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Summary

Acinetobacter baumannii infects a wide range of 
anatomic sites including the respiratory tract and 
bloodstream. Despite its clinical importance, little 
is known about the molecular basis of A. bauman-
nii pathogenesis. We previously identified the UDP-
N-acetyl-d-galactosaminuronic acid (UDP-GalNAcA) 
biosynthesis genes, gna-gne2, as being critical for 
survival in vivo. Herein, we demonstrate that Gna-
Gne2 are part of a complex network connecting in 
vivo fitness, cell envelope homeostasis and resist-
ance to antibiotics. The ∆gna-gne2 mutant exhibits a 
severe fitness defect during bloodstream infection. 
Capsule production is abolished in the mutant strain, 
which is concomitant with its inability to survive in 
human serum. In addition, the ∆gna-gne2 mutant was 
more susceptible to vancomycin and unable to grow 
on MacConkey plates, indicating an alteration in cell 
envelope integrity. Analysis of lipid A by mass spec-
trometry showed that the hexa- and hepta-acylated 
species were affected in the gna-gne2 mutant. 
Finally, the ∆gna-gne2 mutant was more susceptible 
to several classes of antibiotics. Together, this study 
demonstrates the importance of UDP-GalNAcA in the 
pathobiology of A. baumannii. By interrupting its bio-
synthesis, we showed that this molecule plays a criti-
cal role in capsule biosynthesis and maintaining the 
cell envelope homeostasis.

Introduction

Acinetobacter baumannii, an encapsulated gram-negative  
bacterium, has emerged as a prominent and dangerous 
nosocomial pathogen (Munoz-Price and Weinstein, 2008; 
Wong et al., 2017). A. baumannii is a serious threat among 
immunocompromised individuals as well as patients 
in intensive and specialized post-operative care units 
(Dijkshoorn et al., 2007; Wong et al., 2017; Harding et al., 
2018). This pathogen can cause a wide range of infec-
tions including those of the respiratory tract, bloodstream 
and wounds (Wong et al., 2017). Annually, an average of 
62,200 and 1,000,000 infections are attributed to A. bau-
mannii in the United States and worldwide, respectively 
(Spellberg and Rex, 2013). Additionally, the mortality rate 
associated with A. baumannii infections ranges from 36 
to 50% (Seifert et al., 1995; Fagon et al., 1996; Garnacho 
et al., 2003; Wisplinghoff et al., 2004). The high preva-
lence of infection and increasing antibiotic resistance 
leave few, if any, treatment options and exacerbate the 
threat of this deadly pathogen. Accordingly, the World 
Health Organization (WHO) positioned A. baumannii as 
a top priority for which new antimicrobials are urgently 
needed (Lawe-Davies and Bennett, 2017; Willyard, 2017). 
However, despite its clinical importance, the mechanisms 
by which A. baumannii infect and survive in the host are 
poorly understood.

Until recently, just a subset of virulence factors had 
been identified, including capsule, lipooligosaccharide, 
metal acquisition systems (iron and zinc), secretion 
systems (Type I, II and VI), the phenotypic switch and 
a lytic transglycosylase (Wong et al., 2017; Chin et al., 
2018; Crépin et al., 2018; Harding et al., 2018; Waack 
et al., 2018; Runci et al., 2019). However, the regulation 
of these factors and their specific roles in the pathobiol-
ogy of A. baumannii infections are yet to be elucidated. 
Using a combination of transposon- and RNA-sequencing 
(Tn-seq and RNA-seq), multiple strain backgrounds and 
animal models of infection, we and others have identified 
the full set of candidate factors contributing to A. bauman-
nii pathogenesis (Wang et al., 2014; Gebhardt et al., 2015; 
Subashchandrabose et al., 2016; Crépin et al., 2018).
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In strain AB0057, genes belonging to the K locus 
(Kenyon and Hall, 2013; Crépin et al., 2018), which com-
prises genes involved in capsule biosynthesis, were iden-
tified as candidate fitness factors (Kenyon and Hall, 2013; 
Crépin et al., 2018). The gna-gne2 genes (also referred 
as tviBC), which are involved in the biosynthesis of UDP-
N-acetyl-d-galactosaminuronic acid (UDP-GalNAcA), 
play a crucial role during bloodstream infection (Crépin  
et al., 2018). Additionally, UDP-GalNAcA is a component 
of the polysaccharide capsule in several other strains of A. 
baumannii, such as 307-0294, 28, RBH2, LUH5535 and 
D23 (Russo et al., 2013; Kenyon et al., 2016; Shashkov 
et al., 2017; 2018).

Surface carbohydrates, such as capsule, lipopolysac-
charide (LPS)/lipooligosaccharide (LOS), and glycopro-
teins are known to play key roles in bacterial physiology 
and pathogenesis. Capsules (K antigens) are surface- 
exposed structures enveloping bacteria, and are com-
posed of repeating oligosaccharide subunits (K units). 
Capsule composition is widely diverse with numerous 
structures already described. For example, around 80 
capsule types have been identified in E. coli, while over 
100 types have been described in A. baumannii (Whitfield, 
2006; Singh et al., 2019). Capsules are well-established 
virulence factors, protecting the cells against harsh envi-
ronments, promoting immune evasion and aiding in anti-
microbial resistance (Whitfield, 2006; Tipton et al., 2018; 
Singh et al., 2019).

In Gram-negative bacteria, LPS is the main compo-
nent of the outer membrane (OM). LPS is divided into 
three parts: a variable polysaccharide chain known as 
the O-antigen, a core oligosaccharide and lipid A (Raetz 
and Whitfield, 2002). The lipid A moiety anchors the LPS 
structure to the OM. LPS plays a critical role in protect-
ing the cells against the host immune defenses and nox-
ious compounds such as cationic antimicrobial peptides 
and antibiotics (Raetz and Whitfield, 2002; Simpson and 
Trent, 2019). Rather than LPS, A. baumannii synthesizes 
LOS, an analogous version of LPS lacking the O-antigen 
(Powers and Trent, 2018).

Synthesis of UDP-GalNAcA begins with the conver-
sion of UDP-N-acetylglucosamine (UDP-GlcNAc) to 
UDP-N-acetylglucosaminuronic acid (UDP-GlcNAcA) by 
the UDP-N-acetylglucosamine C-6 dehydrogenase Gna. 
UDP-GlcNAcA is then converted to UDP-GalNAcA by 
Gne2, a UDP-N-acetylglucosaminuronic acid C-4 epime-
rase (Zhang et al., 2006). A. baumannii AB0057 Gna has 
75% amino acid sequence identity and 87% amino acid 
similarity with the Pseudomonas aeruginosa Gna (WpbO) 
homolog, while Gne2 from AB0057 has 73% identity 
and 86% similarity with the P. aeruginosa Gne2 (WpbP) 
homolog (Table S1). Similar trends are observed with the 
corresponding homologs in Salmonella enterica serovar 
Typhi (Table S1).

In S. Typhi, UDP-GalNAcA is the monomeric precur-
sor of the Vi capsular antigen (Johnson et al., 1965; 
Hashimoto et al., 1993; Waxin et al., 1993; Zhang et al., 
2006), a crucial virulence factor and the target of all cur-
rent vaccines against this pathogen. In P. aeruginosa, 
UDP-GalNAcA is a component of the O-antigen B-band 
(Knirel, 1990; Belanger et al., 1999; Lam et al., 2011). 
Interestingly, A. baumannii produces neither the Vi- or 
O-antigens. As the biosynthesis of UDP-GalNAcA is 
important for colonization of the bloodstream in A. bau-
mannii strain AB0057, (Crépin et al., 2018), this study 
aims to determine, using a genetic approach, the contri-
bution of its biosynthesis genes to A. baumannii pathobi-
ology. First, a double gna-gne2 mutant (referred here as 
mutant ∆a/e2) was constructed to abolish biosynthesis of 
UDP-GalNAcA. Then, single gna and gne2 mutants were 
created to test the independent contribution of both genes 
to the tested phenotypes. Herein, we demonstrate that the 
UDP-GalNAcA biosynthesis genes gna-gne2 are part of 
a complex network connecting capsule biosynthesis, cell 
envelope integrity, in vivo fitness and antibiotic resistance. 
We also determine that the phenotypes observed in the 
∆a/e2 mutant were largely attributed to the loss of gna.

