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ABSTRACT The study of the minimum set of genes required to sustain life is a fun-
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that represent the minimal set of essential genes required for growth under all con-

ditions tested and can be considered the core essential genome of B. cenocepacia

H111. The majority of essential genes were found to be located on chromosome 1,

and few such genes were located on chromosome 2, where most of them were

clustered in one region. This gene cluster is fully conserved in all Burkholderia spe-

cies but is present on chromosome 1 in members of the closely related genus Ral-

stonia, suggesting that the transfer of these essential genes to chromosome 2 in a

common ancestor contributed toward the separation of the two genera.

IMPORTANCE Transposon sequencing (Tn-Seq) is a powerful method used to iden-
tify genes that are essential for autonomous growth under various conditions. In this
study, we have identified a set of “core essential genes” that are required for growth
under multiple conditions, and these genes represent potential antimicrobial targets.
We also identified genes specifically required for growth under low-oxygen and
nutrient-limited environments. We generated conditional mutants to verify the
results of our Tn-Seq analysis and demonstrate that one of the identified genes
was not essential per se but was an artifact of the construction of the mutant li-
brary. We also present verified examples of genes that were not truly essential
but, when inactivated, showed a growth defect. These examples have identified
so-far-underestimated shortcomings of this powerful method.

KEYWORDS Burkholderia, Tn-Seq, essential genes, minimal genome

he study of the essential genome is fundamental to further our understanding of
basic biological processes and how these interact to support life. Furthermore, due
to increased antibiotic resistance of many pathogens, researchers are examining es-
sential genes in order to identify novel antimicrobial drug targets (1-4). Burkholderia
cenocepacia is an opportunistic pathogen that is inherently resistant to a number of
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antimicrobials, notably, polymyxin B and other cationic antimicrobial peptides, due to
amino arabinose being incorporated naturally into its lipopolysaccharide (LPS) (5-8).

The B. cenocepacia genome consists of three large replicons and an optional plasmid
that are predicted to encode around 7,500 proteins. Recent work has shown that it is
possible to delete the third replicon, leading to the reclassification of this chromosome
as a megaplasmid, termed pC3 (9, 10). B. cenocepacia is a member of a metabolically
diverse group of bacteria termed the Burkholderia cepacia complex (BCC), whose
members can cause serious infections in patients who suffer from cystic fibrosis (CF).
The majority of BCC CF infections are caused by either B. cenocepacia or Burkholderia
multivorans, and BCC infection of the CF lung is usually associated with a poor
prognosis for the patient (11, 12). The fact that B. cenocepacia is able to form biofilms,
resist oxidative stress, persist within macrophages, and produce a wide range of
virulence factors, including toxins, proteases, and type six secretion systems, greatly
contributes to the clinical relevance of this organism. BCC infections are difficult to treat
due to their inherent antibiotic resistance and a high rate of patient-to-patient trans-
mission. This group of bacteria are a major problem for CF clinics; hence, new
antimicrobials that target BCC strains are urgently needed (13-17).

Early studies into essential genes in B. cenocepacia have involved either computa-
tional predictions or the creation of conditional mutants that cause growth defects (8,
18, 19). While the bioinformatics approach does not provide a bona fide proof of the
essentiality of a gene, the latter method is very laborious, which makes global studies
of essential genes difficult to undertake. Saturation level transposon mutagenesis
combined with next-generation sequencing, commonly known as Tn-Seq, has provided
a quick and technically efficient method to analyze a bacterium’s entire essential
genome in a single experiment (20, 21). More recently, this approach was applied to B.
cenocepacia J2315, creating a list of predicted essential genes for this strain that was
not further validated (22).

In this study, we ascertained the essential genome of B. cenocepacia strain H111 in
rich medium under aerobic and microoxic conditions as well as in minimal medium. A
subset of the predicted essential genes were verified using a conditional mutant
approach. Although the identified essential genes of H111 overlap those of J2315, there
are considerable differences that not only identified genes that are only essential in one
of the strains but also shed light on the pitfalls of this method.

RESULTS

Construction and sequencing of a B. cenocepacia H111 transposon (Tn) library.
The initial Tn library was taken from LB plates with antibiotic markers to select for the
transposon postconjugation and stored in glycerol at —80°C. An aliquot of the library
was grown through one round of batch culture in LB until early stationary phase
(approximately 8 h) without antibiotics to reduce false-positive results for genes that
help to deal with the stress caused by the selection. Sequencing of this mutant pool
resulted in 7,839,743 reads being mapped to 856,501 unique insertions within protein-
and RNA-coding regions of the genome. We determined that the average insertion
frequencies within the coding regions were 6 bp, 9 bp, and 12 bp for chromosome 1,
chromosome 2, and pC3, respectively. Data analysis was performed using the unique
insertion density (UID) approach of the Tn-Seq Explorer software as detailed in Materials
and Methods (23).

Three hundred ninety-eight genes were predicted to be essential using the sug-
gested cutoff value of 0.01 (see Table S1 in the supplemental material). The majority of
essential genes appear to be on chromosome 1, with only 40 genes being identified as
essential on chromosome 2 and pC3 (Table 1). Most of the essential genes are related
to core metabolic processes, particularly carbon metabolism and amino acid produc-
tion. In addition, genes involved in protein synthesis, energy generation, cell cycle, and
cell wall and membrane structure were overrepresented (Fig. 1).

