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Preface 

This thesis reports the results of a three-year PhD project in Biomedical Sciences and Technologies 

carried out between January 2023 and December 2025. The project was supervised by Prof. Paolo 

Visca, with co-supervision by Dr. Daniela Visaggio (Roma Tre University) and Prof. Eric P. Skaar 

(Vanderbilt University, USA). 

Most of the experimental work was carried out at the Department of Science, Roma Tre University, 

Rome, Italy. Between September 2024 and August 2025, research was conducted during a visiting 

PhD period at the laboratory of Prof. Eric P. Skaar at Vanderbilt University Medical Center in 

Nashville, Tennessee, US. This international experience enriched the project by providing access to 

additional expertise and research facilities and fostered a new scientific collaboration. 
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Summary 

Microorganisms are continuously exposed to environmental fluctuations. Desiccation represents one 

of the most severe challenges in many natural environments and is particularly relevant in hospital 

settings. In hospitals, which are typically dry and characterized by controlled humidity, desiccation 

represents a major selective pressure to bacterial colonizers. Under dry conditions, certain bacterial 

pathogens can persist on abiotic surfaces for prolonged periods, with significant implications for 

healthcare-associated infections (HAIs). In this context, Acinetobacter baumannii represents a 

paradigmatic healthcare-associated pathogen, as it combines antimicrobial resistance with remarkable 

desiccation tolerance. Despite its clinical and epidemiological relevance, the molecular mechanisms 

underlying desiccation resistance and dormancy in A. baumannii have remained largely unexplored. 

This PhD thesis aims to elucidate the physiological and molecular strategies that enable A. baumannii 

to withstand desiccation through entry into the Viable But Non-Culturable (VBNC) state and the 

reverse processes governing resuscitation. The first part of the experimental work (Publication I, 

Chapter 3) is focused on the dynamics of A. baumannii VBNC entry under conditions mimicking 

desiccation on hospital surfaces. Severe cellular damage, including membrane injury, ATP depletion, 

and oxidative stress, determines the loss of culturability within 24 hours. Remarkably, cells regained 

growth when resuspended in a carbon-free buffer, revealing a reversible transition from the VBNC 

to the culturable state. Transcriptomic profiling after prolonged desiccation uncovered extensive 

transcriptional remodelling, notably the activation of the glyoxylate shunt via upregulation of aceA 

gene, encoding isocitrate lyase. Deletion of aceA resulted in a pronounced reduction in both 

desiccation tolerance and resuscitation efficiency, providing direct evidence for a role of the 

glyoxylate shunt pathway in desiccation resistance and highlighting the relevance of metabolic 

rerouting for the entry into the VBNC state. 

The subsequent section (Manuscript II, Chapter 4) investigated the molecular basis of VBNC cells 

resuscitation. Comparative transcriptomic analyses revealed a marked enrichment of genes involved 

in DNA repair, replication, and recombination. Among these, a primary role is played by the uvrA 

gene, encoding a key component of the UvrABC nucleotide excision repair system. Deletion of uvrA 

severely impaired survival under oxidative and genotoxic stresses and impaired the recovery of 

culturability after desiccation stress. Furthermore, in a murine pneumonia model, resuscitated WT 

bacteria achieved significantly higher pulmonary burdens than the ΔuvrA mutant strain, thereby 

confirming that DNA repair is indispensable not only for exit from the VBNC state, but also for the 

recovery of virulence. 



   
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

5 

Subsequent investigations were aimed at assessing whether the transition into a VBNC state 

represents a common survival strategy among major nosocomial pathogens exposed to desiccation 

stress (Publication III, Chapter 5). For this purpose, attention was focused on the ESKAPE group, 

namely Enterococcus spp., Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, 

Pseudomonas aeruginosa, and Enterobacter spp., which are recognized for their prominent role in 

HAIs and antimicrobial resistance. The results revealed that VBNC induction under desiccation is 

not exclusive to A. baumannii. Although previous evidence indicated that several ESKAPE pathogens 

can enter the VBNC state when exposed to environmental stresses, their response to desiccation on 

the surface of materials commonly found in hospitals had not been studied yet. Evidence is provided 

that all ESKAPE species exhibit a marked reduction in cultivability following desiccation. Gram-

negative species entered the VBNC state under conditions mimicking hospital settings and regained 

culturability after resuscitation, whereas Gram-positive species did not recover culturability under the 

test conditions. This finding unveils a critical blind spot in current surveillance practices, as 

conventional culture-based environmental monitoring fails to detect VBNC cells, systematically 

underestimating viable bacterial burden on hospital surfaces. Notably, a pilot environmental sampling 

experiment on various surfaces within the Department of Science at Roma Tre University 

demonstrated that incorporating a resuscitation step prior to culture markedly enhances the detection 

sensitivity, underscoring the urgent need to revise existing environmental monitoring protocols. 

Finally, the thesis translates these insights into a practical solution (Patent IV, Chapter 6) by 

introducing MORECOVERY, a novel patented method for environmental contamination control that 

incorporates a resuscitation step before plating samples on solid media, thereby restoring the 

culturability of VBNC cells and enabling accurate quantification of viable microorganisms on abiotic 

surfaces. 

In conclusion, this thesis provides a comprehensive understanding of the A. baumannii response to 

desiccation and clarifies the VBNC state as a key survival strategy in hospital environments. It 

identifies metabolic rerouting via the glyoxylate shunt as central to VBNC entry and DNA repair as 

essential for resuscitation and virulence restoration. It demonstrates that VBNC induction under 

desiccation is widespread among Gram-negative ESKAPE pathogens, revealing the limitations of 

current environmental monitoring approaches. Lastly, it proposes an innovative solution to enhance 

the detection of VBNC cells, with possible implications for infection control. 
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Riassunto (Italian summary) 

I microrganismi sono continuamente esposti a fluttuazioni ambientali, e l’essiccamento rappresenta 

uno degli stress più severi in ambienti naturali, con rilevanza anche in ambito ospedaliero. Negli 

ospedali, tipicamente secchi e caratterizzati da umidità controllata, l’essiccamento è un’importante 

pressione selettiva. In condizioni di bassa umidità, alcuni patogeni possono persistere su superfici 

abiotiche per lunghi periodi, con importanti implicazioni per la trasmissione ambiente-uomo delle 

infezioni correlate all’assistenza sanitaria. In questo contesto, A. baumannii rappresenta un esempio 

paradigmatico di patogeno associato all’ambiente ospedaliero, combinando resistenza agli 

antimicrobici con una notevole tolleranza all’essiccamento. Nonostante la sua rilevanza clinica ed 

epidemiologica, i meccanismi molecolari alla base della resistenza all’essiccamento e della 

dormienza in A. baumannii sono rimasti in gran parte inesplorati. 

Questa tesi di Dottorato si propone di colmare, almeno in parte, tali lacune studiando le strategie 

fisiologiche e molecolari che consentono ad A. baumannii di sopravvivere all’essiccamento attraverso 

l’ingresso nello stato Viable But Non-Culturable (VBNC) e i processi che governano il percorso 

inverso, ossia la rianimazione. La prima parte della tesi (Pubblicazione I, Capitolo 3) si concentra 

sull’analisi delle dinamiche di ingresso di A. baumannii nello stato VBNC in condizioni che mimano 

l’essiccamento su superfici potenzialmente contaminate in ospedale. A seguito dell'essiccamento, A. 

baumannii subisce danni cellulari severi, tra cui lesioni di membrana, deplezione di ATP e stress 

ossidativo, che determinano la perdita di coltivabilità entro 24 ore. Sorprendentemente, le cellule 

recuperano la capacità di crescere (formare colonie) su un terreno solido quando risospese in un 

tampone isotonico privo di fonti di carbonio, in una transizione reversibile dallo stato VBNC allo 

stato coltivabile. Il profilo trascrittomico dopo l’essiccamento prolungato ha evidenziato un ampio 

rimodellamento trascrizionale, in particolare l’attivazione del ciclo del gliossilato tramite sovra-

regolazione del gene aceA, che codifica l’enzima isocitrato liasi. La delezione di aceA ha determinato 

una marcata riduzione sia della tolleranza all’essiccamento sia dell’efficienza di rianimazione, 

fornendo prove dirette del suo ruolo nella resistenza all’essiccamento e sottolineando la rilevanza del 

rimodellamento metabolico durante l’ingresso nello stato VBNC. 

Nella sezione successiva (Manoscritto II, Capitolo 4) sono state indagate le basi molecolari della 

rianimazione delle cellule essiccate nello stato VBNC. Analisi trascrittomiche comparative hanno 

rivelato un arricchimento significativo nell’espressione di geni coinvolti nella riparazione, 

replicazione e ricombinazione del DNA. Tra i geni sovraespressi è stata posta l’attenzione su uvrA, 

che codifica un componente chiave del sistema UvrABC di riparazione del DNA per escissione 

nucleotidica. La delezione del gene uvrA compromette gravemente la sopravvivenza sotto stress 

ossidativo e genotossico e non consente il recupero della coltivabilità dopo stress da essiccamento. 
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Inoltre, in un modello murino di polmonite, i batteri wild-type rianimati hanno raggiunto cariche 

polmonari significativamente più elevate rispetto al ceppo mutante ΔuvrA, confermando che la 

riparazione del DNA è indispensabile non solo per l’uscita dallo stato VBNC ma anche per il ripristino 

della virulenza. 

Successivamente, si è voluto valutare se la transizione nello stato VBNC rappresenti una strategia di 

sopravvivenza comune tra i principali patogeni nosocomiali esposti a stress da essiccamento 

(Pubblicazione III, Capitolo 5). A tal fine, l’attenzione si è concentrata sui batteri del gruppo 

ESKAPE, ovvero Enterococcus spp., Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, 

Pseudomonas aeruginosa ed Enterobacter spp., ben noti per la loro importanza nelle infezioni 

correlate all’assistenza sanitaria e nella resistenza agli antimicrobici. L’analisi ha rivelato che 

l’induzione dello stato VBNC sotto stress da essiccamento non è esclusiva di A. baumannii. Sebbene 

evidenze precedenti indicassero che diversi patogeni ESKAPE possono entrare nello stato VBNC a 

seguito di stress ambientali, il loro comportamento in risposta all’essiccamento su superfici 

ospedaliere non era mai stato caratterizzato. In questo studio, tutte le specie ESKAPE hanno mostrato 

una marcata riduzione della coltivabilità dopo essiccamento. Le specie Gram-negative sono transitate 

nello stato VBNC in condizioni che mimano gli ambienti ospedalieri e hanno recuperato la 

coltivabilità a seguito di rivitalizzazione in tampone isotonico, mentre le specie Gram-positive non 

erano in grado di recuperare la coltivabilità. Questo risultato evidenzia un cruciale punto cieco nelle 

pratiche di sorveglianza attualmente utilizzate negli ospedali, poiché il monitoraggio basato sulla 

coltura convenzionale non rileva batteri Gram-negativi nello stato VBNC, sottostimando 

sistematicamente una componente rilevante della carica batterica vitale e potenzialmente infettiva 

sulle superfici ospedaliere. In particolare, un esperimento pilota di campionamento ambientale su 

varie superfici all’interno del Dipartimento di Scienze dell’Università Roma Tre ha dimostrato che 

l’inclusione del passaggio di rianimazione aumenta la sensibilità di rilevamento, sottolineando la 

necessità urgente di rivedere i protocolli di monitoraggio esistenti. 

Infine, il lavoro di tesi è stato tradotto in una nuova soluzione pratica applicabile alla sorveglianza 

ambientale in ospedale (Brevetto IV, Capitolo 6) proponendo un protocollo operativo denominato 

MORECOVERY. Si tratta di un metodo brevettato per il controllo della contaminazione ambientale 

che incorpora una fase di rianimazione prima della semina convenzionale su terreno solido, 

ripristinando la coltivabilità delle cellule VBNC Gram-negative e consentendo una quantificazione 

accurata dei batteri vitali su superfici abiotiche. 

In conclusione, questa tesi rappresenta un significativo avanzamento delle conoscenze della risposta 

di A. baumannii all’essiccamento ed evidenzia la transizione nello stato VBNC come strategia chiave 
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di sopravvivenza in ambienti secchi, particolarmente in ambienti ospedalieri. Evidenzia il ruolo 

centrale del riadattamento metabolico, attraverso l’attivazione del ciclo del gliossilato, per l’ingresso 

nello stato VBNC e quello della riparazione del DNA per la rianimazione e il ripristino della 

virulenza. Inoltre, la tesi dimostra che l’induzione dello stato VBNC a seguito di essiccamento è una 

strategia diffusa tra i patogeni Gram-negativi del gruppo ESKAPE, rivelando alcuni limiti delle 

procedure di monitoraggio ambientale attualmente in uso. Infine, l’attività di ricerca è stata tradotta 

in una soluzione pratica innovativa che migliora il rilevamento delle cellule VBNC indotte da 

essiccamento, con potenziali ricadute nel controllo delle infezioni ospedaliere.  
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Chapter 1. Introduction 

1.1. Xeric stress: the burden of water limitation in bacteria 

Water constitutes the cornerstone of life. Being the most abundant molecule in almost all eukaryotes 

and prokaryotes, it typically accounts for nearly 80% of the total cellular mass, and it is essential for 

the existence of all living organisms (Ball, 2017; Lebre et al., 2017; Esbelin et al., 2018). Moreover, 

it provides protons, hydrogen, and oxygen for biochemical reactions, sustains the structural integrity 

of macromolecules, and enables molecular diffusion. By stabilising proteins, lipids, and nucleic acids, 

water maintains a cellular microenvironment in which vital metabolic and enzymatic reactions occur 

(Potts, 1994; Ball, 2017). The amount of available water is defined by the parameter of water activity 

(aw), expressed as the ratio between the vapour pressure of a material or a solution (p) and the vapour 

pressure of pure water (p0) at the same temperature: 𝑎𝑤 = 𝑝 𝑝0⁄  (Grant, 2004; Zeidler and Müller, 

2019). Therefore, pure water has an aw of 1, whereas all aqueous solutions display values lower than 

1 (Grant, 2004). Except for spore-formers, most prokaryotes cannot survive at aw < 0.91, and most 

fungi become metabolically inactive at aw < 0.7 (Esbelin et al., 2018). With decreasing aw, microbial 

metabolism becomes progressively inhibited until conditions are no longer permissive for growth, 

and all microbial multiplication ceases below aw 0.60 (Esbelin et al., 2018). Despite these constraints, 

numerous microorganisms have adapted to survive in environments with low aw. These organisms 

are generically termed xerophiles, from the Greek “dry lover”, as they can thrive under stringent xeric 

conditions (Lebre et al., 2017). However, it is essential to note that obligatory xerophiles do not exist; 

therefore, the more accurate term is xerotolerance (Lebre et al., 2017). Indeed, xerotolerant organisms 

can withstand the xeric stress, but they do not require or prefer low aw conditions for growth. 

Xeric stress arises either from water scarcity, referred to as matric stress, or from excessive solute 

concentrations in the surrounding cellular environment, defined as hypertonicity (Lebre et al., 2017; 

Bosch et al., 2021). The mechanistic distinction between these stresses is frequently blurred by their 

physical similarities, both implying loss of cellular water, causing terminological confusion and 

methodological inconsistencies. Specifically, during hyperosmotic stress, cells are suspended in an 

aqueous solution where water is physically present but largely unavailable for biological processes 

(Potts, 1994; Bosch et al., 2021), whereas during matric stress (i.e., desiccation), cells are exposed to 

air-drying and are not immersed in a solution. Nevertheless, several studies aimed to investigate the 

bacterial response to matric stress have been carried out by challenging cells with highly concentrated 

solutions in order to reduce water content (Potts, 1994; Bosch et al., 2021). Despite the inaccessibility, 

the presence of water, even if it contains high solute concentrations, can still allow the movement of 

microorganisms and enable nutrient diffusion. Conversely, matric stress arises when the atmosphere 

constitutes the immediate environment of the cell, whereby reduced aw results in intracellular water 
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loss (Potts, 1994). Hence, in truly desiccated (air-dried) cells, the loss of a substantial fraction of bulk 

water halts enzyme-mediated metabolism (Bosch et al., 2021), impairing bacterial growth (Billi and 

Potts, 2002). 

For years, the scientific community has assumed that the presence of water is synonymous with life, 

whereas its absence inevitably leads to death. However, exceptions to this paradigm are represented 

by anhydrobiotic organisms, which can persist in a nearly completely dehydrated state after losing 

almost all their internal water (Bosch et al., 2021). The term anhydrobiosis, derived from the Greek 

roots an- (“not”), hydro (“water”), and biosis (“a way of living”), literally means “life without water”. 

Closely related to this phenomenon is desiccation tolerance, defined as the ability to undergo nearly 

absolute dehydration through air drying without being killed (Billi and Potts, 2002). Traditionally, 

anhydrobiosis has been defined as a desiccation-induced state in which organisms exhibit no visible 

signs of life and their metabolic activity becomes hardly measurable or comes reversibly to a 

standstill. Anhydrobiosis comprises three key phases: induction by desiccation, absence of observable 

metabolism, and reversibility (Figure 1) (Bosch et al., 2021). 

 

 

Figure 1 | Conceptual view of microbial cells undergoing a desiccation/hydration cycle. During 

desiccation, transcription of genes involved in stress responses (e.g., biosynthesis of stress 

protectants) is upregulated, while major metabolic pathways become inactive. With the further 

decrease in aw, cells enter the anhydrobiotic phase, characterized by the maintenance of basal 

metabolism. The onset of rehydration is triggered by the increase in aw, leading cells to exit the 

anhydrobiotic state. Transcriptional pathways silenced during desiccation are reactivated, 

accompanied by the downregulation of genes associated with the desiccation response (adapted from 

Bosch et al., 2021) 
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More recent perspectives refine this definition, describing anhydrobiosis as a “steady state” between 

desiccation and rehydration, where cellular functions are restricted to basal metabolism (Bosch et al., 

2021). Therefore, since some enzymes and metabolic pathways retain activity during this steady state, 

anhydrobiosis implies that some enzymes are still active despite severe dehydration (Bosch et al., 

2021). 

 

1.1.1. Cellular damages associated with desiccation 

In hydrated conditions, bacterial cells are surrounded and permeated by water molecules, both 

extracellularly and intracellularly (Potts, 2004). During dehydration, cells undergo a dramatic loss of 

water, which disrupts essential molecular interactions. This multifactorial process can be divided into 

two distinct phases (Greffe and Michiels, 2020). Initially, the removal of extracellular unbound water 

leads to an increase in solute concentrations in the surrounding environment of bacterial cells, thereby 

generating an osmotic imbalance between the external environment and the intracellular 

compartment. These changes drive further water efflux across the plasma membrane, resulting in a 

progressive loss of turgor pressure and cellular shrinkage. As cytoplasmic water content declines, 

intracellular ions and metabolites become increasingly concentrated, leading to hyperosmotic stress. 

This condition intensifies macromolecular crowding, which elevates the density of cellular 

components and reduces the mobility of macromolecules, thereby impairing essential biochemical 

interactions (Lebre et al., 2017; Greffe and Michiels, 2020). During the second stage of drying, 

macromolecules partially lose their hydration shell (França et al., 2007). The extensive loss of water 

and the increment in ion and metabolite concentrations alter cellular metabolism and biochemical 

reactions. In aerobic bacteria, water depletion alters ionic concentrations, which in turn leads to 

metabolic impairments that compromise the activity of enzymes in the electron transport chain. This 

dysfunction results in oxidative stress, which leads to the accumulation of reactive oxygen species 

(ROS) consisting of free radicals [e.g., superoxide anion (°O2
-), hydroxyl radical (°OH), hydroperoxyl 

radical (°OOH)] and non-radical forms [e.g., hydrogen peroxide (H2O2) and singlet oxygen (1O2) 

(França et al., 2007; Lebre et al., 2017; Greffe and Michiels, 2020; Giovannini et al., 2022). It is 

noteworthy that ROS are considered as major drivers of the harmful alterations by which dehydration 

induces cellular damage (França et al., 2007). Their impact contributes to the complexity of the 

desiccation process, which can simultaneously target multiple cellular structures, including 

membranes (lipids), proteins, and DNA (Figure 2). 
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Figure 2 | Cellular damage affecting bacterial cells upon desiccation. During desiccation, bacterial 

membranes experience a transition from a liquid crystal to a gel phase. The transition can cause 

membrane breakages and leakage of cytoplasmic content. Moreover, dehydration triggers the 

production and accumulation of ROS, which can damage the membrane through lipid peroxidation 

and de-esterification. ROS can also induce the formation of disulfide bridges, resulting in the 

oxidation of proteins. The absence of a hydration shell can damage proteins, which can be misfolded 

and denatured, contributing to the generation of protein aggregates. DNA damage induced by 

desiccation occurs through covalent modifications, double-strand breaks, and cross-linking. Other 

details on molecular damage are described below (adapted from Greffe and Michiels, 2020). 

 

Membrane damage 

The cellular membrane constitutes the fundamental boundary delineating the intracellular 

compartment from the external milieu, and its integrity is profoundly influenced by alterations in 

external water availability (Lebre et al., 2017). According to Singer and Nicolson’s fluid-mosaic 

model, biological membranes consist of a phospholipid bilayer interspersed with transmembrane 

proteins (Singer and Nicolson, 1972). Within this bilayer, the phospholipid head groups are spaced 

apart by water molecules that establish hydrogen bonds, thereby maintaining the membrane in a fluid 

crystalline state (Rockinger et al., 2021). During the initial stages of desiccation, water removal leads 

to a decrease in cell volume, while the surface area of the plasma membrane remains unchanged. This 

imbalance forces the plasma membrane to deform due to cellular shrinkage, while the absence of 
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hydration shells around phospholipid heads promotes their tighter packing (Greffe and Michiels, 

2020). The resulting increase in packing density strengthens van der Waals interactions between 

adjacent hydrocarbon chains, elevates the melting temperature, and drives the transition of 

membranes from the liquid-crystalline to the gel phase (Billi and Potts, 2002; Greffe and Michiels, 

2020; Fardelli et al., 2022). This phase transition compromises membrane fluidity and generates 

discontinuities that promote fusion, disruption, and leakage upon rehydration (Lebre et al., 2017; 

Greffe and Michiels, 2020). Under severe dehydration, additional lipid polymorphisms may arise, 

such as the hexagonal II phase, in which lipids reorganize with polar head groups oriented inward 

and hydrocarbon chains outward, destabilizing the lamellar architecture (Lebre et al., 2017; Greffe 

and Michiels, 2020). When membrane integrity is endangered, the functioning of the respiratory chain 

is disrupted, and the accumulation of superoxide ions is triggered. The resulting ROS production sets 

off a series of biochemical reactions that amplify their harmful effects, including processes like lipid 

peroxidation and de-esterification, further compromising membrane integrity (França et al. 2007; 

Wang et al., 2017; Greffe and Michiels 2020). 

 

Protein damage 

Protein activity is strictly dependent on the preservation of its native structure (Lebre et al., 2017). 

During desiccation, the absence of water destabilizes proteins by eliminating their hydration shells, 

thereby promoting abnormal interactions with surrounding molecules. Moreover, the exposure of 

hydrophobic regions that are normally buried within the protein core results in protein denaturation 

and aggregation (França et al., 2007; Greffe and Michiels, 2020). Conformational changes due to 

dehydration disrupt the electron transport chain and impair antioxidant enzymes, intensifying ROS 

accumulation (Franca et al., 2007; Greffe and Michiels, 2020). The dysfunction of electron transport 

proteins in the presence of Fe2+ ions promotes the Fenton reaction, leading to the production of highly 

reactive hydroxyl and hydroperoxyl radicals (Grzyb and Skłodowska, 2022). Furthermore, the 

functional groups present in amino acids facilitate several possible harmful chemical reactions, like 

oxidation. In this scenario, cysteine-containing molecules are rapidly oxidized, as the thiol (-SH) 

group of the L-cysteine side chain possesses strong nucleophilic properties that render it highly 

reactive toward oxidizing agents (Ezraty et al., 2017). ROS interact with protein thiols (R-SH), 

generating cysteine sulfenic acids (R-SOH), an unstable intermediate that can be further oxidized to 

cysteine sulfinic (R-SO2H) and sulfonic acids (R-SO3H) (Ezraty et al., 2017). Such oxidative 

modifications irreversibly alter cysteine-containing proteins, ultimately leading to their functional 

inactivation. In parallel, oxidative stress promotes the formation of carbonyl groups and reactive 

aldehydes, which endanger proteins through Maillard reactions (Lebre et al. 2017), where reducing 

sugars covalently bind free amino groups, causing irreversible polymerization (Billi and Potts 2002; 
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Potts et al. 2005). Collectively, these processes (i.e., denaturation, aggregation, oxidative 

modification, and polymerization) severely compromise protein integrity, leading to metabolic 

dysfunction and causing cell death. 

 

Nucleic acid damage 

The stability of genetic information within DNA molecules is essential for cell survival and 

multiplication. During dehydration, genome integrity becomes highly vulnerable, as its chemical 

stability relies on complete hydration. Consequently, such genomic instability may compromise 

replication, transcription, and protein synthesis (Billi and Potts 2002; Grzyb and Skłodowska, 2022). 

In particular, desiccation promotes harmful lesions such as cross-linking, double-strand breaks, base 

removal, and chemical modifications, including alkylation and oxidation (Billi and Potts, 2002; Lebre 

et al., 2017; Greffe and Michiels, 2020). Moreover, the desiccation-induced oxidative stress further 

exacerbates DNA vulnerability. Although a comprehensive overview of oxidative stress-related DNA 

damage is still lacking, desiccation promotes the accumulation of ROS, which significantly impairs 

DNA integrity. ROS generated through metal-catalysed Haber-Weiss and Fenton reactions induce 

complex lesions that block replication (Figure 3) (Potts et al. 2005; Greffe and Michiels 2020). 

 

 

Figure 3 | Fenton and Haber-Weiss reaction. Reduced form of transition-metals (Mn) reacts 

through the Fenton reaction with hydrogen peroxide (H2O2), leading to the generation of hydroxyl 

radical (°OH). Superoxide anion (°O2
-) can also react with the oxidized form of transition metals 

(M(n+1)) in the Haber-Weiss reaction, leading to the production of Mn, which then again affects redox 

cycling (adapted from Ayala et al., 2014). 

 

In parallel, oxidative stress fosters Maillard reactions, leading to the production of melanoidins 

through the condensation of saccharide carbonyl groups with primary amines of proteins and nucleic 

acids. This process destabilizes DNA and impairs DNA and RNA polymerase activity, with damage 

progressively accumulating during desiccation and ultimately compromising genetic information 

(Potts et al. 2005; Lebre et al. 2017; Greffe and Michiels, 2020). 
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1.1.2. Molecular mechanisms of xerotolerance 

The responses of xerotolerant bacteria to xeric stress implies a global reprogramming of 

transcriptional patterns. Omics approaches have provided valuable insights into both the spatial and 

temporal dynamics of microbial adaptation to desiccation stress (Lebre et al., 2017). To counteract 

the negative morphological, physiological, and biochemical consequences of water loss, xerotolerant 

microorganisms have evolved a broad repertoire of adaptive strategies, summarized in Figure 4. 

Although the responses to hyperosmolarity and desiccation are distinct, they share common features, 

reflecting overlapping mechanisms that stabilize membranes and proteins (Potts, 1994). 

 

 

Figure 4 | Illustration of adaptive mechanisms of xerotolerant bacteria. Bacterial cells resist the 

xeric stress by preventing water loss and protein damage and by protecting DNA through the 

accumulation and expression of osmoprotectants. Moreover, alternative carbon sources are used to 

produce ATP, and energy-consuming processes, such as flagellar motility, are repressed. Reactive 

oxygen species scavengers, such as the superoxide dismutase (SOD) and catalase enzymes, are 

upregulated. Furthermore, bacteria accumulate solutes and modify membrane phospholipids (adapted 

from Lebre et al., 2017). 

 

Most adaptive strategies to low aw are triggered by regulatory cascades which reprogram the 

expression of specific genes involved in stress responses. Although the detailed molecular switches 

remain unclear, alternative sigma factors, involved in regulation of the general stress response, are 

considered crucial for coordinating cellular adaptation to xeric stress (Lebre et al., 2017). Central to 

this response in Escherichia coli is the activation of the alternative sigma factor RpoS (σS), which 

coordinates the expression of genes involved in DNA stabilization and oxidative stress response 

(Lebre et al., 2017; Zeidler and Müller, 2019). Moreover, in Salmonella enterica serovar 

Typhimurium, an upregulation of the alternative sigma factor RpoE (σE) has been observed, which 

promotes the production of an external protective matrix composed of extracellular polymeric 
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substances (EPS) (Lebre et al., 2017; Costa et al., 2018). EPS constitutes the major component of 

biofilms, including polysaccharides, proteins, extracellular DNA, and lipids (Costa et al., 2018; Di 

Martino, 2018). Due to their jelly nature and richness in water, biofilms represent the outer line of 

defence against xeric stress, as their physical and physiological characteristics confer protection. 

Their hygroscopic nature enables efficient absorption and retention of water, thereby enhancing the 

likelihood of prolonged survival under desiccation (Lebre et al., 2017; Esbelin et al., 2018). (Esbelin 

et al., 2018). 

In response to xeric stress, the cell membrane plays a crucial protective role by acting as a physical, 

electrical, and chemical barrier, serving as a shield that separates the cytoplasm from the external 

environment. Cell membranes are constantly exposed to environmental fluctuations, and reduced 

water availability represents one of the most critical stress factors (Lebre et al., 2017). Under xeric 

conditions, dehydration disrupts phospholipid organization, compromising membrane integrity and 

fluidity (Greffe and Michiels, 2020). This process induces a phase transition that destabilizes 

membrane architecture (Ramos et al., 2001). To counteract membrane collapse induced by cellular 

water leakage, bacteria, such as Oceanomonas baumannii, implement reversible modifications such 

as increasing the ratio of saturated to unsaturated fatty acids, shifting from trans to cis conformations, 

and synthesizing negatively charged phospholipids like cardiolipin. These adjustments help maintain 

membranes in the gel phase and preserve their structural stability under low aw (Brown et al., 2000; 

Ramos et al., 2001). 

To withstand dehydration, xerotolerant microorganisms increase the concentration of osmotically 

active substances in their cytoplasm to restore osmotic equilibrium and sustain protein function 

(Greffe and Michiels, 2020; Lebre et al., 2017; Zeidler and Müller, 2019). This adaptive response 

typically follows a bi-phasic “salting-out” process. During the initial phase, cells rapidly accumulate 

charged solutes such as potassium and glutamate to compensate the osmotic stress. Subsequently, 

these are replaced by neutral organic compatible solutes either acquired from the environment or de 

novo biosynthesized that maintain long-term osmotic balance and stabilize proteins by preventing 

their unfolding, aggregation, and denaturation (Potts, 1994; Lebre et al., 2017; Zeidler and Müller, 

2019). Compatible solutes are osmotically active compounds that do not interfere with biological 

processes at high concentrations and so are compatible with cellular life. The classes of compatible 

solutes used by bacteria are limited (Figure 5). Among them, there are polyols (e.g., glycerol), sugars 

and their derivatives (e.g., trehalose, mannitol, and sulphotrehalose), amino acids and their derivatives 

(e.g., proline and ectoine), and trimethylammonium derivatives such as glycine betaine (Grant, 2004; 

Zeidler and Müller, 2019). While they are compatible with all important cellular functions and do not 

interfere with metabolism, their hygroscopic properties inhibit membrane disruption and reduce 

intracellular fluidity during water loss (Grant, 2004; Greffe and Michiels, 2020; Lebre et al., 2017). 
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Figure 5 | Structure of compatible solutes. Compatible solutes are polar, normally uncharged or 

zwitterionic compounds accumulated by cells to avoid massive water loss under low aw conditions 

(adapted from Grant et al.,2004). 

 

Among compatible solutes, trehalose has long attracted attention as it can restore osmotic balance 

and stabilize organic molecules through water replacement. When desiccation-tolerant cells 

experience the lack of a significant portion of internal water content, they can go through the so-

called vitrification process (Greffe and Michiels, 2020). It consists of the synthesis and the substantial 

intracellular accumulation of the disaccharide trehalose. According to the water replacement 

hypothesis, trehalose substitutes water molecules in hydrogen-bond networks around membrane 

phospholipids and proteins, thereby halting chemical reactions and preserving membrane integrity 

(Lebre et al., 2017; Greffe and Michiels, 2020). In addition to stabilizing macromolecules, trehalose 

may contribute to residual water retention and serve as an energy source during stress recovery (Bosch 

et al., 2021). Importantly, the glassy state generated by trehalose is reversible, as rehydration restores 

water content and inverts the vitrification process (Crowe et al., 1998; Ramos et al., 2001; Billi and 

Potts, 2002). The accumulation of compatible solutes varies depending on the type of xeric stress: 

under osmotic stress, balance is achieved through water efflux or solute uptake and synthesis, whereas 

under matric stress, compatible solutes accumulate more gradually due to the slow drying process. 

Conversely, rapid air-drying induces cellular shrinkage that hampers their accumulation (Potts, 1994). 

Altogether, these strategies protect membranes and macromolecules from desiccation-induced 

damage, thereby increasing the probability of survival and preventing cell death (Lebre et al., 2017; 

Zeidler and Müller, 2019). 

Desiccation imposes a severe metabolic burden, forcing microorganisms to adjust their metabolism 

to meet changing energy demands (Lebre et al., 2017). When suffering from xeric stress, bacteria 

markedly reduce metabolic activity by downregulating respiration-related pathways and entering a 

dormant, stress-resistant state. Central metabolic routes such as glycolysis, the tricarboxylic acid 
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(TCA) cycle, and oxidative phosphorylation are repressed to minimize energy expenditure. Under 

these conditions, the glyoxylate shunt (GS) in the yeast Saccharomyces cerevisiae remains active as 

a metabolic shortcut for energy production, supporting cellular survival under low aw (Figure 6) 

(Erkut et al., 2016). Unlike the TCA cycle, which fully oxidizes acetyl-CoA to CO₂ and generates 

NADH for oxidative phosphorylation, the GS pathway bypasses two CO₂-generating steps, 

conserving carbon skeletons for biosynthesis. This adaptation allows cells to sustain anabolic 

processes and produce ATP more efficiently under nutrient-limited and xeric conditions. The GS 

serves as an anaplerotic route, replenishing TCA intermediates, particularly oxaloacetate, which can 

be consumed for gluconeogenesis (Dunn et al., 2009; Erkut et al., 2016). By bypassing 

decarboxylation steps, the GS prevents depletion of key intermediates that would otherwise be 

diverted to biosynthetic pathways, ensuring metabolic flexibility under stress (Erkut et al., 2016). 

 

 

Figure 6 | Schematic representation of E. coli enzymatic reactions within the TCA and 

glyoxylate shunt pathways. Activation of the glyoxylate pathway allows cells to bypass the TCA 

cycle and its CO₂-generating steps. Abbreviations: CS, citrate synthase; ACN, aconitase; IDH, 

isocitrate dehydrogenase; ODH, 2-oxoglutarate dehydrogenase; SCS, succinyl-CoA synthetase; 

SDH, succinate dehydrogenase; FUM, fumarase; MDH, malate dehydrogenase; MS, malate synthase; 

ICL, isocitrate lyase (adapted from Dunn et al., 2009). 
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In response to xeric stress, bacteria differentially regulate metabolic pathways, leading to a general 

shift from anabolism to catabolism (Lebre et al., 2017). The balance between these processes is 

complex, since metabolism can be diverted to alternative carbon sources. Indeed, fatty acid oxidation 

yields more ATP molecules per carbon atom than glucose, making fatty acids an efficient catabolic 

reservoir (Erkut et al., 2016; Lebre et al., 2017). Under desiccating conditions, glucose is often 

diverted to trehalose biosynthesis, while fatty acid oxidation becomes a highly effective alternative 

energy source that sustains cellular metabolism (Lebre et al., 2017). 

During xeric conditions, cellular ATP is redirected toward processes that are essential for bacterial 

survival. Among these, a central role is played by antioxidant defences, with the upregulation of genes 

encoding enzymes involved in ROS scavenging, including superoxide dismutase (SOD), catalases, 

peroxidases, and thioredoxins (Zeidler and Müller, 2019; Greffe and Michiels, 2020). Concomitantly, 

genes responsible for the synthesis of osmoprotectant proteins, molecular chaperones, and proteases, 

as well as DNA-protective and -binding proteins, are activated to preserve macromolecular integrity 

(Greffe and Michiels, 2020). This metabolic plasticity, ranging from enhanced activity to dormancy, 

highlights the diverse strategies bacteria employ to counteract desiccation stress and ensure 

persistence in xeric environments. Dormancy represents a widespread adaptive strategy observed 

across plants, animals, and microorganisms (Geiser et al., 2013; Lennon et al., 2021; McDonald et 

al., 2024). Dormancy is defined as a temporary state of reduced metabolic activity and halted growth 

triggered by unfavourable conditions such as drought, extreme temperatures, or nutrient limitation 

(Lennon and Jones, 2011). By conserving energy and resources, dormancy increases the likelihood 

of survival until more favourable conditions are restored, playing a crucial role in the ecology and 

lifecycle of many bacterial species (Lennon et al., 2021). In bacteria, multiple forms of dormancy 

have been documented (Rittershaus et al., 2013), with sporulation representing the best-studied 

manifestation. Through an asymmetric cell division process, vegetative cells differentiate into 

metabolically inactive spores that are highly resistant to a wide range of biotic and abiotic stresses 

(Dworkin and Shah, 2010; Setlow, 2014; Huang and Hull, 2017). 

In sporulating bacteria, dormancy has been considered a robust and definitive response to 

environmental stress. However, recent insights have blurred these boundaries in nonsporulating 

organisms, where dormancy is now recognized as a dynamic and progressive process (Ayrapetyan et 

al., 2018). Beyond individual survival, dormancy also contributes to the long-term persistence of 

microbial communities by generating “seed banks,” reservoirs of dormant cells that preserve genetic 

diversity and can be revitalized under different environmental conditions (Lennon and Jones, 2011; 

Lebre et al., 2017). This ability to withstand desiccation underscores the ecological importance of 

dormancy and its pivotal role in shaping microbial resilience in xeric environments. 
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1.2. The VBNC state as an adaptive strategy to counteract xeric stress 

Bacteria inhabit environments characterized by constant fluctuations, where selective pressures have 

shaped their remarkable ability to adapt rapidly. One of the most effective adaptive strategies is 

dormancy, a state of reduced metabolic activity that enables the bacterial cells to withstand adverse 

conditions. To counteract xeric stress, non-sporulating bacteria can adopt a dormancy strategy, known 

as the viable but non-culturable (VBNC) state (Ayrapetyan et al., 2018). The VBNC state is often 

confused with persistence, as both represent stress-induced survival subpopulations that remain viable 

and metabolically active in a nongrowing state. However, important distinctions exist between these 

two phenomena. In particular, culturability and viability serve as key criteria for differentiating 

VBNC cells from persisters, as well as from other related states such as dormant or uncultured cells 

(Figure 7). VBNC cells represent a subpopulation of bacteria that transiently loses the ability to grow 

on routine laboratory media, despite previously being culturable. This transition occurs progressively 

as cells initially grow on nutrient media but become nonculturable under stress conditions (Figure 

7A). Conversely, persistence is a dormancy mechanism that enables a fraction of bacterial cells to 

survive diverse stresses (e.g., antibiotic treatment, starvation, oxidative stress, DNA damage, and 

suboptimal pH) (Ayrapetyan et al., 2018). Unlike resistant cells, which rely on heritable genetic 

determinants, persisters are genetically identical to the non-persister population and remain 

susceptible to antibiotics (Ayrapetyan et al., 2015). Persistence is typically described by a biphasic 

killing curve (Figure 7B): an initial rapid decline reflects the death of sensitive cells, followed by a 

slower phase in which mortality decreases due to the survival of persisters, usually less than 1% of 

the population (Ayrapetyan et al., 2018). A major difference between VBNC and persisters lies in 

their revitalization dynamics. Persisters typically resume growth on nutrient media shortly after stress 

removal, whereas VBNC cells remain unculturable even after stress alleviation (Figure 7). Their 

recovery requires a prolonged revitalization period or specific stimuli before culturability can be 

restored (Ayrapetyan et al., 2018; Liu et al., 2023). This process, known as resuscitation, involves 

physiological changes that ultimately enable VBNC cells to regain the ability to grow on nutrient 

media (Ramamurthy et al., 2014). 
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Figure 7 | Comparison between VBNC state and persistence. (A) The VBNC state is induced 

when cells are exposed to unfavorable conditions, leading to a progressive decline in culturability 

until it reaches zero, while the number of viable cells remains constant. Upon stress removal and 

provision of appropriate conditions or stimuli, VBNC cells can resuscitate and regain the ability to 

grow on nutrient media. (B) Persistence is induced when cells are challenged with stressful factors 

(i.e., antimicrobial treatment). Unlike VBNC cells, persisters remain culturable and can be detected 

on microbiological media after stress removal (adapted from Liu et al., 2023). 

