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ABSTRACT OF THE DISSERTATION

Comprehensive Comparative Genomics to Study Complex Phenotypes in
Cyanobacteria

by

Marie A. Adomako

Doctor of Philosophy in Biology

University of California San Diego, 2021

Professor Susan S. Golden, Chair

Cyanobacterial biofilms are not only important as critical components of ecological
habitats, but have applications in wastewater treatment systems, bioremediation efforts,
and prevention of biofouling. Strains of the freshwater cyanobacterium Synechococcus

elongatus were first isolated approximately 60 years ago, and PCC 7942 is well

Xiv



established as a model for photosynthesis, circadian biology, and biotechnology
research. PCC 7942 is planktonic in lab conditions, but studies of biofilming mutants
support a model of constitutive repression of biofims in PCC 7942. A recent
environmental isolate of S. elongatus, UTEX 3055, shares 98.46% average nucleotide
identity with PCC 7942, but has unique phenotypes of phototaxis and robust biofilm
formation in laboratory conditions. This genetic similarity and the constitutive repression
of biofilm formation suggests that lab strains of S. elongatus may be domesticated. An
approach combining comparative genomics analysis with the use of random barcoded
transposon sequencing (RB-TnSeq) library screens was used to find the genetic basis of
biofilm and phototaxis phenotypes in S. elongatus. This work describes the sequencing
and annotation of UTEX 3055 as well as the characterization of a novel phototaxis operon
in the strain; a comprehensive genome comparison of S. elongatus strains that provides
a pangenome annotation, a corrected sequence for the type strain PCC 6301, and
identification of genes controlling pigmentation and phototaxis phenotypes; the creation
of an RB-TnSeq library in UTEX 3055 that can be used in future fithess screening
experiments; and an IRB-Seq experiment in PCC 7942 that provides genetic targets to

expand the current model of biofilm formation in S. elongatus.
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CHAPTER 1: Introduction

Biofilms are community structures enclosed in a matrix that are produced by
bacterial consortia. The molecular basis of formation, persistence, and dispersal of
biofilms has been extensively studied in single-species biofilms of heterotrophic bacteria
because of their impact on human health (1, 2). A biofilm begins with the active or passive
migration of cells to a surface (3-5), attachment with cellular appendages (3, 6) or
adhesive proteins (7-9), and the formation of microcolonies. As these communities grow
and mature, the cells are enveloped by an extracellular matrix that is composed of
proteins, polysaccharides and extracellular DNA (10, 11). This matrix protects the cells
from environmental stresses such as predators (12), antibiotics (13), and even UV light
(14). In addition, the matrix can trap nutrients and communication signals (11). Dispersal
of cells from the biofilm can be induced by diverse environmental cues and using a variety
of mechanisms (1). Although there is an accepted model of a biofilm “life cycle”, multiple
mechanisms regulate each stage of the cycle, even within the same species (15), and
there is no consensus mechanism for biofilm formation.

While heterotrophic biofilms have been extensively studied, there has been much
less research focused on phototrophic biofilms (16). Cyanobacteria are important
photosynthetic members of biofilm communities in diverse environments (17-19), but can
pose human health risks through the release of toxins from harmful algal blooms (20).
Cyanobacterial biofilms have potential applications in wastewater purification (21),
bioremediation efforts (22), and in combating biofouling (23, 24). The majority of research
in cyanobacterial biofilms focuses on describing their roles in environmental nutrient

cycling (25) and biofouling (19), but much less research has been performed that



describes the mechanisms or genetics cyanobacterial biofiims at the level of detail
available for heterotrophic species. Mechanistic research in biofilm formation and
regulation in cyanobacteria has found some parallels with heterotrophic biofilms, such as
the key signaling molecule cyclic di-GMP that controls the transition between the biofilm
state and a free-living motile state in heterotrophic bacteria also controls biofilm formation
in the cyanobacterium Synechocystis PCC 6803 (26). In PCC 6803 exopolysaccharides
contribute to cell buoyancy and protection against environmental stresses, but their role
in biofilm formation is less clear (27).

Synechococcus elongatus PCC 7942 is a well-studied member of the
cyanobacteria and has provided a foundation for research in photosynthesis and
circadian rhythms in prokaryotes (28-30). Additionally, PCC 7942 is naturally
transformable and has robust homologous recombination machinery (31, 32). This
genetic tractability has made it an attractive and viable production platform for biofuels
and other high-value chemicals (33). Under laboratory culturing conditions PCC 7942
exhibits a persistent planktonic phenotype, even in the absence of agitation or bubbling,
with no evidence of biofilm formation on the culture vessel. Schatz et al. subsequently
identified and characterized a biofilming mutant of PCC 7942, T2SEQ, in which the PilB
homolog of the Type Il secretion system/Type IV pili is inactivated (34). Studies using
conditioned media show that the wild-type (WT) strain secretes an unknown repressor of
biofilm formation that is not secreted from the T2SEQ mutant, thus allowing biofilms to
form. Additionally, small proteins with a double-glycine motif and their corresponding
cysteine peptidase transporter support biofilm formation (35). The transcription of these

genes is typically repressed in WT cells by the secretion of inhibitor(s), but is significantly



upregulated in the secretion mutant T2SEQ. The authors, including members of our lab,
concluded that S. elongatus naturally forms biofilms in a regulated manner, and predicted
that an environmental isolate would exhibit biofilm formation. In collaboration with Jerry
Brand’s lab at UT Austin, our lab obtained a novel strain of S. elongatus, UTEX 3055,
from environmental sampling of Waller Creek in Austin, TX. In support of the hypothesis
that domestication has abolished a number of phenotypes, this isolate is interesting
because it is motile, displays phototaxis, and forms robust biofilms, all of which are
phenotypes the lab adapted PCC 7942 strain does not display (36). | hypothesized that
a comparative genomics analysis of PCC 7942 and UTEX 3055 could elucidate the
genetic basis of the biofilm and phototaxis phenotype in S. elongatus because the high
genetic similarity between the two strains narrows the focus for which genes and
nucleotide differences between the two strains may contribute to these phenotypes.

| undertook a comprehensive genome comparison among UTEX 3055 and the
previously characterized S. elongatus isolates PCC 6301, PCC 6311, PCC 7942, PCC
7943, and UTEX 2973 (“legacy strains”) to test the hypothesis that laboratory strains may
have become domesticated, and that differences between the strains could be used to
find genes related to biofilm formation and phototaxis. | used the isolation history of S.
elongatus strains as the context for understanding the connection between their
phenotypes and genotypes. The legacy strains of S. elongatus comprise the earliest
isolations from freshwater sources in Texas, including the type strain PCC 6301 (37), and
strains later isolated from freshwater near San Francisco, California, including PCC 7942
(38). The strains characterized most recently include UTEX 2973, a recent re-isolation

from a frozen archive of PCC 6301 (39) and UTEX 3055, isolated from Waller Creek,



Texas about 60 years after PCC 6301 was sampled from the same source (36). The first
results of this analysis are sequence and annotation refinement through a re-sequencing
of the type strain PCC 6301 and sequencing of PCC 6311 and PCC 7943, as well as the
creation of a curated pangenome annotation for all S. elongatus strains. Examination of
the genome differences at different scales revealed large genome regions that control
pigmentation phenotypes, a putative operon of UTEX 3055 necessary for phototaxis, and
patterns of SNPs in legacy strains that led to a re-evaluation of the relationships among
strains, and an explanation of a perplexing SNP in a core circadian clock component,
rpaA, that has previously caused confusion in the literature.

In addition to comparative genomics, a randomly barcoded transposon insertion
sequencing (RB-TnSeq) library in S. elongatus PCC 7942 is a powerful tool that can be
used to connect phenotypes and genotypes. In an RB-TnSeq library, a transposon that
carries an antibiotic-resistance cassette paired with a unique barcode is inserted
randomly into the genome, potentially disrupting gene functions. A fully saturated and
pooled library will have representative mutants for each non-essential gene or DNA
region. Once next generation sequencing (NGS) identifies the location of each insertion
and its associated barcode, the relative fitness of each mutant in the pooled library can
be ascertained for any experimental condition relative to a control condition by quantifying
the barcodes through NGS. RB-TnSeq enables large-scale, cost-effective mutant fitness
screening (40). RB-TnSeq in PCC 7942 has been used to determine the essential gene
set of the organism (41), screen for genes that affect survival in tens of conditions (42),

and has improved the construction of a genome-scale metabolic model of PCC 7942 (43).



The constitutive repression of biofilm formation in PCC 7942 complicates the
interpretation of RB-TnSeq library biofilm screening experiments. | instead took two
alternative approaches that leverage the comparative analysis of UTEX 3055 and PCC
7942 as well as the known pathway of biofilm regulation in PCC 7942. In the first
approach, | created a complementary RB-TnSeq library in UTEX 3055 and compared the
essential gene set analysis of this library with that of the PCC 7942 library. This UTEX
3055 library will be used in future screening experiments to find genes related to biofilm
formation and phototaxis. In the second approach, | used interaction RB-TnSeq (IRB-
Seq), a method that can determine the fitness effect of synthetic genetic interactions in
specific environmental conditions. In IRB-Seq, a known mutation is introduced to the
pooled library via transformation, and the resulting interaction library is subjected to an
environmental perturbation.

In this work, | have used comparative genomics and RB-TnSeq screens to
examine the genetic differences between UTEX 3055 and PCC 7942 and find genes
responsible for biofilm formation and phototaxis in S. elongatus. In Chapter 2, my
coauthors and | characterize UTEX 3055 as a strain of S. elongatus that forms robust
biofilms in laboratory conditions and contains a unique photoreceptor that controls both
negative and positive phototaxis. In Chapter 3, | describe how the comparative analysis
of UTEX 3055 with legacy strains of S. elongatus has led to refined genome data for all
S. elongatus strains and the discovery of genes responsible for pigmentation and
phototaxis phenotypes. In Chapter 4, | describe the creation of an RB-TnSeq library in
UTEX 3055 and how it compares to the library of PCC 7942. In Chapter 5, | use an IRB-

Seq approach to expand the known model of biofilm regulation in PCC 7942. This work



illustrates how the comparison of two closely related strains with differing phenotypes can
be leveraged to examine complex phenotypes.
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CHAPTER 2: Phototaxis in a wild isolate of Synechococcus elongatus

2.1 Physiology of S. elongatus UTEX 3055
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Many cyanobacteria, which use light as an energy source via
photosynthesis, have evolved the ability to guide their movement
toward or away from a light source. This process, termed “photo-
taxis,” enables organisms to localize in optimal light environments
for improved growth and fitness. Mechanisms of phototaxis have
been studied in the coccoid cyanobacterium Synechocystis sp.
strain PCC 6803, but the rod-shaped Synechococcus elongatus
PCC 7942, studied for circadian rhythms and metabolic engineer-
ing, has no phototactic motility. In this study we report a recent
environmental isolate of S. elongatus, the strain UTEX 3055,
whose genome is 98.5% identical to that of PCC 7942 but which
is motile and phototactic. A six-gene operon encoding chemotaxis-
like proteins was confirmed to be involved in phototaxis. Environ-
mental light signals are perceived by a cyanobacteriochrome,
PixJse (Synpcc7942_0858), which carries five GAF domains that
are responsive to blue/green light and resemble those of PixJ from
Synechocystis. Plate-based phototaxis assays indicate that UTEX
3055 uses PixJse to sense blue and green light. Mutation of con-
served functional cysteine residues in different GAF domains indi-
cates that PixJs. controls both positive and negative phototaxis, in
contrast to the multiple proteins that are employed for implement-
ing bidirectional phototaxis in Synechocystis.

cyanobacteria | photoreceptor | GAF domain | phototaxis |
Synechococcus elongatus

any organisms have evolved the ability to sense and alter

their location in response to various beneficial or noxious
stimuli. A classic example of this behavior is chemotaxis, in which
the organism moves toward nutrients and away from toxins to
locate an optimal position in a gradient of stimuli. Light is
one of the most important environmental factors that affect
life on Earth. For photosynthetic organisms, light is an energy
source, but too much light can induce DNA damage and
photooxidative stress. Thus, it is sensible to hypothesize that
phototaxis is an evolutionarily beneficial behavior, guiding
cell movement toward (positive) or away from (negative) a
light source to receive optimal light energy. Phototactic be-
havior has been observed in all domains of life (1). In pro-
karyotes phototaxis has been characterized in purple bacteria
and haloarchaea that swim with flagella or archaella as well as
in cyanobacteria, which move over moist surfaces using type
1V pili (2, 3).