Comparison of Tn-Seq data with published essential genes of B. cenocepacia.
To assess the accuracy of our Tn-Seq prediction, we cross-checked our data with
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TABLE 1 Numbers of unique insertions, average insertion frequencies, and numbers of
essential genes of the three B. cenocepacia H111 replicons in rich medium

Size of coding No. of unique Insertion No. of essential
Chromosome regions (bp) insertions frequency (bp) genes
1 3,099,313 496,269 6 358
2 2,657,050 288,110 9 30
3 904,321 72,122 12 10

previously reported essential genes. Wong et al. (22) conducted a TraDIS study of
essential genes in B. cenocepacia J2315 and reported 383 genes as essential in rich
medium. One hundred twenty-seven genes identified as essential in B. cenocepacia
H111 were not reported as essential in J2315. Eighteen of these were tRNAs, which
were not examined in that study, with the sequences of another 3 genes present but
not annotated in the J2315 genome. Nineteen genes were in duplicated regions of
J2315 and were likely for this reason not identified as essential in the J2315 study (22).
Multiple rounds of batch culture were used in the J2315 study, and essential genes
were investigated after each passage (22). Investigation of these data sets revealed that
44 H111 essential genes appeared in at least 1 of these “output pools,” with a further
22 genes being immediately upstream or downstream of genes identified in those data
sets. This leaves 22 H111 essential genes that were not identified in J2315 (see Table S2
in the supplemental material). Three of these genes were within unique phage regions
of H111, one of which was annotated as a DNA methylase and the other two likely
encoding phage repressors. Information from the KEGG database revealed that 5 of the
H111 essential genes, which were apparently nonessential in J2315, were related to the
biosynthesis of arginine (24, 25). To investigate the essentiality of arginine biosynthesis,
we constructed conditional BCAM0746 (arginosuccinate synthase gene) mutants in
both strain backgrounds (Table 2). While the J2315 mutant grew well in the presence
of glucose (nonpermissive condition), indicating that this gene is not essential in this
strain, growth of the corresponding H111 mutant was strongly impaired. Importantly,
supplementation of the medium with L-arginine rescued the growth defect of the H111
mutant (Fig. 2).

Bloodworth et al. (18) created 106 conditional mutants via transposon mutagenesis
in strain B. cenocepacia K56-2. Many of these mutants were in operons, taking the total
number of predicted essential genes in that study to 179. Ninety of these genes
matched our Tn-Seq prediction, and 63 genes that were missing from our prediction
were in operons with one or more of these genes (see Table S3 in the supplemental
material). Of the 19 genes that did not match our Tn-Seq prediction, 12 were within 1
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FIG 1 Functional categories of the 398 genes identified as being required for growth in rich medium.
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TABLE 2 Validation of H111 candidate essential genes?

Journal of Bacteriology

H111 RefSeq

Conditional mutant J2315 identifier identifier Function Essential®

B. cenocepacia
BCAMO0632 135_RS19210 N-Acetyltransferase N
BCAMO0746-strain H111 135_RS19780 Arginosuccinate synthase Y
BCAMO746-strain J2315 135_RS19780 Arginosuccinate synthase N
BCAMO0911 135_RS20630 1-Deoxy-D-xylulose-5-phosphate synthase Y
BCAMO0913 135_RS20640 tRNA threonylcarbamoyladenosine modification protein TsaD Y
BCAMO0918 135_RS20665 RNA polymerase sigma factor RpoD Y
BCAMO0967 135_RS20915 Succinate dehydrogenase Y
BCAMO0972 135_RS20940 Type Il citrate synthase Y
BCAMO0986 135_RS21020 Aspartate-semialdehyde dehydrogenase N
BCAMO0994 135_RS21060 Acetyl-CoAc carboxylase carboxyltransferase subunit beta Y
BCAMO0995 135_RS21065 Bifunctional folylpolyglutamate synthase/dihydrofolate synthase Y
BCAM0998 135_RS21080 Amidophosphoribosyltransferase N
BCAM1362 135_RS22520 Cell division protein Y
BCAM1931 135_RS25190 Porin N
BCAM2650 135_RS29140 trans-2-Enoyl-CoA reductase Y
BCAM2688 135_RS29330 N-Acylglucosamine 2-epimerase N

B. thailandensis E264/)J2315 orthologue
BTH_10484/BCAM0545 135_RS18760 PTS fructose transporter subunit IIA N
BTH_11642/BCAMO0855 135_RS20355 UDP-glucose 6-dehydrogenase N
BTH_110656/BCAM0963 135_RS20895 Hypothetical protein N
BTH_111941/BCAM1812 135_RS24870 Agmatinase N
BTH_I11863/BCAM2321 135_RS27455 Electron transfer flavoprotein subunit alpha N
BTH_110780/BCAM2358A 135_RS27645 Hypothetical protein N

9The conditional rhamnose-inducible mutants were spotted on LB plates supplemented with either 0.5% rhamnose (permissive condition) or 0.5% glucose

(nonpermissive condition) as described in Materials and Methods. Growth was recorded after 24 h of incubation at 37°C.

bY, essential; N, nonessential.
<CoA, coenzyme A.

kb of an essential gene. Seven genes appeared to be nonessential in our Tn-Seq data
set, and 7 genes identified as essential by Bloodworth et al. (18) had no orthologue in
B. cenocepacia H111. In conclusion, these data show that although there is a consid-
erable overlap of essential genes between B. cenocepacia strains H111, J2315, and
K56-2, sets of essential genes can vary even between closely related strains, which
suggests that cell viability can be achieved via different routes.

