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Abstract 

The adapti v e mechanisms of Burkholderiales during the cata bolism of ar omatic compounds and a biotic str ess ar e crucial for their 
fitness and performance. The aims of this r e port ar e to re vie w the bacterial adaptation mechanisms to ar omatic compounds, oxidati v e 
str ess, and envir onmental str essful conditions, focusing on the model ar omatic-de gr ading Par aburkholderia xenovor ans LB400 , other 
Burkholderiales, and r elev ant de gr ading bacteria. These mec hanisms include (i) the str ess r esponse during ar omatic de gr adation, 
(ii) the oxidati v e str ess r esponse to ar omatic compounds, (iii) the meta bolic adaptation to oxidati v e str ess, (i v) the osmoadaptation 

to saline stress, (v) the synthesis of sider ophor e during ir on limitation, (vi) the pr oteostasis netw ork, whic h plays a crucial role in 

cellular function maintenance, and (vii) the modification of cellular membranes, morphology, and bacterial lifestyle. Remarka b l y, we 
include, for the first time, novel genomic analyses on proteostasis networks, carbon metabolism modulation, and the synthesis of 
str ess-r elated molecules in P. xenovorans . We analyzed these metabolic features in silico to gain insights into the adaptive str ate gies 
of P. xenovorans to challenging environmental conditions. Understanding how to enhance bacterial str ess r esponses can lead to the 
selection of more robust strains capable of thriving in polluted environments, which is critical for improving biode gr adation and 

bioremediation str ate gies. 

Ke yw ords: proteostasis; chaperone; stress; Paraburkholderia ; aromatic compound; adaptation 
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Introduction 

Strains of the genus Paraburkholderia are part of the Burkholde- 
ria sensu lato multigenus complex. Species of Burkholderia sensu 
lato are now classified within seven distinct genera, all of which 

wer e pr e viousl y described under the Bur kholderia genus (Sawana 
et al. 2014 , Dobritsa and Samadpour 2019 ). Paraburkholderia genus 
mainly comprises environmental strains associated with plants, 
soil, fungi, and aquatic niches (Sawana et al. 2014 ). In contrast, the 
Burkholderia sensu stricto genus includes mostly clinical and phy- 
topathogenic str ains. Caballeronia , Trinic kia , Mycetohabitans , Robb- 
sia , and Pararobbsia genera were reclassified from the Burkholderia 
and Parabur kholderia gener a. Str ains belonging to Parabur kholderia 
gener all y possess lar ge genomes ( > 7 Mbp), ar e metabolicall y v er- 
satile, and are capable of adapting to di verse ad verse conditions 
(Chain et al. 2006 , Pér ez-P antoja et al. 2012 , Her pell et al. 2021 ,
Rodríguez-Castro et al. 2024 ). Bacteria from the Burkholderiales 
order have an impressive catabolic potential revealed by the pres- 
ence of a high number of aromatic degradative pathways encoded 

in their genomes (Pér ez-P antoja et al. 2012 ). These featur es ar e 
useful for the application of efficient bioremediation strategies. 

Par aburkholderia xenovor ans strains are mainly present in 

soil and the rhizosphere of grass plants (Chain et al. 2006 ).
Recei v ed 27 J an uar y 2025; revised 7 May 2025; accepted 15 May 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
ar aburkholderia xenovor ans LB400, a Burkholderiales species, is a
odel ar omatic-degr ading bacterium that degr ades an unusu-

ll y wide r ange of persistent or ganic pollutants (POPs), including
romatic compounds and polychlorobiphenyls (PCBs) (Seeger et 
l. 1999 , 2001 , 2003 , Chain et al. 2006 ). Recently, it has been re-
orted that P. xenovorans LB400 is also a plant gr owth-pr omoting
acterium (Vega-Celedón et al. 2024 ). Par aburkholderia xenovor ans
ossesses over 30 catabolic pathways for the degradation of aro-
atic compounds, including 11 central and more than 20 periph-

ral pathways—one of the highest numbers reported among bac- 
eria. P. xenovorans LB400 genome (9.73 Mbp) was sequenced and
 har acterized by Chain et al. ( 2006 ) with two c hr omosomes (C1
nd C2) and a mega plasmid, r e v ealing high genomic plasticity
nd redundanc y. Accor ding to ev olutionary analyses, > 20% of P.
enovorans genes were recently acquired by horizontal gene trans- 
er, reflecting a niche-specialized genomic composition within the 
enus (Chain et al. 2006 ). Ther efor e, it is no surprise that this
tr ain, isolated fr om a PCB-polluted landfill in Ne w York state,
osts a wide r epertoir e of genes for metabolizing aromatic com-
ounds and PCBs, and carries diverse stress response genes. Its
enome encodes k e y enzymes involv ed in the degr adation of ar o-
atic compounds, such as monoo xygenases, dio xygenases, and 
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ydroxylases (Chain et al. 2006 , Méndez et al. 2011 , Chirino et al.
013 , Rodríguez-Castro et al. 2024 ). Functional redundancy of the
. xenovorans LB400 genome has been experimentall y observ ed in
he catabolism of ar omatic compounds, suc h as the benzoate and
ydr oxyphen ylacetate pathways (Denef et al. 2006 , Méndez et al.
011 ). 

Bacterial str ains fr om the Burkholderiales and Pseudomon-
dales orders have been models for the study of aromatic degra-
ation (Oliv er a et al. 1998 , Dinkla et al. 2001 , Jiménez et al. 2002 ,
egura et al. 2005 , Chain et al. 2006 , de Lorenzo et al. 2024 ,
odríguez-Castro et al. 2024 ). An initial activation is required to
etabolize aromatic substrates, which often involves redox mod-

fications, such as monooxygenation or dioxygenation, performed
y Rieske nonheme iron oxygenases (Gibson and P ar ales 2000 ).
egradation intermediates of most aromatic compounds e v entu-
lly funnel into the ß-ketoadipate pathway and ultimately, to the
entral carbon metabolism for energy production (Gibson and Par-
les 2000 ). Ho w e v er, the mec hanism of action of oxygenases leads
o the formation of r eactiv e oxygen species (ROS), which increases
hen ar omatic substr ates do not fit pr operl y in the activ e center
f these enzymes (Imbeault et al. 2000 , P atr auc han et al. 2008 ).
pr egulation of gener al and o xidati v e str ess pr oteins has been r e-
orted in Paraburkholderia , Pseudomonas , Acinetobacter , and Bacillus
tr ains during aer obic ar omatic catabolism or upon exposure to
romatic compounds (Tam et al. 2006 , Agulló et al. 2007 , Martínez
t al. 2007 , Pieper and Seeger 2008 , 2017 , Lin 2017 , Méndez et al.
022a , Rodríguez-Castro et al. 2024 ). 

Exposure to environmental stress, such as aromatic com-
ounds that ar e widel y distributed in the environment, causes
etriment in bacterial fitness. In addition, other sources of stress
r e pr esent in polluted ecosystems, suc h as scarcity of nutri-
nts and soil salinity that has been intensified by climate change
Atai et al. 2023 ). Ho w e v er, ther e is a significant ga p in the cur-
ent knowledge about stress responses in bacteria, especially
tr ains fr om the Burkholderiales order, during biodegradation
nd other abiotic factors. Str ess r esponses in members of the
urkholderiales order—r ele v ant in biodegr adation, a gricultur e,
nd pathogenesis—have recei ved comparati vely less attention in
he context of biodegradation, leaving a significant gap in under-
tanding their adaptations to the stress associated with the degra-
ation of aromatic compounds and to abiotic str essors. Mor eov er,
he interplay between biodegradation and diverse bacterial stress
 esponse mec hanisms r emains lar gel y unexplor ed. 

This r e vie w summarizes r ele v ant hints on physiological re-
ponses of P. xenovorans , other Burkholderiales, and r ele v ant de-
rading bacteria to toxic compounds such as aromatic molecules
nd PCBs, and ada ptiv e mec hanisms to counter act o xidati ve
tress, nutrient scarcity, and high salinity conditions. In addition,
ovel genomic insights in P. xenovorans and other model bacte-
ia focused on pr oteostasis network, r educing power r egener ation
athwa ys , and synthesis of osmoprotectants will be presented to
urther understand adaptation mechanisms upon stress, which
re crucial to improving bioremediation processes. 

Ar omatic-degr ading bacteria, especiall y Burkholderiales, ex-
ibit complex proteostasis mechanisms that allow them to adapt
o harsh environmental conditions, such as o xidati ve stress
aused by redox imbalances. Exposure to aromatic compounds
nd toxic intermediates induces oxidative stress, triggering a cas-
ade of metabolic adaptations to r edir ect ener gy pr oduction to-
 ar d str ess r esponses . T hese adaptations often include shifts in
mino acid metabolism, protein turnover, and protein synthesis,
nsuring the maintenance of cellular homeostasis. Additionally,
acterial membranes play a crucial role in the uptake and trans-
ort of aromatic compounds, serving as a first line of defense
gainst their toxic effects. Together, these strategies enable bacte-
ia to support their survival, fitness, and functionality while me-
abolizing toxic aromatic compounds. 

tr ess r esponse during ar oma tic 

egr ada tion 

n natur e, micr oor ganisms ar e exposed to envir onmental str ess
actors that activate specific stress responses . T he presence
n the environment of numerous aromatic compounds derived
r om petr oleum and lignin components, plant exudates, aro-

atic amino acids, and xenobiotics contributes to the high di-
ersity of ecological niches . T hus , xenobiotics are not the only
romatic compounds microorganisms encounter in the environ-
ent they inhabit. The pr esence of div erse ar omatic compounds,

uch as benzoate , hydroxyphenylacetates , phenol, toluene , and
c hlor o)biphen yls, triggers a str ess r esponse in degr ading bacte-
ia (Lambert et al. 1997 , Domínguez-Cue v as et al. 2006 , Agulló et
l. 2007 , Ma et al. 2020 , Rodríguez-Castro et al. 2024 ). Diverse aro-
atic compounds and their metabolic intermediates are highly

oxic to cells (Sikkema et al. 1995 , Blasco et al. 1997 , Cámara et al.
004 , Chirino et al. 2013 , Agulló et al. 2017 ). During aerobic bac-
erial aromatic degradation, an increase in ROS may cause sig-
ificant protein damage, which can lead to protein unfolding and
 ggr egation, r esulting in the induction of molecular c ha per ones
s protection strategies. 

The analysis of 80 Burkholderiales genomes published by
ér ez-P antoja et al. ( 2012 ) r e v ealed significant catabolic poten-
ial, highlighting the presence of central ring-cleavage pathways
nd peripheral pathways associated with the biodegradation of
 wide range of aromatic compounds . T he most common path-
ays identified include the pr otocatec huate, catec hol, homogen-

isate , and phenylacetyl-CoA ring-clea vage pathwa ys , present in
t least 60% of the genomes analyzed. The metabolically versatile
tr ain Bur kholderia sp. K24 degrades monocyclic ar omatic hydr o-
arbons , including aniline , benzene , toluene , and xylene (Lee et
l. 2016 ). Pr oteomic anal yses in Bur kholderia sp. K24 sho w ed the
pregulation of GroEL and GroES, the universal stress protein A

UspA), and a DNA-binding protein as part of the adaptive stress
esponse (Lee et al. 2016 ). Adaptation mechanisms of a Burkholde-
ia sp. strain during phenol degradation involve the upregulation
f genes encoding Hsps, cold-shock proteins (Csp), DNA repair pro-
eins , antioxidant proteins , and pr oteins r elated to the Kr ebs cy-
le and o xidati ve phosphorylation (Ma et al. 2020 ). Burkholderia sp.
as able to grow after prolonged exposure to high phenol con-

entrations (1500 mg/l), indicating a significant level of tolerance
o phenol due to stress adaptation mechanisms, which is crucial
or its survival in polluted en vironments . T he upregulation of a
niv ersal str ess pr otein (Usp) and two genes encoding for alkyl
ydr oper oxide r eductase subunits C and D was observed during
ethyl par athion degr adation by B. cenocepacia CEIB S5-2 (Ortiz-
ernández et al. 2021 ). 
The study of the genome- and proteome-wide defenses against

romatic compounds toxicity in P. xenovorans strain LB400 shows
he induction of the molecular c ha per ones and str ess pr o-
eins, indicating that exposure to diverse aromatic compounds
s stressful for the cells . T he molecular chaperones DnaK and
r oEL ar e induced during c hlor obiphen yl and p- cymene degra-
ation (Agulló et al. 2007 , 2017 ), whereas DnaK and HtpG are

nduced by dead-end metabolites of the biphenyl upper path-
ay of 4-c hlor obiphen yl (Martínez et al. 2007 ). Mor eov er, expo-
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sur e to (c hlor o)biphen yls (biphen yl, 4-c hlor obiphen yl), c hlor oben- 
zoates (2-c hlor obenzoate, 4-c hlor obenzoate), and p -c ymene b y 
P. xenovorans increases the expression of molecular c ha per ones 
GroEL, DnaK, HtpG, and ClpB (Martínez et al. 2007 , Agulló et 
al. 2017 ). Proteomic studies sho w ed the induction of the GroEL,
Gr oES, and DnaK c ha per ones during gr owth of P. xenovorans 
in 3-hydr oxyphen ylacetate and 4-hydr oxyphen ylacetate (Méndez 
2017 , Rodríguez-Castro et al. 2024 ). The chaperones DnaK, DnaJ,
Hsp33, HtpG, and ClpB were upregulated in P. xenovorans cells 
grown on benzoate (Denef et al. 2006 ). Overall, these results sug- 
gest that the induction of molecular c ha per ones contributes to 
stabilizing proteins affected by these aromatic compounds . T he 
presence of aromatic compounds in the cell membrane and the 
cytoplasm may destabilize the three-dimensional structure of 
pr oteins (Segur a et al. 2005 ). ClpB and DnaK play a k e y r ole in r es-
cuing dama ged pr oteins fr om lar ge a ggr egates in a pr ocess depen- 
dent on adenosine triphosphate (ATP) (Lee et al. 2003 ). DnaK and 

HtpG pr e v ent a ggr egation and refold misfolded and aggregated 

intr acellular pr oteins under str ess conditions (Castanié-Cornet et 
al. 2014 , Wickner et al. 2021 ). The activity of HtpG increases under 
o xidati ve and thermal stress (Wickner et al. 2021 ). The complex 
formed by Gr oEL–Gr oES c ha per ones binds to peptides during syn- 
thesis on ribosomes, leading to the correct folding of the active 
site subunits (Goemans et al. 2018 ). 

Rele v ant studies have reported specific stress responses dur- 
ing ar omatic degr adation in str ains outside the Burkholderiales 
order. Str ess r esponse of Pseudomonas putida DOT-T1E in the pres- 
ence of toluene includes the induction of Gr oES, CspA (Segur a et 
al. 2005 ). Induction of Gr oEL, Gr oES, DnaK, DnaJ, Gr pE, Lon pr o- 
tease, and other proteins is part of the adaptive response of P.
putida KT2440 to toluene and o -xylene (Domínguez-Cue v as et al.
2006 ). The c ha per ones DnaK, Gr pE, and Clp ar e induced in R. jostii 
RHA1 in the presence of aromatic compounds (Patrauchan et al.
2008 , Costa et al. 2017 ). The induction of these c ha per ones r eflects 
the presence of misfolding and aggregated proteins during expo- 
sure to aromatic compounds. 

Oxidative stress response to ar oma tic 

compounds 

Oxidativ e str ess is trigger ed when ROS exceeds antioxidant mech- 
anisms within the cell (Imlay 2008 ; 2013 ). Superoxide, H 2 O 2 , and 

hydr oxyl r adicals ar e the most common oxidizing compounds 
produced when molecular oxygen gains single electrons (Imlay 
2008 ). ROS can be in the environment as disinfectants and an- 
timicrobials or may be produced by bacterial metabolism, and are 
toxic due to their ability to interact with macromolecules, caus- 
ing protein carbonylation, lipid peroxidation, and DNA mutation 

(Arenas et al. 2011 ; Imlay 2013 ). 
ROS ar e gener ated during the aer obic metabolism of ar omatic 

compounds in bacteria (Di Gennaro et al. 2011 , Ponce et al. 2011 ,
Agulló et al. 2017 , Méndez 2017 , Akkaya et al. 2018 , Rodríguez- 
Castr o et al. 2024 ), whic h leads to an o xidati v e str ess r esponse 
(Méndez et al. 2022a , Rodríguez-Castro et al. 2024 ). The oxida- 
tiv e str ess r esponse includes the induction of antioxidant pr oteins 
to r estor e r edox homeostasis in the cell. The alkyl hydr oper ox- 
ide reductase AhpC subunit is induced upon degradation of di- 
v erse ar omatic substr ates suc h as biphen yl, c hlor obiphen yls, p - 
cymene, and 4-hydr oxyphen ylacetate in P. xenovorans (Agulló et al.
2007 , Ponce et al. 2011 , 2017 , Méndez 2017 , Rodríguez-Castro et al.
2024 ). Alkyl hydr oper oxide r eductase (AhpCF or AhpCD) detoxifies 
peroxides at low concentrations. Exposure of P. xenovorans cells to 
 -c ymene sho w ed the induction of the or ganic hydr oper oxide r e-
istance Ohr protein and the aconitase AcnA, whose role is to re-
lace the function of aconitase AcnB under conditions of o xidati ve
tress (Agulló et al. 2017 ). Exposure to 4-hydroxyphenylacetate in- 
reases ROS formation in P. xenovorans . Howe v er, a pr otectiv e r ole
f the P. xenovorans long-chain flavodoxin FldX1 has been observed
uring growth on aromatic compounds. Overexpression of FldX1 

mpr ov es the performance of P. xenovorans by enhancing its growth
n 4-hydr oxyphen ylacetate and degr adation r ates compar ed to
he contr ol str ain (Rodríguez-Castr o et al. 2024 ). Mor eov er, the
ownregulation of several enzymes involved in o xidati ve stress
 esponse was observ ed, suc h as Ohr, DpsA, KatE and SodB, GstA,
nd TrxB, suggesting that the flavodoxin FldX1 protects against 
 xidati v e str ess (Rodríguez-Castr o et al. 2024 ). In addition, an
ncr eased 4-hydr oxyphen ylacetate degr adation was observ ed in
oil microcosms by P. xenovorans overexpressing FldX1 (Rodríguez- 
astro et al. 2024 ) . These results suggest a k e y role of the long-
hain flavodoxin FldX1 in improving tolerance to o xidati ve stress
riggered by these oxidizing agents and aromatic compounds 
Fig. 1 ). 