First introduced by Xu and colleagues in 1982 (Xu et al., 1982), the VBNC concept raised questions 

about whether these cells were dying or instead adopting an adaptive survival strategy to withstand 

adverse conditions (Ramamurthy et al., 2014). In the 1990s, the terms “dormancy” and “VBNC state” 

were often used interchangeably to describe cells that do not grow but can revert to a culturable state 

under favourable conditions (Liu et al., 2023). More recent studies, however, highlight metabolic 

activity as a useful criterion for differentiating VBNC from dormant cells: while dormant cells exhibit 

undetectable metabolic activity, VBNC cells maintain measurable activity (Ramamurthy et al., 2014; 

Liu et al., 2023). The VBNC state can be triggered by diverse environmental and physiological 

factors, including nutrient deprivation, pH fluctuations, extreme temperatures, hypoxia, UV 

irradiation, osmotic stress, and exposure to heavy metals (Liu et al., 2023; Balagurusamy et al., 2024). 

Beyond these stress conditions, VBNC cells may also arise stochastically under apparently favourable 

conditions, such as routine laboratory growth (Ayrapetyan et al., 2018; Liu et al., 2023). This suggests 

a potential role of this physiological transformation in safeguarding a fraction of the bacterial 

population against unforeseen challenges. 

 

1.2.1. Mechanisms underlying bacterial transition to the VBNC state 

VBNC bacteria are widely distributed and display remarkable species diversity; however, the 

strategies by which they resist external stimuli and enter the VBNC state still require a deeper 
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understanding (Cai et al., 2021). Upon transition into the VBNC state, bacterial cells preserve their 

structural integrity but undergo a marked size reduction, a feature that enhances protection against 

diverse environmental stresses (Liu et al., 2017). Typically, entering the VBNC state, Gram-negative 

bacteria acquire a coccoidal morphology, whereas Gram-positive cells appear slightly elongated. 

These shape modifications are thought to reflect changes in the biochemical composition of the cell 

envelope (Signoretto et al., 2000). Morphological transformations lead to an increase in cell wall 

thickness, enhancing bacterial tolerance to external stimuli and contributing to reduced metabolic 

activity and limited substance exchange across the cell surface (Cai et al., 2021). Under adverse 

conditions, essential proteins may aggregate, impairing normal metabolic processes and facilitating 

entry into the VBNC state (Dong et al., 2020). Collectively, these changes in morphology and 

chemical composition represent adaptive strategies that minimize cellular maintenance requirements 

and enhance survival under hostile environments. 

Despite extensive characterization of the morphological and physiological features of VBNC cells, 

the genetic basis governing this state remains largely unclear. This uncertainty is compounded by the 

fact that numerous bacterial species can enter the VBNC state, denoting the existence of diverse, 

species-specific regulatory mechanisms. 

A theory known as the gene regulatory theory has been proposed to explain VBNC formation, 

suggesting that the transition to the VBNC state results from a finely tuned process of gene regulation 

(Dong et al., 2020). 

In Vibrio cholerae VBNC cells, exposure to harsh environmental conditions, such as amino acid 

starvation, activates the stringent response mechanism (Cai et al., 2021). This mechanism is mediated 

by RelA-dependent synthesis of the alarmones guanosine tetraphosphate and guanosine 

pentaphosphate, collectively referred to as (p)ppGpp (Ayrapetyan et al., 2018; Cai et al., 2021). 

Because (p)ppGpp inhibits exopolyphosphatase (PPX), the enzyme responsible for degrading 

polyphosphates (polyP), polyP accumulates through the constitutive activity of polyphosphate kinase 

(PPK) (Ayrapetyan et al., 2015). Boaretti and colleagues demonstrated that E. coli mutants unable to 

produce (p)ppGpp are less likely to enter the VBNC state (Boaretti et al., 2003). Conversely, the 

overexpression of (p)ppGpp enhances bacterial response to environmental stresses by negatively 

affecting the synthesis of DNA, RNA, and proteins, ultimately leading to growth arrest (Cai et al., 

2021). 

Recent studies have implicated the toxin-antitoxin (TA) system of Cronobacter sakazakii in the 

regulation of bacterial entry into the VBNC state (Zhang et al., 2020). The TA system consists of two 

co-expressed genes: one gene encodes a relatively stable toxin protein while the other encodes an 

unstable antitoxin. They are regulated by the stringent response, which promotes polyP accumulation 

and activates Lon and ClpP protease, thereby degrading antitoxins. This process alters the toxin-
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antitoxin balance, allowing free toxins to exert downstream effects (e.g., interfere with translation or 

DNA replication) (Ayrapetyan et al., 2018; Cai et al., 2021). In addition, general stress response 

factors play a crucial role in VBNC state entry. Specifically, the RNA polymerase alternative sigma 

factor RpoS (σS), regulated by the stringent response and ClpX protease, contributes to bacterial 

tolerance against diverse environmental stressors. Similarly, the LysR-type transcriptional regulator 

(OxyR) enables bacteria to cope with oxidative stress (Li et al., 2014; Cai et al., 2021). Finally, the 

degradation of the toxin transcriptional activator ToxR can promote the entry of Vibrio cholerae into 

the VBNC state, conferring an adaptive advantage under stressful conditions, as ToxR plays a central 

role in sensing and responding to environmental signals (Dong et al., 2020). Figure 8 provides an 

overview of the molecular mechanisms that drive the induction of the VBNC state. 

 

 

Figure 8 | The molecular mechanisms of VBNC bacteria formation. Molecular mechanisms of 

the VBNC cells formation mainly involve three pathways: the stringent response, the general stress 

response system, and the toxin-antitoxin systems (adapted from Cai et al., 2021). 

 

Although the VBNC state and antibiotic persistence (AP) were discovered independently and decades 

apart, these physiological states share striking phenotypic similarities that justify investigating their 

relatedness. Antibiotic persistence is defined as the ability of a small subpopulation of bacteria to 

survive exposure to an antibiotic without being genetically resistant to it (Niu et al., 2024). Given the 

overlap in environmental stresses that induce VBNC and persister formation, as well as the 

comparable molecular mechanisms underlying their development, a new theory has recently emerged 

to explain VBNC formation. Specifically, it has been proposed that VBNC cells and persisters are 

not distinct phenomena but rather interconnected stages within a broader “continuum of dormancy” 

(Figure 9). This concept, referred to as the dormancy continuum hypothesis, suggests that both states 
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represent adaptive responses to unfavourable conditions and should be studied as part of a unified 

framework bridging VBNC and persister cells (Ayrapetyan et al., 2015; Ayrapetyan et al., 2018). 

 

 

Figure 9 | Schematic dynamics of “dormancy continuum hypothesis”. When active cells are 

subjected to an environmental cue, they respond by inhibiting their growth and entering an early state 

of dormancy: persistence. If persister cells are removed from the stressful factor, they can grow on 

culture media. However, if the level of stress escalates, cells switch to a more profound dormancy 

phenotype: the VBNC state. VBNC cells, to return culturable, need to be resuscitated for extended 

periods and sometimes in the presence of external stimuli. Once resuscitation has occurred, bacteria 

become culturable again (adapted from Ayrapetyan et al., 2018). 

 

The hypothesis stems from evidence that active bacterial cells exposed to stochastic events and/or 

environmental signals can undergo reduced metabolic activity and growth arrest. It is plausible that 

in the very initial phase of stress exposure, persister cells are the first to be generated and are those 

capable of growing on nutrient media when the stress is relieved. However, prolonged exposure to 

stressful conditions drives persister cells into a deeper dormancy state, i.e., the VBNC state. Two 

major hypotheses have been proposed to explain the transition between persister and VBNC cells. 

The first one, involving the TA system, hypothesizes that environmental stress triggers the 

degradation of antitoxins, thereby liberating toxins, which inhibit metabolism and growth. In the early 

stages of stress exposure, this process generates persister cells that can rapidly resume growth once 

the stress is relieved (Ayrapetyan et al., 2015). However, prolonged stress leads to further toxin 

accumulation, deeper dormancy, and reduced metabolic activity, ultimately driving cells into the 

VBNC state. This framework posits that persisters and VBNC cells represent sequential stages along 

a continuum of dormancy, with resuscitation requiring the repair of oxidative damage and restoration 

of balanced toxin–antitoxin ratios (Ayrapetyan et al., 2015; Ayrapetyan et al., 2018). 

A complementary hypothesis to the toxin–antitoxin model emphasizes the role of protein aggregation 

in driving bacterial dormancy (Figure 10). 
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Figure 10 | Model for the development of bacterial dormancy through protein aggregation. 

Upon nutrient starvation in the stationary phase, cellular ATP concentrations decrease. As a 

consequence, proteostasis cannot be maintained, and protein aggregation occurs progressively. 

Persister cells are characterized by early-stage aggregates, while deeply dormant VBNC cells contain 

more developed aggregates (adapted from Dewachter et al., 2021). 

 

Experimental evidence indicates that, under stress conditions such as nutrient starvation, proteins 

involved in energy production are progressively sequestered into aggregates, leading to ATP 

depletion and the onset of dormancy (Dewachter et al., 2021). Importantly, the structural features of 

these aggregates determine the ability of cells to exit dormancy. Persister cells typically harbor early-

stage, liquid-like condensates that can be readily dissolved by the chaperone DnaK, enabling rapid 

regrowth. In contrast, VBNC cells often contain late-stage aggregates that have undergone a liquid-

to-solid phase transition, characterized by intermolecular β-sheet structures that impede 

disaggregation. This solidification process hinders the recovery of cells from dormancy and pushes 

them into a deeper dormancy state. Thus, protein aggregation not only precedes dormancy 

development but also provides a mechanistic explanation for the transition from persister to VBNC 

cells, with aggregate structure serving as a critical determinant of dormancy depth and resuscitation 

potential (Dewachter et al., 2021; Bollen et al., 2025). 

The key distinction between VBNC and persister cells lies in their resuscitation dynamics (Liu et al., 

2023). Persister cells can resume growth on nutrient media almost immediately or after a brief lag 

once the stressor, such as antibiotics, is removed. In contrast, VBNC cells require prolonged 

resuscitation periods outside of culture media following the elimination of the inducing stress, and in 

some bacterial species, specific treatments are necessary to trigger recovery (Ayrapetyan et al., 2018; 

Liu et al., 2023). This supports the view that VBNC cells represent a deeper dormancy state than 

persisters, necessitating additional time or external factors to restore metabolic activity, repair cellular 

damage, and regain culturability (Ayrapetyan et al., 2015). Currently, over 100 species of bacteria 

have been shown to enter a nonculturable state, but only a subset of these species has been shown to 
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resuscitate (i.e., confirmed to be VBNC sensu stricto). This is because (i) in some studies, 

nonculturable cells were detected but resuscitation was not attempted, (ii) the proper conditions to 

induce resuscitation are not yet known, or (iii) these cells are not in a true VBNC state (Ayrapetyan 

et al., 2018). Indeed, further studies are needed to clarify mechanisms common to VBNC state entry 

and resuscitation processes. 

 

1.2.2. Public health impact of VBNC cells 

Bacterial cells in the VBNC state exhibit enhanced resistance to chemical stresses and antibiotics 

relative to culturable cells (Oliver, 2010). VBNC formation has been documented in more than 100 

microbial species, many of which are pathogenic (Ayrapetyan et al., 2018; Liu et al., 2023). The 

presence of VBNC bacteria in food is well documented and represents a significant concern for public 

health. Food contaminants such as E. coli O157:H7, Salmonella enterica subsp. enterica, and 

Pseudomonas putida can enter the VBNC state under common food processing conditions, including 

refrigeration, pasteurization, cryopreservation, and desiccation (Fakruddin et al., 2013). For instance, 

refrigerated pasteurized grapefruit juice has been shown to induce the VBNC state in E. coli O157:H7 

and S. typhimurium within 24 hours of incubation, while pasteurized milk subjected to thermal 

treatment can harbour VBNC E. coli and P. putida (Fakruddin et al., 2013). Moreover, foodborne 

outbreaks in Japan have been linked to S. enterica and E. coli O157 VBNC cells, highlighting their 

potential to persist undetected in processed products and subsequently cause disease. Apart from their 

pathogenicity, VBNC bacteria also influence the shelf life and microbial stability of food and 

beverages, posing a dual threat to both consumer health and product quality (Fakruddin et al., 2013). 

VBNC cells are equally problematic in healthcare environments because of their ability to withstand 

environmental stress and persist in the inanimate environment. Hospital-acquired infections (HAIs) 

remain a major challenge, as pathogens can spread indirectly through contact with fomites. More than 

40% of HAIs are attributed to cross-contamination by healthcare personnel, who may transfer 

pathogens via contaminated cloths, gloves, and frequently touched surfaces such as medical devices, 

tables, and beds (Sukhum et al., 2022; Sandu et al., 2025). Despite terminal disinfection, 5-30% of 

hospital surfaces remain contaminated, reflecting the limitations of current cleaning strategies (Weber 

et al., 2016). Two main strategies are employed to reduce HAIs: touch methods, which rely on 

chemical disinfectants applied directly by healthcare personnel, and no-touch methods, such as 

vaporized hydrogen peroxide or germicidal ultraviolet (UV) systems, which aim to standardize and 

improve disinfection (Weber et al., 2016; Strich and Palmore, 2017; Kelly et al., 2022). However, 

recent evidence shows that these disinfection procedures can themselves induce the VBNC state in 

several pathogens. UV treatment has been reported to trigger VBNC formation in E. coli and 
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Pseudomonas aeruginosa (Zhang et al., 2015), while hydrogen peroxide promotes VBNC cells in 

Vibrio alginolyticus (Zhou et al., 2022). Importantly, in species such as E. coli O157:H7, Listeria 

monocytogenes, Legionella pneumophila, and various Vibrio spp., VBNC cells retain virulence and 

can cause severe infections once resuscitated in the host (Ramamurthy et al., 2014). 

The persistence and induction of VBNC cells in both the food industry and healthcare environments 

may therefore increase the incidence of infection outbreaks. This issue is compounded by the lack of 

internationally agreed guidelines for specific disinfection strategies. Although monitoring microbial 

contamination of hospital surfaces is crucial for containing outbreaks when an environmental 

reservoir is suspected, contamination of the hospital environment is rarely investigated, and 

harmonized methodological guidelines are unavailable (van der Schoor et al., 2022). According to 

the standard procedure for Cleanrooms and associated controlled environments - Biocontamination 

control (BS EN 17141:2020), and Microbiology of the food chain - Horizontal methods for surface 

sampling (ISO 18593:2018), environmental sampling can be performed using different devices, 

including contact plates, sponges, and swabs. Among these, swabs are the most frequently employed 

in healthcare settings (Rawlinson et al., 2019). After surface sampling with a swab moistened in a 

suitable transport buffer (TB), samples must be transported at 1-8 °C. An aliquot of the TB should 

then be directly plated on TSA or stored at 3 ± 2 °C for no longer than 48 hours before plating. 

Unfortunately, these standard culture-dependent methods may fail to detect bacteria in the VBNC 

state, leading to an underestimation of the actual microbial burden (Liu et al., 2023). In the worst-

case scenario, if all bacteria in a sample are VBNC, the sample may even be incorrectly regarded as 

germ-free (Li et al., 2014). Therefore, the presence of VBNC cells in both food-related and hospital 

settings poses a serious risk to human health, since they can escape detection of environmental 

bacterial contamination where culture-based methods are employed to detect pathogens after 

decontamination interventions (Li et al., 2014; Russotto et al., 2015). Altogether, these factors 

underscore the critical role of the VBNC state in the persistence of pathogenic bacteria and highlight 

the limitations of conventional culture-based methods in successfully detecting them (Ramamurthy 

et al., 2014). 

 

1.3. Acinetobacter baumannii: a successful nosocomial pathogen 

The genus Acinetobacter, from the Greek ακινɛτοσ [akinetos], meaning motionless, belongs to the 

Moraxellaceae family, within the Moraxellales order and γ-proteobacteria class (Peleg et al., 2008; 

Asif et al., 2018). Acinetobacter spp. are Gram-negative, strictly aerobic, non-motile, non-

fermenting, catalase-positive, oxidase-negative bacteria with a DNA G+C content of 39%-47% 

(Almasaudi, 2018). Acinetobacter cells are ca. 1.5 μm in length, with a shape varying from coccoid 

to coccobacillary, depending on the strain and growth stage (Figure 11) (Visca et al., 2011). 
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Figure 11 | Morphology and staining properties of A. baumannii. (A) Gram stain of stationary 

phase cells, some of which appear blue, due to retention of the crystal violet dye. (B) and (C) scanning 

electron micrograph of A. baumannii strains AYE and ACICU, respectively. White bar: 500 nm 

(adapted from Visca et al., 2011). 

 

Currently, the genus Acinetobacter includes 96 validly published species , most of which are 

environmental bacteria, while only a few are opportunistic human pathogens 

(https://lpsn.dsmz.de/genus/acinetobacter, consulted December 15th 2025). Among them, the most 

clinically significant members are grouped into the Acinetobacter calcoaceticus-baumannii complex 

(ACB) (Peleg et al., 2008). The ACB complex consists of five pathogenic species: A. baumannii, A. 

nosocomialis, A. pittii, A. seifertii, and A. lactucae (the heterotypic synonym of A. dijkshoorniae), as 

well as one non-pathogenic species, A. calcoaceticus (Harding et al., 2018). These pathogenic species 

are involved in ventilator-associated pneumonia (VAP), skin and soft-tissue infections, wound 

infections, urinary tract infections, secondary meningitis, and bloodstream infections, primarily 

affecting patients in Intensive Care Units (ICUs) (Harding et al., 2018). Among the species in the 

ACB complex, A. baumannii is the most clinically relevant and well-characterized (Antunes et al., 

2014). A. baumannii infections impact critically ill patients with weakened immune defences and are 

typically linked to prolonged hospitalization (Visca et al., 2011). The infection rates rise in the 

presence of mechanical ventilation, indwelling devices such as intravascular and urinary catheters, 

drainage tubes, invasive surgeries, and major trauma, especially burn or wound trauma (Dijkshoorn 

et al., 2007; Peleg et al., 2008). The main clinical manifestations caused by A. baumannii include 

ventilator-associated pneumonia and bloodstream infections, usually connected to extended hospital 

stays, especially in ICUs, where the microorganism is endemic. These infections account for 

approximately 19.2% of all healthcare-associated infections in the United States and Europe, with 

higher rates observed in Asia and the Middle East (Harding et al., 2018; Sandu et al., 2025). 

Additionally, it is noteworthy that A. baumannii has been among the most frequently isolated and 

deadly co-infecting agents in patients with COVID-19 (Clancy et al., 2021; Russo et al., 2023). Less 

commonly, A. baumannii can cause community-acquired infections; among these, community-

acquired pneumonia tends to be more severe than nosocomial infections and can be fulminant, with 

mortality rates reaching up to 60% (Dijkshoorn et al., 2007). Community-acquired infections are 

https://lpsn.dsmz.de/genus/acinetobacter
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more prevalent in males and are associated with predisposing factors such as advanced age, 

alcoholism, heavy smoking, diabetes mellitus, chronic obstructive pulmonary disease, and renal 

disease (Antunes et al., 2014). 

There is compelling evidence that the two most prominent features determining the success of A. 

baumannii as a nosocomial pathogen are drug resistance and environmental persistence (Harding et 

al., 2018; Green et al., 2022). Indeed, metabolic versatility together with resistance to disinfectants 

and antibiotics makes A. baumannii a serious challenge for clinicians and infection control specialists. 

In this regard, several studies have reported that A. baumannii strains responsible for epidemic 

outbreaks are resistant to the majority of commercially available antibiotics (Harding et al., 2018). 

These antimicrobial-resistant strains, according to the international terminology established by the 

European Centre for Disease Prevention and Control (ECDC) and the US Centers for Disease Control 

and Prevention (CDC), can be classified based on their resistance profile as: i) Multidrug-resistant 

(MDR), microorganisms non-susceptible to at least one agent in three or more antimicrobial 

categories. ii) Extremely drug-resistant (XDR), microorganisms non-susceptible to at least one agent 

in all but two or fewer antimicrobial categories. iii) Pan drug-resistant (PDR), microorganisms non-

susceptible to all agents in all antimicrobial categories (Magiorakos et al., 2012). Current therapeutic 

options for A. baumannii infections remain extremely limited, owing to its propensity to develop 

antimicrobial resistance even against last-resort agents such as carbapenems and, occasionally, 

colistin (Nguyen and Joshi, 2021). In this contest, the CDC has classified MDR A. baumannii strains 

as a significant threat, resulting in a compelling need for ongoing monitoring and prevention 

activities. Furthermore, the World Health Organization (WHO) has classified carbapenem-resistant 

A. baumannii in the critical group of top-priority pathogens for which research and development 

efforts for new antimicrobial treatment are needed (Tacconelli et al.,2018; CDC, 2019). 

 

1.3.1. Molecular and cellular mechanisms of A. baumannii xerotolerance 

Besides drug resistance, another key factor in the success of A. baumannii is its remarkable adaptation 

to the hospital environment (Gayoso et al., 2014; Zeidler and Mueller, 2019). This ability enables A. 

baumannii persistence on abiotic surfaces for extended periods, facilitating transmission, triggering 

ICU outbreaks, and complicating decontamination (Green et al., 2022). Despite infection prevention 

and control measures, hospital surfaces, equipment, personnel, and indwelling devices remain major 

reservoirs of A. baumannii dissemination (Figure 12) (Dijkshoorn et al., 2007; Chapartegui-González 

et al., 2018). 
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Figure 12 | Transmission routes of A. baumannii into a ward. The principal vehicles of infection 

are colonized patients, contaminated material or medical devices, and staff. Once on a ward, A. 

baumannii can spread from the colonized patient to the environment and other susceptible patients. 

Excreta, air droplets, and scales of skin can contaminate the direct environment of the patient. Due to 

the high capability of A. baumannii to survive and persist on dry abiotic surfaces, medical equipment 

also constitutes a source of transmission of this pathogen (adapted from Dijkshoorn et al., 2007). 

 

A. baumannii clinical isolates withstand prolonged desiccation more than laboratory strains, surviving 

from several weeks to months while maintaining culturability (Giannouli et al., 2013; Zeidler and 

Mueller, 2019). This ability further sustains A. baumannii persistence on abiotic surfaces, increasing 

the risk of transmission by acting as a reservoir for future outbreaks (Campos et al., 2019). A. 

baumannii desiccation resistance is a multifactorial and not completely understood phenomenon. It 

has been previously demonstrated that desiccation resistance is influenced by surface type, humidity, 

temperature, inoculum, and bacterial growth phase. In this regard, bacterial cultures harvested from 

the stationary phase and then desiccated show higher desiccation resistance compared to cells 

harvested from the logarithmic phase (Farrow et al., 2018; Zeidler and Müller, 2019). 

The molecular mechanisms at the basis of A. baumannii desiccation resistance remain elusive. Some 

regulatory pathways involved in desiccation resistance of A. baumannii cells are summarized 

hereafter. 
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Oxidative stress response induced by desiccation 

During desiccation, the accumulation of oxidative stress and ROS activates the response regulator 

BfmR, which has been identified as a global regulator of the desiccation resistance phenotype (Zeidler 

and Müller, 2019). BfmR is part of a two-component regulatory system together with the sensor 

histidine kinase BfmS, which inactivates BfmR through dephosphorylation. BfmR phosphorylation 

determines the upregulation of several stress-related proteins, including KatE, a catalase HPII 

(hydroperoxidase), and the A. baumannii stress-related protein A (AbsA), whose function remains 

undefined (Farrow et al., 2018). Deletion of BfmR not only reduces resistance to nutrient starvation, 

oxidative stress, and osmotic stress but also results in a highly desiccation-susceptible phenotype 

(Farrow et al., 2018; Zeidler and Müller, 2019). The importance of the BfmR/BfmS two-component 

system in enhancing desiccation resistance underscores the critical role of gene expression reshaping, 

enabling A. baumannii to mitigate the effects of water loss (Palethorpe et al., 2022). Further studies 

on KatE confirmed its involvement in desiccation tolerance, as deletion of katE significantly reduced 

survival under desiccation (Farrow et al., 2018). Moreover, BfmR was recently found to regulate two 

bacterial hydrophilins, DtpA and DtpB, which promote desiccation tolerance in A. baumannii by 

protecting DNA and proteins from desiccation-induced damage (Green et al., 2022). 

It has also been demonstrated that desiccation-stressed strains of A. baumannii significantly 

upregulate other proteins involved in ROS detoxification, such as [Cu2+-Zn2+]-SOD, peroxiredoxin 

(Gayoso et al., 2014).  

Furthermore, a transcriptomic analysis of the A. baumannii ATCC 17978 strain under desiccation 

conditions revealed the upregulation of genes related to oxidative stress response and proteostasis, 

including factors for ribosome assembly, chaperone activities, and protein translation and degradation 

(Wang et al., 2020). Notably, this study identified increased protein aggregation as a dominant 

molecular signal associated with desiccation tolerance. Although protein aggregation is commonly 

considered detrimental to protein activity, it has been demonstrated that these aggregates retain 

functional proteins and act as a protective repository during water loss (Wang et al., 2020). This 

reversible aggregation mechanism may shield the proteome from irreversible damage and provide 

functional proteins for recovery upon rehydration, suggesting that protein aggregation represents an 

adaptive strategy rather than a purely harmful process. 

 

Compatible solutes accumulation 

To withstand dehydration, xerotolerant microorganisms increase the intracellular concentration of 

compatible solutes to restore osmotic equilibrium and sustain protein function (Greffe and Michiels, 

2020; Lebre et al., 2017; Zeidler and Müller, 2019). These osmotically active compounds, either 

acquired from the environment or synthesized de novo, do not interfere with cellular processes and 
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are compatible with life. In response to salt stress, A. baumannii ATCC 19606T accumulates 

glutamate, mannitol, and trehalose or, when available, takes up glycine betaine from the environment 

(Zeidler et al., 2017). Trehalose, encoded by the otsAB operon (Figure 13), is considered one of the 

most important anhydrobiotic protectors against desiccation (Billi and Potts, 2002). However, 

compatible solutes involvement in A. baumannii desiccation tolerance remains unclear.  

 

 

Figure 13 | Trehalose synthesis in A. baumannii. Trehalose is synthesized through the conserved 

otsAB pathway. The two genes are encoded by an operon controlled by a promoter inducible by heat-

inactivation and osmolarity variations. OtsA catalyses the formation of the intermediate trehalose-6-

phosphate. OtsB cleaves off the phosphate group and releases trehalose (adapted from Zeidler and 

Müller, 2019). 

 

The prominent role of compatible solutes in A. baumannii ATCC 19606T osmostress resistance is 

corroborated by the impaired growth of the ΔmtlDΔotsB double mutant under high NaCl 

concentrations, due to the defect in the biosynthesis of both mannitol and trehalose (Zeidler and 

Müller, 2018). However, the double mutant strain did not exhibit decreased survival on dry surfaces 

(Zeidler and Müller, 2018), suggesting that intracellular solute de novo synthesis is not essential for 

protection against desiccation. By contrast, A. baumannii cells suspended in trehalose-containing 

media before desiccation displayed a clear survival advantage compared to those exposed to water or 

other solutes (Zeidler and Müller, 2018). Notably, only exogenous trehalose, but not mannitol, 

glutamate, or glycine betaine, significantly increased survival times, confirming the prominent role 

of trehalose in desiccation resistance. 
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Outer membrane modification 

The outermost structure of Gram-negative bacteria, called outer membrane, consists of a 

glycerophospholipid monolayer and an exposed monolayer of lipopolysaccharide or, in the case of 

A. baumannii, lipooligosaccharide (LOS) (Valcek et al., 2025). Despite its permeability, the outer 

membrane is the most essential barrier separating the intracellular space from the surrounding 

environment and significantly contributes to survival under dehydration (Lopalco et al., 2017; Wang 

et al., 2017; Harding et al., 2018). Desiccation resistance is closely linked to the composition of the 

outer membrane, and A. baumannii is known to modify the lipid A moiety of LOS. Unlike most 

Gram-negative bacteria, which synthesize hexa-acylated lipid A under standard growth conditions, 

A. baumannii predominantly produces hepta-acylated lipid A (Figure 14). This modification is 

catalysed by the two acyltransferases LpxL and LpxM, which reinforce the outer membrane and 

provide protection against desiccation and membrane-active antimicrobials, such as colistin (Boll et 

al., 2015; Zeidler and Müller, 2019). Notably, the A. baumannii ΔlpxM mutant is more sensitive to 

desiccation (Boll et al., 2015). 

 

 

Figure 14 | A. baumannii lipid A. Acylation of A. baumannii lipid A is made by the acyltransferases 

LpxLAb and LpxMAb. LpxLAb catalyzes the addition of a secondary lauroyl group to position 2 (dark 

green), which can be hydroxylated (red). LpxMAb catalyzes the transfer of a secondary acyl chain at 

both positions 2 and 3 (blue) (adapted from Boll et al., 2015). 

 

In this regard, many desiccation stress responses rely on biochemical modifications of membrane 

phospholipids. The higher packing density of phospholipids enhances van der Waals interactions 

between hydrocarbon chains, thereby raising the melting temperature (Greffe and Michiels, 2020). 

Consequently, membrane fluidity is compromised, and the bilayer undergoes a transition from the 

liquid-crystalline to the gel phase. Chemical analyses revealed that, under desiccation, A. baumannii 
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ATCC 19606Talters its membrane composition by increasing the proportion of saturated fatty acids 

relative to unsaturated ones (Fardelli et al., 2022). This adjustment reduces membrane fluidity and 

confirms the phase transition from the liquid-crystalline to the gel phase (Fardelli et al., 2022). 

 

EPS and biofilm production 

Several Gram-negative bacteria carry an additional EPS layer, constituting the so-called capsule, 

composed of repeated carbohydrate units, which works as a glycan shield. The capsular layer is an 

important virulence factor in A. baumannii, which enables its survival in human serum and increases 

its antibiotic resistance (Chin et al, 2018; Lucidi et al., 2024). EPS production was identified as a 

water-retaining shell in the local microenvironment to protect A. baumannii during dehydration 

(Farrow et al., 2018). Despite the capsular layer protecting against water loss, huge differences in 

desiccation resistance were observed among capsule-producing strains (Zeidler and Müller, 2019). 

Recent studies showed the existence of two distinct subpopulations of colonies in the A. baumannii 

AB5075 strain: the virulent opaque (VIR-O) and the avirulent translucent (AV-T) phenotype. The 

differences are due to the production of distinct capsules between the two types of colonies. VIR-O 

cells produce a capsule with two-fold increased thickness compared with AV-T cells (Chin et al., 

2018). Therefore, the VIR-O subpopulation is more resistant to desiccation, host antimicrobial 

compounds, such as CRAMP and lysozyme, and disinfectants, whereas the AV-T type is 

advantageous in the environment outside the host. Indeed, AV-T cells show increased growth rates 

in nutrient-poor media and are more efficient biofilm formers than VIR-O cells (Chin et al., 2018). 

Biofilms are matrices produced by bacteria to facilitate colonization of natural environments, and A. 

baumannii can form biofilm on biotic and abiotic surfaces (Chapartegui-Gonzales et al., 2018). Being 

composed of extracellular carbohydrates, DNA, and other hydrophilic macromolecules, biofilms 

enable the retention of water, thereby increasing survivability on dry surfaces and mediating a higher 

rate of medical device-associated infections (Zeidler and Müller, 2019). However, not all A. 

baumannii strains can form biofilms, and non-biofilm-forming strains are more sensitive to 

desiccation than biofilm-producing strains. This could explain the relatively poor desiccation 

tolerance of the A. baumannii ATCC 19606T and ATCC 17978 strains, which are known not to be 

good biofilm producers compared with more recent clinical A. baumannii isolates (Giannouli et al., 

2013). 
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Chapter 2. Aim of the thesis 

Water is the cornerstone of life, and its scarcity imposes severe physiological and biochemical 

challenges on microorganisms. A distinctive feature of bacteria is their extraordinary ability to 

survive and adapt to fluctuations in the surrounding environment. Among the multitude of stresses 

faced by microorganisms, xeric stress, caused by water loss under hyperosmotic and desiccation 

conditions, constitutes one of the most widespread and alarming threats. The capacity of bacteria to 

withstand desiccation is not only an ecological adaptation but also a major concern for food safety 

and hospital hygiene. Pathogens that survive drying can persist on abiotic surfaces, thereby enhancing 

their capability of being transmitted to vulnerable individuals and, ultimately, facilitating their spread 

in both nosocomial and community settings. This phenomenon is particularly critical in healthcare 

environments, where bacterial resistance to desiccation poses a significant challenge in the 

management of nosocomial pathogens. Indeed, many infection outbreaks originate from bacteria 

capable of surviving for extended periods on inanimate surfaces. Upon contamination, such surfaces 

act as reservoirs that enable transmission through hospital fomites and personnel. 

Among Gram-negative bacteria, Acinetobacter baumannii stands out for its extraordinary ability to 

withstand prolonged desiccation, a trait that has established it as a model organism of environmental 

persistence in healthcare settings. This remarkable resilience renders A. baumannii a critical 

pathogen, particularly in hospitals and Intensive Care Units, where its presence contributes to 

numerous hospital-acquired infections and their associated mortality. The challenge of eradicating 

this pathogen is further compounded by its resistance to commonly used antibiotics and disinfectants. 

The environmental persistence of A. baumannii is strongly supported by its ability to enter the Viable 

But Non-Culturable (VBNC) state, which enables survival under extreme temperatures, pH 

fluctuations, and hypoxic conditions (König et al., 2023). In this dormant condition, cells remain 

metabolically active but lose the capacity to grow on conventional media. Importantly, VBNC cells 

can regain culturability once favourable conditions are restored, making this survival strategy a 

hidden threat to infection control and environmental monitoring. 

This thesis aims to elucidate the molecular mechanisms enabling A. baumannii to enter the VBNC 

state following desiccation stress (Chapter 3). Furthermore, the thesis focuses on the analysis of gene 

expression during transition to the VBNC state (Chapter 3) and the resuscitation process (Chapter 4), 

aiming to identify potential key genes involved in the reversible processes of VBNC cell formation 

and recovery. 

VBNC cells have important clinical and public health implications. Indeed, previous studies have 

demonstrated that Gram-negative pathogens commonly associated with HAIs, such as A. baumannii, 
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P. aeruginosa, and Klebsiella pneumoniae, can enter a VBNC state under environmental stresses like 

desiccation on abiotic surfaces (König et al., 2023; Qi et al., 2023; Zhao et al., 2024). Building on 

this evidence, this thesis investigates whether other ESKAPE bacterial pathogens, namely 

Enterococcus spp., Staphylococcus aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and 

Enterobacter spp., all recognized as major threats due to their antibiotic resistance, can adopt the 

VBNC survival strategy to withstand the desiccation stress. In addition, the thesis assesses the 

limitations of conventional culture-based methods in detecting VBNC cells and introduces an 

innovative resuscitation-based protocol to enhance their recovery (Chapter 5). Finally, the thesis 

illustrates a patented method called MORECOVERY developed on the work described above, which 

increases the detection of some ESKAPE bacteria in various settings, and underscores its potential 

impact on microbiological surveillance and infection control (Chapter 6). 
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Publication synopsis 

A. baumannii exhibits an extraordinary capacity to withstand prolonged desiccation, a trait that has 

established it as a model organism of environmental persistence in healthcare settings. This pathogen 

can maintain its culturability for weeks or even months on abiotic surfaces, thereby contributing to 

long-term environmental contamination and efficient spread in hospitals (Giannouli et al., 2013). A 

key factor supporting the environmental persistence of A. baumannii is its capacity to enter the Viable 

But Non-Culturable (VBNC) state, a dormant condition that enables survival under extreme stresses 

such as temperature fluctuations, osmotic imbalance, and hypoxia (König et al., 2023). In this state, 

cells remain metabolically active but lose culturability on standard media, regaining growth only 

when favourable conditions are restored. A. baumannii cells in VBNC state represent a hidden 

reservoir for infections since they escape conventional culture-based surveillance. Despite its clinical 

relevance, the cellular and molecular mechanisms that sustain survival under prolonged desiccation 

remain poorly understood. 

In this study, the mechanisms underlying desiccation resistance and VBNC entry in the A. baumannii 

ATCC 19606T and ACICU strains were investigated under conditions mimicking airborne drying on 

hospital surfaces. A multimodal experimental approach was employed, combining microbiological 

assays, viability staining, culturability measurements, and transcriptomic analyses to monitor survival 

dynamics and physiological transitions during prolonged desiccation. Comparative analyses between 

the reference strain ATCC 19606T and the clinical isolates ACICU revealed marked strain-dependent 

differences in desiccation tolerance and kinetics of transition to the VBNC state. Transcriptomic 

profiling confirmed VBNC entry in both strains, highlighting a shift toward alternative metabolic 

pathways associated with quiescence. 

Overall, these findings demonstrate that entry into the VBNC state is a major strategy enabling A. 

baumannii to withstand desiccation and persist in hospital environments. Understanding this dormant 

phenotype is crucial for enhancing infection control measures and for developing surveillance 

strategies that can detect VBNC cells. 
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Raw data that support the findings of this study, the Supplementary Tables S1-S10, and the 

Supplementary Videos S1 and S2 are openly available in the Open Science Framework (OSF) 

repository at https://osf.io/g9rf4/ (DOI: 10.17605/OSF.IO/G9RF4). 
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Chapter 4. Transcriptomic landscape associated with the resuscitation of viable but not 
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Publication synopsis 

A. baumannii has emerged as one of the most resilient pathogens in healthcare settings, combining 

multidrug resistance with an extraordinary ability to survive under harsh conditions. In the previous 

chapter (Chapter 3, Publication I), it was demonstrated that desiccation, a stress commonly 

encountered by bacteria colonizing hospital surfaces, drives A. baumannii into a VBNC state. This 

dormant phenotype allows cells to remain metabolically active while eluding detection by 

conventional culture-based methods (Li et al., 2014), creating a hidden reservoir of bacteria with a 

potential impact on infection control practices. 

The VBNC state is reversible, as dormant cells can regain culturability after a recovery period or 

upon exposure to specific stimuli (Ayrapetyan et al., 2018; Liu et al., 2023). This process, known as 

“resuscitation”, involves physiological changes that ultimately restore the ability to grow (form 

colonies) on nutrient media (Ramamurthy et al., 2014). Importantly, VBNC cells retain virulence and 

can cause severe infections once resuscitated in a suitable host, underscoring the clinical relevance of 

this phenomenon (Ramamurthy et al., 2014; Lucidi et al., 2025). Despite its relevance, the molecular 

basis enabling the transition of A. baumannii from the dormant VBNC state to active growth is still 

unexplored. 

