genes (COGs) [ 24 ]. For each COG class, the number of 
up-/downr egulated pr oteins among the total number of proteins 
linked to the COG class was determined and r epr esented as a ratio. 
Repeating this step for e v ery time point, we obtained an ov ervie w 

of proteomic adaptations in VBNC and resuscitating cells (Fig. 2 A). 
At most time points, high numbers of upr egulated pr oteins (r a- 
tios up to 0.5) were observed in the classes “Translation, riboso- 
mal structure and biogenesis, ” “Cell motility, ” and “Intracellular 
tr affic king, secr etion, and v esicular tr ansport.” These classes co- 
incidently sho w ed lo w numbers of do wnr egulated pr oteins (r a- 
tios partly below 0.1). In contrast, many proteins were continu- 
ousl y downr egulated in e.g. “Ener gy pr oduction and conversion,”
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Figure 1. Cupriavidus metallidurans CH34 was incubated in mineral water ± 10 μM CuSO 4 leading to loss of culturability in Cu-treated cells after 1 h 
and gradual restoration until complete resuscitation at 120 h. Significant difference: ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, ns = no significant difference. 
LOD = limit of detection. 

Table 1. Number of identified and differ entiall y expr essed (DE) pr oteins at eac h sample time point 

Time (h) 

1 2 3 4 5 24 48 72 96 120 

Identified 2289 2328 2325 2309 2195 2281 2487 2479 2471 2570 
Upregulated 430 261 337 445 7 358 384 445 506 564 
Downregulated 427 302 305 365 25 282 376 509 509 474 
DE 857 563 642 810 32 640 760 954 1015 1038 

“Transcription,” “Replication, recombination, and repair” and “Sec- 
ondary metabolites’ biosynthesis, transport and catabolism.” For 
other classes, the ratios fluctuated more strongly at different 
phases of incubation. “Cell cycle control, cell division, chromo- 
some partitioning” as well as “Lipid transport and metabolism”
(among others) sho w ed high numbers of upregulated proteins be- 
tween 48 and 120 h (2–5 da ys , resuscitation phase), but not in 

the early incubation stage (1–4 h, VBNC induction phase). Con- 
v ersel y, the class “Cell wall/membr ane/env elope biogenesis” had 

man y upr egulated pr oteins onl y in the earl y incubation sta ge. 
Based on COG analysis, we can assume that cells going through 

the VBNC state and r esuscitation ar e c har acterized by highl y dy- 
namic proteomic profiles. Next, we showcased in detail the simi- 
larities and differences between the proteomes of these two cell 
states. 

Motility is activ a ted b y Cu trea tment 
A noticeable feature of Cu-treated CH34 cells was the strong ex- 
pr ession of pr oteins linked to cell motility, r egardless of incubation 

time (Fig. 3 A). While the c hemotaxis pr otein CheA was upr egu- 
lated only at day 5, CheB1, CheD, and CheY were upregulated at al- 
most all time points . T he CheY-like response regulator Rmet_3680 
was also found upregulated at several time points (2–4 h, 24 h, 
and 5 days). Inter estingl y, the fla gellin pr otein FliC2 w as do wnreg- 
ulated in the first 4 h of incubation, but str ongl y upr egulated in 

later time points, showing Log 2 -FC value of 3.25 (24 h) and 3.48 (5 
da ys). During the VBNC phase , se v er al negativ e but nonsignificant 
Log 2 -FC v alues wer e obtained for certain proteins of the Pil fam- 
ily (e.g. PilL2, PilM, PilN, PilO). In general, ho w ever, the data points 
to w ar d higher abundance of Pil proteins in Cu-treated samples, 
especially during the resuscitation phase (e.g. PilJ: Log 2 -FC > 5.0 
for days 1–4). 

To e v aluate whether this pr oteomic r esponse tr anslated to a 
phenotypic change, we tested cellular motility by plating cell sus- 
pensions on 0.4% agar plates . T he s warming diameter after a 3- 
day incubation period was measured for time points 48, 72, 96, and 

120 h and normalized by the corresponding CFU counts. Samples 
from time points before 48 h were not included in this assay since 
an accur ate measur ement of the swarming range was impeded by 
the lack of culturable cells . T he a verage s w arming range w as sig- 
nificantly higher ( P < 0.001) in all Cu-treated samples compared to 
the control condition (Fig. 3 B). This result complies with our pro- 
teomics data, indicating increased motility in cells experiencing 
and resuscitating from a Cu-induced VBNC state. 

Ribosomal proteins are upregulated throughout 
Cu exposure 

Pr oteomic pr ofiling r e v ealed that man y pr oteins linked to trans- 
lation were upregulated in both VBNC and resuscitated cells 
(Fig. 2 A). In fact, a strikingly high number of significantly upreg- 
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Figure 2. (A) COG analysis: ratio of up/downregulated among identified proteins for different COG classes at different time points. Excluded: time 
point 5 h, “Function unknown” class, uncategorized proteins. (B) Number of identified and up/downregulated proteins at each time point. (C) The 
number of identified and upregulated ribosomal proteins (RPs) for each sample time point. 

ulated ribosomal proteins (RPs) was found at most time points 
(Fig. 2 C). Remarkably, after 1 h of Cu-treatment, already 41% (22 
out of 54) of the identified RPs were upregulated. Strikingly, at 5 
h, none of the 53 identified RPs were DE. Howe v er, 23% (12 out of 
52) of the identified RPs were again upregulated at 24 h, which 

increased to a maximum of 93% (50 out of 54) at 96 h. Between 

days 2 and 5 of incubation (48–120 h), at least 80% of the identified 

RPs were upregulated, suggesting a need for enhanced translation 

and/or the pr epar ation for cell division during the r esuscitation 

phase. 