Results

The gna-gne2 tandem is conserved among A. baumannii 
bloodstream isolates

Previous Tn-seq and RNA-seq screens identified genes 
belonging to the K locus as candidate fitness factors 
(Kenyon and Hall, 2013) (Fig. 1A, Table S2 and [Wang  
et al., 2014; Gebhardt et al., 2015; Subashchandrabose  
et al., 2016; Murray et al., 2017; Crépin et al., 2018]). In 
strain AB0057 (KL4), gne2 (tviC) showed the greatest 
fitness defect in the spleen, −445.7-fold and showed the 
50th greatest fitness defect overall (Crépin et al., 2018). 
In this strain, gne2 is encoded in an operon with gna 
(tviB) (fitness defect of 119.4-fold in the spleen). Gna, a 
member of the dehydrogenase family, and Gne2, a mem-
ber of the epimerase superfamily, are involved in the bio-
synthesis of UDP-GalNAcA, which has been shown to be 
a component of the capsule in A. baumannii strains 307-
0294, 28, RBH2, LUH5535 and D23 (Russo et al., 2013; 
Kenyon et al., 2016; Shashkov et al., 2017; 2018).
The distribution of gna and gne2 across A. baumannii 
strains was evaluated. By removing the partial genomes, 
and the ones with atypical sizes and anomalous 
sequences, 2,991 genomes from the NCBI genome data-
base were surveyed (https ://www.ncbi.nlm.nih.gov/genom 
e/genom es/403. Accessed 25 October 2019). A gene was 
considered present if its corresponding homolog, from 
other strains, was ≥70% identical (protein sequence) 
with ≥90% coverage of the entire sequence. The analysis 

https://www.ncbi.nlm.nih.gov/genome/genomes/403
https://www.ncbi.nlm.nih.gov/genome/genomes/403
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revealed that gna is present in 78% of strains and is pri-
marily associated with sputum (17.6%) and blood (12.5%) 
isolates (Fig. 1B–C). The analysis also showed that gne2 
is present in 18% of strains and is mostly associated with 
blood (16.9%) and sputum (13.4%) isolates (Fig. 1B–D). 
Ninety-eight percent of strains encoding gne2 also encode 
gna, indicating that, when present, gne2 is predominantly 
associated with gna (Fig. 1B). Furthermore, the gna-gne2 
tandem is primarily associated with blood (16.1%) and 
sputum (13.6%) isolates (Fig. 1E).

Gna-Gne2 are crucial during bloodstream infection

In strain AB0057, we previously demonstrated that 
interrupting UDP-GalNAcA biosynthesis dramatically 
decreased the ability of the mutant to colonize the murine 
bloodstream (Crépin et al., 2018). To confirm our initial 
screen, and that gna-gne2 are indeed essential during 
bloodstream infection, the double gna-gne2 mutant (∆a/e2)  

was complemented by cloning the gna-gne2 genes, 
including their native promoter, into the complementing 
vector pABBR_Km (Crépin et al., 2018), creating vector 
pABBR_Km-a/e2 and transforming into the a/e2 mutant 
strain. The in vivo fitness of the wild-type (WT), ∆a/e2 and 
the complemented strain was evaluated using the neu-
tropenic murine model of bacteremia. Mice were inocu-
lated with 107 CFU of each strain by tail-vein injection, 
and at 24 h post-inoculation, colonization of the spleen, 
liver and kidneys was determined by CFU enumeration. 
Compared to the WT strain, the ∆a/e2 mutant exhibited 
a fitness defect of 4.0-, 3.2- and 3.3-logs in the spleen, 
liver and kidneys, respectively (Fig. 2A). In trans comple-
mentation of the mutant restored fitness to WT levels in 
all organs (Fig. 2A), confirming that gna-gne2 are critical 
during bloodstream infection.

To determine the independent contribution of gna and 
gne2 to in vivo fitness, in-frame, markerless deletion 
mutants of gna and gne2 were then constructed and 

Fig. 2. Colonization of the bloodstream by the gna-gne2 (a/e2) mutant. 
A. Colonization of the spleen, liver and kidneys was determined by inoculating CBA/J mice by tail vein injection with 107 CFU of either the WT 
strain (57) or its derivative strains. At 24 hpi, mice were sacrificed, organs were harvested, and the bacterial burden was determined by CFU 
enumeration on LB agar (57 and ∆a/e2) or LB-Km agar (57 eV, 57 ∆a/e2 eV and 57 ∆a/e2 compl.). Bacterial numbers are presented as the Log10 
CFU g−1 of tissue. Each data point represents a sample from an individual mouse, and horizontal bars indicate the median values. 
B. Survival in 90% normal human serum (NHS) and growth in 90% heat-inactivated human serum (HI). 107 CFU ml−1 of the WT (57) and its 
derivative strains were incubated in either 90% of NHS and HI, and the number of CFUs was quantified by CFU enumeration on LB agar every 
hour. Since no CFUs were recovered from strains ∆a/e2 and ∆a/e2 eV incubated with 90% NHS, no statistical tests were performed. The dashed 
line corresponds to the limit of detection. Results are presented as the mean values and standard deviations of three independent experiments 
(B). Statistical significance was calculated by the Mann-Whitney test (A) (***, P < 0.0005; ****, P < 0.0001; NS, not significant) and by the 
Student’s t-test (B, HI) (NS, not significant). Abbreviations: 57: WT; eV: empty vector (pABBR_Km); compl.: complemented (pABBR_Km-a/e2). 
[Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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tested in our murine model of bacteremia. Compared to 
the WT strain, at 24 h post-inoculation, both mutants had 
significant fitness defects in the spleen, liver and kidneys, 
with a greater fitness defect attributed to gna (Fig. S1). 
Complementation of the gna mutation was achieved by 
cloning the gna gene, with its native promoter, into the 
complementing vector pABBR_Km (Crépin et al., 2018), 
creating plasmid pABBR_Km-gna and transforming into 
the gna mutant strain. Complementing the gne2 mutation 
was accomplished by fusing the coding sequence of gne2 
with the promoter found upstream of gna, and by cloning 
the fusion into the complementing plasmid pABBR_Km 
(Crépin et al., 2018), creating plasmid pABBR_Km-gne2 
and transforming into the gne2 mutant strain. Although 
complementation of the single mutations did not fully 
restore the WT phenotype in vivo, the complemented 
strains colonized the spleen, liver and kidneys at a level 
that is significantly higher than their corresponding mutant 
(Fig. S1).

To determine whether the in vivo fitness defect of the 
three mutants was due to an overall growth defect, growth 
curve analyses were performed in Lysogeny Broth (LB) 
as well as in M9 minimal medium supplemented with 
0.4% glucose and 0.2% casamino acids. By comparing 
the area under the curve (Todor et al., 2014) of the mutant 
strains with the WT in LB broth, a slight growth defect 
was observed in the ∆gna and ∆a/e2 mutants (−1.3-fold), 
while no difference was observed for the ∆gne2 mutant 
(Fig. S2A). A similar trend was observed in M9 minimal 
medium, with only a slight reduction in growth kinetics for 
all mutant strains (∆gna: −1.4-fold; ∆gne2: −1.3-fold; ∆a/
e2: −1.5-fold) (Fig. S2B). Hence, we can conclude that the 
severe in vivo fitness defect of the mutant strains is not 
simply due to a reduced ability to proliferate.

As mutant strains are severely attenuated in our murine 
model of bloodstream infection, we sought to determine 
whether they were more susceptible to the bactericidal 
activity of serum. To test this hypothesis, 107 CFU ml−1 
were incubated with 90% of active human serum and the 
number of surviving CFU was monitored for a period of 
3 h. As early as 1 h post-inoculation, no CFU were recov-
ered from the ∆a/e2 mutant, while complementation of 
the mutation restored the WT level of serum resistance 
(Fig. 2B, NHS). To confirm that the increased suscepti-
bility of ∆a/e2 to active human serum was mediated by 
the bactericidal activity of the complement, rather than an 
inability to grow in serum, the strains were incubated in 
90% heat-inactivated serum. At 3 h post-inoculation, no 
difference in viability was observed between the strains 
(Fig. 2B, HI), confirming that the increased susceptibility 
of ∆a/e2 to human serum is indeed mediated by comple-
ment. The same phenotypes were observed in the sin-
gle ∆gna and ∆gne2 mutants (Fig. S3). Together, these 
results demonstrate that gna and gne2 are required to 

resist the bactericidal activity of serum and may explain, 
at least in part, their severe fitness defect during blood-
stream infection.

Gna-Gne2 are required for capsule production, biofilm 
formation and motility

Capsule production is directly associated with A. bauman-
nii pathobiology, notably by promoting evasion of the host 
immune defenses, enhancing antimicrobial resistance 
and protecting cells in harsh environments (reviewed in 
(Singh et al., 2019)). Since previous studies have shown 
that UDP-GalNAcA is a component of the capsule in some 
strains of A. baumannii (Russo et al., 2013; Kenyon et al., 
2016; Shashkov et al., 2017; 2018), we sought to deter-
mine if the increased susceptibility of the mutant strains 
to human serum was associated with a defect in capsule 
production. Capsule production by the mutant strains was 
assessed microscopically using Maneval’s staining, and 
by extracting capsular polysaccharides. The smooth, uni-
form capsule produced by the WT is represented by the 
clear zone surrounding the cells, while no capsule was 
observed in the a/e2 mutant (Fig. 3A). Complementation 
of the a/e2 mutation restored capsule production to the 
WT level (Fig. 3A), confirming the role of gna-gne2 in cap-
sule production. The same phenotypes were observed 
in the single gna and gne2 mutants, where no capsule 
was observed, and complementing the ∆gna and ∆gne2 
strains with their corresponding gene in trans restored the 
WT phenotype (Fig. S4A).

