
The essential gene set of a photosynthetic organism
Benjamin E. Rubina, Kelly M. Wetmoreb, Morgan N. Priceb, Spencer Diamonda, Ryan K. Shultzabergerc, Laura C. Lowea,
Genevieve Curtina, Adam P. Arkinb,d, Adam Deutschbauerb, and Susan S. Goldena,1

aDivision of Biological Sciences, University of California, San Diego, La Jolla, CA 92093; bPhysical Biosciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720; cKavli Institute for Brain and Mind, University of California, San Diego, La Jolla, CA 92093; and dDepartment of
Bioengineering, University of California, Berkeley, CA 94720

Contributed by Susan S. Golden, September 29, 2015 (sent for review July 16, 2015; reviewed by Caroline S. Harwood and William B. Whitman)

Synechococcus elongatus PCC 7942 is a model organism used for
studying photosynthesis and the circadian clock, and it is being
developed for the production of fuel, industrial chemicals, and
pharmaceuticals. To identify a comprehensive set of genes and
intergenic regions that impacts fitness in S. elongatus, we created
a pooled library of∼250,000 transposonmutants and used sequencing
to identify the insertion locations. By analyzing the distribution and
survival of these mutants, we identified 718 of the organism’s 2,723
genes as essential for survival under laboratory conditions. The validity
of the essential gene set is supported by its tight overlap with well-
conserved genes and its enrichment for core biological processes. The
differences noted between our dataset and these predictors of essen-
tiality, however, have led to surprising biological insights. One such
finding is that genes in a large portion of the TCA cycle are dis-
pensable, suggesting that S. elongatus does not require a cyclic
TCA process. Furthermore, the density of the transposon mutant
library enabled individual and global statements about the essen-
tiality of noncoding RNAs, regulatory elements, and other inter-
genic regions. In this way, a group I intron located in tRNALeu,
which has been used extensively for phylogenetic studies, was
shown here to be essential for the survival of S. elongatus. Our
survey of essentiality for every locus in the S. elongatus genome
serves as a powerful resource for understanding the organism’s
physiology and defines the essential gene set required for the
growth of a photosynthetic organism.
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Determining the sets of genes necessary for survival of diverse
organisms has helped to identify the fundamental processes

that sustain life across an array of environments (1). This research
has also served as the starting point for efforts by synthetic biologists
to design organisms from scratch (2, 3). Despite the importance of
essential gene sets, they have traditionally been challenging to
gather because of the difficulty of observing mutations that result in
lethal phenotypes. More recently, the pairing of transposon muta-
genesis with next generation sequencing, referred to collectively as
transposon sequencing (Tn-seq), has resulted in a dramatic advance
in the identification of essential gene sets (4–7). The key charac-
teristic of Tn-seq is the use of high-throughput sequencing to screen
for the fitness of every transposon mutant in a pooled population to
measure each mutation’s impact on survival. These data can be
used to quantitatively ascertain the effect of loss-of-function mu-
tations at any given locus, intragenic or intergenic, in the conditions
under which the library is grown (8). Essential gene sets for 42 di-
verse organisms distributed across all three domains have now been
defined, largely through the use of Tn-seq (9). A recently developed
variation on Tn-seq, random barcode transposon site sequencing
(RB-TnSeq) (10), further minimizes the library preparation and
sequencing costs of whole-genome mutant screens.
Despite the proliferation of genome-wide essentiality screens, a

complete essential gene set has yet to be defined for a photo-
synthetic organism. A collection of phenotyped Arabidopsis thali-
ana mutants has been created but extends to only one-tenth of
Arabidopsis genes (11). In algae, efforts are underway to produce a
Tn-seq–like system in Chlamydomonas reinhardtii; however, the

mutant library currently lacks sufficient saturation to determine
gene essentiality (12). To date, the essential genes for photo-
autotrophs have only been estimated by indirect means, such as
by comparative genomics (13). The absence of experimentally
determined essential gene sets in photosynthetic organisms, de-
spite their importance to the environment and industrial pro-
duction, is largely because of the difficulty and time required for
genetic modification of these organisms.
Cyanobacteria comprise an extensively studied and ecologi-

cally important photosynthetic phylum. They are responsible for
a large portion of marine primary production and have played a
foundational role in research to decipher the molecular com-
ponents of photosynthesis (14, 15). Synechococcus elongatus PCC
7942 is a particularly well-studied member of this phylum be-
cause of its genetic tractability and streamlined genome (16). As
a result, it has been developed as a model photosynthetic organism
and a production platform for a number of fuel products and high-
value chemicals (17). Despite the importance of S. elongatus for
understanding photosynthesis and industrial production, 40% of
its genes have no functional annotation, and only a small portion
of those that do have been studied experimentally.
Here, we use RB-TnSeq, a method that pairs high-density

transposon mutagenesis and pooled mutant screens, to probe the
S. elongatus genome for essential genes and noncoding regions.
We categorized 96% of 2,723 genes in S. elongatus as either
essential (lethal when mutated), beneficial (growth defect when
mutated), or nonessential (no phenotype when mutated) under
standard laboratory conditions. Furthermore, we determined the
genome-wide essentiality of noncoding RNAs (ncRNAs), regula-
tory regions, and intergenic regions. Our investigation has pro-
duced an extensive analysis of the loci essential for the growth of a
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photosynthetic organism and developed a powerful genomic tool
that can be used for additional screens under a wide array of
ecologically and industrially relevant growth conditions.

Results
Transposon Library Creation and Insertion Site Mapping. Our RB-
TnSeq library in S. elongatus was constructed by mutagenesis
with a Tn5-derived transposon delivered by conjugation. The
transposon contains a kanamycin resistance cassette for selection
of mutants. As an addition to the traditional Tn-Seq approach, in
RB-TnSeq, a 20-bp random DNA barcode is also inserted with
the resistance marker. These unique barcodes, after being linked
to the surrounding sequences, serve as identifier tags for each
insertion’s location and simplify downstream genome-wide
screens using BarSeq (10, 18). To achieve the efficiency of
transposition necessary to create a high-density insertion library
and minimize contamination by Escherichia coli DNA in se-
quencing reactions, several improvements were made to tradi-
tional S. elongatus conjugation protocols (16, 19), including
increasing the light intensity during conjugation approximately
fourfold, decreasing the conjugation time, and using an addi-
tional outgrowth step (Materials and Methods and Table S1). In
total, ∼375,000 individual transposon mutants were pooled to
create the final library. The pooled library was sequenced before
storage or outgrowth to map the location of each transposon in-
sertion as well as its random DNA barcode (Tn-Seq). We iden-
tified 246,913 mutants with unique insertion locations that were
supported by at least two sequencing reads. Insertion locations
showed a relatively even distribution, with an average density of
one insertion mutation present in the population for every 11 bp
of the 2.7-Mbp genome (Fig. 1). The locations of all transposon
insertions are presented in Dataset S1. The associated barcodes
that could be mapped with high confidence are presented in
Dataset S2.
S. elongatus maintains three to six copies of its genome (20,