Rhamnose + - - - + -
Glucose - + + + - +
L-arginine - - ImM 10 mM - -

FIG 2 Conditional lethal phenotype of the rhamnose-inducible BCAM0746 mutant. Undiluted cultures of
mutants grew visibly on plates supplemented with either glucose or rhamnose prior to depletion of the
existing protein; however, at 100- and 1,000-fold dilutions, the mutant grew well in the presence of
rhamnose (a) but was unable to grow on plates supplemented with glucose (b). Addition of 1 mM
L-arginine partially restored growth of the BCAM0746 conditional mutant in the presence of glucose (c),
and addition of 10 mM L-arginine restored growth to the level of the induced mutant (d). The J2315
BCAMO0746 conditional mutant grew equally well in the presence of rhamnose (e) and glucose (f).

November 2017 Volume 199 Issue 22 e00260-17

jb.asm.org 4


https://www.ncbi.nlm.nih.gov/nuccore/I35_RS19210
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS19780
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS19780
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS20630
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS20640
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS20665
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS20915
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS20940
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS21020
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS21060
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS21065
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS21080
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS22520
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS25190
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS29140
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS29330
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS18760
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS20355
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS20895
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS24870
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS27455
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS27645
http://jb.asm.org

Essential Genes in Burkholderia cenocepacia

Data verification using conditional mutants. To experimentally verify the Tn-
Seq results, conditional mutants in which the native promoters of candidate genes
were exchanged against the Escherichia coli rhamnose-inducible promoter P, g
were created as described in Materials and Methods. Given that chromosome 1
carries mostly housekeeping genes, which match with previously published data
sets of essential genes, we chose to verify 15 candidate genes identified on
chromosome 2. Of these genes, 5 appeared to be nonessential under nonpermissive
conditions (LB supplemented with 0.5% glucose): those encoding N-acetyltransferase
(BCAMO0632), aspartate-semialdehyde dehydrogenase (BCAMO0986), amidophosphori-
bosyltransferase (BCAM0998), N-acylglucosamine 2-epimerase (BCAM2688), and a porin
(BCAM1931). To assess the quality of our Tn-Seq approach, we also tested the essen-
tiality of 6 orthologues from Burkholderia thailandensis E264 in LB that were reported as
being essential in this organism (26) but did not appear in the H111 Tn-Seq data set.
The 6 B. thailandensis orthologues were confirmed to be nonessential in B. cenocepacia
H111, demonstrating that it was unlikely that our Tn-Seq methodology missed any
essential genes (Table 2).

We noticed that one of the genes that could not be verified to be essential,
BCAM2688, was previously found to be required for resistance of H111 to polymyxin
(data not shown). As polymyxin targets the bacterial cell membrane, we hypothesized
that the use of Irgasan to select against the E. coli donor and helper strains during
transposon library construction counterselected mutants in this gene. Similar to poly-
myxin, Irgasan at high concentrations causes membrane damage (27). While the
conditional BCAM2688 mutant grew well on LB plates supplemented with either
polymyxin or Irgasan in the presence of rhamnose, growth was strongly impaired under
nonpermissive conditions. This suggests that BCAM2688 is not an essential gene for
growth in LB and that the respective mutants are not present in our library because of
the use of Irgasan as a selective agent for library construction. BCAM1931 was also
predicted to be essential in the Tn-Seq data set, with only one Tn insertion within the
coding sequence, but we were unable to confirm this experimentally using a condi-
tional mutant. Unlike the BCAM2688 mutant, this mutant was not susceptible to Irgasan
or trimethoprim. Interestingly, this gene was also found to be essential in J2315 (22)
and B. thailandensis E264 (26). Genes BCAM0632, BCAM0986, and BCAM0998, which
could not be confirmed as essential, were close to the theoretical cutoff suggested by
the Tn-Seq Explorer software as being essential.

Analysis of intergenic regions. The analysis of intergenic regions is not currently
supported by Tn-Seq Explorer. To circumvent this problem, the .ptt input file was
adjusted to allow the software to examine the coordinates between genes rather than
the coding regions. Two hundred sixteen intergenic regions of over 150 bp were
identified as essential (Table S1). Some of these regions appeared to contain promoters
of essential genes, but some were located between two nonessential genes. Four large
intergenic regions were identified, 3 of which were annotated as pseudogenes in the
RefSeq genome assembly (GCF_000236215.2). Another intergenic region spanning 720
bp appeared to be a promoter for RNase E (I135_RS04905). This gene had Tn insertions
only within the second half of the gene, suggesting either that the N terminus of the
resulting protein is sufficient for function or that the gene was not annotated correctly.
Another intergenic region spanning 205 bp on chromosome 2 has a predicted non-
coding small RNA in strain J2315. This small RNA (ncS62) is toxic when expressed in E.
coli (29), and its function is at present unknown, although our Tn-Seq data set suggests
that this small RNA is essential in strain H111.

Essential genes in ABC minimal medium. Members of the genus Burkholderia are
typically isolated from soil or the plant rhizosphere, where nutrients are limited. For this
reason, we determined the essential genes required for growth in AB minimal medium
with 0.2% citrate as the sole carbon source (ABC). Using a UID cutoff value of 0.007, 522
genes were identified as essential (see Table S4 in the supplemental material).