Proteome studies in P. xenovorans strain LB400 revealed the up-
egulation of o xidati ve stress response proteins during growth on
hen ylacetate. Two per oxidases (BxeA3905 and BxeA0528) and an
nc har acterized str ess-induced pr otein (BxeA0904) wer e signifi-
antl y mor e abundant in the phen ylacetate pr oteome compar ed
o succinate-grown cells (Patrauchan et al. 2011 ). Interestingly,
rowth on phenylacetate , benzoate , and biphenyl induced a simi-
ar set of stress response proteins and genes involved in fatty acid

etabolism (Denef et al. 2006 , P atr auc han et al. 2011 ). Microar-
 ay experiments r e v ealed the upr egulation of se v en catalases and
he oxyR regulatory gene during growth on biphenyl (Denef et al.
006 ). These results indicate a strong o xidati ve stress response in
. xenovorans grown on aromatic compounds. 

Oxidativ e str ess r esponse has been observ ed in other ar omatic-
egr ading bacteria. Pr oteomic studies on the Pseudomonadales 
train Acinetobacter calcoaceticus during the degradation of catechol 
 e v ealed a higher expression of the o xidati ve stress proteins AhpC
nd AhpF, and significantly higher catalase activity (Benndorf et 
l. 2001 ). Acinetobacter calcoaceticus grown on crude oil increases
uper oxide dism utase (SOD) le v els (Sazykin et al. 2019 ). 

The stress response has also been studied in model aromatic- 
egr ading str ains of the Rhodococcus genus. An antioxidant re-
ponse was described in R. jostii RHA1, a potent PCB-degrader,
howing the upregulation in presence of biphenyl, ethylbenzene,
r benzene of catalase, AhpC, Hsp100 proteins, ATP-dependent 
lp protease, and fatty acid desaturase (Gonçalves et al. 2006 ,
 atr auc han et al. 2008 ). Proteomic studies evaluating o xidati ve
tress in R. jostii RHA1 identified a broad range of upregulated
roteins in the presence of the aromatic compound paraquat, in-
luding AhpC, AhpF, catalase, c ha per ones DnaK and Gr pE, glutar e-
oxin, and glutathione peroxidase, suggesting a robust stress re- 
ponse (Costa et al. 2017 ). 

An upregulation of genes involved in o xidati ve stress re-
ponse was observed in Rhodococcus aetherivorans I24 in the pres-
nce of PCBs (Puglisi et al. 2010 ). These include the groEL , ahpC ,
odA (SOD), katG (catalase/per oxidase), and trxB (thior edoxin r e-
uctase) genes. Upregulated catabolic genes include those en- 
oding the ring-hydroxylating dioxygenase BhpC, catechol 2,3- 
ioxygenase, carv eol dehydr ogenase, phenol hydr olase, and tr ans-
orter genes. Ho w e v er, the genes bphAaAbAcAd of the biphenyl
athw ay w er e not upr egulated. Rhodococcus erythropolis in presence
f cyclohexane , naphthalene , and diesel increases the expression
f genes encoding the cytoc hr ome P450 and the Fe/Mn SODs, in-
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Figure 1. Molecular o xidati v e str ess r esponses of P. xenovorans during exposur e to oxidizing a gents and 4-hydr oxyphen ylacetate. (A) Response to 
paraquat and H 2 O 2 . (B) Response during 4-hydroxyphenylacetate (4-HPA) catabolism in the presence of FldX1. 4-HPA enters the cell through a 
tr ansmembr ane pr otein and is catabolized via the homopr otocatec huate and homogentisate degr adation pathwa ys . T he pr eferr ed r oute, 
homogentisate, generates ROS via the MhaAB enzyme during an enzymatic reaction facilitated by FldX1, which serves as an electron shuttle . T his is 
reflected by a downregulation of the antioxidant response (antioxidant proteins and genes), enhancing bacterial fitness . T he long-chain flavodoxin 
FldX1 acts as an electron shuttle between sources of reducing power and metabolic pathwa ys . Green and red arrows indicate the upregulation and 
downregulation of genes , proteins , or metabolites , r espectiv el y. Cr eated in https://BioRender.com . 
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icating an o xidati v e str ess r esponse to hydr ocarbons (Sazykin et
l. 2019 ). 

xidati v e stress response is regulated by OxyR 

nd SoxR 

he o xidati v e str ess r esponse in bacteria is primaril y contr olled
y the transcriptional regulators OxyR and SoxR, which can sense
OS and trigger a specific response . T he OxyR and SoxR mecha-
isms have been well-studied in Escherichia coli . Inside the cells, the
resence of H 2 O 2 is sensed by OxyR. OxyR belongs to the family
f LysR regulators and acts as a transcriptional activator of oxida-
iv e str ess genes. In the pr esence of H 2 O 2 , E. coli OxyR binds as a
etramer near the –35 region of at least 20 o xidati v e str ess genes,
ctivating them at the transcriptional level. Some of these include
he genes dpsA (DNA and ir on-binding pr otein), gorA (GSH r educ-
ase), grxA (glutaredoxin), katG , and ahpCF (Imlay 2008 ). These en-
ymes are essential for the survival of bacteria under o xidati ve
tr ess. Pr e vious studies have shown the presence of a remark-
ble number of str ess-r elated genes in the genome of P. xenovorans
B400, r e v ealing a robust set of genes for o xidati v e str ess r esponse
Méndez 2017 , Méndez et al. 2022a ). OxyR r egulon-r elated genes
dentified in P. xenovorans include ahpC (alkyl hydr oper oxide r educ-
ase subunit C; two copies), ahpF (alkyl hydr oper oxide r eductase
ubunit F; nine copies), kat (catalase; six copies), gorA (glutathione
eroxidase; one copy), dpsA (one copy), trxB (thioredoxin reduc-
ase; one copy), and fur (ferric uptake regulator; one copy) (Mén-
ez 2017 , Méndez et al. 2022a ). Other str ess-r elated genes in P. xen-
vorans include fumC (fumarate hydratase; one copy), acn (aconi-
ate hydr atase; thr ee copies), sodB (Cu–Zn and Mn–Fe SODs; four
opies), fpr (NADP-dependent ferr edoxin r eductase; one copy), and
dX (flavodoxin X; two copies) (Méndez 2017 , Méndez et al. 2022a ).
hese genes are regulated by SoxRS in E. coli , which are activated
y superoxide (Imlay 2008 ). 

SODs are enzymes that catalyze the conversion of superoxide
nto H 2 O 2 , while catalases and per oxidases ar e pr esent in the cy-
oplasm and generate H 2 O and O 2 from H 2 O 2 . SODs are consid-
red the first defense involved in superoxide detoxification (Imlay
008 ). In E. coli , SodC (Cu) is in the periplasm, whereas SodA (Mn)
nd SodB (Fe) are cytoplasmic or cytoplasmic/membrane-bound
nzymes . T he SoxRS regulon in E. coli activates the transcription
f sodA (Mn SOD), zwf (glucose-6-phosphate dehydrogenase), fldA
nd fldB (flavodoxins A and B), fur (ferric uptake regulator), nfo
DNA repair), micF (small RNA that negativ el y r egulates the ex-
ression of porin F), and other genes in response to superoxide-
ener ating compounds, suc h as the herbicide paraquat (Pom-
osiello and Demple 2001 , Imlay 2008 ). Ho w e v er, these mod-
ls differ from those described in nonenterobacteria. The soxS
ene, a DNA-binding transcriptional regulator in E. coli , is absent
n nonenterobacteria, suggesting alternative regulation roles of
he SoxR regulon. For example, in the nonenterobacterium Pseu-

https://BioRender.com
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domonas aeruginosa PAO1, which also has a wide repertoire of ox- 
idativ e str ess r esponse genes activ ated by OxyR, this is activated 

in the presence of H 2 O 2 and paraquat (Ochsner et al. 2000 ). In P.
aeruginosa PAO1, So xR acti vates monoo xygenase and transporter 
genes that may be involved in synthesizing phenazines (Dietrich 

et al. 2008 ). In P. xenovorans , the OxyR tr anscriptional r egulator has 
a k e y protecti ve role against H 2 O 2 and paraquat (Méndez et al.
2022a ). Unlik e the se parate OxyR- and So xRS-mediated responses 
triggered by H 2 O 2 and superoxide in E. coli , respecti vely, this stud y 
r e v eals a br oad str ess r esponse in P. xenovorans that is primarily 
regulated by OxyR. Recent studies in P. xenovorans r e v ealed r el- 
e v ant hints on its response to oxidizing compounds at the pro- 
teome and transcriptional levels. Growth, susceptibility, and ROS 
formation assays in P. xenovorans cells r e v eal a higher sensitivity 
to paraquat than H 2 O 2 . The herbicide paraquat is a widely stud- 
ied oxidizing agent due to the redox cycling reactions that pro- 
duce ROS (Méndez et al. 2022a ). Transcriptional analyses sho w ed 

in P. xenovorans cells, upon exposure to H 2 O 2, the upregulation 

of the oxyR , ahpC1 , katE , and ohrB genes. In addition, the oxyR ,
fumC , ahpC1 , sodB1 , and ohrB genes were induced in the presence 
of paraquat (Méndez et al. 2022a ). Proteome analysis revealed that 
the herbicide paraquat induces o xidati ve stress response proteins,
such as AhpCF, DpsA, the universal stress protein UspA, and the 
RNA c ha per one CspA. P ar aquat and H 2 O 2 induced the Ohr pro- 
tein, which is involved in organic peroxide resistance. Notably, the 
ov er expr ession of the oxyR gene in P. xenovorans significantly de- 
creased ROS formation and the susceptibility to paraquat, sug- 
gesting a broad antioxidant response regulated by OxyR (Méndez 
et al. 2022a ) (Fig. 1 ). 

Induction of the electron shuttle flavodoxin is another com- 
mon feature of the antioxidant response for cell redox balance.
Flavodoxins are small electron transfer fla voproteins , highly iso- 
functional with ferr edoxins, expr essed under oxidative stress and 

iron limitation (Sancho 2006 , González and Fillat 2018 ). Remark- 
abl y, ov er expr ession of the long-chain flavodoxin IsiB from the 
c y anobacterium Anabaena sp. PCC7119 in tobacco plants confers 
resistance to the redox-cycling herbicide paraquat and enhances 
the biodegradation of 2,4-dinitrotoluene (Tognetti et al. 2007 ). In 

addition, ov er expr ession of the flavodoxin FldP protects P. aerug- 
inosa from o xidati ve stress, decreasing H 2 O 2 -induced cell death 

and DNA hypermutability (Moyano et al. 2014 ). Similarl y, pr e vious 
reports sho w ed that ov er expr ession of the P. xenovorans long-c hain 

flavodoxin FldX1 exerts a pr otectiv e r ole a gainst str ess induced by 
par aquat and H 2 O 2 (Rodríguez-Castr o et al. 2019 ) . The str ain ov er- 
expressing FldX1 sho w ed a notable increase in survival ( > 70%) 
after exposure to the herbicide paraquat, suggesting that FldX1 
may enhance tolerance to paraquat but not to H 2 O 2 under specific 
conditions. FldX1 recombinant cells sho w lo w er lipid peroxidation 

after exposure to paraquat and reduced protein carbonylation af- 
ter H 2 O 2 exposur e, compar ed to the contr ol str ain. A downr egu- 
lation of se v er al o xidati v e str ess-r elated genes is observed ( katG ,
hpf , trxB1 , and ohr ) after exposure to paraquat, suggesting a spe- 
cific r egulatory r esponse to o xidati v e str ess (Rodríguez-Castr o et 
al. 2019 ) (Fig. 1 ). 

Effects of toxic metabolites 

Production of unstable intermediates during dioxygenation reac- 
tions in aromatic catabolism can also increase o xidati v e str ess,
leading to cellular damage (Nojiri et al. 2001 ). In P. xenovorans , for- 
mation of toxic metabolic intermediates during aromatic degra- 
dation pathways has been reported. For example, the antibi- 
otic picolinic acid is produced during 2-aminophenol degrada- 
ion, which has an inhibitory effect on P. xenovorans growth
Chirino et al. 2013 ). The w ell-kno wn antibiotic picolinic acid may
e produced by a spontaneous nonenzymatic r eaction fr om 2-
minom uconate-6-semialdehyde, whic h is the reaction product 
f the 2-aminophenol-1,6-dioxygenase (Chirino et al. 2013 ). 

PCB degradation by P. xenovorans and other bacteria is often in-
omplete, with a concomitant accumulation of metabolic inter- 
ediates. Specific PCB congeners and c hlor obenzoates, whic h ac-

um ulate during PCB degr adation, significantl y r educe the viabil-
ty of bacterial cells (Cámara et al. 2004 ). 4-Chlorobenzoate and 2-
 hlor obenzoate inhibit P. xenovorans growth on glucose . Moreo ver,
. xenovorans -exposed cells to 4-c hlor obenzoate show an incr eased
umber and size of electr on-dense gr anules in the cytoplasm,
hich may be polyphosphates (Martínez et al. 2007 ) that have
een linked to stress protection mechanisms, serving as scaffolds 
o stabilize pr otein structur e (Gr ay et al. 2014 ). Pol yphosphates ar e
tr ess-r esistant nonpr oteinaceous c ha per ones that bind to solu-
le unfolded proteins, maintaining them in a folding-competent 
onformation (Reichmann et al. 2018 ). (Chloro)biphenyls differ 
n their toxicity compared with the biotransformation prod- 
cts. (Chlor o)dihydr odiols and (c hlor o)dihydr oxybiphen yls ar e
ighly toxic metabolites, affecting cell viability significantly more 
han (c hlor o)biphen yls. P artial degr adation of PCBs by the en-
ymes BphA and BphB produces toxic metabolic intermediates.
Chlor o)2,3-dihydr oxybiphen yl dr asticall y decr eases the cell via-
ility of P. xenovorans (Seeger et al. 1995 , 1999 , Seah et al. 2000 ,
ámara et al. 2004 ). Figure 2 shows the formation of the toxic
etabolites (c hlor o)dihydr odiol and (c hlor o)dihydr oxybiphen yl

f the upper biphenyl pathway in P. xenovorans . Hydroxylated
etabolites of PCBs can affect bacterial DNA content, inhibiting

ell separation (Hiraoka et al. 2002 ). The toxicity of metabolites
enerated during the oxidation of PCBs may partly explain the re-
alcitrance to the biodegradation of these pollutants. Biotransfor- 
ation of PCBs into more toxic deriv ativ es is a well-documented

henomenon analogous to the activation in higher organisms of 
enobiotics and drugs. For example, the oxidation of specific com-
ounds b y c ytoc hr ome P450 gener ates c ytotoxic or car cinogenic
r oducts (Fig. 2 ). Cytoc hr ome P450 activ ates carcinogenic com-
ounds, pr oducing electr ophilic intermediates that can bind to
NA, leading to mutations and cellular transformation associ- 
ted with cancer de v elopment (Abu-Bakar et al. 2022 ). Conv ersel y,
he induction of c hlor oacetaldeh yde deh ydrogenase has been as-
ociated with a decrease in the toxic chlorinated aliphatic com-
ounds resulting from PCB degradation (Denef et al. 2005 ). In
his context, cellular mechanisms provide a defense against these 
oxic aromatic metabolites. For example, BphK is a glutathione 
 -tr ansfer ase that occurs in diverse biphenyl pathways (Bar-
els et al. 1999 ). BphK catalyzes the dehalogenation of 3-chloro-
-hydro xy-6-o xo-6-phenyl-2,4-dieneoates, compounds that are 
roduced by the metabolism of PCBs by the catabolic en-
ymes BphA, BphB, and BphC (Fortin et al. 2005 ), which in-
ibit the next enzyme, BphD. BphK is also able to dehalogenate
-c hlor obenzoate, the pr oduct of 4-c hlor obiphen yl degr adation
Gilmartin et al. 2003 ). 