The unicellular coccoid cyanobacterium Synechocystis sp.
strain PCC 6803 (hereafter, “Synechocystis”) has been studied
extensively as a model for bacterial phototaxis (4, 5). Cyano-
bacterial phototactic signaling has been compared with that of
chemotaxis in Escherichia coli, the best-studied bacterial taxis
behavior (SI Appendix, Fig. S14). The core signal-processing
complex in E. coli consists of a methyl-accepting chemotaxis
protein (MCP, chemoreceptor), a kinase (CheA), and an adaptor

protein (CheW) (6). Binding of ligands to MCP regulates auto-
phosphorylation of CheA, which can subsequently phosphorylate
its response regulator, CheY. Phosphorylated CheY binds to the
flagellar motor and changes the rotational direction of flagella,
resulting in a reorientation of the cell. Dephosphorylation of CheY
is catalyzed by a phosphatase, CheZ. An adaptation system con-
sisting of methyltransferase CheR and methylesterase CheB confers
a short-term memory for temporal comparison of ligand concen-
tration, enabling cells to travel up or down the gradient (6-9). The
core signal-processing complex is similar in Synechocystis photo-
taxis (SI Appendix, Fig. S1B), but instead of a chemical-binding
domain, the MCP homolog has light-sensing domains at its N ter-
minus (10). No homologs of CheR, CheB, or CheZ are found in
the Synechocystis sp. strain PCC 6803 genome, indicating a different
and still elusive mechanism of signal transduction in cyanobacterial
phototaxis (11).

Cyanobacteria evolved a range of sensory photoreceptors that
detect a rainbow of colors. Cyanobacteriochromes (CBCRs) com-
prise a class of phytochrome-related photoreceptors found only
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in cyanobacteria that have been reported to sense wavelengths
that span the entire visible spectrum (12-15). CBCRs use GAF
(cGMP phosphodiesterase/adenylate cyclase/FhlA) domains for
photoreception and a C-terminal domain, such as a histidine
kinase or an MCP domain, for signal output (12, 16). PixJ1 is a
CBCR that mediates positive phototaxis in Synechocystis, and
its inactivation results in negative phototaxis (11, 17). PixJ1 contains
two GAF domains, but only the second carries the conserved
Cys residue that covalently binds the bilin chromophore phy-
coviolobilin (PVB) (10). Purified PixJ1-GAF2 (PixJg2) switches
between two conformational states that absorb either blue or green
wavelengths (blue/green photocycle) when exposed to light, as does
the GAF domain from the Thermosynechococcus elongatus photo-
receptor TePixJ (18, 19).

Other photoreceptors that regulate positive or negative pho-
totaxis have been reported in Synechocystis. PixD, a sensor that
uses flavin adenine dinucleotide (FAD) as a cofactor in a domain
called “BLUF” (sensors of blue light using FAD), regulates the
direction of phototaxis through binding to its interaction partner
PixE, which inhibits positive phototaxis in its monomeric state
(20, 21). The photoreceptor UirS/PixA is a UV-A sensor that,
together with its response regulator UirR/NixB and a PatA-like
protein called “LsiR/NixC,” is involved in switching between
positive and negative phototaxis (22). Moreover, UirS/UirR-
regulated LsiR is required for negative phototaxis (23). The
photoreceptor Cph2 is involved in the inhibition of phototaxis in
the presence of blue light. Upon blue-light detection by its third
GAF domain, Cph2 catalyzes c-di-GMP formation through a
C-terminal GGDEF domain, which results in the inhibition of
pili-based motility (SI Appendix, Fig. S1B) (24-26). It is still not
clear whether any of the receptors described above is genuinely
required for detecting light direction, because disruption of any
of them results in a reversal of the direction of movement or
general inhibition of motility, but not random movement, under
directional light (3). A recent study demonstrated that Syn-
echocystis cells sense a light source by acting as a microlens that
focuses incoming light onto the membrane at the opposite side of
the cell. Cells undergoing positive phototaxis move away from the
focused-light spot and therefore move toward the light source (27).
This model implies that the spherical shape is important for the
mechanism of phototaxis for coccoid species and does not explain
how phototaxis would occur in nonspherical species.

Although widely used for studies of circadian rhythms (28),
light-regulated gene expression (29, 30), and metabolic engi-
neering (31), the rod-shaped, unicellular model species Syn-
echococcus elongatus PCC 7942 (hereafter, “PCC 7942”) does
not exhibit some environmentally relevant and often interrelated
behavioral responses, such as biofilm formation and phototaxis.
It has been shown that the ability to form biofilms is encoded in
the PCC 7942 genome but is locked in a permanently repressed
state unless mutations in the type II secretion or type IV pilus
assembly system are made that prevent the production or se-
cretion of a repressing agent (32, 33). Phototaxis in the ther-
mophilic rod-shaped T. elongatus has been reported (34), but the
paucity of genetic tools for that organism has limited investiga-
tion. Here, we report a recent wild isolate of S. elongatus, the strain
UTEX 3055, that readily forms biofilms under laboratory con-
ditions and shows strong phototactic behavior under directional
light exposure. The mechanism of phototaxis in this cyanobac-
terium relies on a single 5-GAF domain containing an MCP-like
photoreceptor that localizes at the cell poles. Despite structural
and spectroscopic similarities to the blue/green photoreceptor PixJ
of other cyanobacteria, this receptor alone is responsible for both
negative and positive directional orientation. Like Synechocystis,
UTEX 3055 focuses light with its rod-shaped cell, roughly opposite
to the direction of incidence.

Yang et al.

Results

A Wild S. elongatus lIsolate Shows Photo-Induced Migration and
Biofilm Formation. To evaluate whether PCC 7942, which has
been a domesticated laboratory strain for more than four de-
cades (35), was once capable of phototaxis or other environ-
mentally relevant behaviors, we isolated a wild strain of S.
elongatus. Cyanobacterial cells were enriched from rock-attached
scum in Waller Creek at the University of Texas, Austin, where
the species had been isolated previously (36, 37). Cells of the
wild isolate have a morphology, as observed by light microscope,
very similar to that of PCC 7942 (SI Appendix, Fig. S2). Sequencing
and assembly of the genome of this wild isolate (hereafter, “UTEX
3055”) revealed a 98.46% average nucleotide identity (ANI) with
PCC 7942. Based on their identical 16S rRNA sequences and
an ANI >95%, we concluded that they are the same species.
UTEX 3055 has chromosomal insertions and deletions relative
to PCC 7942, a large plasmid homologous to pANL of PCC 7942
but with expansions, and a 24-kb plasmid (GenBank accession
nos.: CP033061, CP033062, and CP033063). UTEX 3055 also has
an inversion in the chromosome relative to PCC 7942 that has
been previously described for another domesticated laboratory
strain, S. elongatus PCC 6301 (38). UTEX 3055 has 38,774 SNPs
compared with PCC 7942, of which 9,446 predict nonsynonymous
amino acid substitutions (S Appendix, Table S1). Because PCC
7942 is easily manipulated genetically and because it is the premier
model organism for bacterial circadian rhythms, we first examined
whether the genetic tools used for PCC 7942 would work in the
wild isolate and whether UTEX 3055 exhibits similar circadian
rhythms. The UTEX 3055 genome includes the entire set of
S. elongatus clock genes (SI Appendix, Table S2). When trans-
formed with the same luciferase-reporter vector used for PCC
7942 circadian studies and with the same transformation pro-
tocol developed for PCC 7942, UTEX 3055 produced rhyth-
mic patterns of bioluminescence, demonstrating both natural
competence and the presence of a functional circadian clock
system (SI Appendix, Fig. S3).

Despite sharing high nucleotide identity, UTEX 3055 shows
some interesting phenotypes that are absent in the laboratory
strain. Wild-type PCC 7942 exhibits an entirely planktonic phe-
notype when grown in liquid medium and remains suspended
indefinitely in the absence of agitation. Only when specific mu-
tations are introduced does PCC 7942 tend to settle and form
biofilms (32). In contrast, wild-type UTEX 3055 cells flocculate
and form biofilms on the wall of a culture flask under the same
conditions (Fig. 14). Moreover, UTEX 3055 exhibits strong taxis
toward a lateral directional light source, whereas PCC 7942 does
not (Fig. 1B). As observed in Synechocystis (39, 40), UTEX
3055 forms finger-like projections directed toward the light
source on soft agarose plates (Fig. 1C and Movies S1-S3). Be-
cause bacterial movement can be monitored by microscopy (S/
Appendix, Fig. S4), we tested whether individual UTEX 3055 cells
respond to a light-intensity gradient projected onto the surface
by placing a dark filter on one side of the light field. The light
gradient that was generated parallel to the plane of the surface
by a perpendicular light source resulted in migration that is
significantly different from the biased movement under lateral
directional light (Fig. 1 D and E and compare Movie S4 with
Movie S5) but still exhibits directionality compared with a uniform
circular distribution (Hodges—Ajne test). The results suggest that
cells may sense light direction rather than a gradient of intensity
during phototaxis, but more refined experiments are needed to
exclude the effect of light scattering caused by the agarose me-
dium. In contrast, PCC 7942 cells were minimally motile and had
a random direction of movement under directional light when
observed in the microscope (Movie S6), which is consistent with
the lack of phototaxis on agarose plates (Fig. 1B).

PNAS | vol. 115 | no.52 | E12379
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Examination of the distribution of cell speed after transferring ~ (CheY-like; PixHsg.), also led to nonphototactic phenotypes (Fig. 2B).
UTEX 3055 from a 12-h light:12-h dark environment to a  However, disruption of Synpcc7942_0857 or Synpcc0860 (both are
constant-light environment showed no time-of-day variation (SI ~ CheW-like; hereafter “PixIs.-1” and “Pixls.-2”) individually did
Appendix, Fig. S5), indicating that UTEX 3055 motility is not  not affect phototaxis, nor did individual disruptions of the MCP-
under circadian control. like (Synpcc7942_1015), CheA-like (Synpcc7942_1014), or CheW-
like (Synpcc7942_1016) genes in the fax2 operon (Fig. 2B). Pro-
ficiency for phototaxis in the mutants that are disrupted upstream
of pixJ argues against polar effects contributing to the pix/ phe-
notype. To verify that the nonphototactic phenotype is caused by
mutations in fax] genes, a shuttle vector that carries the cor-
responding intact UTEX 3055 ORF was recombined into the
chromosome of respective mutants at neutral site I (NS1) (43).
Introduction of pixJ, pixL, pixG, or pixH restored the respective
mutant’s phototaxis; however, complementation by pixJ and
pixH was observed only at specific expression levels (Fig. 2C

Genetic Identification of a Phototaxis Operon. The ability to ma-
nipulate UTEX 3055 genetically with tools and techniques de-
veloped for PCC 7942 enables the dissection of the molecular
mechanism of UTEX 3055 phototaxis. In other organisms
phototaxis-signaling components are encoded by chemotaxis-like
(Che) genes that are often encoded in operons. Two Che op-
erons, named “fax!” and “tax2” to follow the nomenclature used
in Synechocystis, were found in both the PCC 7942 and UTEX
3055 genomes (Fig. 24). Both operons encode homologs of an
MCP, CheA and CheW, whereas cheY is present only in fax]. it €
One gene in the fax] operon (Synpcc7942_08%8/UTEX3g55_0948) and SI Appendix, Flg. S6 B and C). The extent of phototaxis was
is predicted to encode a protein with N-terminal GAF domains rarely regtorgd to wild-type levels by expression of a gene from
and a C-terminal MCP domain, similar to the Synechocystis pro- an ectopl_c site, but becquse the mulants‘demgnated as non-
tein PixJ1 that mediates positive phototaxis (Fig, 24) (10). How- phototactic showed no bla§ed movement in more than 10 as-
ever, the version of this gene in UTEX 3055, also present in PCC ~ Says, even modes} restoration of biased movement was scored
7942, encodes five contiguous GAF domains that all have the @S complementation. . .

potential to bind a chromophore, whereas Synechocystis PixJ1 Because wild-type UTEX 3055 cells switch from directional
carries a single bilin-binding GAF domain (10). Thus, it is rea- movement under directional light to nondirectional movement in
sonable to speculate that the Synpcc7942_0858 protein (hereafter, the dark (SI Appendix, Fig. S7), we tested whether motility that is
“PixJg.”) functions as a photoreceptor that mediates phototaxis in ~ unrelated to direction is also affected in the phototaxis mutants
UTEX 3055. To test this hypothesis, a pix/ disruption mutant was ~ by assessing the speed of movement of the pix/ mutant while
created by transforming UTEX 3055 with a mutagenic cosmid that ~ applying a dark pulse. The results showed that the mutant cells
carries a transposon insertion in pixJ from the PCC 7942 uni-gene ~ are motile and move in random directions under both light and
set (UGS) library (41, 42). Indeed, inactivation of pix/ resulted in ~ dark conditions (SI Appendix, Fig. S7). This experiment dem-
loss of phototaxis in UTEX 3055 (Fig. 2B). Disruption of other  onstrates that fax! does not control type-IV pilus biogenesis and
genes in the tax] operon, such as Synpcc7942_0859 (CheA-like;  function in S. elongatus. Throughout this study we found that
hereafter, “PixLg.”), Synpcc0855 (CheY-like; PixGge) or Synpcc0856  motile but nonphototactic mutants yield varying colony phenotypes

E12380 | www.pnas.org/cgi/doi/10.1073/pnas. 1812871115 Yang et al.
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55 strains expressing an SpSm cassette and lacking pixJ
served as positive and negative controls, respectively. See S/ Appendix, Fig. S6A
for the experimental setup.

in phototaxis assays. Sometimes all the cells appeared to be
trapped at the inoculation site, forming a spot with a smooth
edge; alternatively, some cells appeared to burst out in a few
random or in all directions and sometimes formed twisted

Yang et al.

tree-like branches (SI Appendix, Fig. S8). We speculate that this
phenotypic variability relates to differences in agarose surface
conditions. Because disruption of pixJ or pixL causes loss of
phototaxis in UTEX 3055, we asked whether the nonphototactic
phenotype of PCC 7942 is due to impairment of key proteins
encoded in the fax/ operon. However, we found that both pixJ and
pixL from PCC 7942 restore phototaxis when expressed in their
respective UTEX 3055 mutants (SI Appendix, Fig. S94), indicating
that loss of phototaxis in PCC 7942 is caused by factors other than
genetic differences in the photoreceptor or kinase genes.

