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ABSTRACT

Rubrivivax gelatinosus is a betaproteobacterium with impressive metabolic diversity. It is capable of phototrophy, chemotrophy, two
different mechanisms of sugar metabolism, fermentation, and H2 gas production. To identify core essential genes, R. gelatinosus was
subjected to saturating transposon mutagenesis and high-throughput sequencing (TnSeq) analysis using nutrient-rich, aerobic condi-
tions. Results revealed that virtually no primary metabolic genes are essential to the organism and that genomic redundancy only ex-
plains a portion of the nonessentiality, but some biosynthetic pathways are still essential under nutrient-rich conditions. Different es-
sentialities of different portions of the Pho regulatory pathway suggest that overexpression of the regulon is toxic and hint at a larger
connection between phosphate regulation and cellular health. Lastly, various essentialities of different tRNAs hint at a more complex
situation than would be expected for such a core process. These results expand upon research regarding cross-organism gene essential-
ity and further enrich the study of purple nonsulfur bacteria.

IMPORTANCE

Microbial genomic data are increasing at a tremendous rate, but physiological characterization of those data lags far behind. One
mechanism of high-throughput physiological characterization is TnSeq, which uses high-volume transposon mutagenesis and high-
throughput sequencing to identify all of the essential genes in a given organism’s genome. Here TnSeq was used to identify essential
genes in the metabolically versatile betaproteobacterium Rubrivivax gelatinosus. The results presented here add to the growing TnSeq
field and also reveal important aspects of R. gelatinosus physiology, which are applicable to researchers working on metabolically
flexible organisms.

Rubrivivax gelatinosus (formerly Rhodocyclus gelatinosus) is a
purple nonsulfur bacterium in the Betaproteobacteria clade. Its

physiology has principally been studied for its photosynthetic capa-
bility (1–8), but the organism is very metabolically versatile; it is ca-
pable of growing phototrophically (including photoheterotrophi-
cally) in anaerobic light conditions and chemoheterotrophically
under aerobic conditions in light or dark (9, 10). It has the necessary
components for the Embden-Meyerhof-Parnas pathway and the En-
tner-Doudoroff pathway as well as for the pentose phosphate path-
way (11). It is capable of carbon and nitrogen fixation, fermentation,
and H2 gas production, making it of interest in biofuel production.
Interestingly, while 16S rRNA gene sequencing places the organism in
the Betaproteobacteria, the phylogenetic history of the photosynthe-
sis genes strongly suggests that they were horizontally transferred
from purple photosynthetic Alphaproteobacteria (12).

To identify a minimal set of essential genes in R. gelatinosus IL-
144, saturating transposon mutagenesis and high-throughput se-
quencing (TnSeq) was performed on the organism using aerobic,
dark, nutrient-rich conditions. TnSeq is a method of identifying es-
sential genes in a high-throughput fashion by mutagenizing a target
strain with a transposon, generating upwards of over one million
transformants (13). Mutants are pooled, and high-throughput se-
quencing is used to map hundreds of thousands of unique insertions;
these data are then used to find genes that are essential under mu-
tagenesis conditions by identifying genes that cannot tolerate disrup-
tive insertions. This technique has been used on a number of model
bacterial systems (13–17). Here, TnSeq was applied to R. gelatinosus,
not only to investigate its metabolism but also to reveal other
unusual features of the organism.

MATERIALS AND METHODS
Bacterial strains and growth conditions. R. gelatinosus was grown using
a peptone-yeast extract (PY) medium (peptone, 10 g/liter; yeast extract, 10

g/liter; 1.5% agar for solid medium) at 30°C. Agar plates with 12.5 �g/ml
kanamycin were used to select for transposon insertions.