This chapter aims to bridge this gap by investigating the global transcriptional changes that occur 

during resuscitation of desiccation-induced VBNC cells of A. baumannii ATCC 19606T. To this 

purpose, a genome-wide transcriptional approach was applied to identify functional pathways 

supporting the transition from dormancy to active growth. Comparative analysis of transcriptomic 

profiles between resuscitated and desiccated cells revealed a distinct set of genes specifically 

associated with the recovery process. Functional analysis indicated that DNA repair pathways were 

predominant among the resuscitation-specific genes, indicating that maintenance of genome integrity 

is a critical requirement for successful recovery of growth capabilities. In addition, functional assays 

demonstrated that a component of DNA repair systems plays a pivotal role in restoring culturability, 

linking genome integrity to the resuscitation of VBNC cells. To assess the contribution of the DNA 

repair system to bacterial virulence and infection, its impact was evaluated using an in vivo murine 

pulmonary infection model. 

By integrating transcriptomic data with phenotypic assays, this study points to the DNA repair system 

as a key determinant of successful resuscitation and highlights its role in restoring virulence after 

desiccation. 
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ABSTRACT 

Acinetobacter baumannii is a leading cause of hospital-acquired infections, where outbreaks are 

fuelled by its ability to persist on dry surfaces in a viable but non-culturable (VBNC) state. While the 

molecular basis of entry in the VBNC state has been explored, the molecular and cellular mechanisms 

enabling recovery from the VBNC state remain unknown. Here, we show that resuscitation of 

desiccation-induced VBNC cells is an active process requiring extensive transcriptional 

reprogramming. Genome-wide analysis revealed strong induction of genes involved in DNA repair, 

replication, and transcription, with uvrA, encoding the sensor of the nucleotide excision repair system, 

emerging as one of the most highly upregulated and resuscitation-specific genes. Knock-out of uvrA 

abolished resuscitation of VBNC cells and sensitized cells to genotoxic stress. Promoter activity 

assays confirmed progressive uvrA activation during resuscitation, underscoring the role of UvrA in 

repairing desiccation-induced DNA lesions. Using a murine pneumonia model, we found that 

resuscitation restores, and even enhances virulence compared to pre-desiccation conditions in the 

wild type, while the uvrA mutant remains attenuated. These findings reveal that recovery from 

dormancy is DNA repair-dependent and suggest that resuscitation may transiently potentiate 

pathogenicity. By identifying UvrA as a player in both stress adaptation and infection, this work 

uncovers a critical determinant of A. baumannii persistence and pathogenesis and highlights DNA 

repair as a potential target to limit both environmental survival and pathogenicity. 
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INTRODUCTION 

Acinetobacter baumannii is a Gram-negative, opportunistic pathogen and a leading cause of severe 

nosocomial infections (Morris et al., 2019; Lucidi et al., 2024; Antochevis et al., 2025). A. baumannii 

is responsible for ventilator-associated pneumonia, urinary tract infection, bacteremia, meningitis, 

and skin or soft tissue infections (Peleg et al., 2008; Wong et al., 2017). Over the last decades, A. 

baumannii has consolidated its role as a major pathogen in Intensive Care Units (ICUs), frequently 

affecting critically ill patients and causing infections associated with high mortality rates (Jiang et al., 

2022; Antochevis et al., 2025). A. baumannii infections are complicated by intrinsic antibiotic 

resistance, with many clinical isolates exhibiting acquired multidrug resistance (Cavallo et al., 2023). 

Carbapenem-resistant A. baumannii has been designated by the World Health Organization (WHO) 

as a critical priority pathogen and an urgent public health threat (WHO, 2024). The widespread 

incidence of multidrug-resistant strains underscores the urgent need for innovative therapeutics and 

new antimicrobial strategies (Antochevis et al., 2025). 

Managing A. baumannii infections is further challenged by its persistence in the hospital environment 

and resilience against disinfection (Sunenshine et al., 2007; Tipton et al., 2018). Despite infection 

control efforts, hospital surfaces remain a critical source of pathogen transmission (Jiang et al., 2022). 

Indeed, the bacterium has been isolated from diverse hospital equipment and surfaces, including 

invasive medical devices such as endotracheal tubes and central venous catheters, as well as bed rails, 

door handles, furniture, and even the clothing of healthcare personnel (Dijkshoorn et al., 2007; Peleg 

et al., 2008; Chapartegui-González et al., 2018; Ng et al., 2018). During the COVID-19 pandemic, 

routine infection control practices were disrupted (Gottesman et al., 2021), and prioritization of 

SARS-CoV-2 prevention often led to lapses in routine infection control activities, such as hand 

hygiene or room cleaning, facilitating the spread of multidrug-resistant organisms (Gottesman et al., 

2021). Notably, A. baumannii emerged as the most prevalent co-infecting agent with SARS-CoV-2 

in ICU patients (Clancy et al., 2021; Ellis et al., 2022). The persistence of A. baumannii on abiotic 

surfaces is potentiated by its capacity to compensate for water loss during desiccation (Zeidler and 

Müller, 2019). Clinical isolates remain culturable for weeks to months, increasing the risk of future 

outbreaks (Giannouli et al., 2013; Campos et al., 2019). This capacity to survive has been associated 

with the expression of hydrophilins DtpA and DtpB, which protect against desiccation-induced 

protein damage (Green et al., 2022). 

For years, loss of culturability was equated with bacterial death. However, recent evidence has shown 

that A. baumannii can enter a viable but non-culturable (VBNC) state following loss of intracellular 

water triggered by different stresses, including desiccation and hyperosmotic conditions (König et 

al., 2023; Lucidi et al., 2025). VBNC cells remain viable but metabolically quiescent, temporarily 

unable to grow on routine laboratory media despite retaining basal metabolic activity. Transcriptomic 
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analyses performed under desiccation and hyperosmotic stress have shown that entry of A. baumannii 

into the VBNC state is tightly linked to intracellular water loss and is accompanied by a marked 

downregulation of tricarboxylic acid (TCA) cycle genes, indicating a global suppression of central 

carbon metabolism (König et al., 2023; Lucidi et al., 2025). In desiccation-induced VBNC cells, the 

metabolic slowdown is reinforced by the concomitant activation of the glyoxylate shunt (GS) 

pathway, which bypasses the decarboxylating steps of the TCA cycle and supports a low-energy, 

metabolic quiescence state (Lucidi et al., 2025). The VBNC state is reversible, as bacterial cells can 

restore metabolic activity through a process known as “resuscitation”, which requires stress removal 

and favourable conditions that enable the recovery of colony growth on solid nutrient media 

(Ramamurthy et al., 2014; Ayrapetyan et al., 2018; Liu et al., 2023). Since culture-based procedures 

for the assessment of bacterial contamination assume that one viable cell produces one colony 

(Rawlinson et al., 2019), the VBNC state reduces bacterial detection, as these cells do not grow on 

standard media used for environmental monitoring (Liu et al., 2023). Bacterial transition to the VBNC 

state not only obscures the assessment of bacterial contamination but also enhances long-term 

survival, reinforcing the A. baumannii reputation as a formidable nosocomial threat (Rawlinson et 

al., 2019; Liu et al., 2023). 

While recent studies have identified molecular mechanisms governing desiccation resistance and 

entry into the VBNC state (Zeidler and Müller, 2019; König et al., 2023; Lucidi et al., 2025), the 

processes underlying the resuscitation of A. baumannii VBNC cells remain largely unexplored. In 

this work, we employed a transcriptomic approach to investigate the physiological changes that 

enable A. baumannii to resuscitate from the VBNC state and evaluated the impact of these changes 

on infectivity and pathogenicity. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions. Bacterial strains used in this study are listed in Table S1. 

Bacterial cells were grown in Luria-Bertani (LB) broth or on LB agar plates (LB supplemented with 

1.5% w/v agar, LA). Carbenicillin (carb) was added at a final concentration of 75 μg/mL for plasmid 

maintenance, when required. 

 

Bacterial inocula and desiccation conditions. Bacterial overnight cultures in LB were initiated from 

single A. baumannii ATCC 19606T colonies on LA plates and incubated at 37 °C for 18 h. Cultures 

were then diluted 1:100 in fresh LB and grown for an additional 6 h at 37 °C with shaking. Bacterial 

cells were harvested by centrifugation (3,000×g, 5 min), washed twice with double-distilled water, 

and resuspended to an optical density of 600 nm (OD600) of 1.0 (ca. 5 × 108 CFU/mL). Aliquots of 

the bacterial suspensions were spotted on glass surfaces and air-dried under a laminar flow hood at 

25.2 ± 1.5 °C. Samples were stored for 1 week at an average temperature of 20.9 ± 0.6 °C and relative 

humidity of 13.00 ± 5.6%. Bacterial cells were desiccated either on glass coverslips (Fisherbrand™ 

Cover Glasses, Fisher Scientific) or glass Petri dishes (Sigma-Aldrich). 

 

Bacterial culturability after desiccation and resuscitation. The bacterial suspensions were 

prepared using the procedure described above, and 20 μL (ca. 107 CFU) were pipetted onto a glass 

coverslip and air-dried. After 1 week, samples were rehydrated in 2 mL of resuscitation buffer (RB, 

6.8 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl; 0.02 g/L CaCl2 and 0.12 g/L MgSO4; 

Lucidi et al., 2025) and incubated at room temperature for 15 min (post-desiccation bacterial counts) 

or incubated in RB at 37 °C for 24 h with shaking (post-resuscitation bacterial counts). Samples were 

vortexed for 30 s and serially diluted 10-fold in sterile saline for CFU enumeration on LA plates, as 

previously described (Giannouli et al., 2013; Jawad et al., 1998). 

 

Isolation and purification of bacterial RNA. A. baumannii ATCC 19606T cells were washed twice 

with bidistilled water and resuspended in bidistilled water at an OD600 of 1.0. Four mL of suspension 

were uniformly spread onto the surface of sterile glass Petri dishes and air-dried as described above. 

After 1 week, samples were rehydrated in 4 mL of RB and incubated at 37 °C for 24 h under shaking 

conditions to allow bacterial resuscitation. Before and after resuscitation, bacterial cells were 

immediately stabilized by resuspension in 2 mL of RNA Protect Bacteria Reagent (Qiagen). Total 

RNA was extracted using the miRNeasy Mini Kit (Qiagen), following the manufacturer’s 

instructions. RNA samples were further purified using the RNeasy MiniElute Cleanup Kit (Qiagen) 

and treated with TURBO DNase (Invitrogen) to remove residual genomic DNA. The absence of DNA 

contamination was verified by PCR using the oligonucleotides 16S_FW and 16S_RV (Table S2). 
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RNA concentration and purity were assessed using a NanoDropTM spectrophotometer (Thermo Fisher 

Scientific). All procedures were performed in biological triplicate for each experimental condition. 

 

Genome-wide expression analyses and functional annotations. The RNA-seq analysis, RNA 

quality assessment, library preparation, sequencing, and statistical analysis of the data were 

performed at the GENEWIZ Biotechnology Facility (GENEWIZ, Azenta Life Sciences Company, 

Leipzig, Germany), as previously described (Lucidi et al., 2025). RNA samples were quantified using 

the Qubit 4.0 Fluorometer (Life Technologies), and RNA integrity was checked with an RNA kit on 

an Agilent 5300 Fragment Analyzer (Agilent Technologies). rRNA depletion was performed using 

the NEB Next rRNA Depletion kit (New England Biolabs). The RNA sequencing library preparation 

was performed using the NEB Next Ultra II RNA Library Prep kit for Illumina, following the 

manufacturer’s recommendations. Briefly, enriched RNAs were fragmented according to the 

manufacturer’s instructions. First-strand and second-strand cDNA were subsequently synthesized. 

cDNA fragments were end-repaired and adenylated at the 3’ ends, and a universal adapter was ligated 

to cDNA fragments, followed by index addition and library enrichment with limited-cycle PCR. 

Sequencing libraries were validated using the NGS kit on the Agilent 5300 Fragment Analyzer 

(Agilent Technologies) and quantified using the Qubit 4.0 Fluorometer. The sequencing libraries 

were multiplexed and loaded onto the flow cell on an Illumina NovaSeq 6000 sequencer, according 

to the manufacturer’s instructions. The samples were sequenced using a 2 × 150 Pair-End 

configuration v1.5. Image analysis and base calling were conducted by NovaSeq Control Software 

v1.7 on the NovaSeq instrument. Raw sequence data (.bcl files) generated from Illumina NovaSeq 

were converted into fastq files and demultiplexed using the Illumina bcl2fastq program v2.20. One 

mismatch was allowed for index sequence identification. After investigating the quality of the raw 

data, sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor 

quality using Trimmomatic v0.36. The trimmed reads were mapped to the A. baumannii ATCC 

19606T reference genome using the Bowtie2 aligner v2.2.6. BAM files were generated as a result of 

this step. Unique gene hit counts were calculated using feature counts from the Subread package 

v1.5.2. Only unique reads falling within coding gene regions were counted. After gene hit counts 

extraction, the gene hit counts table was used for downstream differential expression analysis. Using 

DESeq2, a comparison of gene expression between the customer-defined groups of samples was 

performed. All RNA-seq reads were aligned to the genome of ATCC 19606T (NZ_CP058289.1) for 

data analysis. The Wald test was used to generate p-values and Log2Fold-Change (LFC). Only genes 

with an adjusted p-value (p adj) < 0.05 were considered differentially expressed genes (DEGs). The 

EggNOG-mapper v5.0 (Huerta-Cepas et al., 2019) was used to determine the COG categories 

(Galperin et al., 2019). 
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Reverse-transcriptase quantitative PCR analysis. To determine RNA expression levels of the uvrA 

gene, RNA was extracted as described above, and cDNA was synthesized using the iScript Reverse 

Transcription Supermix Kit (Bio-Rad). RT-qPCR reactions were performed using the iTaq Universal 

SYBR Green Supermix (Bio-Rad). Gene-specific primers used for the analysis are listed in Table S2. 

The 16S rRNA gene was used as an internal control to normalize the RT-qPCR data and to calculate 

the relative fold change in gene expression by using the 2-ΔΔCT method, as previously described (Runci 

et al., 2019). RT-qPCR analysis was performed on three different RNA pools for each condition 

(biological replicates). 

 

Gene cloning and genetic manipulations. All plasmids and primers used in this study are listed in 

Table S2. Prior to use, all cloned vectors were confirmed by Oxford Nanopore Technologies (ONT) 

(Plasmidsaurus) sequencing. PuvrA m-Scarlet-I transcriptional reporter plasmids were generated by 

amplifying genomic regions upstream of the gene using A. baumannii ATCC 19606T genomic DNA 

as a PCR template and amplicon cloning into a HindIII-HF and BamHI-HF digested pWH1266-CG-

VmS vector (Kunkle et al., manuscript in preparation) using HiFi Assembly (NEB) following the 

manufacturer’s protocol. For the generation of the ΔuvrA construct 1,000 bp of DNA in both the 5′ 

and 3′ flanking regions surrounding the uvrA gene were amplified using A. baumannii genomic DNA 

as a PCR template. These products were cloned into a BamHI-HF and XbaI digested pFLP2 vector 

using HiFi Assembly. The ΔuvrA mutant was created by allelic exchange, using the resulting 

construct, as follows. The construct was introduced by electro-transformation into WT A. baumannii 

ATCC 19606T electro-competent cells as previously described (Stahl et al., 2015). After 

electroporation, cells were incubated in 1 ml pre-warmed SOC medium at 37 °C. After 1 h of 

incubation, transformants were selected on LA plates containing 75 µg/mL carbenicillin and 

incubated for 24 h at 37 °C. Integration of the plasmid was verified by PCR using appropriate primer 

pairs (Table S2). Strains were then plated onto LA containing 10% sucrose and incubated at 30 °C 

for 24 h to select for clones that had resolved the integrated plasmid. Resulting sucrose-resistant 

colonies were tested for carbenicillin sensitivity by replica plating onto LA supplemented with 75 

µg/mL carbenicillin. Carbenicillin-sensitive colonies were subjected to PCR analysis using 

appropriate primer pairs (Table S2). Deletion of uvrA was confirmed for carbenicillin-sensitive 

colonies first by PCR with the appropriate primers (Table S2), followed by whole-genome sequencing 

(ONT). 

For genetic complementation of the ΔuvrA mutant, a fragment of 2865 bp containing the full uvrA 

coding sequence and its native promoter region (324 bp upstream of the start codon) was PCR-

amplified from A. baumannii ATCC 19606T genomic DNA. The fragment was cloned into the 
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pWH1266 vector, introducing a 3×FLAG tag at the 5’ of the uvrA coding sequence. The construct 

was introduced by electro-transformation into the ΔuvrA A. baumannii electro-competent cells as 

previously described (Stahl et al., 2015). After electroporation, cells were incubated for 1 h in 1 ml 

pre-warmed SOC medium at 37 °C, then selected on LA plates containing 75 µg/mL carbenicillin. 

 

PuvrA::mScarlet-I transcriptional reporter assays. Overnight cultures of the indicated A. 

baumannii ATCC 19606T WT strain harboring PuvrA::mScarlet-I transcriptional reporter plasmid 

were started in LB plus 75 µg/mL carbenicillin. The day after, overnight cultures were diluted 1:100 

in fresh LB and grown for 6 h at 37 °C with shaking. Bacterial cultures were desiccated for 1 week 

as previously described, then desiccated bacteria were rehydrated and resuspended to an OD600 of 

0.25 in 2 ml of RB and resuscitated by 24-h incubation at 37 °C with shaking. Aliquots of bacterial 

suspension (100 µl) were used to determine mScarlet-I fluorescence (excitation =575 nm, emission 

=635 nm) normalized to OD600 (mScarlet/OD600) at 0, 2, 4, 6, and 24 h during resuscitation. 

 

UV-C light exposure of A. baumannii. Overnight cultures of A. baumannii ATCC 19606T were 

initiated from single colonies in LB, with antibiotics added when appropriate. The following day, 

overnight cultures were diluted 1:50 into fresh LB and incubated at 37 °C for 1 h. Cultures were 

adjusted to an OD600 of 0.5 in double-distilled water, and serially 10-fold diluted. Aliquots (5 μL) 

from each dilution were spotted onto LBA plates, with antibiotics added when necessary, and air-

dried under a laminar flow hood until the water had completely evaporated, forming a monolayer of 

bacterial cells (Dai et al., 2012). Plates were exposed to UV-C light at 254 nm (2  mJ/cm²) using a 

Stratalinker UV 2400 Crosslinker (Stratagene, La Jolla, CA). After UV-C light exposure, plates were 

incubated at 37 °C for 18 h, and survivors were quantified by CFU counts. 

 

Analysis of the bacterial growth. Overnight cultures of WT and ΔuvrA A. baumannii ATCC 19606T 

strains harboring either empty vector pWH1266, and the complemented strain (ΔuvrA + uvrA) were 

started from single colonies in LB, with antibiotics added when appropriate. The day after, overnight 

cultures were diluted 1:50 into fresh LB and incubated at 37 °C for 1 h with shaking. These cultures 

were then diluted 1:100 into the indicated media and inoculated into 96-well microtiter plates. Plates 

were incubated at 37 °C with continuous shaking for 24 h, and the OD600 was measured every 60 min. 

Bacterial growth was monitored both in the absence and presence of mechlorethamine (30 μM) or 

paraquat (75 μM). 

 

Mouse pneumonia model of A. baumannii infection. C57BL/6 female mice were purchased from 

Jackson Laboratories and infected at 9-10 weeks of age. For the before desiccation condition, two 
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days before infection, A. baumannii ATCC 19606T and ΔuvrA derivative were streaked onto LA 

plates for single colony isolation, followed by overnight growth at 37°C with shaking at 180 rpm. On 

the day of infection, bacteria were subcultured into 5 mL at a 1:100 dilution and grown for 6 hours at 

37°C with shaking at 180 rpm. Bacterial cells were harvested by centrifugation (3,000 × g, 5 min), 

washed twice with double-distilled water, and adjusted to yield a final inoculum of 3 × 108 CFU in 

40 µL of bidistilled water. For the after-desiccation condition, one week before infection, cells of A. 

baumannii ATCC 19606T and the ΔuvrA derivative were prepared using the procedure mentioned 

above, and adjusted to yield a final concentration of 5 × 108 CFU/mL in 10 mL of double-distilled 

water, as confirmed CFU counts. Aliquots of bacterial suspensions were spotted on glass coverslips 

and air-dried under a laminar flow hood at 25.2 ± 1.5 °C. Samples were stored for 1 week at an 

average temperature of 20.9 ± 0.6 °C and relative humidity of 13.00 ± 5.6%. After 1 week, samples 

were rehydrated with double-distilled water, collected through a cell scraper and yield a final 

inoculum of 3 × 108 CFU in 40 µL of bidistilled water. For the resuscitation condition, desiccated 

cells were rehydrated to yield a final inoculum of 3 × 108 CFU in 1 mL of RB and incubated at 37 °C 

for 24 h with shaking 180 rpm. Bacterial inocula were serially diluted and plated on LA to confirm 

equivalent bacterial concentrations between groups. 

Prior to infections, mice were anesthetized by intraperitoneal injection of 2,2,2 tribromoethanol 

diluted in sterile PBS. Anesthetized mice were infected intranasally with a 40 μL volume of the 

bacterial inoculum (ca. 3×108 CFU). During infection, mouse weight and survival were monitored. 

At 36 hours post-infection, mice were humanely euthanized by forced CO2 inhalation followed by 

cervical dislocation, and lungs, hearts, livers, spleens, and kidneys were aseptically harvested and 

stored on ice. Organs were homogenized and serial dilutions of homogenized tissues were plated onto 

LA for CFU counts. Organ weights were measured before and after sample collection for accurate 

CFU quantification of per gram of tissue. 

 

Quantification, statistical analysis, and software. Raw data were recorded in Microsoft Excel and 

imported into GraphPad Prism 8 for figures generation and statistical analysis. Data were analyzed 

as indicated in figure legends. Asterisks denote statistical significance (*P < 0.05, **P < 0.01, ***P 

< 0.001, ****P < 0.0001). Details regarding specific statistical tests, significance levels, data 

dispersion, group sizes, and measurement precision are provided in the figure legends. 
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RESULTS 

A. baumannii undergoes transcriptional reprogramming during resuscitation of VBNC cells. 

To investigate the molecular mechanisms that restore essential cellular functions and metabolic 

activity during recovery from the VBNC state, RNA sequencing was performed, and the 

transcriptional profile of resuscitated (RES) A. baumannii ATCC 19606T cells was compared with 

that of VBNC cells generated after 1-week desiccation (AD). Resuscitation triggered genome‑wide 

transcriptional reprogramming, with a total of 975 genes differentially expressed between RES and 

AD cells, corresponding to 27.8% of A. baumannii genes (DEGs; |LFC| > 1; padj < 0.05) (Figure 1A, 

Table S3). In particular, 425 and 550 genes were significantly upregulated and downregulated, 

respectively. To identify biological processes associated with resuscitation, DEGs were functionally 

annotated using the Cluster of Orthologous Groups (COG) classification (Table S4). Downregulated 

DEGs were assigned to categories related to core cellular functions, including translation, ribosome 

structure and biogenesis (J), inorganic ion transport and metabolism (P), energy production and 

conversion (C), and cell wall/membrane biogenesis (M) (Figure 1B, Table S5). Upregulated DEGs 

were predominantly assigned to categories replication, recombination, and repair (L), transcription 

(K), secondary metabolites biosynthesis, transport, and catabolism (Q), and defence mechanisms (V) 

(Figure 1B, Table S5). Category L genes, including replication, recombination, and repair genes, 

showed strong transcriptional activation during resuscitation; of 35 DEGs assigned to category L, 26 

(74.3%) were upregulated (Figure S1). The abundance of upregulated genes in the COG category L 

suggests that DNA repair and recombination are key processes enabling the recovery of A. baumannii 

from the VBNC state. Significant DEGs from this study (AD vs RES) were compared with DEGs 

previously reported for the transition from vegetative cells to desiccated VBNC cells (BD vs AD) 

(Lucidi et al., 2025). Venn diagram analysis revealed a subset of 75 DEGs specific to the resuscitation 

process since they were upregulated during resuscitation (AD vs RES) and downregulated during 

desiccation (BD vs AD) (Figure 1C, Table S6). The COG analysis of these 75 DEGs revealed a 

predominance of unassigned genes (NA, ~38), and a secondary distribution assigned to multiple 

COGs (X, ~6), transcription (K, ~4), replication, recombination and repair (L, ~4), and translation, 

including ribosome structure and biogenesis (J, ~4), This result indicates that still unannotated genes 

together with core processes in transcription, replication, and translation contribute to the transition 

from desiccation to resuscitation (Figure S2, Table S7). 
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Figure 1 | Transcriptional analysis of A. baumannii ATCC 19606T VBNC cells after 

resuscitation. (A) Volcano plot depicting the Log2FoldChange (LFC) of differentially expressed 

genes (DEGs) of the resuscitated cells (RES) compared to the VBNC cells generated after 1-week 

desiccation (AD). (B) COG functional categories of A. baumannii DEGs in resuscitated cells. The 

green and blue bars indicate the upregulated and downregulated DEGs, respectively. COGs categories 

with >50% upregulated DEGs than downregulated DEGs are highlighted in bold type. (C) Venn 

diagram showing the numbers of significantly upregulated and downregulated DEGs after 1-week 

desiccation (BD vs AD) and resuscitation (AD vs RES). The subset of genes upregulated during 

resuscitation (AD vs RES up) and concurrently downregulated during desiccation (BD vs AD down) 

is highlighted in bold. Data are the mean ± SD (error bars) of three independent experiments. 

 

Loss of UvrA impairs DNA damage tolerance in A. baumannii. 

Desiccation promotes the intracellular accumulation of reactive oxygen species (ROS), which 

damage macromolecules, including DNA, via oxidation, crosslinking, and covalent modifications 

(Lebre et al., 2017; Greffe & Michiels, 2020). Notably, ROS increase has previously been 

documented during desiccation of A. baumannii ATCC 19606T cells (Lucidi et al., 2025). Consistent 



                                                                                                                         Chapter 4. Manuscript II 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

73 

with this, transcriptomic profiling of A. baumannii ATCC 19606T VBNC cells during resuscitation 

revealed a marked induction of DNA repair-related genes. Among these, uvrA, encoding a component 

of the UvrABC nucleotide excision repair system (COG category L, replication, recombination and 

repair), emerged as one of the most strongly upregulated genes during resuscitation and was 

downregulated during desiccation, denoting its specific role during the resuscitation process. This 

transcriptional pattern was validated by reverse transcription-quantitative PCR (RT-qPCR), 

confirming uvrA repression in desiccated cells and reactivation upon resuscitation (Figure 2A). To 

further investigate uvrA regulation during resuscitation, the uvrA promoter activity directed by the 

PuvrA::mScarlet-I transcriptional reporter was monitored over a 24-h resuscitation time course 

experiment (Figure S3). Fluorescence values, normalized to OD600 and expressed relative to the 

empty vector (EV) control, revealed a time-dependent increase in uvrA promoter activation. A modest 

signal was observed immediately after bacterial suspension in RB (0 h), followed by a significant 

induction at 4h (***P < 0.001), which further increased by 24 h (****P < 0.0001). These results 

indicate a progressive and sustained reactivation of uvrA transcription during resuscitation (Figure 

2B). 

 

 

Figure 2 | Transcriptional activation of the uvrA gene during resuscitation of A. baumannii 

ATCC 19606T. (A) Transcription (mRNA) levels of uvrA quantified by RT-qPCR in dells desiccated 

for 1 week relative to the pre-desiccation levels (BD vs AD), and in resuscitated cells relative to 1-

week desiccated cells (AD vs RES). Data are the mean ± SD (error bars) of three independent 

experiments (n = 3). (B) Fluorescence quantification of PuvrA::mScarlet-I reporter normalized to 

OD600 (mScarlet/OD600) at different times (0, 2, 4, 6, and 24 h) during resuscitation in RB. 

Background correction was performed using the mean signal from the empty vector (EV) used as a 

control. Data are mean ± SD of three biological replicates, each performed in technical triplicate. 

Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test; 

***P < 0.001, ****P < 0.0001. 
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The uvrA gene has previously been linked with DNA damage repair in A. baumannii cells exposed 

to genotoxic stress (Norton et al., 2013). Consistent with these observations, the protective role of 

UvrA was functionally validated by assessing the consequences of uvrA deletion on DNA repair 

phenotypes of A. baumannii ATCC 19606T. Bacterial survival following UV-C irradiation was first 

evaluated. Wild-type (WT) cells carrying the empty vector (EV) tolerated UV-C exposure and 

remained viable, whereas the ΔuvrA EV mutant showed significantly reduced colony-forming unit 

(CFU) counts following UV-C irradiation (Figure 3A). To further evaluate genotoxic stress 

sensitivity, A. baumannii WT and ΔuvrA EV mutant strains were exposed to mechlorethamine and 

paraquat, which induce DNA crosslinking and oxidative stress-mediated DNA damage, respectively 

(Kunkle et al., 2024; Machigov et al., 2022). For both DNA-damaging treatments, exposed cultures 

displayed pronounced growth delay compared with the untreated controls, with the ΔuvrA EV strain 

showing the most severe impairment (Figures 3B, C). Notably, stress sensitivity of the ΔuvrA EV 

strain was fully restored upon expression of uvrA in trans, with the complemented strain (ΔuvrA + 

uvrA) exhibiting enhanced resistance relative to the WT EV (Figure 3), likely due to the multicopy 

nature of the pWH1266 plasmid. Collectively, these data demonstrate that uvrA is transcriptionally 

induced during A. baumannii resuscitation, and that UvrA-mediated repair contributes to bacterial 

tolerance against both direct and oxidative stress-induced genotoxicity. 
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Figure 3 | Mutation of the uvrA gene increases the susceptibility of A. baumannii ATCC 19606T 

to DNA damaging agents. (A) Culturability of WT and ΔuvrA A. baumannii ATCC 19606T strains 

harboring either empty vector pWH1266 (EV) or the complementing plasmid pWH1266-5’FuvrA, 

unexposed (grey) or exposed (blue) to UV-C light (2 mJ/cm2). The dashed line represents the log10 

of the limit of detection (LOD) of CFU counts (102 CFU/ml). Data represent mean ± SD of six 

biological replicates, each depicted as a dot, with each replicate performed in technical triplicate. 

Statistical significance was determined by Tukey’s multiple comparison test, ****P < 0.0001. (B-C) 

WT and ΔuvrA A. baumannii ATCC 19606T strains carrying either pWH1266 EV or pWH1266-

5’FuvrA were cultured in LB medium, and untreated (UT, black) or treated (T, blue) with (B) 

mechlorethamine (30 µM) or (C) paraquat (75 µM). OD600 was recorded every 60 minutes to monitor 

bacterial growth. Data represent mean ± SD of three biological replicates, each performed in technical 

triplicate. 

 

The A. baumannii ΔuvrA mutant does not resuscitate from the desiccation-induced VBNC state 

To assess the contribution of uvrA to desiccation tolerance and recovery from the desiccation-induced 

VBNC state, the culturability of WT EV, ΔuvrA EV, and complemented strains was assessed before 

desiccation, after 1-week desiccation, and after 24-h resuscitation in RB. Prior to desiccation, all the 

strains displayed comparable CFU levels, indicating similar baseline viability. After 1 week of 

desiccation, CFU counts for all strains dropped below the limit of detection, confirming the strong 

impact of prolonged dehydration on A. baumannii culturability. Upon resuscitation, WT and 

complemented strains regained culturability, with CFU levels increasing relative to the desiccated 

state. In contrast, the ΔuvrA strain failed to recover, with CFU counts remaining below the detection 

threshold (Figure 4A). Collectively, these data underscore the essential contribution of uvrA to 

resuscitation and its pivotal role in desiccation stress resilience. 
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Figure 4 | The A. baumannii ∆uvrA mutant does not resuscitate from the desiccation-induced 

VBNC state. Culturability of WT and ΔuvrA A. baumannii ATCC 19606T strains harboring the 

pWH1266 empty vector (EV) or the pWH1266-5’FuvrA complementing plasmid was assessed before 

desiccation, after 1-week desiccation, and after 24-h resuscitation in RB. The dashed line represents 

the log10 of the limit of detection (LOD) of CFU counts (4 x 102 CFU). Data are the mean ± SD; each 

dot represents an individual biological replicate, each performed in technical triplicate. 

 

Lung colonization by WT and ΔuvrA A. baumannii strains before and after resuscitation 

Resuscitation restores the culturability and metabolic activity of A. baumannii VBNC cells. 

Furthermore, uvrA plays a critical role in this process, likely because DNA lesions accumulated 

during desiccation cannot be efficiently repaired in its absence. During infection, bacterial pathogens 

are continuously exposed to host-derived stresses that generate DNA damage (van der Veen & Tang, 

2015), suggesting that the ability to recover genome integrity may directly influence the in vivo 

fitness. Therefore, to determine how resuscitation and uvrA contribute to A. baumannii in vivo fitness 

and pathogenicity, pulmonary colonization by WT and ΔuvrA strains before desiccation, after 1-week 

desiccation, and after resuscitation, were compared in mouse model of bacterial pneumonia. Female 

C57BL/6J mice (9-10 weeks old) were intranasally infected with either the WT strain or the ΔuvrA 

mutant. At 36 hours post-infection (hpi), mice were humanely euthanized, and the bacterial burden 

in the lungs and other organs was quantified to evaluate colonization and dissemination. Both WT 

and ΔuvrA strains exhibited a comparable pulmonary colonization before desiccation, and a modest, 

non-significant reduction after 1 week of desiccation (Figure S4). Bacterial dissemination to 

peripheral organs (liver, heart, kidneys, and spleen) was generally low across all conditions, with 

CFU counts markedly lower than those detected in the lungs (Figure S4). Moreover, no substantial 

differences in dissemination to peripheral organs were observed between the WT and the ΔuvrA 
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mutant or among the different physiological states, indicating that desiccation and resuscitation 

primarily influence pulmonary colonization rather than systemic spread. Following resuscitation, 

both strains regained their ability to colonize the lungs. However, the WT strain displayed an even 

higher pulmonary burden than in the pre-desiccation condition (Figure 5 and S4). Importantly, 

resuscitated WT bacteria achieved significantly greater lung colonization than the ΔuvrA mutant, 

demonstrating that uvrA is required not only for efficient recovery from the VBNC state but also for 

maintaining full virulence in animal infection. Together, these findings suggest that recovery from 

desiccation may transiently potentiate WT virulence in the lung, whereas the absence of uvrA 

compromises the ability of A. baumannii to fully recover its pathogenicity in the mouse model of 

infection. 

 

 
Figure 5 | Lung colonization of mice by A. baumannii ATCC 19606T WT and the ∆uvrA mutant 

before and after resuscitation. Female C57BL/6J mice (9-10 weeks old) were intranasally infected 

with A. baumannii WT (A) or ∆uvrA (B) strains, either before desiccation or after resuscitation. At 

36 hpi, mice were euthanized, and bacterial burdens in the lungs were enumerated. The dashed line 

represents the log10 of the limit of detection (LOD) of CFU counts (4 CFU/g lungs). Data represent 

the mean ± SEM; each data point represents one mouse. *P < 0.05 as determined by unpaired t-test. 
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DISCUSSION 

Bacteria are endowed with remarkable resilience to environmental stresses, and desiccation 

represents one of the most challenging conditions encountered in both natural environments and 

clinical settings. For healthcare-associated pathogens, such as Acinetobacter baumannii, the ability 

to withstand water loss is not only an ecologically relevant trait but a critical determinant of the 

bacterial persistence on hospital surfaces and medical devices, thereby facilitating cross-transmission 

and outbreaks (Giannouli et al., 2013). Previous studies have characterized the molecular mechanisms 

underlying desiccation tolerance and transition to the VBNC state in A. baumannii, including 

transcriptomic analyses that revealed global metabolic downregulation and stress adaptation in 

VBNC cells (Lucidi et al., 2025). However, the processes that govern the reversal of this state, i.e. 

the recovery of cultivability (resuscitation) of VBNC cells, remain poorly understood, despite empiric 

evidence that both infectivity and pathogenicity are restored after prolonged environmental 

persistence. To date, few, if any, studies have addressed the molecular basis of resuscitation in A. 

baumannii VBNC cells. 

Evidence from other bacteria suggests that recovery from dormancy is an active process requiring the 

repair of cellular damage that has caused the dormant state. For instance, resuscitation of 

Pseudomonas putida VBNC cells induced by desiccation relies on metabolic reprogramming for 

energy production and respiration (López-Lara et al., 2020). Similarly, work on desert microbial 

communities demonstrated that rapid bacterial rehydration triggers a strong transcriptional response 

involving DNA repair and energy generation (Imminger et al., 2024). Genes associated with the repair 

of severe DNA lesions, such as double-stranded breaks, are prominently induced across multiple taxa, 

highlighting conserved strategies to restore genome integrity and resume metabolism during 

resuscitation (Imminger et al., 2024). Building on these observations, our study provides a genome-

wide analysis of the A. baumannii transcriptome during resuscitation from desiccation-induced 

VBNC status. Functional annotation revealed that, during recovery from dormancy, genes belonging 

to the functional categories replication, recombination, DNA repair, transcription, and energy 

metabolism are strongly expressed, consistent with the need to rapidly restore genome integrity and 

metabolic capacity before full growth resumes. Comparative analysis with the VBNC transcriptome 

previously reported for A. baumannii (Lucidi et al., 2025) enabled the identification of a subset of 

genes specifically associated with resuscitation. This was achieved by contrasting the resuscitation 

gene dataset with the previously published dataset describing gene expression during entry into the 

desiccation-induced VBNC state (Lucidi et al., 2025). Through this comparison, genes that were 

upregulated during resuscitation but downregulated during transition to the VBNC state were 

identified, plausibly due to their specific role in recovery. Among these, uvrA emerged as a key 

determinant in the resuscitation process, suggesting that nucleotide excision repair (NER) is a pivotal 
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process during exit from VBNC. The uvrA gene encodes the damage sensor of the UvrABC NER 

system, which removes bulky DNA lesions and cross-links to restore genomic integrity (Genta et al., 

2025). Previous studies on A. baumannii have linked the induction of uvrA to genotoxic stress, 

showing that uvrA expression is RecA-dependent and triggered by DNA-damaging conditions such 

as UV irradiation, antibiotic exposure, and acidic pH (Norton et al., 2013; Kunkle et al., 2024). 

Despite this information on uvrA regulation, no genetic evidence of its functional role in A. baumannii 

response to the genotoxic stress was available until now. To address this knowledge gap, we generated 

a ∆uvrA mutant in A. baumannii ATCC 19606T and performed survival assays exposing the wild-

type and the ΔuvrA mutant to different DNA-damaging conditions, including UV-C irradiation, DNA 

crosslinking by mechlorethamine, and ROS-mediated damage induced through paraquat. Our results 

provide evidence that deletion of uvrA severely compromises survival under all the tested genotoxic 

conditions, underscoring the essential contribution of the NER system to genome maintenance in n 

A. baumannii ATCC 19606T exposed to genotoxic stress. 

Transcriptional fusion assays revealed a clear, time-dependent activation of the uvrA promoter during 

resuscitation. Based on this observation, we hypothesized that uvrA is essential for successful 

recovery from dormancy of VBNC cells. To test this, we compared the ability to withstand 

desiccation and regain culturability between the wild type and the ΔuvrA mutant, obtaining evidence 

that uvrA is indispensable for resuscitation from the VBNC state. Desiccation imposes severe stress 

on A. baumannii cells, primarily by increasing intracellular levels of reactive oxygen species (ROS) 

(Lucidi et al., 2025). Elevated ROS levels are deleterious because they induce DNA strand breaks 

and nucleotide alterations, leading to the accumulation of lesions that compromise genome integrity 

(Poetsch et al., 2020). Therefore, repairing such lesions during resuscitation is essential to restore 

cellular functions. In this context, we hypothesize that UvrA-mediated NER plays a pivotal role in A. 

baumannii recovery from the VBNC state, as suggested by its strong overexpression during 

resuscitation. 

