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ABSTRACT Hospital environments are excellent reservoirs for the opportunistic patho-
gen Acinetobacter baumannii in part because it is exceptionally tolerant to desiccation.
We found that relative to other A. baumannii strains, the virulent strain AB5075 was strik-
ingly desiccation resistant at 2% relative humidity (RH), suggesting that it is a good
model for studies of the functional basis of this trait. Consistent with results from other
A. baumannii strains at 40% RH, we found the global posttranscriptional regulator CsrA
to be critically important for desiccation tolerance of AB5075 at 2% RH. Proteomics
experiments identified proteins that were differentially present in wild-type and csrA mu-
tant cells. Subsequent analysis of mutants in genes encoding some of these proteins
revealed six genes that were required for wild-type levels of desiccation tolerance. These
include genes for catalase, a universal stress protein, a hypothetical protein, and a bio-
film-associated protein. Two genes of unknown function had very strong desiccation
phenotypes, with one of the two genes predicting an intrinsically disordered protein
(IDP) that binds to DNA. Intrinsically disordered proteins are widespread in eukaryotes
but less so in prokaryotes. Our results suggest there are new mechanisms underlying
desiccation tolerance in bacteria and identify several key functions involved.

IMPORTANCE Acinetobacter baumannii is found in terrestrial environments but can cause
nosocomial infections in very sick patients. A factor that contributes to the prevalence of
A. baumannii in hospital settings is that it is intrinsically resistant to dry conditions. Here,
we established the virulent strain A. baumannii AB5075 as a model for studies of desic-
cation tolerance at very low relative humidity. Our results show that this trait depends
on two proteins of unknown function, one of which is predicted to be an intrinsically
disordered protein. This category of protein is critical for the small animals named tardi-
grades to survive desiccation. Our results suggest that A. baumannii may have novel
strategies to survive desiccation that have not previously been seen in bacteria.

KEYWORDS Acinetobacter baumannii, desiccation, CsrA, intrinsically disordered
proteins

Hospital-acquired infections are an important health care concern and economic
burden (1, 2), and environmental persistence plays a critical role in the transmis-

sion of bacteria that cause these infections (3–6). One such bacterium is Acinetobacter
baumannii, an opportunistic pathogen that infects very sick patients. It is responsible
for about 2% of nosocomial infections in the United States and Europe, and the fre-
quencies are higher in the rest of the world. A. baumannii is especially problematic
because on a global basis, about 45% of isolates are multidrug resistant (7). A factor
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that contributes to the prevalence of A. baumannii in hospital settings is desiccation
tolerance. A. baumannii can survive in a desiccated state on inanimate dry surfaces for
days to several months (8–10). These surfaces include materials that are often encoun-
tered in the hospital, such as polyvinyl chloride, rubber, and stainless steel (11).

When desiccated, bacteria must respond to diverse stresses that include accumulation
of reactive oxygen species, loss of cytoplasmic volume, and loss of cell membrane integrity
(12, 13). Proteomics analysis of A. baumannii showed that desiccated cells have higher
levels of proteins involved in protein stabilization, antimicrobial resistance, and reactive
oxygen species detoxification (14). Attributes of A. baumannii that are associated with des-
iccation tolerance include biofilm formation (15, 16) and protein aggregation (17). LpxMAB-
dependent acetylation of lipid A is essential for survival of A. baumannii ATCC 17978 at
40% relative humidity (RH) (18), and a recAmutant of ATCC 17978, defective in DNA repair,
had a pleiotropic phenotype, including a defect in desiccation tolerance (19). katE encod-
ing catalase also contributes to desiccation tolerance (20). Despite these observations, the
number of genes identified in A. baumannii that are specifically involved in desiccation tol-
erance is small. This could be because A. baumannii cells have evolved modified cell struc-
tures that are both essential for viability and important for desiccation tolerance. The
genetic basis for this would be difficult to uncover in mutant screens. It is also possible
that the conditions of desiccation used, typically 30% RH in studies to date, were not suffi-
ciently severe to allow identification of some desiccation tolerance genes. Finally, different
strains of A. baumannii differ in desiccation tolerance (21), and no one strain has been
developed as a model for desiccation studies.