21). Therefore, mutants containing a transposon insertion in an

essential region can acquire a kanamycin resistance insertion on
one copy of the chromosome and retain viability by maintaining
at least one copy of the essential WT allele. Indeed, removal of
the selective agent from a transposon library in Methanococcus
maripaludis has been previously shown to cause heterozygous
mutants to lose their resistance-encoding insertions (22). To test
the possibility that the pooled S. elongatus library is harboring
heterozygous mutants, we performed an outgrowth of an aliquot
of the mutant library in the absence of kanamycin alongside a
control aliquot of the library containing kanamycin. Before and
after this outgrowth, the abundances of the mutants comprising
these library aliquots were assayed by sequencing only their
DNA barcodes (BarSeq), which had been previously associated
with insertion sites. The kanamycin and no kanamycin libraries
had minimal divergence over seven to eight generations (R2 =
0.89) (Fig. S1). These data suggest that heterozygosity had largely
been resolved before analysis of the library and should have
minimal impact on the conclusions drawn from this library.

Determining Gene Essentiality. To use the distribution of trans-
posons in the library to make conclusions about essential geno-
mic regions, it was necessary to first rule out potential sources of
bias in our transposon insertion data. Polar effects, in which a
transposon disrupts expression of downstream genes in a tran-
script, seem to have some influence but are not pervasive in the
data (SI Results). Although previous studies have shown in-
creased transposon insertion density around the origin of repli-
cation (23), our library did not contain such skewing (Fig. 1).
Another concern was bias toward insertions occurring at specific
sequence motifs; however, there was not strong enrichment for
specific sequences around the insertion site (24) (Fig. S2). There
was, however, a positive bias for insertion into guanine-cytosine
(GC) rich regions. Thus, during the determination of gene es-
sentiality, insertion frequency was normalized to GC content
(Fig. S3).
To identify essential genes, we determined the number of in-

sertions present in the library that mapped to each S. elongatus
gene. Insertions within essential genes were expected to be un-
derrepresented in the library, because such mutants should not
be viable. To create a comparable measure of insertion density
for genes, an insertion index, we normalized for the GC% bias of
insertions (Fig. S3A) and divided the number of insertions in
each gene by its length to get an insertion density. We also re-
moved 25 genes from consideration that were either too short or
too similar to other genes to measure confidently, and excluded
the beginning and end 10% of every gene from analysis, because
the extremes of otherwise essential genes can be permissive of
insertions (25). In this way, we calculated an insertion index for
2,698 of 2,723 genes in S. elongatus (details are in Materials and
Methods). The index had a bimodal distribution, with a group of
putative essential genes with zero or very few insertions and a
group of putative nonessential genes that could tolerate inser-
tions (Fig. 2A). Using methods developed previously (5), we
found a subset of genes that was four times more likely to be-
long to the distribution of genes with low insertion indexes and
categorized them as essential genes. Genes that were four times
more likely to be part of the set of genes with high insertion
indexes were classified as nonessential genes, whereas those
genes that fell in between these cutoffs were put in the am-
biguous category. This initial survey of essentiality allowed the
categorization of 1,889 nonessential genes, 764 likely essential
genes, and 45 ambiguous genes.
These essentiality calls were further refined by thawing an ali-

quot of the library, growing it for an additional six generations,
and assaying the abundance of its constitutive mutants by BarSeq.
The results of this outgrowth were made more generalizable by
conducting it in four commonly used laboratory conditions (Ma-
terials and Methods). Mutant abundance before and after out-
growth was used to determine a fitness score for each gene in the
library over approximately six generations (Fig. 2B). Thus, in ad-
dition to both essential and nonessential genes, we were able to

Fig. 1. The distribution of transposon mutations in the library overlaid
across the S. elongatus main chromosome and two plasmids. Upper, the
number of transposons (in 1,000-bp bins for the main chromosome and 100-bp
bins for the plasmids) is represented by the length of the green bars in the
outer circles. The locations of essential genes are shown in red in the inner
circles. Lower shows a blown-up view of a region with underrepresentation of
transposon insertions that encodes subunits of RNA polymerase. Lengths of
black vertical bars represent numbers of sequence reads, and green bars
indicate positions of insertions. Essential genes are in red, and nonessential
genes are in blue (numbers represent SynPCC7942 gene numbers from the
Joint Genome Institute annotation).
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identify 157 genes where insertions reduced average fitness
across the four common laboratory conditions (average fitness
≤−1.32) over the period of the outgrowth [P < 0.01 and false
discovery rate (FDR) < 0.1; t test]. These genes were assigned to
the new category of beneficial genes, which cause a growth defect
when they are mutated in standard laboratory conditions. In-
terestingly, we identified no deleterious genes for which insertion

mutations conferred a growth advantage to S. elongatus under
the conditions tested.
Data from these outgrowths were also used to make our es-

sentiality calls more stringent. Genes were moved to the am-
biguous bin when the data from the prefreeze characterization of
the library and the outgrowth were conflicting (Materials and
Methods). In this way, the final essentiality calls were made, in
which 1,748 S. elongatus genes were called as nonessential, 718
were categorized as essential, 157 were binned as beneficial, and
75 were considered ambiguous (Fig. 2C and Dataset S3).

Comparisons to Other Essentiality Measures. The essential gene set
experimentally derived in this study was compared with indirect
measurements of gene importance to both provide support for
our experimental results and identify potentially informative
disagreements. One indirect assessment of gene importance
was provided by gene conservation among different species of
cyanobacteria. We compared 682 genes conserved across 13
diverse cyanobacterial genomes (26) with the set of essential
genes identified in our study. Sixty percent of these conserved
genes were also part of our essential gene set (Fig. 3A and
Dataset S3), which represents a significant enrichment over
random chance (P < 0.001; Fischer’s exact test) and thus, a
strong correlation between essentiality and conservation. The
analysis was repeated with two other cyanobacterial conserved
gene sets, which had very similar size overlaps with our essential
gene set (27, 28), providing validation of the essentiality calls
made using the library.
The genes that fall outside the overlap of essential and con-

served genes are also of interest; 312 S. elongatus genes that we
identified as essential but are not in the conserved gene set il-
lustrate the limitation of determining gene importance by con-
servation and the necessity of using experimental approaches,
such as RB-TnSeq, to determine essentiality. Conversely, 276
genes that are conserved but not essential may be important under
environmental conditions that were not tested in this study.
The essential gene set was also probed for any enrichment in