R. gelatinosus mutagenesis. EZ-Tn5 Transposome (Epicentre) was
electroporated into R. gelatinosus using conditions previously described
for the organism Brevundimonas subvibrioides (15). Briefly, a 25-ml R.
gelatinosus culture was grown to an optical density at 600 nm (OD600) of
�1.0 and harvested by centrifugation (12,000 � g for 5 min at 4°C). Cells
were resuspended in 25 ml ice-cold water and centrifuged. This process
was repeated, and cells were finally resuspended in 250 �l water. One
microliter of EZ-Tn5 Transposome was added to the cells and mixed by
gentle pipetting. Cells were then aliquoted to 5 chilled electroporation
cuvettes (0.1 mm) and electroporated (1.5 kV, 25 �F, 400 �). Each of the
aliquots was resuspended in 1.0 ml PY medium and was grown by shaking
at 200 rpm at 30°C for 3 h. The cultures were plated 3 by 350 �l on
150-mm-diameter PY plus kanamycin plates. This process was repeated
for a total of 100 transformations. Plates were incubated at 30°C for 2 days
and stored at 4°C until colonies were harvested. Cells were harvested from
plates with a sterile spreader, combined into a single pool of transfor-
mants, and frozen at �80°C.

DNA extraction, library preparation, and high-throughput se-
quencing. Genomic DNA was extracted and transposon mapping was
performed as described previously (15). Briefly, genomic DNA was har-
vested from transformant pools using the Qiagen Maxiprep kit. Cell pel-
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lets were thawed with buffer B1 until the supernatant had an OD600 of
�2.0. This supernatant was then used for the Maxiprep kit according to
the manufacturer’s recommendations.

Library preparation, sequencing, and sequence analysis were per-
formed by the Indiana University Center for Genomics and Bioinformat-
ics. Ten micrograms of DNA was resuspended in a final volume of 100 �l
of Tris-EDTA (TE; pH 8.0) buffer and nebulized at 45 lb/in2 for 1 min and
15 s. Nebulized DNA was then purified and assayed on a DNA7500 chip
(Agilent Technologies). DNA was subjected to end repair as recom-
mended by Illumina and cleanup using AMPure XP (Beckman Coulter).
Ligation reactions involving the Illumina PE adaptor were then per-
formed, and following purification with a 1� ratio of AMPure XP, the
samples were assayed on the TapeStation using D1K high sensitivity tapes
to verify that adaptor ligation was successful. Amplification reactions were
performed with the following conditions: 28 �l DNA template, 1 �l mul-
tiplex primer, 10.3 �l water, 5 �l 10� AccuStart buffer, 2 �l 50 mM
MgSO4, 1 �l 10 mM deoxynucleoside triphosphate (dNTP) mix, 1 �l
Transleft primer (see reference 15), 1 �l IN2.0 primer (0.5 �M), and 0.7
�l AccuStart Hifi Taq. The following thermocycler conditions were used:
94°C for 1 min and 30 s; 5 cycles of 94°C for 15 s, 58°C for 45 s, and 68°C
for 30 s; 15 cycles of 94°C for 15 s, 65°C for 45 s, and 68°C for 30 s; and 68°C
for 10 min. Following amplification, the reactions were purified using a
1� ratio of AMPure XP beads and eluted in 28 �l elution buffer. Samples
were then assayed on the TapeStation using D1K high sensitivity tapes.

Sequencing was performed on an Illumina GA2-PEM2X instrument.
Sequencing runs were 146-bp paired ends with 7-base index reads. Se-
quencing runs were performed using v8.3px and v4 Illumina Cluster kits
(120 tiles per lane) along with a v5 Illumina SBS run reagent kit. Sequenc-
ing out of the transposon was accomplished by using a custom primer (see
reference 15). This primer annealed over the junction of the 3= end of the
inner transposon and the 3= mosaic sequence; thus, all sequencing reads
outward of the 3= end of the transposon. Exposure time for the lasers was
1,225 ms (A � 500 ms, C � 350 ms, G � 200 ms, T � 175 ms). Image
analysis was performed using Illumina RTA v1.9.35.

Sequence analysis. Sequence analysis was performed as described pre-
viously (15). Briefly, sequence reads that lacked the 10-bp transposon
sequence at the start were removed, and the transposon sequences were
trimmed from reads of interest prior to mapping. Sequences were mapped
to the R. gelatinosus genome (GenBank accession number NC_017075.1).
The BWA mapping tool was used, allowing an n of 3 (max number of
mismatches per read) and an o of 1 (max number of gap openings) (18,
19). From the alignment file, the insertion site for each read was listed,

where the insertion site was defined as the coordinate to which the 5= end
of the read mapped. The insertion sites were annotated based on open
reading frame (ORF) coordinates.