To confirm the microscopy results, capsular polysac-
charides were extracted, fractionated by electrophore-
sis, and visualized by Alcian blue staining (Geisinger 
and Isberg, 2015; Tipton and Rather, 2019). Extracted 
capsular polysaccharides from the WT strain appeared 
as a smear (Fig. 3B, lane 2). As expected, no capsular 
polysaccharides were extracted from the double a/e2 
mutant (Fig. 3B, lane 3), while complementation of the 
a/e2 mutation restored capsular polysaccharide pro-
duction to the WT level (Fig. 3B, lane 4). In addition to 
the loss of capsule production, the bacterial pellet of 
the ∆a/e2 strain was ‘stickier’ and more compact com-
pared to the WT (Fig. S4C), which is in agreement with 
its loss of capsule production. Interestingly, inactivation 
of a/e2 seems to increase production of poly-N-acetyl- 
glucosamine (PNAG) (Fig. 3B, lane 3, upper band), a 
polysaccharide involved in biofilm formation (Choi et al.,  
2009). Not surprisingly, the same phenotypes were 
observed in the ∆gna and ∆gne2 mutants, where the 
absence of capsular polysaccharides resulted to a 
‘stickier’ and more compact bacterial pellet; and seems 
to be associated with an increase production of PNAG 
(Fig. S4B). Accordingly, capsule and PNAG seem to be 
inversely regulated as a wzc mutant (capsule deficient) 
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(Whitfield, 2006; Tipton et al., 2018; Singh et al., 2019)) 
of strain AB5075 also produced more PNAG than its 
corresponding WT strain (Fig. S4B).

Since the mutant strains appear to produce more 
PNAG than the WT strain, we then tested whether they 
were more prone to form a biofilm. Since A. baumannii 
is a strict aerobe, and autoaggregation was increased in 
our mutant strains (see paragraph below), an attempt to 

use the classical crystal violet binding assay to quantify 
biofilm formation failed. Instead, biofilm formation was 
indirectly evaluated using the Congo Red (CR) binding 
assay (Freeman et al., 1989). CR has been shown to bind 
to components of a biofilm, such as amyloid fibers, cellu-
lose and PNAG, and can be used as a marker for biofilm 
formation. When cultured on a CR plate, a biofilm former 
will turn red and, occasionally, appears dry and wrinkly 

Fig. 3. Gna-Gne2 (A/E2) are required for capsule biosynthesis. 
A. Microscopic analysis of capsule production by Maneval’s staining of bacteria cultured for 24 h on LB agar plate. Images are representative of 
three independent experiments. 
B. Analysis of the polysaccharides from lysates of bacteria cultured for 24 h on LB agar plate by SDS-PAGE and stained with 0.1% Alcian blue 
(section of the gel corresponding to the capsular polysaccharides). Images are representative of three independent experiments. 
C. Colony morphology of the strains cultured on BHI CR plates for 48 h at 37°C. Images are representative of three independent experiments. 
D. Autoaggregation assay. Cultures of the WT (57) and its derivative strains were standardized in 10 ml of LB to an OD600 of 2.0 in a culture tube 
and incubated statically at 37°C for 4 h. A 200-μl sample was taken about 0.5 cm below the surface at time 0 and 4 h p.i. for OD600 measurement. 
The percent autoaggregation was determined by dividing the OD600 value of the aggregated cells by the OD600 value of a control growth tube. 
E. Twitching motility. Strains were grown to an OD600 of 2.0 and an aliquot was stabbed to the bottom of a 1% EIKEN agar plate and incubated 
at 37°C for 18 h. The red bars mark the twitching diameter. Images are representative of three independent experiments. Images are 
representative of three independent experiments. 
F. Quantification of the twitching diameter (in mm) from three independent experiments. Results are presented as the mean values and standard 
deviations of three independent experiments. Statistical significance was calculated by the one-way ANOVA with Tukey’s multiple comparisons 
test (D and F) (***, P < 0.005; ****, P < 0.001; NS, Not significant). Abbreviations: 57: WT; eV: empty vector (pABBR_Km); compl.: complemented 
(pABBR_Km-a/e2).
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(referred to the red, dry and rough (rdar) morphotype). A 
non-biofilm former will not adopt that phenotype (Romling 
et al., 1998). Considering the potential increase in PNAG 
production by the a/e2 mutant, it was not surprising to 
observe that the ∆a/e2 mutant developed a rdar-like mor-
photype on CR plates under conditions typically unfa-
vorable to biofilm formation (Fig. 3C) (37°C, unpublished 
data and (De Silva et al., 2018)). Complementation of 
the ∆a/e2 mutant restored the WT phenotype, confirm-
ing the role of gna-gne2 in biofilm formation. Similarly, the 
single gna and gne2 mutants both adopted an rdar-like 
morphotype, where a stronger phenotype is observed in 
the ∆gna mutant (Fig. S4D). Complementation of both 
single mutations restored the WT phenotype. Similarly, a 
∆wzc mutant of strain AB5075 adopted an rdar-like mor-
photype, suggesting that capsule production and biofilm 
formation are inversely regulated (Fig. S4D).

Autoaggregation is defined as the flocculation and set-
tling of cells from a liquid static culture to the bottom of a 
culture tube (Diderichsen, 1980). Since autoaggregation 
and biofilm formation have been associated (Schembri  
et al., 2003; Charbonneau et al., 2006; Valle et al., 2008), 
we tested whether the mutant strains were more autoag-
gregative. Following static incubation at 37°C for 4 h, we 
observed that 20.3% of the a/e2 mutant suspension auto-
aggregated, while only 4.0% of the WT strain did (5.1-fold 
increase in the mutant) (Fig. 3D). Complementing the a/
e2 mutation in trans restored the WT phenotype. Both gna 
and gne2 contributed to the autoaggregation phenotype, 
where gna had a greater contribution (20.7% for ∆gna and 
14.7% for ∆gne2) (Fig. S4E–F). Additionally, complement-
ing both mutations in trans restored the WT phenotype.

In Escherichia coli, and other bacterial species, it has 
been demonstrated that adherence, autoaggregation 
and motility are reciprocally regulated (Ulett et al., 2006; 
Lane et al., 2007). Indeed, it would be counterproduc-
tive for a bacterium to adhere to a substrate and try to 
relocate at the same time. Thus, we can hypothesize 
that an adherent bacterium, such as the a/e2 mutant, 
should not be highly motile and vice versa. Twitching 
motility, a type of locomotion employed by A. bau-
mannii, is defined as the migration of bacteria at the 
medium-plastic interface of a solid medium (agar), and 
is governed by the type IV pili (Mattick, 2002). Early-
stationary phase cells (OD600 = 2.0) were used to stab 
a twitching motility plate to the bottom of the petri dish. 
Following incubation at 37°C for 18 h, the diameter of 
motile cells from the original stab was measured. As 
expected, inactivation of gna-gne2 completely sup-
pressed twitching motility, while complementing the 
a/e2 mutation in trans restored the WT phenotype  
(Fig. 3E and F). Unlike the connection between PNAG 
production and biofilm formation, inhibition of twitching 
motility is not associated with capsule production, as no 

twitching defect had been observed in the AB5075 ∆wzc 
mutant (Fig. S5A and D). Accordingly, preliminary RNA-
sequencing analysis revealed that expression of the 
type IV pili is decreased in the double a/e2 mutant (data 
not shown). Although complete suppression of twitching 
motility is observed in the single gna mutant, the ∆gne2 
strain showed an intermediate phenotype (twitching 
diameter of 10.7 mm versus 16.6 mm for the WT strain) 
(Fig. S5), which is consistent with the results from the 
CR binding and autoaggregation assays.

Altogether, these results clearly demonstrate the role 
of gna-gne2 in capsule production and their associated 
phenotypes such as resistance to the bactericidal activity 
of serum, biofilm formation, autoaggregation and motility. 
Also, these results show that although both gna and gne2 
are influencing these phenotypes, gna seems to play a 
predominant role, especially for biofilm formation, autoag-
gregation and motility.