As part of studies of the GacSA two-component regulatory system and noncoding
RNAs in A. baumannii strain AB5075, we constructed a deletion mutant of the global
posttranscriptional regulator gene csrA and ascertained that it had a strong desiccation
phenotype. Originally isolated from an infected wound of a patient in the United
States military health care system, strain AB5075 is multidrug resistant and is highly vir-
ulent in an animal model (22). A comprehensive ordered mutant library of AB5075 is
available that has two to three sequence-verified transposon (Tn) insertions in each
gene and is called the three-allele library (23). We targeted csrA for mutation because
its activity is frequently regulated by noncoding RNAs (ncRNAs) controlled by GacSA in
other Gammaproteobacteria (24). As we were completing a study of CsrA and its role in
desiccation tolerance in AB5075, Farrow et al. reported the construction of DcsrA
mutants of A. baumannii strains ATCC 17961 and AB09-003 and showed that CsrA in
these strains was also important for desiccation tolerance (25).

Here, we extend the work reported by Farrow et al. by developing an assay that
can be conveniently used to measure desiccation tolerance at 2% or 30% RH. We
used proteomics to identify several new functions that may be controlled by CsrA
in A. baumannii at the posttranscriptional level and confirmed some of these. We
also identified six CsrA-controlled proteins that confer desiccation tolerance on
AB5075 at 2% RH. Several of these have unusual predicted properties that suggest
new dimensions of desiccation tolerance.

RESULTS
Characterization of strain AB5075 desiccation tolerance. Previous studies have

shown that A. baumannii can survive in a desiccated state for days to several months
(8–11, 20). For these and other desiccation studies, investigators have dried cells at dif-
ferent rates on a variety of different surfaces (21) and usually incubated cells at either
30% RH or in room air, which varied between 25 and 61% RH in one study (20). The
recommended RH range in hospitals is between 20 and 60%. We thought it would be
useful to the community to have a desiccation assay that is simple and easily reproduc-
ible. As described in Materials and Methods, we developed a desiccation assay in which
bacterial cells are filtered and dried on polycarbonate membranes and then incubated
in sealed plastic containers at 30% RH or 2% RH. After various periods of incubation,
cells are washed from filters, and viable cell numbers are determined.

Acinetobacter baumannii Desiccation Tolerance Journal of Bacteriology

April 2022 Volume 204 Issue 4 10.1128/jb.00479-21 2

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00479-21


As shown in Fig. 1A, A. baumannii strain AB5075 and Escherichia coli strain W3110,
both survived desiccation at 30% RH quite well and better than Pseudomonas aerugi-
nosa strain PAO1. However, at 2% RH, A. baumannii survived far better than either E.
coli or P. aeruginosa. As has been reported (20, 26), we found that A. baumannii station-
ary-phase cells were much more tolerant to desiccation than actively growing cells
(Fig. S1 in the supplemental material), and therefore, we routinely used stationary-
phase cells in our desiccation assays. We compared the desiccation tolerance of
AB5075 to two additional frequently used laboratory strains of A. baumannii, ATCC
17978 and ATCC 19606. We found that AB5075 was strikingly more resistant than the
others at 2% RH and significantly more resistant at 30% RH (Fig. 1B). These findings
suggested that strain AB5075 could be useful for identifying genes that protect cells in
extremely dry conditions. RHs in the Arabian Peninsula, a part of the world where A.
baumannii is frequently isolated (27), are often as low as 2 to 5%.

CsrA is critical for desiccation tolerance of AB5075. csrA mutants do not have the
same phenotypes in all A. baumannii strains (28), but in agreement with others (25, 28)
we found that an AB5075 DcsrA strain grew as the wild type in defined medium; in our

(A)

(B)

FIG 1 Desiccation tolerance of A. baumannii. (A) Comparison of A. baumannii AB5075, E. coli W3110,
and P. aeruginosa PAO1 at 30% RH or 2% RH. (B) Desiccation tolerance of A. baumannii strains
AB5075, ATCC 17978, and ATCC 19606 after 0 days (control) and 6 days of desiccation at 30% RH or
2% RH. Cell numbers represent the total number of viable cells recovered from each membrane. Data
are the average of three biological replicates, and standard deviations are shown as error bars.
Statistical significance was calculated using a t test: *, P , 0.05. The detection limit is 200 cells.
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case, M9 minimal medium with 10 mM succinate as a sole carbon source (M9-succi-
nate) (Fig. 2A and Fig. 3B), but poorly on TY agar and had an elongated cell morphol-
ogy when grown in TY broth (Fig. 2A). The DcsrA strain was also defective in growth on
other nutrient-rich media, including LB broth, nutrient broth, and tryptic soy broth
(TSB). When desiccated at 2% RH after growth in M9-succinate to stationary phase, the
AB5075 DcsrA mutant lost almost all viability over 6 days (Fig. 2B). The desiccation phe-
notype was complemented by expressing csrA in trans from a plasmid. DcsrA mutant
cells incubated for 6 days after being filtered and resuspended in phosphate-buffered
saline (PBS) remained fully viable (Fig. 2B). Consistent with this finding, Farrow et al.
reported that DcsrA mutants of strains ATCC 17961 and AB09-003 did not survive
14 days drying at 40% RH as well as their wild-type (WT) parents (25).