Furthermor e, c hlor obenzoates, whic h ar e often dead-end
roducts in bacterial PCB metabolism, can be converted into 
armful downstream compounds such as chlorocatechols. 3- 
hlor ocatec hol can inactiv ate extr adiol dioxygenases, suc h as the
,3-dihydr oxybiphen yl 1,2-dioxygenase, ther efor e disrupting the 
pper biphen yl degr adation pathway (Vaillancourt et al. 2002 ).
unneling of 4-c hlor ocatec hol into the widespread ß-ketoadipate 
athway can result in the production of the antibiotic pro-
oanemonin (Blasco et al. 1995 ) (Fig. 2 ), which has been suggested



6 | FEMS Microbiology Reviews , 2025, Vol. 49 

Figure 2. (Chlor o)biphen yl, benzoate, and catec hol catabolic pathwa ys and formation of toxic metabolic intermediates . T he enzymes of the upper 
(c hlor o)biphen yl pathway are encoded by the bph locus of P. xenovorans LB400. Toxic intermediates are shown in gray: 
(c hlor o)2,3-dihydr o-2,3-dihydr oxybiphen yl and (c hlor o)2,3-dihydr oxybiphen yl. Enzymes: BphA1A2A3A4, biphenyl-2,3-dioxygenase; BphB, 
2,3-dih ydro-2,3-dih ydroxybiphenyl-2,3-deh ydrogenase; BphC, cis -2,3-dih ydrobiphenyl-2,3-diol deh ydrogenase; BphD, 
2-Hydro xy-6-o xo-6-phenylhexa-2,4-dienoate hydrolase; BphH, 2-hydroxypenta-2,4-dienoate hydratase; BphI, 4-hydro xy-2-o xovalerate aldolase; BphJ, 
acetaldeh yde deh ydrogenase; BenA, benzoate 1,2-dioxygenase α subunit; BenB, benzoate 1,2-dioxygenase ß subunit; BenC, benzoate 1,2-dioxygenase 
ferr edoxin r eductase component; BenD, benzoate diol dehydr ogenase; DH, dehydr ogenase; CatA, catec hol 1,2 dioxygenase; and MCI, m uconate 
cycloisomerase. Formation of ROS by BphA1A2A3A4 and BphC is indicated. 
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o decrease the survival of PCB-degrading organisms in soil mi-
rocosm studies (Blasco et al. 1997 ). 

Studies using the PCB-degrading strains P. xenovorans and R.
ostii RHA1 also demonstrated that the toxicity of PCBs arises

ainl y fr om the pr oduction of harmful metabolites during the
egr adation (Seeger 1996 , P arnell et al. 2006 ). While PCBs are as-
ociated with the cell membr ane fr action, no significant effects on
acterial viability or growth rate were observed under nondegrad-

ng conditions. Ho w e v er, significant str ain-dependent differ ences
merged when cells metabolized PCBs, with P. xenovorans showing
igh tolerance to PCB degradation-related toxicity, whereas strain
HA1 was highly sensitive (Parnell et al. 2006 ). 

etabolic adaptation to o xidativ e stress 

r omatic-degr ading bacteria such as P. xenovorans LB400 and P.
utida KT2440 possess strong NADPH-consuming antio xidati ve
ystems that deal with ROS accumulation during the catabolism
f aromatic compounds (Ponce et al. 2011 , Rodríguez-Castro et al.
019 , Nikel et al. 2021 ). Ther efor e, maintaining a high reducing
o w er pool (N ADPH/N ADP + ratio) b y r er outing carbon source me-
abolization contributes to ROS detoxification by k e y antio xidant
ystems , such as glutathione , thioredoxins , and alkyl hydroper-
xide reductases (Pastor et al. 2019 , Nikel et al. 2021 ). The most
ommon mechanism to manage o xidati ve stress involves the ac-
ion of ROS-detoxifying enzymes such as catalases , peroxidases ,
nd hydr oper oxide r eductases . T he corr esponding r eactions con-
ume metabolic NADPH, which provides the reductive po w er to
ounteract the toxic effects of ROS via reduced glutathione (Tam-
urro et al. 2004 ). For example, the glutathione cycle, which con-
ects the reduced (GSH) and the oxidized (GS–SG) forms of the
hiol, is a pr eferr ed r eductant of ROS via the glutathione per ox-
dase and glutaredoxin enzymes . T hus , the reduced glutathione
ool is r estor ed b y using N ADPH as a r eductant (Vašk ová et al.
023 ). 

Pseudomonas aeruginosa PAO1 and other pseudomonads catab-
lize glucose pr edominantl y thr ough the Entner–Doudor off (ED)
athway, whic h is extr emel y efficient in gener ating the NADPH
 equir ed for the function of se v er al antioxidant r esponses with
ow protein expenses (Chavarría et al. 2013 , Berger et al. 2014 ).
imilarly , P . aeruginosa can adapt and arrange central metabolism
o efficiently utilize different carbon sources, maintaining NADPH
nd anabolism, allowing it to survive under various environmen-
al conditions (Dolan et al. 2020 ). An increase in the NADPH pool
r ovides r obust mac hinery for metabolizing nov el xenobiotic sub-
trates in P. putida (Akkaya et al. 2018 ). 

Genome-guided metabolic reconstruction revealed that in P.
enovorans , sugars are metabolized via the ED, pentose phosphate
PP), and lo w er Embden–Mey erhof–Parnas (EMP) pathw a ys , which
r oduce mor e r educing po w er through N ADPH synthesis than the
omplete EMP gl ycol ysis (Álv ar ez-Santullano et al. 2021 ) (Fig. 3 ).
urthermore, P. xenovorans LB400 exhibits higher gene redundancy
n carbohydrate and fatty acid metabolism compared to other
urkholderia sensu lato strains, suggesting higher robustness and
 ersatility (Álv ar ez-Santullano et al. 2021 ). These metabolic net-
 orks allo w the ada ptation under the c hanging envir onmen-

al conditions where species of Paraburkholderia and Pseudomonas
trains inhabit. 

During aromatic metabolism, P. xenovorans channels the degra-
ation products into the central carbon metabolism through
he Krebs cycle and the gluconeogenic pathways to produce re-
uctive po w er and anabolic pr ecursors (Fig. 3 A). Centr al car-
on metabolism in P. xenovorans possesses high gene redundancy
hat confers r obustness a gainst str ess . For example , the ROS-
ensiti ve [4Fe-4S]-de pendent aconitase (BxeB2903) is downreg-
lated in P. xenovorans exposed to the herbicide paraquat, up-
egulating the oxidation-resistant enzymes aconitase (BxeB1533)
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(A) (B)

Figure 3. Central carbon metabolism and metabolic pathways for str ess-r elated molecules in P. xenovorans LB400. Pathways are shown for: (A) 
catabolism of aromatic compounds, and (B) metabolism of stress-related molecules. Intermediates in bold are anabolic precursors for the synthesis of 
str ess-r elated molecules. 1, Citr ate synthase (GltA1 and GltA2). 2, Aconitate hydratase (AcnA1 and AcnA2). 3, Isocitr ate dehydr ogenase (Idh1, Idh2, and 
Idh3). 4, 2-K etoglutar ate dehydr ogenase (SucA). 5, Succinyl-CoA synthase (SucC). 6, Succinate dehydrogenase (SdhC). 7, Fumar ate hydr atase (FumCB). 
8, Malate dehydrogenase (Mdh). 9, Isocitrate lyase (MtbI). 10, Malate synthase (AceB or GlcG). 11, Malate dehydrogenase (oxaloacetate decarboxylating) 
(MaeB1, MaeB2, and MaeB3). 12, Oxaloacetate decarboxylase (Oad). 13, Phosphoenolpyruv ate (PEP) carboxykinase (Pc kG). 14, Fructose-1,6-biphosphate 
(FBP) aldolase (CbbA1, CbbA2, and CbbA3). 15, FBP 1,6-biphosphatase (Fbp1 and Fbp2). 16, Glucose-6-phosphate isomerase (Pgi). 17, 
Glucose-6-phosphate dehydrogenase (Zwf1, Zwf2, and Zwf3). 18, Phosphogluconolactonase (Pgl). 19, 6-Phosphogluconate dehydrogenase (Pgdh1 and 
Pgdh2). 20, 6-Phosphogluconate dehydratase (Edd). 21, 2-Keto-3-deoxy-6-phosphogluconate (KDPG) aldolase (Eda). 22, Proton translocating 
tr anshydr ogenase (PntAB). 23, NADP-de pendent ferredo xin o xidoreductase (Fpr). G3P, gl ycer ate-3-phosphate. GAP, gl ycer aldehyde-3-phosphate. 6-PGL, 
6-phosphogluconolactone. PhaZ, pol y(3-hydr oxybutyr ate) (P(3HB)) depol ymer ase. PhaY, P(3HB) oligomer hydrolase. P(3HB), pol y(3-hydr oxybutyr ate). 
( R ) -3HB, ( R ) -3-hydr oxybutyr ate. NRPS, nonribosomal peptide synthase. SerA, d -3-phosphogl ycer ate dehydr ogenase. SerC, phosphoserine 
aminotr ansfer ase. SerB, phosphoserine phosphatase. GdhA, l -glutamate dehydrogenase. ArgJ, arginine synthesis bifunctional protein. NagK, 
acetylglutamate kinase. ArgC, N -acetyl- γ -glutamylphosphate reductase. ArgD, acetylornithine aminotransferase. ArgG, argininosuccinate synthase. 
Ar gH, ar gininosuccinate l yase. AdiA, Ar ginine decarboxylase. SpeB, a gmatinase. MbaA, MbaB, nonribosomal peptide synthases (NRPS). MbaC, 
l -ornithine-5-monooxygenase (Var gas-Str aube et al. 2016 ). PhaA, 2-ketothiolase. PhaB, ( R ) -3-hydr oxybutyryl-CoA r eductase. PhaC, 
pol yhydr oxyalkanoate (PHA) synthase (Urtuvia et al. 2018 ). PPO, PEP, pyruvate, oxaloacetate node. EMP, Embden–Meyerhof–Parnas. ED, 
Entner–Doudoroff. Non-OxPP, the nono xidati ve branch of pentose–phosphate (PP) pathway . Ox-PP , o xidati v e br anc h of the PP pathw ay. N ADPH 

formation is highlighted in the corresponding enzymatic reactions. Central metabolic pathways were evaluated in P. xenovorans LB400 through the 
BlastKO software of the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Enzymes were corroborated through the bidirectional best-hit 
a ppr oac h using the BlastP tool against the Swiss-Prot curated database considering sequences identities > 30% and alignment coverage > 70% of the 
query sequence. Sequences with empirical evidence at the transcript or protein level were considered as references. Gene context was also evaluated 
with the KEGG genome database. 
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and fumarase hydratase FumC (BxeA1038) (Méndez et al. 
2022a ). 

On the other hand, P. xenovorans possesses an incomplete gly- 
colytic EMP pathway due to the absence of phosphofructokinase 
(Pfk). Ther efor e, gl ycol ysis occurs thr ough the ED and PP pathways 
Fig. 3 A). The incomplete gl ycol ytic EMP pathway has been de-
cribed in Pseudomonas and Chromohalobacter species, while a cyclic 
rrangement among the PP, ED, and gluconeogenic EMP pathways 
fficientl y pr oduces NADPH to counter act ROS (P astor et al. 2019 ,
ikel et al. 2021 , Wilkes et al. 2023 ). The incomplete gl ycol ytic
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MP is common in Paraburkholderia and Caballeronia species and
o a lo w er extent in Burkholderia species (Álv ar ez-Santullano et al.
021 ). 

enomic analysis of NADPH regenerati v e 

athways in P. xenovorans 
he cofactor NADPH is an important source of r eductiv e po w er
o counteract endogenous o xidati ve stress and also participates
n the anabolism of biological molecules (Fig. 3 B). The reduction
f NADP + into NADPH can be conducted by the central carbon
etabolism enzymes, such as glucose-6-phosphate dehydroge-

ase (Zwf), phosphogluconate dehydr ogenase (Pgdh), isocitr ate
ehydrogenase (Idh), malic enzyme (MaeB), and malate dehydro-
enase (MdhB). In P. xenovorans , the genome harbors a notably
igh copy number of genes encoding the NADPH-r egener ating
nzymes Zwf, Pgdh, MaeB , MdhB , and Idh, r elativ e to other cen-
ral carbon metabolism enzymes ( Table S2 ). This genetic redun-
ancy, an attribute of strain LB400, correlates with its metabolic
lasticity and robustness in modulating intracellular NADPH

e v els. In P. xenovorans LB400, the Zwf enzymes are encoded
y the zwf1 (BxeA3452), zwf2 (BxeB0215), and zwf3 (BxeB1764)
enes, whose genomic contexts are related to the central car-
on metabolism, stor a ge pol ymer accum ulation (e.g . gl ycogen
nd polyphosphates), and serine synthesis, r espectiv el y. These ge-
omic features may be a trait for adapting to n utrient-de pri ved
nvironments or to fulfill anabolic demands (Álv ar ez-Santullano
t al. 2021 ). The redundancy of Zwf isoenzymes correlates with
he presence of the ED pathway as the unique gl ycol ytic str ategy,
n contrast to organisms utilizing the EMP pathway. Pseudomonas
utida KT2440, which utilizes the ED pathway, encodes three Zwf
soforms with distinct NAD(P) + cofactor specificities (Volke et
l. 2021 ), potentially conferring metabolic flexibility to modu-
ate the cellular redox balance under stress conditions. Similarly,
he idh1 (BxeA0797) and idh2 (BxeB0532) genes encode NADP + -
ependent Idh enzymes, while the idh3 gene (BxeC0665) encodes
 NAD 

+ -dependent enzyme, which may be useful to modulate the
ntracellular N ADPH/N ADH ratio accor ding to cellular r equir e-

ents. Inter estingl y, the NADP + -dependent Idh enzyme is sig-
ificantl y mor e abundant in P. xenovorans cells gr own on ben-
oate compared with succinate-grown cells (Denef et al. 2005 ).
n addition, P. xenovorans harbors three NADP + -dependent maeB
enes that encode the NADP + -dependent malic enzyme. A gene
opy (BxeA0283) is located next to the fldx1 gene that plays an
mportant role by increasing reducing po w er during gro wth on
ydr oxyphen ylacetates (Rodríguez-Castr o et al. 2019 , 2024 ). An-
ther r edox-r egulating mec hanism is the r eduction of NADP + us-
ng NADH as a cofactor by the tr anshydr ogenase enzyme PntAB,
hich is also redundant in P. xenovorans ( Table S2 ) (Spaans et
l. 2015 ). The pntAB gene (BxeA4006) is located upstream of a
ar aquat-inducible tr ansporter (Nakay ama and Zhang-Akiy ama
017 ), sho wing a fav or able genetic context for r esponse to toxic
ompounds. An alternative source of NADPH in P. xenovorans is the
erredo xin NADPH o xidoreductase Fpr, encoded by the BxeA4345
ene, which possesses a 63% amino acid identity with the Fpr en-
yme of Azotobacter vinelandii OP1 that reduces NADP + and oxi-
izes NADPH (Fig. 3 A) according to the intr acellular r edox condi-
ions (Sridhar et al. 1998 ). 

olyhydr o xyalkanoate synthesis as an adapti v e 

tr a tegy 

n response to nutrient imbalance (e.g . carbon excess and nitro-
en or phosphorus scarcity), bacteria and archaea modify their
etabolism to synthesize and accumulate different biomolecules,
uc h as pol yhydr oxy alkanoates (PHAs), triac ylgl ycer ols, wax es-
ers, and polyphosphates (Urtuvia et al. 2018 , Obruca et al.
021 , Pátek et al. 2021 , Sriv astav a et al. 2022 , Ben Abdallah
t al. 2025 ). Exogenous str esses, suc h as nutrient scarcity, heat
hock, and high concentration of heavy metals, can be miti-
ated through the chaperone effects of intracellular PHA gran-
les, phasin proteins (PhaPs), and the PHA degradation prod-
cts ( R )-3-hydroxy ac yl oligomers (Müller-Santos et al. 2021 ). In-
er estingl y, the induction of PhaPs during the growth of P. xenovo-
ans LB400 on biphenyl has been observed (Denef et al. 2005 ). A
 epertoir e of fiv e PhaPs has been described in P. xenovorans str ain
B400, including PhaP1 (BxeA1544), PhaP2 (BxeA1874), PhaP3
BxeB0319), PhaP4 (BxeB0720), and PhaP5 (BxeB2336) (Urtuvia et
l. 2018 ). The PhaP1 phasin is induced by the ROS-generating her-
icide paraquat (Méndez et al. 2022a ). On the other hand, un-
er a carbon excess and nitrogen starvation, intracellular poly(3-
ydr oxybutyr ate) (P(3HB)), a type of PHA, in P. xenovorans accu-
 ulates, upr egulating the PHA synthase ( phaC1 ; BxeA2343) and

he PHA depol ymer ase ( phaZ1 ; BxeA3308) genes (Urtuvia et al.
018 ). The PhaC enzyme catalyzes the last step of PHB polymer-
zation, while the PhaZ1 degrades P(3HB) oligomers into ( R )-3-
ydr oxybutyr ate (( R )-3HB), suggesting that P(3HB) mobilization

s an ada ptiv e str ategy during nutrient scarcity str ess. Inter est-
ngl y, the P(3HB) degr adation pr oduct ( R )-3HB and derived com-
ounds scav enge hydr oxyl r adicals, exerting alternativ e pr otec-
ion against ROS in bacterial cells challenged by different stress
ources (Obruca et al. 2016 , 2020 , Müller-Santos et al. 2021 ). 