Cell division proteins are upregulated during 

resuscitation 

Se v er al pr oteins link ed to cell di vision wer e upr egulated in Cu- 
treated cells between days 2 and 5 (48–120 h, Fig. 4 ) during which 

resuscitation took place . T he cell division topological specificity 
factor MinE was first downregulated after 1 h of Cu treatment 
and upregulated from day 2 onw ar d. The cell shape determining 
pr otein Mr eB was slightl y upr egulated between 3 and 5 da ys . Up- 
r egulation fr om 1 day onw ar d w as observ ed for the Z-ring pr o- 
tein FtsZ, with especially high Log 2 -FC on days 3 and 4 (Log 2 -FC of 
3.98 and 3.62). The corr esponding DNA segr egation, ATP ase FtsK, 
was significantly upregulated between 2 and 5 days of incubation. 
Another DNA segr egation ATP ase , Smc , was slightly upregulated 

at se v er al time points of the resuscitation phase . T he glucose- 
inhibited cell-division protein GidA w as do wnregulated until 24 h 

of incubation but was upregulated during the resuscitation phase 
(days 2–5). Inter estingl y, a str ong upr egulation was observ ed fr om 

2 days onw ar d for the P arA and P arB partitioning pr oteins encoded 

by the megaplasmid pMOL30 as well as for the replication protein 

RepA at day 5 ( Fig. S6 ). Such an upregulation was not observed for 
megaplasmid pMOL28 ( Fig. S6 ). 

Metal stress response is acti v e during VBNC 

induction and resuscitation 

Cupriavidus metallidurans CH34 features a multitude of metal resis- 
tance determinants that are induced by Cu stress [ 25 , 26 ]. How- 
e v er, it is yet to be investigated whether the transition into a 
nonculturable state and its regulation can be linked to the ac- 
tiv ation of suc h cellular metal detoxification systems [ 6 ]. Dif- 
fer ential expr ession was observ ed for se v er al Cu detoxification 

systems at different time points of incubation. Their expression 

profiles, genomic locations and (putative) functions are summa- 
rized in Fig. 5 . Firstly, the periplasmic copper detoxification system 

CopA 1 B 1 C 1 D 1 (Cop1), encoded by pMOL30, as well as the c hr o- 
mosomally encoded homolog CopA 2 B 2 C 2 D 2 (Cop2) were upreg- 
ulated mostly at later stages of incubation (2–5 days) and non- 
DE or e v en downr egulated at the beginning of Cu tr eatment (1–
24 h). In fact, the multicopper oxidase CopA1 was one of the 
most induced proteins during resuscitation (Log 2 -FC of 5.90 at 5 
da ys). T he P IB1 -type ATPase CopF and the putative cupredo xin-lik e 
copper-binding protein CopI, both encoded by pMOL30, were also 
upregulated at later stages (2–5 days) and strongly downregulated 

at early stages of Cu treatment (1–24 h). CopH and CopK, both 

periplasmic Cu-binding proteins also encoded by pMOL30, were 
str ongl y induced during resuscitation (e.g. CopH: Log 2 -FC of 7.92 
at 4 days) but were not identified before 2 da ys . In addition, the 
three component cation efflux system SilABC, encoded by pMOL30 
in proximity to Cop1, sho w ed remarkable do wnregulation during 
the first few hours of incubation (nonsignificant for SilA) and mod- 
er ate upr egulation in the r esuscitation phase (SilC non-DE). A dis- 
similar expression profile was found for the Cu chaperone CupC 

(upregulated until 4 h, afterw ar d mostly non-DE), while the cor- 
r esponding Cu-tr ansporting ATP ase CupA sho w ed no significant 
differ ential expr ession ov er all time points except slight upregu- 
lation at 4 da ys . 
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Figure 3. (A) Log 2 -fold change (Log 2 -FC) values of chemotaxis and motility proteins (Cu-treated vs control condition) at each time point. white = not 
identified. (B) The normalized swarming range of Cu-treated cells was increased compared to control cells. ∗∗∗Significant ( P < .001) difference. 

Figure 4. Log 2 -fold change (Log 2 -FC) values of several proteins linked to 
COG class “Cell cycle, cell division, c hr omosome partitioning”
(Cu-treated vs control condition) at each time point. 
Chr1 = c hr omosome, Chr2 = c hr omid. 

We also observed sporadic induction of other metal resistance 
determinants in Cu-treated cells (Fig. 6 A). Most notably, CzcE was 
str ongl y upr egulated fr om day 2 onw ar d, with Log 2 -FC ranging 
from 3.74 (2 days) to 7.29 (5 days) but was not identified in samples 
before day 2. Interestingly, other proteins of the Czc system, which 

ar e involv ed in Cd(II), Zn(II), Co(II) r esistance, wer e non-DE at most 
time points or e v en downr egulated (e.g. CzcC at 1, 2, 4 h and 3 
days). ZniA and ZniC, parts of a tricomponent metal cation efflux 
system, wer e upr egulated at 5 days while showing no significant 
differ ential expr ession at other time points. Mor eov er, HmzRS, a 
two-component metal response regulatory system, was upregu- 
lated at many time points, with Log 2 -FC values between 0.83 (3 
h) and 5.12 (4 da ys). T he hea vy metal cation tricomponent efflux 
protein HmvB was slightly upregulated at 1 and 4 h of incubation 

(Log 2 -FC of 0.72; 0.64). Its analogue HmyB was str ongl y upr egu- 
lated from 2 days onw ar d but w as not identified before that time 
point. Another heavy metal cation tricomponent efflux protein, 
NimB, was slightl y upr egulated during the first 4 h of incubation 

and non-DE after that (but again upregulated at 5 days). Interest- 
ingl y, the cation-tr ansporting ATP ase CtpF w as do wnregulated at 
almost all time points. 

Other stress response systems affected by Cu 

treatment 
Differ ential expr ession of se v er al systems r elated to gener al and 

o xidati v e str ess r esponse was observ ed (Fig. 6 B). Firstl y, the su- 
per oxide dism utases SodB and SodC together with the transcrip- 
tional activator for superoxide response SoxR were upregulated 

at se v er al time points between 1 and 24 h of Cu exposure. Inter- 
estingl y, during r esuscitation (2–5 days), these pr oteins wer e non- 
DE or e v en downr egulated. Conv ersel y, man y pr oteins of the uni- 
v ersal str ess pr otein UspA famil y (e.g. UspA5, UspA10, UspA14) 
w ere do wnregulated during VBNC induction (1–5 h) and were later 
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Figure 5. Top: log 2 -fold change (Log 2 -FC) values of cu resistance proteins 
(Cu-treated vs control condition) at each time point. white = not 
identified. arrows indicate genomic context, colors indicate (putative) 
function. chr1 = chromosome; chr2 = chromid. Bottom: schematic 
r epr esentation of cu detoxification mechanisms in CH34 (simplified). 
Cytoplasmic Cu + ions are either directly exported via RND 

(resistance-nodulation-cell division family transporter) efflux systems 
or transported to the periplasm through ATPases. Periplasmic Cu + can 
be bound by accessory proteins (e.g. Cu chaperones) and converted to 
Cu 2 + by multicopper oxidases (MCO). CopB, an outer membrane protein, 
is putativ el y involv ed in the subsequent export (as well as import) of 
Cu 2 + . Created with BioRender.com. 

upr egulated during r esuscitation. Differ ent subunits of the ATP- 
dependent Clp protease were upregulated at several time points 
(1, 3, 5 days), and the 10- and 60 kDa c ha per onines Gr oES and 

Gr oEL wer e upr egulated until 4 h (Gr oEL e v en until day 5). These 
results could hint at the potential activation of cellular systems 

counteracting o xidati ve stress (e.g. protein modulation) imposed 

by Cu treatment. 