November 2017 Volume 199 Issue 22 e00260-17

Journal of Bacteriology

jb.asm.org 5


https://www.ncbi.nlm.nih.gov/nuccore/GCF_000236215.2
https://www.ncbi.nlm.nih.gov/nuccore/I35_RS04905
http://jb.asm.org

Higgins et al.

Wid BCAM BCAM BCAM
type 0632 0986 0998

Neat

103

FIG 3 Conditional lethal phenotype of rhamnose-inducible mutants of BCAM0632, BCAM0986, and
BCAM0998 on ABC minimal medium. The BCAM0632 conditional mutant had levels of growth compa-
rable to those of the B. cenocepacia H111 wild type. The BCAM0986 conditional mutant was unable to
grow on ABC medium, and the BCAM0998 conditional mutant had reduced growth at the 102 and 103
dilutions compared with the wild-type strain H111.

Of the 522 genes identified, 156 genes were specific for autonomous growth in
minimal medium compared with LB. Most of these essential genes are involved in
anabolic processes such as amino acid, fatty acid, purine, pyrimidine, and sugar
biosynthesis. Twenty of the identified genes code for ribosomal proteins and chaper-
ones. Conditionally essential ribosomal proteins have previously been described in E.
coli, which requires the L21 ribosomal protein for growth at low temperatures, whereas
L24 and L27 are essential at higher temperatures (30). Twenty-two of the identified
genes appear to affect the cell structure, the majority of which are transporters or
membrane proteins. There were few genes identified as important for energy gener-
ation and cell cycle changes, with the second-largest number of essential genes in ABC
medium being hypothetical genes.

Genes related to the relief of oxidative stress were identified as essential in ABC
minimal medium. Superoxide dismutase, pyrroloquinoline quinone (PQQ), and the
pigment production phytoene synthase all reduce oxidative stress, and their genes
appear to be essential in ABC minimal medium but not in LB.

In a previous study, we isolated 14 transposon insertion mutants in H111 that were
not only attenuated in virulence in a wax moth model but also unable to grow in
minimal medium (31). Ten of these were predicted to be essential using our Tn-Seq
analysis in ABC medium, with the other 4 being found between essential genes (see
Table S5 in the supplemental material). We also constructed BCAM0965 and BCAM2833
conditional mutants and confirmed that these genes are essential for growth in
minimal medium but not in LB (data not shown).

The genes BCAM0986 and BCAM0998, which were borderline essential in LB, were
clearly essential in ABC minimum medium. Testing of the respective conditional
mutants confirmed that the BCAM0986 mutant was nonviable in ABC and the
BCAMO0998 mutant had a growth impairment compared with the H111 wild type.
BCAMO0986 is involved in threonine metabolism, and we were able to restore growth of
the BCAMO0986 conditional mutant by supplementation of ABC medium with 1 mM
L-threonine (data not shown). In contrast, BCAM0632 was close to the cutoff for
essentiality in both media, and the BCAM0632 conditional mutant grew as well as the
wild type in ABC minimal medium (Fig. 3). This result suggests that growth of the
BCAMO0986 and BCAM0998 Tn5 mutants is dependent on certain nutritional compo-
nents of LB that are depleted during growth. While these mutants grow well in fresh LB
medium, they are unable to grow once these nutritional components are consumed,
resulting in an underrepresentation of these mutants in LB medium.

In conclusion, the ABC-specific essential genes encode mainly proteins required for
the biosynthesis of core metabolites. A subset of genes related to oxidative stress were
also identified, suggesting that growth in minimal medium is more stressful than
growth in rich medium.
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TABLE 3 Comparison of the numbers of transposon insertions found in the flagellar
biosynthesis genes in rich medium, minimal medium and microoxia®

No. of unique insertions

Gene  Function LB ABC  Microoxia
flgL Flagellar hook-associated protein FIgL 303 184 21
flgk Flagellar hook protein FIgK 522 325 47
—b Flagellar brake protein YcgR 158 77 776
flg) Flagellar rod assembly protein FlgJ 213 130 27
— Flagellar P-ring protein Flgl 281 153 29
— Flagellar L-ring protein 49 24 3
flgG Flagellar basal body rod protein FIgG 231 108 25
flgF Flagellar basal body rod protein FIgF 174 57 10
flge Flagellar hook protein FIgE 328 160 18
— Flagellar basal body rod modification protein FigD 106 56 8
flgC Flagellar basal body rod protein FigC 106 60 2
flgB Flagellar biosynthesis protein FigB 91 40 3
— Flagellar basal body P-ring biosynthesis protein FIgA 164 58 6
— Flagellar biosynthesis protein FlgM 87 69 31
— Flagellar synthesis chaperone protein FIgN 113 58 52

aGenes whose function is in bold were predicted as essential under microoxic conditions but not under
normal growth conditions in LB and ABC medium.
b—, no gene name assigned.

Essential genes under microoxic conditions. Given that in the CF lung bacteria are
limited for oxygen, we were interested in identifying essential genes required for
microoxic growth in LB. Four hundred thirty-eight genes were identified as essential
for growth under microoxic conditions (Table S6). Of the 93 genes that were specific for
this condition compared with LB, 33 encode metabolic functions and 8 encode
ribosomal proteins. Interestingly, under microoxic conditions, a number of modifica-
tions to the LPS structure appear to be essential along with a subset of genes encoding
flagellar components. The L-ring, basal body modification, P-ring, and flagellar biosyn-
thesis genes had very small numbers of transposon insertions compared with what was
observed in LB and ABC minimal medium. In contrast, the flagellar brake protein had
many more insertions under microoxic conditions than in aerobic growth in LB and
minimal medium, suggesting that mutants with a defective brake protein have a
growth advantage under microoxic conditions (Table 3). Interestingly, under low-
oxygen conditions oxidative stress also appears to be a problem. The superoxide
dismutase, PQQ, and phytoene synthase genes identified in the ABC experiment were
also identified as essential for the microoxic environment. In addition, two exodeoxy-
ribonuclease V subunit genes, which are involved in double-stranded DNA break repair,
appear to be essential. This suggests that genotoxic stress prevails under microoxic
conditions.