particular functional categories. The set was highly enriched for
genes involved in synthesis of proteins, nucleic acids, and small
molecules as well as lipid metabolism (P < 0.05 and FDR < 0.05)
(Fig. 3B and Dataset S3). Very similar enrichment patterns have
previously been observed in the E. coli set of essential genes (29),
with the notable exception of energy metabolism, which is sig-
nificantly enriched among S. elongatus essential genes and sig-
nificantly underrepresented in the essential genes of E. coli. This
discrepancy may be explained by the necessity of photosynthesis
and carbon fixation in S. elongatus, which is extremely limited in
the types of metabolism that it can perform; in contrast, E. coli
can be grown on a wide variety of carbon sources. The enrich-
ment in the S. elongatus essential gene set for conserved genes
and core functional groups as well as its tight correlation with
E. coli essential genes offer significant support to the validity of
our essentiality calls.
A much broader measure of gene functionality is the mere

presence or absence of a functional annotation. S. elongatus
genes were divided into those that are annotated with functional
predictions and those that are not (hypothetical genes). Hypo-
thetical genes make up 40% of the genome; however, in the
essential gene set, the portion of unannotated genes is only 15%.
This difference likely represents the conservation of essential
genes in other well-studied organisms as well as a bias toward
studying genes that can be linked to measurable phenotypes.
Despite their underrepresentation in the essential gene set, there
are 109 genes called as essential that have no functional anno-
tation in S. elongatus (Fig. 3A and Dataset S3). Among these
genes, 21 are conserved throughout cyanobacteria (26), and 10
are conserved throughout the Greencut2 dataset of green plant
and algae conserved genes (30) (Dataset S3). These unstudied
but indispensable genes and specifically, those that are broadly
conserved represent important targets for future research.

A

B

C

Fig. 2. The determination of gene essentiality. (A) The distribution of in-
sertion indexes of all analyzed genes immediately after creation of the li-
brary, which was used to determine gene essentiality. The y axis indicates
the number of genes, with the insertion index shown on the x axis. (B) The
distribution of fitness for each gene after six generations used to refine the
essentiality measurements and assign genes that are beneficial (growth
defect when mutated). The y axis indicates the number of genes, with the
fitness score shown on the x axis. The cutoff for beneficial genes that have
significant growth defects when mutated is denoted by a dotted vertical
line. Each gene’s fitness is averaged from four growth samples in control
conditions and normalized to zero, which represents a neutral fitness con-
tribution. (C) The number of genes in the genome that are nonessential,
essential, beneficial, ambiguous, or not analyzed.
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Essentiality of Energy Metabolism.
Carbon metabolism. To further validate our essential gene set and
explore any inconsistencies that it may have with predictions of
gene importance based on conservation and functionality, we
examined central carbon metabolism. This area is ideal for the
verification of our essentiality predictions, because it is at the
core of all life and must be leveraged for the development of
cyanobacteria as a bioproduction platform. Any differences be-
tween our expectations for gene importance in these pathways
and the experimental evidence from the transposon library sug-
gest either incorrect calls of essentiality or interesting and un-
expected biological findings.
We first examined genes in the following pathways of central

carbon metabolism for their essentiality: the pentose phosphate
pathway, glycolysis, the Calvin–Benson cycle, and the TCA cycle.

For each pathway, we identified the S. elongatus genes and any
functional redundancy of these genes using BioCyc (31). Our
expectation was that genes in these essential pathways of me-
tabolism that are not functionally redundant and are conserved
among cyanobacteria are likely to be essential. Of a total of 27
conserved nonredundant genes in these pathways, 22 agreed with
this expectation and were called as likely essential from our li-
brary (Fig. 4A and Table S2), significantly more than could be
expected by chance (P < 0.001; Fischer’s exact test). Of five
nonessential “disagreements” to this expectation, four were in
the pentose phosphate pathway. One of these, transaldolase (tal;
SynPCC7942_2297), acts in the nonoxidative phase of the pentose
phosphate pathway. To validate its nonessentiality, we regenerated
an insertion mutant in the tal gene to show that it is not required for
growth under standard laboratory conditions (Fig. S4). The other
three disagreements in the pentose phosphate pathway encode
6-phosphogluconolactonase (pgl; SynPCC7942_0529), glucose-
6-phosphate 1-dehydrogenase (zwf; SynPCC7942_2334), and
6-phosphogluconate dehydrogenase (gnd; SynPCC7942_0039).
These proteins make up the oxidative branch of the pathway,
where reducing equivalents are produced in the form of NADPH.
This finding is supported by previous literature, which has shown
that both zwf and gnd mutants are viable (32, 33), although both
mutants have decreased growth in light–dark cycles. This defect
is likely because the cell relies on the oxidative branch of the
pentose phosphate pathway for reducing equivalents when cells
are in the dark and photosynthesis is inactive, whereas this
pathway would be dispensable under the constant light of stan-
dard laboratory conditions.
The only other nonredundant member of central metabolism

that is conserved but not essential is fumarate hydratase (fumC;
SynPCC7942_1007). This finding was unexpected, because the
absence of fumC would likely block cyclic flow through the TCA
cycle. Furthermore, fumC is thought to be important for the
recycling of fumarate in another freshwater cyanobacterium,
Synechocystis sp. PCC 6803 (34). To validate this finding, we
regenerated an insertion mutant of fumC. In accordance with
our library-based call, we were able to obtain a fully segregated
mutant (Fig. 4B) that grew at a statistically indistinguishable rate
from the WT (Fig. 4C). Furthermore, the nonconserved enzyme
directly upstream of fumC, succinate dehydrogenase (sdhB;
SynPCC7942_1533), is also nonessential (Fig. 4D). The dispens-
ability of these enzymes suggests that a complete TCA cycle is not
required in S. elongatus under standard laboratory conditions.
Photosynthesis. Because S. elongatus serves as a model for pho-
tosynthesis, we examined the essentiality of some of the central
components of the photosynthetic lifestyle. To provide a broad
overview of core genes in the green lineage, we produced Table
S3 of the S. elongatus genes called as essential here that are also
present in the greencut2 dataset (30), which contains genes
conserved among plants and green algae that are not present in
nonphotosynthetic organisms (Table S3). These data provide a
synopsis of some of the most conserved and important components
of photoautotrophism. However, central components of photo-
synthesis that are not ubiquitous are not included in Table S3. As
an example, carboxysome components are not contained in Table
S3 because of their absence in most plants and algae, although
many of them are essential for survival in S. elongatus according the
literature (35) and the essential gene set (Dataset S3).
We also examined the main complexes of photosynthetic light