Gna-Gne2 are important to maintain cell envelope 
homeostasis

It has been proposed that glycosylation of the cell sur-
face stabilizes the bacterial OM and, therefore, is import-
ant for cell envelope integrity (Iwashkiw et al., 2012). To 
test whether interruption of UDP-GalNAcA biosynthesis 
affects cell envelope integrity, assays such as resistance 
to vancomycin, bile salts, polymyxin B and hydrolysis of 
5-bromo-4-chloro-3’-indolyphosphate p-toluidine (XP) 
were performed. Since Gram-negative bacteria are intrin-
sically resistant to vancomycin, because it is too large 
to cross the OM, we hypothesized that if gna-gne2 are 
important for cell envelope integrity (permeability), the 
∆a/e2 mutant would be more susceptible to vancomycin 
than the WT strain. Using E-test strips (Biomerieux), we 
observed that the minimum inhibitory concentration (MIC) 
of the double a/e2 mutant was 133.8-fold lower than the 
WT strain (Fig. 4A). Gram-negative bacteria are also 
intrinsically resistant to detergent-like compounds such 
as bile salts, and mutants with an altered OM are more 
susceptible to these compounds (Hancock, 1984; Lamers 
et al., 2015). Accordingly, inactivation of gna-gne2 dras-
tically compromises resistance to bile salts as the ∆a/e2 
mutant was not able to growth on MacConkey agar, while 
the WT strain was unaffected (Fig. 4B). This growth inhi-
bition is not associated with impaired capsule production 
since no difference in growth was observed between the 
AB5075 WT strain and its isogenic capsule ∆wzc mutant 
(Fig. S6C). Therefore, we postulated that the severe sus-
ceptibility of the a/e2 mutant to bile salts is associated 
with an increase in membrane permeability. Hydrolysis 
of XP, a chromogenic substrate of the periplasmic alka-
line phosphatase, is another approach to monitor alter-
ation of the cell envelope integrity and OM permeability. 
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Karalewitz and Miller (2018) and Kamischke et al. (2019) 
have shown that when cultured on LB agar supplemented 
with XP, WT strains of A. baumannii remain white, while 
mutants with altered OM permeability hydrolyze the com-
pound and present the blue phenotype. Accordingly, 
when grown on LB agar supplemented with XP, the WT 
strain remained white, while inactivation of gna-gne2 led 
to the blue phenotype (Fig. 4C).

Polymyxin B, a cationic polypeptide, binds to the neg-
atively charged lipid A and kills the bacterium by altering 
the OM permeability. Since we previously demonstrated 
that an increase in the cell envelope permeability increases 
susceptibility to polymyxin B (Crépin et al., 2018), we 
tested whether the a/e2 mutant exhibited enhanced sus-
ceptibility to 1 µg ml−1 polymyxin B. Surprisingly, the ∆a/
e2 mutant was highly resistant to concentrations of poly-
myxin B that were detrimental to WT (Fig. 4D), suggest-
ing modification of LOS composition in the ∆a/e2 mutant 
(see next section). The a/e2 mutant appeared unaffected 
by exposure to 1 µg ml−1 polymyxin B as the number of 
CFU recovered at 60 min post-incubation was equivalent 

to those at time zero (3.9 × 107), while the WT strain was 
4.0-logs more susceptible (Fig. 4D). Complementing the 
a/e2 mutation in trans restored the WT phenotype in all 
of these experiments (Fig. 4), confirming the role of gna-
gne2 in maintenance of the cell envelope homeostasis.

We then sought to determine the independent con-
tribution of gna and gne2 to cell envelope integrity. We 
observed that gna was a major contributor, while gne2 
played a lesser role to this phenotype. Indeed, the gna 
mutant resembled the double ∆a/e2 mutant in all of the 
phenotypes tested (Figs S6A,C,D,E and 4), while no 
differences were observed between the ∆gne2 mutant 
and the WT strain when challenged to vancomycin and 
polymyxin B (Fig. S6B and F), and slight differences 
were observed in terms of growth on MacConkey agar 
(about 1-log growth defect) and hydrolysis of XP (Fig. 
S6C and D). Complementation of the gna and gne2 
mutation restored the WT phenotypes (Fig. S6). Together, 
these results present evidence that the UDP-GlaNAcA 
biosynthesis genes gna-gne2 are important to maintain 
cell envelope integrity and permeability. The results also 

Fig. 4. The cell envelope integrity is altered in the double gna-gne2 (a/e2) mutant. 
A. Minimal inhibitory concentration (MIC) of vancomycin on WT (57) and its derivative strains. MIC values were determined by E-test. 
B. Growth of strains on MacConkey plates. Strains were cultured to an OD600 of 0.6, normalized to 107 CFU ml−1 and serial dilutions were 
spotted on MacConkey plates. Images are representative of three independent experiments. 
C. Colony morphology of strains grown on LB agar supplemented with BCIP-Toluidine (XP), a substrate of the periplasmic alkaline phosphatase 
PhoA. Images are representative of three independent experiments. 
D. Survival in the presence of polymyxin B (1 µg ml−1). The number of surviving CFUs was quantified by CFU enumeration of LB agar at 15-, 
30- and 60 min post-inoculation (p.i.). Results are presented as the mean values and standard deviations of three independent experiments. 
Statistical significance was calculated by the one-way ANOVA with Tukey’s multiple comparisons test (A) (***, P < 0.005; NS, Not significant) and 
the two-way ANOVA with Tukey’s multiple comparisons test (D) (***, P < 0.005). Abbreviations: 57: WT; eV: empty vector (pABBR_Km); compl.: 
complemented (pABBR_Km-a/e2).
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demonstrated that cell envelope homeostasis is predomi-
nantly connected to expression of gna.

Gna-Gne2 influences the composition of lipid A

Although inactivation of gna-gne2 perturbs the cell enve-
lope integrity, the ∆a/e2 and ∆gna mutants remain resistant 
to polymyxin B (Figs 4D and S6E). Since this bactericidal 
molecule destabilizes the OM by binding to lipid A, we 
hypothesized that the gna-gne2 genes might play a role 
in the biosynthesis or modification of the lipid A. To test 
this hypothesis, cell-associated polysaccharides and LOS 
were extracted and fractionated by SDS-PAGE (Davis and 
Goldberg, 2012; Geisinger and Isberg, 2015; Tipton and 
Rather, 2019). In addition to extracting capsular polysac-
charides, extraction of cell-associated polysaccharides 
also captures LOS (Iwashkiw et al., 2012; Geisinger and 
Isberg, 2015; Tipton and Rather, 2019). In the a/e2 mutant, 
the band corresponding to LOS was larger and more 
intense than the WT and the complemented strain, sug-
gesting LOS modification(s) (Fig. 5A). These results were 
also confirmed by fractionating the LOS extracts by SDS-
PAGE electrophoresis (Fig. S7) (Davis and Goldberg, 
2012). Compared to WT and the complemented strain, 
a faint upper band (lipid A and core) and a bright lower 
band (lipid A and truncated core) were observed in the  
a/e2 mutant (Fig. S7) (Geisinger and Isberg, 2015).
Next, using mass spectrometry, we determined the role 
of gna-gne2 in the biosynthesis and modification of lipid 
A. Lipid A extracts from the WT, ∆a/e2 and comple-
mented strain were analyzed by a matrix-assisted laser 
desorption ionization-time of flight (MALDI-TOF) mass 
spectrophotometer in the negative ion mode (Pelletier 
et al., 2013). As expected, mass spectra of lipid A iso-
lated from the ∆a/e2 mutant showed differences from 
that of the WT strain. Lipid A from the WT strain was 
predominantly decorated by the bis-phosphorylated, 
and hydroxylated, hexa- and hepta-acyl species, corre-
sponding to m/z 1,728 and m/z 1,910, respectively (Fig. 
5B; representative lipid A structures in Fig. 5E and F). 
Conversely, the relative abundance in the mass spectra 
of lipid A from the a/e2 mutant showed reduced hydrox-
ylated hexa-acyl species (m/z 1,728) and an increased 
in the hepta-acylated species (m/z 1,894). This shift 
(∆m/z 16) represents the loss of hydroxylation on both 
the hexa- and hepta-acylated species (shown as -OH 
in Fig. 5C and as a red arrow in Fig. 5E and F). We 
also observed a reduction in ion m/z 1,882, suggest-
ing the replacement of a laurate (C12) by a myristate 
(C14) on the hepta-acylated lipid A structure (m/z 
1,910). These species have been described elsewhere 
(Dixon and Darveau, 2005; Shaffer et al., 2007; Boll  
et al., 2015; Bartholomew et al., 2019; Leung et al., 
2019). Complementation of the a/e2 mutation restored 

lipid A biosynthesis and modifications to the WT level 
(Fig. 5D), indicating that in A. baumannii, gna-gne2 are 
involved, through an unknown mechanism, in the bio-
synthesis of lipid A.

The cell surface of A. baumannii is dominated by the 
hepta-acyl lipid A (Boll et al., 2015). It was postulated that 
the presence of the hepta-acyl lipid A fortifies the OM 
and confers resistance to cationic antimicrobial peptides 
and desiccation (Boll et al., 2015). In Enterobacteriaceae, 
it has also been observed that hepta-acylated lipid A 
increases the cell envelope hydrophobicity (Bishop, 
2005). Given that the ∆a/e2 mutant is more resistant to 
polymyxin B and produces more hepta-acylated lipid 
A, we hypothesized that the surface of the a/e2 mutant 
is more hydrophobic than that of the WT strain. To test 
this hypothesis, the bacterial adhesion to hydrocar-
bons (B.A.T.H) assay was performed (Rosenberg et al., 
1980), where the WT, ∆a/e2 and complemented strains 
were suspended and incubated in 25% hexadecane for 
15 min at room temperature (Goldberg et al., 1990). In 
this assay, higher hydrophobicity is indicated by a lower 
number of CFUs recovered from the aqueous phase. 
As hypothesized, the number of CFUs recovered in the 
aqueous phase from the a/e2 mutant was 2.0-logs less 
than the WT strain, suggesting that the cell surface of the 
a/e2 mutant is more hydrophobic. Similar results were 
also observed when the strains were incubated with 25%  
n-octane (Fig. S8A). In both conditions, complementing 
the a/e2 mutation restored the WT phenotypes (Figs 6A 
and S8A), indicating that gna-gne2 modulate the cell 
envelope hydrophobicity.