DISCUSSION

B. cenocepacia H111 has a large multireplicon genome (7.7 Mb) encoding approx-
imately 7,500 proteins (32), giving this bacterium huge metabolic versatility. Yet, our
analysis suggests that only 398 genes are essential under typical laboratory culture
conditions. While the set of essential genes identified in this study of B. cenocepacia
strain H111 are in good agreement with those identified in strain J2315, we noticed
some interesting differences. We identified a leucine transporter gene, two genes
involved in LPS biosynthesis, three genes involved in the cell cycle, and five genes
related to arginine biosynthesis as essential in strain H111 but not J2315. Viability of the
BCAMO746 (arginosuccinate synthase) conditional mutant was restored by the addition
of 10 mM L-arginine to both rich and minimal media but not by the addition of 2
yeast extract or 2X tryptone.

It is unlikely that the arginine content of the media used in this study was vastly
different from that used in the J2315 study, and we confirmed that in strain J2315
BCAMO0746 was nonessential under the conditions used in this study. The high levels of
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externally added arginine, which rescued the growth defect of the BCAM0746 condi-
tional mutant, suggest that H111 has a higher requirement for arginine than J2315 and
even in rich medium de novo arginine biosynthesis is required for growth. This may
indicate that H111 is impaired in arginine uptake or is draining the cellular arginine
pool for the biosynthesis of an unknown metabolite.

The antibiotics used for selection of the transposon in our study were different from
those used in the TraDIS study of J2315, which could contribute to variation between
the data sets. Postconjugation, the H111 mutant library was selected using trim-
ethoprim and lIrgasan. During the verification of essential genes, BCAM2688 was
identified as essential but only in the presence of Irgasan. BCAM2688 is annotated as
encoding an N-acylglucosamine 2-epimerase, which catalyzes the reaction N-acyl-p-
glucosamine = N-acyl-p-mannosamine (33) and is likely involved in sialic acid biosyn-
thesis. Interestingly, it has been demonstrated that defects in sialic acid production
sensitize Campylobacter jejuni to polymyxin (34). BCAM2688 was found to be essential
for resistance to polymyxin as well as to colistin and SDS, demonstrating that this gene
aids resistance to antimicrobials and disinfectants that target the cell membrane. This
is an interesting observation, as Burkholderia species are inherently resistant to cationic
antimicrobial peptides, which has been demonstrated to be achieved by incorporating
amino arabinose naturally into the LPS (5, 6). Our results make BCAM2688 a promising
target for antiresistance drugs, as inhibiting the encoded enzyme would render B.
cenocepacia susceptible to existing antibiotics to which Burkholderia species are nor-
mally resistant.

Chromosome 2 essential region. More than one-half of the essential genes on
chromosome 2 are located within a large gene cluster between BCAMO0911 and
BCAMO0995. Within this cluster are genes that are expected to be essential. Genes
involved in the first steps of B vitamin, fatty acid, and folate biosynthesis are found
within the cluster along with the housekeeping sigma factor gene rpoD and genes for
parts of the tricarboxylic acid (TCA) cycle. For growth in ABC minimal medium,
additional essential genes involved in amino acid and tRNA biosynthesis and the TCA
cycle were identified. This cluster always appears on chromosome 2 in members of the
genus Burkholderia, but these genes are found on the main chromosome in strains of
the closely related genus Ralstonia. Chromosome 2, which is found in all Burkholderia
species, has a typical plasmid type replication machinery, similar to pC3 (35), with the
latter now being reclassified as a megaplasmid (10). It is tempting to speculate that the
transfer of this essential region from chromosome 1 to an ancestral plasmid made this
plasmid indispensable and contributed toward the separation of the Ralstonia genus
from the Burkholderia genus.

Accessory essential genomes. When examining ABC minimal medium assays, it
was not anticipated that genes involved with the relief of oxidative stress would be
identified. Our data suggest that oxidative stress is a problem in both minimal and
microoxic environments, with PQQ, superoxide dismutase, and pigment production
being identified as essential. While the global oxidative stress response regulator OxyR
was not identified as essential in these experiments, the multiple antibiotic response
regulator (MarR), which has been demonstrated to control both antibiotic and oxidative
stress in E. coli, was (36). There are 28 MarR annotations in the B. cenocepacia H111
genome, and two different MarR orthologues were identified for ABC minimal medium
(BCAMO0731) and microoxic (BCAM0588) environments. It is conceivable that one of the
MarR regulators could be part of the low-oxygen regulon, with the other being active
in minimal media. BCAMO0588 has been shown to be upregulated in B. cenocepacia
microoxic RNA-Seq data sets (37, 38), which adds weight to this hypothesis. Further
research is required to elucidate which processes are controlled by the MarR ortho-
logues in B. cenocepacia H111 and why growth under minimal medium or microoxic
conditions causes oxidative stress.