PixJse Is a Blue/Gr Sensing DXCF ily CBCR Photoreceptor.
PixJs. harbors five contiguous GAF domains at its N terminus.
Alignment and clustering of the sequences of these domains with
GAF domains from other CBCR and phytochrome proteins
demonstrates that the GAFs of PixJs. are most similar to each
other, followed by a high degree of similarity with the previously
described DXCF/CBCR/GAF domains PixJg2 from Synecho-
cystis and the single GAF from TePixJ of T. elongatus, all of
which contain two conserved Cys residues (SI Appendix, Fig. S10
A and B). The DXCF subclass of CBCRs detects blue/green light
via its PVB chromophore (12); PVB is derived by chemical
isomerization of the precursor phycocyanobilin (PCB) following
its covalent attachment to the protein via thioether linkages to
the two conserved Cys residues (44). The first Cys is essential for
binding the chromophore, and the second Cys is essential for
detecting light at shorter wavelengths (12, 45). Light excitation
triggers photoisomerization of the chromophore’s C15, C16
double bond, which leads to changes in chromophore-protein
interaction that control signal transmission to the output domain.
To determine whether any of the PixJs. GAF domains also binds a
chromophore, we assayed for fluorescence of covalently bound
bilin chromophores in SDS/PAGE gels under UV light in the
presence of zinc acetate (46). Protein gel electrophoresis of a wild-
type UTEX 3055 lysate showed multiple fluorescent bands,
indicating the presence of chromophore-bound proteins, including
the abundant light-harvesting phycobiliproteins and minor species
(ST Appendix, Fig. S10C). We identified one of these minor bands
as PixJs. based on the protein’s predicted size of 153 kDa, the
absence of this band in the pixJ-knockout strain, and the band’s
reappearance upon complementation (SI Appendix, Fig. S10C).
Consistent with complementation data demonstrating that PixJg.
from PCC 7942 is functional (S Appendix, Fig. S94), a PCC 7942
lysate also produces a fluorescent PixJ band in this assay (SI Appendix,
Fig. S9B). These results demonstrate that PixJs, is a chromophore-
bound protein that has the potential for light sensing.

To determine the absorption spectrum of PixJs., we heterol-
ogously expressed a single GAF domain, GAF2, to avoid the
difficulties of purifying a large membrane protein. The well-
studied cyanobacterial phytochrome Cphl was also purified as
a positive control (47). Recombinant C-terminally tagged GAF2
(PixJscGAF2-His) was expressed in PCB-producing E. coli and
purified by nickel-affinity chromatography (SI Appendix, Fig.
S10D). The presence of a covalently bound chromophore in both
proteins was confirmed by zinc-induced fluorescence on SDS/
PAGE (SI Appendix, Fig. SI0E). The UV-VIS absorption and
difference spectra of PixJscGAF2-His show two major peaks at
429 nm and 529 nm (Fig. 3 4 and B), corresponding to blue-
absorbing (Pb) and green-absorbing (Pg) states, respectively. The
Pb state of PixJs.GAF2-His appeared yellow after green-light
exposure, which was efficiently converted to magenta after blue-light
irradiation (Fig. 34, Inset). A dark-reversion experiment showed that,
after blue-light irradiation, the Pg state is slowly converted to the Pb
state in the dark (Fig. 3C). In contrast, the green-light-induced Pb
state was stable in the dark (Fig. 3D). These experiments demon-
strate that PixJs GAF2-His photoconverts between the Pb and Pg
states, where Pb is the dark-adapted state and Pg is the photo-
product, similar to the previously studied blue/green sensors PixJg2,
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TePixJg, and cce_4193g2 (10, 18, 48). Based on the sequence con-
servation of the five GAF domains in PixJg., we hypothesize that the
characterized photoresponse of GAF2 is common for all five domains.

Based on the blue/green photocycle of PixJs.GAF2-His, we
speculated that the in vivo photosensory behavior of PixJg. in-

5.1812871115

volves sensing blue and green light during phototactic move-
ment. To test this hypothesis, phototaxis assays were performed
on wild-type UTEX 3055 under lateral directional illumination
from different colors of lights. Blue light alone resulted in bi-
directional migration of UTEX 3055 cells, with high intensities
causing repulsion and low intensities causing attraction (Fig. 3E).
In contrast, green-light exposure did not elicit directed cell move-
ment, regardless of light intensity. However, the combination of
blue and green light induced positive phototaxis in a manner that
resembles that of white-light exposure. Lateral directional red-light
illumination of wild-type UTEX 3055 significantly stimulated cell
growth but did not induce any phototactic movement, and the same
effect was observed for a red-and-green combination (SI Appendix,
Fig. S11). Red and blue light together stimulated migration similar
to that of blue light alone but with better cell growth and enhanced
positive migration (SI Appendix, Fig. S114). As a negative control,
pixJ-knockout mutants did not respond to either blue or blue-and-
green light (ST Appendix, Fig. S11B). These results are consistent
with the blue/green cycles of PixJs. and further demonstrate the role
of this photoreceptor in determining the direction of motility in
response to blue and green illumination.

GAF Domain Signaling Is Important for Regulating the Direction of
Cell Movement. To better understand the role of the multiple
GAF domains (GAF1-5) in PixJs., we made Cys — Ala muta-
tions in the first Cys residue, which is essential for chromophore
binding (10, 49), in various GAF domains, singly and in combi-
nation. Most mutants that retain at least one bilin-binding GAF
domain exhibited positive phototaxis to white light, like the wild
type (SI Appendix, Fig. S12). These include single mutations in
GAF1, GAF3, or GAF5 and almost all other double, triple, or
quadruple mutants tested (SI Appendix, Fig. S12). Except for the
quintuple GAF1-5 mutant, all mutants produced fluorescent
bands upon SDS/PAGE zinc staining, demonstrating that PixJs.
mutant proteins with at least one functional GAF domain con-
tinue to bind chromophores (SI Appendix, Fig. S13). The quin-
tuple mutation of all GAF domains resulted in a nonphototactic
phenotype similar to that of the pixJ-knockout mutant (Fig. 4 and
SI Appendix, Fig. S12). Mutation of the GAF4 domain alone or
both GAF4 and GAF5 resulted in negative phototaxis under light
conditions where the wild type shows positive phototaxis (Fig. 4).
Mutation of GAF domains other than GAFS5 in addition to
GAF4 restored positive phototaxis, indicating that integration of
signals among the domains is important for signaling. Thus, PixJg.-
mediated phototaxis requires at least one chromophore-bound
GAF domain; the presence of multiple GAF domains enables
switching between positive and negative directions of movement;
and GAF4 is specifically important for positive phototaxis.

Bipolar Localization of Photoreceptor PixJs.. To explore the func-
tion of PixJs. further, we investigated whether this photoreceptor
accumulates at a specific location within the cell. YFP was fused
to the C terminus of PixJs, with a GSGGG linker and introduced
into the UTEX 3055 pix/ mutant. An immunoblot showed the
expression of full-length fused protein (SI Appendix, Fig. S144),
while zinc staining confirmed the presence of covalently bound
chromophore (SI Appendix, Fig. S14B). YFP-tagged PixJs. ap-
pears to be fully functional in the cell because PixJs.-YFP re-
stored the pixJ mutant’s phototaxis at uninduced (leaky) expression
levels (Fig. 54, Left). Notably, tight fluorescent clusters were ob-
served on membranes primarily at cell poles (Fig. 5B, Left), similar
to those seen for chemoreceptor complexes in E. coli (8). Note that
this polar localization is not caused by the intrinsic localization of
YFP, because previous studies showed that unfused YFP distributes
homogeneously throughout the cytoplasm (50). However, over-
expression of PixJg.-YFP caused a nonphototactic phenotype (Fig.
5A, Right), possibly due to the disruption of polar localization or
stoichiometry of the signaling complex (Fig. 5B, Right). PixJs.-YFP
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also showed bipolar localization when heterologously expressed in
E. coli (SI Appendix, Fig. S14C), indicating that polar localization
either may use an evolutionarily conserved mechanism or is an in-
herent property of the protein.

Lensing Effect of Rod-Shaped S. elongatus Cells. A compact complex
is consistent with the hypothesis that PixJs. acts in conjunction
with a cellular lens. The round cells of the cyanobacterium Syn-
echocystis act as microlenses that focus incoming light onto the
membrane at the back of the cell, enabling cells to sense the light
direction (27). We tested whether such a lensing mechanism also
operates in rod-shaped S. elongatus cells. Both PCC 7942 and
UTEX 3055 exhibited a strong lensing effect under directional il-
lumination (Fig. 64, SI Appendix, Fig. S15, and Movie S7). Al-
though the focusing effect was greatly reduced at an orientation of
45° and 90° to the light direction, this result shows that a rod-shaped
cell is also capable of lensing, focusing incoming light onto the
opposite side of the cell. Thus, the optical properties of the cell
resemble those known from Synechocystis. Mathematical finite
difference time domain (FDTD) simulations with an assumed
uniform refractive index of 1.4 (51) of the cell immersed in water
reproduced this lensing effect (Fig. 6B). Although a uniform re-
fractive index of the cells is only an approximation, it seems that
the microscopically observed lensing effects can be modeled suf-
ficiently by this simulation approach. Notably, lensing was not
affected in cells that lack PixJs. (Movie S8). As shown for Syn-
echocystis, the cells did not respond to the projection of a light
gradient, indicating that the stimulus is a directional light source
rather than a spatial change in light intensity (Fig. 1D).

Discussion

UTEX 3055 Is a Useful Model C lying Envi 1l
Relevant Behaviors. The discovery of robust biofilm formation and
phototaxis in an isolate of S. elongatus that can be studied using the

terium for
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extensive genetic tools developed for PCC 7942 provides an oppor-
tunity to understand environmentally relevant cyanobacterial behav-
iors. The functionality of pixJ and pixL. genes of PCC 7942, when
expressed in UTEX 3055 mutants, argues strongly that original iso-
lates of PCC 7942 were also phototactic before laboratory propaga-
tion. Similarly, although wild-type PCC 7942 does not form biofilms
under laboratory growth conditions, a number of mutations can en-
able biofilm formation by triggering the expression of proteins that
contribute to the biofilm phenotype (32, 33). Taken together, the data
suggest that domestication over four decades may have selected for
either the loss or repression of these phenotypes. These losses have
limited the use of PCC 7942 for studying complex behaviors that are
both environmentally and perhaps commercially important. UTEX
3055 preserves the circadian clock system characterized in PCC 7942,
is naturally competent, and performs homologous recombination in a
manner similar to PCC 7942. In passaging the strain, we have been

Scale bars: 2 pm.)
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mindful of our culturing techniques to prevent the loss of these traits
that are shared with PCC 7942 as well as the wild traits of biofilm
formation and phototaxis (Methods). Because of the high sequence
identity between the strains, a wide array of genetic tools developed
for PCC 7942 can be directly applied to UTEX 3055, establishing the
wild strain as a model organism.