Cell processes affected by CsrA in A. baumannii AB5075. To identify genes whose
translation might be regulated by CsrA, we compared the proteomes of wild-type and
DcsrA cells (Table S1A). There were 97 proteins present at higher levels in the DcsrA
mutant than the wild type (ratio of DcsrA to WT spectral counts $ 2.5) (Table S1B).
Among these were proteins for type IV pilus assembly, synthesis of the siderophore fer-
ric acinetobactin, and a glutamate/aspartate transporter. The DcsrA mutant also had
elevated levels of enzymes for the catabolism of hydroxycinnamates, phenylacetate,
and quinate. Levels of an alcohol dehydrogenase (ABUW_1621) and an aldehyde

FIG 2 Growth and desiccation tolerance of a DcsrA mutant. (A) Comparison of growth of wild type
(WT) and a DcsrA mutant on TY and M9-succinate agar and of morphologies of cells grown in TY and
M9-succinate broth. (B) Desiccation tolerance of WT, DcsrA mutant, DcsrA mutant with empty vector,
and DcsrA mutant expressing csrA in trans (pAB2750) at day 0 and at day 6 of desiccation at 2% RH
or at 6 days in PBS. The cell number represents the total number of viable cells recovered from each
membrane. The data are the average of three biological replicates, and standard deviations are
shown as error bars. Statistical significance was calculated using a t test as follows: ns , not
significant; **, P , 0.005. The detection limit is 200 cells.
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dehydrogenase (ABUW_1624) were also elevated. The DcsrA mutant was defective in
pilus-mediated twitching motility as assessed by movement across a soft agar plate,
possibly because an overabundance of pili inhibited twitching (Fig. 3A). The DcsrA mu-
tant also had a severe growth defect when grown on succinate in the presence of
ethanol, indicating that it is extremely sensitive to this disinfectant (Fig. 3B). One

(A)

(B)

(C)

(D)

WT ∆csrA

WT ∆csrA ∆csrA
(empty
vector)

∆csrA
(pAB2750)

WT ∆csrA ∆csrA
(empty
vector)

∆csrA
(pAB2750)

FIG 3 Phenotypes of the DcsrA mutant. (A) Twitching motility. (B) Growth of wild type (black
symbols) or the DcsrA mutant (red symbols) in M9-succinate in the absence (closed symbols) or
presence (open symbols) of 0.5% ethanol. The data shown are representative of each strain and
condition. (C) Crystal violet staining of biofilms from wild type, DcsrA mutant, DcsrA mutant with
empty vector, and DcsrA mutant with pAB2750. (D) Catalase activity of wild type, DcsrA mutant, DcsrA
mutant with empty vector, and DcsrA mutant with pAB2750.
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possible explanation for this is that the mutant metabolized ethanol to form toxic acet-
aldehyde to levels that slowed growth.

There were 106 proteins present in smaller amounts in the DcsrA mutant than the
wild type (ratio of WT to DcsrA spectral counts $ 2.5) (Table S1C). A large proportion of
these (39%) are annotated as hypothetical proteins. Several membrane proteins and
proteins annotated as involved in b-lactam antibiotic resistance (ABUW_1194,
ABUW_2619, and ABUW_3497), trehalose synthesis (ABUW_3123), and possibly biofilm
formation (ABUW_0916) were in lower abundance in the DcsrA mutant than the wild
type. As reported previously by Farrow et al., DcsrA mutants of strains ATCC 179612
and AB09-003 did not form biofilms (25). We found this to also be the case for strain
AB5075, and this phenotype was complemented by expressing the csrA gene in trans
(Fig. 3C). The DcsrA proteome profile also suggested that CsrA is involved in promoting
the expression of proteins involved in oxidative stress, including peroxidase
(ABUW_0628) and catalase (katE, ABUW_2436). Indeed, the DcsrA mutant lacked de-
tectable catalase activity (Fig. 3D).