Interestingly, oxidative stress encountered by A. baumannii ATCC 19606T during desiccation (Lucidi 

et al., 2025) somehow resembles the conditions that A. baumannii faces within the host. During lung 

infection, neutrophils are recruited to the site of infection and produce hydrogen peroxide (H₂O₂) as 

part of the oxidative burst, generating high levels of ROS that act as antimicrobial agents (Juttukonda 

et al., 2019; Lee et al., 2020). c. Therefore, we hypothesized that nucleotide excision repair plays a 

critical role not only in recovery from dormancy but also in A. baumannii ATCC 19606T 

pathogenesis. To investigate this aspect, we conducted intrapulmonary murine infection experiments 

to evaluate both the contribution of UvrA to virulence and the effect of resuscitation on the ability of 

A. baumannii to establish infection in vivo. To our knowledge, this is the first study aimed at assessing 

the pathogenic potential of VBNC and resuscitated cells in a mammalian infection model. Previous 



                                                                                                                         Chapter 4. Manuscript II 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

80 

studies using strain ATCC 17978 reported that desiccation does not significantly impair virulence 

(Green et al., 2022). In contrast, our data show that both the wild-type strain ATCC 19606T and the 

uvrA mutant exhibit a markedly reduced ability to cause infection following desiccation. This 

discrepancy may reflect strain-specific differences in stress tolerance or regulatory networks. 

Consistent with previous observations in the Galleria mellonella infection model (Lucidi et al., 2025), 

we found that resuscitation restores and even enhances virulence compared to the pre-desiccation 

condition. This suggests that the transition from dormancy to active growth may prime A. baumannii 

for effective host colonization, possibly through the activation of stress response and repair pathways. 

Importantly, the uvrA mutant did not display increased virulence after resuscitation, as opposed to the 

parent strain. This finding supports our hypothesis that UvrA-mediated nucleotide excision repair is 

critical for recovery from oxidative damage and for virulence expression in vivo. Together, these 

results indicate that both resuscitation and UvrA function are key pathogenicity determinants. 

One limitation of this study is that all experiments were performed using a single reference strain, 

namely A. baumannii ATCC 19606T. While this approach provided original insights into the complex 

process of resuscitation from the VBNC state, it does not capture the potential variability among other 

strains. Intraspecific diversity in A. baumannii, including differences in stress tolerance and 

regulatory networks, has been documented (Valcek et al., 2025), and it is plausible that other strains 

may exhibit distinct transcriptional responses or repair strategies during recovery from the VBNC 

state. 

Despite this limitation, our findings provide a solid framework for understanding the molecular basis 

of resuscitation in A. baumannii and underscore the central role of DNA repair in this process. 

In conclusion, this study provides a genome-wide picture of A. baumannii resuscitation from the 

VBNC state and identifies uvrA as a key determinant of recovery and virulence. UvrA-mediated 

nucleotide excision DNA repair emerges as essential for survival under genotoxic stress and for 

regaining culturability after desiccation. Importantly, our in vivo experiments demonstrate that both 

resuscitation and UvrA function are critical for pathogenicity. These findings highlight resuscitation 

as a pivotal event shaping bacterial virulence. 

Future research should expand this analysis to a broader range of clinical isolates to determine 

whether the mechanisms identified here are conserved or strain-specific, and to clarify their 

implications for persistence and pathogenicity. In perspective, studies aimed at targeting DNA repair 

pathways may offer innovative approaches to limit both environmental survival and infection, 

ultimately providing new strategies to combat A. baumannii. 
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Table S1. Bacterial strains used in this study 

Strain Relevant characteristics Source/Reference 

Acinetobacter baumannii ATCC 19606T Wild-type strain Artuso et al., 2022 

A. baumannii ATCC 19606T ΔuvrA Clear uvrA deletion mutant This study 

Acinetobacter baumannii ATCC 19606T 

pWH1266-CG-VmS 
Empty vector control strain This study 

Acinetobacter baumannii ATCC 19606T 

pWH1266-CG-VmS_PuvrA 
m-Scarlet-I reporter strain for PuvrA This study 

Acinetobacter baumannii ATCC 19606T pWH1266 Empty vector control strain This study 

A. baumannii ATCC 19606T ΔuvrA pWH1266 Empty vector control strain This study 

A. baumannii ATCC 19606T ΔuvrA pWH1266-

5’FuvrA 

Complemented strain carrying uvrA fused to a 3×FLAG tag at the 5′ 

end 
This study 

Escherichia coli DH5a  Plasmid maintenance E. coli strain used for gene cloning  Skaar lab stock  

Escherichia coli DH5a pFLp2 
Cloning strain carrying the A. baumannii suicide vector with sucrose 

resistance (pFLp2) 

Herbert Schweizer 

(Hoang et al., 1998)  

Escherichia coli DH5a pFLp2-DuvrA Strain carrying the uvrA knockout vector This study 

Escherichia coli DH5a pWH1266 Strain carrying the A. baumannii shuttle vector (pWH1266) (Hunger et al., 1990) 

Escherichia coli DH5a pWH1266-5’FuvrA Strain carrying the vector for uvrA complementation  This study 

Escherichia coli DH5a pWH1266-CG-VmS 
Strain carrying the A. baumannii vector for m-Scarlet-I expression 

(pWH1266-CG-VmS) 

(Kunkle et al., manuscript in 

preparation) 

Escherichia coli DH5a pWH1266-CG-VmS_PuvrA 
Strain carrying the vector with a transcriptional fusion between 

PuvrA and mScarlet-I   
This study 
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Table S2. Primer used in this study 

Primer Primer sequence Primer description 

pFLP2_XbaI_fwd 
AATAATAGTGAACGGCAGGTATAT
GTGATGGGT 

5’ primer for amplifying to control pFLp2 cloning 

pFLP2_BamHI_rev 
TGCGACGTGAACAGTGAGCTGTAT
GTGC 

3’ primer for amplifying to control pFLp2 cloning 

pWH1266_BamHI_fwd AGGCCCAGTCTTTCGACTGAGCC 5’ primer for amplifying to control pWH1266 cloning 

pWH1266_HindIII_rev TGTCCCTTCGTAAGGACGGCCTTCC 3’ primer for amplifying to control pWH1266 cloning 

uvrA_up_fwd 
GGTTAAAAAGGATCGATCCTACTTC

GCCTGCTTTTGGTTC 
5’ primer for amplifying upstream flanking region for uvrA knockout construct 

uvrA_up_rev 
TGTTTTATTGGCTCATAAAACATCT
CAATTGTGTATTG 

3’ primer for amplifying upstream flanking region for uvrA knockout construct 

uvrA_down_fwd 
TTTTATGAGCCAATAAAACAAAAA
GCCGG 

5’ primer for amplifying downstream flanking region for uvrA knockout 
construct 

uvrA_down_rev 
AAGTTCCTATTCTCTAGGGGTCATC
GCCTTTACTCAAG 

3’ primer for amplifying downstream flanking region for uvrA knockout 
construct 

uvrA_inCTRL_fwd CTGGTATCTAGAATGTGTTGTC 
5′ primer for checking merodiploid and WT/KO after sucrose selection; anneals 

upstream of uvrA 

uvrA_inCTRL_rev GGTGTTTGAGCCTCTTATTC 
3′ primer for checking merodiploid and WT/KO after sucrose selection; anneals 
downstream of uvrA 

PuvrA_comp-5'FLAG_fwd 
TTGACAGCTTATCATCGATAATTCA
TCATAAACAACTATTAGACC 

5’ primer for amplifying uvrA promoter region for the complementation 
construct with uvrA fused to a 3×FLAG tag at the 5′ end 

PuvrA_comp-5'FLAG_rev 
TATAATCCATAAAACATCTCAATTG
TGTATTG 

3’ primer for amplifying uvrA promoter region for the complementation 
construct with uvrA fused to a 3×FLAG tag at the 5′ end 

3X FLAG_uvrA_comp5'_fwd 
GAGATGTTTTATGGATTATAAGGAT
CATGATGGTGATTATAAGGATC 

5’ primer for amplifying 3xFLAG for the complementation construct with uvrA 
fused to a 3×FLAG tag at the 5′ end 

3X FLAG_uvrA_comp5'_rev 
TTTGGCTCATACCACCACCACCACC
CTTG 

3’ primer for amplifying 3xFLAG for the complementation construct with uvrA 
fused to a 3×FLAG tag at the 5′ end 

uvrA_comp-5'FLAG_fwd 
TGGTGGTGGTATGAGCCAAAGTCA

TATC 

5’ primer for amplifying uvrA for the complementation construct with uvrA 

fused to a 3×FLAG tag at the 5′ end 

uvrA_comp-5'FLAG_rev 
ACGATGCGTCCGGCGTAGAGTTATT
GTTTCAACATCGGTTTC 

3’ primer for amplifying uvrA for the complementation construct with uvrA 
fused to a 3×FLAG tag at the 5′ end 

PuvrA_fwd 
CGGCCGCTCTAGAACTAGTGTTTCA
TGCATTCATCATAAAC 

5’ primer for amplifying uvrA promoter region for the pWH1266-CG-VmS 
cloning 

PuvrA_rev 
TGGTATATCTCCTTCGCTAAAAAAC
ATCTCAATTGTGTATTG 

3’ primer for amplifying uvrA promoter region for the pWH1266-CG-VmS 
cloning 

uvrA_RT_fwd TGAGCGCTTACACTTCTTGG 5’ primer for amplifying an internal region of uvrA for the RT-qPCR 

uvrA_RT_rev CACCCATCAAACCTGCACC 3’ primer for amplifying an internal region of uvrA for the RT-qPCR 

16S_FW TGTGAAGAAGGCCTTATGGTT 5’ primer for amplifying of 16S rRNA gene by RT-qPCR 

16S_RV CTGTATTACCGCGGCTGCT 3’ primer for amplifying of 16S rRNA gene by RT-qPCR 
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Table S3. List of DEGs during resuscitation 

Gene name  Locus Tag LFC pvalue padj 
 

 Gene name  Locus Tag LFC pvalue padj 

 HTZ92_RS00110 2.3291 2.87E-07 4.07E-06 
 

  HTZ92_RS09940 1.6344 4.96E-08 8.69E-07 

 HTZ92_RS00125 3.3285 3.43E-18 2.13E-16 
 

  HTZ92_RS09980 1.9912 2.19E-10 6.16E-09 

 HTZ92_RS00130 2.4109 8.36E-08 1.37E-06 
 

  HTZ92_RS10005 1.0419 1.43E-02 4.24E-02 

 HTZ92_RS00135 2.4361 4.72E-11 1.43E-09 
 

  HTZ92_RS10030 1.3737 8.07E-05 6.01E-04 

 HTZ92_RS00145 2.0714 2.45E-04 1.52E-03 
 

  HTZ92_RS10065 -1.1060 6.84E-03 2.34E-02 

 HTZ92_RS00170 1.5847 2.47E-06 2.78E-05 
 

  HTZ92_RS10070 1.1901 1.09E-03 5.18E-03 

 HTZ92_RS00220 1.4381 1.34E-08 2.68E-07 
 

  HTZ92_RS10095 1.4675 1.45E-02 4.28E-02 

hisH HTZ92_RS00245 1.2232 5.47E-04 2.97E-03 
 

 paaG HTZ92_RS10100 1.9715 2.67E-03 1.08E-02 

 HTZ92_RS00275 -2.0998 1.72E-07 2.59E-06 
 

  HTZ92_RS10105 2.0545 1.99E-03 8.40E-03 

 HTZ92_RS00295 -1.2257 5.36E-03 1.91E-02 
 

 paaK HTZ92_RS10110 2.7200 8.06E-05 6.01E-04 

 HTZ92_RS00305 -1.6254 3.69E-03 1.41E-02 
 

 paaJ HTZ92_RS10115 2.8478 3.23E-06 3.52E-05 

 HTZ92_RS00310 -2.0034 2.67E-03 1.08E-02 
 

 paaC HTZ92_RS10120 2.6918 5.45E-05 4.36E-04 

 HTZ92_RS00330 -5.0228 1.82E-14 8.28E-13 
 

 paaB HTZ92_RS10125 3.1240 3.34E-06 3.62E-05 

 HTZ92_RS00335 -4.0949 3.08E-08 5.71E-07 
 

 paaA HTZ92_RS10130 3.5937 5.53E-06 5.71E-05 

 HTZ92_RS00340 -3.6137 3.70E-07 5.10E-06 
 

 paaZ HTZ92_RS10135 1.8751 7.52E-03 2.53E-02 

 HTZ92_RS00345 -2.8560 2.84E-05 2.45E-04 
 

  HTZ92_RS10145 2.1628 5.16E-15 2.47E-13 

 HTZ92_RS00350 -1.7806 7.65E-05 5.78E-04 
 

  HTZ92_RS10150 1.2461 1.30E-07 2.02E-06 

 HTZ92_RS00385 -1.0642 8.29E-03 2.73E-02 
 

  HTZ92_RS10175 1.8195 2.45E-07 3.56E-06 

 HTZ92_RS00405 -3.2533 4.74E-05 3.84E-04 
 

  HTZ92_RS10180 1.8518 1.01E-04 7.21E-04 

 HTZ92_RS00470 1.5465 1.04E-05 1.00E-04 
 

  HTZ92_RS10195 1.7070 5.06E-06 5.27E-05 

 HTZ92_RS00475 1.2346 1.44E-04 9.75E-04 
 

  HTZ92_RS10225 1.0958 5.62E-05 4.47E-04 

gltB HTZ92_RS00495 -2.3600 1.15E-04 8.04E-04 
 

  HTZ92_RS10280 -1.7160 1.71E-02 4.87E-02 

 HTZ92_RS00500 -1.5001 1.25E-02 3.80E-02 
 

  HTZ92_RS10285 -1.0074 9.20E-03 2.97E-02 

 HTZ92_RS00580 2.5100 1.38E-06 1.65E-05 
 

 tssF HTZ92_RS10310 -1.6974 9.15E-04 4.52E-03 

 HTZ92_RS00605 -1.7737 2.32E-04 1.46E-03 
 

 tssE HTZ92_RS10315 -2.3318 5.02E-04 2.76E-03 

rpsP HTZ92_RS00615 -1.8017 2.86E-11 8.79E-10 
 

 tssC HTZ92_RS10325 -1.5033 4.69E-03 1.71E-02 

rimM HTZ92_RS00620 -1.6315 5.34E-07 7.06E-06 
 

 tssB HTZ92_RS10330 -1.2850 7.96E-03 2.65E-02 

trmD HTZ92_RS00625 -1.7790 2.47E-10 6.82E-09 
 

  HTZ92_RS10335 -1.4691 4.77E-03 1.73E-02 

rplS HTZ92_RS00630 -1.6878 1.37E-09 3.34E-08 
 

  HTZ92_RS10340 -1.8462 7.49E-06 7.46E-05 

 HTZ92_RS00655 -2.7615 2.76E-05 2.39E-04 
 

  HTZ92_RS10355 -1.5504 1.44E-02 4.26E-02 

 HTZ92_RS00720 1.2280 6.54E-04 3.43E-03 
 

  HTZ92_RS10380 2.1847 1.12E-07 1.78E-06 

 HTZ92_RS00730 1.5664 6.35E-04 3.35E-03 
 

 uca HTZ92_RS10390 -1.6768 1.33E-02 4.01E-02 

 HTZ92_RS00750 -1.0254 2.30E-04 1.46E-03 
 

  HTZ92_RS10395 -2.2425 4.22E-03 1.57E-02 

astA HTZ92_RS00765 -1.9650 3.86E-07 5.28E-06 
 

  HTZ92_RS10400 -2.5299 3.29E-03 1.28E-02 

astD HTZ92_RS00770 -1.6993 2.38E-04 1.48E-03 
 

  HTZ92_RS10415 1.0498 7.20E-03 2.44E-02 

astB HTZ92_RS00775 -1.7548 3.11E-05 2.67E-04 
 

  HTZ92_RS10435 -1.8302 1.40E-02 4.15E-02 

 HTZ92_RS00790 -3.9985 9.77E-05 7.01E-04 
 

  HTZ92_RS10455 -1.2053 3.06E-03 1.21E-02 

 HTZ92_RS00805 -1.7424 7.01E-05 5.36E-04 
 

  HTZ92_RS10465 -1.1056 4.52E-03 1.66E-02 

 HTZ92_RS00820 -1.3965 6.00E-05 4.69E-04 
 

 mumR HTZ92_RS10470 2.0713 1.70E-08 3.30E-07 

glyQ HTZ92_RS00830 -1.5082 1.04E-03 4.99E-03 
 

  HTZ92_RS10500 -2.8729 3.64E-03 1.39E-02 

 HTZ92_RS00855 2.9128 8.05E-04 4.06E-03 
 

  HTZ92_RS10530 1.8786 2.40E-04 1.49E-03 

ribA HTZ92_RS00885 -1.0896 2.04E-05 1.82E-04 
 

  HTZ92_RS10615 -2.4558 1.81E-05 1.64E-04 

 HTZ92_RS00900 -1.7404 8.34E-04 4.20E-03 
 

  HTZ92_RS10620 -1.4897 7.06E-04 3.65E-03 

 HTZ92_RS00910 1.1054 8.62E-05 6.32E-04 
 

 cysS HTZ92_RS10675 -1.2256 4.05E-04 2.31E-03 

 HTZ92_RS00920 2.5894 2.25E-26 2.19E-24 
 

  HTZ92_RS10695 1.3361 5.98E-05 4.68E-04 

 HTZ92_RS00925 2.5669 1.19E-18 7.49E-17 
 

  HTZ92_RS10725 -1.7565 3.44E-03 1.33E-02 

 HTZ92_RS00930 2.8092 8.09E-18 4.85E-16 
 

  HTZ92_RS10745 1.2493 6.65E-05 5.14E-04 
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 HTZ92_RS00935 -1.2963 8.85E-05 6.45E-04 
 

  HTZ92_RS10750 1.4028 1.04E-02 3.28E-02 

 HTZ92_RS00940 -1.5067 7.22E-03 2.44E-02 
 

  HTZ92_RS10755 3.0419 4.92E-17 2.81E-15 

 HTZ92_RS00995 -1.0869 5.41E-03 1.92E-02 
 

  HTZ92_RS10760 2.2063 1.01E-10 2.97E-09 

 HTZ92_RS01005 -1.0600 2.30E-03 9.54E-03 
 

  HTZ92_RS10765 3.1996 3.41E-20 2.36E-18 

rpsJ HTZ92_RS01020 -3.2696 1.14E-21 8.88E-20 
 

  HTZ92_RS10770 3.4353 4.16E-28 4.28E-26 

rplC HTZ92_RS01025 -2.8020 7.04E-19 4.52E-17 
 

  HTZ92_RS10775 3.7048 4.94E-30 5.22E-28 

rplD HTZ92_RS01030 -3.2736 2.69E-33 3.34E-31 
 

  HTZ92_RS10780 4.1996 1.47E-34 1.95E-32 

rplW HTZ92_RS01035 -3.3153 9.71E-23 8.31E-21 
 

  HTZ92_RS10785 5.3079 7.09E-33 8.22E-31 

rplB HTZ92_RS01040 -2.9136 2.21E-43 3.78E-41 
 

  HTZ92_RS10790 6.2623 2.84E-82 2.55E-79 

rpsS HTZ92_RS01045 -2.7678 5.43E-24 4.88E-22 
 

  HTZ92_RS10795 7.0809 3.78E-95 6.79E-92 

rplV HTZ92_RS01050 -2.9693 4.47E-34 5.74E-32 
 

  HTZ92_RS10800 7.6570 4.55E-43 7.44E-41 

rplP HTZ92_RS01060 -1.5204 1.64E-08 3.22E-07 
 

  HTZ92_RS10805 6.3318 2.53E-63 8.26E-61 

rpsN HTZ92_RS01090 -1.1074 9.25E-05 6.68E-04 
 

  HTZ92_RS10810 5.3540 3.22E-51 6.44E-49 

rpsH HTZ92_RS01095 -1.3773 1.39E-06 1.66E-05 
 

  HTZ92_RS10815 4.4162 4.18E-61 1.07E-58 

rplF HTZ92_RS01100 -1.4844 1.02E-08 2.07E-07 
 

  HTZ92_RS10820 6.2663 5.06E-80 3.64E-77 

rplR HTZ92_RS01105 -1.7060 3.82E-11 1.17E-09 
 

  HTZ92_RS10825 5.9636 1.52E-62 4.55E-60 

rpsE HTZ92_RS01110 -1.5204 1.07E-10 3.13E-09 
 

  HTZ92_RS10830 6.2331 2.84E-65 1.02E-62 

rpmD HTZ92_RS01115 -1.5517 6.14E-08 1.04E-06 
 

  HTZ92_RS10835 6.4050 1.48E-71 5.92E-69 

rpmJ HTZ92_RS01130 -1.3167 2.65E-06 2.97E-05 
 

  HTZ92_RS10840 5.4999 3.78E-33 4.53E-31 

rpsM HTZ92_RS01135 -2.1110 2.43E-11 7.54E-10 
 

  HTZ92_RS10845 5.1901 5.83E-36 8.73E-34 

rpsK HTZ92_RS01140 -1.7761 6.18E-12 2.08E-10 
 

  HTZ92_RS10850 6.6736 3.74E-51 7.07E-49 

rpsD HTZ92_RS01145 -1.6933 5.11E-10 1.35E-08 
 

  HTZ92_RS10855 1.0905 5.87E-05 4.62E-04 

rpoA HTZ92_RS01150 -1.7051 3.64E-09 8.24E-08 
 

  HTZ92_RS10860 5.8242 1.62E-37 2.52E-35 

rplQ HTZ92_RS01155 -1.1367 1.62E-03 7.12E-03 
 

  HTZ92_RS10865 6.3640 1.88E-77 9.63E-75 

 HTZ92_RS01200 1.1813 6.89E-05 5.28E-04 
 

  HTZ92_RS10870 7.1777 5.00E-79 3.00E-76 

 HTZ92_RS01235 1.1414 6.57E-04 3.43E-03 
 

  HTZ92_RS10875 6.5483 2.70E-97 9.70E-94 

 HTZ92_RS01290 -1.9212 3.23E-06 3.52E-05 
 

  HTZ92_RS10880 6.6779 1.84E-84 2.20E-81 

ybeY HTZ92_RS01300 -1.0459 3.53E-04 2.06E-03 
 

  HTZ92_RS10885 5.6867 3.70E-61 1.02E-58 

 HTZ92_RS01325 -1.5576 1.24E-04 8.65E-04 
 

  HTZ92_RS10890 5.9451 1.09E-57 2.45E-55 

 HTZ92_RS01335 1.7010 3.56E-08 6.49E-07 
 

  HTZ92_RS10895 6.8506 1.15E-72 5.18E-70 

 HTZ92_RS01360 2.6039 1.29E-03 5.94E-03 
 

  HTZ92_RS10905 5.4520 9.21E-36 1.27E-33 

 HTZ92_RS01370 1.2137 9.12E-03 2.95E-02 
 

  HTZ92_RS10910 3.8816 1.10E-20 7.94E-19 

 HTZ92_RS01375 2.5448 1.65E-03 7.25E-03 
 

  HTZ92_RS10945 1.8756 8.05E-07 1.00E-05 

rpsI HTZ92_RS01450 -1.2050 8.74E-06 8.54E-05 
 

  HTZ92_RS10960 1.6050 2.68E-05 2.34E-04 

rplM HTZ92_RS01455 -1.8169 1.85E-08 3.56E-07 
 

  HTZ92_RS10965 1.5091 1.10E-06 1.34E-05 

pdxA HTZ92_RS01460 1.4579 1.80E-05 1.63E-04 
 

  HTZ92_RS10995 -1.3594 7.31E-03 2.46E-02 

 HTZ92_RS01475 -2.1255 3.04E-07 4.28E-06 
 

  HTZ92_RS11000 -2.5868 1.85E-06 2.14E-05 

 HTZ92_RS01510 -1.4575 2.29E-03 9.51E-03 
 

  HTZ92_RS11020 1.5267 5.60E-09 1.19E-07 

 HTZ92_RS01515 -1.2383 9.68E-04 4.71E-03 
 

  HTZ92_RS11025 -1.0901 1.63E-03 7.15E-03 

 HTZ92_RS01520 -1.7757 9.03E-08 1.46E-06 
 

  HTZ92_RS11030 -1.6947 7.05E-07 8.92E-06 

 HTZ92_RS01525 2.6174 1.17E-03 5.50E-03 
 

  HTZ92_RS11045 -1.5408 9.95E-04 4.82E-03 

 HTZ92_RS01535 1.4047 7.61E-03 2.55E-02 
 

  HTZ92_RS11055 1.5887 7.20E-09 1.49E-07 

 HTZ92_RS01540 2.5377 1.69E-03 7.37E-03 
 

  HTZ92_RS11060 1.3122 3.04E-04 1.83E-03 

 HTZ92_RS01575 1.1265 3.18E-03 1.25E-02 
 

  HTZ92_RS11120 -1.7995 4.16E-04 2.37E-03 

 HTZ92_RS01585 -1.8820 4.34E-04 2.43E-03 
 

 ahpC HTZ92_RS11135 -1.0414 8.94E-03 2.91E-02 

 HTZ92_RS01600 -1.5743 1.54E-03 6.89E-03 
 

  HTZ92_RS11185 2.6542 1.15E-06 1.40E-05 

 HTZ92_RS01610 -1.4869 1.75E-03 7.59E-03 
 

  HTZ92_RS11200 1.2578 6.72E-05 5.18E-04 

secD HTZ92_RS01640 -1.4263 3.22E-04 1.91E-03 
 

  HTZ92_RS11215 -1.5925 1.16E-03 5.44E-03 

yajC HTZ92_RS01645 -2.2702 2.91E-06 3.19E-05 
 

  HTZ92_RS11235 -1.7385 6.94E-06 6.97E-05 

tgt HTZ92_RS01650 -1.5367 3.13E-04 1.88E-03 
 

 clpB HTZ92_RS11240 1.4950 8.59E-05 6.32E-04 
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 HTZ92_RS01735 -1.7212 8.71E-06 8.53E-05 
 

  HTZ92_RS11250 -1.2869 1.35E-02 4.05E-02 

aspS HTZ92_RS01745 -1.0928 2.52E-04 1.54E-03 
 

  HTZ92_RS11275 1.0359 5.07E-04 2.78E-03 

 HTZ92_RS01760 1.1863 3.75E-05 3.09E-04 
 

  HTZ92_RS11280 -2.8176 2.35E-04 1.47E-03 

 HTZ92_RS01770 1.8846 2.48E-09 5.79E-08 
 

  HTZ92_RS11320 1.3238 1.24E-02 3.79E-02 

 HTZ92_RS01775 -1.3161 2.52E-03 1.03E-02 
 

  HTZ92_RS11325 1.3727 5.07E-05 4.09E-04 

 HTZ92_RS01825 -1.5530 5.74E-05 4.54E-04 
 

  HTZ92_RS11365 1.1825 1.41E-02 4.17E-02 

folC HTZ92_RS01885 -1.1511 7.97E-04 4.04E-03 
 

  HTZ92_RS11370 1.1445 1.11E-04 7.81E-04 

 HTZ92_RS01905 -4.4333 5.58E-08 9.51E-07 
 

  HTZ92_RS11380 1.2948 7.60E-03 2.55E-02 

 HTZ92_RS01920 -1.1502 1.53E-02 4.46E-02 
 

  HTZ92_RS11390 1.2444 1.01E-03 4.90E-03 

 HTZ92_RS01925 -1.4286 8.92E-04 4.45E-03 
 

  HTZ92_RS11420 1.2507 2.26E-04 1.44E-03 

 HTZ92_RS01945 -1.5891 1.07E-03 5.12E-03 
 

  HTZ92_RS11425 1.4476 1.05E-04 7.50E-04 

 HTZ92_RS01955 -1.2239 5.76E-04 3.09E-03 
 

  HTZ92_RS11445 1.7205 2.18E-08 4.13E-07 

 HTZ92_RS01980 -1.3435 5.68E-05 4.51E-04 
 

  HTZ92_RS11530 -1.6598 2.04E-07 3.02E-06 

 HTZ92_RS01985 -1.1571 3.29E-03 1.28E-02 
 

  HTZ92_RS11610 -1.0611 7.21E-04 3.71E-03 

 HTZ92_RS02005 -2.6270 1.96E-13 8.10E-12 
 

  HTZ92_RS11635 1.0867 1.25E-05 1.17E-04 

 HTZ92_RS02015 -1.9665 1.18E-04 8.27E-04 
 

  HTZ92_RS11640 1.0555 5.61E-03 1.98E-02 

 HTZ92_RS02020 -1.8694 1.77E-08 3.43E-07 
 

  HTZ92_RS11655 1.3590 3.26E-05 2.77E-04 

mscL HTZ92_RS02045 -1.1039 1.61E-02 4.63E-02 
 

  HTZ92_RS11730 -1.3772 3.78E-03 1.44E-02 

 HTZ92_RS02085 -1.7401 1.04E-04 7.40E-04 
 

 mhpT HTZ92_RS11735 1.1304 2.02E-03 8.52E-03 

 HTZ92_RS02090 -1.4594 1.68E-03 7.33E-03 
 

  HTZ92_RS11740 2.0457 1.26E-09 3.12E-08 

 HTZ92_RS02100 -2.2589 2.73E-10 7.49E-09 
 

 gudD HTZ92_RS11795 1.1849 6.11E-06 6.24E-05 

 HTZ92_RS02115 -1.8853 8.84E-03 2.89E-02 
 

  HTZ92_RS11820 1.1697 7.33E-03 2.47E-02 

 HTZ92_RS02135 1.4620 6.78E-03 2.32E-02 
 

  HTZ92_RS11860 1.0190 4.15E-03 1.55E-02 

dapE HTZ92_RS02170 -1.0575 1.84E-05 1.66E-04 
 

  HTZ92_RS11865 -1.0686 6.80E-05 5.24E-04 

 HTZ92_RS02195 -1.3280 4.20E-04 2.38E-03 
 

  HTZ92_RS11885 -2.1194 1.68E-08 3.28E-07 

 HTZ92_RS02255 -1.6096 8.20E-03 2.70E-02 
 

  HTZ92_RS11905 -2.0611 7.39E-06 7.38E-05 

 HTZ92_RS02260 -1.2513 1.36E-02 4.06E-02 
 

  HTZ92_RS11910 -1.2221 4.86E-05 3.93E-04 

sbmA HTZ92_RS02280 -1.1316 1.47E-04 9.92E-04 
 

  HTZ92_RS11935 -2.3929 1.02E-05 9.82E-05 

 HTZ92_RS02300 -1.3854 1.68E-06 1.95E-05 
 

  HTZ92_RS11965 1.3681 1.17E-05 1.10E-04 

gatA HTZ92_RS02310 -1.4916 3.49E-04 2.05E-03 
 

  HTZ92_RS11970 1.8555 8.99E-17 4.89E-15 

gatC HTZ92_RS02315 -1.5417 1.31E-04 9.01E-04 
 

  HTZ92_RS11975 1.0383 1.36E-04 9.26E-04 

 HTZ92_RS02345 -2.0887 4.24E-03 1.58E-02 
 

  HTZ92_RS11980 1.8291 5.19E-08 8.98E-07 

hchA HTZ92_RS02405 -1.0321 5.06E-03 1.82E-02 
 

  HTZ92_RS11990 1.5065 7.03E-07 8.92E-06 

 HTZ92_RS02415 -2.0722 1.20E-11 3.94E-10 
 

 merD HTZ92_RS12005 3.9932 2.07E-15 1.05E-13 

 HTZ92_RS02455 1.7751 1.17E-07 1.85E-06 
 

 merA HTZ92_RS12010 3.3915 1.69E-12 6.09E-11 

 HTZ92_RS02460 -1.2116 3.98E-04 2.28E-03 
 

 merC HTZ92_RS12015 3.1849 2.45E-09 5.76E-08 

 HTZ92_RS02465 -2.8255 2.08E-05 1.85E-04 
 

 merP HTZ92_RS12020 3.2139 1.17E-08 2.35E-07 

 HTZ92_RS02470 -2.4301 8.24E-05 6.12E-04 
 

 merT HTZ92_RS12025 2.9168 3.40E-07 4.74E-06 

 HTZ92_RS02475 -2.1344 1.61E-03 7.10E-03 
 

 merR HTZ92_RS12030 1.5803 2.37E-05 2.09E-04 

 HTZ92_RS02480 -2.6909 1.15E-05 1.09E-04 
 

 lspA HTZ92_RS12040 -1.1527 1.25E-02 3.81E-02 

 HTZ92_RS02485 -2.0440 9.09E-03 2.94E-02 
 

  HTZ92_RS12045 -1.8477 7.39E-04 3.80E-03 

 HTZ92_RS02490 -2.7227 7.32E-05 5.59E-04 
 

 cadR HTZ92_RS12050 2.6022 3.21E-05 2.74E-04 

adeJ HTZ92_RS02550 -1.2840 1.15E-03 5.40E-03 
 

  HTZ92_RS12060 1.3037 1.86E-03 7.97E-03 

adeI HTZ92_RS02555 -1.3762 5.72E-03 2.02E-02 
 

 rnt HTZ92_RS12155 -1.0172 8.82E-05 6.44E-04 

lolA HTZ92_RS02590 1.8136 5.16E-10 1.35E-08 
 

  HTZ92_RS12165 -1.1170 3.52E-05 2.95E-04 

 HTZ92_RS02610 -1.0867 8.90E-03 2.90E-02 
 

  HTZ92_RS12225 -2.1176 5.27E-03 1.88E-02 

 HTZ92_RS02615 2.3290 1.89E-05 1.70E-04 
 

  HTZ92_RS12245 1.2808 2.09E-03 8.73E-03 

 HTZ92_RS02635 -1.4433 6.27E-08 1.06E-06 
 

  HTZ92_RS12250 -3.7764 6.94E-06 6.97E-05 

 HTZ92_RS02655 -1.6537 3.43E-04 2.02E-03 
 

  HTZ92_RS12255 1.9055 6.08E-13 2.33E-11 

 HTZ92_RS02660 -2.3959 2.11E-13 8.60E-12 
 

  HTZ92_RS12285 -1.2627 2.99E-03 1.18E-02 
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gltA HTZ92_RS02675 -2.3658 1.79E-07 2.67E-06 
 

 ata HTZ92_RS12325 1.0177 1.99E-03 8.38E-03 

sdhC HTZ92_RS02680 -1.4592 5.77E-06 5.93E-05 
 

 lon HTZ92_RS12330 1.2449 5.37E-03 1.91E-02 

sdhD HTZ92_RS02685 -1.3664 3.47E-05 2.92E-04 
 

 gdhA HTZ92_RS12350 -1.5695 3.64E-04 2.12E-03 

 HTZ92_RS02695 -1.0917 3.67E-05 3.05E-04 
 

 ureG HTZ92_RS12400 -2.2562 1.45E-03 6.56E-03 

sucC HTZ92_RS02725 -1.0036 1.96E-04 1.26E-03 
 

  HTZ92_RS12405 -3.3100 2.74E-05 2.38E-04 

 HTZ92_RS02775 -1.4574 2.78E-03 1.11E-02 
 

 ureE HTZ92_RS12410 -2.0022 7.99E-03 2.66E-02 

yhbY HTZ92_RS02815 -1.3256 4.36E-04 2.44E-03 
 

  HTZ92_RS12420 -2.7949 1.60E-03 7.08E-03 

ftsH HTZ92_RS02825 1.6274 6.64E-13 2.51E-11 
 

 ureA HTZ92_RS12425 -2.5543 2.30E-03 9.54E-03 

 HTZ92_RS02835 -1.5077 1.55E-02 4.51E-02 
 

  HTZ92_RS12430 -1.9817 1.03E-03 4.97E-03 

 HTZ92_RS02855 -1.7549 1.68E-03 7.35E-03 
 

  HTZ92_RS12445 -2.4315 1.08E-05 1.04E-04 

 HTZ92_RS02880 -1.1131 5.57E-03 1.97E-02 
 

 cysD HTZ92_RS12480 -1.3795 5.75E-03 2.02E-02 

 HTZ92_RS02895 -1.9823 1.31E-06 1.59E-05 
 

  HTZ92_RS12485 -2.4553 2.64E-04 1.62E-03 

 HTZ92_RS02925 -3.7507 6.40E-06 6.48E-05 
 

  HTZ92_RS12500 -1.0087 1.35E-03 6.16E-03 

htpX HTZ92_RS02950 1.2322 7.21E-07 9.06E-06 
 

  HTZ92_RS12505 -1.5140 1.69E-03 7.37E-03 

 HTZ92_RS02955 -1.1089 4.57E-03 1.68E-02 
 

  HTZ92_RS12510 -1.3853 2.76E-07 3.94E-06 

 HTZ92_RS02965 -1.8102 3.32E-05 2.81E-04 
 

  HTZ92_RS12515 -1.0165 2.49E-03 1.02E-02 

 HTZ92_RS02990 -1.8600 6.99E-03 2.38E-02 
 

  HTZ92_RS12585 1.2543 7.70E-04 3.94E-03 

 HTZ92_RS03025 2.4618 5.54E-09 1.19E-07 
 

  HTZ92_RS12600 -1.5870 4.78E-03 1.74E-02 

 HTZ92_RS03035 1.1597 9.19E-03 2.97E-02 
 

  HTZ92_RS12610 1.3894 6.89E-03 2.35E-02 

 HTZ92_RS03060 1.4857 5.49E-08 9.44E-07 
 

  HTZ92_RS12625 -1.1832 6.01E-03 2.09E-02 

 HTZ92_RS03070 -1.4394 8.32E-05 6.15E-04 
 

  HTZ92_RS12650 1.0056 1.07E-03 5.12E-03 

lysA HTZ92_RS03080 -1.0769 9.41E-03 3.02E-02 
 

  HTZ92_RS12705 1.0756 5.68E-04 3.06E-03 

 HTZ92_RS03095 -1.0504 7.25E-03 2.45E-02 
 

  HTZ92_RS12745 1.1148 2.88E-04 1.75E-03 

 HTZ92_RS03125 -2.0891 5.79E-03 2.03E-02 
 

  HTZ92_RS12750 1.3906 3.43E-04 2.02E-03 

 HTZ92_RS03130 -3.4791 5.24E-05 4.20E-04 
 

 betA HTZ92_RS12855 1.1887 6.97E-03 2.38E-02 

 HTZ92_RS03135 -3.1317 1.06E-04 7.53E-04 
 

  HTZ92_RS12870 -1.8500 4.61E-03 1.69E-02 

 HTZ92_RS03140 -4.3971 3.48E-07 4.81E-06 
 

  HTZ92_RS12880 1.6580 1.53E-07 2.33E-06 

tolR HTZ92_RS03290 -1.9897 6.27E-04 3.32E-03 
 

  HTZ92_RS12885 1.0649 1.50E-04 1.01E-03 

tolQ HTZ92_RS03295 -1.5060 9.30E-03 2.99E-02 
 

  HTZ92_RS12895 -1.2232 1.47E-03 6.62E-03 

 HTZ92_RS03305 -1.0235 1.40E-02 4.15E-02 
 

  HTZ92_RS12915 1.4963 3.64E-08 6.58E-07 

 HTZ92_RS03330 1.1820 5.91E-04 3.15E-03 
 

  HTZ92_RS12930 1.3534 1.28E-04 8.82E-04 

 HTZ92_RS03365 1.4090 4.33E-04 2.43E-03 
 

  HTZ92_RS12935 2.4568 1.44E-05 1.34E-04 

 HTZ92_RS03390 -4.4028 4.27E-08 7.63E-07 
 

  HTZ92_RS12940 1.4693 6.34E-04 3.35E-03 

 HTZ92_RS03395 -3.7540 2.89E-06 3.19E-05 
 

  HTZ92_RS12965 1.1609 2.08E-03 8.72E-03 

cysW HTZ92_RS03400 -5.0533 4.31E-08 7.68E-07 
 

  HTZ92_RS12970 2.3729 1.39E-13 5.88E-12 

cysT HTZ92_RS03405 -4.5342 1.47E-06 1.74E-05 
 

 cas3f HTZ92_RS12985 1.8716 1.39E-10 4.00E-09 

 HTZ92_RS03410 -5.6717 8.27E-05 6.13E-04 
 

  HTZ92_RS12990 2.5322 8.19E-11 2.45E-09 

 HTZ92_RS03415 -6.4433 3.90E-10 1.05E-08 
 

  HTZ92_RS13060 1.4215 4.83E-08 8.52E-07 

nadB HTZ92_RS03440 -1.4091 6.68E-04 3.47E-03 
 

  HTZ92_RS13170 1.3562 3.15E-04 1.88E-03 

lepB HTZ92_RS03460 -3.1558 1.18E-04 8.28E-04 
 

  HTZ92_RS13175 1.0684 1.76E-04 1.15E-03 

 HTZ92_RS03465 -1.9652 1.40E-04 9.48E-04 
 

  HTZ92_RS13195 1.7525 1.52E-06 1.79E-05 

era HTZ92_RS03475 1.5184 6.67E-04 3.47E-03 
 

  HTZ92_RS13200 1.3960 2.53E-07 3.66E-06 

 HTZ92_RS03480 1.3410 5.32E-04 2.91E-03 
 

  HTZ92_RS13215 -3.3495 1.35E-05 1.25E-04 

 HTZ92_RS03545 -1.5451 3.68E-05 3.05E-04 
 

  HTZ92_RS13225 -1.6854 3.66E-04 2.13E-03 

 HTZ92_RS03555 1.3929 7.50E-07 9.36E-06 
 

  HTZ92_RS13245 -1.5123 3.20E-03 1.25E-02 

uvrB HTZ92_RS03560 1.3786 1.31E-09 3.22E-08 
 

 minC HTZ92_RS13255 -1.0868 1.09E-05 1.04E-04 

 HTZ92_RS03640 -1.0017 4.86E-03 1.75E-02 
 

 minD HTZ92_RS13260 -1.2364 5.81E-04 3.12E-03 

 HTZ92_RS03670 -1.0459 1.54E-03 6.88E-03 
 

  HTZ92_RS13280 1.0580 9.40E-06 9.16E-05 

 HTZ92_RS03685 1.6364 3.40E-07 4.74E-06 
 

 rimI HTZ92_RS13300 -1.1584 1.29E-02 3.92E-02 

 HTZ92_RS03750 1.4521 5.00E-07 6.69E-06 
 

 fusA HTZ92_RS13320 -1.7645 2.97E-09 6.84E-08 
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 HTZ92_RS03770 1.3651 1.58E-04 1.05E-03 
 