Phototaxis in S. elongatus Is Encoded by a Single Phototaxis Operon.
Mutagenic disruption of phototaxis pathway genes in the fax/
operon leads to loss of directional light-dependent migration in
UTEX 3055. However, these phototaxis mutants and cells of
PCC 7942 are still motile and migrate in random directions in-
dependent of the location of a directional light source (SI Ap-
pendix, Fig. S7 and Movie S6). These results indicate that the
tax] operon is responsible only for phototactic signaling. Muta-
tion in fax2 genes did not affect phototaxis, and the stimuli to
which this operon may be related are unknown. Notably, neither
operon is required for cell motility, which is most likely mediated
by peritrichous type-IV pili based on the moving behavior of
UTEX 3055 on the agarose surface (Movie S7) and the observed
distribution of pili in PCC 7942 (52). We suspect that the motility
of phototaxis mutants causes the observed variation in colony
shapes on the semisolid agarose surface in different phototaxis
assays, frequently observed as out-grown bursts (Figs. 2B and 4
and SI Appendix, Fig. S8). These bursts occur in random direc-
tions with respect to the orientation of lateral illumination,
suggesting these are not phototactic migrations caused by
second-site suppressor mutations. A reconstruction experiment
showed that a minimum of 1 in 100 cells must be phototactic to
form functional moving structures toward a light source. This
ratio is unlikely to be reached by a spontaneous second-site
suppression mutant that emerges during the course of the as-
say. Synechocystis contains a similar phototaxis operon in its
genome, but disruption of the genes in the homologous operons
of Synechocystis results in either reversal of phototactic direction
or a nonmotile phenotype due to the loss of type-IV pili (11, 17).
This comparison suggests that Synechocystis integrates stimuli
through competing directional sensing or signaling pathways, one
for positive phototaxis and others for negative phototaxis, whereas
the single faxI operon in UTEX 3055 is solely responsible for
directional migration. The PixJg, and PixLg, homologs encoded in
the genome of PCC 7942 are functional, indicating that the loss of
directional movement results from other defects, such as de-
creased motility (Movie S6) or exopolysaccharide secretion or in
downstream signaling to relay the directionality of light.

s.org/cgi/doi/10.1073/pnas.1812871115
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in a Single Photoreceptor. S. elongatus UTEX 3055 shows bidirectional
responses to lateral directional blue-light stimulation, with strong
intensities repelling and weak intensities attracting the cells. Re-
pulsion by high blue-light intensities is reasonable because blue
wavelengths can cause cellular damage. However, insufficient light is
also detrimental to the photosynthetic organism, consistent with
positive phototaxis under weak blue-light intensities. The results show
that S. elongatus seeks optimal light conditions by adjusting its loca-
tion to tune the intensity of blue wavelengths contained in the light
source. S. elongatus inhabits aquatic environments, where the com-
ponents and intensity of light vary throughout the diel cycle and in a
depth-dependent manner. In such a complex environment, cells in a
microbial consortium use phototaxis to microadjust their locations in
a biofilm to enhance exposure to sunlight for photosynthesis while
avoiding damage caused by too much light. We hypothesize that the
intensity of blue light relative to other colors, which are attenuated by
depth in the water column, acts as a signal to determine the direction
of phototactic movement. Short-wavelength light-induced bi-
directional phototaxis has also been observed in Synechocystis,
probably mediated by the blue-light-sensing photoreceptors
PixJ1, Cph2, and PixD/PixE (10, 21, 24, 25) and a UV-A-re-
sponsive UirS/UirR-controlled LsiR expression system (23).
The presence of multiple sensing systems indicates the impor-
tance of blue/UV sensing, which may be a common strategy
used by cyanobacteria to find optimal light conditions. Similar
bidirectional regulation strategies are observed in other taxis
systems, such as pH taxis and thermotaxis (53, 54). Green light
alone did not induce any phototactic movement in UTEX 3055,
but blue and green light presented together stimulated strong
positive phototaxis, similar to that of white light. This result
correlates well with the blue/green absorbance of purified
PixJscGAF2. Notably, Synechocystis shows positive phototaxis
to green-light stimulation (23, 55). Such different responses to
blue and green light in Synechocystis and S. elongatus may re-
flect differences in their natural habitats and/or the use of
multiple photoreceptors to guide taxis in Synechocystis.

The most striking difference among the photoreceptors PixJs,,
PixJ1 of Synechocystis, and TePix]J of T. elongatus is the presence
of five DXCF/GAF domains at the N terminus of the UTEX
3055 protein as compared with only one DXCF/GAF domain in
PixJ1 and TePixJ. An additional functional complexity is evident
in the S. elongatus protein, in which removal of chromophore at-
tachment through Cys mutations in GAF4 or GAF4/GAFS5 resulted
in negative phototaxis, indicating that bidirectional phototaxis can
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be achieved through the integration of signals detected by a multi-
GAF-containing photoreceptor. However, we cannot exclude the
presence of other photoreceptors that contribute to phototaxis. No
other combination of GAF4 and other GAF-domain mutations
resulted in negative phototaxis, suggesting that GAF4-mediated
conformational changes play a critical role in reversing the output
signal from more N-terminal GAF domains. It should be noted that
we have not presented direct evidence to show that the other four
GAF domains (GAF1, -3, -4, and -5) have the same photocycle as
GAF2; however, given the sequence similarity of these domains to
each other, to TePixJ, and to PixJg2 (ST Appendix, Fig. S10B), it is
likely that all the PixJ. GAF domains have blue/green photocycles
and bind PVB. This result also demonstrates that the presence of
multiple GAF domains in PixJg. is neither a matter of simple re-
dundancy nor solely for the purpose of signal addition and ampli-
fication. Instead, the multiple GAF domains appear to play a
regulatory role in controlling the direction of movement. Numerous
multiple-GAF CBCRs are encoded in genomes throughout the
cyanobacterial clade. In filamentous Nostoc punctiforme, photore-
ceptor NpF1883 contains three chromophore-bound GAF domains
(NpF1883g2/3/4) that all show similar blue/teal photocycles (14). An
MCP-like photoreceptor in Nostoc punctiforme, PtxD, contains six
chromophore-bound GAF domains, all with different photocycles
(15). Loss of PtxD has been reported to cause loss of phototaxis of
motile filaments called “hormogonia” (56), a phenotype similar to
that observed for PixJs. in this study. These examples suggest that
multi-GAF photoreceptors present a common mechanism for reg-
ulating the direction of phototaxis.

How Do Rod-Shaped Cells Determine the Direction of a Light Source?
Spherical Synechocystis cells physically sense light direction by
acting as a microlens that focuses the incoming directional light
on the portion of the membrane at the opposite side of the cell.
Cells then actively move away from the bright spot, resulting in
positive phototaxis (27). Although not spherical in shape, S.
elongatus also lenses light. However, it is not clear yet whether
this lensing effect is used by the cell to determine the direction of
incoming light. Interestingly, PixJs. localizes to the cell poles in a
pattern that is similar to that of chemoreceptors in E. coli and
some other prokaryotic species (57). Delocalization of PixJs. and
its redistribution throughout the cell membrane was concurrent
with the abolition of phototaxis (Fig. 5). Similar polar localiza-
tion of the PixJ homolog was reported in T. elongatus (58). We
hypothesize that lensing of incoming light on localized photo-
receptor complexes enhances directional light detection and
orientation to enable phototaxis.

Methods

Bacterial Strains, Growth Ci and DNA The plasmids and
strains used in this study are described in S/ Appendlix, Tables S2 and S3. All S.
elongatus strains were cultured in BG-11 medium as previously described
(43), illuminated with 70-150 umol photons-m~2s~" fluorescent light. Plas-
mids were constructed using the GeneArt Seamless Cloning and Assembly
Kit (Life Technologies) and propagated in E. coli DH5a with antibiotics.
Cyanobacterial mutants were generated by transforming with knockout
vectors or corresponding PCC 7942 UGS library plasmids (41, 42). Cys — Ala
substitutions were introduced into the GAF domains by site-directed muta-
genesis (Pfu Turbo DNA polymerase; Agilent), and all constructs were veri-
fied by sequencing. Homogenous segregation of alleles was confirmed by
PCR for all knockout mutants.

UTEX 3055 Isolation. S. elongatus UTEX 3055 was isolated from Waller Creek
at The University of Texas at Austin at the following GPS coordinates: lati-
tude 30°17'5.636"N, longitude 97°44'4.501"W. Samples were given three
designations based on collection location: P1, collected from a small pool of
water in rocks; M1, collected from soil particles and water from embank-
ment mud; and R1, collected by scraping blue-green growth off rocks at the
waterline. A 4-mL aliquot from each sample location was used to inoculate
each of nine 50-mL glass culture tubes containing 40 mL of sterile Kratz—
Myers C medium (KMC) (36). The tubes were placed on a temperature
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gradient (38.5-51 °C) under a 12-h light:12-h dark diel cycle and bubbled with
1.5% CO; in air. Cultures were screened by microscopy for the presence of
putative strains of Synechococcus spp. Based on the results of this screening,
serial dilutions (1:10-1:1,000) from the P1 isolate grown at 42 °C were plated
on KMC agar supplemented with 25 pg/mL cycloheximide. Unialgal colonies
were picked from plates after 17 d and were used to inoculate 10-mL volumes
of KMC. All P1 isolates were maintained at 42 °C under a 12-h:12-h diel cycle.
The internal transcribed spacer (ITS) regions of unialgal isolates were amplified
by PCR and sequenced (59). BLAST searches against the National Center for
Biotechnological Information database identified one unialgal isolate with
99% similarity to the ITS region of PCC 7942.

The unialgal strain, archived as AMC2389, was made axenic through
streaking for single colonies; the lack of other bacteria was verified using BG-
11 plates containing 0.04% (wt/vol) glucose and 5% (vol/vol) LB broth. The
axenic strain was archived as AMC2388. To avoid domestication, UTEX
3055 culturing was alternated in liquid and on solid medium, and the strain
was revived from the same frozen stock every 6 mo. We observed that
continuous liquid culture promotes loss of biofilm formation, and passaging
exclusively on standard hard-agar plates promotes loss of phototaxis.

and ion of UTEX 3055. The UTEX 3055 genome
was sequenced on the Illlumina MiSeq platform using a paired-end library
construction with a 300-bp insert size as well as with PacBio RS Single Mol-
ecule Real-Time sequencing. A 2.76-Mbp chromosome and an 89-kb plasmid
were assembled from PacBio sequence data using Canu (60). lllumina MiSeq
reads were mapped to the assembly, and unmapped reads were extracted
and assembled into a 24-kb plasmid using SPAdes (61). The assembly was
corrected for small errors obtained with Illumina data using Pilon (62).
Contigs were circularized using Circlator (63). The finished assembly was
annotated by JGI (64), and annotation was further refined manually.

Phototaxis Assay. BG-11 medium solidified with 0.3% agarose (wt/vol) and
10 mM sodium thiosulfate was used for phototaxis assays. Wild-type S.
elongatus and mutants grown in liquid BG-11 were adjusted to an OD;5, of
0.6-1.0, and 2-pL samples of culture were spotted at specific positions on the
surface of agarose plates. After inoculation, the plates were placed in a dark
box with one side opening toward a fluorescent light. Photographs were
taken after 3-5 d of incubation. Phototaxis to LED light was performed as
shown in S/ Appendix, Fig. S11A.

Expression and Purification of GAF-Domain Protein. E. coli strain LMG194,
which contains plasmid pPL-PCB for synthesis of PVB, was transformed with
PAM5498 for expression of PixJseGAF2-His or with pBAD_Cph1 (56) as a
positive control. Overnight cultures were used to inoculate 100 mL of LB
medium containing 50 pg/mL ampicillin and 12 pg/mL kanamycin to an
ODggo of 0.5. After about 8 h of growth at 37 °C, this 100-mL culture was
added to 900 mL of LB medium supplemented with 1 mM isopropy! p-D-1-
thiogalactopyranoside (IPTG) to induce PCB expression. After a 1-h in-
cubation, L-arabinose was added to a final concentration of 0.04% (wt/vol)
to induce PixJscGAF2-His expression (0.02% for Cph1), and incubation was
continued at 37 °C for 5 h. Cells were harvested by centrifugation at
3,795 x g for 10 min at 4 °C, and pellets were frozen at —20 °C or were
immediately resuspended in lysis buffer (50 mM Tris, 500 mM NaCl, and
20 mM imidazole, pH 8.0). Cells were lysed with a homogenizer (Emulsiflex
C3; Avestin) at 15,000-20,000 psi for 10 min and then were subjected to
centrifugation at 32,500 x g for 40 min to remove cell debris. The soluble
fraction of lysates was incubated with an Ni-NTA gravity column (Qiagen).
The unbound proteins were removed by washing with 50 mL lysis buffer,
and bound protein was recovered with 10 mL of elution buffer (50 mM Tris,
500 mM NacCl, and 250 mM imidazole, pH 8.0).

Zinc Blots. Chromophore incorporation was assayed as previously reported
(46). SDS/PAGE gels were soaked in 100 mM zinc acetate with gentle shaking
for 30 min in the dark. The zinc-impregnated gel was then irradiated with
305-nm UV light, and the fluorescent bands were recorded with a Fluo-
rChem HD2 system (Alpha Innotech).