Genes important for desiccation tolerance in A. baumannii AB5075. We took
advantage of the three-allele transposon library to test how important some of the
gene transcripts that are likely to be controlled by CsrA were for desiccation tolerance
(Table 1 and Table S2). We tested two different mutant alleles (transposon insertions in
different positions of the gene) for each gene. A. baumannii AB5075 produces opaque
and translucent colony variants that interconvert at high frequency and reflect changes
in the thickness of capsular exopolysaccharide (29). AB5075 cells with decreased cap-
sule production are about 2.5-fold more sensitive to desiccation (30). Here, we used
only opaque colonies of AB5075 and its mutant derivatives in our desiccation assays.
Cell cultures in stationary phase were plated at the time of each desiccation assay to
confirm that all colonies were opaque.

We found that katE, ABUW_2639, and ABUW_2724 mutants were about 5-fold more
sensitive to desiccation than the wild type (Table 1; Table S2). ABUW_2639 is annotated
as belonging to universal stress protein A family. It and katE have been shown to pro-
tect A. baumannii ATCC 17987 from hydrogen peroxide toxicity (31). ABUW_2724 is
annotated as a 114-amino-acid hypothetical protein that has a prokaryotic lipoprotein
lipid attachment site. We also identified ABUW_0916, encoding a biofilm-associated
protein as having a very mild desiccation phenotype. As noted above, biofilms have
previously been shown to be important for desiccation tolerance of A. baumannii
(15, 16).

ABUW_2433 and ABUW_2437 mutants were greater than 100-fold more sensitive to
desiccation than the wild type (Table 1; Fig. 4), and these phenotypes could be partially
complemented (Fig. S2). The ABUW_2433 protein has 411 amino acids and is anno-
tated as a KGG domain-containing protein. The full-length protein is predicted to be
intrinsically unstructured when queried with the IUPred3 tool (https://iupred.elte.hu/)
(32). The single KGG domain (PF10685) comprises 10 amino acids in the N terminus of

TABLE 1 Genes that contribute to desiccation tolerance of A. baumannii AB5075

Gene Gene name Gene annotation Loss of viability at day 6 relative to WTa Protein abundance, ratio WT/DcsrAb

AB5075 (WT) 1.0
ABUW_0916 Biofilm-associated protein 1.5 2.6
ABUW_2433 KGG domain-containing protein 125 4.3
ABUW_2436 katE Catalase 7.5 3.2
ABUW_2437 Heme oxygenase-like protein 150 10.5
ABUW_2639 Universal stress protein family 6.0 4.4
ABUW_2724 Hypothetical protein 4.0 2.4
ABUW_2750 csrA Carbon storage regulator 480 8.5
aRatio of the viability the wild type at day 6 of desiccation at 2% RH to the viability of each mutant at day 6 of desiccation at 2% RH. Viability was determined as colony-
forming units. The viability of the WT is set at 1. All relative losses of viability have P values of,0.05 as computed in Table S2 in the supplemental material. All mutants
except the DcsrAmutant (grown in M9-succinate) were grown in TSB broth to the stationary phase of growth prior to being desiccated. To compute the relative loss of
viability of the csrAmutant, WT was grown in M9-succinate.

bData represent protein abundance as spectral counts.

Acinetobacter baumannii Desiccation Tolerance Journal of Bacteriology

April 2022 Volume 204 Issue 4 10.1128/jb.00479-21 6

https://iupred.elte.hu/
https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00479-21


the protein. The remainder of the protein has a series of AT_hook DNA binding motifs
(SM00384). ABUW_2437 is annotated as an iron-containing redox enzyme or a heme-
oxygenase-like protein (Fig. 4). The predicted ABUW_2437 transcript has traits charac-
teristic of a target of CsrA posttranscriptional regulation. The DNA sequence predicts a
relatively long 59 untranslated region (316 bp), and there is a predicted CsrA binding
motif (GGA) in the ribosome binding site of the transcript.