Terpenoid and cell wall biogenesis are involved 

in VBNC entry and exit 
As Cu ions exhibit detrimental effects on bacterial cell walls, it 
was not surprising that several proteins linked to the COG class 
“Cell wall/membr ane/env elope biogenesis” wer e DE. The outer 
membr ane pr oteins Rmet_0712, Rmet_4834 and Rmet_3234 as 
well as the membrane-bound transglycosylases MltA and MltB 

wer e upr egulated at se v er al time points during the earl y incu- 
bation phase. OmpP2, a porin involved in diffusion of small hy- 
drophilic molecules, sho w ed str ong upr egulation at most time 
points, especially during the resuscitation phase (Log 2 -FC of 5.75 
at 5 days). Notably, OmpP2 is encoded between the cop and sil 
clusters on pMOL30, which could indicate a possible link with Cu 

detoxification. The outer membrane lipoprotein Pal and the gly- 
cosyltr ansfer ase Rmet_0756 were upregulated at 1 h of Cu treat- 
ment but were downregulated between 1 and 5 da ys . Inter estingl y, 
the lipoprotein carrier protein LolA follo w ed a similar trend (up- 
regulation until 4 h, downregulation from day 2 onw ar d). The op- 
posite expr ession pr ofile (downr egulation in the VBNC induction 

phase and upregulation during resuscitation) could be observed 

for the bifunctional protein GlmU and the phospholipid synthase 
Cfa. Following these results, we can consider that cell wall modu- 
lation might be involved in the regulation of the Cu-induced VBNC 

state. 
In addition, most enzymes involved in the 2-C-Methylerythritol 

4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP) path- 
way for the biosynthesis of isopentenyl diphosphate (IPP) were 
DE at different incubation phases (Fig. 7 ). Dxs and Dxr, catalyz- 
ing the initial r eaction steps, wer e slightl y downr egulated in the 
first hours of incubation. Conv ersel y, IspD, IspE, and IspF were 
slightl y upr egulated at v arious time points of Cu tr eatment. IspG 

was highl y upr egulated starting fr om 24 h (non-DE befor e that). 
We identified two analogues of IspH (Rmet_4169 and Rmet_2868), 
an enzyme catalyzing the final step of IPP biosynthesis. Interest- 
ingly, the two analogues showed div er ging expr ession pr ofiles dur- 
ing the VBNC induction phase, either strong downregulation or 
moder ate upr egulation (1–5 h). Ho w e v er, both wer e upr egulated at 
later time points (4–5 days). IPP can be processed to different types 
of terpenoids via conversion to farnesyl diphosphate catalyzed by 
IspA (non-DE). We noticed that two enzymes of opposing down- 
stream metabolic routes, namely the octaprenyl diphosphate syn- 
thase IspB and the squalene synthase (Rmet_5617), were show- 
ing contrasting expression profiles depending on incubation time. 
During the VBNC induction phase (1–4 h), IspB was downregulated 

while the squalene synthase was highly upregulated. During the 
resuscitation phase, both enzymes were mostly non-DE, ho w ever 
IspB was slightl y upr egulated at day 3, while the squalene syn- 
thase was downregulated at day 5. Moreover, other enzymes us- 
ing farnesyl as substrate (UppS and Ste24 endopeptidase) were 
also upregulated between days 1 and 5. We can thus assume that 
during VBNC induction, terpenoid biosynthesis is activated and 

steered to w ar d squalene formation, whereas this effect might be 
less r ele v ant during r esuscitation. 

Induction of the VBNC state instigates 

reorganization of carbon metabolism 

Polyh ydr oxybutyrate metabolism 

Since stationary-phase cells were suspended in mineral water 
without ad ditional n utrients, the question arose what kind of 
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Figure 6. Log 2 -fold change (Log 2 -FC) values of different proteins (Cu-treated vs control condition) at each time point. White = not identified. Left: 
proteins linked to metal stress resistance. Right: proteins linked to different stress response systems. 

Figure 7. Left: log 2 -fold change (Log 2 -FC) values of proteins involved in terpenoid backbone synthesis (Cu-treated vs control condition) at each time 
point. White = not identified. Right: MEP/DOXP pathway (simplified). Blue = intermediate; purple = name-giving intermediate; green = important 
intermediate. Created with BioRender.com. 

ener gy r esources ar e being used to establish (partiall y) str ong dif- 
fer ential pr otein expr ession ov er the course of se v er al da ys . Subse- 
quently, we further investigated whether transition into the VBNC 

state also correlated with changes in the central carbon and en- 
er gy metabolism. Differ ential expr ession of pr oteins linked to PHB 

metabolism, used as an energy reserve during carbon-limiting 
conditions [ 27 ], was found during the resuscitation phase (Fig. 8 ). 

The PHA-granule associated protein Phasin was strongly upreg- 
ulated from 1 day onw ar d. Phasins participate in PHB synthesis 
and degradation through activation of both PHB polymerases and 

depol ymer ases [ 28 ]. Accordingl y, we monitor ed upr egulation of 
both, pol ymer ase PhaC3 and depol ymer ase PhaZ1 between 1 and 

5 days (PhaC1 w as non-DE). Both proteins w ere non-DE during 
the VBNC induction phase. It was shown for Cupriavidus necator 
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Figure 8. Left: Log 2 -fold change (Log 2 -FC) values of proteins involved in polyhydroxybutyrate (PHB) metabolism (Cu-treated vs control condition) at 
each time point. White = not identified. Right: PHB cycle (simplified). Blue = intermediate; green = potential product, feeding into subsequent pathway. 
Created with BioRender.com. 

that phosphorylation of PHB poly- and depolymerases is involved 

in their regulation [ 29 ]. It is likely that a similar effect is present 
here to prevent simultaneous build-up and break-down of poly- 
mers . T he 3-hydr oxybutyr ate oligomer hydr olase PhaY and the 
D-beta-hydr oxybutyr ate dehydr ogenase BdhA, involv ed in subse- 
quent catabolic reaction steps resulting in the formation of ace- 
toacetate, wer e slightl y upr egulated (BdhA onl y during r esuscita- 
tion), hinting at a net-flux to w ar d PHB degradation. F rom here, tw o 
different metabolic routes are possible. 