Synthesis of P(3HB) has been reported in P. xenovorans grown un-
er high carbon concentration (glucose, mannitol, or xylose) and
itrogen-limiting conditions (Urtuvia et al. 2014 , 2018 ), a signifi-
ant source of exogenous stress. P. xenovorans possesses complete
nabolic pathways and highl y r edundant NADPH r egener ation
athways to synthesize compounds (e.g . PHAs and sider ophor es)
r om centr al carbon intermediates that may be obtained fr om the
atabolism of carbohydrates or aromatic compounds (Fig. 3 ). In
ddition, P. xenovorans possesses the anabolic pathways to obtain
ther PHAs from gluconate , fructose , glycerol, arabinose, and fatty
cids (Ace v edo et al. 2018 , Urtuvia et al. 2018 , Álv ar ez-Santullano
t al. 2021 ). 

Synthesis of P(3HB) starts from two acetyl-CoA that are con-
erted by the 3-ketothiolase PhaA into acetoacetyl-CoA, which
s reduced into the precursor ( R )-3-hydroxybutyryl-CoA (( R )-3HB-
oA) through the NADPH-dependent acetoacetyl-CoA reductase
haB (Fig. 3 C). NADPH utilization as a cofactor by the PhaB enzyme
laces PHAs synthesis as a r eductiv e po w er sink or as a “pseudo
ermentation” (Obruca et al. 2020 , Velázquez-Sánchez et al. 2020 ).
 R )-3HB-CoA is finally polymerized by PHA synthases (PhaC) into
(3HB) (Fig. 3 C). 

Par aburkholderia xenovor ans synthesizes PHAs from the β-
xidation intermediates trans -enoyl-CoA and ( S )-3-hydroxy ac yl-
oA, catalyzed by the R -specific enoyl-CoA hydratase PhaJ

BxeB0140) and the e pimerase acti vity of a ( S )-3-hydroxy ac yl-CoA
ehydr ogenase m ultienzyme complex FadB (BxeC0280) into ( R )-3-
ydroxy ac yl-CoA (( R )-3HA-CoA). ( R )-3HA-CoA can be further poly-
erized into PHA. An ad ditional 3-k etothiolase enzyme (BktB) en-

oded by BxeA2335 in P. xenovorans yields ketov aleryl-CoA fr om
r opionate-CoA and acetyl-CoA, whic h can be further r educed

nto the PHA precursor ( R )-3-hydroxyvaleryl-CoA to obtain the
ol y(3-hydr oxybutyr ate- co -3-hydr oxyv aler ate) copol ymers. Ov er-
ll, the type of PHA depends on the chain length of the acyl moi-
ty of the ( R )-3HA-CoA precursor and the PHA synthase class.
ar aburkholderia xenovor ans possesses the BxeA2343 gene encoding

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
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a class I PHA synthase PhaC1, which is located in the phaC1ABR 

gene cluster upstream of the bktB gene. Two additional PHA syn- 
thases encoded by the phaC1 (BxeB0358) and phaC2 (BxeC0053) 
genes are arranged in the phaC2J1 , phaC3J2 gene clusters and are 
phylogenetically distant from PhaC1 (Urtuvia et al. 2018 ). PhaCs 
ar e highl y r edundant in Parabur kholderia species, and their distri- 
bution among the Burkholderiales order shows four major groups 
(Álv ar ez-Santullano et al. 2021 ). Sequences of groups A and B are 
related to class I PHA synthases. Sequences of group C are related 

to class II PHA synthases. Sequences of group D are the most dis- 
tant PhaCs from previously described classes . T he PHA synthases 
fr om gr oup D ar e pr esent in se v er al Burkholderiales species, en- 
coded in a genomic context related to acetate metabolism, amino 
acid metabolic regulation, and fatty acid metabolism (Álv ar ez- 
Santullano et al. 2021 ). In C. necator H16, the PhaC2 (group D) par- 
ticipates in the synthesis of P(3HB) during low-oxygen stress. It is 
regulated by a universal stress protein (UspA) that is encoded next 
to the phaC2 gene (Tang et al. 2022 ). A Janthinobacterium str ain fr om 

Antarctica, belonging to the Burkholderiales order, harbors a func- 
tional PhaC2 classified within phylogenetic group D, whose activ- 
ity increases at suboptimal growth temperatures, indicating a po- 
tential role in cold adaptation (Tan et al. 2020 ). These metabolic 
pathways suggest that P. xenovorans possesses the genes to synthe- 
size div erse PHA copol ymers fr om a wide range of carbon sources,
which is part of the strategy to ov ercome str ess upon nutritional 
imbalance. 

Additionally , P . xenovorans LB400 harbors four intracellular PHA 

depol ymer ases (BxeA3308, BxeB2941, BxeB2846, and BxeA3270), 
whic h ar e similar to the depol ymer ases PhaZ1, PhaZ2, PhaZ6, and 

PhaZ7 described in C. necator H16 ( Table S2 ). The PhaZ1 performs a 
thiol ytic degr adation of P(3HB) into cr oton yl-CoA via ( R )-3HB-CoA 

formation. Cr oton yl-CoA may enter the β-oxidation of fatty acids 
via ( S )-3-hydroxybutyryl-CoA, yielding acetyl-CoA and NADH (Eg- 
gers and Steinbüchel 2013 ). The PhaZ2, PhaZ6, and PhaZ7 de- 
pol ymer ases degr ade P(3HB) into ( R )-3-hydr oxybutyr ate (( R )-3-HB) 
monomers and P(3HB) oligomers (Abe et al. 2005 , Gebauer and 

Jendrossek 2006 , Sznajder and Jendrossek 2014 ). ( R )-3HB is an im- 
portant antioxidant molecule that protects cells against protein 

a ggr egation and cellular damage caused by ROS (Müller-Santos 
et al. 2021 ). ( R )-3-HB can be reduced into acetoacetate by a ( R )- 
3-HB dehydrogenase (HBDH). Acetoacetate can be activated into 
acetoacetyl-CoA, an intermediate of the β-oxidation of fatty acids 
and P(3HB) synthesis (Fig. 3 ). Finally , P . xenovorans harbors two 
oligomer hydrolases, PhaY1 and PhaY2, encoded by BxeA2223 and 

BxeA1368 that may degrade P(3HB) oligomers into ( R )-3HB (Sae- 
gusa et al. 2002 ). 

Osmoadaptation to saline stress 

During bioremediation, bacteria are subjected to challenges such 

as o xidati v e str ess, nutrient scarcity, and high salinity, which in- 
crease cell osmolarity and reduce water activity, impairing mi- 
crobial function and community stability (Stevenson et al. 2015 ,
Kumar et al. 2022 ). Some bacteria de v elop ada ptiv e r esponses 
to salinity, which may affect their pollutant degradation effi- 
ciency (Atoufi et al. 2020 , Xu et al. 2023 ). Ada ptation str ate- 
gies include the maintenance of internal ion balance via trans- 
porters and pumps, and the r elie v e of membrane tension through 

mec hanosensitiv e c hannels (Sweet et al. 2021 , Wang and Blount 
2023 ). Haloadaptation also involves transport systems such as 
ABC tr ansporters, PutP, thr eonine efflux pr oteins, and ammonium 

transporters (Kaur and Kaur 2024 ). Salt stress may trigger the an- 
tioxidant response in bacteria (Smirnova et al. 2000 ), a w ell-kno wn 
henomenon in plants (Chourasia et al. 2021 ). Notably, some bac-
eria such as Acinetobacter halotolerans , Halomonas cupida J9, R. ery-
hropolis sp. YHLT-2, Bacillus sp. Z-13, and Bacillus licheniformis de-
rade POPs under saline conditions (Longang et al. 2016 , Zhang et
l. 2023 , Srimathi et al. 2024 ). 

The second strategy in response to saline conditions involves 
aintaining a low intracellular salt concentration and balanc- 

ng osmotic pr essur e by pr oducing compatible solutes, suc h as
etaine and ectoine (Schwibbert et al. 2011 , Guo et al. 2019 ).
iffer ent Gamma pr oteobacteria str ains hav e the metabolic ca-
ability to synthesize compatible solutes such as glycine be- 
aine. In Sinorhizobium meliloti and Halomonas elongata , glycine be-
aine is synthesized from choline through a pathway encoded 

y the betICBA operon that involves the conversion of choline
o betaine aldehyde and then to glycine betaine (Osterås et
l. 1998 , Cánovas et al. 2000 ). Re presentati ves of the genus
rthrobacter possess the metabolic capacity to degrade PCBs, tri- 
zines, and benzene under fluctuating osmotic pr essur e condi-
ions. As an adaptation strategy, Arthrobacter sp. B6 has an ABC-
ype glycine betaine/carnitine/choline and proline/betaine alkali 
ransporters, enabling the accumulation of compatible solutes,
ncluding c holine, gl ycine betaine, and v aline, ther eby incr easing
olerance to osmotic and saline stress (Xu et al. 2017 , Guo et al.
019 ). 

In addition, in saline en vironments , the cytoplasmic membrane 
f bacteria may significantly increase the acidic phospholipid car- 
iolipin content (Zhang and Rock 2008 ). Cardiolipin confers pro-
ection against saline stress and also against organic compounds 
Zhang and Rock 2008 , Dercová et al. 2019 ). 

Bacterial synthesis of compatible solutes pr e v ents dehydr ation
y restoring cell volume and tur gor pr essur e in response to the in-
reased salinity of the environmen. In this study, identification of
olecular determinants in P. xenovorans associated with salinity 
as performed using the BLASTp tool (Altschul et al. 1990 ). Pro-

ein sequences obtained from the NCBI platform and compared 

ith the Uniprot KB–Swiss Prot database, using experimentally 
orr obor ated sequences . T he cutoff v alues for positiv e matc hes
ere > 40% identity and > 70% co verage . Paraburkholderia xenovo-

ans possesses genes encoding pr oteins involv ed in the synthe-
is and transport of compatible solutes, such as glycine–betaine,
r oline, and tr ehalose (Fig. 4 ; Tables S3 –S5 ). Through choline,
r oline/betaine tr ansporters BetT, OusA, Pr oP, Pr oV, and Pr oW,
 holine, pr oline, and betaine molecules enter the cell (Kappes et
l. 1996 ). The genes encoding Pr oP (BxeA1509), Pr oV (BxeB1616),
nd ProW (BxeB1615) were identified in P. xenovorans ( Table S4 ).
n contrast, the betB gene (glycine/betaine/choline transporter) 
s absent in the LB400 genome . T he pathwa y associated with
he synthesis of the compatible solute glycine/betaine , in volv-
ng betA (c holine dehydr ogenase; BxeB1592), betB (betaine alde-
 yde deh ydr ogenase), and its r egulator betI (BxeB1590), wer e iden-
ified, showing > 95% identity to their homologs in P. aromaticivo-
ans ( Tables S3 and S5 ). In the context of PCB degradation, the

etabolic reconstruction of glycin/betaine synthesis in P. xenovo- 
ans strain LB400 suggests that this metabolism may be associated
ot only with an adaptive response to saline stress but also as a
tr ategy to alle viate o xidati v e str ess gener ated by the combination
f (i) PCB metabolism, and (ii) environmental stresses related to
uctuations in salinity, desiccation, and/or turgor pressure, sim- 

lar to what may occur inside P. aromaticivorans cells during the
egradation of aromatic and aliphatic hydrocarbons in saline en- 
ironments (Lee and Jeon 2018 , Lee et al. 2019 ). In E. coli , glycine–
etaine and choline are the primary compatible solutes under hy-
ersaline conditions (Sleator and Hill 2002 ). 

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
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Figure 4. Prediction of adaptive responses to saline stress in P. xenovorans LB400. Under high osmolarity conditions, compatible solutes accumulate at 
high concentrations within the cell. After controlling turgor imbalance, large conductance mechanosensitive channels (MscL) rapidly release edible 
solutes and larger molecular metabolites . T he ATP-dependent K 

+ transporter (KdpFABC) actively drives potassium into the cell under low intracellular 
K 

+ concentration conditions, contributing to the regulation of cellular osmotic pressure . T he ectoine/5-hydroxyectoine transporter (EhuABD) allows 
the uptake of these compatible solutes, which can be metabolized in the P. xenovorans cell as a carbon and energy source through the expression of the 
doeABDC genes, yielding l -aspartate as the final product, and acetate , 2-oxoglutarate , and glutamate as metabolic intermediates . T he transporters for 
compatible solute precursors (ProU, ProP, and OusA) enter glycine–betaine and l -proline and their precursors, such as choline/betaine, into the cell, 
whic h ar e dehydr ogenated by the enzymes BetA and BetB to form gl ycine-betaine. BetI is the negativ e tr anscriptional r egulator of the betAB genes, 
activated by increased glycine–betaine osmoprotectant concentration. ProU directly imports the osmoprotectant. Trehalose plays a dual role in 
cellular regulation under saline stress, acting either as a compatible solute (trehalose) in response to osmotic pressure fluctuations or as a carbon and 
energy source when it is metabolized into glucose and glucose-6-phosphate . T he identified determinants associated with compatible solutes in the 
genome of P. xenovorans are highlighted in bold. Protein sequences obtained from the NCBI (National Center for Biotechnology Information) platform 

were selected and cross-referenced with the Uniprot KB–Swiss Prot database to determine molecular determinants associated with salinity using 
experimentall y v alidated sequences as a filter. The cutoff v alues for positiv e alignments wer e set at identity and cov er a ge higher than 40% and 70%, 
r espectiv el y. Cr eated in https://BioRender.com . 
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Par aburkholderia xenovor ans possesses genes associated with the
rehalose synthesis pathway from glucose-6-phosphate, includ-
ng OtsA (trehalose-6-phosphate synthase) and OtsB (trehalose-
-phosphate phosphatase) (Lee et al. 2023 ). Trehalose is one of
he most prominent protein stabilizers in bacteria, protecting
he native conformation of cytoplasmic proteins (Ruhal et al.
013 ). Additionally , P . xenovorans has genes for the degradation
f compatible solutes, which can be utilized as a carbon source
hrough the PP and the ED pathwa ys . T his is another exam-
le of how P. xenovorans may modulate metabolism as an adap-
iv e str ategy to c hallenging envir onmental conditions (Fig. 4 ).
enes encoding Pr oH (pyrr oline-5-carboxylate synthase), Pr oJ ( γ -
lutamate kinase), and ProA ( γ -glutamyl phosphate reductase)
ere identified in the genome of P. xenovorans , which allow the
erobic synthesis of proline from glutamate (Pérez-Arellano et al.
010 ). 

In the genome of P. xenovorans, proteins encoded by the genes
xeC0063, BxeC0058, BxeC0060, and BxeC0061 have high identity
 > 55%) with the ectoine-degrading enzymes DoeA, DoeB, DoeC,
nd DoeD, ho w e v er, genes encoding for ectoine synthesis were not
dentified. In P. xenovorans , the doe genes are not clustered in an
peron ( Table S3 ). The expression of the doe genes is associated
ith the use of ectoine as a carbon and energy source (Galisteo

t al. 2024 ). The doeA and doeB genes are predominant in rhizobial
lpha pr oteobacteria and Burkholderiales. 
The genomic search of saline stress-associated transporters

dentified proline/betaine transporter ProP, ABC proline/glycine
ransporter subunit ProV and inner membrane subunit ProW, and
ar ge-conductance mec hanosensitiv e c hannel K 

+ tr ansporters
dpFABC and MscL. An ectoine ABC transporter was identified
ith a high identity to its homolog in P. susongensis (Fig. 4 ; Table S4 ).

n E. faecalis V583, in response to high salinity conditions, K 

+ is
ptaken by the potassium-transporting ATPase ( kdpFABC operon),
hic h is r egulated by the sensor kinase KdpD and transcriptional

actor KdpE ( kdpED oper on), wher eas Na + is extruded by the V-
ype sodium ATP ase ( ntpFIKECGABDJ oper on) (Acciarri et al. 2023 ).

https://BioRender.com
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
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In the context of bioremediation of saline soils contaminated 

with aromatic compounds, including PCBs, the metabolism of aro- 
matic compounds by P. xenovorans LB400 and P. aromaticivorans BN5 
may be linked to the osmoadaptation, including the biosynthe- 
sis of gl ycine/betaine. Osmoada ptation and glycine/betaine may 
play a role under increased salinity in (i) maintaining cellular os- 
motic balance (turgor pressure), (ii) stabilizing the cell membrane,
and (iii) enhancing the antioxidant response (Figueroa-Soto and 

Valenzuela-Soto 2018 ). This suggests that the k e y functions of 
compatible solutes, such as glycine/betaine, extend beyond their 
well-established roles in salt and osmotic stress response . T hese 
strategies not only promote osmoprotection but also confer in- 
creased metabolic efficiency, improving the utilization of contam- 
inants as carbon and energy sources under dynamic environmen- 
tal stress conditions. 

While most studies on salt stress responses in the genus 
Paraburkholderia focus on rhizobacteria, the findings presented in 

this r e vie w, involving species ca pable of degr ading contaminants 
in complex, m ultistr ess envir onments, pav e the way for under- 
standing how hostile environmental conditions drive the evolu- 
tion of conserved cellular defense mechanisms. Functional stud- 
ies ar e r equir ed to c har acterize the o xidati v e and osmotic str ess 
r esponses, the accum ulation of compatible solutes, and the regu- 
lation of carbon and energy metabolism, which may together en- 
hance survival and biodegradation efficiency in extreme environ- 
ments. 