Interestingly, the flagellar L- and P-ring genes appeared to be essential under
microoxic conditions. The flagellar biosynthesis genes have been demonstrated to be
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upregulated in microoxia (37, 38), but this cannot explain why only a subset of flagellar
genes are essential in this environment. It could be due to the flagellar hook and
filament not being correctly inserted into the membrane in these particular mutants,
which causes structural damage due to the higher number of flagella. The flagellar
brake protein appears to be strongly nonessential, with 776 insertions observed in the
microoxic environment. This is a large number and was the 29th-most-hit gene in that
experiment, strongly suggesting that inactivation of the flagellar brake gene provides
a growth advantage in microoxia.

Tn-Seq error in identifying essential genes. As pC3 is nonessential (9, 10), this
replicon allowed an estimation of the error within our Tn-Seq experiments. There were
10 genes predicted to be essential that are carried by pC3 with 5 genes being expected
as false positives. The repB and parAB genes were anticipated to lack Tn5 insertions, as
an interruption of these replication genes results in loss of pC3 (9, 10), and thus these
genes will appear to be void of insertions in the Tn-Seq analysis. The other two genes
anticipated to lack Tn5 insertions were pilin biosynthesis genes, as it is likely that
inactivation of certain genes of the pilus biosynthesis pathway may lead to the
accumulation of toxic unassembled pilin (39, 40). This leaves 5 genes, all of which
encode hypothetical proteins that are nonessential in this strain (10) but are predicted
to be essential by Tn-Seq. Given that pC3 represents approximately a 7th of the size of
the entire genome, we assume that there could be about 37 falsely identified genes,
representing 7.5% of the results.

The use of antibiotic markers to select for transposon insertions during library
construction is one reason why false-positive results appear in Tn-Seq data sets, as we
exemplified in this study for BCAM2688 and its role in resistance to Irgasan. Uneven Tn
distribution across the Burkholderia chromosomes could contribute to Tn-Seq error in
these organisms. We noted 50% more Tn insertions in chromosome 1 than in chro-
mosome 2 and twice as many insertions in chromosome 1 as in pC3. This phenomenon
was also reported in the J2315 study (22), and it was noted that almost twice as many
insertions were present on chromosome 1 as on chromosome 2 in a study of Burk-
holderia pseudomallei (4). At present, the reason for the observed uneven Tn distribu-
tion is unclear.

The average Tn coverage in the LB experiment was one insertion every 6, 9, and 12
bp for chromosome 1, chromosome 2, and pC3, respectively. This is very high coverage,
and it is unlikely that essential genes were underestimated on chromosome 2 and pC3.
A number of chromosome 2 essential genes were confirmed using conditional mutants,
with BCAM0986 and BCAMO0998 predicted to provide a fitness benefit in LB rather than
being essential per se, further supporting that our cutoff for essentiality was accurate.

The relative fitness of each mutant would also play a role in Tn-Seq error. Genes that
are found close to the predicted cutoff for essentiality may be viable but had a growth
defect at some point during library selection. Two examples of this were BCAM0986
and BCAMO0998, which appeared close to the cutoff for essentiality in LB and whose
mutants likely encountered a growth defect, as specific nutrients were depleted during
growth. BCAM0986, which encodes an aspartate-semialdehyde dehydrogenase, is in-
volved in the conversion of L-aspartate to L-threonine (24, 25). All the genes that encode
enzymes required for this conversion (BCAL1925, BCAL1926, BCAL2146, BCAM0899,
and BCAMO0986) were essential in the ABC minimal medium data set. BCAL1925,
encoding a threonine synthase, was essential in LB, but this gene is also involved in
vitamin B4 metabolism (24, 25). BCAL2146, which encodes the 1st step in the conver-
sion of L-aspartate to L-threonine (24, 25), was borderline essential in LB. It is likely that
mutants in BCAL2146 and BCAM0986 encountered a growth defect as threonine was
depleted from LB, resulting in the underrepresentation of these mutants in the LB data
set. In support of this hypothesis, we were able to restore growth of the BCAM0986
conditional mutant in ABC minimal medium by the addition of T mM L-threonine.

Gene BCAM0998 (purf) is annotated as a gene for amidophosphoribosyltransferase,
which converts 5-phosphoribosyl-1-pyrophosphate (PRPP) to 5-phosphoribosyl-1-
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FIG 4 Visualization of the numbers and positions of transposon insertions within the coding sequence and the upstream region of RNase E (135_RS04905). Note
that no insertions were found within a large part of the upstream intergenic region of this gene and that the first insertions are found only approximately 1,200
bp downstream of the annotated start of the reading frame. This gene is duplicated in B. cenocepacia J2315, with each functional copy being designated

BCAL0982 and BCAL2888. Image taken from the LB data set.

amine (PRA) using the ammonia group from L-glutamine (24, 25). This enzyme links the
endpoint of the pentose phosphate pathway (PRPP) to purine biosynthesis, and this is
another example of a mutant that likely had a growth impairment due to the depletion
of certain nutrients during growth in LB. Interestingly, a BCAM0998 mutant was
identified in a screen for reduced pathogenicity in a number of nonmammalian
pathogenicity models (31). This demonstrates that in certain infection models, purines
cannot be obtained from the host and de novo biosynthesis is required. Both
BCAMO0986 and BCAM0998 were confirmed to be essential in ABC (Fig. 3) but not LB
medium.