To identify essential genes, transposons in the 5= and 3= 20% of each
ORF were discarded to avoid complications in misannotated start sites or
nondisruptive insertions at the 3= terminus (as performed previously
[15]), and the transposon density of the internal 60% of each ORF was
calculated and plotted on a histogram. To draw tentative cutoffs for es-
sential and nonessential gene designations, transposon densities were
subjected to Ward’s clustering analysis as was done previously (15). This
analysis is an agglomerative hierarchical clustering mechanism where
each value is initially in its own cluster, and pairs of clusters are then
merged into larger and larger clusters such that the total increase of in-
cluster variance is minimal. In this case, each “value” is the transposon
density of a given ORF, and similar densities are merged into larger and
larger clusters. A graphical representation of clusters containing low
transposon densities is shown as a tree in Fig. 1 (right). In this tree, branch
length has no bearing on the relationships between clusters, and the hor-
izontal size of the clusters is dependent on the number of densities (i.e.,
ORFs) in each cluster. This method was a way of creating groups of ORFs
with similar transposon densities so that they could be categorized for
essentiality; as shown in Fig. 1, one group of clusters contained ORFs in
the histogram peak of abnormally low densities (categorized essential),
while other groups of clusters contained ORFs with densities in the
area between histogram peaks (categorized unresolved). However, all
essentiality designations are putative until verified by more direct ge-
netic analysis.

RESULTS AND DISCUSSION
Analysis of insertion bias and identification of essential genes.
An estimated 850,275 mutant colonies were harvested into the
transposon pool, and sequencing identified 567,436 unique inser-
tions, leading to an estimated library recovery of 66.7%, which is
similar to previous recoveries (15). This resulted in an average of
119 transposons per ORF. A comparison of the GC content of
100-bp windows around each transposon insertion to a random
sampling of 100-bp genomic windows shows that there was a
slight bias of insertion into more AT-rich regions (see the supple-
mental material), but in total, most transposons inserted into re-
gions with similar GC contents as would be expected by random
chance, suggesting that GC content had little impact on trans-

FIG 1 Transposon density distribution. The transposon density of the internal 60% of each ORF was plotted on a histogram (left). The distribution shows a small
population of densities close to the y axis (essential genes) and a larger population with higher densities (nonessential genes). Genes in the trough area between
peaks likely contain essential genes and genes that have a significant growth defect when disrupted. Numbers in parenthesis represent the height of bars exceeding
the y axis (307 for the 0 to 0.0025 range and 92 for the above 0.34 range). A portion of the Ward’s cluster analysis covering the essential gene peak, trough, and
early nonessential gene peak is depicted (right). Brackets indicate major clusters and how those portions of the clustering analysis correspond to portions of the
histogram.
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poson insertion. Similarly, gene orientation was not a significant
contributor to transposon insertion. For each ORF, the number of
insertions oriented in the positive strand was divided by the num-
ber of insertions oriented in the negative strand, and these
numbers were log2 transformed. Therefore, an ORF with equal
numbers of insertions in the positive and negative strands will
have a log2 strand analysis number of 0. The strand analysis num-
ber for each ORF was plotted and shown in the supplemental
material. The majority of ORFs cluster around the 0 point, sug-
gesting that ORF direction did not significantly impact insertion
direction.

Gene essentiality designation was assigned as previously per-
formed for Agrobacterium tumefaciens and B. subvibrioides (15).
Transposons in the 5= and 3= 20% of each ORF were discarded to
avoid complications in misannotated start sites or nondisruptive
insertions at the 3= terminus, and the transposon density of the
internal 60% of each ORF was calculated and plotted on a histo-
gram (Fig. 1, left). Transposon densities were also subjected to
Ward’s clustering analysis. As described in the Materials and
Methods, this clustering mechanism is an agglomerative mecha-
nism that joins data values (in this case transposon densities) such
that the least variance is introduced in clusters. This analysis there-
fore joined transposon densities into clusters, and smaller clusters
into larger cluster groups, based on density similarity. A tree
showing cluster groups that contain low transposon densities is
shown in Fig. 1 (right). Brackets indicate which cluster group cov-
ers which portion of the transposon densities in the histogram
(Fig. 1, left). The group of clusters indicated by bracket 1 corre-
sponds to the histogram peak containing abnormally low densi-
ties; these 388 genes have been designated essential. The group of
clusters indicated by bracket 2 covers genes in the trough between
the two peaks, and these 103 genes were categorized as unresolved.
The remaining 4,276 genes were categorized as nonessential. It
should be emphasized that essential gene designations are putative
until verified by more tradition genetic analysis. Lists of genes and
accompanying essentiality are found in the supplemental mate-
rial.