 rpsG HTZ92_RS13325 -1.1866 1.57E-03 6.97E-03 

 HTZ92_RS03785 -1.1952 1.18E-03 5.50E-03 
 

  HTZ92_RS13335 -1.0858 4.43E-04 2.47E-03 

fabR HTZ92_RS03790 -1.4654 4.47E-04 2.49E-03 
 

  HTZ92_RS13405 -1.0543 3.54E-03 1.36E-02 

 HTZ92_RS03795 -2.4068 4.71E-15 2.29E-13 
 

  HTZ92_RS13440 1.2056 2.68E-03 1.08E-02 

 HTZ92_RS03800 -1.9456 9.80E-09 2.00E-07 
 

  HTZ92_RS13455 -1.2902 1.01E-02 3.21E-02 

 HTZ92_RS03835 1.0318 1.39E-02 4.15E-02 
 

  HTZ92_RS13495 -2.0735 5.55E-08 9.50E-07 

 HTZ92_RS03850 -5.2645 9.26E-09 1.90E-07 
 

 rplY HTZ92_RS13500 1.6095 2.20E-06 2.52E-05 

pstC HTZ92_RS03855 -3.9038 2.46E-06 2.78E-05 
 

  HTZ92_RS13510 -1.3873 3.52E-03 1.36E-02 

pstA HTZ92_RS03860 -4.0174 1.03E-06 1.27E-05 
 

 ribB HTZ92_RS13525 -1.0854 1.05E-02 3.30E-02 

pstB HTZ92_RS03865 -2.1197 7.36E-05 5.61E-04 
 

 lysM HTZ92_RS13540 -1.4967 2.38E-04 1.48E-03 

sohB HTZ92_RS03870 1.0833 4.43E-06 4.68E-05 
 

 acpP HTZ92_RS13545 -1.8428 1.62E-03 7.14E-03 

dacC HTZ92_RS03910 -2.0352 2.60E-14 1.17E-12 
 

 fabG HTZ92_RS13550 -1.0918 2.55E-05 2.23E-04 

 HTZ92_RS03915 -1.8663 2.08E-04 1.33E-03 
 

  HTZ92_RS13575 1.5536 1.14E-04 8.03E-04 

 HTZ92_RS03920 -2.3180 1.78E-03 7.71E-03 
 

  HTZ92_RS13580 -1.9163 7.01E-08 1.17E-06 

surE HTZ92_RS03925 -1.7164 8.05E-06 7.93E-05 
 

  HTZ92_RS13605 1.8748 1.49E-07 2.28E-06 

gloA HTZ92_RS03950 1.6494 1.76E-04 1.15E-03 
 

  HTZ92_RS13725 -2.7804 2.25E-04 1.44E-03 

 HTZ92_RS04005 1.3886 1.89E-03 8.04E-03 
 

  HTZ92_RS13795 2.9051 7.08E-08 1.18E-06 

 HTZ92_RS04010 1.6408 4.91E-09 1.08E-07 
 

 nuoM HTZ92_RS13830 -1.4484 1.73E-07 2.60E-06 

bauD HTZ92_RS04050 2.0669 6.30E-08 1.06E-06 
 

 nuoL HTZ92_RS13835 -1.6095 1.36E-07 2.10E-06 

bauE HTZ92_RS04060 1.2710 4.88E-03 1.76E-02 
 

 nuoI HTZ92_RS13850 -1.0141 4.67E-03 1.70E-02 

barA HTZ92_RS04100 1.1965 6.64E-04 3.46E-03 
 

 nuoH HTZ92_RS13855 -1.5542 5.98E-06 6.13E-05 

basI HTZ92_RS04115 1.3748 1.09E-03 5.18E-03 
 

 nuoG HTZ92_RS13860 -1.4471 2.27E-04 1.44E-03 

basJ HTZ92_RS04120 1.4499 9.19E-05 6.68E-04 
 

 nuoF HTZ92_RS13865 -1.5915 1.62E-04 1.07E-03 

folE HTZ92_RS04155 -1.7268 1.42E-06 1.69E-05 
 

 nuoE HTZ92_RS13870 -1.9065 4.94E-06 5.16E-05 

glnA HTZ92_RS04215 -2.2136 9.23E-05 6.68E-04 
 

 nuoC HTZ92_RS13875 -1.2601 1.87E-03 7.98E-03 

 HTZ92_RS04230 -1.6439 8.78E-11 2.61E-09 
 

  HTZ92_RS13880 -1.1400 8.57E-04 4.29E-03 

 HTZ92_RS04265 -1.1006 5.50E-03 1.95E-02 
 

  HTZ92_RS13935 2.3496 2.89E-15 1.44E-13 

 HTZ92_RS04275 1.5919 5.45E-04 2.96E-03 
 

  HTZ92_RS13940 1.9191 2.07E-09 4.90E-08 

ahcY HTZ92_RS04300 -1.2922 9.82E-04 4.76E-03 
 

  HTZ92_RS13965 2.2376 2.53E-06 2.85E-05 

 HTZ92_RS04330 1.1878 5.60E-05 4.46E-04 
 

  HTZ92_RS13975 1.3719 8.76E-03 2.87E-02 

 HTZ92_RS04335 -2.1133 1.82E-03 7.84E-03 
 

  HTZ92_RS13995 2.5298 8.25E-15 3.90E-13 

tsf HTZ92_RS04355 -1.8650 4.92E-09 1.08E-07 
 

 tcuA HTZ92_RS14025 1.3513 2.64E-07 3.79E-06 

 HTZ92_RS04385 -2.2435 1.78E-04 1.16E-03 
 

  HTZ92_RS14040 1.1362 3.33E-05 2.82E-04 

 HTZ92_RS04400 -1.6588 4.10E-05 3.36E-04 
 

  HTZ92_RS14045 1.0834 4.24E-04 2.40E-03 

queF HTZ92_RS04405 -1.5678 1.62E-04 1.07E-03 
 

  HTZ92_RS14050 1.5487 3.46E-04 2.04E-03 

 HTZ92_RS04430 1.8906 2.22E-06 2.52E-05 
 

  HTZ92_RS14055 2.2015 2.21E-06 2.52E-05 

 HTZ92_RS04435 2.3905 4.18E-07 5.69E-06 
 

  HTZ92_RS14120 -3.0776 2.52E-13 1.02E-11 

 HTZ92_RS04440 1.5140 1.18E-03 5.50E-03 
 

  HTZ92_RS14125 -2.8790 5.45E-22 4.35E-20 

 HTZ92_RS04445 2.7712 8.22E-10 2.07E-08 
 

  HTZ92_RS14130 -2.4300 1.80E-13 7.52E-12 

 HTZ92_RS04450 2.4178 3.27E-16 1.76E-14 
 

  HTZ92_RS14175 1.1584 2.43E-04 1.51E-03 

 HTZ92_RS04455 1.9580 1.32E-06 1.59E-05 
 

 hisC HTZ92_RS14220 -1.0248 1.36E-02 4.06E-02 

 HTZ92_RS04470 2.0521 5.31E-06 5.50E-05 
 

  HTZ92_RS14260 2.5526 1.63E-03 7.15E-03 

 HTZ92_RS04475 2.3482 1.59E-06 1.86E-05 
 

  HTZ92_RS14265 1.5729 1.32E-03 6.09E-03 

 HTZ92_RS04485 2.1788 3.76E-04 2.17E-03 
 

  HTZ92_RS14275 2.5998 1.25E-03 5.83E-03 

 HTZ92_RS04495 1.2080 1.25E-02 3.81E-02 
 

 gigA HTZ92_RS14285 -1.1922 2.31E-04 1.46E-03 

 HTZ92_RS04510 2.4366 3.63E-05 3.02E-04 
 

  HTZ92_RS14310 -1.3613 1.88E-03 8.00E-03 

 HTZ92_RS04520 1.9577 3.05E-04 1.84E-03 
 

  HTZ92_RS14320 1.0558 1.56E-04 1.05E-03 

 HTZ92_RS04525 1.8764 4.16E-05 3.39E-04 
 

 trxA HTZ92_RS14365 1.5757 1.84E-04 1.19E-03 

 HTZ92_RS04530 1.5534 6.93E-07 8.83E-06 
 

 rho HTZ92_RS14370 -1.1538 1.19E-04 8.28E-04 

 HTZ92_RS04535 2.2925 3.36E-05 2.84E-04 
 

  HTZ92_RS14375 -3.3728 9.21E-08 1.49E-06 
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 HTZ92_RS04540 1.8451 1.38E-06 1.65E-05 
 

  HTZ92_RS14380 -2.4978 5.41E-09 1.17E-07 

 HTZ92_RS04550 1.9660 3.02E-04 1.82E-03 
 

  HTZ92_RS14385 1.2315 1.10E-04 7.79E-04 

 HTZ92_RS04555 1.4559 1.18E-03 5.50E-03 
 

  HTZ92_RS14405 -1.1013 1.43E-02 4.22E-02 

 HTZ92_RS04560 1.4406 3.48E-04 2.05E-03 
 

  HTZ92_RS14410 -2.3804 7.88E-06 7.80E-05 

 HTZ92_RS04580 -2.1644 3.38E-06 3.65E-05 
 

  HTZ92_RS14435 -1.2030 2.99E-04 1.81E-03 

 HTZ92_RS04585 -1.2136 1.08E-02 3.36E-02 
 

 infC HTZ92_RS14440 2.1110 1.50E-05 1.38E-04 

 HTZ92_RS04600 -1.5954 1.47E-02 4.31E-02 
 

  HTZ92_RS14450 -1.7110 2.13E-08 4.05E-07 

 HTZ92_RS04605 1.0101 5.29E-03 1.89E-02 
 

 pcnB HTZ92_RS14485 -1.2145 3.72E-03 1.42E-02 

 HTZ92_RS04740 -1.9753 7.39E-05 5.62E-04 
 

  HTZ92_RS14530 -1.2618 2.86E-06 3.17E-05 

 HTZ92_RS04755 1.4200 8.97E-03 2.92E-02 
 

  HTZ92_RS14555 -1.3072 4.59E-04 2.55E-03 

 HTZ92_RS04805 -1.1792 9.85E-06 9.55E-05 
 

  HTZ92_RS14560 -1.2007 5.37E-04 2.93E-03 

 HTZ92_RS04830 -5.4297 6.69E-09 1.41E-07 
 

  HTZ92_RS14565 -1.3810 1.33E-04 9.07E-04 

hisQ HTZ92_RS04835 -2.9075 6.19E-04 3.29E-03 
 

  HTZ92_RS14610 -1.0726 2.77E-03 1.11E-02 

 HTZ92_RS04840 -2.8700 5.80E-04 3.11E-03 
 

 acnA HTZ92_RS14615 1.2785 1.95E-03 8.24E-03 

yegQ HTZ92_RS04860 1.1911 4.71E-04 2.61E-03 
 

  HTZ92_RS14645 -2.2658 4.72E-04 2.61E-03 

 HTZ92_RS04875 -1.9534 1.26E-04 8.74E-04 
 

 ilvC HTZ92_RS14660 -1.5954 2.52E-03 1.03E-02 

 HTZ92_RS04885 2.1868 3.88E-08 6.97E-07 
 

 ilvN HTZ92_RS14665 -1.6404 2.63E-03 1.07E-02 

 HTZ92_RS04900 1.6477 3.36E-06 3.64E-05 
 

  HTZ92_RS14670 -1.3809 1.64E-02 4.71E-02 

 HTZ92_RS04910 -2.6618 4.75E-12 1.61E-10 
 

  HTZ92_RS14675 -1.5106 1.50E-02 4.37E-02 

 HTZ92_RS04945 -1.1672 1.44E-03 6.53E-03 
 

 leuS HTZ92_RS14680 -1.5644 4.22E-06 4.47E-05 

 HTZ92_RS05000 -1.1429 8.71E-03 2.86E-02 
 

  HTZ92_RS14710 -1.0212 3.22E-04 1.91E-03 

 HTZ92_RS05010 -1.2827 1.55E-03 6.91E-03 
 

 rsgA HTZ92_RS14725 -1.2163 6.10E-03 2.12E-02 

 HTZ92_RS05045 -1.0843 2.31E-03 9.57E-03 
 

 pilW HTZ92_RS14780 1.7456 8.24E-10 2.07E-08 

 HTZ92_RS05050 -1.1538 1.58E-04 1.05E-03 
 

 rlmN HTZ92_RS14785 1.4317 3.38E-03 1.31E-02 

 HTZ92_RS05085 1.1170 3.08E-06 3.37E-05 
 

 ndk HTZ92_RS14790 -1.0028 1.76E-02 4.99E-02 

 HTZ92_RS05160 -1.1177 8.04E-04 4.06E-03 
 

  HTZ92_RS14805 -1.1717 6.67E-04 3.47E-03 

 HTZ92_RS05170 -1.2170 6.94E-04 3.60E-03 
 

  HTZ92_RS14820 -1.4845 2.51E-04 1.54E-03 

csuB HTZ92_RS05270 -1.5882 7.68E-03 2.56E-02 
 

 eda HTZ92_RS14850 -1.2428 7.53E-04 3.87E-03 

csuC HTZ92_RS05275 -3.1705 4.81E-09 1.07E-07 
 

  HTZ92_RS14860 -1.2404 6.96E-03 2.37E-02 

csuD HTZ92_RS05280 -1.9772 1.30E-07 2.02E-06 
 

 pta HTZ92_RS14865 -1.6962 1.85E-03 7.91E-03 

uraH HTZ92_RS05345 -1.5499 1.57E-05 1.44E-04 
 

  HTZ92_RS14875 -1.0079 4.08E-04 2.33E-03 

 HTZ92_RS05350 -2.5399 4.09E-03 1.54E-02 
 

  HTZ92_RS14880 1.0537 1.16E-05 1.10E-04 

 HTZ92_RS05370 -2.2477 8.99E-03 2.92E-02 
 

 leuA HTZ92_RS14910 1.0430 2.68E-06 3.00E-05 

 HTZ92_RS05410 -2.3654 3.75E-03 1.43E-02 
 

  HTZ92_RS14935 -1.1390 1.33E-02 4.01E-02 

 HTZ92_RS05415 -2.2489 4.57E-03 1.68E-02 
 

  HTZ92_RS14940 -4.7104 4.84E-06 5.09E-05 

 HTZ92_RS05445 1.2007 1.34E-04 9.14E-04 
 

 tatB HTZ92_RS14945 -5.8164 5.01E-08 8.75E-07 

 HTZ92_RS05460 1.8579 3.03E-08 5.64E-07 
 

 tatC HTZ92_RS14950 -2.9847 6.84E-05 5.25E-04 

 HTZ92_RS05475 -1.1008 2.24E-05 1.99E-04 
 

  HTZ92_RS14955 -1.9424 3.64E-03 1.39E-02 

 HTZ92_RS05520 -1.0591 9.62E-03 3.07E-02 
 

  HTZ92_RS14995 -1.6252 3.65E-03 1.40E-02 

alr HTZ92_RS05545 1.1017 1.02E-02 3.24E-02 
 

  HTZ92_RS15055 -1.0769 1.36E-02 4.07E-02 

rpsR HTZ92_RS05560 -1.7781 8.00E-06 7.90E-05 
 

  HTZ92_RS15065 -1.2863 1.05E-03 5.03E-03 

rpsF HTZ92_RS05565 -1.5097 2.46E-07 3.57E-06 
 

  HTZ92_RS15080 1.7844 1.48E-08 2.93E-07 

cyoB HTZ92_RS05585 -1.0256 7.98E-04 4.04E-03 
 

  HTZ92_RS15100 2.4736 1.58E-06 1.85E-05 

pgaB HTZ92_RS05615 -2.5038 5.11E-05 4.11E-04 
 

  HTZ92_RS15125 3.2176 1.66E-14 7.67E-13 

pgaD HTZ92_RS05625 -2.4687 6.51E-04 3.42E-03 
 

  HTZ92_RS15140 1.1478 1.24E-05 1.16E-04 

 HTZ92_RS05630 -1.5969 8.03E-05 6.01E-04 
 

 gltP HTZ92_RS15180 -1.1266 8.51E-04 4.27E-03 

 HTZ92_RS05640 3.4436 2.21E-26 2.19E-24 
 

 truA HTZ92_RS15210 1.3785 3.58E-08 6.51E-07 

 HTZ92_RS05645 2.3104 2.41E-12 8.32E-11 
 

 infA HTZ92_RS15220 -1.6579 4.11E-06 4.39E-05 

 HTZ92_RS05670 -1.3869 6.79E-07 8.68E-06 
 

 leuD HTZ92_RS15245 -2.6591 2.80E-07 3.97E-06 

kdpC HTZ92_RS05725 1.4674 3.21E-09 7.31E-08 
 

 leuC HTZ92_RS15250 -2.3322 7.67E-08 1.27E-06 
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 HTZ92_RS05775 -1.4664 2.23E-04 1.42E-03 
 

  HTZ92_RS15265 1.5744 8.47E-04 4.26E-03 

 HTZ92_RS05780 1.4542 2.22E-03 9.28E-03 
 

  HTZ92_RS15335 -1.1888 1.09E-03 5.18E-03 

 HTZ92_RS05795 -2.2350 1.80E-03 7.76E-03 
 

  HTZ92_RS15340 -1.4594 1.02E-02 3.24E-02 

 HTZ92_RS05825 -1.4262 2.08E-03 8.72E-03 
 

  HTZ92_RS15350 -1.0646 7.60E-03 2.55E-02 

 HTZ92_RS05830 -1.9884 9.76E-04 4.75E-03 
 

  HTZ92_RS15375 -3.6050 1.77E-05 1.61E-04 

 HTZ92_RS05860 1.0922 1.35E-03 6.16E-03 
 

  HTZ92_RS15385 -1.2874 7.96E-04 4.04E-03 

 HTZ92_RS05875 -1.9153 2.43E-04 1.51E-03 
 

  HTZ92_RS15395 -1.6785 3.23E-07 4.54E-06 

 HTZ92_RS05890 -1.5790 1.71E-05 1.56E-04 
 

  HTZ92_RS15500 1.6594 4.91E-04 2.70E-03 

 HTZ92_RS05910 -1.6855 4.75E-04 2.62E-03 
 

 pnp HTZ92_RS15525 -1.6535 2.73E-05 2.38E-04 

 HTZ92_RS05920 -1.4780 4.12E-03 1.54E-02 
 

 rpsO HTZ92_RS15530 1.2309 4.11E-05 3.36E-04 

 HTZ92_RS05935 1.7584 6.77E-13 2.54E-11 
 

  HTZ92_RS15565 -1.0697 6.09E-03 2.11E-02 

 HTZ92_RS05975 -1.9978 5.11E-03 1.84E-02 
 

 ubiE HTZ92_RS15570 -1.0921 2.02E-07 3.00E-06 

 HTZ92_RS06020 1.1309 1.53E-04 1.03E-03 
 

  HTZ92_RS15585 -1.2768 3.75E-05 3.09E-04 

 HTZ92_RS06080 -6.3371 1.21E-05 1.13E-04 
 

 rimP HTZ92_RS15650 -2.1563 1.25E-07 1.96E-06 

 HTZ92_RS06185 -1.6676 2.44E-04 1.51E-03 
 

  HTZ92_RS15655 -1.3335 6.30E-04 3.34E-03 

 HTZ92_RS06195 -1.4873 4.00E-04 2.30E-03 
 

  HTZ92_RS15705 -1.3677 1.08E-05 1.03E-04 

 HTZ92_RS06200 -1.5337 7.77E-06 7.71E-05 
 

 fadB HTZ92_RS15790 -1.3358 1.28E-04 8.83E-04 

 HTZ92_RS06215 -1.1706 3.27E-03 1.28E-02 
 

  HTZ92_RS15800 1.6799 1.08E-02 3.36E-02 

 HTZ92_RS06230 -2.3172 5.92E-10 1.54E-08 
 

  HTZ92_RS15815 1.2541 2.64E-03 1.07E-02 

accC HTZ92_RS06250 -1.6393 3.84E-07 5.27E-06 
 

  HTZ92_RS15845 1.8512 1.28E-03 5.93E-03 

accB HTZ92_RS06255 -2.2327 8.88E-08 1.44E-06 
 

  HTZ92_RS15865 3.6456 3.34E-10 9.10E-09 

aroQ HTZ92_RS06260 -1.2882 1.01E-02 3.20E-02 
 

  HTZ92_RS15870 1.7469 7.25E-07 9.09E-06 

 HTZ92_RS06280 -2.4638 3.37E-04 2.00E-03 
 

 rpoB HTZ92_RS15880 -1.3045 6.97E-06 6.98E-05 

 HTZ92_RS06285 -6.3916 3.83E-04 2.20E-03 
 

 rplJ HTZ92_RS15890 -1.3307 9.58E-08 1.53E-06 

nirB HTZ92_RS06290 -1.9005 1.34E-02 4.03E-02 
 

 rplA HTZ92_RS15895 -1.8431 5.29E-14 2.29E-12 

nirD HTZ92_RS06295 -2.6080 1.28E-03 5.93E-03 
 

 rplK HTZ92_RS15900 -2.2470 3.69E-15 1.82E-13 

 HTZ92_RS06300 -1.3816 1.57E-02 4.55E-02 
 

 nusG HTZ92_RS15905 -1.0820 3.32E-03 1.29E-02 

moaA HTZ92_RS06315 -1.2371 5.99E-07 7.75E-06 
 

  HTZ92_RS15915 -1.3035 2.39E-03 9.83E-03 

 HTZ92_RS06345 1.2863 7.74E-05 5.84E-04 
 

  HTZ92_RS15940 -1.0408 1.04E-02 3.28E-02 

tusD HTZ92_RS06370 1.4178 1.93E-03 8.18E-03 
 

  HTZ92_RS15975 -2.1591 4.70E-04 2.60E-03 

 HTZ92_RS06415 -1.2001 2.69E-03 1.08E-02 
 

  HTZ92_RS16020 -1.9850 4.25E-04 2.40E-03 

argF HTZ92_RS06420 -1.0516 1.56E-03 6.95E-03 
 

 phoU HTZ92_RS16025 -3.5520 2.13E-07 3.12E-06 

glnG HTZ92_RS06430 -2.5257 5.77E-05 4.55E-04 
 

  HTZ92_RS16040 1.4809 9.46E-08 1.52E-06 

 HTZ92_RS06435 -3.2378 5.84E-09 1.24E-07 
 

  HTZ92_RS16085 1.9860 2.74E-06 3.05E-05 

rimO HTZ92_RS06445 -1.1240 1.59E-03 7.02E-03 
 

  HTZ92_RS16090 1.4160 1.89E-03 8.04E-03 

pyrH HTZ92_RS06450 -1.4062 1.12E-03 5.30E-03 
 

  HTZ92_RS16105 -1.0481 1.94E-04 1.25E-03 

frr HTZ92_RS06455 -1.4541 1.07E-05 1.03E-04 
 

 thrC HTZ92_RS16115 -1.0015 8.82E-04 4.40E-03 

bamA HTZ92_RS06480 -1.4451 2.77E-05 2.39E-04 
 

  HTZ92_RS16135 1.5728 5.42E-09 1.17E-07 

 HTZ92_RS06485 -1.6437 6.49E-04 3.42E-03 
 

  HTZ92_RS16175 -2.3022 2.49E-04 1.53E-03 

recA HTZ92_RS06520 2.2780 2.15E-10 6.07E-09 
 

 ribD HTZ92_RS16190 1.1324 8.46E-06 8.31E-05 

 HTZ92_RS06540 -1.0270 5.84E-03 2.04E-02 
 

 nrdR HTZ92_RS16195 1.2987 1.17E-02 3.60E-02 

 HTZ92_RS06545 -2.9221 1.64E-07 2.49E-06 
 

  HTZ92_RS16200 -1.8413 5.96E-03 2.08E-02 

 HTZ92_RS06600 1.0871 9.57E-04 4.68E-03 
 

  HTZ92_RS16235 -4.7092 1.13E-06 1.38E-05 

 HTZ92_RS06605 -2.8660 1.32E-04 9.03E-04 
 

  HTZ92_RS16240 -1.4215 5.68E-06 5.85E-05 

 HTZ92_RS06640 -2.2491 2.03E-04 1.30E-03 
 

  HTZ92_RS16250 -1.2021 5.96E-04 3.18E-03 

 HTZ92_RS06645 -3.7389 1.73E-11 5.47E-10 
 

 dinB HTZ92_RS16305 1.2526 1.40E-03 6.35E-03 

 HTZ92_RS06685 -2.0417 1.03E-07 1.64E-06 
 

  HTZ92_RS16320 -1.4517 2.28E-04 1.44E-03 

 HTZ92_RS06695 -3.0595 1.34E-07 2.06E-06 
 

  HTZ92_RS16330 1.0539 1.02E-03 4.91E-03 

 HTZ92_RS06720 -1.1149 7.85E-05 5.90E-04 
 

  HTZ92_RS16335 1.1279 4.32E-03 1.60E-02 

 HTZ92_RS06755 -1.0118 3.86E-03 1.46E-02 
 

  HTZ92_RS16355 -1.2918 1.25E-02 3.81E-02 
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kdsA HTZ92_RS06885 -2.0835 3.09E-05 2.66E-04 
 

  HTZ92_RS16365 2.5431 1.68E-03 7.35E-03 

eno HTZ92_RS06890 -1.4356 2.26E-05 1.99E-04 
 

  HTZ92_RS16380 2.5921 1.40E-03 6.34E-03 

 HTZ92_RS07005 1.5582 5.06E-07 6.74E-06 
 

  HTZ92_RS16390 2.0572 3.00E-12 1.03E-10 

 HTZ92_RS07020 1.5028 2.29E-12 7.99E-11 
 

  HTZ92_RS16415 1.0466 7.86E-04 4.00E-03 

catA HTZ92_RS07130 -1.6000 1.82E-03 7.84E-03 
 

  HTZ92_RS16430 -1.0288 1.85E-04 1.19E-03 

catC HTZ92_RS07135 -2.7011 4.44E-06 4.68E-05 
 

  HTZ92_RS16450 -1.8844 6.51E-05 5.06E-04 

 HTZ92_RS07140 -1.2326 4.04E-03 1.52E-02 
 

 atpD HTZ92_RS16465 -1.1291 3.93E-06 4.21E-05 

 HTZ92_RS07160 1.9452 5.27E-13 2.04E-11 
 

 atpG HTZ92_RS16470 -2.1461 4.58E-14 2.03E-12 

abaQ HTZ92_RS07165 1.7970 1.19E-09 2.98E-08 
 

 atpA HTZ92_RS16475 -1.7037 7.22E-10 1.85E-08 

 HTZ92_RS07170 1.0572 1.54E-03 6.89E-03 
 

  HTZ92_RS16480 -3.1897 1.60E-17 9.30E-16 

 HTZ92_RS07175 1.2527 7.58E-05 5.75E-04 
 

  HTZ92_RS16485 -2.8454 1.10E-15 5.66E-14 

 HTZ92_RS07210 1.0133 5.86E-03 2.04E-02 
 

 atpE HTZ92_RS16490 -2.6438 1.26E-12 4.66E-11 

 HTZ92_RS07300 -1.2836 5.19E-03 1.86E-02 
 

  HTZ92_RS16550 -1.3683 1.33E-03 6.11E-03 

 HTZ92_RS07305 -1.5274 1.06E-04 7.55E-04 
 

  HTZ92_RS16640 1.0695 8.17E-03 2.70E-02 

 HTZ92_RS07340 1.5841 3.50E-06 3.77E-05 
 

  HTZ92_RS16650 1.4903 9.26E-07 1.15E-05 

 HTZ92_RS07350 2.0926 9.44E-06 9.17E-05 
 

  HTZ92_RS16660 1.6883 5.12E-06 5.32E-05 

 HTZ92_RS07375 3.3275 2.12E-23 1.85E-21 
 

  HTZ92_RS16665 1.5997 1.91E-08 3.65E-07 

 HTZ92_RS07380 3.4703 2.49E-21 1.87E-19 
 

  HTZ92_RS16720 1.0044 1.81E-04 1.18E-03 

 HTZ92_RS07385 3.6062 3.87E-16 2.05E-14 
 

  HTZ92_RS16735 1.4046 5.64E-03 2.00E-02 

 HTZ92_RS07395 4.7376 2.67E-48 4.80E-46 
 

  HTZ92_RS16745 3.5058 4.23E-07 5.74E-06 

 HTZ92_RS07400 4.7527 5.84E-59 1.40E-56 
 

  HTZ92_RS16750 1.7537 8.68E-05 6.35E-04 

 HTZ92_RS07405 4.0865 1.29E-57 2.74E-55 
 

  HTZ92_RS16790 1.2006 4.28E-03 1.59E-02 

 HTZ92_RS07430 1.2562 6.40E-05 4.99E-04 
 

  HTZ92_RS16805 1.7729 1.58E-09 3.84E-08 

 HTZ92_RS07435 1.2691 3.07E-03 1.21E-02 
 

  HTZ92_RS16815 2.4260 3.51E-19 2.29E-17 

 HTZ92_RS07460 3.6836 1.62E-19 1.08E-17 
 

  HTZ92_RS16835 2.9395 1.84E-11 5.76E-10 

 HTZ92_RS07465 2.6169 1.04E-13 4.45E-12 
 

  HTZ92_RS16855 -1.0414 2.48E-03 1.01E-02 

 HTZ92_RS07470 1.0574 1.02E-03 4.91E-03 
 

  HTZ92_RS16940 -1.3847 2.32E-04 1.46E-03 

dcm HTZ92_RS07510 1.9438 2.62E-13 1.04E-11 
 

  HTZ92_RS16955 1.5933 1.51E-05 1.39E-04 

 HTZ92_RS07560 1.0689 1.48E-02 4.34E-02 
 

 tviB HTZ92_RS16985 -1.0943 1.37E-02 4.08E-02 

 HTZ92_RS07625 1.3582 1.98E-03 8.38E-03 
 

  HTZ92_RS16990 -1.1272 1.47E-02 4.31E-02 

 HTZ92_RS07645 3.4910 6.33E-36 9.11E-34 
 

  HTZ92_RS17000 -1.2448 2.24E-05 1.99E-04 

adeR HTZ92_RS07670 1.2125 7.19E-04 3.71E-03 
 

 nadC HTZ92_RS17025 1.5506 6.99E-09 1.45E-07 

 HTZ92_RS07685 1.4118 2.13E-07 3.12E-06 
 

  HTZ92_RS17030 2.0198 1.52E-10 4.33E-09 

 HTZ92_RS07700 -3.3929 4.89E-09 1.08E-07 
 

  HTZ92_RS17065 1.4622 2.58E-04 1.58E-03 

 HTZ92_RS07740 -1.5515 5.93E-03 2.07E-02 
 

  HTZ92_RS17100 -1.5514 1.38E-03 6.28E-03 

pqqB HTZ92_RS07780 -1.4749 2.25E-03 9.36E-03 
 

  HTZ92_RS17110 2.6310 1.80E-12 6.40E-11 

 HTZ92_RS07805 1.0563 5.57E-04 3.01E-03 
 

  HTZ92_RS17115 2.2770 3.14E-09 7.18E-08 

 HTZ92_RS07810 3.2738 1.51E-21 1.16E-19 
 

  HTZ92_RS17135 -1.1841 1.57E-03 6.96E-03 

modA HTZ92_RS07825 1.1260 1.62E-05 1.48E-04 
 

 sul2 HTZ92_RS17140 1.6061 1.28E-10 3.72E-09 

 HTZ92_RS07830 2.1341 5.81E-07 7.54E-06 
 

  HTZ92_RS17145 1.3391 9.85E-07 1.22E-05 

antA HTZ92_RS07835 2.9856 3.63E-10 9.80E-09 
 

  HTZ92_RS17150 2.3310 4.60E-21 3.38E-19 

antB HTZ92_RS07840 2.1639 3.64E-05 3.03E-04 
 

  HTZ92_RS17155 1.8506 1.94E-12 6.83E-11 

 HTZ92_RS07850 1.3299 8.99E-03 2.92E-02 
 

  HTZ92_RS17160 2.6918 1.74E-20 1.23E-18 

 HTZ92_RS07870 1.2640 5.73E-04 3.08E-03 
 

  HTZ92_RS17165 2.6128 1.69E-05 1.55E-04 

 HTZ92_RS07875 1.4681 3.58E-05 3.00E-04 
 

 arsH HTZ92_RS17170 3.1314 1.91E-09 4.57E-08 

 HTZ92_RS07960 -4.7052 3.15E-04 1.88E-03 
 

  HTZ92_RS17175 3.6140 5.50E-17 3.09E-15 

 HTZ92_RS07965 -3.3403 2.36E-04 1.48E-03 
 

  HTZ92_RS17185 2.9036 1.32E-11 4.27E-10 

 HTZ92_RS07985 -1.4048 1.07E-02 3.34E-02 
 

  HTZ92_RS17190 2.6073 2.70E-07 3.87E-06 

 HTZ92_RS08020 -2.8331 1.07E-03 5.12E-03 
 

  HTZ92_RS17195 1.7779 2.42E-05 2.12E-04 

 HTZ92_RS08095 -1.8033 4.07E-03 1.53E-02 
 

 trbL HTZ92_RS17200 1.8402 7.82E-10 1.99E-08 
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 HTZ92_RS08100 -1.9602 3.33E-03 1.30E-02 
 