Spectroscopy. Cuvettes containing a 500-pL protein solution were exposed to
blue or green LED light for 2 min, and then absorption was measured im-
mediately with a UV-Vis spectrophotometer (NanoDrop 2000c; Thermo Sci-
entific). All measurements were performed in the dark at room temperature.

Microscopy. An Olympus IX71 inverted microscope with an attached
WeatherStation environmental chamber was used for imaging and time-lapse

PNAS | vol. 115 | no.52 | E12385

17

MICROBIOLOGY



movie production. Images were captured using a CoolSnap HQ2 CCD
camera (Photometrics).

For images of PixJse-YFP localization, a 2-pL sample of culture grown to an
ODyso of 0.6 was fixed on an 1.2% agarose (wt/vol) pad in BG-11 for im-
aging. TRITC filters (excitation 555/28 nm and emission 617/73 nm) were
used to image cyanobacterial autofluorescence. YFP filters (excitation 500/
20 nm and emission 535/30 nm) were used to image PixJs.-YFP protein lo-
calization. Series of Z-stack images were taken and deconvolved using the
softWoRx imaging program (Applied Precision). For time-lapse movies 2-pL
cell samples were placed on a pad of 0.3% (wt/vol) agarose in BG-11, left to
absorb into the agarose for 5 min, and then covered with a coverslip (S/
Appendix, Fig. S4A). A 10x or 20x objective was used for monitoring pro-
jections of colony fingers. For tracking single-cell motility, a 40x or 100x
objective was used (S/ Appendix, Fig. S4B). Lateral illumination was provided
by a white LED. Images were acquired at 0.5-s or 2-s intervals. To image cells
in the dark, the LED light was turned off, and images were captured using
the microscope’s transillumination lighting system (a 100-W halogen lamp),
with a limited exposure time of 0.01-0.05 s.
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Lensing Simulation. The optical field distribution of blue light (460 nm)
propagating through a single cell was calculated using FDTD simulations as
previously described (27). A space grid of Ax = Ay =5 nm was used for the
simulation of a 5 x 5 pm square array. The refractive index of the cell was
approximated to be 1.4, thus leading to an effective refractive index of
1.05 of the cell relative to that of water. The cell length of 3.25 pm with an
area of 3.69 um? was determined by averaging microscopy images of cells
(62 and 77 cells, respectively).
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SI materials and methods

Plasmid and strain construction

All plasmids and strains are listed in Tables 83, 84 and S5. Transposon insertion mutants were
constructed by homol ogous recombination following transformation of cyanobacterial strains with
gene-specific cosmids from the S. elongatus PCC 7942 unigene set (UGS) library (1, 2). We
designed plasmids for specific gene replacement as described elsewhere (3) using the
CYANO VECTOR server (hitp//goldenucsdedu /CyanoVECTOR/). Constructs for
complementation of mutants were made by amplifying the target gene and inserting the fragment
into the vector pAMS431 at a Swal site; the resulting plasmid enables gene expression from
genome Neutral Site I (NS1) under control of the P#rc promoter. A YFP-tagged PixJ fusion was
constructed by inserting y/fp into pAM5477 with sequences that encode a GSGGG linker. All DNA
fragments were assembled using an Invitrogen GencArt seamless cloning kit (Themmo Fisher,
Carlsbad, CA). Plasmid cloning was carmied out in Escherichia coli strain DHS5a using standard
techniques.

Biofilm formation

8. elongatus strains grown on BG-11 agar plates were collected and used to inoculate 15-ml starter
cultures grown in BG-11R (BG-11 with fresh iron and HEPES, as described in (4)) in 125-ml glass
culture flasks. These starter cultures were grown shaking for 3 - 4 days at 30 °C under 150 pmol
photons m?s ™! illumination from fluorescent lights. Starter cultures were then diluted to OD 0.5
with BG-11R and 5 ml of this dilution was distnbuted to 25-ml glass culture flasks and placed in
a stationary low-light (20 - 30 pmol photons m?s%) box at room temperature for 7 days to allow
biofilm formation to occur. To assess biofilm formation, liquid cultures were slowly decanted,
gently washed with water to remove unattached cells, stained with 5 ml of a 1% crystal violet
solation for 15 min, washed again with water, and then allowed to dry.

Motility at different times of day

8. elongatus UTEX 3055 cells were cultured on BG-11 agar plates and entrained for two days in
a 12-h light:12-h dark cycle before being released into constant light conditions at the end of the
second dark period. Cells were harvested from the plate at 0.5, 12.5, 24.5, and 36.5 h after release
into constant light and resuspended in fresh BG-11 medium. The cell suspension was flowed into
a small chamber made from taped coverslips and cells were allowed to settle. Suspended cells were
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removed by flowing in fresh BG-11 medium. Cell motility was observed on a Nikon TE300
inverted microscope at 40x magnification, with brightfield illumination provided by infrared LED
at 850 nm wavelength. Cells were illuminated with oblique white-L.ED light. Images were acquired
at 1-s intervals for 20 min. Cell tracking was performed using the Oufti software package (5). Cells
that moved slower than 0.03 1m/s were regarded as non-motile and discarded from analysis.

Circadian bioluminescence monitoring

As descnibed previoudly (6), S. elongatus strains expressing a Puwasc-luc reporter were grown at
30 °C for two cycles of 12-h light: 12-h dark to synchronize the population before transfer to
constant-light conditions, during which bioluminescence was recorded every two hours. UTEX
3055 strains expressing the reporter gene from different neutral sites both showed bioluminescence
thythms similar to the corresponding PCC 7942 strains, with a period of 25 + 0.4 h. Data were
analyzed with the Biological Rhythms Analysis Software System (http:/millar.bio.ed ac.uk
/PEBrown/BRASS/BrassPage_htm).

Immunohblot analysis

Equal amounts of total protein (5 pg) from each sample extract were separated by SDS-PAGE
{AnykD, BIORAD), transferred to a polyvinylidene difluoride (PVDF) membrane, and blocked
with 2.5% w/v nonfat dry milk / Tris Buffered Saline + 0.1 % Tween-20 (TBST). Membranes were
incubated with a-GFP (mouse, Abgent) at 1:10,000 in 2.5% non-fat milk in TBST for 2 h, followed
by five washes in TBST. Membranes were then incubated with horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG secondary antibody (Thermo Scientific). Chemiluminescent
detection was performed using Pierce SuperSignal West Femto detection reagents (Thermo
Scientific).
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Fig. 81. Schematic illustration of chemotaxis signaling pathway in E. cofi (A) and phototaxis
pathways in Syrnechocystis PCC 6803 (B). Syrnechocystis employs homologs of E. coli chemotaxis
proteins for sensing and regulation of phototaxis: MCP (PixJ1), CheA (PixL), CheW (PixI), and
CheY (PixG/H). Adaptation proteins CheR and CheB, as well as phosphatase CheZ, are not
encoded by cyanobactenal genomes. In addition to the Che-like pathway that senses blue and green
light, Synechocystis contains other systems that control phototactic behavior. Notably,
cyanobactena move over solid surfaces through extension and retraction of type-I'V pili that are
distnbuted around the cell exterior (7, 8), whereas E. coli swim in liquid environments using
flagella that rotate either clockwise (CW) or counterclockwise (CCW).
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Fig. 82_ Similar morphology of S. elongatus PCC 7942 and UTEX 3055. (A) Brightfield images
of PCC 7942 and UTEX 3055. (B) Cell length and cell area of UTEX 3055 and PCC 7942
quantified from cells in (A). Bar represents mean with standard deviation (SD) and individual
measurements are indicated by dots.
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Fig. 83. Circadian rhythms of gene expression in S. elongatus PCC 7942 and UTEX 3055.
Bioluminescence from strains carmying a Pras-fuc reporter at NS1 or NS2 was recorded as an assay
for circadian rhythms of gene expression. The circadian period and standard error of the mean of
each strain is indicated. LI, constant light after entrainment in a 12-h light:12-h dark cycle.
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Fig. S4. Microscopic observation of cyanobacterial phototaxis. (A) Steps for cell sample
preparation. (B) Observation of cell movement with inverted microscope under directional light
provided by external light source or condenser light.
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Fig. 85. Motility at different times of day. UTEX 3055 cell motility was monitored at the indicated
time points in constant light following two days of entrainment in 12-h light:12-h dark cycles. The
average cell speeds did not differ significantly at different time points. Dark box: dark night time;
white box: subjective day; grey box: subjective night (circadian night in a light environment). 56-
133 cells were measured at each time point; bar represents mean with SD. n.s.: not significant
according to a one-way ANOVA test (p >0.05).
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Fig. 86. Complementation of the phototaxis mutants. (A) Phototaxis assay sctup. Green dots
represent inoculation spots of S elongatus cells, which were placed at different distances to the
lateral light source. The fluence rate at each distance is noted. (B, C) Complementation of mutants
pixJ, pixL (B) and pixG, pixH (C) by the respective genes under indicated level of IPTG induction.
Two independent transformants were tested for each complementation assay. Empty vector
expressing SpSm-resistance gene was introduced into UTEX 3055 at NS1 as a control. Red-dashed

line indicates the starting position. Experiment was performed as in (A) and the representative
results at 28 pmol photons m2s ! were presented.

28



A Directional light -E- Directional light |

90
r=0.:85
n ‘=191 2%
; 100

o 18D } o< UTEX 3055
ComT o T
L " O
r=00i4 % r=p16 % r=014 %%
n'é152 0% n= 150 0%, n'=147 3%
; 10% ) y / 10% i i 0% | y .
18? %_% o 1 %} o 18D G o {\apixd
27T T e
B
=
=
=
=)
o
o
——
[}
o
B
=
o
2
c
I
O
=
0 706 400 BOD 800 1000 1200 4400 1603 1800
Time (s)

Fig. 87. Single-cell movement under lateral illumination and in the dark. Cell movement under
directional illumination with a period of darkness for wild-type UTEX 3055 (blue) and Apix.J
(orange). (A) Fraction of cells moving in a certain direction was quantified and plotted. (B) Mean
resultant length “r’ from a Rayleigh test over ime analyzed as in Fig. 1E. Dashed line indicates
the time points of turning the lights off and on.
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Fig. S8. Representative images of non-phototactic Apix.f cells on phototaxis plates. The appearance
of the cell spots vanied, even at different positions of the same assay plate. However, all samples

showed loss of directional movement under a lateral light source. Light is coming in from the side
indicated by alight bulb.
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Fig. 89. Homologous proteins from PCC 7942 are functional in the respective UTEX 3055
mutants. (A) Expression of pix.J and pixZ from PCC 7942 restored phototaxis to respective mutants
of UTEX 3055. Three independent transformants marked as _1-3 were tested. A dashed line marks
the point of inoculation. (B) Whole cell lysates of UTEX 3055, Apix], AcikA, AcikB and PCC
7942 were separated by SDS-PAGE and tested for fluorescence in a zinc blot assay (9). The clock
proteins cik4 and ¢ikB do not affect phototaxis but are included here to exclude the possibility that
either is responsible for the 80 kDa zinc-reactive band. CikA and CikB are both approximately the
same size as the PixJ band and each carmies a GAF domain, but neither GAF is predicted to bind a
bilin chromophore. Amrows indicate positions of PixJs. and phycobiliproteins (PBP). This result
showed that PCC 7942 expresses a bilin-binding PixJ homolog at a similar level as that of UTEX
3055.
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Fig. 810. Classification of PixJs. and purification of the second GAF domain. (A) Phylogenetic
tree of GAF domains from PixJse and bilin-binding photoreceptors from other species:
Synechocystis (Cphl and PixJg2); Thermosynechococcus elongatus BP-1 (Te); Anabaena sp. PCC
7120 (An); Nostoc punctiforme ATCC 29133 (NpF/NpR); Deinococcus radiodurans (Dr).
Phylogenetic analysis was performed wusing the maximum-ikelihood method.
Cyanobacteriochromes are shaded in blue and phytochromes are shaded in pink. Number of
bootstrap replications is 500. Bootstrap values are shown. (B) All GAF domains in PixJs. show
high similanty to DXCF CBCR. GAF domain sequences of PixJse (g1-g5) were aligned to known
DXCF CBCRs. Conserved Cys residues and “DXCF” module are highlighted in red and identical
sequences are shown in green. Cyanothece sp. ATCC 5114 (cce4193g2). (C) Presence of bilin-
bound protein detected by zinc-blot assay in UTEX 3055, Apix/ and complemented strain under
indicated level of IPTG induction. (ID) Nickel-affinity chromatography. Cell lysates containing
Cphl (N514)-His or PixJs.GAF2-His in presence of phycocyanobilin (PCB) exhibits cyan or pink
color, respectively, when passing through the nickel column. (E) SDS gel and zinc blot of punfied
Cphl(N514)-His and PixJs/GAF2-His protein obtained from (D).
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Fig. S11. Phototactic response of UTEX 3055 to different colors of light. (A) Schematic drawing
of the experimental design. Grey area represents a Petri dish filled with soft BG-11 medium and
the green dots represent inoculati on spots of S. elongatus cells. The Petni dish was placed in a black
box with an LED bulb (clear white or 5-mm RGB controllable from microtivity) mounted on one
sidewall indicated by an orange tnangle. Cells were placed at different distances (a, b, ¢ and d)
from the light bulb and the total iradiance level at each posiion measured with a photometer
{Biosphencal Instrument QSL-100) is listed on the right for each lighting condition. W, white; R,
red; G, red; B, blue. red, 2=630 nm, FWHM (full width at half maximum) =25 nm; blue, A=465
nm, FWHM =25 nm; green A=516 nm, FWHM=30 nm. (B) Phototactic migration of wild-type
UTEX 3055 toward single color or additive colors of LED light as indicated. (C) Cells of a pix.J
mutant do not show phototaxis to either individnal or a combination of blue and green light. All
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experiments were performed for at least three replicates and representative results are shown.
Trnangle at nght indicates fluence gradient. Treelike twisted branches formed under red light in