As a percentage of total genomic content, R. gelatinosus is on
the low end for essentiality. Only 8.1% of its ORFs are essential;
more than 10% is typical. This is likely a result of a combination of
factors. The first factor is the larger size of the R. gelatinosus ge-
nome (4,767 total ORFs). Organisms with more genomic content
tend to have lower essential gene content by percentage. For ex-
ample, Salmonella typhi has 356 essential ORFs of its total 4,537
(7.8%) (13), Agrobacterium tumefaciens has 372 of 5,460 (6.8%)
(15), and Pseudomonas aeruginosa has 352 of 5,678 (6.2%) (16);
conversely, Caulobacter crescentus has 480 of 3,876 (12.4%) (14),
Brevundimonas subvibrioides has 447 of 3,393 (13.2%) (15), and
Streptococcus pyogenes has 241 of 1,785 (13.5%) (20). Another
contributing factor to lower essential gene content is the general
lack of metabolic genes. As noted in the original genome publica-
tion (11), R. gelatinosus has a number of redundant genes, partic-
ularly for metabolic pathways. This is reflected in the low number
of essential metabolic genes, as exemplified by those of the tricar-
boxylic acid (TCA) cycle (see below). Similarly, the metabolic flex-
ibility of the organism can contribute to lower essential gene con-
tent, as a blockage in one type of metabolic pathway may be
bypassed by adopting a different type of metabolism. However,
Rhodopseudomonas palustris, a purple photosynthetic and meta-
bolically versatile alphaproteobacterium, has a similar genome

size to R. gelatinosus with 4,838 protein-encoding ORFs, and
TnSeq analysis, using a rich medium that was also supplemented
with light (thereby providing conditions for more types of metab-
olism than were provided for R. gelatinosus), found 552 essential
genes, which covers 11.2% of the genome (21). Therefore, genome
size and metabolic flexibility cannot be the sole determinants of
essential gene content.

Analysis and comparison of essential genes by COG cate-
gory. Table 1 summarizes the R. gelatinosus essential gene content
by clusters of orthologous group (COG) category. Nearly all es-
sential genes had a predicted function, and most of them belonged
to systems one would expect to be essential. By far, the COG cat-
egory with the most essential genes is J (translation, ribosomal
structure, and biogenesis) with 90 essential genes. This large num-
ber is mostly composed of the many ribosomal proteins and
amino acyl-tRNA synthetases. While the vast majority of ribo-
somal proteins were categorized as essential, the rRNAs were not.
As noted in the original genome announcement, R. gelatinosus has
a large number of redundant genes, including those for the rRNAs
(11). The lack of essentiality suggests that at least two of the rRNA
operons can be functionally expressed. Other COG categories
with large numbers of essential genes include H (coenzyme trans-
port and metabolism) (36 genes), I (lipid transport and metabo-
lism) (20 genes), and M (cell wall/membrane/envelope biogene-
sis) (35 genes). It is unsurprising that there are many essential
genes in the last category, as it contains genes for peptidoglycan
synthesis as well as assembly, which tend to be essential in other
organisms (14, 15, 21). Essential genes in category I not only in-
clude genes for fatty acid and phospholipid biosynthesis but sev-
eral genes involved in isoprenoid biosynthesis as well. It is likely
that this pathway is needed for the synthesis of undecaprenol,
which is an essential component of extracellular sugar polymer-
ization pathways, including peptidoglycan and lipopolysaccha-
ride synthesis. Of particular interest is the large number of genes
found in category H (coenzyme transport and metabolism); the
vast majority of genes in this category do not encode cofactor
transport enzymes but instead encode cofactor biosynthetic en-
zymes. Given that the organism was grown in a relatively nutrient-
rich/nutrient-diverse peptone-yeast extract medium, these results
suggest that the medium does not have enough cofactors or the
appropriate cofactors to support the growth of the organism. In-
stead, it appears that R. gelatinosus must synthesize a significant
portion of its cofactor complement itself.