Firstly, acetoacetate can be further processed to two equiva- 
lents of Acetyl-CoA (AcCoA) through the AcCoA synthetase (AcsA) 
and the AcCoA acetyltr ansfer ase (BktB), both of which were upreg- 
ulated between 1 and 5 days (AcsA was downregulated in the first 
hours of incubation). The intermediate product acetoacetyl-CoA 

could also be fed back to w ar d PHB synthesis through the enzyme 
PhaB, which ho w ever w as not differ entiall y expr essed (DE). Net- 
flux will ther efor e end up in the formation of AcCoA, to deliver a 
metabolically pluripotent compound, as well as to avoid a futile 
cycle of PHB synthesis and degradation. 

Secondly, acetoacetate can be converted to acetone via the 
acetoacetate decarboxylase, ho w e v er this enzyme was not found 

in our data, nor is it mapped for C. metallidurans in the 
KEGG database. Decarboxylation could also theor eticall y ha ppen 

thr ough the r e v erse r eaction catal yzed by the acetone carboxylase 
with concomitant ATP formation. Notably, the acetone carboxy- 
lase subunits AcxAB were found highly upregulated throughout 
most sample time points (downregulated only at 5 and 24 h), hint- 
ing at a potential involvement of the enzyme in this pathway. Sub- 
unit AcxC and the corresponding regulator AcxR were only iden- 
tified at 5 and 24 h. Deletion of acxR (whic h r esulted in the loss 
of acetone carboxylase production and growth on acetone or iso- 
propanol [ 30 ]; Fig. S7 ) resulted in a higher proportion of cells en- 
tering the VBNC state compared to the parental strain but did not 
affect the ov er all r esuscitation behavior. It is ther efor e possible 
that besides AcCoA production, acetoacetate is used for the for- 
mation of ATP during incr eased ener gy r equir ements of cells fac- 
ing Cu stress. Ho w ever, literature is not clear about whether this 
r eaction is favor able in physiological conditions, and acetoacetate 

decarboxylation was e v en r eported to happen spontaneously in 

aqueous solution [ 31 ]. 
Nonetheless , following these results , we can contemplate that 

thr ough degr adation of PHB gr anules, a pool of AcCoA is gener ated 

that might be used to r eactiv ate the central carbon metabolism 

of dormant cells . T his consideration prompted us to investigate 
whether intr acellular PHB le v els ar e differ ent befor e and after r e- 
suscitation. To this end, the PHB content of cells was quantified 

via a Nile red assa y [ 32 , 33 ]. T he median RFU (mRFU), which cor- 
relates with intracellular PHB levels and can thus be used for rela- 
tive quantification [ 34 ], was 1170 for the starting condition. In ad- 
dition, control cells had relatively constant fluorescence over all 
time points (mRFU between 758 and 878). Using Mood’s median 

test, we could verify that mRFU values were significantly higher 
for Cu-treated cells at all time points (Table 2 ). Ho w ever, due to 
the v ery lar ge number of r ecorded e v ents, we r esorted to the esti- 
mation of effect sizes in the Cu-treated condition using Cramér’s 
V [ 18 ]. A high effect size was detected by comparing the 5-h Cu 

sample to the starting condition (Fig. 9 A), suggesting a r elativ e 
change in PHB levels . T his result was surprising as our proteomics 
data sho w ed no consider able upr egulation of PHB metabolizing 
enzymes in the first few hours of Cu tr eatment. Mostl y, low effect 
sizes were detected when comparing Cu-treated samples at ad- 
jacent time points (Table 2 , Cu T vs Cu T + 1 ), indicating only small 
correlations between incubation time and changes in PHB levels. 
One single medium effect size between 24 and 48 h of Cu treat- 
ment could ho w e v er corr obor ate the incr eased expr ession of PHB 

metabolizing enzymes starting at these time points (Fig. 8 ). While 
the log-transformed RFU of cells at 5 h of Cu treatment seemed 

to follow a normal density function, transition to a bimodal dis- 
tribution could be observed starting from 24 h, with skew to w ar d 

lo w er RFU values (Fig. 9 A and B). Cu-treated cells clearly show a 
mor e heter ogenous composition at 120 h than at 5 h, suggesting 
that a subpopulation with lo w er PHB content is present (Fig. 9 B). 
This could indicate the emergence of a subpopulation that more 
activ el y metabolizes PHB, corr obor ating the strong upregulation 

of PHB degrading enzymes observed during resuscitation. Inter- 
estingly, a subpopulation with higher RFU was detected at 120 
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Table 2. Median r elativ e fluor escence units (mRFU) and standard deviations of samples stained 

with Nile Red at different time points 

Time (h) 

Start 5 24 48 72 96 120 

mRFU Control 1170 758 838 821 808 814 878 
Std. deviation 796.8 411.5 475.1 494.0 481.7 683.5 2208 
mRFU Cu 1170 25 013 26 394 27 393 23 532 20 462 19 997 
Std. deviation 796.8 11 956 18 043 19 094 18 898 17 406 16 563 
P- value – < .001 < .001 < .001 < .001 < .001 < .001 
Cramer’s V 0.93 0.03 0.30 0.06 0.05 0.01 

P -v alues fr om Mood’s median test (Cu vs Contr ol) and Cr amér’ s V (Cu T ime vs Cu T ime + 1) v alues ar e giv en. 

Figure 9. (A) Cu-treatment caused fluorescence shifts (Nile red staining) compared to control cells, but fluorescence intensity changed only slightly 
with time. Log-transformed relative fluorescence units (RFU) of events falling into the 10–90-interpercentile range were plotted. Median RFU values are 
r epr esented as straight lines, quartiles as dotted lines. Effect sizes calculated by cramér’s V: ∗small, ∗∗medium, ∗∗∗large. (B) Histogram o verla y for 
samples at 5 and 120 h. 
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Figure 10. Left: Log 2 -fold change (Log 2 -FC) values of proteins involved in the glyoxylate cycle (Cu-treated vs control condition) at each time point. 
White = not identified. Right: glyoxylate cycle (simplified). Blue = intermediate; purple = name-giving intermediate; green = feeding into the cycle; 
y ello w = related pathway. Created with BioRender.com. 

hours in the control condition, with an inverted proportion of cel- 
lular e v ents compar ed to the Cu sample (Fig. 9 B). Ther efor e, PHB 

synthesis in nontreated cells could be active to a similar extent 
as degradation in treated cells after several days of incubation in 

mineral water. 