Another issue is Tn-Seq data interpretation. It is assumed that the central part of a
gene is required for function. After examining intergenic regions, we discovered a large
intergenic region (720 bp) devoid of transposons. Directly downstream of this inter-
genic region was a gene annotated as RNase E, which had insertions only after
approximately 1,200 bp of its coding sequence, suggesting that this is an essential gene
(Fig. 4).

The RNase E gene is an essential gene in E. coli, and the protein’s functional domains
are found in the N terminus (41), which could explain why this region is devoid of
insertions. It could also be that the gene was not annotated correctly. This annotation
issue was further exemplified when 3 pseudogenes (BCAL0904, BCAL1005, and
BCAL2189) were identified in all experiments during the intergenic region analysis. The
RefSeq assembly files from NCBI were used in this analysis. Postanalysis, it was discov-
ered that these 3 pseudogenes had full annotations in the GenBank assembly files, also
available from NCBI, and had full annotations in strain J2315 (42). We also identified 3
genes for which the sequence is present but not annotated on the J2315 genome.
These examples demonstrate that inconsistencies in genome annotations contribute to
error in Tn-Seq data analysis.

The core essential genome. Comparison of the LB, ABC, and microoxic data sets
revealed that there were 339 genes identified as essential in all 3 experiments, which
can be considered the core essential genome of B. cenocepacia H111 (see Table S7 in
the supplemental material). This accounts for only 5% of the coding capacity of this
bacterium but is well within the range of essential genes reported in other bacteria.
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Three hundred thirty-six genes were suggested to be essential in Pseudomonas aerugi-
nosa (43), 505 in Burkholderia pseudomallei (4), and 406 in Burkholderia thailandensis
(26). The smallest experimentally verified genome shown to support autonomous
growth was that of the redesigned synthetic cell Mycoplasma mycoides JCVI-syn3.0,
which contained 473 genes (44).

Although there are drawbacks to identifying essential genes using Tn-Seq, a highly
conserved set of 339 genes were identified in all experiments. Essential genes have
been proposed as good targets for novel antimicrobials (3, 4), and hence, this set of
common essential genes would make a good starting point for the development of
novel antimicrobials targeting B. cenocepacia (Table S7).

MATERIALS AND METHODS

Bacterial strains and growth conditions. All bacterial strains and plasmids used in this study are
detailed in Table S8 in the supplemental material. Bacterial strains were routinely grown in Difco Lennox
broth (LB) or AB medium (45) supplemented with 0.2% citrate (ABC) as the sole carbon source at 37°C
with shaking at 200 rpm or LB or ABC agar plates (addition of 1.8% agar) at 37°C. The medium was
supplemented with relevant antibiotics when appropriate, using the following concentrations: (i) for
Escherichia coli, kanamycin (Kan), 25 ug ml~1, and trimethoprim (Tp), 50 wg ml~; (i) for B. cenocepacia,
Tp, 50 ug ml=". To select for B. cenocepacia after mating experiments, LB agar plates supplemented with
Tp (50 mg ml=7) for strain H111 or Tp (500 wg ml~") for strain J2315, polymyxin B (Pol) (50 ug ml—7), and
0.5% L-rhamnose were used. Media were supplemented with 0.5% L-rhamnose or 0.5% glucose for
inducible strains as required.

Tn-Seq methodology. Transposon mutagenesis was carried out by conjugation. Overnight cultures
of the recipient strain (B. cenocepacia H111), the donor strain, E. coli SM10 A-pir containing pLG99
(carrying a Tn5 transposon), and a helper strain, E. coli DH5«a pRK2013 (to increase efficiency of transfer),
were grown with the appropriate antibiotics. The optical density (OD) at 600 nm was measured, cultures
were washed twice in fresh LB, and the OD was adjusted to 1. Recipient, donor, and helper strains were
mixed in a 2:1:1 ratio (1 ml to 0.5 ml to 0.5 ml), centrifuged, resuspended in 100 ul LB, spotted onto a
nitrocellulose filter (0.45-um pore size) placed on an LB plate, and incubated for 5 h at 37°C. Cells were
washed from the filter with 1 ml saline solution and plated on LB agar containing trimethoprim (50
rg/ml) and Irgasan (25 ug/ml) to counterselect E. coli. Plates were incubated at 37°C overnight, and the
resulting colonies were washed from the plates with 1 ml LB (25% glycerol). Multiple 1-ml washes were
stored in aliquots at —80°C. An estimated total of 1,000,000 mutants were generated from 44 parallel
matings.

For Tn-Seq experiments, the mutant population was grown in liquid LB and ABC minimal
medium under oxygenated and microoxic conditions (0.5% O,) as described previously (37). Cultures
were grown to late exponential phase, and genomic DNA was extracted using the Qiagen DNeasy
blood and tissue kit.

Sequencing of transposon junctions was undertaken using the circle method (46) with the following
amendments. Final library amplification by PCR was carried out using Phusion polymerase (NEB) with the
GC buffer in the place of Kapa polymerase. Postamplification, a size selection step was included to select
for molecules between 230 and 380 bp, which were recovered from a 1% agarose gel using a Qiagen gel
recovery kit. Samples were pair end sequenced using the 2 X 250-bp kit and the custom sequencing
setup on the lllumina MiSeq platform.