We wondered if ABUW_2433 and ABUW_2437 might play a role in promoting
desiccation tolerance of the two A. baumannii strains, ATCC 17978 and ATCC
19606, that do not survive well at 2% RH (Fig. 1B). ATCC 19606 has the gene region
shown in Fig. 4 intact, but the gene that is homologous to ABUW_2433, encoding
the KGG domain-containing protein, is annotated as a pseudogene. ATCC 17978
appears to be missing a gene homologous to ABUW_2433. However, it has contigu-
ous katE and iron-containing redox protein genes (A1S_1386 and A1S_1385).
Expression of the two AB5075 genes in trans improved the survival of ATCC 17978
at 2% RH (Fig. 5), but the changes in viability that were observed for ATCC 19606
were not statistically significant.

(A)

(B)

(C)

243724362433

1kb

N C

FIG 4 A. baumannii genes important for desiccation tolerance. (A) Gene cluster. (B) Diagram of
ABUW_2433 (411 amino acids) showing predicted KGG domain (light blue) and AT-hook domains (purple).
The full-length protein is predicted to be intrinsically disordered. (C) Desiccation tolerance of mutants at 2%
RH. The cell number represents the total number of viable cells recovered from each membrane. The data
are the average of three biological replicates, and standard deviations are shown as error bars. Statistical
significance was calculated using a t test as follows: ns , not significant; *, P , 0.05. The detection limit is
200 cells.
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DISCUSSION

Depletion of water during desiccation leads to loss of membrane integrity, and
accompanying disruption of aerobic respiration results in the generation of reactive
oxygen species, including hydrogen peroxide (33). Therefore, it makes sense that katE,
encoding catalase, contributes to desiccation tolerance. Previous proteomics analyses
of A. baumannii showed that proteins involved in redox defense, including catalase,
alkyl peroxidase reductases, and superoxide dismutase, were elevated in stationary-
phase cells (34), which is consistent with the observation made by many that station-
ary-phase cells survive desiccation much better than exponentially growing cells.

Since the desiccation-tolerance genes ABUW_2433 and ABUW_2437 are near or ad-
jacent to katE on the genome and all are likely to be controlled by CsrA, it seemed im-
portant to consider that they might somehow mediate oxidative stress tolerance even
though the amino acid sequences of the encoded proteins do not have motifs typically
associated with reactive oxygen species detoxification. However, in work not shown
here, we found that ABUW_2433::Tn and ABUW_2437::Tn mutants were not more sensi-
tive than the wild type to hydrogen peroxide or paraquat, both powerful oxidizing
agents. In addition, a study that looked at effects of hydrogen peroxide exposure on
gene expression in A. baumannii found that katE, but not ABUW_2433 or ABUW_2437,
was expressed at elevated levels, and neither of these genes is part of the OxyR regu-
lon that controls the response to oxidative stress in A. baumannii (35). Thus, we do not
think that either of these proteins, which have the greatest defects in desiccation
found to date, is likely to function by protecting cells against oxidative stress.

The KGG motif found in ABUW_2433 is also present in some bacterial stress-
induced proteins (36, 37) but, to date, has not been directly implicated in protecting
against stress. In future work, it will be of interest to determine if this domain contrib-
utes to desiccation tolerance phenotype of ABUW_2433. The predicted physical prop-
erties of ABUW_2433 provide suggestions as to how it may function. It is an IDP that is
highly hydrophilic, with 27% positively charged amino acids residues and 31% nega-
tively charged residues and is predicted to assume a dynamic collapsed or extended
conformation, likely depending on its context (Robetta PFRMAT TS prediction; https://
robetta.bakerlab.org/). ABUW_2433 has 13 repeated AT-hook DNA binding motifs that
extend across about 70% of the protein. This motif preferentially binds to AT-rich
sequences in the minor groove of DNA. AT-hook DNA binding motifs are found

(A) (B)