Next, the independent contribution of gna and gne2 to 
the cell surface hydrophobicity were determined. In pres-
ence of hexadecane, the ∆gna and ∆gne2 mutants were, 
respectively 180.0- and 8.9-times more hydrophobic than 
the WT strain (Fig. S8B–C). Complementing both gna 
and gne2 mutations in trans restored the WT phenotype 
in both conditions, confirming their role in influencing the 
cell surface hydrophobicity.

As inactivation of gna-gne2 altered the cell envelope 
integrity and lipid A biosynthesis, we tested whether the 
envelope stress response (ESR) was induced in the 
double a/e2 mutant. The ESR senses environmental 
changes and stresses, and stimulates the cell’s adap-
tion to restore the cell envelope homeostasis (reviewed 
in (Mitchell and Silhavy, 2019)). Expression of the A. 
baumannii ESR genes (dsbA, degP, baeR, rstA) (Crépin 
et al., 2018) was quantified by qRT-PCR. Compared to 
the WT strain, expression of all four genes was induced 
(dsbA: 9.1-; degP: 23.3-; baeR: 13.0-; and rstA: 14.7-
fold) in the a/e2 mutant (Fig. 6B). Complementation of 
the a/e2 mutation restored expression of ESR genes to 
the WT level, confirming that inactivation of gna-gne2 
induced the ESR.
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Although independent inactivation of gna and gne2 
induced the ESR (Fig. S8D–E), we observed that its 
induction is primarily associated with gna. Indeed, the 
ESR expression pattern in the single gna mutant was 
similar to the double a/e2 mutant (dsbA: 3.6-; degP: 16.0-; 
baeR: 8.3-; and rstA: 7.6-fold), while inactivation of gne2 
slightly stimulated the ESR (dsbA: 2.3-; degP: 2.7-; baeR: 

not differentially expressed; and rstA: 2.1-fold) (Figs 
S8D–E and 6B). Complementing the mutations in trans 
restored ESR gene expression to the WT level, demon-
strating the role of gna and, to a lesser extent gne2, in 
modulating the ESR.

Together, these results demonstrated that the UDP-
GalNAcA biosynthesis genes gna-gne2 are modulating 

Fig. 5. Inactivation of gna-gne2 (a/e2) affects the composition of lipid A. 
A. Analysis of polysaccharides from lysates of bacteria cultured for 24 h on LB agar plate by SDS-PAGE and stained with 0.1% Alcian blue 
(section of the gel corresponding to the LOS band). 
B-D. MS analysis of the lipid A from the WT (B), ∆a/e2 (C) and complemented strain (D). Mutant strain lipid A (C) loses hydroxylation (OH, 
observed as Δm/z 16, red arrows; mediated by the enzyme LpxO), which is restored in complemented strain (D). Additional loss of C12 to 
generate penta-acylated lipid A (m/z 1530) is likely a result of the harsh lipid A extraction conditions. Mass differences of ∆m/z 28 (from m/z 
1910 to m/z 1882) and ∆m/z 16 (from m/z 1910 to m/z 1894; and from m/z 1728 to m/z 1712) are attributed to acyl chain length heterogeneity 
and hydroxylation status, respectively. 
E-F. Predicted structure of m/z 1910 (E) and m/z 1728 (F), with the site of hydroxylation indicated in red. Images and m/z spectra are 
representative of three independent experiments. Abbreviations: 57: WT; compl.: complemented (pABBR_Km-a/e2).
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the cell envelope homeostasis by affecting the compo-
sition of the lipid A, which influences cell surface hydro-
phobicity and the ESR. We also observed that these 
phenotypes were mostly modulated by gna.

Gna-Gne2 are involved in antibiotic resistance

In addition to providing structural integrity to the cell, 
the cell envelope also protects the bacterium from envi-
ronmental stresses and antibiotics. Since we demon-
strate that inactivation of gna-gne2 alters cell envelope 
homeostasis and increases cell surface permeability 
and hydrophobicity, we sought to determine whether 
gna-gne2 are important for antibiotic resistance. First, 
using E-test strips, we determined the MIC of the ∆a/
e2 mutant to amoxicillin (penicillin, hydrophilic), imi-
penem (carbapenem, hydrophilic) and gentamicin 

(aminoglycoside, hydrophobic). As shown in Fig. 7A, 
the a/e2 mutant was more susceptible to all three anti-
biotics, where the MICs for amoxicillin, gentamicin and 
imipenem were, respectively, 4.8-, 8.4- and 10.9-fold 
lower than the WT strain. Second, we determined the 
percent survival of the WT, a/e2 mutant and comple-
mented strain to a specific concentration of cefotaxime 
(50 µg ml−1; cephalosporin, hydrophilic), carbenicillin 
(100 µg ml−1; carboxypenicillin, hydrophilic) and tetra-
cycline (20 µg ml−1; tetracycline, both hydrophobic and 
hydrophilic). Consistent with the MIC data, the a/e2 
mutant was 12.1-, 6.9- and 3.2-times more susceptible 
to cefotaxime, carbenicillin and tetracycline, respec-
tively (Fig. 7B). In trans complementation of the a/e2 
mutation restored resistance to these antibiotics to WT 
levels (Fig. 7), confirming the role of gna-gne2 in modu-
lating antibiotic resistance.

Fig. 6. Inactivation of gna-gne2 (a/e2) increases the cell envelope hydrophobicity and induces the envelope stress response. 
A. Bacterial adherence to hydrocarbons. 107 CFU ml−1 were incubated in the presence of 25% hexadecane, and the number of CFUs from the 
aqueous phase were recovered at 15 min post-inoculation. An increase in cell envelope hydrophobicity is represented by a lower number of 
CFUs recovered from the aqueous phase. 
B. Expression of genes involved in the envelope stress response (ESR, dsbA, degP, baeR and rstA) between the WT, ∆a/e2 and the 
complemented strain. Gene expression was evaluated by qRT-PCR and compared between the WT, ∆a/e2 and the complemented strain. The 
dashed line corresponds to the cutoff for a significant difference in expression. All results are the mean values and standard deviations of three 
independent experiments. Statistical significance was calculated by the one-way ANOVA with Tukey’s multiple comparisons test (A) and by the 
Student’s t-test (B) (*, P < 0.05; **, P < 0.01; ****, P < 0.0001; NS, not significant). Abbreviations: 57: WT; eV: empty vector (pABBR_Km); compl.: 
complemented (pABBR_Km-a/e2).
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Similar to previous experiments, antibiotic resistance was 
primarily associated with gna (Fig. S9–10). Although the 
effect is less severe, inactivation of gna recapitulated the 
antibiotic resistance profile of the double a/e2 mutant 
(Figs S9A,B and 7), while inactivation of gne2 only slightly 
increased susceptibility to the antibiotics tested (Fig S10 
and 7). Complementation of both gna and gne2 mutations 
restored the WT phenotype, indicating their influence 
on antibiotic resistance in A. baumannii. These results 
demonstrate the importance of the GalNAcA biosynthesis 
genes gna-gne2 in resistance to antibiotics in multidrug 
resistant A. baumannii.

Altogether, the results presented in this study demon-
strated the crucial role of Gna-Gne2 in the pathobiology of 
A. baumannii, affecting capsule production, LOS biosyn-
thesis and modification, envelope homeostasis, antibiotic 
resistance and in vivo fitness.

Discussion

With its high prevalence of infections, high mortality 
rate and increasing resistance to antibiotics, the WHO 

identifies A. baumannii as a top priority pathogen for which 
new antimicrobials are urgently needed (Lawe-Davies 
and Bennett, 2017; Willyard, 2017). Since the pathobiol-
ogy of A. baumannii is poorly defined, the development 
of new preventive and therapeutic agents is considerably 
limited. Accordingly, the identification and characteriza-
tion of A. baumannii genes that are required during infec-
tion will allow us to design strategies to prevent and treat 
infections caused by this notorious pathogen.