panel A indicate non-directional movement as shown in Fig. S8.
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Fig. 812. Phototaxis phenotypes of all PixJs. variants that camy Cys- Ala mutations in specific
GAF domains. Intact GAFs are shown in yellow and GAF domains with the first conserved Cys
mutated to Ala are shown in gray. Representative image of phototaxis phenotype of each mutant
1s shown on the right. Images of cells taken from different plates are separated by solid black lines.
Dashed line indicates the inoculation position of cells with directional white light provided from
the right (See Fig. S6A for experimental setup). All assays were performed at least three times

with the indicated outcomes.
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Fig. 813. Bilin-binding ability of PixJs. variants with substitution of Cys » Ala in different GAF
domains. Lane 1: Wild-type UTEX 3055; lanes 2-14: UTEX 3055 pix/ mutant expressing PixJse
variants represented by schematic GAF domains with or without bilin. Note that the mutant in lane
14 expresses PixJs. with a lower molecular weight due to presence of only four GAF domains, in
which the first half of GAF2 and the second half of GAF3 were fused together through a cloning
artifact. Zinc stain of SDS-PAGE gel of proteins from lysates of indicated strains (upper panel).
Coomassi¢ staining of proteins in the same SDS-PAGE gel (lower panel).
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Fig. 814. Characterization of PixJs« YFP. (A) Immunoblot performed with a-GFP as primary
antibody. This result showed that a full-length PixJs.-YFP fusion (181 KDa) is expressed in UTEX
3055 and no protein degradation was detected. (B) Zinc blot shows PixJs.-YFP retains the ability
to bind bilin. (C) Heterologously expressed PixJse-YFP localized at cell poles of E. coli strain
UU1581.
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Fig. 515. Lensing effect of S. elongatus PCC 7942 cells at different onentations relative to the
incident light direction. Cell sample was prepared as in Fig. 85 and imaged at 100x magnification.
Scale bars = 3 pm.
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Table S1. Genome information for §. elongatus PCC 7942 and UTEX 3055.

PCC 7942 UTEX 3055
# base pairs % GC # ORFs # base pairs % GC # ORFs
Chromosome 2,750,104 55 2621 2,767,524 55 2770
Large plasmid 46,366 53 50 89,249 51 97
PCC 7942 pANL 7.835 350 9
UTEX 3055 plasmid 24.450 50 25
Table S2. Clock-related PCC 7942 genes identified in UTEX 3055.
PCC 7942 UTEX 3055 Annotation
homolog

synpec7942_1218
synpcc7942 1217
synpec7942_1216
synpec7942_0095
synpcc7942 2114
synpcc7942 0644
synpcc7942 0480
synpec7942_0624
synpcc7942 0677
synpec7942_0600
synpec7942_1453

synpec7942_1891

synpec7942_1168
synpec7942 2526
synpec7942 2525
synpec7942_2160
synpec7942_2387
synpcc7942 1604
synpcc7942 1143

Between synpcc7942_0095
and 0096

UTEX 3055_1318
UTEX 3055_1317
UTEX 3055_1316
UTEX 3055_0092
UTEX 3055_2238
UTEX 3055_0779
UTEX 3055_0485
UTEX 3055_0759
UTEX 3055_0813
UTEX 3055_0735
UTEX 3055_1555

UTEX 3055_2009

UTEX 3055_1266
UTEX 3055_2679
UTEX 3055_2678
UTEX 3055_2292
UTEX 3055_2539
UTEX 3055_15%6
UTEX 3055_1241
UTEX 3055_0093

KaiA, circadian oscillator protein

KaiB, circadian oscillator protein

KaiC, circadian oscillator protein

RpaA, two-component response regulator

SasA, signal transduction histidine kinase

CikA, GAF sensor signal transduction histidine kinase
CikB, GAF sensor signal transduction histidine kinase
LdpA, light-dependent period

Pex, transcriptional regulator, PadR family

PikE, serine/threonine protein kinase

RpaB, two-component response regulator, winged helix
family

LabA, uncharacterized conserved protein, 2C
LabA/DUF88 family

CpmA, circadian phase modifier

ClpX, ATP-dependent Clp protease ATP-binding subunit
ClpP, ATP-dependent Clp protease proteolytic subunit
Nht1, alanine-gly oxy late ammotransferase apoenzyme
IrcA, hypothetical protein / Cytochrome ¢

CdpA, hypothetical protein

LalA, hypothetical protein

Crm, circadian rhythm modulator
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Table S3. Plasmids used in this study.

Plasmid Description Antibiotics Source
8823-L12 Tn3-insertion mutation of pix/-2 Km 1)
8S23-E4 TnS-insertion mutation of pixG Km (1)
8823-H7 Tn3-insertion mutation of pixH Km 1)
8542-B§ Tn3-insertion mutation of synpce7942 1014 Km 1)
8S26-H11 TnS-insertion mutation of synpec7942_1015 Km (1)
8S26-04 TnS-insertion mutation of synpcc7942 1016 Km (1)
pBAD-Cphl  Pgappromoter, Cph1(N514)-producing plasmid Ap an
pKT271 Psappromoter, PCB-producing plasmid Cm (10)
pPL-PCB Placiama-1, PCB-producing plasmid Km an
pAM2105 Pxais-fuc expressed from NS1 Cm Lab collection
PAM2226 Pxas-luc expressed from NS2 SpSm Lab collection
pAM4819 Cloning vector carrying 4p/l cassette Km 3)
pAM4843 Cloning vector carrying an origin of replication for E. coli. Ap 3)
pAM4933 Peonn-yfp expressed from NS1 SpSm 3)
pPAMS5431 Poc-SpSm-lacl-rinB expressed from NS1 SpSm This work
PAMS472 PixG KO vector, derived from pAM4819 and pAM4843 Km This work
pPAMS473 PixH KO vector, derived from pAM4819 and pAM4843 Km This work
pPAMS474 Synpee7942 2534 KO vector, derived from pAM4819 and Km This work
pAM4843
PAMS475 Poe-pixL (PCC 7942) expressed from NS1. derivative of SpSm This work
pAMS5431
PAMS5476 Poe-pixJ (PCC 7942) expressed from NS1, derivative of SpSm This work
PAM3431
pAMSA7T Pre-pixJ expressed from NS1, derivative of pAM3431 SpSm This work
PAMS5478 Pre-pixL expressed from NS1, derivative of pAM 5431 SpSm This work
PAMS5479 Pre-pixG expressed from NS1, derivative of pAMS5431 SpSm This work
pAMS480 Pre-pixH expressed from NS1, derivative of pAMS5431 SpSm This work
pAMS481 PixJ KO vector, derived from pAM4819 and pAM4843 Km This work
PAMS5482 PixL KO vector, derived from pAM4819 and pAM4843 Km This work
PAM 5483 PixI-1 KO vector, derived from pAM4819 and pAM4843 Km This work
PAMS3484 Prre-pixJe3%4 expressed from NS 1, derivative of pAM35477 SpSm This work
pPAMS485 Pore-pixJC%* expressed from NS 1, derivative of pAMS5477 SpSm This work
PAMS5486 Pue-pixJO¥84 expressed from NS 1, derivative of pAM35477 SpSm This work
pAMS5487 Pue-pixJC®54 expressed from NS 1, derivative of pAM 5477 SpSm This work
PAMS5488 Prre=pixJC4724 C6444 expressed from NS1, derivative of pAM3477  SpSm This work
pAMS5489 Poe-pixJC004 C8164 expressed from NS1, derivative of pAM3477  SpSm This work
PAM3490 Prre-pixJO5164, C9354 expressed from NS1, derivative of pAMS5477  SpSm This work
PAMS5491 Prre-pixJOH004 C4724, Co44d expressed from NS 1, derivative of SpSm This work
AMS5477
pAMS5492 Pue-pixJC#74. €044 C8164 ey pregsed from NS 1, derivative of SpSm This work
AMS5477
PAMS493 Ppre-pix JO3H004, C4724, C6444, C516d expressed from NS 1, derivative of  SpSm This work
AMS5477
PAMS3494 Prro-pixJOH004, C4724, C64444, C9334 expressed from NS 1, derivative of  SpSm This work
AMS5477
PAMS495 Prre-pixJO004 C4724, Co244, CS164 €933 expressed from NS 1, SpSm This work
derivative of AM 5477
pPAMS5496 Poe-pixJCH44 3164 (GAF2 3 hybrid) expressed from NS1, SpSm This work
derivative of AM5477
PAMS5497 Pre-pixJ-yip expressed from NS 1, derivative of AMS5477 SpSm This work
pAMS498 Psap promoter, PixJs:GAF2 producing plasmid Ap This work
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Table S4. Cyanobacterial strains used in this study.

Strain Genotype Antibiotics Source
AMCO06 WT S. elongatus PCC 7942 Lab collection
AMC2388 WT S. elongatus UTEX 3055 This work
AMC2450 UTEX 3055 1014 (UGS 23G8) Km This work
AMC2492 pixG::Tn5 (UGS 22C11) Km This work
AMC2493 PpixH::Tn5 (UGS 22C12) Km This work
AMC2494 ApixI-1::Km Km This work
AMC2495 pixJ (UGS 22D2) Km This work
AMC2496 ApixJ: Km Km This work
AMC2497 pixL with (UGS 22D3) Km This work
AMC2498 ApixL:Km Km This work
AMC2499 pixI-2 (UGS 22D4) Km This work
AMC2501 UTEX 3055_1015 (UGS 23G9) Km This work
AMC2502 AMC2496 (ApivJ::Km) and pixJ in NS1 Km SpSm This work
AMC2503 AMC2496 with pixJ C300A in NS1 Km SpSm This work
AMC2504 AMC2496 with pixJ_C644A in NS1 Km SpSm This work
AMC2505 AMC2496 with pixJ C816A in NS1 Km SpSm This work
AMC2506 AMC2496 with pixJ C988A in NS1 Km SpSm This work
AMC2507 AMC2496 with pixJ_C472A, C644A in NS1 Km SpSm This work
AMC2508 AMC2496 with pixJ C300A, C816A in NS1 Km SpSm This work
AMC2509 AMC2496 with pixJ_C816A, C988A in NS1 Km SpSm This work
AMC2510 AMC2496 with pixJ C300A, C472A, C644A in NS1 Km SpSm This work
AMC2511 AMC2496 with pixJ C472A, C644A, C816A inNS1 Km SpSm This work
AMC2512 AMC2496 with pixJ C300A, C472A, C644A, C816A inNS1 Km SpSm This work
AMC2513 AMC2496 with pixJ C300A, C472A, C644A, C988A in NS1 Km SpSm This work
AMC2514 AMC2496 with pixJ C300A, C472A, C644A, C816A, C988A Km SpSm This work
in NS1

AMC2515 AMC2496 with pixJ C644A, C816A (GAF2, 3 hybrid) in NS1 Km SpSm This work
AMC2516 AMC2496 with Pre_pixJ yfp in NS1 Km SpSm This work
AMC2517 AMC2496 with pixJ from PCC 7942 Km SpSm This work
AMC2518 AMC2496 with pixL from PCC 7942 Km SpSm This work
AMC2519 AMC2497 with pixL in NS1 Km SpSm This work
AM2520 Praz::luc in NS1 SpSm This work
AM2521 Piz::luc in NS2 Cm This work
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Table S5. E. coli strains used in this sindy.