FIG 5 Effect of expression of ABUW_2433 (red bars) or ABUW_2337 (blue bars) genes in trans on
desiccation tolerance of A. baumannii ATCC 17978 (A) and ATCC 19606 (B) after 0 days (control) and
6 days of desiccation at 2% RH. Empty vector (black bars) was used as a control. The data are the
average of three biological replicates, and standard deviations are shown as error bars. Statistical
significance was calculated using a t test as follows: ns , not significant; *, P , 0.05. The detection
limit is 200 cells.
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primarily in eukaryotic proteins, many of which have roles in transcriptional regulation
(38, 39). Only 8.5% of annotated AT-hook DNA binding motifs are found in bacteria,
and about half of these are found in Gammaproteobacteria, the group to which A. bau-
mannii belongs. We hypothesize that ABUW_2433 binds to A. baumannii DNA to pro-
tect it from desiccation-induced damage. IDPs are critical for the microscopic animals
called tardigrades to survive desiccation. When desiccated, some of these proteins vit-
rify and probably trap desiccation-sensitive molecules in a noncrystalline amorphous
matrix, thereby protecting them from denaturation or other forms of destruction (40,
41). In plant seeds, an intrinsically disordered regulatory protein has been shown to
phase separate upon seed rehydration, allowing it to act as a water sensor (42). IDPs or
proteins with IDP domains are much less common in prokaryotes than in eukaryotes,
but drawing from work with eukaryotes, they are proposed to play a central role in cellu-
lar processes in bacteria that may depend on the formation of molecular condensates
(43). It is possible that this is important for the viability of desiccated A. baumannii.

We found that A. baumannii AB5075 survived desiccation for 6 days at 2% RH much
better than two other A. baumannii strains that we tested. However, it is important to
note that most studies of desiccation tolerance have been carried out at about 30% RH
or in room air, and the emphasis has been on the number of days or months that a par-
ticular strain remains viable when desiccated. When Farrow et al. (20) tested the sur-
vival of several strains that were dried and incubated at an RH of 25 to 61% (mean,
46%), they found AB5075 to have an average survival time of 90 days, whereas strains
ATCC 19606 and ATCC 17978 had average survival times of 3 and 34 days, respectively.
Even though AB5075 is tolerant to desiccation over months at a mean RH of 46% and
for days at 2% RH, we cannot necessarily conclude that the same sets of genes are
needed for desiccation tolerance under these two different conditions. For example,
Farrow et al. (20) found that the response-regulator protein BmfR was important for
desiccation tolerance of ATCC 17978 in long-term desiccation assays, whereas we did
not observe a role for bmfR in protecting AB5075 from desiccation stress in shorter-
term incubations at 2% RH (Table S2 in the supplemental material).

In conclusion, here, we established a robust assay for desiccation tolerance of a highly
virulent strain of A. baumannii and identified two genes, ABUW_2433 and ABUW_2437, that
are extremely important for desiccation tolerance. Outside of the Acinetobacter genus,
ABUW_2437 has homologs in Pseudomonas stutzeri (40% amino acid identity), but
ABUW_2433 does not appear to be present in bacteria other than Acinetobacter. This, and
the unusual predicted physical properties of ABUW_2433 as an IDP and possible DNA bind-
ing protein, suggest that there is a novel physiological basis for desiccation tolerance in A.
baumannii that remains to be explored.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. Strains used in this study are listed in Table S3A. Strain

AB5075 (AB5075-UW) was used as a wild type (23), and individual transposon mutants were obtained
from the Manoil lab comprehensive ordered transposon mutant library at the University of Washington
(23). The Tn derivative used to construct this library has an outwardly facing promoter at its 39 end and
thus does not have polar effects on downstream genes. All strains except for the DcsrAmutant were rou-
tinely grown and maintained in TY medium (10 g tryptone, 5 g yeast extract, and 8 g NaCl in 1,000 mL
distilled water) or BBL trypticase soy broth (TSB) medium at 37°C unless otherwise stated. The DcsrA
mutant was grown in M9 minimal medium with 10 mM succinate as a sole carbon source.