Synthesis of siderophores under iron 

limitation 

Nutrient limitations, such as iron scarcity, are a source of exoge- 
nous str ess, significantl y impacting bacterial biodegradation by 
r estricting gr owth and metabolic pr ocesses. Ir on limitation is a 
challenge for bacterial growth and biodegradation, but also drives 
the evolution of adaptive strategies of microbial communities in 

nutrient-limited en vironments . F erric ion, most commonly found 

in its Fe(III) oxidation state, has a low bioavailability due to its poor 
solubility at neutral pH in the presence of oxygen (Neilands 1995 ).

One of the most w ell-kno wn strategies to support iron limi- 
tation is the production of sider ophor e compounds that have a 
high affinity and selectivity for Fe(III) (Hider and Kong 2010 ). Al- 
ternativ e mec hanisms de v eloped by pr okaryotic str ains include 
the synthesis of alternativ e electr on tr ansport c hain components 
(Shafiie et al. 2022 ), Fur- and sRNA-based transcriptional regula- 
tion (Nelson et al. 2019 ), and cr oss-r egulation with other nutri- 
ents (e .g . phosphonate , starc h) (Cheng et al. 2021 ). Sider ophor es 
are low molecular mass ( < 2 kDa) Fe(III) carriers containing gen- 
er all y hydr oxamate, α-hydr o xycarbo xylate, and catechol ligands 
to bind iron with high affinity under iron-limiting conditions (Nei- 
lands 1995 ). 

Iron is an essential micronutrient for diverse metabolic pro- 
cesses such as respiration, the Krebs cycle, oxygen transport, DNA 

synthesis, nitrogen fixation, methanogenesis, and photosynthe- 
sis. Iron is part of the iron–sulfur clusters, di-iron centers, and 

heme cofactors of proteins. Under iron limitation, bacteria mod- 
ify metabolic pathwa ys , reducing the synthesis of iron-containing 
proteins and affecting overall metabolic efficiency, which can in- 
terfer e with biodegr adation pr ocesses (Dinkla et al. 2001 , Men- 
donca et al. 2020 , Yue et al. 2023 ). 

In response to nutrient limitation, bacteria modify their 
metabolism, for example, by c hanging substr ate pr efer ence. In 

iron-deficient soils, soil Pseudomonas species prioritize siderophore 
iosynthesis through a hierarchical carbon metabolism strategy,
nhancing iron uptake from soil (Mendonca et al. 2020 ). This
etabolic r epr ogr amming involv es incr easing flux to w ar d glu-

oneogenic substr ates, whic h leads to a significant increase in
ider ophor e synthesis and ir on scav enging and a decrease in
ther metabolic processes (Mendonca et al. 2020 ). The activity of
oluene monooxygenase and the lo w er pathw ay enzymes in the
. putida strains mt2 and WCS358 is significantly reduced under
ron limitation, affecting toluene biodegradation efficiency (Din- 
la et al. 2001 ). 

Under iron-limiting conditions, P. xenovorans synthesizes a 
ydr oxamate-type sider ophor e . T he mba gene cluster from P. xen-
vorans strain LB400 encodes nonribosomal peptide synthetase 
NRPS) and se v er al tr ansport genes for the sider ophor e (Var gas-
traube et al. 2016 ). The pr oposed structur e of the malleobactin
ider ophor e is l -N δ-hydr o xy-N δ-form ylOrn- d - β-hydro xyAsp- l -
er- l -N δ-hydroxy-N δ-formylOrn-1,4-diaminobutane, which is 
losel y r elated to malleobactin-type sider ophor es r eported in
ur kholderia thailandensis . Parabur kholderia xenovorans possesses 
he complete pathways to synthesize each of these components 
r om centr al metabolism intermediates (e.g . pyruv ate, acetyl-
oA, 2-ketoglutar ate, and gl ycer ate-3-phosphate) (Fig. 3 B). The
romoters in the mba gene cluster strongly suggest regulation 

y the ferric uptake regulator (Fur) protein and the alternative
xtracytoplasmic function sigma factor MbaF. 

In Burkholderia sensu lato , diverse NRPS systems for siderophore
ynthesis have been described (Donadio et al. 2007 , Thomas 2007 ).
alleobactin is produced by Burkholderia pseudomallei , Burkholde- 

ia mallei , and B. thailandensis (Alice et al. 2006 , Franke et al.
013 , Franke et al. 2015 ). Burkholderia vietnamiensis , Burkholderia
epacia , Bur kholderia ambif aria , and Bur kholderia cenocepacia synthe-
ized ornibactin (Meyer et al. 1995 , Agnoli et al. 2006 ). Additional
ider ophor es hav e been r eported, suc h as cepabactin in B. cepacia
Mey er et al. 1995 ), p y ochelin in B. pseudomallei (Alice et al. 2006 ),
nd cepaciachelin in B. ambifaria (Thomas 2007 ). 

roteostasis network in P. xenovorans and 

egrading bacteria 

roteostasis or protein homeostasis in bacteria refers to the highly
exible network involved in the biosynthesis, folding, traffick- 

ng, and degradation of proteins (Santra et al. 2017 ). Cellular
roteostasis is supported by a highly flexible network that in-
ludes c ha per ones, pr oteases, and folding catal ysts suc h as PPI-
ses , oxidoreductases , and S–S bond isomerases . T his network al-
ows the modulation of the proteome to environmental changes 
o w ar d an ada ptiv e r esponse (Voth and Jak ob 2017 ). The pr o-
eostasis network is crucial for the adaptation to environmental 
tr esses suc h as extr eme temper atur es and other harmful condi-
ions (Ferrer et al. 2003 ). Chaperones play a k e y role in the cellu-
ar r esponse a gainst str ess by supporting pr otein folding, pr e v ent-
ng a ggr egation, and maintaining pr otein homeostasis (Hidalgo
996 , Goemans et al. 2018 ). Cha per ones can be classified into two
roups: (i) the foldase chaperones that participate in the folding
f nascent proteins or unfolded mature proteins. With few ex- 
eptions, most of these c ha per ones ar e ATP-dependent and their
unctions ensure that many proteins attain their native confor- 

ation, and (ii) the ATP-independent holdase c ha per ones that act
y binding exposed hydrophobic aminoacidic sequences of un- 
olded, partially folded, or misfolded proteins, therefore prevent- 
ng their a ggr egation or degr adation. The foldase gr oup includes
r oEL/ES (Ryabov a et al. 2013 ), DnaK–DnaJ/CbpA/DjlA–Gr pE com-
lex (Gene v aux et al. 2001 , Azaharuddin et al. 2023 ), ClpB (Uchi-
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(A) (B)

F igure 5. Ev olutionary relationships of the bacterium P. xenovorans with other r ele v ant ar omatic-degr ading bacterial str ains, and abundance of genes 
encoding c ha per ones and pr oteases in their genomes. (A) Phylogenetic tr ee of ar omatic-degr ading Burkholderiales and other bacteria. Evolutionary 
phylogenetic tree of bacterial 16S rRNA genes were constructed with MUSCLE alignment (Edgar 2004 ) and Maximum-likelihood clustering (1,000 
bootstr a p). (B) The genomes of P. xenovorans LB400, C. metallidurans CH34, B. cepacia ATCC 25416, P. putida (NBRC 1416 and KT2440), A. evansii KB740, R. 
jostii RHA1, S. enterica ser ov ar Typhim urium LT2, and two str ains of E. coli (O157:H7 Sakai and BW25113) wer e e v aluated. The heatma p indicates the 
number of gene copies. Genome sequences were obtained from the National Center for Biotechnology Information (NCBI) database . T he strains and 
genome accession codes are listed in Table S1 . Assessment of classical cytoplasmic chaperones (TF, DnaK, DnaJ, DjlA, CbpA GrpE, GroEL, GroES, HtpG, 
ClpB , HscAB , and MsrAB), membrane and periplasmic chaperones (HtrA, FstH, SurA, Skp, Y idC , Spy, and HdeAB), stress response holdase chaperones 
(Hsp33, Hsp20, Hsp31, SlyD, SlpA, CnoX, and RidA), and pr oteol ytic systems (ClpX/ClpA/ClpC/ClpP/ClpY/ClpQ, Lon) wer e performed by sequence 
compar ativ e NCBI Blast tools ( https:// blast.ncbi.nlm.nih.gov/ Blast.cgi ). Conserved domains/motifs and ATP-binding sites were confirmed using CDART 

(Conserved Domain Architecture Retrieval Tool) and CDD (Conserved Domains) tools from NCBI portal ( https:// www.ncbi.nlm.nih.gov/ cdd ). 
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ashi et al. 2018 ), HtpG (Mangla et al. 2023 ), trigger factor (TF)
Wu et al. 2022 ), HscA/B (Puglisi and P astor e 2018 ), MsrA/B (Ezr aty
t al. 2005 ), and YidC (Zhu et al. 2013 ). The holdase c ha per ones
roup include Hsp20 (Sato et al. 2024 ), Hsp31 (Chatterjee et al.
018 ), Hsp33 (Kr e wing et al. 2019 ), CnoX (Goemans et al. 2018 ),
idA (Müller et al. 2014 ), Skp and SurA (Thoma et al. 2015 ), Spy

Mitr a et al. 2021 ), HdeA/B (Tha pliyal and Mishr a 2024 ), SlpA (Gr e-
tner et al. 2017 ), and SlyD (K o vermann et al. 2013 ). Some holdase
 ha per ones ar e constantl y activ e, while others ar e activ ated onl y
nder certain stress conditions (Kim et al. 2021 ). The gene copy
umber of c ha per ones suc h as heat shoc k pr otein 70 (Hsp70),
sp60, Hsp40, and small HSP (sHsp) has increased during the evo-

ution of each of the bacteria, archaea, and eukarya domains (Pow-
rs and Balch 2013 ). Modification of div erse c ha per ones thr ough
nserts and deletions (indels) (e.g. Hsp70 and Hsp60) has been
r ac ked to the evolution of diverse bacterial taxa, which also in-
icates that Proteobacteria, including Burkholderiales, are more
 ecentl y e volv ed bacterial taxa (Gupta 2016 ). Figure 5 (A) presents
 phylogenetic tree of ar omatic-degr ading and nondegr ading
acterial str ains, pr oviding insights into their ada ptiv e mec ha-
isms to aromatic compounds, o xidati ve stress , and en vironmen-
al stressful conditions within an evolutionary and taxonomic
ontext. 

Most of the unfolding and a ggr egation of proteins that occur
uring stress in bacteria are managed by upregulating the ATP-
ependent c ha per ones . T he most w ell-kno wn c ha per ones include
roEL, DnaK, HtpG, and ClpB (Hartl et al. 2011 ). In E. coli cells,
ue to the inactivation of redox-regulated metabolic enzymes in-
olved in ATP-generating pathwa ys , the stress induced by ROS ac-
umulation leads to a decrease of up to 50% in intracellular ATP
oncentration (Winter et al. 2005 , 2008 ). A decrease in ATP levels
mpacts the activity of ATP-dependent c ha per ones and proteases.
onsequentl y, the upr egulation of an alternativ e pr oteostasis net-
ork, which includes ATP-independent chaperones, is a k e y strat-

gy for managing o xidati ve stress. 
The proteostasis network is shaped by foldase (mainly ATP-
ependent) and holdase (ATP-independent) c ha per ones and pr o-
eases, whic h ar e gr ouped into four categories that include:
lassical c ha per ones, str ess c ha per ones, AAA + pr oteol ytic com-
lexes, and membrane/periplasmic chaperones or proteases . T he
roteostasis netw ork w as anal yzed and compar ed in ar omatic-
egr ading P. xenovorans , Burkholderiales str ains, and other r ele-
ant bacteria in biodegradation and bioremediation (Fig. 5 B; Table
1 ). For comparison, nondegrading pathogenic strains, such as E.
oli strains O157:H7 and BW25113, and Salmonella enterica , were
lso analyzed. For this analysis, the complete genome of each
acterium was obtained from the National Center for Biotechnol-
gy Information (NCBI) database and bioinformatically inspected
sing SnapGene 6.0.2 software. Identified genes and predicted
r otein pr oducts wer e anal yzed by sequence comparison using
CBI Blast tools ( https:// blast.ncbi.nlm.nih.gov/ Blast.cgi ). The se-
uence of e v ery gene and protein was verified by alignment analy-
is using Clustal Omega ( https:// www.ebi.ac.uk/ jdispatcher/ msa/
lustalo ) and the COBALT Multiple Alignment Tool from NCBI
 https:// www.ncbi.nlm.nih.gov/ tools/ cobalt/ cobalt.cgi ). The pres-
nce of conserved domains/motifs and ATP-binding site of each
dentified protein was also confirmed using CDART (Conserved
omain Arc hitectur e Retrie v al Tool) and CDD (Conserv ed Do-
ains) tools from NCBI ( https:// www.ncbi.nlm.nih.gov/ cdd ). The
ain findings of this study are described below. 

lassical chaperones 

he classical ATP-dependent foldase c ha per one systems
naK/DnaJ/Gr pE and Gr oEL/Gr oES pr omote r efolding of pr o-

ein substrates (Castanié-Cornet et al. 2014 ). DnaK is involved
n ne wl y synthesized pol ypeptide folding, pr e v enting pr otein

isfolding and a ggr egation (Castanié-Cornet et al. 2014 ). DnaK
inds to exposed hydr ophobic r egions of its substrates and pro-
otes pr otein r efolding in an ATP-dependent pr ocess r egulated

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ncbi.nlm.nih.gov/cdd
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf021#supplementary-data
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ebi.ac.uk/jdispatcher/msa/clustalo
https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi
https://www.ncbi.nlm.nih.gov/cdd
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by the coc ha per one DnaJ (Mayer and Bukau 2005 ) or its homologs 
CbpA or DjlA (Castanié-Cornet et al. 2014 ). As shown in Fig. 5 ,
these genes are widely distributed and show high redundancy in 

model-degr ading bacteria. Fiv e copies of the DnaK encoding gene 
ar e pr esent in the genome of P. xenovorans , and 10 copies are in 

the R. jostii genome, both r emarkable PCB-degr ading bacteria. In 

these strains, the groES , groEL , and dnaJ genes also exhibit higher 
r edundancy compar ed with nondegr ading bacteria, wher eas the 
dnaJ gene homologs cbpA and djlA genes are absent in these 
degr ading str ains. Inter estingl y, DnaK, Gr oEL, and Gr oES ar e 
commonly induced during aromatic compounds degradation 

in P. xenovorans LB400 (Agulló et al. 2007 , 2017 , Martínez et al.
2007 , Méndez 2017 , Rodríguez-Castro et al. 2024 ). DnaK is a 
redo x-sensiti ve chaperone with a crucial protective role during 
o xidati v e str ess (Winter et al. 2005 ). 

GrpE is a nucleotide exchange factor in the DnaK/DnaJ sys- 
tem, playing an important role in regulating the activity of the 
DnaK/DnaJ system in response to thermal str ess (Gr oemping and 

Reinstein 2001 ). The grpE gene is in a single copy in all the ana- 
l yzed bacterial str ains except for R. jostii (thr ee copies). Together 
with the DnaK/DnaJ/GrpE system, ClpB is an ATP-dependent heat 
shoc k pr otein that plays an essential role in r escuing dama ged 

pr oteins fr om lar ge a ggr egates (Barnett et al. 2000 , Lee et al. 2003 ).
As shown in Fig. 5 (B), a single copy of the clpB gene is present in all 
bacterial strains. ClpB is induced in P. xenovorans strain LB400 by 
the aromatic compound p- cymene (Agulló et al. 2017 ), which may 
have the function of assisting damaged proteins generated upon 

p- cymene exposure. 
The GroEL and GroES chaperones promote folding of almost 

250 proteins in E. coli , representing 10%–15% of its total cytoso- 
lic proteins (Kerner et al. 2005 ). As shown in Fig. 5 (B), both groEL 
and groES genes ar e pr esent in fiv e copies in P. xenovorans . In con- 
trast, in most genomes, these genes are in a single copy. Multiple 
gene copies of these k e y c ha per ones may be part of the ada ptiv e
strategy of P. xenovorans against different stressful conditions. 

HtpG is a c ha per one foldase that pr omotes the folding and ac- 
tivation of newly synthesized proteins, prevents aggregation, and 

facilitates disa ggr egation and r efolding of misfolded and a ggr e- 
gated proteins . T he HtpG chaperone is upregulated under oxida- 
tiv e str ess and is involv ed in bacterial swarming, biofilm forma- 
tion, cell division, and pathogenicity (Genest et al. 2019 , Wickner 
et al. 2021 ). This study indicates that the htpG gene is present 
in all bacterial strains as a singleton (Fig. 5 B). Interestingly, the 
HtpG c ha per one is induced in P. xenovorans by 4-c hlor obenzoate 
(Martínez et al. 2007 ), suggesting a r ele v ant r ole in cell pr otection 

during degradation of aromatic compounds. 
The redo x-sensiti ve methionine sulfo xide r eductases (Msr) ar e 

thioredo xin (Trx)-de pendent o xidor eductase enzymes that r epair 
oxidized proteins at methionine (Met-O) residues, participating in 

the refolding and recovery of proteins damaged during o xidati ve 
str ess (Bosc hi-Muller 2018 ). Up to thr ee copies of the msr genes ar e 
present in P. xenovorans and other degrading bacteria (Fig. 5 B). 