Included in Table 1 is a COG category breakdown of the essen-
tial genes of R. palustris (21), the most comparable organism to R.
gelatinosus on which TnSeq analysis has been performed. Similar
to R. gelatinosus, the COG category with the most genes in R.
palustris was J (translation, ribosomal structure, and biogenesis)
with 91 essential genes. Also similar were larger numbers of essen-
tial genes in H (coenzyme transport and metabolism), I (lipid
transport and metabolism), and M (cell wall/membrane/envelope
biogenesis), the same categories that are populous in R. gelatinosus
essential genes. Clearly, these processes are critical to cellular
growth, so their essentiality is to be expected. Some categories
have larger representation in R. palustris essential genes than in R.
gelatinosus essential genes. There are more genes in categories C
(energy production and conversion), E (amino acid transport and
metabolism), and F (nucleotide transport and metabolism) in R.
palustris. The larger number in C is likely due to more TCA cycle
enzyme representation (see below) as well as more electron trans-
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port proteins. In the latter case, it may be because light was used to
supplement the growth of R. palustris, as purely heterotrophic
conditions proved insufficient to allow efficient growth in the
presence of kanamycin. As noted in the R. palustris paper (21),
there are more amino acid biosynthesis (as well as nucleotide bio-
synthesis) enzymes categorized essential than would be expected
given a Casamino Acids-yeast extract growth medium; certainly,
there are significantly more of these enzymes categorized essential
in R. palustris than in R. gelatinosus. As the authors suggested,
these differences are likely due to the particular needs of the or-
ganisms on their different growth media. Supplementation of the
media with amino acids and nucleotides (and cofactors for that
matter) would likely reduce the number of essential biosynthesis
enzymes.

Also noted in the R. palustris paper is the surprisingly larger
number of essential genes with unknown function. R. gelatinosus
has a total of 30 essential genes between R (general function pre-
diction only), S (function unknown), and genes with no COG
assignment. In these same three categories, R. palustris has 84 es-
sential genes. It is possible that R. palustris has an abnormally high
unknown essential gene content, but it is also just as feasible that
R. gelatinosus has an abnormally low unknown essential gene con-
tent. Not enough of these kinds of studies have been performed to
predict an average unknown essential gene content. In those three
categories, B. subvibrioides has 35 essential genes and A. tumefa-
ciens has 39 essential genes (15). C. crescentus TnSeq found 49
essential genes of unknown function (14), and P. aeruginosa has 72
essential genes listed as hypothetical alone (16). While this un-
known essential gene content may represent biology yet to be
discovered, the number of genes in these categories is likely also
dependent on the age or effectiveness of genome annotation. In-
depth manual curation and characterization of these genes are
needed.

Lastly, R. palustris has 13 essential genes in category T (signal
transduction mechanisms) while R. gelatinosus only has one. This
result likely reflects the alphaproteobacterial heritage of R. palus-
tris, where many organisms use two-component signal transduc-
tion proteins in complex networks to regulate the cell cycle as
exemplified by the developmental cell cycle of C. crescentus (re-
viewed in reference 22). Indeed, many of the essential signal trans-
duction genes in R. palustris encode two-component proteins ho-
mologous to known C. crescentus developmental regulators (21).
The lone essential signal transduction gene in R. gelatinosus is a
putative homolog of dksA. DksA has been found to participate in
the regulation of rRNA operons, tRNA genes, and some amino
acid biosynthesis operons, serving to reduce their expression un-
der nutrient-limited or stationary-phase conditions (23, 24).
DksA is nonessential in Escherichia coli (25); the essential nature of
this putative dksA homolog in R. gelatinosus is unknown.