reactions for their essentiality in our dataset. We could not analyze
the photosystem II core reaction center genes using our library,
because the high sequence identity within the paralogous psbA
(SynPCC7942_0424, SynPCC7942_0893, and SynPCC7942_1389)
and psbD (SynPCC7942_0655 and SynPCC7942_1637) genes
complicated transposon mapping; however, previous work has
shown that the psbA genes and psbDII (SynPCC7942_1637) are
not individually necessary (36, 37). The genes encoding the cy-
tochrome b559 complex, psbE (SynPCC7942_1177) and psbF
(SynPCC7942_1176), and the internal antenna proteins, psbB
(SynPCC7942_0697) and psbC (SynPCC7942_0656), of photosystem
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II were all classified as essential. These data are in agreement with
studies in Synechocystis sp. PCC 6803, where cytochrome b559, PsbB,
and PsbC are required for photoautotrophic growth (38–40). Of the
remaining 16 supportive and stabilizing proteins in photosystem II,
only 4 [psbH (SynPCC7942_0225), psbM (synPCC7942_0699),
psbL (SynPCC7942_1175), and psbV (SynPCC7942_2010)] were
classified as essential. In the cytochrome b6f complex, the genes
that encode the four large core subunits [petA (SynPCC7942_1231),
petB (SynPCC7942_2331), petC (SynPCC7942_1232), and petD
(SynPCC7942_2332)] were all called as essential. In accordance
with the literature, the smaller subunits petG (SynPCC7942_1479)
and petN (SynPCC7942_0475) were classified as essential (41),
whereas petM (SynPCC7942_2426) was ambiguous. In photosys-
tem I, the core genes, psaA (SynPCC7942_2049) and psaB
(SynPCC7942_2048), were classified as essential along with two
of three proteins that make the docking site for ferredoxin: psaC
(SynPCC7942_0535) and psaD (SynPCC7942_1002). Only one
of five remaining supporting genes, psaJ (SynPCC7942_1249),
was called as essential. Overall, as expected, the genes at the core
of the photosynthetic light reactions were largely classified as
essential, whereas genes with a more supportive role were largely
predicted by the library to be nonessential or beneficial.

Beyond Coding Sequence.
Essentiality of ncRNAs. The saturation of the library is such that it
was possible to do an extensive analysis of ncRNAs. There are
currently three ncRNA loci in the National Center for Bio-
technology Information (NCBI) S. elongatus genome annotation
(NC_007604.1) that do not encode ribosomal or tRNAs. These
widely conserved ncRNAs are ssrA (SynPCC7942_R0017),
which mediates tagging of polypeptides for degradation, rnpB
(SynPCC7942_R0036), a member of the RNase P complex in-
volved in tRNA processing, and ffs (SynPCC7942_R0047), the
RNA component of the signal recognition particle (SRA), a ri-
bonucleoprotein that targets proteins to the plasma membrane.
We classified all three of these ncRNAs as essential in S. elongatus,
which corresponds to findings in E. coli that rnpB and ffs are es-
sential (42, 43). Although not essential in E. coli, ssrA is essential in
a number of other species (44). These three ncRNAs are in-
cluded in the 718-gene essential gene set (Dataset S3).
Recently, 1,579 putative ncRNAs beyond those in the current

NCBI annotation were identified in S. elongatus by RNA se-
quencing (45). To address the importance of these ncRNAs to
the survival of the organism, we used the same approach taken
for determining the gene essentiality of the previously annotated
genes. Those ncRNAs that overlap each other or are too small to
confidently predict essentiality were eliminated from the analy-
sis. In addition, the ncRNAs encoded within genes that had been
characterized by the library as essential, beneficial, ambiguous,
or unanalyzed were not considered. This elimination was made,
because ncRNAs in this set may be falsely called as essential
when the gene surrounding or overlapping them is the true es-
sential element. For the remaining 847 putative ncRNAs, we
calculated insertion density and normalized it for GC bias to
create an insertion index (Fig. S3B). The insertion indexes of these
recently discovered ncRNAs, unlike the NCBI annotated genes
described in Fig. 2A, did not contain a clear “essential peak” of
ncRNA with low insertion indexes (Fig. 5A). The ncRNA in-
sertion distribution was very similar to the previously analyzed
nonessential genes, with a larger variance, presumably because
of the short average length of the ncRNAs. Therefore, under
standard laboratory conditions, these recently identified ncRNAs
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Fig. 4. Gene essentiality in central metabolism. (A) The number of genes
that are conserved and nonredundant members of the Calvin–Benson cycle
(CBC), the TCA cycle, glycolysis (Gly), and the pentose phosphate pathway
(PPP). In the disagreements column, conserved nonredundant members of
these pathways that are not essential are shown. (B) Genotypic character-
ization of the recreated fumC mutant. Lane 1, standard 1-kb ladder (New
England BioLabs); lane 2, amplification of WT DNA with primers surrounding
the fumC gene; lane 3, amplification of fumC mutant (8S42-O6), in which a
1.3-kb insertion is present, with the same primers. Each band is represen-
tative of three colonies tested. (C) Growth curves of the WT and fumC mu-
tant strain. The error bars indicate the SDs for three independent replicates.

(D) Essentiality in the TCA cycle. For enzymes that are present in S. elongatus,
their names are shown: acnB (SynPCC7942_0903), icd (SynPCC7942_1719),
sdhB (SynPCC7942_1533), fumC (SynPCC7942_1007), gltA (SynPCC7942_0612),
maeA (SynPCC7942_1297), and ppc (SynPCC7942_2252). Abbreviations for
enzymes that are missing are shown in white boxes: MDH, malate de-
hydrogenase; MQO, malate:quinone oxidoreductase; 2-OGDH, 2-oxogluta-
rate dehydrogenase; STK, succinate thiokinase.
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have little effect on survival of the organism relative to the largely
protein-coding set of genes, which were previously annotated.
Although most of the analyzed ncRNAs are nonessential, we

identified 35 ncRNAs with normalized insertion densities below
the essentiality cutoff as determined for annotated genes (Dataset
S4). We manually examined the transposon insertion coverage
around each of these 35 ncRNAs to ensure that the ncRNA did
not fall in an area where transposons were underrepresented, such
as regulatory regions for essential genes, or nonessential genes
with below-average transposon numbers. Of 35 ncRNAs with
normalized insertions densities below the cutoff, 10 were both
visually and statistically considered to be underrepresented for
insertions (P < 0.01 and FDR < 0.05; Poisson distribution) and
called as likely essentials. Overall, we identified 13 likely essential
ncRNAs that are not tRNAs or ribosomal: 10 from the recently
discovered ncRNAs (45) and 3 with loci that had previously
been annotated.
The 10 ncRNAs from the recently discovered set were