Desiccation assay. Strains from a frozen stock (280°C) were streaked onto TY plates and incubated
at 37°C. Colonies (three to five) were picked and inoculated into 2 mL of TSB, and cultures were grown
overnight at 37°C with a shaking speed of 200 rpm. Overnight cultures were diluted to yield an initial op-
tical density at 600 nm (OD600) of 0.025 in 10 mL TSB in a 50-mL Erlenmeyer flask. Cultures were grown
at 37°C with a shaking speed of 200 rpm to mid-log phase (OD600, 0.4 to 0.6) or stationary phase (24 h af-
ter inoculation). Cells were harvested by centrifugation and washed twice with Dulbecco's phosphate-
buffered saline (DPBS; Gibco), and cell density was adjusted to an OD600 of 1 (about 5 � 108 cells/mL)
with DPBS. Cell suspensions (2 spots of 50 mL each per membrane) were filtered onto 0.4-mm Whatman
nucleopore polycarbonate track-etched membranes (25 mm diameter) that had been placed in Nalgene
analytical filter units, and the membranes were then placed into 15-mL uncapped centrifuge tubes. To
obtain the day 0 viable cell number, 1 mL of DPBS was immediately added to one tube and incubated
for 5 min at room temperature (24 6 2°C) on a rotary shaker. Viable cell numbers were determined by
plating on TSB agar. For desiccation, tubes with membranes were placed in Snapware containers (2.3 by
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6.3 by 8.4 in.) that contained Drierite in the lids of 50-mL centrifuge tubes (�4, 7.5 g of Drierite desiccant
in each lid) or saturated calcium chloride hexahydrate solution in a 5-mL beaker (�8) to yield the RHs of
2% or 30% (62), respectively. The Snapware containers were incubated at room temperature. Digital
hygrometers (VWR International Ltd.; catalog no. 35519-045) were placed in each container to monitor
the RH. At desired time points, tubes containing membranes were removed from the containers, and
1 mL of DPBS was added to each tube and incubated for 5 min at room temperature on a rotary shaker.
Viable cell counts were determined on TSB agar. The wild type and DcsrA mutant desiccation data pre-
sented are for three biological replicates performed on different days (Table 1 and Table S2 in the sup-
plemental material). We did not perform technical replicates. For Tn mutants that we tested from the
three-allele library, we tested two different mutant alleles (Tn insertions in two different locations) for
each gene (Table S3). Data are presented for one assay of one allele and two biological replicates of the
second allele. Assays were performed on different days. The choice of allele for a given gene was ran-
dom. Specific allele data are available on request. P values for the differences in viabilities of WT and
mutants after 6 days of desiccation are presented in Table S2.

Construction of the DcsrAmutant. In-frame deletion of the csrA (ABUW_2750) gene was generated
by overlap extension PCR as described (44). PCR primers are listed in Table S3B. PCR product was cloned
into mobilizable suicide vector pEX2-TetRA and transformed into E. coli NEB 10-beta (New England
Biolabs). The sequence-verified deletion construct was transformed into E. coli S17-1 and further mobi-
lized into A. baumannii strain AB5075 by conjugation on TY agar. Single recombinant conjugants were
first selected on an M9-succinate plate containing 20 mg/mL tetracycline (Tc), and Tc-resistant colonies
were further plated onto an M9-succinate plate containing 5% sucrose. Sucrose-resistant and Tc-sensi-
tive colonies were screened by colony PCR and sequencing to validate the expected chromosomal in-
frame deletion of the csrA gene.

To complement the DcsrA mutant, the full-length csrA gene plus the 15 bp upstream that contains
the putative ribosome binding site were PCR amplified and cloned into pMMB67EH-TetRA. The construct
was transformed into E. coli NEB 10-beta (New England Biolabs). The sequence-verified construct was
transformed into E. coli S17-1 and further mobilized into the DcsrA mutant by conjugation on M9-succi-
nate plates containing 20 mg/mL Tc. As a negative control, empty vector pMMB67EH-TetRA was used.
The same procedure was used to clone ABUW_2433 and ABUW_2437 for complementation experiments.

Phenotypic characterization of the DcsrA mutant. M9-succinate was used in all experiments. For
twitching assays, an overnight culture (16 to 18 h) was diluted to yield OD600 of 0.5, and 2 mL of sample
was spotted onto the freshly prepared M9-succinate plate and incubated at 37°C for 24 h. For biofilm
assays, an overnight culture was inoculated into 100mL of M9-succinate in Costar vinyl 96 well U-bottom
plates (initial OD600, 0.05), and the plates were sealed with Breath-Easy sealing membranes. After incuba-
tion at room temperature for 48 h, culture was removed, the plate was rinsed with tap water twice, and
150 mL of 0.1% crystal violet solution was added to each well. After incubating at room temperature for
15 min, crystal violet solution was removed, the plate was rinsed with tap water 5 times, and the plate
was dried at room temperature. For catalase assays, cells were harvested at an OD600 of 0.5, supernatant
was removed, and cells were resuspended in DPBS to yield 10 mg wet cell/100 mL DPBS. We placed
100 mL of cell suspensions in 13- by 100-mm borosilicate glass tubes. Then, 100 mL of 1% Triton X-100
and 100 mL of 30% hydrogen peroxide were added, mixed thoroughly, and incubated for 15 min at
room temperature (45). Tubes were monitored for production of bubbles, which is indicative of catalase
activity.