We and others have previously identified the full set 
of genes required during infection (Wang et al., 2014; 
Gebhardt et al., 2015; Subashchandrabose et al., 2016; 
Murray et al., 2017; Crépin et al., 2018). Among the 
genes identified, mutation of the UDP-GalNAcA biosyn-
thesis genes gna-gne2 (also referred as tviBC) resulted 
in a severe fitness defect during bloodstream infection 
(−199.4-fold for gna and −445.7-fold for gne2) (Crépin  
et al., 2018). In the current study, we defined the contri-
bution of these two genes (Fig. 1A) to the pathobiology 
of A. baumannii. Indeed, we demonstrated that gna-gne2 
are essential during bloodstream infection (Figs. 2 and 
S1,3) and for capsule and LOS synthesis (Figs. 2 and 5; 
and Figs. S4 and S7). These genes also modulate cell 

Fig. 7. Gna-Gne2 (A/E2) influence resistance to antibiotics. 
A. Minimal inhibitory concentration (MIC) of the WT (57) and its derivative strains to different antibiotics. MIC values were determined by the 
E-test method. 
B. Percent survival in the presence of a defined concentration of antibiotic. 107 CFU ml−1 were exposed to different antibiotics and the percent 
survival was determined by dividing the number of CFUs recovered from the antibiotic challenge by the number of CFUs recovered from 
the corresponding untreated sample. All results are the mean values and standard deviations of three independent experiments. Statistical 
significance was calculated by the one-way ANOVA with Tukey’s multiple comparisons test (**, P < 0.01; ***, P < 0.005; ****, P < 0.0001; NS, not 
significant). Abbreviations: 57: WT; eV: empty vector (pABBR_Km); compl.: complemented (pABBR_Km-a/e2).
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envelope homeostasis (Figs. 3‒6 and S4–8) and resis-
tance to antibiotics (Figs. 7 and S9–10).

An in silico analysis revealed that Gna-Gne2 of A. 
baumannii are highly homologous to Gna-Gne2 of P. 
aeruginosa and S. Typhi (Table S1), enzymes known 
to synthesize UDP-GalNAcA (Zhang et al., 2006). 
Furthermore, based on genetic analysis and published 
capsule structures of different strains of A. baumannii, 
presence of UDP-GalNAcA in the capsule composition 
is associated with gna-gne2 (Russo et al., 2013; Kenyon  
et al., 2016; Shashkov et al., 2017; 2018). However, in A. 
baumannii, no genetic data had previously confirmed this 
association. Herein, we demonstrated that inactivation of 
gna-gne2 not only reduced the amount of capsule present 
at the cell surface, but abolished its synthesis (Figs. 3 and 
S4). Absence of capsule in the gna-gne2 mutant is also 
connected to its extreme susceptibility to the bactericidal 
activity of serum and may explain, at least in part, the 
severe colonization defect of the bloodstream by the a/e2 
mutant (Figs. 2, 3 and S1 ).

Interestingly, in the a/e2 mutant, abolition of capsule 
synthesis appears to be associated with production of 
PNAG (Figs. 3B and S4B), which in turn favors biofilm 
formation (Figs. 3C and S4D). Furthermore, inactivation 
of gna-gne2, that is, suppression of UDP-GalNAcA bio-
synthesis, promotes bacterial autoaggregation (Figs 3D 
and S4E,F), which is associated with biofilm formation 
(Schembri et al., 2003; Charbonneau et al., 2006; Valle 
et al., 2008). It is possible that the absence of capsule 
unmasks adhesins at the cell surface which promote adhe-
sion to both abiotic and biotic surfaces, as well as to other 
cells. In E. coli and other species, it was observed that 
the capsule could shield the function of the adhesin Ag43 
and the autotransporter AIDA-1 (Schembri et al., 2004). 
Similarly, autoaggregation was enhanced in a capsule 
mutant of A. baumannii strain ATCC17978 (Lees-Miller  
et al., 2013). Based on these observations, we were inter-
ested to visualize, by transmission electron microscopy, 
whether the a/e2 mutant was presenting more adhesins 
at its cell surface than the WT strain. Unfortunately, nega-
tive staining using phosphotungstic acid failed to properly 
stain the bacteria and, even less, its surface appendages. 
The faint staining of the a/e2 mutant could be explained 
by the reduced charge and the increased hydrophobicity 
of its cell surface (Figs. 6A and S8A–C).

Capsule biosynthesis and protein glycosylation are 
connected as they are synthesized by an en bloc mech-
anism (Whitfield and Paiment, 2003; Lees-Miller et al., 
2013). In A. baumannii, a bifurcated pathway has been 
proposed, where the common pathway includes synthe-
sis of the nucleotide-activated monosaccharides followed 
by their transfer, by the action of multiple glycosyltrans-
ferases (such as ItrA/PglC), onto an undecaprenolphos-
phate (Und-P) lipid carrier at the cytoplasmic face of the 

inner membrane. The complex (Und-P-linked repeat units) 
is then flipped to the periplasmic space by the oligosac-
charide-unit translocase Wzx (Whitfield, 2006; Lees-Miller 
et al., 2013; Geisinger et al., 2019). Once in the periplas-
mic space, the two pathways diverge, where the capsu-
lar polysaccharides are polymerized and exported to the 
cell surface by the Wzy and Wzabc machinery (Whitfield, 
2006), while the glycans used in O-glycosylation are 
transferred to proteins on the cell surface by the phos-
phoglycosyltransferase PglC (Lees-Miller et al., 2013). 
This has been shown in A. baumannii strain ATCC17978 
by Lees-Miller et al. (Lees-Miller et al., 2013), where the 
same glycan can be used for both capsule synthesis and 
protein glycosylation.

Our genetic approach identified gna-gne2 and conse-
quently, UDP-GalNAcA, as being required to maintain the 
cell envelope integrity. Assays such as resistance to van-
comycin, bile salts and polymyxin B, as well as hydrolysis 
of XP, have been previously used to evaluate the integrity 
of the cell envelope (Lamers et al., 2015; Crépin et al., 
2018; Karalewitz and Miller, 2018). The increased suscep-
tibility to vancomycin and bile salts, hydrolysis of XP, and 
resistance to polymyxin B observed in the a/e2 mutant 
(Figs 4 and S6) strongly support this hypothesis. Since 
it has been proposed that glycosylation of cell surface 
proteins stabilizes the OM and regulates the integrity of 
the cell envelope, we speculate that in addition to being 
involved in capsule synthesis, UDP-GalNAcA might also 
be used as a substrate for glycosylating the cell surface 
proteins. These glycosylated proteins could provide pro-
tection from the host immune system, in a fashion similar 
to that proposed by Iwashkiw et al. (2012). It would be 
interesting to determine whether UDP-GalNAcA is indeed 
a glycan used in O-glycosylation in A. baumannii AB0057 
and strains encoding gna-gne2. If so, the identification of 
such structures, as well as their contribution to the patho-
biology of A. baumannii could be characterized.

Fractionation of extracted LOS, coupled with the charac-
terization of lipid A by mass spectrometry (Figs 5 and S7), 
confirmed that gna-gne2 are indeed critical for modulating 
cell envelope homeostasis. The profile of lipid A from the 
a/e2 mutant differed from the WT strain and revealed a 
shift toward un-hydroxylated lipid A as well as a shift in the 
relative proportion of hexa- versus hepta-acylated lipid A 
specie. The increase in the relative abundance of the hepta- 
acyl lipid A in the OM of the a/e2 mutant is consistent 
with its resistance to polymyxin B and its increased cell 
surface hydrophobicity. However, a quantitative analysis 
such as gas chromatography of the lipid A is needed to 
confirm these observations.

It has recently been shown that hydroxylation of lipid A 
is important for resistance to cationic antimicrobial pep-
tides, survival within the blood, reducing the inflammatory 
response, and finally, in vivo fitness (Bartholomew et al., 
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2019). In addition, Boll et al. (2015) have shown that hepta- 
acylated lipid A stimulates the TLR-4 response. Based on 
these observations, we hypothesize that the a/e2 mutant 
(reduction of the hydroxy hexa-acyl and increase of the 
hepta-acyl species) triggers the immune response and 
could explain its severe in vivo fitness defect.

Lipopolysaccharide/lipooligosaccharide biosynthesis  
and protein glycosylation are connected by a similar en 
bloc synthesis pathway that was described between cap-
sule and O-glycosylation. Indeed, for P. aeruginosa, it 
was shown that the same glycan can be used for both 
O-antigen synthesis and protein glycosylation (Castric  
et al., 2001). In Campylobacter jejuni, UDP-GalNAc is a 
component of LOS, the capsule, and is involved in pro-
tein glycosylation. In P. aeruginosa strain O6, it has been 
shown that the UDP-GalNAcA is a component of the 
O-antigen (Knirel, 1990; Belanger et al., 1999; Lam et al., 
2011). In A. baumannii, it has been reported that this sugar 
is involved in the biosynthesis of LOS in strains O5 and 24 
(Haseley and Wilkinson, 1996; Vinogradov et al., 2003). 
Based on the modified fractionation of the LOS in the a/e2 
mutant, where a shift in its molecular weight is observed 
(Figs. 5 and S7), we hypothesize that UDP-GalNAcA is 
a component of LOS in strain AB0057. It is possible that 
interrupting synthesis of UDP-GalNAcA induces a com-
pensatory mechanism by which other UDP-linked glycans 
are produced and incorporated into the LOS instead of 
UDP-GalNAcA. With the recent development of top down 
tandem mass spectrometric analysis of intact LOS (Oyler 
et al., 2018; Klein et al., 2019), it would be interesting to 
compare the LOS composition between the a/e2 mutant 
and the WT strain. Similarly, it is possible that the mutant 
strain is encountering an accumulation of UDP-linked gly-
cans at its inner membrane cytoplasmic face, which could 
eventually affect the integrity of the cell envelope. This 
hypothesis could be verified by performing a metabolomic 
analysis between the WT and the a/e2 mutant.