searched against known ncRNAs families using the RNA fami-
lies database (RFAM) (46). One of the likely essential ncRNAs,
ncRNA136, was identified as a putative group I intron (Fig. 5B).
These introns are inserted into some cyanobacterial tRNALeu genes
(47, 48) and have been shown to catalyze their own splicing out of
pre-tRNALeu transcripts in vitro (49). In S. elongatus, ncRNA136
interrupts tRNALeu (UAA). There are four other uninterrupted
tRNALeus in S. elongatus with anticodons that were determined by
tRNAscan-SE (50). Taking wobble into account, the anticodons of
these four tRNAs cover five of six possible leucine codons. The
ncRNA136 identified here as likely essential represents the fifth
and final tRNALeu anticodon necessary to complement all six
leucine codons. Therefore, this group I intron is likely essential
to S. elongatus, because proper splicing of this nonredundant
tRNALeu (UAA) cannot occur when it is mutated. The essenti-
ality of this ncRNA was supported by our failure to regenerate
insertion loss-of-function mutants for ncRNA136 in parallel with
successful generation of mutants for both surrounding genes (Fig.
5C). In conclusion, there is no evidence for nonribosomal, non-
tRNA ncRNAs having global importance close to that of protein-
coding genes, but there is a smaller set of 13 likely essential
ncRNAs, including ncRNA136, a group I intron.
Essential regulatory regions. To characterize the essential regulatory
regions of S. elongatus, we examined insertion frequencies up-
stream from the predicted start codon of every essential gene. It
might be expected that insertions in the regulatory regions of
essential genes would have a lesser effect if the promoter for the
transposon’s antibiotic resistance gene lay in the same direction
as the essential gene. However, we found that the average insertion
frequency in the 100 bp upstream of essential genes was very similar
for insertions in the same or opposite orientation as the essential
gene (0.044 and 0.050, respectively). Therefore, we ignored di-
rectionality of upstream transposon insertions and analyzed them as
a group. To define the average regulatory region for essential genes,
we compared the insertion density upstream of the translation start
site for essential genes with that of nonessential genes. We found
that the region from the start codon to 52 bp upstream had a sig-
nificantly lower transposon insertion rate in essential genes relative
to nonessential genes (P < 0.05 and FDR < 0.05; Poisson distri-
bution) (Fig. 6A). This region is large enough to encompass the
Shine–Dalgarno sequence and basal promoter (51, 52).
It is of note that, even in the regulatory positions with the

lowest average insertion density, the upstream regions of essential
genes are still reasonably permissive of insertions. The density of
insertions at this low point is one insertion mutant every 15 bp
compared with a genome-wide average of one insertion mutant
every 11 bp. Therefore, it is likely that many essential genes can
still be transcribed sufficiently to support cell survival, even with
transposon mutations directly upstream of the start codon.
To further explore the essential genes with insertions directly

upstream of their start codons, essential genes were examined
individually. Of those 557 essential genes that contained an in-
sertion within either 200 bp upstream of their translation start

site or before the closest upstream gene, 382 were able to sustain
transposon insertions within 20 bp of the translation start site
(Fig. 6B). Only 138 of the essential genes had no upstream in-
sertions or genes within 40 bp of the start codon, and these
upstream regions were categorized as likely essential (P < 0.01
and FDR < 0.05). For all essential genes, the regulatory regions
and the length for which they are uninterrupted by a transposon
insertion are presented in Dataset S5. The small number of es-
sential upstream regions that we identified and the prevalence of
insertions near start codons suggest that sufficient transcription
can occur in the absence of typical regulatory elements or that
the polymerase is able to read through the transposon cassette.
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Fig. 5. Essentiality of ncRNAs. (A) The distribution of insertion indexes for
the recently discovered ncRNAs (45). Axes are the same as in Fig. 2A. (B) The
insertion distribution in and around the group I intron: ncRNA136. Lengths
of black vertical bars represent numbers of sequence reads, and green bars
indicate positions of insertions. The nonessential genes surrounding the es-
sential ncRNA136 (red arrow) are shown as blue arrows. Black triangles in-
dicate the locations of insertion mutations used to support the essentiality of
ncRNA136. (C) Genotypic characterization of the failure to create a mutant of
ncRNA136. Lane 1, standard 1-kb ladder (New England BioLabs); lane 2, am-
plification of WT DNA with primers surrounding ncRNA136 and both flanking
genes; lane 3, amplification with the same primers of the region, in which the
gene that flanks the ncRNA136 on the left, SynPCC7942_0413 (2E11-E-C4),
carries a 1.3-kb insertion; lane 4, amplification with the same primers of a
putative transformant, in which interruption of ncRNA136 (2E11-E-N7) was
attempted, but the 1.3-kb insertion is absent; lane 5, amplification with the
same primers of the region, in which the gene that flanks the ncRNA136 on
the right, SynPCC7942_0414 (2E11-E-N11), carries a 1.3-kb insertion. Each band
is representative of genotyping of three colonies.
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Essential intergenic regions. To ensure that no essential regions had
been missed by our survey for essentiality in genes, ncRNAs, and
regulatory regions, we performed an unbiased analysis of insertion
mutants present in the library to identify essential intergenic
regions that we had not otherwise analyzed. Specifically, we
searched the genome for regions of at least 100 bp for which
there are no insertion mutants in the library. Forty-eight such
regions were identified, with a maximum uninterrupted region of
222 bp and an average size of 130 bp (Dataset S6). Many of these
regions, however, have very low GC%, and because insertion rate
is GC%-dependent (Fig. S3), we only called the regions with
GC% above 40% as “high-likelihood essentials.” There are 15
of these high-likelihood essential intergenic regions in the genome.
Therefore, there are no large previously undetected essential re-
gions; however, a small number of short likely essential regions
could be detected, which may be regulatory regions or previously
undiscovered ncRNAs.