Glyoxylate cycle and gluconeogenesis 
Cells in the resuscitation phase sho w ed high upregulation of both 

isocitr ate l yase homologues AceA and AceA2 (Fig. 10 , particularl y 
high AceA2 expression e.g. 6.53 Log 2 -FC at 4 days). Upregulation 

of this enzyme is an indicator for the glyoxylate cycle, which by- 
passes the two decarbo xylation ste ps of the citric acid cycle to 
activ ate carbohydr ate synthesis [ 35 , 36 ]. Pr ecursors of the glyoxy- 
late cycle are oxaloacetate and AcCoA, the latter can be supplied 

fr om PHB degr adation. Condensation of these two molecules cat- 
alyzed by the citrate synthase (GltA, non-DE) yields citrate (iden- 
tical reaction to the citric acid cycle). Citrate can be converted 

to isocitrate by the aconitase Acn. AcnB was upr egulated fr om 

day 2 onw ar d (AcnA w as non-DE). The highl y upr egulated isoc- 
itr ate l yase cleav es isocitr ate into succinate and gl yoxylate . T he 
second enzyme that is c har acteristic of the glyoxylate cycle, the 
malate synthase (AceB), uses glyoxylate and another equivalent 
of AcCoA to form malate. Even though AceB was non-DE, the by- 
pass is driven forw ar d since this reaction step is thought to be 
irr e v ersible [ 37 ]. The malate dehydrogenase Mdh (slightly upreg- 
ulated at 4 and 24 h, else non-DE) closes the cycle by convert- 
ing malate to oxaloacetate . T he formed succinate is simultane- 
ousl y conv erted to another equiv alent of oxalacetate [ 35 ]. Sub- 
sequently, it can be further processed to phosphoenolpyruvate 
thr ough the phosphoenolpyruv ate carboxykinase Pc kG, whic h 

w as upregulated betw een days 2 and 5 (non-DE at time points be- 
fore day 2). This marks the first step of gluconeogenesis. Catalyz- 
ing the rate-determining step of gluconeogenesis, the fructose- 
1,6-bisphosphatase Fbp2 was also upregulated from day 2 to 5. In 

addition, many other gluconeogenetic enzymes (e.g. GpmB, Pgk, 

CbbG, CbbA; Fig. S8 ) follo w ed the same expr ession pr ofile (upr eg- 
ulation during resuscitation, non-DE during VBNC induction). 

Meanwhile, the competing isocitrate dehydrogenase (Icd), feed- 
ing into the citric acid c ycle, w as mostl y non-DE. Inter estingl y, 
the corresponding kinase AceK was upregulated at days 4 and 5 
(not detected or no significant differential expression before that). 
These results suggest that the glyoxylate shunt and subsequent 
gluconeogenesis are active during resuscitation. 

Pyruvate metabolism 

Man y pyruv ate-metabolizing enzymes wer e significantl y down- 
regulated in VBNC and resuscitating cells (Fig. 11 ). The pyru- 
vate kinase PykA2, converting phosphoenolpyruvate to pyruvate, 
w as distinctly do wnregulated until 5 h of Cu treatment (how- 
e v er, PykA1 and Pps were non-DE). Notably, we also observed 

decr eased expr ession of enzymes involv ed in the interconv er- 
sion of pyruvate and AcCoA: AceE (downr egulated fr om 24 h on- 
w ar d) and LpdA2 (downregulated at most time points). Downreg- 
ulation of these enzymes could be an important mechanism to 
avoid interference with the glyoxylate cycle. In addition, Ldh and 

Dld, enzymes involved in pyruvate-lactate con versions , as well 
as the malate dehydrogenase MaeB w ere do wnregulated at sev- 
eral time points (MaeB1 was non-DE). The aspartate aminotrans- 
fer ase AatA, catal yzing alanine-pyruv ate conv ersion, w as do wn- 
regulated during the first few hours of incubation. Conv ersel y, 
se v er al enzymes of the Ilv and Leu families involved in the syn- 
thesis of br anc hed amino acids wer e upr egulated thr oughout Cu 

treatment, suggesting that adaptations in amino acid availabil- 
ity might be r equir ed at differ ent sta ges of the Cu-induced VBNC 

state. 

Vitamin biosynthesis—thiamine supplementation prevents 
VBNC formation 

In our proteomic analysis , proteins in volved in thiamine biosyn- 
thesis were found upregulated especially during the resuscitation 
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Figure 11. Left: log 2 -fold change (Log 2 -FC) values of proteins involved in pyruvate metabolism (Cu-treated vs control condition) at each time point. 
Right: possible conversions of pyruvate (simplified). Blue = conversion product; purple = name-giving intermediate; green = important intermediate; 
y ello w = related pathway. Created with BioRender.com. 

Figure 12. Left: Log 2 -fold change (Log 2 -FC) values of proteins involved in thiamine metabolism (Cu-treated vs control condition) at each time point. 
White = not identified. Right: thiamine biosynthesis pathway (simplified). Blue = intermediate; purple = name-giving intermediate; green = important 
intermediate. Created with BioRender.com. 

phase (Fig. 12 ). Most notably, ThiC and ThiO wer e upr egulated be- 
tween 1 and 5 days of Cu exposure (ThiO also between 1 and 4 
h), and ThiE was slightly upregulated at these time points . T he 
thiazole synthase ThiG was upregulated at 5 days but was not 
identified or non-DE in samples before that. ThiD was downregu- 
lated in the VBNC induction phase (between 1 and 4 h) and slightly 
upregulated afterw ar d at 1 day of incubation (non-DE during the 
later phase). Other enzymes in the thiamine biosynthetic pathway 
(Dxs, IscS) wer e slightl y upr egulated onl y at 5 days (Dxs was also 
downregulated during the VBNC induction phase). The pathway 
leads to the formation of thiamine monophosphate, which can 

be further processed to thiamine p yrophosphate b y the thiamine 
monophosphate kinase T hiL. T hiL w as upregulated betw een 2 and 