The ESR has evolved to sense environmental insults 
(e.g immune system, temperature, pH and antibiotics) and 
monitor the defects or the damage to the cell envelope 
in order to restore its homeostasis (Mitchell and Silhavy, 
2019). Accordingly, we were not surprised to observe that 
the ESR was induced in the a/e2 mutant and showed that 
Gna-Gne2 are key players in the maintenance of the cell 
envelope homeostasis. However, the mechanisms con-
necting gna-gne2 and the ESR are yet to be determined.

Finally, A. baumannii is categorized as a multi-, 
extremely- or pan-drug resistant, which makes it extremely 
difficult to treat. As a result, in some cases, no antimi-
crobial treatment options are available (Dijkshoorn et al., 
2007). By understanding the pathobiology of A. bauman-
nii, we will be able to identify novel targets for the devel-
opment of new antimicrobials. Herein, we determined 
that gna-gne2 are required to resist antibiotics. The ∆a/

e2 mutant is more susceptible to amoxicillin, gentamicin, 
imipenem, cefotaxime, carbenicillin and tetracycline (Figs 
7 and S9–10). These results are in line with the pheno-
types observed in the a/e2 mutant (inhibition of capsule 
synthesis and cell envelope integrity alteration) and open 
new avenues in the development of new therapeutics and 
strategies to treat the infections caused by A. bauman-
nii. Indeed, by inhibiting the UDP-GalNAcA biosynthesis 
pathway, A baumannii not only becomes less pathogenic, 
but is also more susceptible to known antibiotics.

During the revision of this article, a study analyzing the 
role of gnaA (homolog of the gna described herein) in the 
physiology of the A. baumannii MDR strain MDR-ZJ06 
was reported (Xu et al., 2019). Despite major differences 
in their K locus (AB0057 vs MDR-ZJ06), where wzx, qnr 
and a homolog of gna are the only genes in common from 
the variable region (Kenyon and Hall, 2013), the findings 
described by Xu et al. (2019) are in agreement with the 
results described in this report, reinforcing the idea that 
gna, and its homologs, play a pivotal role in the pathobiol-
ogy of A. baumannii that goes beyond capsule production.

In summary, in this study we have characterized the 
role of gna-gne2 in the pathobiology of A. baumannii. We 
demonstrated that gna-gne2 are part of a complex net-
work connecting capsule and LOS synthesis, cell enve-
lope homeostasis, in vivo fitness and antibiotic resistance. 
In addition, the phenotypes observed in the a/e2 mutant 
are mostly attributed to gna, a highly conserved UDP-N-
acetylglucosamine C-6 dehydrogenase among A. bau-
mannii strains.

Experimental procedures

Ethics statement

All procedures involving the use of mice were approved by the 
University Committee on Use and Care of Animals (UCUCA) 
of the University of Michigan Medical School (protocol # 
PRO00007111), in accordance with the Institutional Animal 
Care and Use Committee (IACUC), the Office of Laboratory 
Animal Welfare (OLAW) and the United States Department 
of Agriculture (USDA). The protocol was accredited by the 
Association for Assessment and Accreditation of Laboratory 
Animal Care, International (AAALAC, Intl.) following the Guide 
for the care and use of laboratory animals of the National 
Research Council of the National Academies (8th edition). 
Neutrophils were depleted by intraperitoneal injection of 500 µg 
of rat anti-mouse monoclonal antibody (MAb) RB6-8C5 (RB6) 
(BioXCell) 24 hours prior infection (Conlan and North, 1994; van 
Faassen et al., 2007; Crépin et al., 2018). Mice were euthanized 
by inhalant anesthetic overdose followed by vital organ removal.

Bacterial strains, plasmids and growth media

Strains and plasmids used in this study are listed in Table 
S3. Herein, the WT strain is a Km-sensitive derivative of the 
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AB0057 strain (Crépin et al., 2018). Bacteria were cultured 
in LB at 37°C. Bacteria were also cultured in M9 minimal 
medium supplemented with 0.4% glucose and 0.2% casa-
mino acids. Antibiotics and reagents were added as required 
at the following concentrations: kanamycin, 50 µg ml−1; ampi-
cillin, 100 µg ml−1; amikacin, 10 µg ml−1; sucrose, 10% w v−1; 
and XP, 100 µg ml−1.

Construction of non-polar mutants and complemented 
strain

Primers used in this study are listed in Table S4. Generation 
of in-frame markerless mutants was achieved by allelic 
exchange as described by Crépin et al. (2018). Briefly, the 
mutant alleles were constructed using the Gibson assem-
bly (Gibson et al., 2009), where the 5′ end of the gene of 
interest (goi) to be deleted possessed at least 1 Kb includ-
ing the initiation codon, while the 3′ region consisted of at 
least 1 Kb including the last 7 codons. The 5′ and 3′ regions 
were cloned into pCVD442_MCS_Km (Crépin et al., 2018), 
which results in the in-frame deletion of the internal region of 
the goi. The construct was transformed into the donor strain 
S17-1, and was transferred to the AB0057Km (WT) strain by 
conjugation. Transconjugants were selected on LB agar con-
taining kanamycin. Individual colonies were cultured 2 h in LB 
broth, diluted and spread on LB agar plates containing 10% 
(wt vol−1) sucrose to select the second recombination event. 
Sucrose-resistant and kanamycin-sensitive isolates were 
screened by PCR to confirm deletion of the goi.

Complementation of the gna-gne2 deletion was achieved 
by cloning the gna-gne2 region, including ~300 nucleotides 
upstream of gna, in the pABBR_Km plasmid. Complementation 
of the gna deletion was accomplished by cloning, by Gibson 
assembly (Gibson et al., 2009), the gna gene, including ~300 
nucleotides upstream of it, in pABBR_Km. Complementation 
of the gne2 deletion was achieved as described for gna, with 
the exception that since gne2 is in operon with gna, the pro-
moter region upstream of gna was fused to the coding region 
of gne2 and cloned into pABBR_Km.

Growth curves

The growth of WT and its derivative strains was monitored 
in LB or M9 minimal medium supplemented with 0.4% glu-
cose and 0.2% casamino. Strains were cultured overnight 
in LB, washed twice in PBS and the OD600 was adjusted to 
0.01 in medium. Growth was measured by OD600 determina-
tion every 30 min with a BioScreen C Analyzer at 37°C with 
continuous shaking. The quantification of growth, or growth 
potential, and comparison between strains was performed by 
calculating the area under the curve of each growth curve 
(Tonner et al., 2015).

Murine model of bacteremia

All infections performed in this study were mono-infection. 
Infections were performed as described previously (Smith  
et al., 2010; Crépin et al., 2018), in which female CBA/J mice 
aged from 6- to 8-weeks-old were inoculated via tail vein injec-
tion with 107 CFU. At 24 hours post-infection (hpi), mice were 

euthanized, and the spleen, liver and kidneys were asepti-
cally removed, homogenized, diluted and plated on LB agar 
plates to determine the colonization level in these organs.

Resistance to normal human serum

Growth of A. baumannii in human serum was performed as 
previously described (Crépin et al., 2018). Briefly, bacteria 
were cultured overnight in LB broth at 37°C. Bacterial cul-
tures were resuspended 1:100 in fresh medium and grown to 
mid-log (OD600 of 0.6). Bacteria were washed with PBS and 
107 CFU ml−1 were incubated either with 90% normal human 
serum or 90% heat-inactivated serum (Innovative Research). 
Suspensions were incubated at 37°C and viable cell counts 
were determined at 0, 1, 2 and 3 h post-incubation on LB 
agar plates.

Microscopic analysis of the capsule by Maneval’s 
staining

Capsule production was microscopically visualized using 
Maneval’s staining method (Maneval, 1941). Briefly, the bac-
terial strains were grown 24 h on LB agar at 37°C. One colony 
was mixed with a drop of 1% CR and air-dried. The dried 
smear was then counterstained with Maneval’s stain (0.05 
% w v−1 acid fuchsin, 2.8 % w v−1 ferric chloride, 3.2 % v v−1 
phenol and 4.68 % v v−1 glacial acetic acid). Excess stain was 
washed from the slide with a stream of water and dried with 
bibulous paper. Images were captured with a Zeiss Axioplan 
2 epifluorescence microscope equipped with a 100× Plan-
Neofluor objective with a numerical aperture of 1.3.