Discussion
The density of the transposon library created for this study, with
one insertion per 11 bp on average, enabled a rich and complete
investigation of the genes and intergenic regions that are necessary
for the photosynthetic lifestyle. In summary, we identified 718 pu-
tative essential genes, 13 likely essential non-tRNA, nonribosomal
ncRNAs, 138 potential essential regulatory regions, and 15 other
likely essential intergenic regions. The RB-TnSeq approach greatly
extends the utility of the library, because it enables fast and in-
expensive resequencing of the barcoded transposons in the pop-
ulation after an outgrowth period under standard laboratory
conditions and can be used similarly to query the fitness contribu-
tions of each locus under additional growth conditions in the future.
There are certain limitations to the essentiality information

determined here. Although we identified genes that are essential
to the organism when individually mutated, they do not repre-
sent a minimal gene set. Essential processes for which there are
redundant genes will not be discovered using an approach based
on single mutants. In S. elongatus, however, this complication is
of lesser concern than in most other cyanobacteria because of its
small genome size, which at a streamlined 2.7 Mbp, harbors little
redundancy. In addition, the findings of essentiality reported
here apply only to the specific laboratory conditions used and are
likely to be different for a subset of genes under other growth
conditions. Finally, because ncRNAs, regulatory regions, and
other intergenic regions are much smaller, on average, than
protein-coding genes, the essentiality calls for these regions are
inherently of lower confidence than those made for protein-
coding genes. Therefore, conclusions of essentiality for non-
coding loci and to a lesser extent, protein-coding genes must be
validated by targeted mutation before definitive statements can
be made about their essentiality.

TCA Cycle in Cyanobacteria. The ability to compare our essentiality
results and predictions of gene importance based on conser-
vation and function yielded fresh insights into fundamental
S. elongatus biological processes. An example is the finding that
two of the genes of the TCA cycle, including the widely conserved
fumC, are dispensable in S. elongatus. The nature of the TCA
cycle in cyanobacteria has been a subject of frequent debate.
Until recently, it was assumed that the TCA cycle in cyanobacteria
is incomplete because of the absence of the enzyme 2-oxoglutarate
dehydrogenase (53, 54). More recent research, however, has closed
the cyanobacterial TCA cycle with a number of bypasses, such as
the 2-oxoglutarate decarboxylase pathway (55), the GABA shunt
(56), and the glyoxylate cycle (57). The search for bypasses around
missing elements of the TCA cycle presumes that having a complete
cycle is important. Here, we found that the TCA cycle enzymes
sdhB and fumC are nonessential in S. elongatus. Furthermore, no
functionally annotated genes in S. elongatus account for the function
of the TCA cycle enzymes malate dehydrogenase, malate:quinone
oxidoreductase, succinate thiokinase, or 2-oxoglutarate dehydroge-
nase, and the 2-oxoglutarate decarboxylase bypass seems to be ab-
sent (Fig. 4D) (28). In agreement with the finding that these
enzymes are nonessential or missing, the metabolites whose
synthesis that they catalyze, with the exception of oxaloacetate,
are not required for essential biosynthetic pathways in Syn-
echocystis sp. PCC 6803 (58). Oxaloacetate is required for as-
partate biosynthesis but can be produced without cyclic flux
through the TCA cycle by phosphoenolpyruvate carboxylase (ppc;
SynPCC7942_2252), shown here to be essential. Therefore, a large
portion of the TCA cycle between 2-oxoglutarate and oxaloacetate
seems to be nonessential for S. elongatus survival (Fig. 4D).
In light of these data, the traditional complete TCA cycle

should be reconsidered in S. elongatus. The relevant pathways of
the TCA cycle for the organism may resemble more closely the
metabolism of certain obligate autotrophs, where cyclic flow
through the TCA cycle is replaced by two separate braches that
produce the metabolic precursors succinyl-CoA and 2-oxoglu-
tarate independently (59). In S. elongatus, however, none of the
necessary enzymes for the succinyl-CoA branch are functionally
annotated (31) other than fumC, which is nonessential. This
branch of the TCA cycle is likely dispensable because of the
succinyl-CoA–independent pathway for heme biosynthesis in
photosynthetic organisms (60). Therefore, the traditional under-
standings of the TCA cycle should be reassessed in S. elongatus,
with consideration that its importance is likely not a result of its
completeness or its role as an energy generator but in its provision
of a few important precursor metabolites, such as oxaloacetate
and 2-oxogluterate, which likely require only short linear portions
of the TCA cycle. This interpretation is compatible with the or-
ganism’s strict photosynthetic metabolism, where the degradation
of carbon for energy using cyclic flux through the TCA cycle would

A B

Fig. 6. Essential regulatory regions. (A) Transposon insertion density (insertions per base pair) on the y axis is plotted against the distance upstream from the
translational start sites of essential genes (red) and nonessential genes (blue). Shading around the solid lines represents 95% confidence intervals (Poisson
distribution). (B) For 557 essential genes that had an insertion before the nearest upstream gene and within 200 bp of the translation start site, the location of
the closest insertion relative to the start site is shown.
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be counterproductive at times when the organism is spending its
energy to fix CO2.

Beyond Coding Sequences. Although cyanobacterial ncRNAs have
been studied extensively in silico, little is known about their in-
dividual importance in vivo. Mutants of yrf1 (nc549) have been
shown to be sensitive to several stresses in the closely related
S. elongatus PCC 6301 (61). Another iron stress-dependent ncRNA,
IsrR (nc468), regulates photosynthesis in Synechocystis sp. PCC
6803 (62). However, none of the nonribosomal, non-tRNA ncRNAs
have been shown previously to be essential for survival under
standard laboratory conditions in S. elongatus. In our study, we
revealed 13 likely nonribosomal, non-tRNA essential ncRNAs:
10 from the recently discovered set of S. elongatus ncRNAs (45)
and 3 that were previously annotated. One is a group I intron
(ncRNA136), which catalyzes its own splicing out of the sur-
rounding tRNALeu that carries the nonredundant UAA antico-
don. Because the corresponding UUA codon is found 7,908
times in the S. elongatus genome (63), the inability of the pre-
tRNALeu to correctly splice when this group I intron is mutated
likely explains its essentiality. Although the tRNALeu (UAA)
group I introns have been well-reported in cyanobacteria (48, 49,
64–67), there has been no previous work showing their impor-
tance in vivo. The other likely essential and so far unexplored
ncRNAs discovered in this study represent interesting targets for
additional research.

Library Stability. Although we examined the outgrowth of the li-
brary for genes whose loss improves growth, we found none. This
finding is in contrast to other Tn-seq studies on various microbial
species, in which some mutants outcompeted the rest of the li-
brary under standard laboratory conditions (5, 68). It is to be
expected that, in novel environments to which a microbe has not
adapted, there will be loss-of-function mutants that increase
fitness (69). The lack of beneficial mutations found in this study
likely speaks to the unusual culturing practice used for cyano-
bacteria: because inoculation from a frozen sample is a lengthy
process, WT cultures are repeatedly passaged on benchtops and not
inoculated from a freezer stock before each use. Thus, most
S. elongatus cultures have been selected for laboratory conditions
for years, and it is unsurprising that the laboratory-evolved ge-
notype has no detrimental genes in these conditions. This caveat
suggests that the strains on which experimentation is performed
are no longer representative of the strains found in nature. For
the purposes of the RB-TnSeq library created here, however, the
absence of detrimental genes and the relatively small number of
beneficial genes mean that the library loses little of its diversity
over each generation (Fig. 2B). After reviving the library from
frozen stocks and growing it for seven to eight generations,
93% of the mutant strains barcoded before freezing could still
be found in the population. This robustness enables its use
in screens under conditions of interest outside of standard
laboratory conditions.