Construction of conditional mutants and screening for essentiality. The construction of condi-
tional mutants in Burkholderia species using pSC200 has been well described. Briefly, this plasmid has an
R6K origin of replication and contains a multiple cloning site (MCS) upstream of a rhaR-rhaS-P,,,,, module.
A portion of the coding sequence of the gene of interest is cloned into the MCS, and the plasmid is
transferred to Burkholderia, where it integrates into the target sequence via homologous recombination,
switching the native promoter to the rhamnose-inducible promoter (P, ;) (4, 8, 18, 19).

To construct mutagenesis plasmids, 500- to 600-bp fragments of the 5’ end of selected genes were
amplified by PCR using the primers detailed in Table S9 in the supplemental material. Primers were
designed to remove the start codon and add an Ndel restriction site to the 5’ end and an Xbal site to
the 3’ end of the resulting PCR products. The Ndel restriction site has an ATG, which negates the need
for a start codon postcloning. PCR products were cleaned using a Qiagen PCR cleanup kit, restricted, and
cloned into similarly digested pSC200 using standard molecular biology techniques (47). The resulting
plasmids were maintained in E. coli CC118 A-pir and sequenced prior to use. Plasmids were introduced
into B. cenocepacia H111 by triparental mating as described above. Chromosomal integrants were
selected on LB agar containing 50 ng ml=" Tp for strain H111 or 500 wg ml—' Tp for strain J2315, 50 ng
ml~" polymyxin B (Pol), and 0.5% (wt/vol) L-rhamnose, and the resulting mutants were stored at —80°C
in 25% (wt/vol) glycerol (final).

To assess if a target gene was essential, overnight cultures were set up in LB broth containing 0.2%
(wt/vol) L-rhamnose. Cultures were diluted to 10-2 and 10~3 in fresh LB and 2.5 ul of the neat overnight
culture and each dilution culture was spotted onto both LB with 0.5% (wt/vol) L-rhamnose (to induce
P..ae) @and LB with 0.5% (wt/vol) glucose (to repress P, ;) plates. For minimal medium assays, an ABC
plate with 0.5% (wt/vol) glucose was used. Cultures were grown at 37°C, and growth was assessed after
24 and 48 h.
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Tn-Seq data analysis and bioinformatics. lllumina sequence FASTQ files were trimmed for quality
using trimmomatic-0.32 and the settings Leading:30, Trailing:30, Slidingwindow:4:20, Minlen:60 (48).
Adapter sequences were then removed using Cutadapt (v1.9) (49).

Tn-Seq data were analyzed using an open-licensed software platform called Tn-Seq Explorer (23).
Prior to utilizing Tn-Seq Explorer, .ptt and .rnt input file types had to be created. The Tn-Seq Explorer
software was designed to utilize these file types to input the locations of the protein and RNA coding
regions to the software, but these file types are no longer accessible via NCBI (23). Tn-Seq Explorer can
access the old .ptt and .rnt files from an archive, but B. cenocepacia H111 is not in that archive. To
circumvent this problem and allow future use of Tn-Seq Explorer, a custom Python script was written to
extract protein and RNA annotations from the current RefSeq .gbff file and format the data as .ptt and
.t files, which were loaded into Tn-Seq Explorer. The .ptt and .t files are available upon request.

Trimmed reads were mapped to the chromosome using the Bowtie 2 plugin of Tn-Seq Explorer; the
default “~very-sensitive” command for mapping pair end reads was used (50). Reads were mapped to all
three chromosomes simultaneously instead of mapping to the individual chromosomes to prevent reads
mapping to orthologues rather than to their true locations. A sequence alignment map (SAM) file
containing the positions of each read was produced. Each SAM file was extracted into Tn-Seq Explorer
to examine essentiality. Transposons mapping within 5% of the start codon and 20% of the stop codon
were excluded from the analysis. Unique insertion density (UID) and unique insertion counts (UIC) were
calculated using the software. A prediction for the cutoff UID value was carried out for each experiment
to separate the essential from the nonessential genes (23).

In this approach, the number of unique insertions of a given gene is divided by the gene length,
returning the UID for that gene. The frequency of the UID values is calculated, and a plot of frequency
versus UID is created. Typically, a bimodal distribution is observed, whereby genes that have very few or
no insertions appear in high frequency on the left side of the plot. The plot quickly decreases as genes
appear with higher numbers of transposons until the plot rises again for genes that can tolerate
transposon insertions (4, 26, 46). It is at this crossover point that the predicted “cutoff” for essential genes
is taken. Past this point, genes are considered to be able to tolerate high numbers of transposon
mutations without affecting growth and are considered nonessential; the plot for the LB data set can be
viewed in Fig. S10 in the supplemental material.

The locations and frequency of each Tn insertion were added to our RefSeq GenBank file using a
custom Python script for visualization in a bioinformatics genome browser; these files are available upon
request. COG and EggNOG functions were added to each of the essential genes using Mauve.

Availability of data. Raw FASTQ files generated from the lllumina MiSeq platform are publicly
available from the NCBI short reads archive (SRA) and can be found using the following link: https://
www.ncbi.nlm.nih.gov/sra/?term=SRP115200. The accession numbers for individual data sets are as
follows: LB data set, SRX3085715; ABC data set, SRX3085716; LB microoxic (0.5% O,) data set,
SRX3085714.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00260-17.

SUPPLEMENTAL FILE 1, XLSX file, 0.6 MB.
SUPPLEMENTAL FILE 10, PDF file, 0.3 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.6 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 6, XLSX file, 0.6 MB.
SUPPLEMENTAL FILE 7, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 8, PDF file, 0.3 MB.

SUPPLEMENTAL FILE 9, PDF file, 0.1 MB.
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