Finally, the TF is the only bacterial chaperone that binds to ri- 
bosomes. TF is tr ansientl y associated with ribosomes in a 1:1 sto- 
ichiometry, binding to and acting on nascent polypeptides emerg- 
ing from the ribosome (Rutkowska et al. 2008 ). Approximately 70% 

of proteins fold to their native structures after association with 

the TF. Hence, its copy number is expected to be conserved in all 
bacterial genomes (Fig. 5 B). 

In summary, classical c ha per ones ar e widel y distributed in bac- 
teria and shown to be one of the strategies most used by P. xen- 
ovorans and degrading bacteria to cope with the stress generated 

by the presence of aromatic compounds. A higher redundancy of 
enes encoding Gr oEL, Gr oES, DnaK, DnaJ, and MsrA c ha per ones
s present in the model-degrading bacteria P. xenovorans and R.
ostii , compared with enteric bacteria (nondegr ading). Accordingl y,
hese are also the most upregulated chaperones during aromatic 

etabolism in the model-degrading bacteria P. xenovorans and P.
utida (Segura et al. 2005 , Denef et al. 2006 , Domínguez-Cue v as et
l. 2006 , Martínez et al. 2007 , Agulló et al. 2017 ). 

tr ess r esponse c haper ones 

oldase chaperones 

nvir onmental str ess can lead to the accum ulation of ROS, a de-
rease in ATP intracellular levels, and the enzymatic activity of
TP-dependent c ha per ones . T her efor e, ATP-independent holdase
 ha per ones ar e induced as a strategy to cope with these stress-
ul conditions and pr e v ent pr otein a ggr egation (Hoffmann et al.
004 , Thoma et al. 2015 , Goemans et al. 2018 ). These molecular
 ha per ones ar e r egulated at the tr anscriptional and/or posttr ans-
ational le v el under str ess, whic h allows them to r espond r a pidl y
nd protect the integrity of the bacterial proteome (Voth and Jakob
017 ). Holdase c ha per ones form a stable complex with damaged
r oteins, pr e v enting their irr e v ersible a ggr egation while the stress
ersists. Once the unfavorable condition subsides, the c ha per ones
eturn to their inactive state and release the bound protein, which
hen folds itself. Although holdase c ha per ones lac k r efolding ac-
ivity, this mechanism provides a means to prevent the accumu-
ation of misfolded proteins and to protect the cells against the
oxicity associated with protein misfolding. Chaperones that are 
ener all y involv ed in str ess r esponses include the heat shoc k pr o-
eins RidA, SlyD, SplA, CnoX, and Hsp. RidA is part of a r e v ersible
 edox mec hanism, possessing a r egular function in the absence of
tr ess. Under nonstr ess conditions, RidA functions as a deaminase
y releasing ammonia from reactive enamine/imine intermedi- 
tes (Lambr ec ht et al. 2012 ). In the pr esence of r eactiv e c hlorine
pecies, RidA c hlorinates positiv el y c har ged amino acids, pr e v ent-
ng a ggr egation of misfolding substrates (Voth and Jakob 2017 ).
he ridA gene is highl y r edundant in most str ains, r eac hing up to
2 copies in P. xenovorans LB400 (Fig. 5 B), which may have a k e y role
uring o xidati v e str ess gener ated by the catabolism of PCBs and
 hlorinated ar omatic compounds. A higher r edundancy of ridA is
 vident in model-degr ading bacteria (9–12 copies) compar ed to
ondegrading enteric bacteria (3–9 copies), suggesting the phys- 

ological r ele v ance of RidA on pr otein homeostasis under str ess
elated to biodegradation. 

Another c ha per one widel y distributed among bacteria is Sl yD,
 member of the pe ptid yl-pr ol yl isomer ase (PPIase) family (Quist-
aard et al. 2016 ). Sl yD is structur all y composed of the PPIase do-
ain that catalyzes pe ptid yl-prolyl cis-trans isomerization, accel- 

rating the slow steps in protein folding, while the C-terminal do-
ain performs c ha per one activity (IF; insert-in-fla p), whic h pr e-
 ents a ggr egation of cytosolic pr oteins (Kim et al. 2010 ). Interest-
ngl y, the sl yD gene is pr esent onl y in enteric bacteria but absent in
ll anal yzed degr ading bacteria (Fig. 5 B). SlpA, the Sl yD-like pr o-
ein A, is an FKBP-type pe ptid yl-pr ol yl cis-trans isomer ase, but un-
ike SlyD, it lacks the C-terminal metal-binding region (Hottenrott 
t al. 1997 , Löw et al. 2010 ). SlpA possesses moderate PPIase activ-
ty, significantly weaker than SlyD (Hottenrott et al. 1997 , Geitner
t al. 2017 ). In contrast to SlyD, the chaperone SlpA is highly sta-
le under hostile cellular conditions (Geitner et al. 2017 ), which

s r ele v ant for pr oteostasis under str ess. Two slpA gene copies
r e pr esent in P. xenovorans and all model-degrading bacteria, ex-
ept for R. jostii (no copies) and enteric bacteria (one copy). A
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piB protein with PPIase activity has been described in B. pseu-
omallei (Bzdyl et al. 2019 ) . Deletion of ppiB leads to pleiotropic
ffects, including increased sensitivity to w ar d multiple antibi-
tics and the loss of se v er al virulence determinants (Bzdyl et al.
019 ), r e v ealing its essential role in proteome homeostasis and
irulence. 

During o xidati v e str ess, cysteine and methionine r esidues of
roteins can be oxidized, leading to protein inactivation or mis-
olding. Ther efor e, oxidor eductases also contribute to proteosta-
is by rescuing redo x-sensiti ve residues from oxidation (Dahl et
l. 2015 ). CnoX (YbbN) oxidoreductase is a multidomain protein
ith a dual function that pr e v ents irr e v ersible pr otein a ggr ega-

ion and protects cellular proteins from hyperoxidation. Upon
tr ess, it tr ansfers its substr ates to DnaK/DnaJ/E and Gr oEL/Gr oES
or refolding (Meireles et al. 2024 ). CnoX is the only known
oldase dir ectl y cooper ating with the essential Gr oEL/Gr oES com-
lex and is involved in the response to o xidati v e str ess in-
uced by hypoc hlor ous acid (HOCl) (Goemans et al. 2018 ), hy-
r ogen per oxide (Muñoz-Villa grán et al. 2024 ), and heat str ess

Izquierdo-Fiallo et al. 2023 ). Inter estingl y, the Burkholderiales
trains P. xenovorans and C. metallidurans harbor three copies of
he cnoX gene, whereas nondegrading bacteria have only one copy
Fig. 5 B). The aerobic metabolism of aromatic compounds gener-
tes ROS that may induce o xidati v e str ess . T he pr esence of m ul-
iple copies of the c ha per edoxin CnoX-encoding gene could con-
ribute to ac hie ving an incr eased intr acellular concentr ation of
noX, thereby enhancing the protection of its target proteins or in-
reasing the number of substrate proteins to be protected by this
 ha per edoxin when bacteria are in contact with aromatic com-
ounds. 

mall heat shock proteins 

he small heat shoc k pr oteins (sHsps) are lo w-molecular-w eight
oldase c ha per ones, r anging fr om 12 to 43 kDa, initiall y described
s heat shock proteins (Jacob et al. 2017 ). They protect against
tr essful envir onmental conditions in pr okary otic and eukary otic
ells (Maleki et al. 2016 , Jacob et al. 2017 ). Most studied sHsps in
rokaryotes include Hsp20, Hsp31, Hsp33, and Spy (Kumsta and

akob 2009 , Singh et al. 2014 , Aslam and Hazbun 2016 , He et al.
021 ). 

The c ha per ones Hsp33 and Hsp31 play a major r ole in the ox-
dativ e str ess r esponse in E. coli, pr e v enting pr otein a ggr egation
Voth and Jakob 2017 ). In E. coli , Hsp33 is activated during ox-
dativ e str ess thr ough the formation of two intr amolecular disul-
de bonds, the release of the bound zinc, and conformational re-
rr angements (Reic hmann et al. 2018 ). In the absence of stress,
sp33 is compactly folded, four cysteines of the C-terminal are

educed, and zinc is bound (Reichmann et al. 2018 ). Hsp31 is also
nvolved in acid stress (Mujacic et al. 2004 ). The hsp33 and hsp31
enes are present as a single copy in the genomes of P. xenovorans
nd most of the model-degrading bacteria (Fig. 5 B). 

The Hsp20 c ha per one, known as IbpA and IbpB in E. coli , is
onstitutiv el y activ e and forms stable complexes with its sub-
trates under stress conditions. Escherichia coli IbpA and IbpB co-
perate to stabilize intermediate states of denatured proteins,
hus promoting the efficiency of the disa ggr egating mec hanisms
naK/DnaJ/GrpE and ClpB (Ratajczak et al. 2009 ) and helping to
aintain the activity of se v er al enzymes during stress conditions

nduced by ROS, heat, and freeze–thaw (Kitagawa et al. 2002 ).
sp20 suppr esses pr otein a ggr egation at ele v ated temper atur es

n Deinococcus r adiodur ans (Bepperling et al. 2012 ) . In E. coli , the ex-
ression of hsp20 is controlled by RpoS or RpoH, whic h ar e master
egulators of general stress responses and heat shock, respectively
Tilly et al. 1986 , Cocotl-Yañez et al. 2014 ). In A. vinelandii , Hsp20 is
lso involved in desiccation resistance (Cocotl-Yañez et al. 2014 ).
sp20-encoding genes are widely distributed and highly redun-
ant in model-degrading bacteria, including P. xenovorans , with a
aximum of 12 copies (Fig. 5 B). The high redundancy of hsp 20 in

egrading bacteria suggests that this holdase c ha per one plays a
ivotal role in protein protection and cell proteostasis under dif-
er ent str ess conditions , including abiotic factors . 

embrane/periplasmic chaperones or proteases 

n bacteria, the proteostasis of the membrane proteins is carried
ut by periplasmic or membrane chaperones and proteases, such
s HtrA, SurA, Skp, Y idC , and FtsH. HtrA (also known as protease
o or DegP) is present in all three domains of life, usually encoded
y multiple gene copies (Muley et al. 2019 ). This protein has a
ual activity, acting as a protease and c ha per one in the periplasm.
o w e v er, since the ATP is not available in the periplasm, it is
resumed that HtrA could act as an ATP-independent chaperone

Zarzecka et al. 2019 ). HtrA activity is essential for bacterial sur-
ival in stressful en vironments , contributing to tolerating harsh
onditions such as increased o xidati ve stress, osmotic stress, high
emper atur es, or extr eme pH (Zarzec ka et al. 2019 ). According to
he results of this study, the pr otease/c ha per one HtrA is encoded
n the genome of all the analyzed bacterial strains, showing two
opies in P. xenovorans and a maximum of five copies in R. jostii .
ultiple copies of htrA may guarantee the protection and func-

ionality of proteins (Fig. 5 B). 
SurA is a holdase c ha per one essential for cell survival; spe-

ialized in the transport of unfolded pr oteins fr om the inner to
he outer membrane of Gram-negative bacteria, and also in the
eriplasm under stress conditions (Mas et al. 2019 ). SurA mediates
he folding of proteins translocated to the periplasm, combining
oth pe ptid yl pr opyl isomer ase and c ha per one functions. A m ul-
iple copy number of surA is present in the genome of Burkholde-
iales str ains (thr ee and four copies in P. xenovorans and C. metal-
idurans , r espectiv el y), suggesting that SurA may play a crucial role
n the protection of periplasmic proteins under different types of
tress in degrading bacteria. 

YidC is a tr ansmembr ane pr otein that is involv ed in the inser-
ion of membrane proteins into the lipid bilayer in bacteria un-
er stressful conditions, acting as a holdase chaperone by interac-
ion with hydrophobic domains of damaged or unfolded proteins,
her efor e, its absence results in the accumulation of aggregated
r misfolded proteins in the cytoplasm and the inner membrane
Zhu et al. 2013 ). YidC functions as a ribosome receptor that di-
 ectl y accepts membr ane pr oteins for their subsequent insertion
Dalbey et al. 2014 ). Figure 5 (B) shows that all bacterial genomes
ossess one copy of the yidC gene. 

Finally, FtsH is a highly conserved zinc-dependent metallo-
rotease located in the inner membrane that belongs to the
AA + type ATPase family. Escherichia coli FtsH is the best-studied
f all known members and is the only protease essential for
r owth and surviv al in bacteria. FtsH is involv ed in the quality
ontrol of specific membrane proteins (Akiyama 2009 ) and plays
n important role during protein aggregation under heat shock
onditions (Langklotz et al. 2012 ). Par aburkholderia xenovor ans pos-
esses two copies of the ftsH genes (Fig. 5 B). 

The multiple gene copies present in P. xenovorans reflect a spe-
ific adaptation for survival to satisfy the requirements of folding,
r otection, and r ecycling of pr oteins in the periplasm and extra-
ellular matrix. 
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Proteolytic ATPase complexes (AAA + ) 
The AAA + proteins are ATPases associated with various cellular 
activities that contain a conserved ATP-binding domain (Hanson 

and Whiteheart 2005 ). The AAA + -containing pr oteol ytic complex 
includes the w ell-kno wn ClpAP , ClpCP , and ClpXP proteases, as 
well as the Lon protease. Clp proteins comprise the catalytic and 

substr ate r ecognition subunits . For example , the protease ClpAP 
consists of the catalytic ClpP and the recognition of ClpA subunits 
(Kim et al. 2022 ). These proteases are composed of rings of se v er al 
subunits that form a cavity, where the target protein is degraded.
The Clp complex recognizes specific hydrophobic regions of mis- 
folded or unfolded proteins to prevent their aggregation in the cy- 
toplasm. ClpA, ClpC, and ClpX recognition subunits can also work 
alone as ATP-independent c ha per ones, thus constituting k e y reg- 
ulatory components of the serine protease ClpP since they can 

rescue and fold proteins or present them to catalytic subunits for 
further degradation (LaBreck et al. 2017 ). These systems have an 

important role in the degradation of proteins and the recycling 
of their components. Genes of the AAA + Clp protease complexes 
ar e pr esent in all bacterial str ains except the clpC gene (Fig. 5 ).
While the clpP , clpX , and clpA genes ar e widespr ead, the clpC gene 
is present only in the Actinomycetota R. jostii . This agrees with a 
pr e vious r eport in whic h clpC was detected onl y in Bacillota and 

Actinomycetota phyla (Nishim ur a and v an Wijk 2015 ). ClpX uses 
m ultiv alent str ategies to discriminate between substr ates that ar e 
in their native conformations or that are unfolded (LaBreck et al.
2017 ). Ther efor e, when the correct folding of their substrate pro- 
teins is not ac hie v ed, a specific signal is recognized that directs 
them to the ClpP protease for degradation. In E. coli , ClpXP is asso- 
ciated with protein aggregates (LaBreck et al. 2017 ). The clpP gene 
is present in two copies in P. xenovorans and in one to four copies 
in other bacteria (Fig. 5 B). 

Lon (La) is an ATP-dependent protease that degrades abnor- 
mal proteins or proteins that are no longer necessary for the cell 
(Simmons et al. 2008 ). In E. coli , this protease is responsible for 
70%–80% of pr oteol ysis in the cytosol (Maurizi 1992 ) and is re- 
quired to maintain homeostasis and cell survival under stressful 
conditions . In bacteria, Lon pla ys a r ole in pr ocesses like motil- 
ity, DNA replication, sporulation, and pathogenicity (Fu et al. 1997 ,
Izquierdo-Fiallo et al. 2023 ). Additionally, Lon protease activity has 
been reported to increase resistance to harsh conditions such as 
n utrient starvation, o xidati ve stress, bacteriophage lysogeny, ther- 
mal stress, osmotic stress, and radiation (Fu et al. 1997 , Takaya et 
al. 2003 , Xie et al. 2016 , Figaj et al. 2020 ). As shown in Fig. 5 (B), P.
xenovorans and most strains contain from two to three copies; in 

contr ast, A. ev ansii and R. jostii possess a single copy. These genes 
that encode proteases are widely distributed, and there is a redun- 
dancy of ClpP and Lon that may be indicative of the importance 
of pr oteol ytic degr adation in the turnov er of pr oteins. 