Future Uses of the Library. Essential and beneficial genes make up
only about 32% of 2,723 genes in S. elongatus. Many of the
remaining genes are likely important for specific biological
conditions not experienced in standard laboratory conditions.
We are currently exposing the library to an array of alternative
conditions to determine genes specifically important for the
survival of the organism under variations, such as high osmolarity
and oxidative stress. We are also probing the library with tar-
geted conditions to elucidate specific questions in cyanobacterial
biology, such as the set of genes important for resistance to amoeba
and the survival of light–dark cycles. This library can additionally be
used for screens of phenotypes other than fitness if mutants with the
phenotype of interest can be identified from the population and
sequenced separately. With the use of RB-TnSeq, every additional
screen requires minimal time, library preparation, and sequencing.
This process is compared with previous screening techniques in
Cyanobacteria, in which thousands of mutants had to be maintained

and phenotyped individually (70, 71). Finally, although we have
maintained the pooled nature of the library for this study, it can be
easily arrayed into individual clones when viewing the mutants un-
der noncompetitive conditions is advantageous or when the phe-
notype of interest cannot be screened for in a pooled library. Using
these approaches, the RB-TnSeq library, used here to delve into
essentiality, will be a valuable tool for improving our understanding
of S. elongatus, cyanobacteria, and photosynthetic organisms.

Materials and Methods
Strains and Culture Conditions. The library and individual insertion mutants
were constructed in WT S. elongatus PCC 7942 stored in our laboratory as
AMC06. All cultures were grown at 30 °C. Liquid cultures were shaken at
150 rpm (Thermo Fisher MaxQ 2000 Orbital Shaker) and grown in 100-mL
flasks unless otherwise noted.

Mutant Library Creation. The conjugal recipient S. elongatus was inoculated
and grown in BG-11 liquid medium (72) in light levels of 174–199 μmol
photons·m−2·s−1 for 3 d. For the E. coli donor, we used the diaminopimelic
acid (DAP) auxotrophic strain APA766 that carried the library of barcoded
Tn5 elements (pKMW7) (10). The donor E. coli was grown overnight in LB
broth with 60 μg/mL DAP and 50 μg/mL kanamycin. E. coli cells were washed
two times to remove kanamycin and resuspended in LB. The washed E. coli
were mixed with S. elongatus at a 1:1 donor cell:recipient cell ratio on 0.45 μM
nitrocellulose filters (Millipore) overlaid on LB agar plates with 60 μg/mL DAP.
The conjugation reaction was performed for 7 h under 100–140 μmol
photons·m−2·s−1 of illumination. For selection of exconjugants, the filters
were transferred to BG-11 kanamycin agar plates. To minimize E. coli
contamination of the library, after 8 d of growth under 100–140 μmol
photons·m−2·s−1, the colonies on the filters were stamped onto new BG-11
kanamycin agar plates by pressing the filters face down onto the new plates.
After 3 more d of growth with the same illumination, we scraped and
flushed the colonies into BG-11 kanamycin liquid medium. At this point, cells
were collected for DNA extraction (for Tn-Seq), and the remainder was
frozen at −80 °C in 1-mL aliquots after adding 80 μL DMSO.

Library Preparation and DNA Sequencing for Tn-seq. To determine transposon
insertion sites and link them to random DNA barcodes within each insertion,
we created an Illumina-compatible sequencing library as described previously
(10). Briefly, genomic DNA was extracted by phenol-chloroform extraction
(16), sheared to 300 bp (Covaris), size-selected (Ampure SPRI), end-repaired,
A-tailed, and ligated with adapters. Amplification of transposon insertions
and flanking DNA was conducted using the transposon-specific primer,
Nspacer_barseq_universal (ATGATACGGCGACCACCGAGATCTACACTCT-
TTCCCTACACGACGCTCTTCCGATCTNNNNNNGATGTCCACGAGGTCT), and
the adaptor-specific primer, P7_MOD_TS_index 12 primer (CAAGCAGAAGAC-
GGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT) (10).
For PCR, 100-μL reaction volumes were used with JumpStart Taq DNA Po-
lymerase (Sigma) and the following thermocycler protocol: 94 °C for 2 min;
25 cycles of 94 °C for 30 s, 65 °C for 20 s, and 72 °C for 30 s; and a final
extension at 72 °C for 10 min. The amplicons were then purified with
AMPure XP Beads (Beckman Coulter), quantified on an Agilent Bioanalyzer
with a DNA1000 Chip, and sequenced on a single lane of HiSeq2500 (Illumina)
in rapid run mode.

Analysis of Tn-seq Data. Tn-seq reads were analyzed as described previously
(10). Briefly, for each sequencing read, we identified the flanking sequence
around the transposon and used BLAT (73) to map it to the S. elongatus
genome. The part of the sequencing read internal to the transposon was
used to link each transposon’s unique barcode to its location within the
genome. We identified 20,401,559 reads with insertions that mapped to
the genome.

Library Outgrowths. Two sets of outgrowth experiments were conducted to
examine the library for segregation and growth under control conditions. In
both cases, library aliquots were thawed in a 37 °C water bath for 2 min and
diluted 1:300 into BG-11 kanamycin liquid medium. The cultures were allowed
to recover at 30 μmol photons·m−2·s−1 without shaking for 1 d, moved back to
standard shaking conditions, and allowed to grow for 4 d under 70 μmol
photons·m−2·s−1, at which point we collected cells for DNA extraction as the
time 0 point of the outgrowth.

Aliquots of this culture were reinoculated into fresh BG-11 at OD750 of
0.025. For segregation testing of the library, the culture was grown in par-
allel in the presence and absence of 5 μg/mL kanamycin for approximately
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seven generations under 199 μmol photons·m−2·s−1, at which point both
cultures were sampled for DNA extraction as the end point of the out-
growth. Approximately halfway through the growth period, the culture was
reinoculated into fresh BG-11 liquid at OD750 of 0.025 to prevent the culture
from reaching stationary phase.