Essentiality of primary metabolic pathways. Contributing to
the low essential gene content of R. gelatinosus is the virtual com-
plete absence of primary metabolism genes. There were very few
essential genes from any of the glycolytic pathways. This result is
not unusual; few glycolytic genes are essential in other organisms
(13–17). TnSeq is usually performed on rich media containing
combinations of tryptone, peptone, and yeast extract; therefore,
the principal carbon and energy sources in these media are amino
acids and small peptides. These molecules are entered into the
primary metabolism typically through the TCA cycle, making gly-
colytic pathways nonessential. Theoretically, glycolytic pathways
may be necessary for anabolic reactions to generate needed struc-
tural sugars (and, indeed, two enzymes involved in glucosamine
metabolism are essential in R. gelatinosus), but the general lack of
glycolytic genes suggests that residual sugars in the growth me-
dium are sufficient for growth. A gluconolactonase (RGE_02330)
and a phosphogluconate dehydratase (RGE_34470) likely partic-

TABLE 1 Summary of R. gelatinosus and R. palustris essential genes by COG category

COG category Function(s) No. of R. gelatinosus genes No. of R. palustris genesa

A RNA processing and modification 0 0
B Chromatin structure and dynamics 0 0
C Energy production and conversion 28 43
D Cell cycle control, cell division, and chromosome partitioning 9 10
E Amino acid transport and metabolism 12 53
F Nucleotide transport and metabolism 11 29
G Carbohydrate transport and metabolism 9 12
H Coenzyme transport and metabolism 36 49
I Lipid transport and metabolism 20 22
J Translation, ribosomal structure, and biogenesis 90 91
K Transcription 15 23
L Replication, recombination, and repair 20 22
M Cell wall/membrane/envelope biogenesis 35 48
N Cell motility 0 0
O Posttranslational modification, protein turnover, and chaperones 14 21
P Inorganic ion transport and metabolism 4 7
Q Secondary metabolites biosynthesis, transport, and catabolism 1 3
R General function prediction only 16 25
S Function unknown 10 25
T Signal transduction mechanism 1 13
U Intracellular trafficking, secretion, and vesicular transport 11 16
V Defense mechanisms 3 6
Z Cytoskeleton 0 0
Not in COG 4 34
a Based on reference 21.
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ipating in the Entner-Doudoroff pathway were found to be essen-
tial. It is not clear why these enzymes are essential while the rest of
the enzymes in the pathway are not.

While the TCA cycle is probably the primary input for carbon
and energy in many TnSeq studies, including this one, R. gelati-
nosus has a remarkably low number of essential genes encoding
TCA cycle enzymes. A comparison of results from this study to
other TnSeq studies of primarily environmental (i.e., principally
nonpathogenic) organisms is shown in Table 2. In organisms
other than R. gelatinosus, genes encoding 6 or 7 of the 8 TCA cycle
processes are essential, except in P. aeruginosa. In the majority of
cases where a process is not essential, redundant enzymes encoded
in the genome are the most likely explanation. At least two, if not
more, genes can be found encoding a R. palustris fumarase, C.
crescentus citrate synthase, B. subvibrioides citrate synthase, A. tu-
mefaciens aconitase and malate dehydrogenase, and P. aeruginosa
aconitase, isocitrate dehydrogenase, and malate dehydrogenase.
There is no redundancy to explain the nonessentiality of succinyl
coenzyme A (succinyl-CoA) synthetase in R. palustris, but the au-
thors proposed that succinate may be generated by the glyoxylate
bypass and excess succinyl-CoA may be shuttled into heme syn-
thesis (21). Similarly, there is no redundancy to explain the succi-
nyl-CoA synthetase nonessentiality in P. aeruginosa, but that or-
ganism does possess a succinyl-CoA:acetate CoA transferase. In
this case, instead of directly hydrolyzing succinyl-CoA to succi-
nate and CoA, the CoA moiety is transferred to acetate to make
acetyl-CoA (which can be fed into the TCA cycle or other meta-
bolic pathways, such as fatty acid synthesis), thereby freeing up
succinate to complete the cycle. Strangely, there is no redundancy
for the nonessential B. subvibrioides isocitrate dehydrogenase.
This is a reaction that is bypassed by the glyoxylate shunt, and the
organism does possess the enzymes for that process. The glyoxy-
late shunt may figure into the survival of B. subvibrioides without
isocitrate dehydrogenase activity.