Ov er all, a r emarkable featur e of degr ading bacteria is the r e- 
dundancy of genes for specific c ha per one systems, especiall y the 
classical and str ess r esponse c ha per ones. P articularl y P. xenovorans 
has a high redundancy ( > 3 copies) of the groEL , groES , dnaK , hsp20 ,
ridA , msrA , surA , and cnoX genes, which may r epr esent an ada p- 
tiv e str ategy to pr otect pr oteins fr om a ggr egation under oxida- 
tiv e str ess conditions . T he msrA gene was found in three copies in 

the Burkholderiales strains . T he 12 copies of hsp20 and ridA genes 
found in P. xenovorans were nonidentical and present in different 
genetic contexts, suggesting their functional differentiation that 
could significantly contribute to a higher flexibility of responses 
to differ ent envir onmental c hallenges. In this context, we pr o- 
pose that holdases Hsp20 and RidA may be r ele v ant to coping 
t  
ith str ess. Mor eov er, the pr esence of differ ent pr otein v ariants,
uch as those detected for MsrA and ClpPX, may confer additional
da ptiv e r esponses thr ough the pr oteostasis network. The model
or the proteostasis network in P. xenovorans of the Burkholderi-
les order is shown in Fig. 6 . The interaction of molecular c ha p-
rones with unfolded and a ggr egated pr oteins gener ated during
tress within the cell and the inner membrane is indicated, along
ith the gene copy number in P. xenovorans . These findings pro-
ide novel insights into the diversity and abundance of genes re-
ated to the proteostasis network in P. xenovorans LB400 and other

embers of the Burkholderiales order and offer new perspectives 
bout the functionality and r ele v ance of these c ha per one sys-
ems to thrive in challenging en vironments . T he multiple gene
opies observed may be paralogous due to duplication e v ents oc-
urring before or after speciation (Chain et al. 2006 ). In addition,
orizontal transfer of orthologous genes and genomic islands has 
een described in P. xenovorans LB400 and other members of the
urkholderiales order (Chain et al. 2006 , Pér ez-P antoja et al. 2012 ).
his leads to a variety of evolutionary scenarios that have ulti-
atel y sha ped the m ulticopy patterns observ ed. The underl ying
echanisms that led to this multicopy scenario in degrading bac-

eria r equir e further inv estigation. 

embrane, morphology, and lifestyle 

daptations to aromatic compounds 

romatic compounds cause changes in the membrane of bacte- 
ial cells, affecting their viability and fitness (Sikkema et al. 1995 ,
chweigert et al. 2001 , Cámara et al. 2004 ). The toxic effect pro-
uced in bacteria by aromatic compounds and hydrocarbons is re-

ated to their accumulation in the cytoplasmic membrane (Heip- 
eper and Martínez 2010 ). Solvents with a logP between 1 and 4,
uch as monocyclic aromatic compounds and phenols, are gen- 
r all y toxic to cells (Cámara et al. 2004 , Heipieper and Martínez
010 ). Compounds with extr emel y low solubility (e.g . high molec-
lar PAHs) are not bioavailable enough to produce toxic effects on
he membranes (Weber et al. 1994 , Cámara et al. 2004 , Heipieper
nd Martínez 2010 ). Due to their lipophilic natur e, ar omatic com-
ounds tend to arrange between the phospholipid c hains, pr o-
ucing an expansion of the cytoplasmic membrane that leads to
 nonselective permeability to ions . T he protons in their gradi-
nt dissipate, reducing their proton driving force and inhibiting
he r espir atory enzymes (Sikkema et al. 1992 , Weber and de Bont
996 ). 

Par aburkholderia xenovor ans LB400 incubation with the aromatic 
ompounds 4-c hlor obiphen yl, biphen yl, p -cymene, and p -cumate
nduces fuzzy outer and inner membranes and an increased 

eriplasm (Agulló et al. 2007 , 2017 ). Dihydr oxybiphen yl is highl y
oxic for P. xenovorans and other bacteria, dr asticall y r educing their
iability (Cámara et al. 2004 ). The main target of PCBs and their di-
ydroxylated metabolites is the cytoplasmic membrane (Sikkema 
t al. 1995 , Cámara et al. 2004 ). Dihydr oxylated ar omatic metabo-
ites ar e hydr ophobic and weakl y acidic and may be uncouplers
y a protonophoric shuttle mechanism (Schweigert et al. 2001 ).
ell membr ane dama ge in bacteria is evidenced by inhibition of
rowth and an increased accumulation of lipids. Ho w ever, the ad-
ition of the antioxidant α-tocopher ol impr ov es cell integrity and
embr anes upon exposur e to 4-c hlor obiphen yl (Ponce et al. 2011 ).

his suggests that α-tocopherol may be exerting a pr otectiv e ef-
ect on maintaining cell integrity. 

T he homeo viscous ada ptation is a mec hanism that modifies
he permeability of the membrane to optimize growth and min-
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Figure 6. Sc hematic r epr esentation of the pr edicted pr oteostasis network in P. xenovorans . Ne wl y synthesized pr oteins emer ge fr om the ribosome and 
are assisted by trigger factor (TF) and chaperone systems such as DnaK/J, GrpE, and GroEL/ES for proper folding. Unfolded proteins are managed by a 
network of c ha per ones and proteases that mediate refolding or degradation. Numbers next to each factor correspond to the number of copies 
identified in the genome of P. xenovorans . Created in https://BioRender.com . 

i  

d  

s  

a  

2  

f  

t  

p  

M  

t  

p
 

c  

o  

(  

c  

p  

b  

c  

m  

s

M
T  

a  

c  

m  

d  

o  

f  

o  

t  

u  

p  

2
 

p  

1  

1  

(  

x  

p  

o  

2
 

P  

e  

r  

p  

(  

u  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/doi/10.1093/fem
sre/fuaf021/8137893 by U

niversidad Tecnica Federico Santa M
aria user on 11 July 2025
mize energy expenditure (de Mendoza and Pilon 2019 ). Bacteria
ecrease the fluidity of the cytoplasmic membrane upon expo-
ure to high concentrations of toxic organic compounds such as
romatic molecules (Heipieper and de Bont 1994 , Cámara et al.
004 ). The activation of the oxidative stress response along with
atty acid metabolism and changes in membrane lipid composi-
ion have been associated with the catabolism of aromatic com-
ounds in bacteria (Denef et al. 2005 , Nav arr o-Llor ens et al. 2005 ,
rozik et al. 2006 , Patrauchan et al. 2008 ). Physiological adapta-

ions protect bacteria during the metabolism of aromatic com-
ounds. 

Ada ptation mec hanisms of bacterial membr anes to ar omatic
ompounds and other toxic molecules include: (i) modification
f the saturation of fatty acids in membrane phospholipids,
ii) fast cis–trans isomerization of unsaturated fatty acids, (iii)
hanges in the polar group of phospholipids, (iv) changes in cyclo-
ropane and branched fatty acids, and (v) release of outer mem-
r ane v esicles fr om the cell surface (Eberlein et al. 2018 , Der-
ová et al. 2019 ). Ho w ever, in the Paraburkholderia genus, studies of
embr ane ada ptation mec hanisms to ar omatic compounds ar e

carce. 

odification of the saturation of fatty acids 

he saturation of fatty acids in the membrane may be the main
da ptiv e mec hanism in bacteria exposed to ar omatic compounds,
ompensating for the ele v ation of permeability induced by these
c  
olecules (Heipieper et al. 1992 ). In Pseudomonas , two fatty acyl
esaturases (DesA and DesB) play a role in the unsaturation
f fatty acids in the membrane, adding a cis double bond to
atty acids (Zhang and Rock 2008 ). DesA desaturates acyl-CoAs
f membrane phospholipids, whereas DesB adds a double bond
o acyl-CoAs derived from exogenous fatty acids. Fatty acyl desat-
r ases ar e r egulated by the pr esence of or ganic compounds, tem-
er atur e , and other en vironmental conditions (Zhang and Rock
008 ). 

The whole-cell fatty acid profile of P. xenovorans LB400 is com-
osed of 14:0 (4.7%), 14:0 3OH (8.5%), 16:1 7c (19.1%), 16:0 (18.2%),
7:0 cyclo (5.1%), 16:1 2OH (2.2%), 16:0 2OH (2.2%), 16:0 3OH (7.1%),
8:1 7c (27.3%), 18:0 (0.5%), 19:0 cyclo 8c (3.6%), and 18:1 2OH
0.9%) as main components (Goris et al. 2004 ). Paraburkholderia
enovorans LB400 cells decr eased unsatur ated fatty acid ratios,
r edominantl y 18:1 and 16:1, when cells are grown on biphenyl
r benzoate compared with succinate-grown cells (Parnell et al.
006 ). 

On the other hand, in P. xenovorans LB400 cells incubated with
CBs, the presence of biphenyl counteracts the effects of PCBs,
le v ating unsatur ated fatty acids, with an increase in unsatu-
ated phosphatidyl ethanolamine but a decrease in unsaturated
hosphatidylc holine, whic h is a minor membrane component

Zorádo vá-Muríno vá et al. 2012 ). In contr ast, membr ane lipid sat-
r ation incr eases in the pr esence of carvone and ter penes of or-
nge peel. The presence of biphenyl in a Stutzerimonas stutzeri
ulture incubated with PCBs increases membrane unsaturated

https://BioRender.com
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Figure 7. Compr ehensiv e str ess r esponse mec hanisms of P. xenovorans to ar omatic compounds and abiotic str essors . T he dia gr am illustr ates the 
metabolic, physiological, and morphological adaptations of P. xenovorans to chemicals (aromatic compounds , PCBs , and oxidizing compounds) and 
abiotic stressors (high salinity and nutrient scarcity). Adaptive metabolic responses include the increase of reductive po w er, synthesis/degradation of 
P(3HB), synthesis of sider ophor es. Ada ptiv e physiological responses include the upregulation of foldases and holdases, and ROS-scavenging enzymes. 
Ada ptiv e mor phological r esponses include membr ane and cell mor phology c hanges, along with lifestyle c hanges (planktonic and biofilm). Genetic and 
metabolic engineering a ppr oac hes highlight potential enhancements of bacterial stress tolerance, wherein antioxidants play a role in mitigating 
o xidati v e str ess. Ov ercoming str ess str ategies play a k e y r ole in enhancing the biodegr adation of pollutants and bacterial toler ance to abiotic str ess. 
Created in https://BioRender.com . 
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fatty acids, including unsaturated phosphatidyl ethanolamine 
and phosphatidylcholine (Zorádo vá-Muríno vá et al. 2012 ). Incu- 
bation with phenol of P. putida P8 ele v ates the satur ation degr ee 
of membrane fatty acids, decreasing the membrane permeabil- 
ity (Heipieper et al. 1992 ). Naphthalene increases the saturation 

degr ee of membr ane fatty acids of S. stutzeri and Pseudomonas sp.
JS150; in contr ast, na phthalene decr eases the satur ation of mem- 
brane fatty acids in P. veronii. (Heipieper et al. 1992 , Mrozik et al.
2006 ). 

Fatty acid cis–trans isomerization 

In bacteria, a fast isomerization of cis– into trans- unsaturated fatty 
acids catalyzed by a cis–trans isomerase (Cti) leads to a rigidifi- 
cation of the membr ane, decr easing the permeability of organic 
compounds that may intercalate and destabilize the membrane 
(Heipieper et al. 1992 , 2003 ). Fatty acid cis–trans isomerization is 
an adaptation mechanism influenced by the concentration and 

hydrophobicity of the organic compounds, which occur in situ and 

do not r equir e de novo synthesis of fatty acids (Eberlein et al. 2018 ,
Dercová et al. 2019 ). The trans- unsaturated fatty acids cannot be 
converted into cis- unsaturated fatty acids by Cti; therefore, de novo 
biosynthesis of cis- unsaturated fatty acids is required (Zhang and 

Rock 2008 ). 
In P. xenovorans , incubation with PCBs induces trans configura- 

tion of unsaturated fatty acids, whereas the addition of biphenyl,
imonene, and the ter penes fr om or ange peels to cells incubated
ith PCBs decreases trans unsaturated fatty acids (Zorádová- 
urínová et al. 2012 ). Pseudomonas putida str ains cultur ed in or-

anic solvents , for example , toluene , increase the trans config-
ration of unsaturated fatty acids, while the cyclic and satu-
ated fatty acids are not significantly modified (Dercová et al.
019 ). 

hanges in the polar group composition 

he composition of phospholipid polar head groups in the mem- 
rane is regulated by enzymes to balance the proportion of
witterionic phospholipids (e .g. phosphatidylethanolamine , phos- 
hatidylc holine, and glucosyldiacylgl ycer ol) and acidic phospho- 

ipids (e.g . phosphatidylgl ycer ol and cardiolipin) (Zhang and Roc k
008 ). These enzymes are intrinsic membrane proteins or pro-
eins associated with the membrane. Cytosine diphosphate- 
iacylgl ycer ol is a central intermediate in phospholipid synthe-
is that is formed by cytidine diphosphate diacylgl ycer ol synthase
CdsA) from phosphatidic acid and cytosine triphosphate (Zhang 
nd Rock 2008 ). 

Ar omatic solv ents suc h as benzene and toluene reduce
he tr ansition temper atur e of phospholipids fr om a mor e or-
ered gel-lamellar phase to a less structured liquid–crystalline 
hase. To stabilize the fluidity in response to aromatic com-
ounds, bacteria modify the membrane composition according 

https://BioRender.com
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o phospholipids with more suitable polar groups , fa voring acidic
hospholipids. 

Stutz erimonas stutz eri and P. veronii cells grown on PCBs in-
r ease phosphatidylgl ycer ol and phosphatidylc holine compar ed
o glucose-gr own cells, decr easing phosphatidylethanolamine
Muríno vá et al. 2014 , Derco vá et al. 2019 ). In P. xenovorans incu-
ated with PCBs , the addition of biphenyl counteracts the effects
f PCBs, increasing phosphatidylethanolamine and phosphatidyl-
 holine and decr easing acidic phospholipids (Zorádo vá-Muríno vá
t al. 2012 ). In S. stutzeri incubated with PCBs , the presence of natu-
 al ter penes fr om ivy leav es incr eases phosphatidylethanolamine
nd phosphatidylcholine (Zorádo vá-Muríno vá et al. 2012 ). Incuba-
ion of P. putida with phenol or toluene causes a decrease in the un-
atur ated/satur ated r atio of membr ane fatty acids, a cis–trans iso-
erization, and modifications in phospholipids, increasing phos-

hatidylgl ycer ol and cardiolipin (diphosphatidylgl ycer ol) and de-
reasing phosphatidylethanolamine (Weber et al. 1994 , Weber and
e Bont 1996 ). Stutzerimonas stutzeri and P. veronii cells grown on
-c hlor obenzoate compar ed to glucose-gr own cells r educe phos-
hatidylethanolamine (Dercová et al. 2019 ). 

hanges in cyclopropane and branched fatty 

cids 

ormation of cyclopropane fatty acids in Gram-negative bacteria
ave effects on transition temperature, comparable to the branch-

ng of fatty acids ( anteiso/iso br anc hing) in Gr am-positiv e cells
Dercová et al. 2019 ). The cyclopr opane gr oup is formed thr ough

ethylation of cis -unsaturated fatty acids by cyclopropane fatty
cid synthase (Cfa), using S –adenosylmethionine as a methyl
onor. Due to their steric pr operties, cyclopr opyl fatty acids mimic
is -unsaturated fatty acids in the membrane, conferring an addi-
ional resistance mechanism to organic solvents and acid stress
Zhang and Rock 2008 , Pini et al. 2009 , Zorádo vá-Muríno vá et al.
012 ). 

Par aburkholderia xenovor ans LB400 cells incr eased cyclopr opyl
atty acids (C17 and C19) during incubation with biphenyl and
enzoate compared with succinate-grown cells (Parnell et al.
006 ). The degradation of PCBs also incr eased cyclopr opyl fatty
cids in P. xenovorans cells (Parnell et al. 2006 ). In P. xenovorans
B400 cells incubated with PCBs, the presence of biphenyl and
imonene slightly increases the C17-c ycloprop yl fatty acid con-
ent in the membr ane, wher eas the presence of biphenyl and ivy
eaf terpenes increases the C19-c ycloprop yl fatty acid content in

embrane lipids (Zorádo vá-Muríno vá et al. 2012 ). 
In Pseudomonas studies, a P. putida strain lacking the cfaB gene,

ncoding the synthesis of cyclopropane fatty acids, shows in-
reased sensitivity to organic solvents, but not to other stressful
onditions such as the presence of antibiotics , hea vy metals , or
emper atur e c hanges (Pini et al. 2009 ). 

elease of outer membrane vesicles 

elease of outer membrane vesicles (OMVs) from the cell surface
eads to a r a pid incr ease in hydr ophobicity, while cell a ggr egates
nd biofilm formation decrease the contact surface with toxic
ompounds (Eberlein et al. 2018 ). Vesicle formation in bacteria
lays a k e y r ole a gainst m ultiple str essors suc h as or ganic sol-
ents (Baumgarten et al. 2012 ). 

In P. xenovorans LB400, after incubation of succinate-grown cells
ith PCBs, vesicle formation was observed in a 3:4 r atio (v esi-

le/cell) (Parnell et al. 2006 ). Burkholderia multivorans C1576 in
iofilms r eleases OMVs, whic h ar e enric hed with l ytic enzymes,
ider ophor es, and antioxidant enzymes (Terán et al. 2020 ). The ex-
osure of P. putida KT2440 to short- and long-chained n -alkanols
 e v ealed an up to 4-fold increase in OMV production (Eberlein et
l. 2018 ). 

ipopol ysaccharide modifica tions 

ue to the structur al differ ences in the external cell membrane
etween Gr am-negativ e and Gr am-positiv e bacteria, differ ent tol-
r ances to solv ents and toxic compounds hav e been observ ed
Harrop et al. 1989 ). Gram-negative bacteria sho w ed a higher toler-
nce than most Gr am-positiv e bacteria to a mixture of hydrocar-
ons, including satur ated hydr ocarbons ( n -hexane , n -hexadecane ,
nd cyclohexane), monoaromatic compounds (benzene , toluene ,
nd ethylbenzene), and pol yar omatic compounds (na phthalene,
-methylna phthalene, and fluor ene) (Marilena-L ̆az ̆ar oaie 2010 ).
o w e v er, a specific taxon of Gr am-positiv e bacteria called My-
olata ( Rhodococcus , Mycobacterium , Nocardia , Corynebacterium , Gor-
onia , Dietzia , Skermania , and Tsukamurella ) is extr emel y r esistant
o toxic hydrophobic compounds (Murínová and Dercová 2014 ,
éndez et al. 2022b ). The cell wall has a unique composition,
ith a main component, arabinogalactan polysaccharide, which

s linked with large 2-alkyl 3-hydroxy branched-chain fatty acids
alled mycolic acids . T his complex is responsible for cell surface
ydrophobicity and its very low permeability. 