 trbK HTZ92_RS17205 1.9835 1.59E-09 3.84E-08 

 HTZ92_RS08105 -1.8974 2.59E-03 1.05E-02 
 

 trbJ HTZ92_RS17210 1.6514 1.31E-07 2.04E-06 

 HTZ92_RS08150 -1.4703 9.19E-04 4.53E-03 
 

  HTZ92_RS17220 2.5087 4.69E-13 1.83E-11 

 HTZ92_RS08170 -1.2177 1.08E-03 5.15E-03 
 

  HTZ92_RS17225 3.0889 5.54E-18 3.38E-16 

 HTZ92_RS08205 -3.8919 2.23E-06 2.53E-05 
 

  HTZ92_RS17230 4.1444 1.99E-09 4.74E-08 

 HTZ92_RS08245 1.2965 8.14E-03 2.69E-02 
 

  HTZ92_RS17235 1.9159 9.26E-05 6.68E-04 

 HTZ92_RS08275 -1.5309 4.15E-04 2.36E-03 
 

  HTZ92_RS17270 -1.5004 1.31E-04 9.01E-04 

 HTZ92_RS08290 -1.4561 2.77E-03 1.11E-02 
 

  HTZ92_RS17290 1.3093 2.69E-05 2.34E-04 

 HTZ92_RS08340 -1.0904 9.78E-03 3.11E-02 
 

  HTZ92_RS17300 2.0132 7.61E-05 5.76E-04 

 HTZ92_RS08345 3.0948 1.38E-14 6.42E-13 
 

  HTZ92_RS17325 3.1916 1.02E-19 6.91E-18 

 HTZ92_RS08420 -1.5237 5.51E-07 7.17E-06 
 

  HTZ92_RS17340 -6.5372 2.36E-10 6.58E-09 

 HTZ92_RS08425 -2.5237 1.70E-11 5.45E-10 
 

  HTZ92_RS17345 -4.8846 7.12E-07 8.98E-06 

 HTZ92_RS08430 -1.2152 5.89E-04 3.15E-03 
 

 ssuD HTZ92_RS17350 -5.6101 2.40E-08 4.53E-07 

iscU HTZ92_RS08445 1.7448 5.43E-04 2.95E-03 
 

 ssuC HTZ92_RS17355 -5.3537 2.69E-08 5.03E-07 

iscA HTZ92_RS08450 1.1181 8.06E-03 2.67E-02 
 

  HTZ92_RS17360 -4.6618 5.44E-07 7.11E-06 

 HTZ92_RS08505 -1.4128 2.85E-04 1.73E-03 
 

  HTZ92_RS17405 -1.1105 4.73E-03 1.72E-02 

rpsT HTZ92_RS08510 -1.7745 5.18E-08 8.98E-07 
 

  HTZ92_RS17415 2.5312 1.84E-03 7.90E-03 

 HTZ92_RS08520 1.1165 1.03E-04 7.33E-04 
 

  HTZ92_RS17420 1.3653 1.26E-02 3.82E-02 

 HTZ92_RS08525 -2.0714 1.66E-06 1.93E-05 
 

  HTZ92_RS17430 2.6076 1.38E-03 6.28E-03 

 HTZ92_RS08530 3.0772 3.90E-32 4.38E-30 
 

  HTZ92_RS17445 1.8901 4.71E-14 2.06E-12 

 HTZ92_RS08545 -1.4644 6.35E-03 2.19E-02 
 

  HTZ92_RS17555 1.2357 1.88E-03 8.00E-03 

 HTZ92_RS08555 -1.7874 9.62E-04 4.69E-03 
 

 dmeF HTZ92_RS17565 3.2042 4.27E-25 3.94E-23 

 HTZ92_RS08560 -1.0739 8.78E-03 2.87E-02 
 

 yidC HTZ92_RS17580 -1.0134 1.66E-03 7.28E-03 

 HTZ92_RS08570 -1.4454 2.92E-03 1.15E-02 
 

 yidD HTZ92_RS17585 -1.0484 7.16E-03 2.43E-02 

 HTZ92_RS08575 -1.2515 7.30E-03 2.46E-02 
 

 rnpA HTZ92_RS17590 -1.6613 9.29E-05 6.69E-04 

 HTZ92_RS08580 -1.5426 4.32E-03 1.60E-02 
 

 rpmH HTZ92_RS17595 -2.8108 1.40E-08 2.78E-07 

 HTZ92_RS08585 -2.9789 3.11E-04 1.87E-03 
 

 cybC HTZ92_RS17620 1.0524 1.52E-02 4.44E-02 

 HTZ92_RS08600 -1.4973 4.57E-08 8.09E-07 
 

  HTZ92_RS17625 -1.1937 9.72E-03 3.10E-02 

pyrF HTZ92_RS08625 -1.2202 1.35E-03 6.16E-03 
 

  HTZ92_RS17670 2.6140 1.14E-03 5.37E-03 

 HTZ92_RS08650 -1.5915 6.13E-04 3.26E-03 
 

  HTZ92_RS17680 1.5325 8.95E-04 4.46E-03 

 HTZ92_RS08690 -1.6810 1.23E-02 3.78E-02 
 

  HTZ92_RS17685 2.5457 1.70E-03 7.38E-03 

 HTZ92_RS08770 -1.0498 6.57E-03 2.26E-02 
 

  HTZ92_RS17700 -1.4201 1.14E-05 1.09E-04 

fba HTZ92_RS08775 -1.0707 9.15E-04 4.52E-03 
 

  HTZ92_RS17770 -1.5957 3.63E-04 2.12E-03 

 HTZ92_RS08780 -2.5072 7.44E-17 4.12E-15 
 

  HTZ92_RS17780 -2.2563 5.82E-04 3.12E-03 

 HTZ92_RS08795 -1.0026 6.41E-03 2.21E-02 
 

 dapB HTZ92_RS17785 1.0884 3.77E-05 3.09E-04 

 HTZ92_RS08800 -1.4037 4.37E-03 1.61E-02 
 

  HTZ92_RS17795 1.8413 3.88E-06 4.16E-05 

 HTZ92_RS08805 -1.3148 1.30E-02 3.92E-02 
 

  HTZ92_RS17805 1.0388 4.36E-03 1.61E-02 

putP HTZ92_RS08855 -2.0008 1.51E-06 1.78E-05 
 

  HTZ92_RS17810 1.5674 2.77E-03 1.11E-02 

 HTZ92_RS08860 1.3198 5.98E-05 4.68E-04 
 

  HTZ92_RS17820 1.0827 2.34E-04 1.47E-03 

trmA HTZ92_RS08875 -1.8088 4.63E-05 3.76E-04 
 

  HTZ92_RS17830 -1.3094 2.89E-04 1.75E-03 

 HTZ92_RS08915 1.9875 2.89E-06 3.19E-05 
 

  HTZ92_RS17865 1.5515 6.30E-06 6.42E-05 

 HTZ92_RS08925 2.8549 2.57E-09 5.96E-08 
 

  HTZ92_RS17875 1.1522 6.55E-04 3.43E-03 

 HTZ92_RS08930 -1.2324 1.32E-02 3.98E-02 
 

  HTZ92_RS17890 -1.0651 8.32E-04 4.20E-03 

 HTZ92_RS08965 -2.1608 9.89E-03 3.15E-02 
 

  HTZ92_RS17955 1.7484 1.67E-07 2.52E-06 

 HTZ92_RS08970 -3.8504 4.86E-06 5.10E-05 
 

 zigA HTZ92_RS17960 1.6148 3.46E-07 4.81E-06 

 HTZ92_RS09015 -1.4616 5.63E-04 3.04E-03 
 

 hutH HTZ92_RS17985 -1.4972 4.34E-07 5.87E-06 

 HTZ92_RS09100 1.6862 1.25E-03 5.82E-03 
 

  HTZ92_RS17990 -1.5636 5.21E-07 6.91E-06 

 HTZ92_RS09125 -1.4550 6.60E-06 6.67E-05 
 

 hutI HTZ92_RS17995 -1.1954 1.35E-04 9.21E-04 

 HTZ92_RS09130 -1.6934 4.33E-10 1.15E-08 
 

  HTZ92_RS18010 2.5483 1.25E-11 4.07E-10 

 HTZ92_RS09145 -5.1148 6.28E-07 8.06E-06 
 

 phoR HTZ92_RS18110 -2.0980 1.57E-03 6.97E-03 
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 HTZ92_RS09150 -4.5851 4.40E-07 5.92E-06 
 

 phoB HTZ92_RS18115 -2.1149 2.55E-03 1.04E-02 

 HTZ92_RS09155 -3.6845 1.12E-05 1.07E-04 
 

  HTZ92_RS18125 1.7381 6.23E-10 1.61E-08 

 HTZ92_RS09160 -3.5192 5.19E-05 4.17E-04 
 

  HTZ92_RS18185 1.0550 4.64E-04 2.58E-03 

 HTZ92_RS09170 -1.7197 5.66E-03 2.00E-02 
 

 parE HTZ92_RS18190 1.1329 1.58E-03 7.00E-03 

 HTZ92_RS09185 1.0178 9.00E-04 4.48E-03 
 

 hpxO HTZ92_RS18210 -2.4850 1.71E-03 7.42E-03 

 HTZ92_RS09265 -1.7942 1.86E-04 1.20E-03 
 

  HTZ92_RS18215 -3.7444 4.64E-07 6.23E-06 

arsB HTZ92_RS09315 3.1054 3.49E-13 1.38E-11 
 

 uraD HTZ92_RS18230 -3.0693 7.95E-05 5.97E-04 

arsC HTZ92_RS09325 -1.5008 1.44E-02 4.25E-02 
 

  HTZ92_RS18240 -2.0890 3.63E-03 1.39E-02 

 HTZ92_RS09340 1.5207 1.96E-05 1.76E-04 
 

  HTZ92_RS18275 -1.3292 5.22E-04 2.86E-03 

 HTZ92_RS09350 1.2274 1.45E-04 9.81E-04 
 

 ftsZ HTZ92_RS18330 1.1121 5.43E-07 7.11E-06 

tauD HTZ92_RS09365 -2.3636 4.81E-04 2.65E-03 
 

  HTZ92_RS18355 1.5164 5.24E-09 1.14E-07 

tauC HTZ92_RS09370 -2.9962 4.31E-04 2.42E-03 
 

  HTZ92_RS18375 1.4493 1.76E-06 2.04E-05 

 HTZ92_RS09375 -3.6460 9.49E-05 6.83E-04 
 

 pdxH HTZ92_RS18395 1.4363 1.74E-11 5.47E-10 

tauA HTZ92_RS09380 -4.4793 1.52E-06 1.79E-05 
 

  HTZ92_RS18405 1.7276 2.42E-07 3.53E-06 

 HTZ92_RS09385 1.0069 1.34E-03 6.14E-03 
 

 sfnG HTZ92_RS18460 -5.6565 3.53E-08 6.48E-07 

 HTZ92_RS09395 -1.8145 1.14E-02 3.53E-02 
 

 msuE HTZ92_RS18465 -6.5929 6.33E-06 6.43E-05 

 HTZ92_RS09400 -3.1108 6.56E-05 5.08E-04 
 

  HTZ92_RS18485 -2.6173 2.05E-25 1.94E-23 

 HTZ92_RS09450 2.4063 9.33E-04 4.59E-03 
 

  HTZ92_RS18490 -2.3530 1.44E-22 1.20E-20 

 HTZ92_RS09520 1.5106 6.08E-07 7.84E-06 
 

 uvrA HTZ92_RS18515 2.5920 3.96E-22 3.23E-20 

yfcF HTZ92_RS09525 -1.5439 1.27E-03 5.86E-03 
 

  HTZ92_RS18520 1.7405 8.87E-08 1.44E-06 

 HTZ92_RS09545 -3.4576 8.41E-05 6.19E-04 
 

  HTZ92_RS18525 1.4516 6.79E-09 1.42E-07 

 HTZ92_RS09550 -4.5651 1.92E-06 2.21E-05 
 

 ssb HTZ92_RS18555 1.8290 3.24E-05 2.76E-04 

 HTZ92_RS09555 -4.5339 1.20E-06 1.46E-05 
 

  HTZ92_RS18580 -1.3635 1.09E-03 5.18E-03 

 HTZ92_RS09560 -2.8410 2.37E-04 1.48E-03 
 

  HTZ92_RS18585 -1.7062 2.50E-03 1.02E-02 

 HTZ92_RS09575 -2.1005 7.06E-03 2.40E-02 
 

  HTZ92_RS18610 1.0379 3.08E-03 1.21E-02 

 HTZ92_RS09585 -3.6652 1.45E-05 1.35E-04 
 

  HTZ92_RS18615 -2.9894 4.20E-06 4.47E-05 

 HTZ92_RS09590 -2.7389 6.52E-04 3.42E-03 
 

  HTZ92_RS18620 2.6677 1.45E-12 5.25E-11 

 HTZ92_RS09595 -3.6578 8.37E-05 6.18E-04 
 

  HTZ92_RS18630 1.6484 3.17E-05 2.71E-04 

 HTZ92_RS09600 -3.1831 3.63E-04 2.12E-03 
 

  HTZ92_RS18635 1.8304 5.43E-07 7.11E-06 

 HTZ92_RS09625 -2.0826 4.55E-03 1.67E-02 
 

  HTZ92_RS18645 1.1798 3.76E-04 2.17E-03 

 HTZ92_RS09635 1.2295 9.02E-03 2.92E-02 
 

  HTZ92_RS18650 1.8558 1.08E-08 2.19E-07 

umuD HTZ92_RS09640 2.8031 9.95E-12 3.31E-10 
 

  HTZ92_RS18675 1.3438 3.47E-08 6.40E-07 

 HTZ92_RS09645 4.0251 1.46E-17 8.59E-16 
 

  HTZ92_RS18680 2.3438 1.96E-05 1.76E-04 

 HTZ92_RS09660 1.8593 7.86E-08 1.30E-06 
 

  HTZ92_RS18690 2.2013 8.20E-16 4.27E-14 

 HTZ92_RS09735 2.4305 9.41E-04 4.62E-03 
 

  HTZ92_RS18695 2.3428 2.25E-05 1.99E-04 

 HTZ92_RS09825 1.1788 1.89E-03 8.04E-03 
 

  HTZ92_RS18700 1.5997 1.42E-12 5.22E-11 

 HTZ92_RS09845 1.6539 4.74E-09 1.06E-07 
 

  HTZ92_RS18780 4.7498 2.67E-31 2.91E-29 

 HTZ92_RS09865 1.9938 1.97E-04 1.27E-03 
 

 rnpB  2.5103 1.25E-04 8.66E-04 

 HTZ92_RS09895 -1.4617 1.59E-02 4.58E-02 
 

 ssrA  2.4562 1.78E-04 1.16E-03 

 HTZ92_RS09900 -2.7273 3.57E-04 2.09E-03 
 

 ssrS  2.0440 2.84E-03 1.13E-02 

 HTZ92_RS09905 -3.0481 1.62E-04 1.07E-03 
 

 
     

        Abbreviation: LFC, Log2FoldChange 
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Table S4. Distribution of DEGs across COG categories 

Gene name  Locus Tag LFC COG category 
  

Gene name  Locus Tag LFC COG category 

 HTZ92_RS00110 2.3291 K    HTZ92_RS09940 1.6344 C 

 HTZ92_RS00125 3.3285 -    HTZ92_RS09980 1.9912 - 

 HTZ92_RS00130 2.4109 K    HTZ92_RS10005 1.0419 G 

 HTZ92_RS00135 2.4361 -    HTZ92_RS10030 1.3737 K 

 HTZ92_RS00145 2.0714 -    HTZ92_RS10065 -1.1060 - 

 HTZ92_RS00170 1.5847 F    HTZ92_RS10070 1.1901 Q 

 HTZ92_RS00220 1.4381 EG    HTZ92_RS10095 1.4675 I 

hisH HTZ92_RS00245 1.2232 E   paaG HTZ92_RS10100 1.9715 I 

 HTZ92_RS00275 -2.0998 C    HTZ92_RS10105 2.0545 I 

 HTZ92_RS00295 -1.2257 K   paaK HTZ92_RS10110 2.7200 C 

 HTZ92_RS00305 -1.6254 -   paaJ HTZ92_RS10115 2.8478 - 

 HTZ92_RS00310 -2.0034 E   paaC HTZ92_RS10120 2.6918 - 

 HTZ92_RS00330 -5.0228 -   paaB HTZ92_RS10125 3.1240 Q 

 HTZ92_RS00335 -4.0949 MU   paaA HTZ92_RS10130 3.5937 - 

 HTZ92_RS00340 -3.6137 M   paaZ HTZ92_RS10135 1.8751 CI 

 HTZ92_RS00345 -2.8560 P    HTZ92_RS10145 2.1628 E 

 HTZ92_RS00350 -1.7806 P    HTZ92_RS10150 1.2461 C 

 HTZ92_RS00385 -1.0642 -    HTZ92_RS10175 1.8195 E 

 HTZ92_RS00405 -3.2533 P    HTZ92_RS10180 1.8518 E 

 HTZ92_RS00470 1.5465 NU    HTZ92_RS10195 1.7070 EM 

 HTZ92_RS00475 1.2346 U    HTZ92_RS10225 1.0958 - 

gltB HTZ92_RS00495 -2.3600 E    HTZ92_RS10280 -1.7160 - 

 HTZ92_RS00500 -1.5001 E    HTZ92_RS10285 -1.0074 M 

 HTZ92_RS00580 2.5100 NU   tssF HTZ92_RS10310 -1.6974 - 

 HTZ92_RS00605 -1.7737 NU   tssE HTZ92_RS10315 -2.3318 - 

rpsP HTZ92_RS00615 -1.8017 J   tssC HTZ92_RS10325 -1.5033 - 

rimM HTZ92_RS00620 -1.6315 J   tssB HTZ92_RS10330 -1.2850 - 

trmD HTZ92_RS00625 -1.7790 J    HTZ92_RS10335 -1.4691 - 

rplS HTZ92_RS00630 -1.6878 J    HTZ92_RS10340 -1.8462 - 

 HTZ92_RS00655 -2.7615 -    HTZ92_RS10355 -1.5504 P 

 HTZ92_RS00720 1.2280 D    HTZ92_RS10380 2.1847 K 

 HTZ92_RS00730 1.5664 -   uca HTZ92_RS10390 -1.6768 EI 

 HTZ92_RS00750 -1.0254 E    HTZ92_RS10395 -2.2425 - 

astA HTZ92_RS00765 -1.9650 E    HTZ92_RS10400 -2.5299 - 

astD HTZ92_RS00770 -1.6993 C    HTZ92_RS10415 1.0498 K 

astB HTZ92_RS00775 -1.7548 E    HTZ92_RS10435 -1.8302 U 

 HTZ92_RS00790 -3.9985 -    HTZ92_RS10455 -1.2053 - 

 HTZ92_RS00805 -1.7424 -    HTZ92_RS10465 -1.1056 P 

 HTZ92_RS00820 -1.3965 -   mumR HTZ92_RS10470 2.0713 K 

glyQ HTZ92_RS00830 -1.5082 J    HTZ92_RS10500 -2.8729 - 

 HTZ92_RS00855 2.9128 KT    HTZ92_RS10530 1.8786 K 

ribA HTZ92_RS00885 -1.0896 H    HTZ92_RS10615 -2.4558 - 

 HTZ92_RS00900 -1.7404 L    HTZ92_RS10620 -1.4897 L 

 HTZ92_RS00910 1.1054 Q   cysS HTZ92_RS10675 -1.2256 J 

 HTZ92_RS00920 2.5894 Q    HTZ92_RS10695 1.3361 - 

 HTZ92_RS00925 2.5669 Q    HTZ92_RS10725 -1.7565 - 

 HTZ92_RS00930 2.8092 -    HTZ92_RS10745 1.2493 - 
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 HTZ92_RS00935 -1.2963 P    HTZ92_RS10750 1.4028 - 

 HTZ92_RS00940 -1.5067 -    HTZ92_RS10755 3.0419 - 

 HTZ92_RS00995 -1.0869 K    HTZ92_RS10760 2.2063 - 

 HTZ92_RS01005 -1.0600 -    HTZ92_RS10765 3.1996 - 

rpsJ HTZ92_RS01020 -3.2696 J    HTZ92_RS10770 3.4353 - 

rplC HTZ92_RS01025 -2.8020 J    HTZ92_RS10775 3.7048 - 

rplD HTZ92_RS01030 -3.2736 J    HTZ92_RS10780 4.1996 - 

rplW HTZ92_RS01035 -3.3153 J    HTZ92_RS10785 5.3079 - 

rplB HTZ92_RS01040 -2.9136 J    HTZ92_RS10790 6.2623 L 

rpsS HTZ92_RS01045 -2.7678 J    HTZ92_RS10795 7.0809 L 

rplV HTZ92_RS01050 -2.9693 J    HTZ92_RS10800 7.6570 - 

rplP HTZ92_RS01060 -1.5204 J    HTZ92_RS10805 6.3318 - 

rpsN HTZ92_RS01090 -1.1074 J    HTZ92_RS10810 5.3540 L 

rpsH HTZ92_RS01095 -1.3773 J    HTZ92_RS10815 4.4162 - 

rplF HTZ92_RS01100 -1.4844 J    HTZ92_RS10820 6.2663 L 

rplR HTZ92_RS01105 -1.7060 J    HTZ92_RS10825 5.9636 - 

rpsE HTZ92_RS01110 -1.5204 J    HTZ92_RS10830 6.2331 - 

rpmD HTZ92_RS01115 -1.5517 J    HTZ92_RS10835 6.4050 - 

rpmJ HTZ92_RS01130 -1.3167 J    HTZ92_RS10840 5.4999 - 

rpsM HTZ92_RS01135 -2.1110 J    HTZ92_RS10845 5.1901 - 

rpsK HTZ92_RS01140 -1.7761 J    HTZ92_RS10850 6.6736 - 

rpsD HTZ92_RS01145 -1.6933 J    HTZ92_RS10855 1.0905 K 

rpoA HTZ92_RS01150 -1.7051 K    HTZ92_RS10860 5.8242 - 

rplQ HTZ92_RS01155 -1.1367 J    HTZ92_RS10865 6.3640 - 

 HTZ92_RS01200 1.1813 -    HTZ92_RS10870 7.1777 - 

 HTZ92_RS01235 1.1414 UW    HTZ92_RS10875 6.5483 L 

 HTZ92_RS01290 -1.9212 -    HTZ92_RS10880 6.6779 - 

ybeY HTZ92_RS01300 -1.0459 J    HTZ92_RS10885 5.6867 L 

 HTZ92_RS01325 -1.5576 C    HTZ92_RS10890 5.9451 K 

 HTZ92_RS01335 1.7010 -    HTZ92_RS10895 6.8506 - 

 HTZ92_RS01360 2.6039 -    HTZ92_RS10905 5.4520 - 

 HTZ92_RS01370 1.2137 -    HTZ92_RS10910 3.8816 - 

 HTZ92_RS01375 2.5448 -    HTZ92_RS10945 1.8756 - 

rpsI HTZ92_RS01450 -1.2050 J    HTZ92_RS10960 1.6050 K 

rplM HTZ92_RS01455 -1.8169 J    HTZ92_RS10965 1.5091 EGP 

pdxA HTZ92_RS01460 1.4579 H    HTZ92_RS10995 -1.3594 - 

 HTZ92_RS01475 -2.1255 -    HTZ92_RS11000 -2.5868 K 

 HTZ92_RS01510 -1.4575 M    HTZ92_RS11020 1.5267 K 

 HTZ92_RS01515 -1.2383 T    HTZ92_RS11025 -1.0901 - 

 HTZ92_RS01520 -1.7757 -    HTZ92_RS11030 -1.6947 - 

 HTZ92_RS01525 2.6174 -    HTZ92_RS11045 -1.5408 - 

 HTZ92_RS01535 1.4047 -    HTZ92_RS11055 1.5887 - 

 HTZ92_RS01540 2.5377 -    HTZ92_RS11060 1.3122 - 

 HTZ92_RS01575 1.1265 I    HTZ92_RS11120 -1.7995 - 

 HTZ92_RS01585 -1.8820 -   ahpC HTZ92_RS11135 -1.0414 O 

 HTZ92_RS01600 -1.5743 -    HTZ92_RS11185 2.6542 - 

 HTZ92_RS01610 -1.4869 D    HTZ92_RS11200 1.2578 - 

secD HTZ92_RS01640 -1.4263 U    HTZ92_RS11215 -1.5925 F 

yajC HTZ92_RS01645 -2.2702 U    HTZ92_RS11235 -1.7385 - 

tgt HTZ92_RS01650 -1.5367 F   clpB HTZ92_RS11240 1.4950 O 
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 HTZ92_RS01735 -1.7212 -    HTZ92_RS11250 -1.2869 K 

aspS HTZ92_RS01745 -1.0928 J    HTZ92_RS11275 1.0359 M 

 HTZ92_RS01760 1.1863 I    HTZ92_RS11280 -2.8176 - 

 HTZ92_RS01770 1.8846 -    HTZ92_RS11320 1.3238 - 

 HTZ92_RS01775 -1.3161 -    HTZ92_RS11325 1.3727 - 

 HTZ92_RS01825 -1.5530 O    HTZ92_RS11365 1.1825 - 

folC HTZ92_RS01885 -1.1511 H    HTZ92_RS11370 1.1445 D 

 HTZ92_RS01905 -4.4333 O    HTZ92_RS11380 1.2948 - 

 HTZ92_RS01920 -1.1502 EGP    HTZ92_RS11390 1.2444 - 

 HTZ92_RS01925 -1.4286 -    HTZ92_RS11420 1.2507 - 

 HTZ92_RS01945 -1.5891 -    HTZ92_RS11425 1.4476 - 

 HTZ92_RS01955 -1.2239 I    HTZ92_RS11445 1.7205 - 

 HTZ92_RS01980 -1.3435 C    HTZ92_RS11530 -1.6598 - 

 HTZ92_RS01985 -1.1571 -    HTZ92_RS11610 -1.0611 - 

 HTZ92_RS02005 -2.6270 NU    HTZ92_RS11635 1.0867 P 

 HTZ92_RS02015 -1.9665 -    HTZ92_RS11640 1.0555 - 

 HTZ92_RS02020 -1.8694 -    HTZ92_RS11655 1.3590 K 

mscL HTZ92_RS02045 -1.1039 M    HTZ92_RS11730 -1.3772 K 

 HTZ92_RS02085 -1.7401 -   mhpT HTZ92_RS11735 1.1304 EGP 

 HTZ92_RS02090 -1.4594 O    HTZ92_RS11740 2.0457 I 

 HTZ92_RS02100 -2.2589 -   gudD HTZ92_RS11795 1.1849 H 

 HTZ92_RS02115 -1.8853 -    HTZ92_RS11820 1.1697 C 

 HTZ92_RS02135 1.4620 -    HTZ92_RS11860 1.0190 E 

dapE HTZ92_RS02170 -1.0575 E    HTZ92_RS11865 -1.0686 K 

 HTZ92_RS02195 -1.3280 -    HTZ92_RS11885 -2.1194 K 

 HTZ92_RS02255 -1.6096 -    HTZ92_RS11905 -2.0611 - 

 HTZ92_RS02260 -1.2513 -    HTZ92_RS11910 -1.2221 - 

sbmA HTZ92_RS02280 -1.1316 I    HTZ92_RS11935 -2.3929 P 

 HTZ92_RS02300 -1.3854 -    HTZ92_RS11965 1.3681 L 

gatA HTZ92_RS02310 -1.4916 J    HTZ92_RS11970 1.8555 L 

gatC HTZ92_RS02315 -1.5417 H    HTZ92_RS11975 1.0383 V 

 HTZ92_RS02345 -2.0887 -    HTZ92_RS11980 1.8291 V 

hchA HTZ92_RS02405 -1.0321 -    HTZ92_RS11990 1.5065 D 

 HTZ92_RS02415 -2.0722 E   merD HTZ92_RS12005 3.9932 K 

 HTZ92_RS02455 1.7751 EGP   merA HTZ92_RS12010 3.3915 C 

 HTZ92_RS02460 -1.2116 MU   merC HTZ92_RS12015 3.1849 - 

 HTZ92_RS02465 -2.8255 -   merP HTZ92_RS12020 3.2139 P 

 HTZ92_RS02470 -2.4301 KT   merT HTZ92_RS12025 2.9168 P 

 HTZ92_RS02475 -2.1344 T   merR HTZ92_RS12030 1.5803 K 

 HTZ92_RS02480 -2.6909 -   lspA HTZ92_RS12040 -1.1527 IMU 

 HTZ92_RS02485 -2.0440 -    HTZ92_RS12045 -1.8477 P 

 HTZ92_RS02490 -2.7227 P   cadR HTZ92_RS12050 2.6022 K 

adeJ HTZ92_RS02550 -1.2840 V    HTZ92_RS12060 1.3037 L 

adeI HTZ92_RS02555 -1.3762 M   rnt HTZ92_RS12155 -1.0172 L 

lolA HTZ92_RS02590 1.8136 M    HTZ92_RS12165 -1.1170 P 

 HTZ92_RS02610 -1.0867 J    HTZ92_RS12225 -2.1176 L 

 HTZ92_RS02615 2.3290 K    HTZ92_RS12245 1.2808 - 

 HTZ92_RS02635 -1.4433 -    HTZ92_RS12250 -3.7764 P 

 HTZ92_RS02655 -1.6537 -    HTZ92_RS12255 1.9055 K 

 HTZ92_RS02660 -2.3959 -    HTZ92_RS12285 -1.2627 - 
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gltA HTZ92_RS02675 -2.3658 C   ata HTZ92_RS12325 1.0177 UW 

sdhC HTZ92_RS02680 -1.4592 C   lon HTZ92_RS12330 1.2449 O 

sdhD HTZ92_RS02685 -1.3664 C   gdhA HTZ92_RS12350 -1.5695 E 

 HTZ92_RS02695 -1.0917 C   ureG HTZ92_RS12400 -2.2562 KO 

sucC HTZ92_RS02725 -1.0036 F    HTZ92_RS12405 -3.3100 O 

 HTZ92_RS02775 -1.4574 L   ureE HTZ92_RS12410 -2.0022 O 

yhbY HTZ92_RS02815 -1.3256 J    HTZ92_RS12420 -2.7949 E 

ftsH HTZ92_RS02825 1.6274 O   ureA HTZ92_RS12425 -2.5543 E 

 HTZ92_RS02835 -1.5077 -    HTZ92_RS12430 -1.9817 O 

 HTZ92_RS02855 -1.7549 -    HTZ92_RS12445 -2.4315 C 

 HTZ92_RS02880 -1.1131 EGP   cysD HTZ92_RS12480 -1.3795 H 

 HTZ92_RS02895 -1.9823 H    HTZ92_RS12485 -2.4553 - 

 HTZ92_RS02925 -3.7507 M    HTZ92_RS12500 -1.0087 - 

htpX HTZ92_RS02950 1.2322 O    HTZ92_RS12505 -1.5140 - 

 HTZ92_RS02955 -1.1089 M    HTZ92_RS12510 -1.3853 C 

 HTZ92_RS02965 -1.8102 I    HTZ92_RS12515 -1.0165 C 

 HTZ92_RS02990 -1.8600 Q    HTZ92_RS12585 1.2543 P 

 HTZ92_RS03025 2.4618 K    HTZ92_RS12600 -1.5870 P 

 HTZ92_RS03035 1.1597 C    HTZ92_RS12610 1.3894 - 

 HTZ92_RS03060 1.4857 -    HTZ92_RS12625 -1.1832 P 

 HTZ92_RS03070 -1.4394 E    HTZ92_RS12650 1.0056 IQ 

lysA HTZ92_RS03080 -1.0769 E    HTZ92_RS12705 1.0756 C 

 HTZ92_RS03095 -1.0504 -    HTZ92_RS12745 1.1148 IQ 

 HTZ92_RS03125 -2.0891 M    HTZ92_RS12750 1.3906 P 

 HTZ92_RS03130 -3.4791 -   betA HTZ92_RS12855 1.1887 E 

 HTZ92_RS03135 -3.1317 M    HTZ92_RS12870 -1.8500 H 

 HTZ92_RS03140 -4.3971 G    HTZ92_RS12880 1.6580 - 

tolR HTZ92_RS03290 -1.9897 U    HTZ92_RS12885 1.0649 - 

tolQ HTZ92_RS03295 -1.5060 U    HTZ92_RS12895 -1.2232 - 

 HTZ92_RS03305 -1.0235 -    HTZ92_RS12915 1.4963 K 

 HTZ92_RS03330 1.1820 EGP    HTZ92_RS12930 1.3534 - 

 HTZ92_RS03365 1.4090 -    HTZ92_RS12935 2.4568 - 

 HTZ92_RS03390 -4.4028 K    HTZ92_RS12940 1.4693 - 

 HTZ92_RS03395 -3.7540 P    HTZ92_RS12965 1.1609 - 

cysW HTZ92_RS03400 -5.0533 P    HTZ92_RS12970 2.3729 - 

cysT HTZ92_RS03405 -4.5342 O   cas3f HTZ92_RS12985 1.8716 L 

 HTZ92_RS03410 -5.6717 -    HTZ92_RS12990 2.5322 - 

 HTZ92_RS03415 -6.4433 P    HTZ92_RS13060 1.4215 L 

nadB HTZ92_RS03440 -1.4091 H    HTZ92_RS13170 1.3562 - 

lepB HTZ92_RS03460 -3.1558 U    HTZ92_RS13175 1.0684 NU 

 HTZ92_RS03465 -1.9652 NU    HTZ92_RS13195 1.7525 - 

era HTZ92_RS03475 1.5184 -    HTZ92_RS13200 1.3960 - 

 HTZ92_RS03480 1.3410 -    HTZ92_RS13215 -3.3495 - 

 HTZ92_RS03545 -1.5451 -    HTZ92_RS13225 -1.6854 G 

 HTZ92_RS03555 1.3929 K    HTZ92_RS13245 -1.5123 I 

uvrB HTZ92_RS03560 1.3786 L   minC HTZ92_RS13255 -1.0868 D 

 HTZ92_RS03640 -1.0017 -   minD HTZ92_RS13260 -1.2364 D 

 HTZ92_RS03670 -1.0459 C    HTZ92_RS13280 1.0580 D 

 HTZ92_RS03685 1.6364 C   rimI HTZ92_RS13300 -1.1584 K 

 HTZ92_RS03750 1.4521 -   fusA HTZ92_RS13320 -1.7645 J 
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 HTZ92_RS03770 1.3651 -   rpsG HTZ92_RS13325 -1.1866 J 

 HTZ92_RS03785 -1.1952 -    HTZ92_RS13335 -1.0858 C 

fabR HTZ92_RS03790 -1.4654 K    HTZ92_RS13405 -1.0543 K 

 HTZ92_RS03795 -2.4068 C    HTZ92_RS13440 1.2056 - 

 HTZ92_RS03800 -1.9456 I    HTZ92_RS13455 -1.2902 M 

 HTZ92_RS03835 1.0318 K    HTZ92_RS13495 -2.0735 F 

 HTZ92_RS03850 -5.2645 P   rplY HTZ92_RS13500 1.6095 J 

pstC HTZ92_RS03855 -3.9038 P    HTZ92_RS13510 -1.3873 H 

pstA HTZ92_RS03860 -4.0174 P   ribB HTZ92_RS13525 -1.0854 H 

pstB HTZ92_RS03865 -2.1197 P   lysM HTZ92_RS13540 -1.4967 - 

sohB HTZ92_RS03870 1.0833 OU   acpP HTZ92_RS13545 -1.8428 IQ 

dacC HTZ92_RS03910 -2.0352 M   fabG HTZ92_RS13550 -1.0918 IQ 

 HTZ92_RS03915 -1.8663 -    HTZ92_RS13575 1.5536 J 

 HTZ92_RS03920 -2.3180 -    HTZ92_RS13580 -1.9163 D 

surE HTZ92_RS03925 -1.7164 -    HTZ92_RS13605 1.8748 E 

gloA HTZ92_RS03950 1.6494 E    HTZ92_RS13725 -2.7804 - 

 HTZ92_RS04005 1.3886 -    HTZ92_RS13795 2.9051 - 

 HTZ92_RS04010 1.6408 -   nuoM HTZ92_RS13830 -1.4484 C 

bauD HTZ92_RS04050 2.0669 P   nuoL HTZ92_RS13835 -1.6095 CP 

bauE HTZ92_RS04060 1.2710 P   nuoI HTZ92_RS13850 -1.0141 C 

barA HTZ92_RS04100 1.1965 V   nuoH HTZ92_RS13855 -1.5542 C 

basI HTZ92_RS04115 1.3748 Q   nuoG HTZ92_RS13860 -1.4471 C 

basJ HTZ92_RS04120 1.4499 HQ   nuoF HTZ92_RS13865 -1.5915 C 

folE HTZ92_RS04155 -1.7268 H   nuoE HTZ92_RS13870 -1.9065 C 

glnA HTZ92_RS04215 -2.2136 E   nuoC HTZ92_RS13875 -1.2601 C 

 HTZ92_RS04230 -1.6439 E    HTZ92_RS13880 -1.1400 C 

 HTZ92_RS04265 -1.1006 -    HTZ92_RS13935 2.3496 K 

 HTZ92_RS04275 1.5919 J    HTZ92_RS13940 1.9191 - 

ahcY HTZ92_RS04300 -1.2922 H    HTZ92_RS13965 2.2376 - 

 HTZ92_RS04330 1.1878 P    HTZ92_RS13975 1.3719 K 

 HTZ92_RS04335 -2.1133 P    HTZ92_RS13995 2.5298 K 

tsf HTZ92_RS04355 -1.8650 J   tcuA HTZ92_RS14025 1.3513 C 

 HTZ92_RS04385 -2.2435 M    HTZ92_RS14040 1.1362 K 

 HTZ92_RS04400 -1.6588 -    HTZ92_RS14045 1.0834 C 

queF HTZ92_RS04405 -1.5678 -    HTZ92_RS14050 1.5487 G 

 HTZ92_RS04430 1.8906 -    HTZ92_RS14055 2.2015 I 

 HTZ92_RS04435 2.3905 -    HTZ92_RS14120 -3.0776 P 

 HTZ92_RS04440 1.5140 -    HTZ92_RS14125 -2.8790 Q 

 HTZ92_RS04445 2.7712 -    HTZ92_RS14130 -2.4300 - 

 HTZ92_RS04450 2.4178 -    HTZ92_RS14175 1.1584 L 

 HTZ92_RS04455 1.9580 -   hisC HTZ92_RS14220 -1.0248 E 

 HTZ92_RS04470 2.0521 -    HTZ92_RS14260 2.5526 - 

 HTZ92_RS04475 2.3482 -    HTZ92_RS14265 1.5729 - 

 HTZ92_RS04485 2.1788 T    HTZ92_RS14275 2.5998 - 

 HTZ92_RS04495 1.2080 E   gigA HTZ92_RS14285 -1.1922 KT 

 HTZ92_RS04510 2.4366 -    HTZ92_RS14310 -1.3613 O 

 HTZ92_RS04520 1.9577 -    HTZ92_RS14320 1.0558 - 

 HTZ92_RS04525 1.8764 -   trxA HTZ92_RS14365 1.5757 O 

 HTZ92_RS04530 1.5534 L   rho HTZ92_RS14370 -1.1538 K 

 HTZ92_RS04535 2.2925 -    HTZ92_RS14375 -3.3728 - 
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 HTZ92_RS04540 1.8451 -    HTZ92_RS14380 -2.4978 - 

 HTZ92_RS04550 1.9660 -    HTZ92_RS14385 1.2315 K 

 HTZ92_RS04555 1.4559 -    HTZ92_RS14405 -1.1013 K 

 HTZ92_RS04560 1.4406 -    HTZ92_RS14410 -2.3804 O 

 HTZ92_RS04580 -2.1644 -    HTZ92_RS14435 -1.2030 O 

 HTZ92_RS04585 -1.2136 -   infC HTZ92_RS14440 2.1110 J 

 HTZ92_RS04600 -1.5954 -    HTZ92_RS14450 -1.7110 IQ 

 HTZ92_RS04605 1.0101 -   pcnB HTZ92_RS14485 -1.2145 J 

 HTZ92_RS04740 -1.9753 -    HTZ92_RS14530 -1.2618 I 

 HTZ92_RS04755 1.4200 -    HTZ92_RS14555 -1.3072 C 

 HTZ92_RS04805 -1.1792 E    HTZ92_RS14560 -1.2007 C 

 HTZ92_RS04830 -5.4297 ET    HTZ92_RS14565 -1.3810 C 

hisQ HTZ92_RS04835 -2.9075 P    HTZ92_RS14610 -1.0726 J 

 HTZ92_RS04840 -2.8700 P   acnA HTZ92_RS14615 1.2785 C 

yegQ HTZ92_RS04860 1.1911 O    HTZ92_RS14645 -2.2658 K 

 HTZ92_RS04875 -1.9534 C   ilvC HTZ92_RS14660 -1.5954 H 

 HTZ92_RS04885 2.1868 -   ilvN HTZ92_RS14665 -1.6404 E 

 HTZ92_RS04900 1.6477 K    HTZ92_RS14670 -1.3809 H 

 HTZ92_RS04910 -2.6618 P    HTZ92_RS14675 -1.5106 - 

 HTZ92_RS04945 -1.1672 U   leuS HTZ92_RS14680 -1.5644 J 

 HTZ92_RS05000 -1.1429 H    HTZ92_RS14710 -1.0212 I 

 HTZ92_RS05010 -1.2827 -   rsgA HTZ92_RS14725 -1.2163 - 

 HTZ92_RS05045 -1.0843 I   pilW HTZ92_RS14780 1.7456 NU 

 HTZ92_RS05050 -1.1538 T   rlmN HTZ92_RS14785 1.4317 J 

 HTZ92_RS05085 1.1170 -   ndk HTZ92_RS14790 -1.0028 F 

 HTZ92_RS05160 -1.1177 E    HTZ92_RS14805 -1.1717 M 

 HTZ92_RS05170 -1.2170 E    HTZ92_RS14820 -1.4845 Q 

csuB HTZ92_RS05270 -1.5882 -   eda HTZ92_RS14850 -1.2428 G 

csuC HTZ92_RS05275 -3.1705 NU    HTZ92_RS14860 -1.2404 H 

csuD HTZ92_RS05280 -1.9772 NU   pta HTZ92_RS14865 -1.6962 C 

uraH HTZ92_RS05345 -1.5499 -    HTZ92_RS14875 -1.0079 - 

 HTZ92_RS05350 -2.5399 -    HTZ92_RS14880 1.0537 - 

 HTZ92_RS05370 -2.2477 I   leuA HTZ92_RS14910 1.0430 E 

 HTZ92_RS05410 -2.3654 -    HTZ92_RS14935 -1.1390 - 

 HTZ92_RS05415 -2.2489 -    HTZ92_RS14940 -4.7104 U 

 HTZ92_RS05445 1.2007 EGP   tatB HTZ92_RS14945 -5.8164 U 

 HTZ92_RS05460 1.8579 -   tatC HTZ92_RS14950 -2.9847 U 

 HTZ92_RS05475 -1.1008 P    HTZ92_RS14955 -1.9424 - 

 HTZ92_RS05520 -1.0591 K    HTZ92_RS14995 -1.6252 - 

alr HTZ92_RS05545 1.1017 E    HTZ92_RS15055 -1.0769 U 

rpsR HTZ92_RS05560 -1.7781 J    HTZ92_RS15065 -1.2863 M 

rpsF HTZ92_RS05565 -1.5097 J    HTZ92_RS15080 1.7844 C 

cyoB HTZ92_RS05585 -1.0256 C    HTZ92_RS15100 2.4736 - 

pgaB HTZ92_RS05615 -2.5038 G    HTZ92_RS15125 3.2176 - 

pgaD HTZ92_RS05625 -2.4687 -    HTZ92_RS15140 1.1478 - 

 HTZ92_RS05630 -1.5969 P   gltP HTZ92_RS15180 -1.1266 U 

 HTZ92_RS05640 3.4436 -   truA HTZ92_RS15210 1.3785 J 

 HTZ92_RS05645 2.3104 -   infA HTZ92_RS15220 -1.6579 J 

 HTZ92_RS05670 -1.3869 K   leuD HTZ92_RS15245 -2.6591 E 

kdpC HTZ92_RS05725 1.4674 P   leuC HTZ92_RS15250 -2.3322 E 
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 HTZ92_RS05775 -1.4664 C    HTZ92_RS15265 1.5744 - 