R. gelatinosus has the fewest essential TCA cycle processes of
those listed in Table 2 with only 3 essential processes. There is
redundancy for some of these processes but not all of them. R.
gelatinosus has two apparent citrate synthases: RGE_12310, which
is nonessential, and RGE_29810, which is unresolved. While there
are two aconitases, RGE_12220 and RGE_38310, the former is

essential while the latter is not, which suggests that RGE_38310 is
either nonfunctional or not expressed. Similar to B. subvibrioides,
there is only one isocitrate dehydrogenase (RGE_31820), and it is
nonessential. There are single copies of the E1 (RGE_27750) and
E2 (RGE_27740) components of the �-ketoglutarate dehydroge-
nase complex, and both are essential. There are two copies for
both the � and 	 subunits of the succinyl-CoA synthetase
(RGE_12330 and RGE_12340, RGE_46560 and RGE_46570),
none of which are essential. There are five components to
the succinate dehydrogenase: subunits A, B, C, D, and a mem-
brane anchor protein. In R. gelatinosus A (RGE_12280), B
(RGE_12290), C (RGE_12260), and the membrane anchor
protein (RGE_12270) are all in the same operon, while D
(RGE_21250) is in a different operon with another copy of A
(RGE_21280). While all of the components in the first operon
were categorized as unresolved, the components in the second
operon, including the second copy of A, were found to be nones-
sential. R. gelatinosus has two apparent fumarases, but RGE_
18620 is essential while RGE_28550 is not. Lastly, there is only one
apparent malate dehydrogenase (RGE_12240), but it is nonessen-
tial. In total, genetic redundancy can explain some of the low
essential gene content for the TCA cycle, but it does not explain
the cases where there are multiple genes and only one is essential,
and more importantly, there are three cases where there are only
single copies of genes encoding TCA cycle activities and they are
not essential: isocitrate dehydrogenase, succinate dehydrogenase,
and malate dehydrogenase. This is in stark contrast to other or-
ganisms where TCA cycle processes are either essential or the loss
of those activities can be compensated for by redundant enzymes
or bypass pathways. It is not clear how R. gelatinosus achieves this
flexibility in its metabolism, but it may be that the organism can
live with an incomplete or altered TCA cycle by adopting a strictly
fermentative metabolism, where the TCA cycle is typically used
more in a biosynthetic capacity or at least not an integral part of
primary metabolism. However, this is speculation as the fermen-
tation capability of the organism has not been extensively studied.

Most components of the electron transport chain were also
missing from the R. gelatinosus essential gene set. Only the ATP
synthase and, interestingly, the large NADH quinone oxidoreduc-
tase complex were essential. The NADH quinone oxidoreductase

TABLE 2 TCA cycle enzyme essentiality

TCA cycle enzyme

Essentialitya in:

R. gelatinosus R. palustrisb C. crescentusc B. subvibrioidesd A. tumefaciensd P. aeruginosae

Citrate synthase U E N N E E
Aconitase E E E E N N
Isocitrate dehydrogenase N E E N E N
�-Ketoglutarate dehydrogenase E E E E E E
Succinyl-CoA synthetase N N E E E N
Succinate dehydrogenase U E E E E E
Fumarase E N E E E E
Malate dehydrogenase N E E E N N

Total no. of essential enzymes 3 6 7 6 6 4
a Essentiality is reported as essential (E), nonessential (N), or unresolved/high fitness (U).
b Designations are based on reference 21.
c Designations are based on reference 14.
d Designations are based on reference 15.
e Designations are based on reference 16.
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complex was also essential in R. palustris, though a second homol-
ogous system was not essential (21); the authors proposed that the
second system may function exclusively for reverse electron trans-
port. R. gelatinosus does not appear to have a second NADH qui-
none oxidoreductase system.

Essentiality of cell cycle genes. Most cell division genes were
categorized as essential, as well as the chromosome partitioning
protein ParB, but the closest parA homolog was not essential
(RGE_00580). However, a second potential parA homolog also
exists in the chromosome (RGE_38650, nonessential); it is possi-
ble that they are functionally redundant. The septum site selection
min system also had various essentiality; minC and minD were
nonessential, while minE was categorized as unresolved, sug-
gesting that it is either essential or there is a fitness cost to its
disruption. Most cell wall synthesis genes were essential, in-
cluding a PBP2 homolog (RGE_46640). Neither PBP1A ho-
molog (RGE_08160 or RGE_12210) was essential, suggesting re-
dundancy. The cell shape-determining genes rodA, mreB, mreC,
and mreD were all categorized as essential, as they have been in
other organisms (26–28).