4 da ys , while the competing phosphatases PhoA and RsgA were 
non-DE or slightly do wnregulated. Interestingly, PhoA w as upreg- 

ulated at se v er al time points until 1 day. In addition, many en- 
zymes of the biotin synthesis pathway (BioABCDF, FabGI) were up- 
regulated between 2 and 5 days but non-DE or downregulated at 
earlier time points, hinting at a potential role of this vitamin in 

resuscitation. 
Thiamine had pr e viousl y been tested as a compound with po- 

tential r esuscitation-pr omoting pr operties [ 38 ]. Inter estingl y, sup- 
plementing mineral water with 5.6 mM thiamine at the start of 
incubation impeded loss of culturability in CH34 cells upon Cu 

treatment ( Fig. S9A ). This result suggests that abundant thiamine 
might pr e v ent CH34 fr om entering the VBNC state. It is possible 
that this effect is caused by thiamine-mediated sequestration of 
Cu ions. Ho w e v er, when full y gr o wn CH34 w as challenged with a 
lethal dose of 5 mM CuSO 4 for 2 h, thiamine addition (equimolar) 
did not lo w er the toxic effect ( Fig. S9B ). 
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Discussion 

Water-borne cells of C. metallidurans CH34 wer e pr e viousl y r e- 
ported to enter the VBNC state upon Cu exposure [ 13 ]. To fur- 
ther c har acterize this phenomenon, we extended the sample time 
points and confirmed r epr oducibility in a different water source. 
Shortly after the start of the Cu treatment, approximately 99.99% 

of cells lose their cultur ability. Coincidentl y, onl y a ppr oximatel y 
10% of the cells lose membrane integrity during the first 5 h of 
incubation, indicating that the majority of nonculturable cells 
are still intact, i.e . VBNC. T herefore , VBNC cells cannot be distin- 
guished from culturable cells by such a membrane permeability 
assa y. T he increase of the nonviable fraction at 24 h most likely 
stems from cells that are unable to resuscitate from the VBNC 

state. 
A shift from VBNC to the resuscitation phase could potentially 

be determined already after 5 h of Cu exposure . T his time point 
shows a distinctly low number of up- and down-regulated pro- 
teins, which might reflect a reset of the cellular proteome mediat- 
ing r esuscitation. Accordingl y, pr oteomic ada ptations wer e most 
discernible either between 1 and 4 h or after 24 h of Cu treat- 
ment. For example, the COG classes “Cell cycle control, cell di- 
vision, c hr omosome partitioning,” “Tr anslation, ribosomal struc- 
ture , and biogenesis ,” and “Cell motility” contained particularly 
high proportions of upregulated proteins (around 50% of catego- 
rized proteins were upregulated), especially during resuscitation. 
In gener al, downr egulated pr oteins wer e less abundant in these 
classes. 

Strong o xidati ve stress , e .g. mediated by redo x-acti ve transi- 
tion metals like Cu, can cause heavy damage to ribosomes [ 39 ]. 
We noticed that man y RPs, r epr esented in the COG class “Trans- 
lation, ribosomal structure, and biogenesis,” wer e upr egulated at 
most time points. Upregulation of RPs during the early incuba- 
tion phase (1–4 h) could possibly counteract o xidati ve damage 
to secure unimpaired translation, which in turn is required for a 
pr oper ada ptiv e r esponse to the str essor. Inter estingl y, during the 
resuscitation phase (2–5 days), at least 80% of identified RPs were 
upr egulated. A similar observ ation has been r eported for E. coli , 
where the cellular ribosome content was linked to the resuscita- 
tion rate [ 40 ]. Notably, enrichment of the ribosome KEGG-pathway 
has been monitored for Acidovorax citrulli cells resuscitating from 

a Cu-induced VBNC state [ 41 ]. It can thus be argued that upregu- 
lation of RPs is needed to counteract acute o xidati v e str ess and to 
help with enhanced translational requirements during resuscita- 
tion. One of such requirements could, for example, be the expres- 
sion of pr oteins fr om the “Cell cycle control, cell division, c hr o- 
mosome partitioning” COG class. In fact, se v er al pr oteins linked 

to cell division wer e upr egulated during resuscitation. This could 

impl y that r esuscitating cells ar e establishing a set of proteins 
that allow them to initiate r egr o wth once fav orable conditions 
ar e r eac hed. In this r egard, the str ong upr egulation of pMOL30- 
encoded proteins involved in the plasmid’s partitioning and repli- 
cation could hint at the need for a ppr opriate maintenance and 

stability of pMOL30 as it carries metal determinants that play an 

important role during resuscitation. 
Cu resistance determinants encoded on pMOL30 include the 

periplasmic detoxification system Cop1, the inner membrane P IB1 - 
type ATPase CopF and the RND (resistance-nodulation-cell di- 
vision) metal efflux system SilABCD, for all of which respective 
c hr omosomall y encoded homologues exist (Cop2, CupA, Cus) [ 26 , 
27 ]. Differ ential expr ession of these systems (except Cus—not de- 
tected) was monitored throughout the Cu-induced VBNC state. 
Firstl y, Cop1 pr oteins wer e gener all y upr egulated in r esuscitat- 

ing cells (2–5 da ys , CopD1 was not detected) but not during the 
earl y sta ge of Cu tr eatment (1–24 h, mostl y non-DE). This r esult 
stands in stark contrast to previous reports describing acute in- 
duction of the cop system in CH34 facing Cu stress [ 25 , 42–44 ]. 
Ho w e v er, in these studies, Cu treatment was performed in growth 

medium, while in our experiment, water-borne cells of CH34 were 
exposed to Cu 

2 + ions without addition of nutrients. Lack of energy 
r esources could ther efor e be the r eason for the delayed expr ession 

of proteins that are potentially vital for culturability. High upreg- 
ulation of Cop1 at the later time points suggests that periplas- 
mic detoxification is an important mechanism during resuscita- 
tion. This result is corroborated by the upregulation of the chro- 
mosomally encoded Cop2 proteins at 5 days (mostly not detected 

at other time points). Periplasmic detoxification could be aided 

by the putative cupredo xin-lik e copper-binding protein CopI, as 
well as CopF, an ATPase capable of transporting Cu ions to the 
periplasm. Both of these pr oteins wer e upr egulated during the r e- 
suscitation phase but downregulated at early sample time points, 
hinting at impaired Cu ion export during the VBNC phase. Strong 
do wnregulation w as also monitored for the c hr omosomall y en- 
coded cation-tr ansporting ATP ase CtpF, while CupA was mostl y 
non-DE. Mor eov er, earl y phase downr egulation of the Sil system 

with slight upregulation starting at 2 days of incubation supports 
the assumption that Cu ion export might be stalled in VBNC cells 
and activated during resuscitation. 