 HTZ92_RS05780 1.4542 -    HTZ92_RS15335 -1.1888 IQ 

 HTZ92_RS05795 -2.2350 J    HTZ92_RS15340 -1.4594 - 

 HTZ92_RS05825 -1.4262 K    HTZ92_RS15350 -1.0646 K 

 HTZ92_RS05830 -1.9884 L    HTZ92_RS15375 -3.6050 I 

 HTZ92_RS05860 1.0922 EG    HTZ92_RS15385 -1.2874 - 

 HTZ92_RS05875 -1.9153 -    HTZ92_RS15395 -1.6785 - 

 HTZ92_RS05890 -1.5790 F    HTZ92_RS15500 1.6594 O 

 HTZ92_RS05910 -1.6855 C   pnp HTZ92_RS15525 -1.6535 J 

 HTZ92_RS05920 -1.4780 I   rpsO HTZ92_RS15530 1.2309 J 

 HTZ92_RS05935 1.7584 E    HTZ92_RS15565 -1.0697 - 

 HTZ92_RS05975 -1.9978 -   ubiE HTZ92_RS15570 -1.0921 H 

 HTZ92_RS06020 1.1309 M    HTZ92_RS15585 -1.2768 CH 

 
HTZ92_RS06080 -6.3371 - 

  rimP HTZ92_RS15650 -2.1563 - 

 HTZ92_RS06185 -1.6676 -    HTZ92_RS15655 -1.3335 - 

 HTZ92_RS06195 -1.4873 G    HTZ92_RS15705 -1.3677 - 

 HTZ92_RS06200 -1.5337 T   fadB HTZ92_RS15790 -1.3358 I 

 HTZ92_RS06215 -1.1706 I    HTZ92_RS15800 1.6799 - 

 HTZ92_RS06230 -2.3172 K    HTZ92_RS15815 1.2541 - 

accC HTZ92_RS06250 -1.6393 I    HTZ92_RS15845 1.8512 M 

accB HTZ92_RS06255 -2.2327 I    HTZ92_RS15865 3.6456 - 

aroQ HTZ92_RS06260 -1.2882 E    HTZ92_RS15870 1.7469 - 

 HTZ92_RS06280 -2.4638 T   rpoB HTZ92_RS15880 -1.3045 K 

 
HTZ92_RS06285 -6.3916 - 

  rplJ HTZ92_RS15890 -1.3307 J 

nirB HTZ92_RS06290 -1.9005 C   rplA HTZ92_RS15895 -1.8431 J 

nirD HTZ92_RS06295 -2.6080 CP   rplK HTZ92_RS15900 -2.2470 J 

 HTZ92_RS06300 -1.3816 C   nusG HTZ92_RS15905 -1.0820 K 

moaA HTZ92_RS06315 -1.2371 H    HTZ92_RS15915 -1.3035 - 

 HTZ92_RS06345 1.2863 K    HTZ92_RS15940 -1.0408 - 

tusD HTZ92_RS06370 1.4178 P    HTZ92_RS15975 -2.1591 - 

 HTZ92_RS06415 -1.2001 T    HTZ92_RS16020 -1.9850 CO 

argF HTZ92_RS06420 -1.0516 E   phoU HTZ92_RS16025 -3.5520 P 

glnG HTZ92_RS06430 -2.5257 T    HTZ92_RS16040 1.4809 K 

 HTZ92_RS06435 -3.2378 T    HTZ92_RS16085 1.9860 - 

rimO HTZ92_RS06445 -1.1240 J    HTZ92_RS16090 1.4160 P 

pyrH HTZ92_RS06450 -1.4062 F    HTZ92_RS16105 -1.0481 O 

frr HTZ92_RS06455 -1.4541 J   thrC HTZ92_RS16115 -1.0015 E 

bamA HTZ92_RS06480 -1.4451 M    HTZ92_RS16135 1.5728 T 

 HTZ92_RS06485 -1.6437 M    HTZ92_RS16175 -2.3022 - 

recA HTZ92_RS06520 2.2780 L   ribD HTZ92_RS16190 1.1324 H 

 HTZ92_RS06540 -1.0270 -   nrdR HTZ92_RS16195 1.2987 K 

 HTZ92_RS06545 -2.9221 -    HTZ92_RS16200 -1.8413 P 

 HTZ92_RS06600 1.0871 T    HTZ92_RS16235 -4.7092 - 

 HTZ92_RS06605 -2.8660 -    HTZ92_RS16240 -1.4215 - 

 HTZ92_RS06640 -2.2491 -    HTZ92_RS16250 -1.2021 - 

 HTZ92_RS06645 -3.7389 -   dinB HTZ92_RS16305 1.2526 L 

 HTZ92_RS06685 -2.0417 -    HTZ92_RS16320 -1.4517 C 

 HTZ92_RS06695 -3.0595 -    HTZ92_RS16330 1.0539 K 

 HTZ92_RS06720 -1.1149 -    HTZ92_RS16335 1.1279 - 

 HTZ92_RS06755 -1.0118 P    HTZ92_RS16355 -1.2918 - 
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kdsA HTZ92_RS06885 -2.0835 M    HTZ92_RS16365 2.5431 - 

eno HTZ92_RS06890 -1.4356 G    HTZ92_RS16380 2.5921 - 

 HTZ92_RS07005 1.5582 I    HTZ92_RS16390 2.0572 - 

 HTZ92_RS07020 1.5028 -    HTZ92_RS16415 1.0466 - 

catA HTZ92_RS07130 -1.6000 Q    HTZ92_RS16430 -1.0288 EG 

catC HTZ92_RS07135 -2.7011 Q    HTZ92_RS16450 -1.8844 O 

 HTZ92_RS07140 -1.2326 G   atpD HTZ92_RS16465 -1.1291 C 

 HTZ92_RS07160 1.9452 EG   atpG HTZ92_RS16470 -2.1461 C 

abaQ HTZ92_RS07165 1.7970 G   atpA HTZ92_RS16475 -1.7037 C 

 HTZ92_RS07170 1.0572 -    HTZ92_RS16480 -3.1897 C 

 HTZ92_RS07175 1.2527 C    HTZ92_RS16485 -2.8454 C 

 HTZ92_RS07210 1.0133 -   atpE HTZ92_RS16490 -2.6438 C 

 HTZ92_RS07300 -1.2836 -    HTZ92_RS16550 -1.3683 O 

 HTZ92_RS07305 -1.5274 -    HTZ92_RS16640 1.0695 T 

 HTZ92_RS07340 1.5841 G    HTZ92_RS16650 1.4903 Q 

 HTZ92_RS07350 2.0926 -    HTZ92_RS16660 1.6883 C 

 HTZ92_RS07375 3.3275 C    HTZ92_RS16665 1.5997 IQ 

 HTZ92_RS07380 3.4703 EG    HTZ92_RS16720 1.0044 K 

 HTZ92_RS07385 3.6062 -    HTZ92_RS16735 1.4046 J 

 HTZ92_RS07395 4.7376 M    HTZ92_RS16745 3.5058 C 

 HTZ92_RS07400 4.7527 G    HTZ92_RS16750 1.7537 K 

 HTZ92_RS07405 4.0865 I    HTZ92_RS16790 1.2006 - 

 HTZ92_RS07430 1.2562 P    HTZ92_RS16805 1.7729 - 

 HTZ92_RS07435 1.2691 P    HTZ92_RS16815 2.4260 I 

 HTZ92_RS07460 3.6836 EF    HTZ92_RS16835 2.9395 - 

 HTZ92_RS07465 2.6169 H    HTZ92_RS16855 -1.0414 - 

 HTZ92_RS07470 1.0574 F    HTZ92_RS16940 -1.3847 M 

dcm HTZ92_RS07510 1.9438 L    HTZ92_RS16955 1.5933 M 

 HTZ92_RS07560 1.0689 IQ   tviB HTZ92_RS16985 -1.0943 M 

 HTZ92_RS07625 1.3582 J    HTZ92_RS16990 -1.1272 M 

 HTZ92_RS07645 3.4910 -    HTZ92_RS17000 -1.2448 D 

adeR HTZ92_RS07670 1.2125 KT   nadC HTZ92_RS17025 1.5506 H 

 HTZ92_RS07685 1.4118 L    HTZ92_RS17030 2.0198 - 

 HTZ92_RS07700 -3.3929 M    HTZ92_RS17065 1.4622 - 

 HTZ92_RS07740 -1.5515 -    HTZ92_RS17100 -1.5514 - 

pqqB HTZ92_RS07780 -1.4749 -    HTZ92_RS17110 2.6310 - 

 HTZ92_RS07805 1.0563 Q    HTZ92_RS17115 2.2770 - 

 HTZ92_RS07810 3.2738 IQ    HTZ92_RS17135 -1.1841 - 

modA HTZ92_RS07825 1.1260 P   sul2 HTZ92_RS17140 1.6061 H 

 HTZ92_RS07830 2.1341 H    HTZ92_RS17145 1.3391 G 

antA HTZ92_RS07835 2.9856 P    HTZ92_RS17150 2.3310 M 

antB HTZ92_RS07840 2.1639 Q    HTZ92_RS17155 1.8506 - 

 HTZ92_RS07850 1.3299 K    HTZ92_RS17160 2.6918 L 

 HTZ92_RS07870 1.2640 IQ    HTZ92_RS17165 2.6128 K 

 HTZ92_RS07875 1.4681 Q   arsH HTZ92_RS17170 3.1314 - 

 HTZ92_RS07960 -4.7052 -    HTZ92_RS17175 3.6140 T 

 HTZ92_RS07965 -3.3403 -    HTZ92_RS17185 2.9036 - 

 HTZ92_RS07985 -1.4048 -    HTZ92_RS17190 2.6073 - 

 HTZ92_RS08020 -2.8331 K    HTZ92_RS17195 1.7779 - 

 HTZ92_RS08095 -1.8033 C   trbL HTZ92_RS17200 1.8402 U 
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 HTZ92_RS08100 -1.9602 C   trbK HTZ92_RS17205 1.9835 - 

 HTZ92_RS08105 -1.8974 C   trbJ HTZ92_RS17210 1.6514 U 

 HTZ92_RS08150 -1.4703 -    HTZ92_RS17220 2.5087 L 

 HTZ92_RS08170 -1.2177 Q    HTZ92_RS17225 3.0889 L 

 HTZ92_RS08205 -3.8919 M    HTZ92_RS17230 4.1444 K 

 HTZ92_RS08245 1.2965 K    HTZ92_RS17235 1.9159 L 

 HTZ92_RS08275 -1.5309 -    HTZ92_RS17270 -1.5004 - 

 HTZ92_RS08290 -1.4561 -    HTZ92_RS17290 1.3093 C 

 HTZ92_RS08340 -1.0904 P    HTZ92_RS17300 2.0132 K 

 HTZ92_RS08345 3.0948 H    HTZ92_RS17325 3.1916 - 

 HTZ92_RS08420 -1.5237 L    HTZ92_RS17340 -6.5372 P 

 HTZ92_RS08425 -2.5237 -    HTZ92_RS17345 -4.8846 P 

 HTZ92_RS08430 -1.2152 -   ssuD HTZ92_RS17350 -5.6101 C 

iscU HTZ92_RS08445 1.7448 C   ssuC HTZ92_RS17355 -5.3537 P 

iscA HTZ92_RS08450 1.1181 C    HTZ92_RS17360 -4.6618 P 

 HTZ92_RS08505 -1.4128 GM    HTZ92_RS17405 -1.1105 - 

rpsT HTZ92_RS08510 -1.7745 J    HTZ92_RS17415 2.5312 - 

 HTZ92_RS08520 1.1165 P    HTZ92_RS17420 1.3653 - 

 HTZ92_RS08525 -2.0714 -    HTZ92_RS17430 2.6076 - 

 HTZ92_RS08530 3.0772 -    HTZ92_RS17445 1.8901 - 

 HTZ92_RS08545 -1.4644 P    HTZ92_RS17555 1.2357 - 

 HTZ92_RS08555 -1.7874 E   dmeF HTZ92_RS17565 3.2042 P 

 HTZ92_RS08560 -1.0739 E   yidC HTZ92_RS17580 -1.0134 U 

 HTZ92_RS08570 -1.4454 P   yidD HTZ92_RS17585 -1.0484 - 

 HTZ92_RS08575 -1.2515 U   rnpA HTZ92_RS17590 -1.6613 J 

 HTZ92_RS08580 -1.5426 U   rpmH HTZ92_RS17595 -2.8108 J 

 HTZ92_RS08585 -2.9789 U   cybC HTZ92_RS17620 1.0524 C 

 HTZ92_RS08600 -1.4973 C    HTZ92_RS17625 -1.1937 - 

pyrF HTZ92_RS08625 -1.2202 F    HTZ92_RS17670 2.6140 - 

 HTZ92_RS08650 -1.5915 I    HTZ92_RS17680 1.5325 - 

 HTZ92_RS08690 -1.6810 U    HTZ92_RS17685 2.5457 - 

 HTZ92_RS08770 -1.0498 M    HTZ92_RS17700 -1.4201 M 

fba HTZ92_RS08775 -1.0707 G    HTZ92_RS17770 -1.5957 - 

 HTZ92_RS08780 -2.5072 -    HTZ92_RS17780 -2.2563 - 

 HTZ92_RS08795 -1.0026 D   dapB HTZ92_RS17785 1.0884 E 

 HTZ92_RS08800 -1.4037 -    HTZ92_RS17795 1.8413 EGP 

 HTZ92_RS08805 -1.3148 K    HTZ92_RS17805 1.0388 K 

putP HTZ92_RS08855 -2.0008 E    HTZ92_RS17810 1.5674 - 

 HTZ92_RS08860 1.3198 K    HTZ92_RS17820 1.0827 K 

trmA HTZ92_RS08875 -1.8088 J    HTZ92_RS17830 -1.3094 L 

 HTZ92_RS08915 1.9875 -    HTZ92_RS17865 1.5515 - 

 HTZ92_RS08925 2.8549 -    HTZ92_RS17875 1.1522 L 

 HTZ92_RS08930 -1.2324 M    HTZ92_RS17890 -1.0651 F 

 HTZ92_RS08965 -2.1608 -    HTZ92_RS17955 1.7484 - 

 HTZ92_RS08970 -3.8504 -   zigA HTZ92_RS17960 1.6148 - 

 HTZ92_RS09015 -1.4616 U   hutH HTZ92_RS17985 -1.4972 E 

 HTZ92_RS09100 1.6862 I    HTZ92_RS17990 -1.5636 E 

 HTZ92_RS09125 -1.4550 P   hutI HTZ92_RS17995 -1.1954 Q 

 HTZ92_RS09130 -1.6934 P    HTZ92_RS18010 2.5483 - 

 HTZ92_RS09145 -5.1148 I   phoR HTZ92_RS18110 -2.0980 T 
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 HTZ92_RS09150 -4.5851 I   phoB HTZ92_RS18115 -2.1149 K 

 HTZ92_RS09155 -3.6845 C    HTZ92_RS18125 1.7381 - 

 HTZ92_RS09160 -3.5192 P    HTZ92_RS18185 1.0550 - 

 HTZ92_RS09170 -1.7197 P   parE HTZ92_RS18190 1.1329 L 

 HTZ92_RS09185 1.0178 -   hpxO HTZ92_RS18210 -2.4850 CH 

 HTZ92_RS09265 -1.7942 EJ    HTZ92_RS18215 -3.7444 M 

arsB HTZ92_RS09315 3.1054 P   uraD HTZ92_RS18230 -3.0693 - 

arsC HTZ92_RS09325 -1.5008 P    HTZ92_RS18240 -2.0890 J 

 HTZ92_RS09340 1.5207 Q    HTZ92_RS18275 -1.3292 P 

 HTZ92_RS09350 1.2274 K   ftsZ HTZ92_RS18330 1.1121 D 

tauD HTZ92_RS09365 -2.3636 Q    HTZ92_RS18355 1.5164 C 

tauC HTZ92_RS09370 -2.9962 P    HTZ92_RS18375 1.4493 C 

 HTZ92_RS09375 -3.6460 P   pdxH HTZ92_RS18395 1.4363 H 

tauA HTZ92_RS09380 -4.4793 P    HTZ92_RS18405 1.7276 - 

 HTZ92_RS09385 1.0069 U   sfnG HTZ92_RS18460 -5.6565 C 

 HTZ92_RS09395 -1.8145 C   msuE HTZ92_RS18465 -6.5929 - 

 HTZ92_RS09400 -3.1108 I    HTZ92_RS18485 -2.6173 - 

 HTZ92_RS09450 2.4063 H    HTZ92_RS18490 -2.3530 - 

 HTZ92_RS09520 1.5106 K   uvrA HTZ92_RS18515 2.5920 L 

yfcF HTZ92_RS09525 -1.5439 O    HTZ92_RS18520 1.7405 K 

 HTZ92_RS09545 -3.4576 P    HTZ92_RS18525 1.4516 C 

 HTZ92_RS09550 -4.5651 E   ssb HTZ92_RS18555 1.8290 L 

 HTZ92_RS09555 -4.5339 T    HTZ92_RS18580 -1.3635 L 

 HTZ92_RS09560 -2.8410 E    HTZ92_RS18585 -1.7062 - 

 HTZ92_RS09575 -2.1005 -    HTZ92_RS18610 1.0379 - 

 HTZ92_RS09585 -3.6652 ET    HTZ92_RS18615 -2.9894 - 

 HTZ92_RS09590 -2.7389 E    HTZ92_RS18620 2.6677 - 

 HTZ92_RS09595 -3.6578 P    HTZ92_RS18630 1.6484 - 

 HTZ92_RS09600 -3.1831 P    HTZ92_RS18635 1.8304 - 

 HTZ92_RS09625 -2.0826 F    HTZ92_RS18645 1.1798 - 

 HTZ92_RS09635 1.2295 E    HTZ92_RS18650 1.8558 - 

umuD HTZ92_RS09640 2.8031 KT    HTZ92_RS18675 1.3438 - 

 HTZ92_RS09645 4.0251 -    HTZ92_RS18680 2.3438 - 

 HTZ92_RS09660 1.8593 IQ    HTZ92_RS18690 2.2013 - 

 HTZ92_RS09735 2.4305 K    HTZ92_RS18695 2.3428 - 

 HTZ92_RS09825 1.1788 IQ    HTZ92_RS18700 1.5997 - 

 HTZ92_RS09845 1.6539 EGP    HTZ92_RS18780 4.7498 - 

 HTZ92_RS09865 1.9938 C   rnpB  2.5103 - 

 HTZ92_RS09895 -1.4617 P   ssrA  2.4562 - 

 HTZ92_RS09900 -2.7273 P   ssrS  2.0440 - 

 HTZ92_RS09905 -3.0481 P       
Abbreviation: LFC, Log2FoldChange; COG, Cluster of Orthologous Group of proteins 
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Table S5. Distribution of DEGs across COG categories 

 Number of DEGs 

COGs Upregulated DEGs Downregulated DEGs 

- 165 185 

C 47 24 

CH 0 2 

CI 1 0 

CO 0 1 

CP 0 2 

D 6 5 

E 33 14 

EF 1 0 

EG 4 1 

EGP 7 2 

EI 0 1 

EJ 0 1 

EM 1 0 

ET 0 2 

F 10 2 

G 8 6 

GM 0 1 

H 17 10 

HQ 1 0 

I 19 11 

IMU 0 1 

IQ 8 4 

J 53 9 

K 25 45 

KO 0 1 

KT 3 2 

L 9 26 

M 26 7 

MU 0 2 

NU 4 5 

O 15 7 

OU 1 0 

P 52 18 

Q 8 11 

T 10 5 

U 18 4 

UW 2 0 

V 1 3 

Abbreviation: DEGs, Differentially Expressed Genes; COG, Cluster of Orthologous Groups of proteins 

  



                                                                                                                         Chapter 4. Manuscript II 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

110 

Table S6. List of DEGs upregulated during resuscitation but downregulated after desiccation 

Gene name  Locus Tag LFC AD vs RES LFC RES vs AD COG category Putative function 

 HTZ92_RS15865 3.6456 -4.1466 - YMGG-like glycine zipper-containing protein 

 HTZ92_RS05640 3.4436 -4.3685 - hypothetical protein 

 HTZ92_RS15125 3.2176 -4.5045 - HdeD family acid-resistance protein 

 HTZ92_RS17325 3.1916 -4.5531 - RcnB family protein 

 HTZ92_RS16835 2.9395 -2.2159 - DUF4126 domain-containing protein 

 HTZ92_RS13795 2.9051 -2.5682 - hypothetical protein 

 HTZ92_RS08925 2.8549 -2.0111 - FxsA family protein 

 HTZ92_RS00930 2.8092 -4.0205 - STAS domain-containing protein 

 HTZ92_RS18620 2.6677 -1.1228 - #N/D 

uvrA HTZ92_RS18515 2.5920 -2.0329 L excinuclease ABC subunit UvrA 

 HTZ92_RS00920 2.5894 -3.7460 Q outer membrane lipid asymmetry maintenance protein MlaD 

 HTZ92_RS00925 2.5669 -4.1493 Q ABC transporter substrate-binding protein 

 HTZ92_RS09735 2.4305 -1.4105 K TetR/AcrR family transcriptional regulator 

 HTZ92_RS09450 2.4063 -2.3020 H malonate decarboxylase holo-ACP synthase 

 HTZ92_RS05645 2.3104 -4.3217 - hypothetical protein 

 HTZ92_RS18690 2.2013 -1.6006 - #N/D 

 HTZ92_RS04885 2.1868 -1.2835 - DUF4010 domain-containing protein 

 HTZ92_RS00145 2.0714 -1.1060 - hypothetical protein 

 HTZ92_RS10105 2.0545 -1.8363 I enoyl-CoA hydratase-related protein 

 HTZ92_RS17030 2.0198 -3.3604 - hypothetical protein 

 HTZ92_RS08915 1.9875 -1.7094 - hypothetical protein 

paaG HTZ92_RS10100 1.9715 -1.5229 I 2-(1,2-epoxy-1,2-dihydrophenylacetyl-CoA isomerase PaaG 

 HTZ92_RS17445 1.8901 -4.9156 - hypothetical protein 

 HTZ92_RS01770 1.8846 -4.1371 - RcnB family protein 

 HTZ92_RS10945 1.8756 -4.2419 - hypothetical protein 

 HTZ92_RS09660 1.8593 -1.9700 IQ SDR family oxidoreductase 

 HTZ92_RS05460 1.8579 -4.6514 - hypothetical protein 

 HTZ92_RS15845 1.8512 -3.6574 M outer membrane beta-barrel protein 

lolA HTZ92_RS02590 1.8136 -4.4416 M outer membrane lipoprotein chaperone LolA 

 HTZ92_RS15080 1.7844 -2.5364 C coniferyl aldehyde dehydrogenase 

 HTZ92_RS15870 1.7469 -4.9085 - hypothetical protein 

pilW HTZ92_RS14780 1.7456 -1.2560 NU type IV pilus biogenesis/stability protein PilW 

 HTZ92_RS18520 1.7405 -1.7156 K TetR/AcrR family transcriptional regulator 

 HTZ92_RS01335 1.7010 -1.7338 - hypothetical protein 

rplY HTZ92_RS13500 1.6095 -1.5491 J 50S ribosomal protein L25 

 HTZ92_RS11055 1.5887 -2.1357 - hypothetical protein 

 HTZ92_RS00730 1.5664 -3.9139 - hypothetical protein 

 HTZ92_RS13575 1.5536 -1.7484 J L-threonylcarbamoyladenylate synthase 

nadC HTZ92_RS17025 1.5506 -1.6224 H carboxylating nicotinate-nucleotide diphosphorylase 

 HTZ92_RS09340 1.5207 -2.0102 Q hydrolase 

 HTZ92_RS18355 1.5164 -1.0727 C 2-oxo acid dehydrogenase subunit E2 

clpB HTZ92_RS11240 1.4950 -2.3887 O ATP-dependent chaperone ClpB 

 HTZ92_RS10095 1.4675 -1.8865 I 3-hydroxyacyl-CoA dehydrogenase 

 HTZ92_RS03750 1.4521 -1.8116 - CYTH and CHAD domain-containing protein 

 HTZ92_RS18525 1.4516 -1.2367 C zinc-binding dehydrogenase 

tusD HTZ92_RS06370 1.4178 -2.5405 P sulfurtransferase complex subunit TusD 

 HTZ92_RS07685 1.4118 -1.6269 L excinuclease ABC subunit UvrA 

 HTZ92_RS03365 1.4090 -2.8943 - hypothetical protein 

 HTZ92_RS16735 1.4046 -1.7655 J RidA family protein 
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 HTZ92_RS03555 1.3929 -1.0410 K hypothetical protein 

 HTZ92_RS12610 1.3894 -2.9067 - hypothetical protein 

uvrB HTZ92_RS03560 1.3786 -2.3902 L excinuclease ABC subunit UvrB 

 HTZ92_RS18675 1.3438 -2.9768 - #N/D 

 HTZ92_RS11060 1.3122 -3.1884 - four-helix bundle copper-binding protein 

 HTZ92_RS08245 1.2965 -1.1750 K CerR family C-terminal domain-containing protein 

acnA HTZ92_RS14615 1.2785 -2.8199 C aconitate hydratase AcnA 

 HTZ92_RS15815 1.2541 -1.1054 - hypothetical protein 

lon HTZ92_RS12330 1.2449 -1.1112 O endopeptidase La 

 HTZ92_RS17555 1.2357 -2.2250 - GlsB/YeaQ/YmgE family stress response membrane protein 

htpX HTZ92_RS02950 1.2322 -1.0265 O protease HtpX 

 HTZ92_RS14385 1.2315 -1.1797 K integration host factor subunit alpha 

rpsO HTZ92_RS15530 1.2309 -1.0197 J 30S ribosomal protein S15 

 HTZ92_RS09350 1.2274 -1.1848 K GntR family transcriptional regulator 

 HTZ92_RS13440 1.2056 -1.0336 - flavodoxin family protein 

 HTZ92_RS16790 1.2006 -1.4099 - hypothetical protein 

 HTZ92_RS01200 1.1813 -1.8813 - YheV family putative metal-binding protein 

 HTZ92_RS03035 1.1597 -3.1457 C FdhF/YdeP family oxidoreductase 

 HTZ92_RS06020 1.1309 -1.2562 M mechanosensitive ion channel 

 HTZ92_RS00910 1.1054 -1.0106 Q ABC transporter ATP-binding protein 

dapB HTZ92_RS17785 1.0884 -1.6808 E 4-hydroxy-tetrahydrodipicolinate reductase 

 HTZ92_RS06600 1.0871 -1.0590 T GGDEF domain-containing protein 

 HTZ92_RS13280 1.0580 -1.1673 D DNA translocase FtsK 

 HTZ92_RS10005 1.0419 -3.8234 G MFS transporter 

 HTZ92_RS11275 1.0359 -1.5660 M M48 family metallopeptidase 

 HTZ92_RS07210 1.0133 -3.9716 - type 1 glutamine amidotransferase domain-containing protein 

Abbreviation: LFC, Log2FoldChange; DEGs, Differentially Expressed Genes; AD, after 1-week desiccation; RES, Resuscitated; 

COG, Cluster of Orthologous Groups of proteins 
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Table S7. Distribution of the 75 DEGs across COG categories 

COGs Number of DEGs 

- 34 

C 5 

D 1 

E 1 

G 1 

H 2 

I 3 

J 4 

K 6 

L 3 

M 4 

O 3 

P 1 

Q 4 

T 1 

X 2 

Abbreviation: COG, Cluster of Orthologous Groups of proteins; DEGs, Differentially Expressed Genes 
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Figure S1 | Transcriptional analysis of A. baumannii ATCC 19606T VBNC cells after 

resuscitation. Percentage of upregulated DEGs by COG category during resuscitation (AD vs RES). 

COGs categories with more than 50% of upregulated DEGs are highlighted in bold. 
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Figure S2 | COG functional analysis of DEGs specific to resuscitated A. baumannii ATCC 

19606T VBNC cells. Distribution of COG functional categories for 75 A. baumannii DEGs 

upregulated during resuscitation (AD vs RES) and downregulated after 1-week desiccation (BD vs 

AD). 
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Figure S3 | Schematic illustration of the PuvrA::mScarlet-I transcriptional fusion. The sequence 

shown above corresponds to the cloned promoter fragment in the pWH1266-CG-VmS vector; the 

putative -10 and -35 RNA-polymerase binding sites are highlighted in bold. 

  



                                                                                                                         Chapter 4. Manuscript II 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

116 

 

Figure S4 | Lung colonization and systemic dissemination of A. baumannii ATCC 19606T in 

mice infected with bacteria in different physiological states. Female C57BL/6J mice (9–10 weeks 

old) were intranasally infected with A. baumannii WT or ∆uvrA strains, either before desiccation, 

after 1-week desiccation, or after resuscitation. At 36 hpi, mice were humanely euthanized, and WT 

(A) and ∆uvrA (B) bacterial burdens were quantified in multiple organs. Dashed lines represent the 

LOD of CFU counts (4 CFU/g for all organs except the liver, where it was 6 CFU/g). Each dot 

represents an individual mouse. Data are shown as mean ± SEM. Statistical significance was 

determined using unpaired t-tests *P < 0.05. 
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Publication synopsis 

Hospital surfaces and medical devices are recognized as critical reservoirs for pathogen transmission, 

facilitating cross-contamination of patients through contact with healthcare personnel and equipment 

(Mitchell et al., 2023). Desiccation represents a major challenge for bacterial survival on hospital 

surfaces, where prolonged dryness and low humidity prevail. 

In previous chapters, it was demonstrated that A. baumannii can enter the VBNC state under 

desiccation and regain culturability when rehydrated in suitable buffers or biological fluids (Lucidi 

et al., 2025). However, whether this strategy is widespread among the major nosocomial pathogens 

and how it impacts environmental monitoring protocols remains unclear. 

ESKAPE bacteria, namely Enterococcus spp., Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp, constitute a major threat 

in healthcare settings, owing to their role in healthcare-associated infections and their high levels of 

antimicrobial resistance (Woh & Zhang, 2025). 

This chapter describes the ability of ESKAPE bacteria to survive desiccation on materials commonly 

found in hospital settings through transition to the VBNC state and subsequent resuscitation.  

Following desiccation, all ESKAPE pathogens showed a marked reduction in cultivability, with 

variability depending on both species and surface type. However, Gram-positive ESKAPE species 

failed to recover cultivability upon resuscitation while Gram-negative species regained culturability, 

denoting a transition to the VBNC state in response to desiccation. It was also demonstrated that 

conventional culture-based methods failed to detect Gram-negative VBNC bacteria, which became 

detectable following a simple resuscitation step. 

Overall, this work provides the first systematic assessment of VBNC induction and recovery among 

ESKAPE pathogens exposed to desiccation stress on various matrices found in hospitals. It highlights 

a critical limitation of current culture-based surveillance methods and proposes a simple modification 

to improve the accuracy of environmental monitoring in healthcare settings. 
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Publication synopsis 

HAIs remain a major global health challenge, largely driven by multidrug-resistant pathogens that 

persist in hospital environments (Mitchell et al., 2023; Macesic et al., 2025). Hospital surfaces and 

medical devices act as critical reservoirs for microbial contamination, facilitating cross-transmission 

to patients through contact with healthcare personnel and equipment (Mitchell et al., 2023). Effective 

environmental monitoring is therefore crucial for preventing infections. However, current protocols 

rely almost exclusively on culture-based methods, which fail to detect bacteria in the VBNC state 

(König et al., 2023; Liu et al., 2023). VBNC cells remain metabolically active yet unable to grow on 

conventional media, escaping routine surveillance and creating hidden reservoirs of infection risk. 

Current protocols, such as those described in EN 17141:2020 (Cleanrooms and associated controlled 

environments - Biocontamination control), rely almost exclusively on culture-based methods, which 

fail to detect bacteria in the VBNC state (van der Schoor et al., 2022; Liu et al., 2023). VBNC cells 

remain metabolically active but fail to grow on conventional culture media, thereby representing a 

hidden reservoir of infection that eludes routine surveillance. This limitation severely compromises 

the accuracy of standard environmental monitoring procedures, which only detect culturable cells. 

Consequently, the microbial burden on hospital surfaces is likely to be underestimated, hindering 

effective infection control strategies. Furthermore, previous studies have demonstrated that clinically 

relevant ESKAPE pathogens, except Enterobacter spp., can enter a VBNC state when exposed to 

environmental stresses, such as desiccation on abiotic surfaces (König et al., 2023; Qi et al., 2023; 

Zhao et al., 2024; this thesis). 

Evidence presented in earlier chapters confirmed this phenomenon in Gram-negative ESKAPE 

bacteria, highlighting the need for improved detection strategies. To overcome these limitations, a 

novel procedure called MORECOVERY was developed and patented. 

This chapter outlines the rationale, development, and validation of the MORECOVERY method, 

incorporating a resuscitation step to restore culturability prior to plating. Comparative analyses with 

conventional protocols demonstrated that the inclusion of a resuscitation step significantly enhances 

the detection of Gram-negative ESKAPE pathogens after desiccation. By addressing a critical gap in 

current monitoring practices, MORECOVERY represents an innovative tool for infection prevention, 

with potential applications extending beyond healthcare, including food safety and sterility 

monitoring in pharmaceutical environments. 
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Chapter 7. Concluding remarks 

Bacteria exhibit remarkable resilience to environmental fluctuations, enabling them to persist in 

diverse and often hostile conditions. Among these stresses, desiccation represents one of the most 

relevant challenges in natural environments and hospital settings. The ability to withstand water loss 

is not merely an ecological adaptation, since it has profound implications for healthcare-associated 

infections (HAIs). HAIs are frequently driven by multidrug-resistant pathogens that persist on 

hospital surfaces and medical devices, acting as reservoirs for cross-transmission and facilitating 

outbreaks that elude infection control (Mitchell et al., 2023; Macesic et al., 2025). Among Gram-

negative bacteria, A. baumannii has emerged as a paradigm of desiccation tolerance, maintaining 

culturability for extended periods on abiotic surfaces and thereby contributing to long-term 

contamination of the hospital environment (Giannouli et al., 2013). Recent studies have revealed its 

ability to enter a reversible dormant state, known as Viable But Non-Culturable (VBNC), under 

extreme stresses such as osmotic imbalance and hypoxia (König et al., 2023). In this state, cells 

remain metabolically active but lose culturability on standard media, regaining growth only when 

favourable conditions are restored. Currently, our understanding of the pathways and regulatory 

circuitries underlying A. baumannii desiccation resistance, VBNC cell formation, and resuscitation 

from the dormant state has only been partially uncovered. 

To bridge this gap, the physiological and molecular basis of desiccation resistance in A. baumannii 

were initially investigated (Publication I, Chapter 3). Using ATCC 19606T and ACICU strains, it was 

demonstrated that desiccation causes severe cellular damage, cell shrinkage, ATP depletion, and 

oxidative stress, resulting in over 90% loss of culturability within 24 hours. Remarkably, even cells 

with compromised membranes regained growth when resuspended in a carbon-free buffer under 

optimal conditions for membrane repair (37 °C, presence of divalent cations), revealing a reversible 

transition to the VBNC state. This phenomenon was confirmed across multiple clinical strains and 

other species within the genus, suggesting that induction of the VBNC state represents an effective 

survival strategy enabling Acinetobacter to persist under harsh conditions and thrive in diverse 

environments. 

To elucidate the molecular mechanisms underlying the entry into the VBNC state, genome-wide 

transcriptomic profiling was performed on ATCC 19606T and ACICU strains before and after 1-week 

desiccation. The analysis revealed extensive transcriptional remodelling, affecting approximately 

one-third of the genome, with notable strain-specific differences. The comparison of the 

transcriptomic profiles between the two A. baumannii strains allowed the prediction of a key 

molecular mechanism involved in the entry into the VBNC state. In particular, desiccated cells of 

ATCC 19606T and ACICU, which are 99% in the VBNC state, modify their metabolism by 
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shortcutting the TCA cycle into the glyoxylate shunt (GS) pathway, via aceA upregulation, coding 

for the isocitrate lyase enzyme that produces glyoxylate and succinate from isocitrate. The crucial 

role of the GS pathway during desiccation has been confirmed by generating aceA knock-out mutants. 

The deletion of aceA reduced both desiccation resistance and resuscitation efficiency in ACICU, and 

completely abrogated resuscitation in ATCC 19606T. These findings underscore the complexity of 

desiccation resistance in A. baumannii and highlight intra-species diversity. The activation of the GS 

pathway has been previously reported in other bacterial species during oxidative stress, antibiotic 

exposure, and host infection (Nandakumar et al., 2014; Ahn et al., 2016; Ha et al., 2018; Park et al., 

2019). However, to our knowledge, this is the first evidence of GS pathway activation in A. baumannii 

during desiccation stress, highlighting its potential role as a versatile stress-response mechanism. 

While the previous section clarified the physiological and molecular changes underlying VBNC state 

entry, the process enabling cells to resuscitate was still a mystery. Therefore, the global transcriptional 

changes occurring during resuscitation of desiccation-induced VBNC cells of A. baumannii ATCC 

19606T were investigated (Manuscript II, Chapter 4). A genome-wide transcriptomic approach 

comparing VBNC cells with resuscitated ones, revealed a predominance of upregulated genes in COG 

category L, associated with replication, recombination, and repair. These findings strongly suggest 

that the repair of DNA, which is predictably damaged by the desiccation-induced oxidative stress 

(Greffe & Michiels, 2020), is a key process enabling the recovery from the VBNC state. Consistent 

with this hypothesis, we previously showed that desiccation promotes intracellular accumulation of 

reactive oxygen species (ROS), which damage macromolecules, including DNA, through oxidation 

and crosslinking (Publication I). To identify specific genes involved in the resuscitation process, 

differentially expressed genes (DEGs) from this study were compared with DEGs specific for the 

VBNC state entry identified in Chapter 3 (Publication I). During resuscitation, uvrA was identified 

as one of the most significantly induced genes. The gene uvrA encodes a component of the UvrABC 

nucleotide excision repair system, and it was downregulated during VBNC state entry. Previous 

studies have associated uvrA induction with DNA damage repair in A. baumannii under genotoxic 

stress, showing that its expression is regulated by RecA and triggered by DNA-damaging conditions 

such as UV irradiation and antibiotic exposure (Norton et al., 2013). Consistent with these 

observations, Chapter 4 functionally validated the protective role of UvrA by assessing the 

phenotypic consequences of uvrA deletion. Exposure of the ΔuvrA strain under genotoxic stress, such 

as UV irradiation or oxidative stress induced by paraquat, markedly impaired its growth and survival. 