The Pho regulon. An unusual discovery in the essential gene
set was two genes involved in phosphate uptake: phoU and pstB.
PhoU functions with the PstSCAB phosphate uptake system to
control the Pho regulon. In the presence of excess phosphate,
PhoU inhibits the activity of the histidine kinase PhoR, which
prevents phosphorylation and thus activation of the DNA-bind-
ing response regulator PhoB, keeping the phosphate starvation
regulon repressed (29). Not only were phoU and pstB essential, but
the pstS, pstC, and pstA genes were all unresolved, suggesting their
disruption is either lethal or physiologically costly. However, the
phoR (histidine kinase) and phoB (response regulator) genes were
nonessential. In other systems, disruption of phoU or any of the pst
components leads to constitutive activation of the Pho regulon,
while disruption of phoB or phoR leads to constitutive repression
(30). The fact that pstSCAB and phoU are unresolved/essential
while phoR and phoB are nonessential in R. gelatinosus suggests
that the overactivation of the regulon has a toxic effect on the cell.
This is an unexpected result. Overactivation of this pathway is
nonfatal in other species and typically leads to accumulation of
inorganic polyphosphate (31, 32). However, phoU was catego-
rized as essential in C. crescentus, B. subvibrioides, and R. palustris,
suggesting this phenotype may be common (14, 15, 21). There is a
growing link between Pho regulation and stress response, poten-
tially by the action of ppGpp (31, 33). The results of this and other
TnSeq studies support the idea that the Pho regulon has larger
impacts on cellular physiology than just regulating phosphate
levels.

Unusual essentiality is found in the R. gelatinosus tRNA
complement. The published genome annotation found 50 tRNA
genes in the R. gelatinosus genome. However, several of these
tRNAs are functionally redundant, and in actuality, only 43 of 61
codons are accounted for by identified tRNAs. As noted in the
original genome paper, three rRNA loci are found in the genome
containing the 23S, 16S, and 5S rRNAs (11). Given that each locus
also has the same Ala and Ile tRNAs, it is likely that the extra loci
are the result of duplication; in fact, two of the loci are immedi-
ately adjacent to each other. The tRNAs in all three loci are non-
essential, suggesting at least two sets are functional if not all three.
Redundancy also explains the nonessentiality of four other
tRNAs. Two Glu and two Gly tRNAs encode redundant codons,

respectively; none of them are essential. However, redundancy
does not explain all of the nonessential tRNAs. One Gly, one Leu,
and one Val tRNA are nonessential, and no redundant tRNAs are
apparent for these codons. General third codon position wobble
rules can compensate for the loss of the Gly tRNA but not for the
Leu or Val tRNAs. On the other hand, a lack of redundancy does
not explain all of the essentiality results. Three Met tRNAs are
found in the genome (with the same anticodon), and all three are
essential. Initiator fMet-tRNAs are characterized by (i) a non-
Watson-Crick base pair at the top of the acceptor stem (C-A in E.
coli), (ii) a purine-11–pyrimidine-24 base pair instead of a pyrim-
idine-11–purine-24 base pair, and (iii) a GGG-CCC base pair set
in the anticodon stem (34–36). Of the R. gelatinosus Met tRNAs,
RGE_t0060 satisfies all three conditions, while RGE_t0080 and
RGE_t0450 satisfy none of them, indicating that there is one ini-
tiator Met tRNA and two elongation Met tRNAs. The lone initia-
tor tRNA being essential is expected, but it is not clear why both
redundant elongation Met tRNAs are essential. RGE_t0080 is in
the middle of an apparent four- or five-gene operon, but no other
genes in the operon are essential, and RGE_t0450 is at the begin-
ning of an apparent three-gene operon where again no other genes
are essential. Therefore, it is unlikely that polar effects explain the
essentiality. Clearly, the tRNA dynamics are more complex in this
organism than would be expected. Lastly, R. gelatinosus contains a
selenocysteine tRNA; however, this tRNA is nonessential, suggest-
ing that selenocysteine is not a necessary participant of R. gelati-
nosus physiology.

The essential genome data presented here gives a glimpse into
this metabolically versatile organism and reveals physiological and
genomic complexity. With further TnSeq studies of versatile or-
ganisms, it will be possible to identify the core processes necessary
for these complicated organisms and perhaps allow researchers to
manipulate them for biotechnological purposes.
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