Strain Genotype Source

DH5a F— @80/acZAM 15 A(lacZYA-argF) U169 recAl endAl hsdR17 (1K—, Lab collection
mK+) phod supE44 /— thi-1 gyrA96 reld 1

UU1581  (AhD-fThA)Ar4(ts1) A7028 zdb:: Tn3(trg)A100thr(Am)-1 leuB6 his-4 Gift from J.S.
metF(Am)159 rpsL136 thi-1 ara-14 lacY1 mtl-1 xyI-1 xyl-5 tonA31 tsx-78 Parkinson

LGM194 F- AlacX74 galE thi rpsL Aphod (Pvull) Aara714 leu::Tnl0 Lab collection

JM109 F' traD36 proA™B™ lacl A(lacZ)M15/ A(lac-proAB) ginV44 el4 gyrA96 recAl Lab collection
reldl endAl thi hsdR17
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Movie S1. Formation of finger-like projections during UTEX 3055 phototaxis.

movie S2. Flow of UTEX 3055 cells moving toward light source.

Movie S3. Moving of finger tips toward light source.

Movie 84. UTEX 3055 cell movement under parallel gradient created from light source above cells.
Movie S5. UTEX 3055 cell movement under Iateral illumination.

Movie S6. Movement of PCC 7942 cells under lateral illumination.

Movie S7. Lensing effect of UTEX 3055 cells during phototaxis.

Movic S8. Lensing effect of UTEX 3055Apix/ mutant during phototaxis.
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CHAPTER 3: Comparative genomics of Synechococcus

elongatus explains the phenotypic diversity of the strains

3.1 Abstract

Strains of the freshwater cyanobacterium Synechococcus elongatus were first
isolated approximately 60 years ago, and PCC 7942 is well established as a model for
photosynthesis, circadian biology, and biotechnology research. The recent isolation of
UTEX 3055 and subsequent discoveries in biofilm and phototaxis phenotypes suggest
that lab strains of S. elongatus are highly domesticated. We performed a comprehensive
genome comparison among the available genomes of S. elongatus and sequenced two
additional laboratory strains to trace the loss of native phenotypes from the standard lab
strains and determine the genetic basis of useful phenotypes. The genome comparison
analysis provides a pangenome description of S. elongatus, as well as correction of
extensive errors in the published sequence for the type strain PCC 6301. The comparison
of gene sets and single nucleotide polymorphisms (SNPs) among strains clarifies strain
isolation histories, and together with large-scale genome differences supports a
hypothesis of laboratory domestication. Prophage genes in laboratory strains but not
UTEX 3055 affect pigmentation, while unique genes in UTEX 3055 are necessary for
phototaxis. The genomic differences identified in this study include previously reported
SNPs that are in reality sequencing errors as well as SNPs and genome differences that
have phenotypic consequences. One SNP in the circadian response regulator rpaA that

has caused confusion is clarified here as belonging to an aberrant clone of PCC 7942,
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used for the published genome sequence, that has confounded the interpretation of
circadian fitness research.

Importance. Synechococcus elongatus is a versatile and robust model
cyanobacterium for photosynthetic metabolism and circadian biology research, with utility
as a biological production platform. We compared the genomes of closely related S.
elongatus strains to create a pangenome annotation to aid gene discovery for novel
phenotypes. The comparative genomic analysis revealed the need for a new sequence
of the species type strain PCC 6301 and includes two new sequences for S. elongatus
strains PCC 6311 and PCC 7943. The genomic comparison revealed a pattern of early
laboratory domestication of strains and clarifies the relationship between the strains PCC
6301 and UTEX 2973, and showed that differences of large prophage regions, operons,
and even single nucleotides have effects on phenotypes as wide-ranging as
pigmentation, phototaxis, and circadian gene expression.

3.2 Introduction

Cyanobacteria are important on a global scale as widespread primary producers
in environments as diverse as the world’s oceans, rivers, freshwater lakes, and deserts
(1-3). In addition to their roles in natural environments, cyanobacteria have attracted
interest for their use as biotechnology production platforms (4). Synechococcus elongatus
PCC 7942 is a well-studied freshwater cyanobacterium long established as a
cyanobacterial model organism used for research in prokaryotic photosynthesis and
circadian rhythms as well as one of a few cyanobacterial model strains adopted for
biotechnology purposes (5-7). Its model status accrues from its facile genetic

manipulation based on natural transformability and robust homologous recombination
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machinery (8), along with a small genome, planktonic growth habit, and formation of
distinct colonies on plates. In addition to PCC 7942, there are four other strains of S.
elongatus with nearly identical genomes that did not reach the same status due to either
their loss of natural competence or historical quirks of fate (9).

Recent discoveries raised the likelihood that lab strains of S. elongatus are highly
domesticated. For example, under laboratory culturing conditions PCC 7942 exhibits a
persistent suspended planktonic phenotype, even in the absence of agitation or bubbling,
with no evidence of biofilm formation on the culture vessel. Schatz et al. identified and
characterized a biofilming mutant of PCC 7942 (10). Studies using conditioned media
showed that the wild-type (WT) lab strain secretes an unknown repressor of biofilm
formation, supporting a model of constitutive repression of the biofilm genetic program in
PCC 7942. This model, coupled with a 40-year history of lab-adaptation for the strain that
may have favored planktonic growth, led to a hypothesis that an environmental isolate of
S. elongatus would readily form biofilms.

As a test of this hypothesis, S. elongatus UTEX 3055 was isolated from Waller
Creek, TX, USAin 2014 and was found to share 98.5% nucleotide identity with PCC 7942.
Although clearly the same species as PCC 7942, the genome of UTEX 3055 is notably
distinct from that of PCC 7942. Moreover, UTEX 3055 forms biofilms in laboratory
conditions and is phototactic, with an unusual photoreceptor that controls bidirectional
phototaxis (11). Although PCC 7942 is not phototactic, genetic transplantation of the
genes for the photoreceptor and other components of the phototaxis pathway from PCC
7942 to UTEX 3055 showed that the photoreceptor genes of PCC 7942 are functional,

and phototaxis may be an intrinsic property of PCC 7942 that was lost during laboratory
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propagation (11). We hypothesized the loss of phenotypes like biofilm formation and
phototaxis from the standard lab strains of S. elongatus through domestication during
laboratory cultivation might be traceable using comparative genomics.

The isolation history of S. elongatus strains is the context for understanding the
connection between their phenotypes and genotypes. The legacy strains of S. elongatus
include the earliest isolations from freshwater sources in Texas (PCC 6301, alias UTEX
625) and Southern California (PCC 6311) (12), and strains later isolated from freshwater
near San Francisco, California (9). As the earliest isolate and entry in cyanobacterial
culture collections, PCC 6301 became the type strain for S. elongatus. One of the San
Francisco strains was found to be highly transformable and genetically very similar to
another transformable strain of unknown isolation history in a collection in Russia (13)
(14), and these strains were deposited in the collection of Pasteur Cultures of
Cyanobacteria as PCC 7942 and PCC 7943, respectively. PCC 6311 and PCC 7943 were
sequenced for this study. The last legacy strain, UTEX 2973, was isolated recently from
a frozen archive of UTEX 625 (PCC 6301) (15). In 2015, UTEX 3055 was isolated from
Waller Creek, Texas about 60 years after PCC 6301 was sampled from the same source
(11).

We undertook a comprehensive genome comparison among UTEX 3055 and the
previously characterized S. elongatus isolates PCC 6301, PCC 6311, PCC 7942, PCC
7943, and UTEX 2973, hereafter referred to as “legacy strains.” The first results of this
analysis are sequence and annotation refinement through a re-sequencing of the type
strain PCC 6301 and sequencing of PCC 6311 and PCC 7943, as well as the creation of

a curated pangenome annotation for all S. elongatus strains. Examination of the genome
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differences at successively narrowing scales reveals large genome regions that control
pigmentation phenotypes, a putative operon of UTEX 3055 necessary for phototaxis, and
patterns of SNPs in legacy strains that led to a re-evaluation of the relationships among
PCC 6301, PCC 7942, and UTEX 2973, and an explanation of a perplexing SNP in rpaA,
the master regulator output of the circadian clock, that has previously caused confusion
in the literature.
3.3 Results and Discussion

A pangenome analysis approach refines genome sequences and
annotations. A pangenome compilation strategy using whole genome alignments and
ortholog comparisons was adopted to facilitate comparisons among S. elongatus strains,
since some strains have DNA segments that are unique or absent relative to others. The
pangenome of S. elongatus contains 3079 genes, with a shared core genome of 2632
genes. There is high sequence conservation among core genome genes, and yet ~15%
of the annotations varied among genomes (Table 3-S1). These annotation variations
were adjusted using available published transcriptomics (16, 17), gene essentiality (18),
and RNA-Seq (16) data for PCC 7942 to create a universal S. elongatus pangenome
annotation (Fig. 3-S1). The pangenome annotation adjusts 178 gene annotations,
removes pseudogenes and hypothetical annotations that lack transcriptional evidence,
and adds non-coding RNAs with transcriptional and essentiality evidence in PCC 7942.
The pangenome annotations and associated metadata are available as a supplementary
file (Supplementary File 3-S1).

The type strain PCC 6301 was one of the first cyanobacterial genomes sequenced,

before the advent of next-generation sequencing (19). When the published sequence of
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PCC 6301 is compared with the other legacy strains, there appear to be more than 1000
SNPs and insertion-deletion events (indels) in PCC 6301 (15). However, close
examination showed that many apparent SNPs in PCC 6301 result in frameshift or
nonsense mutations in genes that are essential for viability in PCC 7942 (18). A sample
of PCC 6301 archived cryogenically in 1988 in the Golden lab was re-sequenced and this
updated sequence contains none of the previously observed SNPs in essential genes.
This new sequence (Genbank: CP085785-CP085787) was used in the subsequent
analyses in this paper, and is recommended for any future genomic comparison analysis
that uses PCC 6301 as the type strain of S. elongatus.

S. elongatus strains share an average nucleotide identity of 98.5%, and yet they
have distinct phenotypes in natural competence, light tolerance, phototaxis, and biofilm
formation (Fig. 3-1A and 1C). The legacy strains share an even higher average nucleotide
identity of 99.9%, and yet previous genome comparison studies have found SNPs that
contribute to the high-light tolerance phenotype of UTEX 2973 (20) and the loss of natural
competence in PCC 6301 and UTEX 2973 (21). There are reports of transformation of
PCC 6301 in the early literature (22—-24) at the same time as reports of the superior
transformability of PCC 7942 (25). PCC 6301 contains a SNP resulting in a frameshift
mutation that inactivates the Type IV pilus component pilN necessary for transformation,
a mutation shared with UTEX 2973 and PCC 6311. Considering the tens of genes
required for natural competence in S. elongatus (21, 26), it is unsurprising that natural
competence would be lost in laboratory strains that are not actively propagated for the
trait, and that this difference in transformability paved the way for PCC 7942 to enter labs

around the world as a genetically tractable cyanobacterial model.
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S. elongatus forms a monophyletic group in the Synechococcus-Prochlorococcus
clade, with the members of this species clustering separately from other Synechococcus
species (Fig. 3-1B, 3-S2). Within this monophyletic group there are two groups of strains
that have been published as S. elongatus: those strains isolated from California and
Texas, and two Synechococcus spp. recently isolated from Powai Lake in India (27, 28).
Although the Indian isolates were named S. elongatus in publication, they share a
sequence identity of only ~83% with PCC 7942, well below the 95% threshold for species
relatedness (29). These isolates broaden the phylogenetic branch of this unique group of
freshwater Synechococcus but were not included in our analysis because of the narrow
species-level focus of this study.

Large-scale genome differences suggest a pattern of Ilaboratory
domestication. There are three types of large-scale genomic differences among S.
elongatus strains: a chromosomal inversion region, plasmids, and prophage regions (Fig.
3-2A). A known 188.6 kb inversion is present in PCC 7942 relative to the other strains
(19, 25). The sequence of PCC 7943 also contains this inversion (Fig. 3-S3), occurring in
the early N-terminal coding region of two porin genes, somB and somB2, before the
predicted conserved porin-domain coding region. Both somB and somB2 contain HIP1
(highly iterated palindrome) sequences ahead of the inversion. HIP1 sequences are
hyper-abundant in cyanobacterial genomes and are implicated in site-specific
recombination (30). The inversion does not have any known phenotypic effect, but does
correlate with a close relationship between PCC 7942 and PCC 7943 that is consistent

with the known history of the strains.
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The legacy strains of S. elongatus carry a 46.3 kb plasmid (large, pANL), and a
7.8 kb plasmid (small, pANS) that can be cured from the strains (31, 32) (Fig. 3-2B and
3-2D). There is a long history of constructing cyanobacterial shuttle vectors from the
backbone of pANS (33), including a self-replicating shuttle vector (34). The large legacy
strain plasmid, pANL, has four regions characterized by functions in replication, signal
transduction, plasmid maintenance, and sulfur metabolism (35). UTEX 3055 lacks both
pANS and pANL, but has two plasmids not seen in the legacy strains, here named pMAS
and pMAL. The large plasmid of UTEX 3055, pMAL, is 89.2 kb, and shares ~35 kb of
homologous content with pANL of the legacy strains (Fig. 3-2B). The homologous regions
of pANL and pMAL include a plasmid maintenance region and the sulfur metabolism
cluster of pANL. The experimentally determined replication origin of pANL contains 149-
bp direct repeats and overlapping pairs of paralogous ORFs hypothesized to be the result
of duplication or transposition events (35). A region homologous to the replication origin
of pANL is found in UTEX 3055 pMAL, followed by a 49.5 kb region with 49 ORFs not
homologous to pANL in gene clusters related to sulfonate and heavy-metal metabolism
as well as a putative plasmid maintenance region. This expanded region of pMAL is
flanked on either side by a duplicated pair of genes (UTEX3055 pgB029/B030;
UTEX3055 pgB080/B081) homologous to a pair of genes in pANL
(Synpcc7942 B2632/B2633) (Fig. 3-2B). The homology and synteny with pANL,
duplicated genes flanking the expanded region, and the presence of plasmid
maintenance genes within the expanded region point to a possible fusion of pANL and

another plasmid as the origin of pMAL in UTEX 3055. Site-specific recombination
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between plasmids at HIP1 sequences has been documented in Synechococcus (30),
supporting this hypothesis.