In addition, the plasmidic Cop system also contains se v er al 
c ha per one-like accessory pr oteins ca pable of binding Cu ions, 
ho w e v er onl y tw o of them w ere identified in our data. CopK and 

CopH both sho w ed dr astic upr egulation during r esuscitation but 
were not found at earlier time points. CopK is a small periplas- 
mic protein capable of binding Cu 

+ and Cu 

2 + at separate sites 
and is thought to act as a scavenger for periplasmic Cu-ions, de- 
livering them to outer membrane proteins for efflux [ 45 ]. CopH 

is a periplasmic, dimer-forming pr otein ca pable of binding 2 Cu 

ions per dimer and was reported to show significant homology 
to CzcE [ 46 ]. Notably, the pMOL30-encoded protein CzcE sho w ed 

the third highest Log 2 -FC (7.29) among all identified proteins (af- 
ter CopH and PilJ). This protein had first been characterized to be 
induced by zinc and linked to a regulatory function in cobalt, zinc, 
and cadmium resistance in CH34 [ 47 ]. It was later determined to 
be a periplasmic Cu-binding pr otein, putativ el y involv ed in Zn- 
Cu cross regulation [ 48 ]. These proteins could potentially have a 
supportive function in periplasmic detoxification by sequestering 
accumulating Cu ions, thus preventing further cellular damage, 
and conveying them to w ar d export systems. Mor eov er, a potential 
cr oss-r egulatory function of CzcE with the Cop system is conceiv- 
able since no r emarkable upr egulation of other Czc proteins was 
monitor ed. Intriguingl y, the Cop regulator CopR1 was only spo- 
r adicall y upr egulated (1 and 4 h, 5 days), supporting the hypoth- 
esis that other regulatory systems are involved in the induction 

of Cop proteins . T he HmzRS r egulatory system, whic h was upr eg- 
ulated throughout Cu exposure, was reportedly linked to metal 
resistance due to its similarities to the Czc metal efflux system 

[ 49 ]. A putativ e r egulatory involv ement of CzcE and HmzRS can 

thus not be ruled out. 
The present data suggests that despite CH34’s high level of 

metal resistance, it is not able to remain in a culturable state when 

Cu stress is combined with n utrient de pletion. Although we ob- 
served short-term upregulation of metal efflux pumps (e.g. HmvB, 
NimB), this could be a futile effort since no sequestration of Cu- 
ions takes place . T he cells might thus opt to accumulate Cu ions 
and transition into the VBNC state to sustain viability. Once cer- 
tain amounts of Cu-binding pr oteins ar e expr essed and located in 
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the periplasm, cells might be able to sustainably deal with envi- 
r onmental Cu str ess. Subsequentl y, Cu export systems could be 
activ ated, allowing r esuscitation to ha ppen. Ele v ated Cu concen- 
tr ations can hav e div erse toxic effects on differ ent cellular com- 
ponents , e .g. o xidati v e str ess or mismetalation of cuproenzymes 
[ 50 ]. It can ther efor e be expected that the Cu-induced VBNC state 
is paralleled by a broader cellular stress response than solely the 
activation of metal detoxifying systems. 

Our data shows that also other stress response systems are 
DE during the different VBNC phases. Firstly, we observed up- 
r egulation of ter penoid biosynthetic enzymes including the squa- 
lene synthase. It could be possible that CH34 cells produce squa- 
lene to counteract elevated levels of o xidati ve stress during the 
first few hours of Cu treatment. Several studies attest the antiox- 
idant properties of this biomolecule [ 51 , 52 ]. Squalene has also 
r ecentl y been found accumulated in VBNC cells of Campylobacter 
jejuni [ 53 ]. Mor eov er, upr egulation of super oxide dism utases SodB 

and SodC, their regulator SoxR, se v er al univ ersal str ess pr oteins 
(UspA family) as well as different protein-modulating systems like 
c ha per onins or the Clp protease, suggests that o xidati v e str ess r e- 
mediation might be activ ated, especiall y during earl y sta ge Cu 

tr eatment. In the pr oteomic r esponse of Micrococcus luteus cells 
in a n utrient de pletion-induced VBNC state, UspA and superox- 
ide dismutase were detected, among others [ 54 ]. Interestingly, in a 
tr anscriptional study inv estigating the Cu-induced VBNC state in 

Xanthomonas campestris , ov er expr ession of Clp-r elated genes was 
linked to VBNC induction [ 55 ]. Our results support the theory that 
distantl y-r elated bacteria might share certain conserved proteins 
associated with dormancy. Such conserved proteins might not 
e v en depend on the kind of stressor. For example, the Clp pro- 
tease as well as c ha per onins Gr oES and Gr oEL wer e DE in CH34 
cells in a VBNC state induced by desiccation and starvation [ 56 ]. 
The same study r eports differ ential expr ession of the LolA and 

GlmU proteins, both of which were also DE in our data. Besides 
LolA and GlmU, se v er al other DE proteins were linked to the ‘Cell 
wall/membr ane/env elope biogenesis’ COG class, whic h seemed to 
be activated during the VBNC induction phase. 