For testing growth under standard laboratory conditions, cultures
were grown in four conditions: on solid BG-11 kanamycin under 116 μmol
photons·m−2·s−1, in liquid BG-11 kanamycin under 199 μmol photons·m−2·s−1,
in liquid BG-11 kanamycin under 60 μmol photons·m−2·s−1, and in a
Phenometrics ePBR v1.1 Photobioreactor (Phenometrics Inc.) maintained at a
constant OD750 of 0.1 under 500 μmol photons·m−2·s−1. All liquid cultures were
collected for BarSeq after six to eight generations. The growth on solid BG-11
kanamycin was conducted by spreading 100 μL library culture, diluted to have
an OD750 of 0.086, onto the agar. The colonies were collected for BarSeq
after 3 d of growth. The photobioreactor was inoculated with 400 mL library
culture at an OD750 of 0.05 and bubbled at 50 mL/min of 0.2-μm filtered air.

BarSeq. To use barcodes to quantify the survival of each mutant in the
population, we first isolated genomic DNA through phenol-chloroform ex-
traction (16). The procedure for sample preparation, sequencing, and pre-
liminary analysis was described previously (10). Briefly, amplification of the
barcode was done using 1 of 96 indexed forward primers for later multi-
plexing, BarSeq_P2_ITXXX (CAAGCAGAAGACGGCATACGAGATXXXXXXGTG-
ACTGGAGTTCAGACGTGTGCTCTTCCGATCTGATGTCCACGAGGTCTCT), and a
common reverse primer, BarSeq_P1 (AATGATACGGCGACCACCGAGATCTA-
CACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNGTCGACCTGCAGCGTACG).
For PCR, 50-μL reaction volumes were used with Q5 DNA polymerase, Q5 GC
Enhancer (New England Biolabs), and the following thermocycler conditions:
98 °C for 4 min; 25 cycles of 30 s at 98 °C, 30 s at 55 °C, and 30 s at 72 °C; and a
final extension at 72 °C for 5 min. The PCR products were then combined,
purified with the DNA Clean & Concentrator Kit (Zymo Research), quantified
using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific), and sequenced
using Illumina HiSeq 2500. Barcodes were mapped to their previously identi-
fied positions in the genome using an R script. The fitness of each transposon
mutant strain is its log2 change in abundance between the beginning of the
experiment and the end:

strain  fitness= log2

 
ðnend + eendÞ�
nbegin + ebegin

�
!
+C,

where nend and nbegin are the read counts of the strain’s barcode from the
end and the beginning of the experiment, eend and ebegin are small constants
that prevent infinite fitness values, and C is a normalization constant. The
fitness of each gene is the weighted average of the fitness of strains within
the central 10–90% of each gene. The normalization constant is chosen so
that the peak of the gene fitness values is at zero (10).

Essentiality Analysis.
Genes. To determine gene essentiality, a normalized insertion index was
created for the initial Tn-seq of the library and statistically analyzed for genes
with underrepresentation of insertions. The JGI gene annotationwas used for
this mapping (chromosomes are stored under the GenBank accession nos.
CP000100.1, CP000101.1, and S89470.1). The first step of creating the nor-
malized insertion index was the elimination of genes from analysis that were
shorter than 70 bp. The likelihood of the central 80% of a 70-bp gene having
zero insertions by chance is P < 0.01 as calculated by the Poisson distribution.
We used BLAT (73) to identify parts of genes that are nearly identical to
other parts of the genome. Genes with any nearly identical parts were ex-
cluded from analysis. For the remaining genes, we divided the insertions in
the middle 80% of each by the length of the middle 80% to create an in-
sertion density for each gene. The insertion densities for all genes were then
plotted against their GC%. A linear trend line was fitted to this plot and
used to normalize gene insertion density by GC content (Fig. S3A). This
normalized insertion density for each gene was given the label of insertion
index. Finally, a preliminary essentiality measure was determined using an
approach described previously (5). Briefly, γ-distributions were fit to the

essential and nonessential peaks in insertion index, and log2 likelihood ratios
were calculated from these distributions. Genes with log2 likelihood ratios
below −2 were called as essential genes, and those with log2 likelihood
ratios above 2 were called as nonessential genes; genes that fell between
these log2 likelihood ratios were called as ambiguous. Scripts were adapted
from the Bio::Tradis pipeline (github.com/sanger-pathogens/Bio-Tradis) (74).

To improve the accuracy and precision of these essentiality calls, data from
the outgrowths under standard laboratory conditions were used. A t test was
used to find genes that had significantly lower or higher fitness under the
four control conditions (Library Outgrowths), and a false discovery rate was
determined for each P value. Genes for which insertions reduced gene fit-
ness below −1.32 (P < 0.01 and FDR < 0.1; t test) were called as beneficial.
Furthermore, to make our calls of essentiality more stringent, genes that
were previously called as essential but were not significantly different from
the mean gene fitness from the outgrowth were added to the ambiguous
group. Conversely, those genes that had previously been called as non-
essential but were not present in the outgrowth were also added to the
ambiguous group.
ncRNAs. To determine essential ncRNAs, we calculated an insertion index
using the same procedure as that used for previously annotated genes. We
again only counted insertions in the middle 80% of ncRNAs and eliminated
ncRNAs that overlapped each other. A length of 50 bp was set as the lower
limit, because by using that cutoff, we would expect only one ncRNA that had
zero insertions by chance as determined by the Poisson distribution. As had
been done for essential genes, we again corrected for GC content (Fig. S3B)
but in this case, also discarded ncRNAs with GC content below 35% because
of the lower GC% of ncRNAs. We also eliminated ncRNAs that were over-
lapping essential, beneficial, ambiguous, or uncategorized genes, because it
would be difficult to know whether essentiality of these ncRNAs was be-
cause of the ncRNAs themselves or the surrounding genes. The same cutoff
for essentiality that had been applied to the gene insertion indexes was
again applied to the ncRNAs. Those that fell on the essential side of this
cutoff were visually examined to determine if they fell in likely essential
regulatory regions or other areas of below-average insertion density. If they
did not, they were categorized as likely essential ncRNAs.
Essential regulatory regions. Essentiality of the region upstream of the trans-
lation start site was determined for essential genes using the distance up-
stream of the start site for which there was no transposon mutants and
no upstream gene. The minimum uninterrupted region necessary to be
considered as a likely essential regulatory region was determined to be
40 bp, because a Poisson distribution predicted only one false positive
using this cutoff.

Targeted Mutants: Transformation, Genotyping, and Growth Assays. Plasmids
for targeted insertional mutation were taken from the unigene set, an
existing insertion mutant library for S. elongatus (70, 75). Transformation of
S. elongatus was achieved using standard protocols (16). Genotyping was
done using colony PCR with Taq DNA Polymerase (NEB). Growth assays were
done in liquid culture under 199 μmol photons·m−2·s−1 of illumination.
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