Polysaccharide extraction, electrophoresis and 
visualization

Surface polysaccharides were extracted as described by 
Tipton and Rather (2019). Samples were separated on 
SurePAGE, Bis-Tris, 4%–12% gel (GenScript) and stained 
for 60 min with 0.1% (w v−1) Alcian blue. Gels were imaged 
with ChemiDoc™ Touch Imaging system (Bio-Rad). The top 
section of the gel corresponds to the capsular polysaccha-
rides while the bottom section of the gel corresponds to the 
LOS (Geisinger and Isberg, 2015; Tipton and Rather, 2019).

Congo red binding assay

Bacteria were cultured overnight in LB broth at 37°C. The 
cultures were then adjusted to an OD600 of 1.0 in brain 
heart infusion (BHI) broth. An aliquot of 5 µl was spotted 
on BHI agar plate supplemented with CR (50 µg ml−1) and 
Coomassie brilliant blue (1 µg ml−1) (Zhou et al., 2013; Ching 
et al., 2019). The plates were incubated at 37°C for 48 h.

Autoaggregation assay

Autoaggregation assays were performed as described else-
where (Sherlock et al., 2004; Charbonneau et al., 2006) with 
slight modifications. Bacteria were cultured overnight as 
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described above. Overnight cultures were washed twice in 
PBS, then adjusted to an OD600 of 2.0 in 2 ml of LB in a 17- × 
100 mm culture tube. Cultures were then vortexed for 10 s 
and incubated at 37°C for 4 h. A 200 µl sample was then 
taken about 0.5 cm below the surface and the OD600 was 
measured at time 0 and 4 h post-incubation. Percent autoag-
gregation was calculated by dividing the OD600 value of the 
aggregated cells by the OD600 value of a replicate tube that 
was vortexed prior to measuring the OD600.

Twitching motility

The twitching motility assay was performed as described pre-
viously (Clemmer et al., 2011; Harding et al., 2013; Biswas et 
al., 2019), with slight modifications. Briefly, bacteria were cul-
tured overnight in LB broth at 37°C. Bacterial cultures were 
resuspended 1:100 in fresh medium, grown to early station-
ary phase and then adjusted to an OD600 of 2.0. A pipette tip 
was dipped into the adjusted cultures and used to stab the 
twitching motility plates to the bottom. Plates were incubated 
at 37°C for 18 h. The motility plates consist of 1% EIKEN agar 
and were poured the day of the experiment.

Growth on MacConkey plate

Bacteria were cultured overnight in LB broth at 37°C. 
Bacterial cultures were resuspended 1:100 in fresh medium 
and grown to mid-log growth phase (OD600 of 0.6). Bacteria 
were washed with PBS, then adjusted to 107 CFU ml−1 in 
PBS. Serial dilutions were spot plated on MacConkey and 
incubated for 18 h at 37°C. The growth was macroscopically 
monitored.

Hydrolysis of the chromogenic substrate XP

Bacteria were cultured as described in the CR binding assay 
section. Five µl of the adjusted cultures were spotted on LB 
agar supplemented with 100 µg ml−1 of XP. The plates were 
incubated at 37°C for 48 h.

Resistance to polymyxin B

Bacteria were cultured as described in the resistance to nor-
mal human serum section, where 107 CFU ml−1 were incu-
bated with either polymyxin B (1 µg ml−1) or plain LB broth for 
60 min. The number of bacteria that survived the treatment 
was determined by CFU enumeration on LB agar at 15-, 30- 
and 60 min post-incubation.

LOS extraction, electrophoresis and visualization

Lipooligosaccharide was extracted using the hot aqueous- 
phenol extraction as described by Davis and Goldberg 
(Davis and Goldberg, 2012), with the exception that LOS 
was extracted from mid-log phase cultures as described 
above. Twelve µl of each LOS extraction were loaded on 
Tricine SDS-PAGE (16%) for analysis (Lesse et al., 1990). 
Gels were stained using Pro-Q Emerald 300 LPS gel stain 
(Invitrogen). Gels were imaged with Bio-Rad and bands 

were quantified by densitometry using Image Lab version 
6.0.1 (Bio-Rad).

Lipid A isolation and analysis by mass spectrometry

Lipid A was isolated from bacterial cell pellets using an 
ammonium hydroxide-isobutyric acid-based extraction pro-
cedure as previously described (El Hamidi et al., 2005). 
Briefly, bacterial liquid culture was pelleted and then resus-
pended in 400 μl of 70% isobutyric acid and 1 M ammonium 
hydroxide (5:3 vol/vol). Samples were incubated for 1 h at 
100°C, cooled on ice, and centrifuged at 2,000× g for 15 min. 
Supernatants were transferred to a fresh tube with endotox-
in-free water (1:1 vol/vol). Samples were snap-frozen on dry 
ice and lyophilized overnight. The dried material was washed 
twice with 1 ml methanol. Lipid A was extracted using 100 μl 
of a chloroform, methanol and water mixture (3:1:0.25 vol/vol/
vol). One μl of the lipid A concentrate was spotted on a stain-
less steel matrix-assisted laser desorption ionization–time 
of flight (MALDI-TOF) plate followed by 1 μl of 10 mg ml−1 
norharmane matrix (in chloroform-methanol (2:1 vol/vol)) 
(Sigma-Aldrich, St. Louis, MO). All samples were analyzed 
in the negative-ion mode with reflectron mode on a Bruker 
Microflex mass spectrometer (Bruker Daltonics, Billerica, 
MA). Mass calibration was achieved using an electrospray 
tuning mix (Agilent, Palo Alto, CA). All spectral data were 
analyzed with Bruker Daltonics FlexAnalysis software. The 
mass spectra were used to evaluate the lipid A structures 
present based on their predicted structures and molecular 
weights. Diversity of lipid A structure within a single bacte-
rial membrane is well-described (Dixon and Darveau, 2005; 
Shaffer et al., 2007).

Bacterial adhesion to hydrocarbons (B.A.T.H)

The B.A.T.H. assay was performed as described previously 
(Rosenberg et al., 1980; Goldberg et al., 1990). Briefly, bac-
teria were cultured to mid-log phase as described above, 
washed twice in PUM buffer (97.3 mM K2HPO4 • 3 H2O, 
53.3 mM KH2PO4, 30 mM urea, 1.7 mM MgSO4 • 7 H2O, 
pH 7.1) and resuspended to 108 CFU ml−1 in PUM buffer. 
107 CFU were added to 25% hydrocarbons (hexadecane or 
n-octane) in PUM buffer, vortex for 2 min and sit for 15 min 
at room temperature. An aliquot from the aqueous phase 
(lower) was taken, serially diluted and plated on LB agar for 
CFU enumeration. An increase in cell envelope hydrophobic-
ity is represented by a lower number of CFUs recovered from 
the aqueous phase.

Antibiotic resistance

Antibiotic resistance was determined by two approaches. 
First, minimal inhibitory concentrations (MICs) were deter-
mined using E-strips (Biomerieux and Liofilchem). Briefly, 
bacteria were cultured according to the manufacturer’s recom-
mendation and spread on Mueller-Hinton agar plates before a 
sterile E-test strip was placed in the middle of the plate. Plates 
were incubated for 18 h at 37 °C and the MICs were deter-
mined at the concentration where the bacterial growth was 
inhibited. Second, percent survival to a specific concentration 
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of antibiotic was quantified. Bacteria were cultured overnight 
in LB broth at 37°C. Bacterial cultures were resuspended 
1:100 in fresh medium and grown to mid-log growth phase 
(OD600 = 0.6). Cultures were then washed with PBS and 
adjusted to 107 CFU ml−1 in PBS. Serial dilutions were both 
plated on LB agar and LB agar supplemented with antibiotic 
(cefotaxime: 50 µg ml−1; carbenicillin: 100 µg ml−1 and tetra-
cycline: 20 µg ml−1). The percent survival was calculated by 
dividing the number of CFU recovered from the antibiotic 
plates on the number of CFU enumerated from the LB agar.

Quantitative RT-PCR

Strains were cultured as described above and RNA was 
extracted using TRIzol reagent (Thermo Fisher Scientific) 
according to the manufacturer’s recommendations. RNA 
samples were submitted to a rigorous DNase treatment using 
Turbo DNA-free (Ambion) to remove any DNA contamination. 
The iScript cDNA synthesis kit and the SsoFast Evagreen 
Supermix kit (Bio-Rad) were used for qRT-PCR analysis 
according to the manufacturer’s instructions. The gyrB gene 
was used as a housekeeping control (Anderson et al., 2017; 
Crépin et al., 2018). Gene expression was calculated using 
the 2−ΔΔCT method (Livak and Schmittgen, 2001). Genes with 
a fold-change above or below the defined threshold of two, 
were considered as differentially expressed. Primers used for 
qRT-PCR analysis are listed in Table S4.

Statistical analyses

All data were analyzed by using the GraphPad Prism 8 soft-
ware program. A Mann–Whitney test was used to determine 
statistical significance for mono-infection experiments. All 
other statistical analyses were determined by the Student’s 
t-test and either one- or two-way analysis of variance 
(ANOVA) with Tukey’s multiple comparison test.
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