Gr am-negativ e bacteria hav e lipopol ysacc harides (LPS) as a
ain component of their external wall, constituted by a lipid

raction with saturated fatty acids and characteristic oligosaccha-
ides and pol ysacc harides. Due to its high hydr ophobicity, LPS of
he cell wall confers Gr am-negativ e bacteria a lo w er sensitivity
o aromatic compounds such as PCBs, biphenyl, toluene, or ben-
ene (Inoue et al. 1991 , Weber and de Bont 1996 , Murínová et al.
014 ). The presence of the specific cations Mg 2 + and Ca 2 + pro-
otes hexagonal phase formation by anionic phospholipids, in-

reasing cell survival in the presence of toluene (Inoue et al. 1991 ,
eber and de Bont 1996 ). LPS-altered mutants or chemical loss

f part of the LPS decreases the cellular protection to hydropho-
ic antibiotics and detergents in E. coli and S. enterica ser ov ar Ty-
him urium (Hancoc k 1984 , Harr op et al. 1989 , Weber and de Bont
996 ). Ho w e v er, the exclusion of the O-antigen from the molecule
as no significant implication in tolerance to toluene, octanol, p -
ylene , propylbenzene , and heptane compared to the wild strain
Junker et al. 2001 , Ramos et al. 2002 ). In P. putida strain Idaho, a

odification in the molecular pattern of the LPS on cells grown
n o -xylene was observ ed, decr easing the molecular mass of LPS
Pinkart et al. 1996 ). 

ell morphology modifications 

he modification of cell shape and size is a mechanism of cellu-
ar resistance to the catabolism of aromatic compounds in Gram-
egative and Gram-positive bacteria. A change in the elongated
hape of bacillary bacteria to more coccoidal forms has been ob-
erved in P. putida P8 grown on phenol and 4-chlorophenol and
hodococcus cells grown on p -cresol and o -cresol (Neumann et al.
005 , Ger ginov a et al. 2023 ) . The coccoidal cells sho w ed a decrease
n the r elativ e surface area of the cell in contact with the sol-
 ent, decr easing the toxic effects on its membrane . T he scarcity
f nutrients such as nitrogen, phosphorus, or water, as well as the
r esence of ar omatic compounds as the only carbon and energy
ource, results in cell size modification, c hanging r od-sha ped cells
o coccal or filamentous forms (Seeger and Jerez 1993a , Gerginova
t al. 2023 ). Gordonia sp. 12/5 grown on monophenols shows struc-
ur al c hanges in cell populations, decr easing their av er a ge cell
engths compared to cells grown on glucose (Ger ginov a et al. 2023 ).
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In contrast, Acidithiobacillus ferrooxidans during phosphate starva- 
tion increases the size of cells 10-fold and induces div erse pr o- 
teins, including an outer membrane porin (Seeger and Jerez 1993a ,
b ). The same effect has been reported for B. cenocepacia during 
ada ptation to c hr onic infection, in whic h a pr ogr essiv e decr ease 
in cell length and conversion from rod to cocci form was observed 

(Hassan et al. 2019 ). 

Bacterial cell lifestyle modifications 

Biofilm formation in bacteria is mediated by the second mes- 
senger bis-(3 ′ –5 ′ )-cyclic dimeric guanosine monophosphate (c-di- 
GMP) (Jenal et al. 2017 ). Diverse envir onmental str essful condi- 
tions (e .g . aromatic compounds , o xidati ve stress, n utrient scarcity,
hea vy metals , and antimicr obials) in bacterial cells c hange in- 
tr acellular le v els of c-di-GMP, whic h is sensed by effectors that 
activ ate a str ess r esponse (Álviz-Gazitúa et al. 2019 , Wang et al.
2023 ). Potential stress responses are biofilm formation, activation 

of o xidati v e str ess r esponse, stim ulation of antimicr obial or heavy 
metal r esistance, PHA degr adation, and r egulation of catabolic 
genes. 

A significant decrease in biofilm formation in P. xenovorans 
has been observed during growth on the aromatic compound p - 
cymene compared to glucose-grown cells (Agulló et al. 2017 ). Pro- 
teomic analysis of P. xenovorans cells during growth on p- cymene 
sho w ed a stress response and the downregulation of the diguany- 
late cyclase gene-encoded pr otein (BxeB2035). The decr ease in 

diguan ylate cyclase corr elates with an incr ease in the MotB pr o- 
tein, which is associated with the flagellar motor and cell motil- 
ity. Str ess also r educed biofilm le v els in C. metallidurans CH34, a 
member of the Burkholderiales order. In response to cadmium, the 
ar omatic-degr ading str ain C. metallidurans CH34 inhibits the initi- 
ation of a biofilm lifestyle that involves a decrease in c-di-GMP 
le v els, mediated by a nov el metal-r egulated phosphodiester ase 
( mrp gene), which is upregulated in the presence of cadmium.
This study established a k e y connection between the adaptation 

to heavy metals and a second messenger, which is involved in 

bacterial lifestyle and many other processes, including electricity 
production (Alviz-Gazitua et al. 2019 , 2022 ). In contrast, toluene 
caused in P. putida KT2440 a downregulation of the genes en- 
coding proteins involved in flagellar biosynthesis (FlgE and Hag) 
(Domínguez-Cue v as et al. 2006 ). 

Acceler a ted degr ada tion of ar oma tic 

compounds by stress-adapted bacteria 

To establish optimized biodegradation for aromatic compounds, 
it is crucial to maintain the fitness of the cells subjected to stress- 
ful conditions and to overcome dead-end steps in the catabolic 
process to avoid the accumulation of toxic metabolites. Mainte- 
nance of redox balance within the cell through biotechnological 
strategies can counteract the o xidati ve stress generated during 
aromatic metabolism. 

Notably, Ponce et al. ( 2011 ) sho w ed that antioxidant com- 
pounds such as α-tocopherol stimulate degradation of PCBs 
by P. xenovorans in polluted water and soil. In presence of α- 
tocopher ol, gr owth and cell integrity of P. xenovorans exposed to 
4-c hlor obiphen yl is less affected, which suggests a pr otectiv e ef- 
fect of the antioxidant molecule on the cell membranes (Ponce 
et al. 2011 ). Recent studies sho w ed that the ov er expr ession of 
the long-chain flavodoxin FldX1 impr ov es P. xenovorans degrada- 
tion of aromatic compounds. Proteomic analysis sho w ed a de- 
creased o xidati ve stress response in FldX1-overexpressing cells 
Rodríguez-Castro et al. 2019 , 2024 ). Increased growth and degra-
ation of 4-hydr oxyphen ylacetate by P. xenovorans r ecombinant
ells compared with the control strain were observed (Rodríguez- 
astro et al. 2024 ) . Moreover, 4-hydroxyphenylacetate was com-
letel y degr aded after 3 days in soils bioaugmented with the
 ecombinant P. xenovorans str ain (Rodríguez-Castr o et al. 2024 ).
hese results suggest that counteracting stress response may 
nhance the biodegradation of other aromatic and toxic com- 
ounds . For example , metabolic engineering successfully o ver- 
ame a metabolic dead-end step, improving bioremediation of 
CBs (Saav edr a et al. 2010 , Seeger et al. 2011 ). The recombinant
urkholderiales strain C. necator JMS34 bearing the bph locus from
. xenovorans miner alizes 3-c hlor obiphen yl, 4-c hlor obiphen yl, 2,4 ′ -
 hlor obiphen yl, and 3,5-c hlor obiphen yl, without accum ulation of
 hlor obenzoates (Saav edr a et al. 2010 , Seeger et al. 2011 ). Within
he Burkholderiales order, Comamonas testosteroni has been re- 
orted as an emerging cellular chassis for bior emediation str ate-
ies (Tang et al. 2018 ) 

T he o v er expr ession of antioxidant enzymes, specificall y
err edoxin-NADP + r eductase (Fpr) and SOD, significantly im- 
r ov ed the growth and naphthalene degradation rates in recom-
inant Pseudomonas sp. As1 compared to the wild-type strain. This

ndicates that o xidati v e str ess during na phthalene metabolism
ay be mitigated by these enzymes. These results suggest that

he ov er expr ession of antioxidant enzymes not onl y helps in
 xidati v e str ess mana gement but also contributes to enhanced
a phthalene degr adation, whic h is crucial for bioremediation
trategies (Kang et al. 2007 ). 

Recombinant P. putida KT2440 carrying a naphthalene catabolic 
lasmid sho w ed impr ov ed rhizor emediation performance (Fer-
ández et al. 2012 ). The NAH7 catabolic plasmid enables P.
utida KT2440 to degrade naphthalene while mitigating the 
ellular stress associated with this toxic compound. Strain 

T2440R(NAH7) activates a broad stress response in the presence 
f na phthalene, impr oving toler ance to na phthalene-induced
tress, biomass formation, and, therefore, rhizoremediation. 

The ability of P. putida strains to resist environmental stressors
uch as high salinity, temperature variations, and toxic substrates 
onverts them into valuable candidates for bioremediation appli- 
ations . T he metabolic versatility allows the biodegradation of a
ariety of pollutants (e.g . aromatic and aliphatic hydrocarbons) 
nder challenging conditions. Ho w ever, genetic modifications that 
nhance specific metabolic pathways can also contribute to stress 
olerance . For example , enhancing the enzymatic activities of the
D and PP pathways in P. putida fav ors N ADPH generation and can
ead to more efficient degradation of pollutants, thereby enhanc- 
ng bior emediation pr ocesses (Nikel et al. 2021 ). The introduction
f genes that impr ov e r edox balance or enhance the degradation
f toxic compounds has been proposed to support bacteria sur-
i ving and thri ving in polluted envir onments (Sánc hez-P ascuala
t al. 2018 , Martínez-García and de Lorenzo 2024 ). 

The application of synthetic degrading consortia for bioreme- 
iation also contributes to the complete mineralization of poly- 
yclic ar omatic hydr ocarbons and a r eduction of str ess associated
ith toxic metabolites (Laothamteep et al. 2021 , Nieto et al. 2023 ).

ol ycyclic ar omatic hydr ocarbon degr adation w as enhanced b y a
ynthetic consortium composed of Burkholderia and Sphingomonas 
trains (Nieto et al. 2023 ). Interestingly, metaproteomic studies 
ho w ed do wnr egulation of str ess-r elated pr oteins, indicating that
he syner gistic r elationship of both str ains to w ar d complete PAH
atabolism also decreases ROS and mitigates stress, thus increas- 
ng degradation efficiency (Nieto et al. 2023 ). In addition, a cocul-
ure of Pseudomonas reinekei and Achromobacter xylosidans sho w ed
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o accumulation of toxic intermediates, contributing to a down-
egulation of the stress response, which improved bacterial fitness
Bobadilla-Fazzini et al. 2010 ). 

While extensiv el y studied models suc h as P. putida KT2440
av e pr ovided significant insights into stress response affecting
iodegr adation performance, degr ading str ains of the Burkholde-
iales order have gained less attention; this gap in knowledge
eeds further explor ation. P articularl y, nov el bior emediation a p-
r oac hes addr essing str ess r esponse to toxic compounds are cru-
ial for the effectiv e a pplication and performance of Burkholderi-
les strains. 

oncluding remarks 

his r e vie w highlights the complex mec hanisms emplo y ed b y
urkholderiales and environmental bacteria, with particular em-
hasis on P. xenovorans , to address the challenges associated with
he degradation of aromatic compounds and abiotic stressors . T he
utstanding capability of P. xenovorans to degrade toxic aromatic
ompounds and their metabolites is linked to its stress response
ec hanisms, whic h include gener al str ess and antioxidant adap-

iv e r esponses. In the gener al str ess r esponse, molecular c ha per-
nes play a crucial role in maintaining a healthy proteome upon
xposure to a variety of stressors, including stress related to aro-
atic compound degradation and abiotic stresses. In the antioxi-

ant response, the OxyR and SoxR transcriptional regulators play
 k e y role in orc hestr ating specific r esponses a gainst o xidati ve
tress caused by the degradation of aromatic compounds and ROS.

Despite se v er al str ess studies that hav e been conducted in
r omatic-degr ading Burkholderiales strains in the last three
ecades, div erse questions r emain unanswer ed. For example, we
eed to deepen in diverse aspects of Burkholderiales strains: (i)
he mechanisms that explain why diverse Burkholderiales strains
ho w ed superior resistance to stress caused by the degradation
f toxic aromatic compounds compared to strains from other
axa, such as Actinomycetota and Bacillota; (ii) the hier arc hy of
he str ess r esponse r egulation network, (iii) the mechanisms of
ntioxidant proteins (e.g . SOD), antioxidant molecules (e.g . glu-
athione and ß-hydr oxy-butyr ate) and c ha per ones to maintain
he cellular redox balance; (iv) the response mechanisms to abi-
tic stresses such as salinity, nutrient scarcity, presence of heavy
etals, cold and heat shock; (v) the physiological responses of

he membr ane, mor phology, and lifestyle to aromatic compounds,
nd (vi) the role of the second messengers in str ess r esponses that
as been only partially characterized in a few strains. 

This knowledge will pave the way for the degradation perfor-
ance optimization of P. xenovorans and other related environ-
ental strains and the development of more robust and efficient

acteria for bioremediation applications, especially in ecosystems
ith contamination and hostile environmental conditions, such
s salinity and nutrient scarcity. 

In this r e vie w, genomic anal yses unv eiled for the first time P.
enovorans ada ptiv e str ategies, including r egulating pr oteostasis
etworks, modulation of carbon metabolism, and synthesizing os-
opr otectants to r estor e osmotic balance. Ho w e v er, futur e exper-

mental studies should aim to deepen the understanding of stress
 esponse mec hanisms in P. xenovorans and other Burkholderiales
pecies during aromatic compound degradation under environ-
ental stressors. Expanding these studies to diverse environmen-

al conditions and other envir onmentall y r ele v ant pollutants can
rovide insights into specific molecular pathways and regulatory
etworks that drive bacterial adaptation. 
Synthetic biology remains underdeveloped in Burkholderiales.
o w e v er, biotec hnological tools such as CRISPR-based genome
diting and omics technologies will enable the engineering
f more robust strains. Diverse Burkholderiales strains exhibit
r omising biodegr adation ca pabilities, whic h need further explo-
 ation for lar ge-scale bior emediation and biotr ansformation a p-
lications. Such bacterial strains may serve as effective bioreme-
iation catal ysts, impr oving pollutant degr adation in c hallenging
n vironmental scenarios . 
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mechanisms of bacteria during the degradation of pol yc hlori- 
nated biphenyls in the presence of natural and synthetic ter- 
penes as potential degr adation inducers. A ppl Microbiol Biotechnol
2012; 94 :1375–85. https:// doi.org/ 10.1007/ s00253- 011- 3763- 8 .
pen Access article distributed under the terms of the Cr eati v e Commons 
icted reuse, distribution, and reproduction in any medium, provided the original 

https://doi.org/10.1128/msystems.00014-21
https://doi.org/10.1016/j.tibs.2017.08.006
https://doi.org/10.1016/j.cophys.2022.100627
https://doi.org/10.1016/j.micres.2023.127302
https://doi.org/10.1016/S0304-4157(96)00010-X
https://doi.org/10.1099/13500872-140-8-2013
https://doi.org/10.1146/annurev-micro-032421-035644
https://doi.org/10.1038/s41589-022-01237-7
https://doi.org/10.1016/j.cell.2008.09.024
https://doi.org/10.1016/j.molcel.2004.12.027
https://doi.org/10.1038/s41467-022-31767-6
https://doi.org/10.1016/j.micpath.2016.01.009
https://doi.org/10.1038/s41396-023-01377-1
https://doi.org/10.1186/s40793-017-0231-9
https://doi.org/10.3390/microorganisms11020367
https://doi.org/10.1186/s12964-019-0481-9
https://doi.org/10.1016/j.jhazmat.2023.132102
https://doi.org/10.1038/nrmicro1839
https://doi.org/10.1074/jbc.M113.491613
https://doi.org/10.1007/s00253-011-3763-8
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Stress response during aromatic degradation
	Oxidative stress response to aromatic compounds
	Metabolic adaptation to oxidative stress
	Osmoadaptation to saline stress
	Synthesis of siderophores under iron limitation
	Proteostasis network in P. xenovorans and degrading bacteria
	Stress response chaperones
	Membrane, morphology, and lifestyle adaptations to aromatic compounds
	Accelerated degradation of aromatic compounds by stress-adapted bacteria
	Concluding remarks
	Acknowledgments
	Supplementary data
	Funding
	References