Label-free protein quantification. Since the DcsrA mutant had a severe growth defect on TY me-
dium, both the wild type and DcsrA mutant were grown in M9-succinate. Two biological sample repli-
cates were prepared for each strain. Cells from each culture were harvested at OD600 of 0.5 by centrifuga-
tion and washed twice with DPBS, and cells were stored at 280°C before further analysis. Cells were
lysed in buffer containing 4% SDS, 100 mM Tris, pH 8.0, and 10 mM dithiothreitol (DTT) by heating at
95°C for 5 min. After cooling to room temperature, the lysates were sonicated with ultrasonication probe
on ice to shear DNA. Total protein concentration was determined by the bicinchoninic acid (BCA) assay
(Thermo Pierce, Rockford, IL). Five hundred micrograms of each protein lysate were reduced and alky-
lated and diluted in 8-M urea solution, and the SDS was removed with a 3-kDa-molecular-weight-cutoff
filter. After buffer exchange, the protein lysates were digested with trypsin (Promega, Madison, WI) at
37°C overnight, and the digested samples were desalted with 1-cc C18 Sep-Pak solid-phase extraction
cartridges (Waters, Milford, MA). The eluted samples were vacuum dried and resuspended in 0.1% formic
acid. Reverse-phase nano-liquid chromatography-mass spectrometry (LCMS) analysis of the protein
digests was carried out with a Thermo Easy-nLC coupled to a Thermo Q-Exactive Plus Orbitrap mass
spectrometer. Triplicate top 20 data-dependent acquisition runs were acquired for each sample, and
1 mg of protein digest was loaded for each run. The peptides were separated by a 50-cm by 75-mm I.D.
C8 column (5 mm diameter, 100-Å-pore-size C8 MichromMagic beads) with a 90-min 10% to 30% B gradi-
ent (solvent A, 0.1% formic acid in water; solvent B, 0.1% formic acid in acetonitrile; flow rate, 300 nL/
min). The MS data acquisition parameters were set as follows: full MS scan resolution, 70K, maximum ion
injection time, 100 mS, AGC target, 106; scan range of 400 to 2,000 m/z; MS/MS scan resolution, 17.5K;
maximum ion injection time, 100 mS; AGC target, 54; isolation window, 1.6 m/z; HCD NCE 35 scan range
of 200 to 2,000 m/z; loop count, 20; intensity threshold, 53; underfill ratio, and 1%; dynamic exclusion,
10 s. High-resolution MS/MS spectra were searched against a target-decoy proteome database of strain
AB5075 (a total of 7,678 sequences) downloaded from UniProt (17 October 2017) using Comet (version
2015.02 rev. 1) (46) with the following parameters: precursor peptide mass tolerance, 20 ppm, allowing
for 21, 0, 11, 12, or 13 13C offsets; fragment ion mass tolerance, 0.02 Da; static modification, carbami-
domethylation of cysteine (57.0215 Da); and variable modification, methionine oxidation (15.9949 Da).
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The search results were further processed by PeptideProphet (47) for probability assignment to each
peptide-spectrum match and ProteinProphet (48) for protein inference and protein probability model-
ing. The output pepXML files from three technical replicates were grouped for subsequent spectral
counting analysis using Abacus (49). The pepXML and protXML files for each sample and combined
ProteinProphet file from all samples were parsed into Abacus for spectral counting of each protein. The
following filters were applied for extracting spectral counts from MS/MS data sets: (i) the minimum
PeptideProphet score that is the best peptide match of a protein must have maxIniProbTH of 0.99; (ii)
the minimum PeptideProphet score a peptide must have to be even considered by Abacus is iniProbTH
of 0.50; and (iii) the minimum ProteinProphet score a protein group must have in the COMBINED file is
minCombinedFilePw of 0.90. Spectral counts for 1,616 proteins were reported across four sample groups
(two strains and two biological replicates) with estimated protein false-discovery rate of 1.94%. The pro-
tein expression fold changes between wild-type AB5075 and the DcsrA mutant were computed from
adjusted spectral counts output from Abacus.

Data availability. The mass spectrometry proteomics data have been deposited to ProteomeXchange
Consortium via the PRIDE partner repository with the data set identifier PXD028391.
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