Furthermore, the contribution of uvrA to desiccation tolerance and recovery was evaluated, unveiling 

the inability of the ΔuvrA mutant strain to regain its culturability after resuscitation. Collectively, 
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these results underscore the essential role of DNA repair, and particularly of the UvrA protein, in 

resuscitation and highlight its pivotal contribution to desiccation stress resilience. 

Finally, to determine how resuscitation and uvrA contribute to pathogenesis, a murine pneumonia 

model was employed to assess the pulmonary colonization capacity of A. baumannii wild-type and 

ΔuvrA strains before desiccation, after one week of desiccation, and following resuscitation. Both 

strains regained the ability to colonize the lungs after resuscitation; however, the wild-type strain 

achieved significantly higher pulmonary burdens than the ΔuvrA mutant, even exceeding pre-

desiccation levels. These findings demonstrate that uvrA is essential not only for efficient recovery 

from VBNC state, but also for maintaining full virulence during subsequent host infection. 

The two previous studies (Chapters 3 and 4) provide a comprehensive view of the mechanisms 

enabling A. baumannii to enter and recover from the VBNC state. It is worth noting that A. baumannii 

belongs to the ESKAPE group, composed of Enterococcus spp., Staphylococcus aureus, Klebsiella 

pneumoniae, A. baumannii, Pseudomonas aeruginosa, and Enterobacter spp.. It is well established 

that all these species pose a critical threat to public health due to their high prevalence in HAIs and 

antimicrobial resistance (Woh & Zhang, 2025). Previous evidence indicated that ESKAPE pathogens, 

except Enterobacter spp., can enter the VBNC state under environmental stresses, but little was 

known about their behaviour under desiccation stress (König et al., 2023; Qi et al., 2023; Zhao et al., 

2024). 

As anticipated, the VBNC state plays a concerning role in the persistence of pathogens within hospital 

environments, creating hidden reservoirs that contribute to the spread of HAIs. Hospital surfaces and 

medical devices act as key reservoirs for microbial contamination, enabling cross-transmission to 

patients through contact with healthcare personnel and equipment (Mitchell et al., 2023). 

Therefore, the ability of ESKAPE pathogens to adopt the VBNC strategy under desiccation stress 

was evaluated (Publication III, Chapter 5). Culturability after 1 week of desiccation on different 

abiotic surfaces commonly found in hospital environments was markedly reduced, varying among 

strains and depending on the type of surface material. Resuscitation in a carbon-free resuscitation 

buffer (RB) revealed that only Gram-negative strains regained culturability. In contrast, Gram-

positive species did not resuscitate under the test conditions, highlighting fundamental differences in 

desiccation stress adaptation between these two groups. 

Effective environmental monitoring is essential for infection prevention; however, current protocols, 

such as those described in BS EN 17141:2020 (Cleanrooms and associated controlled environments 

- Biocontamination control), rely almost exclusively on culture-based methods, which fail to detect 

VBNC cells (van der Schoor et al., 2022; Liu et al., 2023). To address this limitation, standard 

procedures were compared with the resuscitation protocol proposed in this thesis. After incubation in 
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RB, all Gram-negative ESKAPE bacteria were completely resuscitated, whereas Gram-positive 

species showed no recovery. Furthermore, none of the standard transport buffers enabled 

resuscitation, demonstrating that conventional sampling methods underestimate viable bacterial 

counts on surfaces. The superior sensitivity of the resuscitation protocol was confirmed through a 

pilot environmental sampling experiment on various surfaces within the Department of Science at 

Roma Tre University. Although this approach has not yet been validated in hospital settings, evidence 

presented in earlier chapters highlights the need for improved detection strategies. Based on these 

findings, a novel procedure named MORECOVERY was developed and patented, incorporating a 

resuscitation step to restore culturability before plating (Patent IV, Chapter 6). 

In conclusion, this PhD thesis provides a comprehensive and integrated perspective on the adaptive 

strategies employed by A. baumannii to withstand desiccation, thereby shedding light on mechanisms 

that enable its persistence in healthcare environments. The findings presented here underscore the 

role of the VBNC state as a survival mechanism of A. baumannii and Gram-negative ESKAPE 

species, and its contribution to hidden reservoirs that escape conventional culture-based monitoring. 

These results are expected to impact infection control practices and lay the foundation for future 

studies aimed at unveiling additional aspects of bacterial adaptation to desiccation stress. 

Further research should aim to identify common molecular pathways underlying VBNC transition 

across diverse bacterial species, as these mechanisms may share conserved features. Understanding 

these processes could enable the development of targeted strategies to prevent VBNC entry or 

resuscitation, thereby reducing the impact of the VBNC state on bacterial persistence in hospitals and 

infectious potential. Ultimately, integrating VBNC-specific protocols, such as the MORECOVERY, 

into routine monitoring could help mitigate the hidden threat posed by dormant pathogens in 

healthcare environments. 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

188 

References 

Ahn, S., Jung, J., Jang, I.-A., Madsen, E. L., & Park, W. (2016). Role of glyoxylate shunt in oxidative 

stress response. The Journal of Biological Chemistry, 291(22), 11928–11938. 

https://doi.org/10.1074/jbc.M115.708149 

Almasaudi, S. B. (2018). Acinetobacter spp. as nosocomial pathogens: Epidemiology and resistance 

features. Saudi Journal of Biological Sciences, 25(3), 586–596. 

https://doi.org/10.1016/j.sjbs.2016.02.009 

Antunes, L. C. S., Visca, P., & Towner, K. J. (2014). Acinetobacter baumannii: evolution of a global 

pathogen. Pathogens and Disease, 71(3), 292–301. https://doi.org/10.1111/2049-632X.12125 

Asif, M., Alvi, I. A., & Rehman, S. U. (2018). Insight into Acinetobacter baumannii: pathogenesis, 

global resistance, mechanisms of resistance, treatment options, and alternative modalities. Infection 

and Drug Resistance, 11, 1249–1260. https://doi.org/10.2147/IDR.S166750 

Ayrapetyan, M., Williams, T. C., Baxter, R., & Oliver, J. D. (2015). Viable but Nonculturable and 

persister cells coexist stochastically and are induced by human serum. Infection and Immunity, 83(11), 

4194–4203. https://doi.org/10.1128/IAI.00404-15 

Ayrapetyan, M., Williams, T., & Oliver, J. D. (2018). Relationship between the Viable but 

Nonculturable state and antibiotic persister cells. Journal of Bacteriology, 200(20), e00249-18. 

https://doi.org/10.1128/JB.00249-18 

Balagurusamy, R., Gopi, L., Kumar, D. S. S., Viswanathan, K., Meganathan, V., Sathiyamurthy, K., 

& Athmanathan, B. (2024). Significance of Viable But Non-culturable (VBNC) state in vibrios and 

other pathogenic bacteria: induction, detection and the role of resuscitation promoting factors (Rpf). 

Current Microbiology, 81(12), 417. https://doi.org/10.1007/s00284-024-03947-8 

Ball, P. (2017). Water is an active matrix of life for cell and molecular biology. Proceedings of the 

National Academy of Sciences of the United States of America, 114(51), 13327–13335. 

https://doi.org/10.1073/pnas.1703781114 

Billi, D., & Potts, M. (2002). Life and death of dried prokaryotes. Research in Microbiology, 153(1), 

7–12. https://doi.org/10.1016/s0923-2508(01)01279-7 

Boaretti, M., del Mar Lleo, M., Bonato, B., Signoretto, C., & Canepari, P. (2003). Involvement of 

rpoS in the survival of Escherichia coli in the viable but non-culturable state. Environmental 

Microbiology, 5(10), 986–996. https://doi.org/10.1046/j.1462-2920.2003.00497.x 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

189 

Boll, J. M., Tucker, A. T., Klein, D. R., Beltran, A. M., Brodbelt, J. S., Davies, B. W., & Trent, M. S. 

(2015). Reinforcing lipid A acylation on the cell surface of Acinetobacter baumannii promotes 

cationic antimicrobial peptide resistance and desiccation survival. mBio, 6(3), e00478-00415. 

https://doi.org/10.1128/mBio.00478-15 

Bollen, C., Louwagie, S., Deroover, F., Duverger, W., Khodaparast, L., Khodaparast, L., Hofkens, D., 

Schymkowitz, J., Rousseau, F., Dewachter, L., & Michiels, J. (2025). Composition and liquid-to-solid 

maturation of protein aggregates contribute to bacterial dormancy development and recovery. Nature 

Communications, 16, 1046. https://doi.org/10.1038/s41467-025-56387-8 

Bosch, J., Varliero, G., Hallsworth, J. E., Dallas, T. D., Hopkins, D., Frey, B., Kong, W., Lebre, P., 

Makhalanyane, T. P., & Cowan, D. A. (2021). Microbial anhydrobiosis. Environmental Microbiology, 

23(11), 6377–6390. https://doi.org/10.1111/1462-2920.15699 

Brown, G. R., Sutcliffe, I. C., Bendell, D., & Cummings, S. P. (2000). The modification of the 

membrane of Oceanomonas baumannii when subjected to both osmotic and organic solvent stress. 

FEMS Microbiology Letters, 189(2), 149–154. https://doi.org/10.1111/j.1574-6968.2000.tb09221.x 

Cai, Y., Liu, J., Li, G., Wong, P. K., & An, T. (2021). Formation mechanisms of viable but 

nonculturable bacteria through induction by light-based disinfection and their antibiotic resistance 

gene transfer risk: a review. Critical Reviews in Environmental Science and Technology, 1–38. 

https://doi.org/10.1080/10643389.2021.1932397 

Campos, A., Lopes, M. S., Carvalheira, A., Barbosa, J., & Teixeira, P. (2019). Survival of clinical and 

food Acinetobacter spp. Isolates exposed to different stress conditions. Food Microbiology, 77, 202–

207. https://doi.org/10.1016/j.fm.2018.09.009 

Centers for Disease Control and Prevention (U.S.). (2019). Antibiotic resistance threats in the United 

States, 2019. Centers for Disease Control and Prevention (U.S.). https://doi.org/10.15620/cdc:82532 

Chapartegui-González, I., Lázaro-Díez, M., Bravo, Z., Navas, J., Icardo, J. M., & Ramos-Vivas, J. 

(2018). Acinetobacter baumannii maintains its virulence after long-time starvation. PLoS ONE, 

13(8), e0201961. https://doi.org/10.1371/journal.pone.0201961 

Chin, C. Y., Tipton, K. A., Farokhyfar, M., Burd, E. M., Weiss, D. S., & Rather, P. N. (2018). A high-

frequency phenotypic switch links bacterial virulence and environmental survival in Acinetobacter 

baumannii. Nature Microbiology, 3(5), 563–569. https://doi.org/10.1038/s41564-018-0151-5 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

190 

Clancy, C. J., Schwartz, I. S., Kula, B., & Nguyen, M. H. (2021). Bacterial superinfections among 

persons with Coronavirus disease 2019: a comprehensive review of data from postmortem studies. 

Open Forum Infectious Diseases, 8(3), ofab065. https://doi.org/10.1093/ofid/ofab065 

Costa, O. Y. A., Raaijmakers, J. M., & Kuramae, E. E. (2018). Microbial extracellular polymeric 

substances: ecological function and impact on soil aggregation. Frontiers in Microbiology, 9, 1636. 

https://doi.org/10.3389/fmicb.2018.01636 

Crowe, J. H., Carpenter, J. F., & Crowe, L. M. (1998). The role of vitrification in anhydrobiosis. 

Annual Review of Physiology, 60, 73–103. https://doi.org/10.1146/annurev.physiol.60.1.73 

Dewachter, L., Bollen, C., Wilmaerts, D., Louwagie, E., Herpels, P., Matthay, P., Khodaparast, L., 

Khodaparast, L., Rousseau, F., Schymkowitz, J., & Michiels, J. (2021). The dynamic transition of 

persistence toward the Viable but Nonculturable state during stationary phase is driven by protein 

aggregation. mBio, 12(4), e0070321. https://doi.org/10.1128/mBio.00703-21 

Di Martino, P. (2018). Extracellular polymeric substances, a key element in understanding biofilm 

phenotype. AIMS Microbiology, 4(2), 274–288. https://doi.org/10.3934/microbiol.2018.2.274 

Dijkshoorn, L., Nemec, A., & Seifert, H. (2007). An increasing threat in hospitals: multidrug-resistant 

Acinetobacter baumannii. Nature Reviews Microbiology, 5(12), 939–951. 

https://doi.org/10.1038/nrmicro1789 

Dong, K., Pan, H., Yang, D., Rao, L., Zhao, L., Wang, Y., & Liao, X. (2020). Induction, detection, 

formation, and resuscitation of viable but non‐culturable state microorganisms. Comprehensive 

Reviews in Food Science and Food Safety, 19(1), 149–183. https://doi.org/10.1111/1541-4337.12513 

Dunn, M. F., Ramírez-Trujillo, J. A., & Hernández-Lucas, I. (2009). Major roles of isocitrate lyase 

and malate synthase in bacterial and fungal pathogenesis. Microbiology (Reading, England), 155(Pt 

10), 3166–3175. https://doi.org/10.1099/mic.0.030858-0 

Dworkin, J., & Shah, I. M. (2010). Exit from dormancy in microbial organisms. Nature Reviews. 

Microbiology, 8(12), 890–896. https://doi.org/10.1038/nrmicro2453 

Erkut, C., Gade, V. R., Laxman, S., & Kurzchalia, T. V. (2016). The glyoxylate shunt is essential for 

desiccation tolerance in C. elegans and budding yeast. eLife, 5, e13614. 

https://doi.org/10.7554/eLife.13614 

Esbelin, J., Santos, T., & Hébraud, M. (2018). Desiccation: an environmental and food industry stress 

that bacteria commonly face. Food Microbiology, 69, 82–88. 

https://doi.org/10.1016/j.fm.2017.07.017 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

191 

Ezraty, B., Gennaris, A., Barras, F., & Collet, J.-F. (2017). Oxidative stress, protein damage and repair 

in bacteria. Nature Reviews Microbiology, 15(7), 385–396. https://doi.org/10.1038/nrmicro.2017.26 

Fakruddin, Md., Mannan, K. S. B., & Andrews, S. (2013). Viable but Nonculturable bacteria: food 

safety and public health perspective. International Scholarly Research Notices, 2013(1), 703813. 

https://doi.org/10.1155/2013/703813 

Fardelli, E., Lucidi, M., Di Gioacchino, M., Bashiri, S., Persichetti, L., Capecchi, G., Gasperi, T., 

Sodo, A., Visca, P., & Capellini, G. (2022). Bio-physical mechanisms of dehydrating membranes of 

Acinetobacter baumannii linked to drought-resistance. Biochimica Et Biophysica Acta. 

Biomembranes, 1864(12), 184045. https://doi.org/10.1016/j.bbamem.2022.184045 

França, M. B., Panek, A. D., & Eleutherio, E. C. A. (2007). Oxidative stress and its effects during 

dehydration. Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 

146(4), 621–631. https://doi.org/10.1016/j.cbpa.2006.02.030 

Gayoso, C. M., Mateos, J., Méndez, J. A., Fernández-Puente, P., Rumbo, C., Tomás, M., Martínez de 

Ilarduya, Ó., & Bou, G. (2014). Molecular mechanisms involved in the response to desiccation stress 

and persistence in Acinetobacter baumannii. Journal of Proteome Research, 13(2), 460–476. 

https://doi.org/10.1021/pr400603f 

Geiser, F. (2013). Hibernation. Current Biology: CB, 23(5), R188-193. 

https://doi.org/10.1016/j.cub.2013.01.062 

Giannouli, M., Antunes, L. C. S., Marchetti, V., Triassi, M., Visca, P., & Zarrilli, R. (2013). Virulence-

related traits of epidemic Acinetobacter baumannii strains belonging to the international clonal 

lineages I-III and to the emerging genotypes ST25 and ST78. BMC Infectious Diseases, 13, 282. 

https://doi.org/10.1186/1471-2334-13-282 

Giovannini, I., Boothby, T. C., Cesari, M., Goldstein, B., Guidetti, R., & Rebecchi, L. (2022). 

Production of reactive oxygen species and involvement of bioprotectants during anhydrobiosis in the 

tardigrade Paramacrobiotus spatialis. Scientific Reports, 12(1), 1938. 

https://doi.org/10.1038/s41598-022-05734-6 

Grant, W. D. (2004). Life at low water activity. Philosophical Transactions of the Royal Society B: 

Biological Sciences, 359(1448), 1249–1267. https://doi.org/10.1098/rstb.2004.1502 

Green, E. R., Fakhoury, J. N., Monteith, A. J., Pi, H., Giedroc, D. P., & Skaar, E. P. (2022). Bacterial 

hydrophilins promote pathogen desiccation tolerance. Cell Host & Microbe, 30(7), 975-987.e7. 

https://doi.org/10.1016/j.chom.2022.03.019 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

192 

Greffe, V. R. G., & Michiels, J. (2020). Desiccation-induced cell damage in bacteria and the relevance 

for inoculant production. Applied Microbiology and Biotechnology, 104(9), 3757–3770. 

https://doi.org/10.1007/s00253-020-10501-6 

Grzyb, T., & Skłodowska, A. (2022). Introduction to bacterial anhydrobiosis: a general perspective 

and the mechanisms of desiccation-associated damage. Microorganisms, 10(2), 432. 

https://doi.org/10.3390/microorganisms10020432 

Ha, S., Shin, B., & Park, W. (2018). Lack of glyoxylate shunt dysregulates iron homeostasis in 

Pseudomonas aeruginosa. Microbiology (Reading, England), 164(4), 587–599. 

https://doi.org/10.1099/mic.0.000623 

Harding, C. M., Hennon, S. W., & Feldman, M. F. (2018). Uncovering the mechanisms of 

Acinetobacter baumannii virulence. Nature Reviews. Microbiology, 16(2), 91–102. 

https://doi.org/10.1038/nrmicro.2017.148 

Huang, M., & Hull, C. M. (2017). Sporulation: how to survive on planet Earth (and beyond). Current 

Genetics, 63(5), 831–838. https://doi.org/10.1007/s00294-017-0694-7 

Iii, J. M. F., Wells, G., & Pesci, E. C. (2018). Desiccation tolerance in Acinetobacter baumannii is 

mediated by the two-component response regulator BfmR. PLOS ONE, 13(10), e0205638. 

https://doi.org/10.1371/journal.pone.0205638 

Kelly, S., Schnugh, D., & Thomas, T. (2022). Effectiveness of ultraviolet-C vs aerosolized hydrogen 

peroxide in ICU terminal disinfection. The Journal of Hospital Infection, 121, 114–119. 

https://doi.org/10.1016/j.jhin.2021.12.004 

König, P., Wilhelm, A., Schaudinn, C., Poehlein, A., Daniel, R., Widera, M., Averhoff, B., & Müller, 

V. (2023). The VBNC state: a fundamental survival strategy of Acinetobacter baumannii. mBio, 

14(5), e0213923. https://doi.org/10.1128/mbio.02139-23 

Lebre, P. H., De Maayer, P., & Cowan, D. A. (2017). Xerotolerant bacteria: surviving through a dry 

spell. Nature Reviews Microbiology, 15(5), 285–296. https://doi.org/10.1038/nrmicro.2017.16 

Lennon, J. T., den Hollander, F., Wilke-Berenguer, M., & Blath, J. (2021). Principles of seed banks 

and the emergence of complexity from dormancy. Nature Communications, 12(1), 4807. 

https://doi.org/10.1038/s41467-021-24733-1 

Lennon, J. T., & Jones, S. E. (2011). Microbial seed banks: The ecological and evolutionary 

implications of dormancy. Nature Reviews Microbiology, 9(2), 119–130. 

https://doi.org/10.1038/nrmicro2504 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

193 

Li, L., Mendis, N., Trigui, H., Oliver, J. D., & Faucher, S. P. (2014). The importance of the viable but 

non-culturable state in human bacterial pathogens. Frontiers in Microbiology, 5, 258. 

https://doi.org/10.3389/fmicb.2014.00258 

Liu, J., Yang, L., Kjellerup, B. V., & Xu, Z. (2023). Viable but nonculturable (VBNC) state, an 

underestimated and controversial microbial survival strategy. Trends in Microbiology, 31(10), 1013–

1023. https://doi.org/10.1016/j.tim.2023.04.009 

Lopalco, P., Stahl, J., Annese, C., Averhoff, B., & Corcelli, A. (2017). Identification of unique 

cardiolipin and monolysocardiolipin species in Acinetobacter baumannii. Scientific Reports, 7(1), 

2972. https://doi.org/10.1038/s41598-017-03214-w 

Lucidi, M., Capecchi, G., Spagnoli, C., Basile, A., Artuso, I., Persichetti, L., Fardelli, E., Capellini, 

G., Visaggio, D., Imperi, F., Rampioni, G., Leoni, L., & Visca, P. (n.d.). The response to desiccation 

in Acinetobacter baumannii. Virulence, 16(1), 2490209. 

https://doi.org/10.1080/21505594.2025.2490209 

Lucidi, M., Visaggio, D., Migliaccio, A., Capecchi, G., Visca, P., Imperi, F., & Zarrilli, R. (2024). 

Pathogenicity and virulence of Acinetobacter baumannii: factors contributing to the fitness in 

healthcare settings and the infected host. Virulence, 15(1), 2289769. 

https://doi.org/10.1080/21505594.2023.2289769 

Macesic, N., Uhlemann, A.-C., & Peleg, A. Y. (2025). Multidrug-resistant Gram-negative bacterial 

infections. Lancet (London, England), 405(10474), 257–272. https://doi.org/10.1016/S0140-

6736(24)02081-6 

Magiorakos, A.-P., Srinivasan, A., Carey, R. B., Carmeli, Y., Falagas, M. E., Giske, C. G., Harbarth, 

S., Hindler, J. F., Kahlmeter, G., Olsson-Liljequist, B., Paterson, D. L., Rice, L. B., Stelling, J., 

Struelens, M. J., Vatopoulos, A., Weber, J. T., & Monnet, D. L. (2012). Multidrug-resistant, 

extensively drug-resistant and pandrug-resistant bacteria: an international expert proposal for interim 

standard definitions for acquired resistance. Clinical Microbiology and Infection: The Official 

Publication of the European Society of Clinical Microbiology and Infectious Diseases, 18(3), 268–

281. https://doi.org/10.1111/j.1469-0691.2011.03570.x 

McDonald, M. D., Owusu-Ansah, C., Ellenbogen, J. B., Malone, Z. D., Ricketts, M. P., Frolking, S. 

E., Ernakovich, J. G., Ibba, M., Bagby, S. C., & Weissman, J. L. (2024). What is microbial dormancy? 

Trends in Microbiology, 32(2), 142–150. https://doi.org/10.1016/j.tim.2023.08.006 

Mitchell, B. G., McDonagh, J., Dancer, S. J., Ford, S., Sim, J., Khadar, B. T. S. A., Russo, P. L., 

Maillard, J.-Y., Rawson, H., Browne, K., & Kiernan, M. (2023). Risk of organism acquisition from 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

194 

prior room occupants: an updated systematic review. Infection, Disease & Health, 28(4), 290–297. 

https://doi.org/10.1016/j.idh.2023.06.001 

Nandakumar, M., Nathan, C., & Rhee, K. Y. (2014). Isocitrate lyase mediates broad antibiotic 

tolerance in Mycobacterium tuberculosis. Nature Communications, 5(1), 4306. 

https://doi.org/10.1038/ncomms5306 

Niu, H., Gu, J., & Zhang, Y. (2024). Bacterial persisters: Molecular mechanisms and therapeutic 

development. Signal Transduction and Targeted Therapy, 9(1), 174. https://doi.org/10.1038/s41392-

024-01866-5 

Norton, M. D., Spilkia, A. J., & Godoy, V. G. (2013). Antibiotic resistance acquired through a dna 

damage-inducible response in Acinetobacter baumannii. Journal of Bacteriology, 195(6), 1335–

1345. https://doi.org/10.1128/JB.02176-12 

Oliver, J. D. (2010). Recent findings on the viable but nonculturable state in pathogenic bacteria. 

FEMS Microbiology Reviews, 34(4), 415–425. https://doi.org/10.1111/j.1574-6976.2009.00200.x 

Palethorpe, S., Farrow, J. M., Wells, G., Milton, M. E., Actis, L. A., Cavanagh, J., & Pesci, E. C. 

(2022). Acinetobacter baumannii regulates its stress responses via the BfmRS two-component 

regulatory system. Journal of Bacteriology, 204(2), e0049421. https://doi.org/10.1128/JB.00494-21 

Park, C., Shin, B., & Park, W. (2019). Alternative fate of glyoxylate during acetate and hexadecane 

metabolism in Acinetobacter oleivorans DR1. Scientific Reports, 9(1), 14402. 

https://doi.org/10.1038/s41598-019-50852-3 

Peleg, A. Y., Seifert, H., & Paterson, D. L. (2008). Acinetobacter baumannii: emergence of a 

successful pathogen. Clinical Microbiology Reviews, 21(3), 538–582. 

https://doi.org/10.1128/CMR.00058-07 

Potts, M. (1994). Desiccation tolerance of prokaryotes. Microbiological Reviews, 58(4), 755–805. 

https://doi.org/10.1128/mr.58.4.755-805.1994 

Potts, M., Slaughter, S. M., Hunneke, F.-U., Garst, J. F., & Helm, R. F. (2005). Desiccation tolerance 

of prokaryotes: application of principles to human cells. Integrative and Comparative Biology, 45(5), 

800–809. https://doi.org/10.1093/icb/45.5.800 

Qi, Z., Sun, N., & Liu, C. (2023). Glyoxylate cycle maintains the metabolic homeostasis of 

Pseudomonas aeruginosa in viable but nonculturable state induced by chlorine stress. 

Microbiological Research, 270, 127341. https://doi.org/10.1016/j.micres.2023.127341 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

195 

Ramamurthy, T., Ghosh, A., Pazhani, G. P., & Shinoda, S. (2014). Current perspectives on Viable but 

Non-Culturable (VBNC) pathogenic bacteria. Frontiers in Public Health, 2, 103. 

https://doi.org/10.3389/fpubh.2014.00103 

Ramos, J. L., Gallegos, M. T., Marqués, S., Ramos-González, M. I., Espinosa-Urgel, M., & Segura, 

A. (2001). Responses of Gram-negative bacteria to certain environmental stressors. Current Opinion 

in Microbiology, 4(2), 166–171. https://doi.org/10.1016/s1369-5274(00)00183-1 

Rawlinson, S., Ciric, L., & Cloutman-Green, E. (2019). How to carry out microbiological sampling 

of healthcare environment surfaces? A review of current evidence. The Journal of Hospital Infection, 

103(4), 363–374. https://doi.org/10.1016/j.jhin.2019.07.015 

Rittershaus, E. S. C., Baek, S.-H., & Sassetti, C. M. (2013). The normalcy of dormancy: common 

themes in microbial quiescence. Cell Host & Microbe, 13(6), 643–651. 

https://doi.org/10.1016/j.chom.2013.05.012 

Rockinger, U., Funk, M., & Winter, G. (2021). Current approaches of preservation of cells during 

(freeze-) drying. Journal of Pharmaceutical Sciences, 110(8), 2873–2893. 

https://doi.org/10.1016/j.xphs.2021.04.018 

Russo, A., Bruni, A., Gullì, S., Borrazzo, C., Quirino, A., Lionello, R., Serapide, F., Garofalo, E., 

Serraino, R., Romeo, F., Marascio, N., Matera, G., Longhini, F., Trecarichi, E. M., & Torti, C. (2023). 

Efficacy of cefiderocol- vs colistin-containing regimen for treatment of bacteraemic ventilator-

associated pneumonia caused by carbapenem-resistant Acinetobacter baumannii in patients with 

COVID-19. International Journal of Antimicrobial Agents, 62(1), 106825. 

https://doi.org/10.1016/j.ijantimicag.2023.106825 

Russotto, V., Cortegiani, A., Raineri, S. M., & Giarratano, A. (2015). Bacterial contamination of 

inanimate surfaces and equipment in the intensive care unit. Journal of Intensive Care, 3, 54. 

https://doi.org/10.1186/s40560-015-0120-5 

Sandu, A. M., Chifiriuc, M. C., Vrancianu, C. O., Cristian, R.-E., Alistar, C. F., Constantin, M., Paun, 

M., Alistar, A., Popa, L. G., Popa, M. I., Tantu, A. C., Sidoroff, M. E., Mihai, M. M., Marcu, A., 

Popescu, G., & Tantu, M. M. (2025). Healthcare-Associated Infections: the role of microbial and 

environmental factors in infection control—a narrative review. Infectious Diseases and Therapy, 

14(5), 933–971. https://doi.org/10.1007/s40121-025-01143-0 

Setlow, P. (2014). Germination of spores of Bacillus species: what we know and do not know. Journal 

of Bacteriology, 196(7), 1297–1305. https://doi.org/10.1128/JB.01455-13 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

196 

Signoretto, C., del Mar Lleò, M., Tafi, M. C., & Canepari, P. (2000). Cell wall chemical composition 

of Enterococcus faecalis in the Viable but Nonculturable state. Applied and Environmental 

Microbiology, 66(5), 1953–1959. 

Singer, S. J., & Nicolson, G. L. (1972). The fluid mosaic model of the structure of cell membranes. 

Science (New York, N.Y.), 175(4023), 720–731. https://doi.org/10.1126/science.175.4023.720 

Strich, J. R., & Palmore, T. N. (2017). Preventing transmission of multidrug-resistant pathogens in 

the Intensive Care Unit. Infectious Disease Clinics of North America, 31(3), 535–550. 

https://doi.org/10.1016/j.idc.2017.05.010 

Sukhum, K. V., Newcomer, E. P., Cass, C., Wallace, M. A., Johnson, C., Fine, J., Sax, S., Barlet, M. 

H., Burnham, C.-A. D., Dantas, G., & Kwon, J. H. (2022). Antibiotic-resistant organisms establish 

reservoirs in new hospital built environments and are related to patient blood infection isolates. 

Communications Medicine, 2, 62. https://doi.org/10.1038/s43856-022-00124-5 

Tacconelli, E., Carrara, E., Savoldi, A., Harbarth, S., Mendelson, M., Monnet, D. L., Pulcini, C., 

Kahlmeter, G., Kluytmans, J., Carmeli, Y., Ouellette, M., Outterson, K., Patel, J., Cavaleri, M., Cox, 

E. M., Houchens, C. R., Grayson, M. L., Hansen, P., Singh, N., … Zorzet, A. (2018). Discovery, 

research, and development of new antibiotics: the WHO priority list of antibiotic-resistant bacteria 

and tuberculosis. The Lancet Infectious Diseases, 18(3), 318–327. https://doi.org/10.1016/S1473-

3099(17)30753-3 

Valcek, A., Kröger, C., de Dios, R., McCarthy, R. R., Coenye, T., Trent, M. S., Karah, N., Uhlin, B. 

E., Classen, A. Y., Higgins, P. G., Ebersberger, I., Laaberki, M.-H., Charpentier, X., Visca, P., Rather, 

P. N., & Van der Henst, C. (2025). Inter- and intra-bacterial strain diversity remains the “elephant in 

the (living) room”. Npj Antimicrobials and Resistance, 3, 67. https://doi.org/10.1038/s44259-025-

00138-8 

van der Schoor, A. S., Boyle, M., Voor In ’t Holt, A. F., Vos, M. C., Humphreys, H., & ESCMID 

Study Group for Nosocomial Infections. (2022). Environmental sampling of innate hospital surfaces: 

a survey of current practices and the need for guidelines. The Journal of Hospital Infection, 128, 92–

95. https://doi.org/10.1016/j.jhin.2022.07.024 

Visca, P., Seifert, H., & Towner, K. J. (2011). Acinetobacter infection – an emerging threat to human 

health. IUBMB Life, 63(12), 1048–1054. https://doi.org/10.1002/iub.534 

Wang, T.-Y., Libardo, M. D. J., Angeles-Boza, A. M., & Pellois, J.-P. (2017). Membrane oxidation in 

cell delivery and cell killing applications. ACS Chemical Biology, 12(5), 1170–1182. 

https://doi.org/10.1021/acschembio.7b00237 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

197 

Wang, X., Cole, C. G., DuPai, C. D., & Davies, B. W. (2020). Protein aggregation is associated with 

Acinetobacter baumannii desiccation tolerance. Microorganisms, 8(3), E343. 

https://doi.org/10.3390/microorganisms8030343 

Weber, D. J., Rutala, W. A., Anderson, D. J., Chen, L. F., Sickbert-Bennett, E. E., & Boyce, J. M. 

(2016). Effectiveness of ultraviolet devices and hydrogen peroxide systems for terminal room 

decontamination: Focus on clinical trials. American Journal of Infection Control, 44(5 Suppl), e77-

84. https://doi.org/10.1016/j.ajic.2015.11.015 

Woh, P. Y., & Zhang, X. (2025). The burden of ESKAPE pathogen-related hospital-acquired 

infections: clinical and financial perspective from a systematic review. Journal of Hospital Infection, 

162, 377–385. https://doi.org/10.1016/j.jhin.2025.06.006 

Xu, H.-S., Roberts, N., Singleton, F. L., Attwell, R. W., Grimes, D. J., & Colwell, R. R. (1982). 

Survival and viability of nonculturable Escherichia coli and Vibrio cholerae in the estuarine and 

marine environment. Microbial Ecology, 8(4), 313–323. https://doi.org/10.1007/BF02010671 

Zeidler, S., Hubloher, J., König, P., Ngu, N. D., Scholz, A., Averhoff, B., & Müller, V. (2018). Salt 

induction and activation of MtlD, the key enzyme in the synthesis of the compatible solute mannitol 

in Acinetobacter baumannii. MicrobiologyOpen, 7(6), e00614. https://doi.org/10.1002/mbo3.614 

Zeidler, S., & Müller, V. (2019a). Coping with low water activities and osmotic stress in Acinetobacter 

baumannii: significance, current status and perspectives. Environmental Microbiology, 21(7), 2212–

2230. https://doi.org/10.1111/1462-2920.14565 

Zeidler, S., & Müller, V. (2019b). The role of compatible solutes in desiccation resistance of 

Acinetobacter baumannii. MicrobiologyOpen, 8(5), e00740. https://doi.org/10.1002/mbo3.740 

Zhang, J., Wang, L., Shi, L., Chen, X., Chen, C., Hong, Z., Cao, Y., & Zhao, L. (2020). Survival 

strategy of Cronobacter sakazakii against ampicillin pressure: induction of the viable but 

nonculturable state. International Journal of Food Microbiology, 334, 108819. 

https://doi.org/10.1016/j.ijfoodmicro.2020.108819 

Zhang, S., Ye, C., Lin, H., Lv, L., & Yu, X. (2015). UV disinfection induces a VBNC state in 

Escherichia coli and Pseudomonas aeruginosa. Environmental Science & Technology, 49(3), 1721–

1728. https://doi.org/10.1021/es505211e 

Zhao, S., Dou, C., Zhang, J., Huang, L., Gao, Y., Du, B., Cui, X., Zhao, H., Xue, G., Ke, Y., Gan, L., 

Feng, J., Feng, Y., Cui, J., Yan, C., Xu, Z., Fu, T., Yu, Z., Yang, Y., … You, F. (2024). Multiple factors 

trigger the formation and resuscitation of the VBNC state in alcohol-producing Klebsiella 



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

198 

pneumoniae. Applied and Environmental Microbiology, 90(7), e0055724. 

https://doi.org/10.1128/aem.00557-24 

Zhou, M., Huang, Y., Zhang, Y., Wang, Q., Ma, Y., & Shao, S. (2022). Roles of virulence regulator 

ToxR in viable but non-culturable formation by controlling reactive oxygen species resistance in 

pathogen Vibrio alginolyticus. Microbiological Research, 254, 126900. 

https://doi.org/10.1016/j.micres.2021.126900 

  



 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

199 

List of publications 

Lucidi, M., Capecchi, G., Spagnoli, C., Basile, A., Artuso, I., Persichetti, L., Fardelli, E., Capellini, 

G., Visaggio, D., Imperi, F., Rampioni, G., Leoni, L., & Visca, P. (2025). The response to desiccation 

in Acinetobacter baumannii. Virulence, 16(1), 2490209. 

https://doi.org/10.1080/21505594.2025.2490209 

Visaggio, D., Lucidi, M., Spagnoli, C., Ciccone, I., Imperi, F., & Visca, P. (2026). ESKAPE Gram-

negative bacteria escape culture-based detection upon desiccation on abiotic surfaces. Microbiology 

Spectrum, e0335725. https://doi.org/10.1128/spectrum.03357-25 

Spagnoli, C., Kunkle, D. E., Visaggio, D., Visca, P., Skaar, E. P. Transcriptomic landscape associated 

with the resuscitation of viable but not culturable Acinetobacter baumannii cells. Manuscript in 

preparation. 

 

List of publications not included in this thesis 

Lucidi, M., Imperi, F., Artuso, I., Capecchi, G., Spagnoli, C., Visaggio, D., Rampioni, G., Leoni, L., 

& Visca, P. (2024). Phage-mediated colistin resistance in Acinetobacter baumannii. Drug Resistance 

Updates. 73, 101061. https://doi.org/10.1016/j.drup.2024.101061 

  

https://doi.org/10.1080/21505594.2025.2490209
https://doi.org/10.1128/spectrum.03357-25
https://doi.org/10.1016/j.drup.2024.101061


 
________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________________________________________ 

200 

Participation in national and international conferences 

C. Spagnoli, D. Visaggio, P. Visca, E. P. Skaar. Molecular mechanisms implicated in the resuscitation 

of Acinetobacter baumannii VBNC cells induced by desiccation - Acinetobacter Online Conference. 

November 25th, 2025, online – Flash presentation. 

C. Spagnoli, D. Visaggio, P. Visca, E. P. Skaar. Molecular mechanisms implicated in the resuscitation 

of Acinetobacter baumannii VBNC cells induced by desiccation - XXXV SIMGBM Congress. 

September 17-20, 2025, Rome, Italy – Oral presentation. 

C. Spagnoli, D. Visaggio, P. Visca, E. P. Skaar. Molecular mechanisms implicated in the resuscitation 

of Acinetobacter baumannii VBNC cells induced by desiccation - Acinetobacter symposium 

“Biology of Acinetobacter XIV”. July 6 - 10, 2025, Niagara Falls, New York – Poster. 

C. Spagnoli, G. Capecchi, M. Lucidi, D. Visaggio, P. Visca. Transition to the viable but not culturable 

state as an adaptive strategy of bacterial pathogens to survive desiccation in hospital settings - Cortona 

Prokaryotes 2024, Cortona (Italy), 2024 – Oral presentation. 

G. Capecchi, M. Lucidi, D. Visaggio, I. Artuso, C. Spagnoli, L. Persichetti, E. Fardelli, G. Capellini, 

G. Rampioni, L. Leoni, F. Imperi, P. Visca. Desiccation induces apparent death in the pathogenic 

bacterium Acinetobacter baumannii. XXXIV SIMGBM CONGRESS - MICROBIOLOGY 2023, 

Cagliari (Italy), 2023 – Attendee. 