Another inter esting observ ation was incr eased motility in Cu- 
tr eated cells. Se v er al pr oteins of the Che and Pil families, as well as 
fla gellin FliC2 wer e upr egulated thr oughout Cu exposur e. Higher 
abundance of such motility proteins could lead to increased for- 
mation of pili and/or fla gella, potentiall y mediating the enhanced 

swarming potential of resuscitated cells. This is an interesting as- 
pect as a shift to w ar d higher motility would not be pr omptl y ex- 
pected for “dormant” cells. In natural habitats, CH34 might ac- 
tiv ate c hemotaxis when facing Cu str ess to facilitate migr ation 

to w ar d less harmful en vironments . Enhanced cell motility could 

thus be important to r eac h favor able conditions wher e r esuscita- 
tion can happen and might be tightly coordinated with Cu home- 
ostasis. In a proteomic study of Vibrio c holerae VBNC cells, pr oteins 
linked to bacterial chemotaxis were reported to be accumulated 

[ 57 ]. Chemotaxis pr oteins wer e also enric hed in r esuscitating Aci- 
dovorax citrulli cells following a Cu-induced dormant state [ 41 ]. Our 
observ ations further str engthen the link between chemotaxis and 

the VBNC state. 
During the VBNC state and resuscitation, CH34 sho w ed sig- 

nificant alterations in its central carbon and energy metabolism. 
Firstl y, cells tr ansitioning to VBNC particularly sho w ed do wnregu- 
lation of pyruvate metabolizing enzymes . T his result corresponds 
with the fr equentl y r eported link between the VBNC state and 

slo w ed-do wn carbon metabolism [ 11 , 56 , 58–60 ]. We suggest that 
r eactiv ation takes place via the accumulation of AcCoA produced 

via degradation of intracellular PHB granules. Most enzymes part 

of this metabolic pathw ay w er e found upr egulated in cells after 1 
day of Cu treatment until full resuscitation at day 5. PHB degra- 
dation in Cu-induced VBNC cells had already been observed for 
the plant pathogen Ralstonia solanacearum [ 61 ]. In the closely re- 
lated Cupriavidus necator , PHB accumulation was reported to pre- 
vent entry and/or to help r ecov er fr om the VBNC state induced by 
low temper atur e [ 62 ]. Obruca et al. sho w ed that the monomer of 
PHB, 3-hydr oxybutyr ate (3HB), has pr otectiv e effects on enzymes 
in conditions such as Cu-induced o xidati v e str ess [ 63 ]. The au- 
thors also suggest that intracellular accumulation of this metabo- 
lite might increase stress resistance by acting as a chemical chap- 
erone. Based on our proteomics data, we need to consider that fur- 
ther processing of 3HB to AcCoA and subsequent feed into the gly- 
oxylate cycle is pr obabl y favor ed in CH34. What r emains unclear 
is whether PHB itself is formed before or during the transition into 
VBNC. When stationary-phase cells were stained with Nile Red, 
the mRFU (correlating with intracellular PHB levels) stayed rela- 
tiv el y constant during 5 days of incubation in mineral water. In 

the Cu condition, the value increased approximately 20-fold af- 
ter only 5 h of incubation, suggesting a drastic accumulation of 
PHB during VBNC formation. Ho w e v er, it could be possible that ex- 
isting PHB granules are simply made more accessible to the dye 
as a consequence of Cu ion stress (e.g. by membrane permeabi- 
lization). This artifact seems e v en mor e likel y considering that no 
r emarkable upr egulation of PHB metabolizing enzymes could be 
detected during the first few hours of incubation. Ho w e v er, upr eg- 
ulation of such enzymes was indeed observed during the resusci- 
tation phase, and it is likely that a PHB-degrading subpopulation is 
present. We can thus assume an association between PHB degra- 
dation and r estor ation of culturability in CH34, even though effect 
sizes were low for most time points. 

Breakdown of intracellular PHB leads to a growing pool of Ac- 
CoA that could be used for a shift to w ar d anabolic metabolism. 
This is done via activation of the glyoxylate cycle . T he k e y en- 
zyme for this pathway, isocitrate lyase AceA, was str ongl y up- 
r egulated in r esuscitating cells . T he gly oxylate c ycle might be a 
mechanism to trigger resuscitation, bypassing the catabolic steps 
of the citrate cycle to activate gluconeogenesis. Accor dingly, w e 
monitor ed upr egulation of the phosphoenolpyruv ate carboxyki- 
nase Pc kG (whic h is linking the gl y oxylate c ycle to gluconeogene- 
sis) and the rate-limiting gluconeogenic enzyme Fbp2 in resusci- 
tating cells . T he gly oxylate c ycle has alread y been link ed to the 
VBNC state in M. luteus and was hypothesized to help nutrient- 
de pri ved VBNC cells survive [ 54 ]. A functional gly oxylate c ycle has 
r ecentl y been described as a crucial metabolic pathway for via- 
bility in Pseudomonas aeruginosa VBNC cells [ 59 , 64 ]. In addition, 
we found that enzymes involved in the biosynthesis of biotin and 

thiamine wer e upr egulated, cofactors that ar e important for v ari- 
ous reactions of carbohydrate metabolism [ 65 , 66 ]. Thiamine sup- 
plementation to mineral water largely prevented VBNC formation 

and its biosynthesis was activated during resuscitation. This sug- 
gests that thiamine abundance could be an important factor for 
cell cultur ability. While stim ulation of carbohydr ate metabolism 

might be an explanation for this effect, it is also possible that 
VBNC-inducing Cu ions are simply sequestrated by thiamine, for 
instance thr ough c helation b y its thiazole moiety. Ho w e v er, no e v- 
idence for a thiamine-mediated decrease in bioavailable Cu le v els 
could be obtained so far. 

Conclusion 

This study provides an in-depth, time-r esolv ed look into the pro- 
teomic state of water-borne C. metallidurans CH34 transitioning to 
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and r esuscitating fr om a Cu-induced VBNC state. We found wide- 
r anging ada ptations in the pr oteomes inher ent to these unique 
cell states, including but not limited to the activation of Cu detox- 
ification systems. While those played a crucial role during the re- 
suscitation phase, a more general response to o xidati ve stress, 
comprising the enhanced production of RPs and c ha per ones, as 
well as cell wall modulations, wer e observ ed in the VBNC entry 
phase. Notably, induction of the VBNC state is correlated with 

downregulation of pyruvate metabolism. Our data suggests that 
central carbon and energy metabolism were gradually reactivated 

thr ough degr adation of intr acellular PHB, yielding AcCoA, which 

can subsequently be used for gluconeogenesis via the glyoxylate 
shunt. Ne wl y formed cellular resources could then possibly be 
used to deliver the energy needed for increased production of Cu- 
detoxifying proteins (e.g. Cop proteins), permitting resuscitation 

from the VBNC state . Furthermore , we also detected an increased 

expr ession of c hemotaxis-r elated pr oteins in Cu-tr eated cells that 
was v erified phenotypicall y thr ough motility assa ys . To further in- 
v estigate mec hanisms that ar e contr olling the VBNC state, we pr o- 
pose integrating metabolomic and proteomic data, which would 

impr ov e our fundamental understanding of bacterial dormancy. 
This could help to identify potential weak-points in a unique bac- 
terial survival strategy. 
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