The small 24.4 kb plasmid of UTEX 3055, pMAS, contains a plasmid maintenance
region, a putative signal-transduction region, and a Type |-C CRISPR-Cas system (36—
38) (Fig 2C) similar to that of Synechococcus sp. PCC 7002, including a similar direct
repeat sequence in the CRISPR array (Table S2). The spacer sequences were used to
search the NCBI nucleotide database and the UTEX 3055 genome for self-targeting
spacers, with no significant matches. This outcome is not unexpected, as only a tiny
fraction of spacers found in genomic CRISPR arrays can be matched confidently to a
protospacer sequence (39). In the pMAS CRISPR-Cas system, Cas4 is fused with Cas1,
a common arrangement in several Type | systems, but also contains Cas6, which is
typically absent from Type I-C systems (37). The system may be under the transcriptional
control of a WYL-domain containing protein gene directly upstream of the first gene of the
system, as a similar transcriptional regulator in Synechocystis sp. PCC 6803 negatively
regulates a CRISPR-Cas system in that strain (40).

The legacy prophage controls pigmentation in PCC 7942. The two largest
regions of difference between the legacy strains and UTEX 3055 are prophage regions
(Fig. 3-1A). The legacy strains have a 49 kb insertion not present in UTEX 3055 that was
previously described in PCC 7942 and PCC 6301 as encoding a 25 kb cryptic prophage
with similarity to marine cyanosiphoviruses (41, 42). Further investigation of this insertion
from 711,254 — 759,991 (Synpcc7942 0716 — Synpcc7942 _0767) in PCC 7942 confirms
a prediction made by Phage_Finder (43) that this insertion encodes a 49 kb prophage,

which inserted into a tRNA-Leu gene (Synpcc7942 R0040/UTEX3055 pg0872) so that
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the prophage is flanked by phage attachment (attL/attR) sites composed of an exact
duplication of the last 60 bp of the tRNA-Leu gene. This prophage is completely missing
from UTEX 3055, which has a different 89 kb prophage inserted in tRNA-Gly
(Synpcc7942_R0032/UTEX3055_pg0587) (Fig. 3-1A). Similar to the prophage found in
legacy strains, the UTEX 3055 prophage was identified through predicted phage genes
and flanking duplicate att sites. Completely dissimilar to that of the legacy strains, the
UTEX 3055 prophage is most similar to the freshwater cyanophage S-EIV1 (44).

We recognized in the literature a strain of PCC 7942 described by Watanabe et al.
to be lacking a ~50 kb region covering the majority of the prophage region as a potential
prophage excision strain (45). After obtaining this strain from the Yoshikawa lab, named
AS50kb in this work, we verified through PCR and Sanger sequencing that this strain lacks
the prophage and possesses only one copy of the aft site, as would be expected if the
prophage excised or had never integrated into this strain. Given the presence of the
complete prophage in the other legacy strains, we hypothesized that the prophage may
not be cryptic and could excise from the genome. The prophage in the legacy strains
encodes a putative Cro/C1-type lytic-lysogenic switch between two divergent operons
that each encodes putative DNA-binding proteins (Fig. 3-S4). According to published
transcriptomic and proteomic data, the lysogenic control operon beginning with
Synpcc7942 0764 is actively transcribed and translated under standard laboratory
conditions, while the lytic activation operon that includes Synpcc7942 0766, encoding a
putative DNA damage inducible antirepressor, is not (16, 46). Because efforts to induce
phage excision through DNA damaging treatments including UV irradiation, mitomycin C,

and metal toxicity were not successful, we tested the ability of the prophage to excise
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through overexpression of Synpcc7942 0766 regulated by a theophylline-inducible
riboswitch [49]. Ectopic induction of Synpcc7942_0766 overexpression resulted in cell
lysis after three days, while theophylline-treated WT PCC 7942 cultures and uninduced
cultures continued to grow (Fig. 3-3A and 3-3B). A PCR amplification strategy to detect
excision and circularization of the phage genome showed circularized phage genomes
and prophage-excised chromosomes following induction of Synpcc7942_0766 (Fig. 3-
3C). Although examination of lysed cultures did not reveal phage particles nor did the
lysate enable subsequent rounds of infection in WT PCC 7942, the capacity of the
prophage to excise suggests that it is not completely cryptic, though it may require
environmental conditions not yet tested in the laboratory (47) or a helper phage for
mobilization (48). Prophages often undergo “domestication” by the host genome, losing
structural or lytic components while retaining those that are beneficial to the host (49, 50).
An example of this type of domestication in the laboratory is exemplified by the deletion
of the second att site in the prophage region of UTEX 2973 (Fig. 3-S3) that would
preclude excision of the prophage from this strain.

Although the Yoshikawa lab reported no impact of the lack of the prophage on the
growth of A50kb as compared to WT PCC 7942, we observed that A50kb displays a
darker appearance upon long-term growth under high light on solid media. Because
resequencing of the A50kb strain demonstrated that it possesses five SNPs in addition to
the phage deletion, we created a clean deletion of the prophage region in our laboratory’s
WT PCC 7942. This strain, designated D1K3, has the same dark pigmentation phenotype
as A50kb (Fig. 3-4A and 3-4B), which time-course data indicate is due to the lack of

chlorosis that is otherwise observed as decreasing concentrations of phycocyanin and
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chlorophyll in WT PCC 7942 (Fig. 3-4A). UTEX 3055, which does not contain the
prophage region of the legacy strains, also has a dark pigmentation phenotype like AS0Okb
and D1K3 (Fig. 3-4B). We hypothesized that the legacy strain prophage encodes genes
that regulate the concentration of the photosystem pigments of S. elongatus.

Regions of the prophage with functional similarity and transcriptional orientation
were identified and deleted region by region and tested for pigmentation phenotype.
Deletion of section 7 (S7), which contains genes encoding a lysozyme and DNA-binding
proteins, resulted in the dark pigmentation phenotype of the phageless strains (Fig. 3-
4B). Integration of an S7 amplicon into neutral site | of the S. elongatus chromosome
(NS1) resulted in the recovery of the chlorosis phenotype in both the D1K3 phageless
strain and the S7 deletion strain, indicating that one or more of the genes present in this
region of the prophage is necessary for this phenotype. Genes within S7 were then
individually deleted and analyzed, revealing that only deletion of either of the co-
transcribed Synpcc7942 0759 or Synpcc7942 0760 genes resulted in a dark
pigmentation strain (Fig. 3-4C). Synpcc7942 0759 and Synpcc7942_ 0760 respectively
encode a hypothetical protein and a putative restriction endonuclease with high
transcription levels under normal laboratory conditions (16). As observed with the S7
complementation, neutral site integration of the Synpcc7942 0759-0760 operon under
control of its native promoter recovered the WT light pigmentation phenotype, though an
analogous addition of only Synpcc7942_ 0759 failed to complement the dark phenotype
(Fig. 3-4B). Attempts to generate a vector that expresses only Synpcc7942 0760 were
consistently unsuccessful, and may be due to expression of the putative restriction

endonuclease selecting against clones in Escherichia coli. Nonetheless, these data
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demonstrate that either Synpcc7942 0760 alone or in combination with
Synpcc7942_0759 regulates the concentration of the photosystem pigments, likely
through the degradation of the light-harvesting phycobilisomes and the photosystem
complexes. Degradation of phycobilisomes and the subsequent bleaching of cells is
mediated in PCC 7942 in response to nutrient limitation (51) by non-bleaching protein A
(NblA). Some marine and freshwater cyanophages carry nblA genes, presumably
favoring the metabolic needs of the phage during a Ilytic infection (52-54).
Synpcc7942_0759 and Synpcc7942_0760 may represent a similar phage strategy of
dismantling light harvesting complexes through a pathway independent of a phage-
encoded nblA.

Unique genes in UTEX 3055 are necessary for phototaxis and support a
domestication hypothesis for legacy strains. A gene set enrichment analysis (GSEA)
of the set of genes in UTEX 3055 that lack homologs in the legacy strains indicates the
genome of UTEX 3055 is enriched in mobilome (mobile genetic elements), defense-
mechanism, motility, and cell-cycle COG category genes (Fig. 3-S5, Table 3-S3). Many
genes in the defense mechanism COG category are toxin-antitoxin systems (TAS), which
are associated with phage inhibition (55) as well as exposure to diverse environmental
stresses (56) where they may be beneficial as stress-response elements for bacteria
living in varying environments (57). UTEX 3055, as a new environmental isolate, has a
more recent history of environmental stress than legacy strains that have been cultivated
in controlled laboratory environments for decades. UTEX 3055 has 9 novel TAS not found
in the legacy strains, and shares 8 of the 11 TAS found in legacy strains. In four of the

shared TAS, UTEX 3055 has a deletion or frameshift mutation in the toxin gene of the
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TAS (Table S4), suggesting that these TAS are in the process of being lost. Prokaryotic
genomes are shaped by the flux of gene addition via horizontal gene transfer and gene
loss, which is a more common mechanism (58). The stasis of TAS in legacy strains
compared to the addition and loss of TAS in UTEX 3055 is an indication of how the forces
of laboratory domestication do not always lead to loss, as in the case of the prophage
attR site in UTEX 2973, but can instead stabilize some types of genome elements.

The enrichment of motility genes in the unique gene set of UTEX 3055 is not
unexpected, considering its phototactic phenotype. The enrichment in cell cycle genes in
UTEX 3055 largely reflects the plasmid maintenance genes of the two plasmids, but
further investigation of hypothetical genes listed in this category found two genes,
UTEX3055_pg2477/pg2478, that are homologous to an operon of Synechocystis sp.
PCC 6803 necessary for optimal motility and photosystem function (59). In PCC 6803,
their gene products may interact with pilus assembly proteins like the Type Il transport
protein GspH. UTEX 3055 has a homolog of GspH (UTEX3055 pg2265) encoded within
a four-gene operon (UTEX3055 pg2263-pg2266) that is included in the motility category
of the enriched unique gene set. This region nestles within a putative operon for
synthesizing nucleotide sugars (60), and contains a homolog of gspH and hypothetical
genes in motility and extracellular structure COG categories. A protein homology search
with Phyre2 (61) predicts that each of the four genes in this cluster encodes similarity to
pilin or adhesin domains.

In the course of screening a transposon insertion mutant library of UTEX 3055 for
phototaxis mutants, we isolated a non-phototactic mutant with an insertion in

UTEX3055 pg2266. Because all four genes in the region were hypothesized to have

58



motility functions, the entire region was investigated. We first deleted and replaced the
region with a kanamycin resistance cassette through homologous recombination with a
mutagenic shuttle vector, and, as expected, this deletion mutant is no longer phototactic
(Fig. 3-5). Four complementation vectors for introduction into a genome neutral site (Fig.
3-5) were created to test which of the genes is necessary to restore phototaxis to the
deletion mutant. Only addition of the complete novel region restored phototaxis to the
deletion mutant (Fig. 3-5). This suggests that all four genes in the region are necessary
for phototaxis in UTEX 3055. The addition of this novel four-gene region in the same
neutral genome site of PCC 7942 did not confer phototaxis in PCC 7942 (Fig. 3-5). In
addition to previous findings that PCC 7942 contains a functional photoreceptor and
phototaxis operon that is necessary for phototaxis in UTEX 3055 (11), there are likely
additional genes necessary for phototaxis in S. elongatus yet to be discovered, and a
combination of genes and operons is responsible for the phototaxis phenotype of UTEX
3055.

SNPs in the pangenome of S. elongatus contextualize strain histories and
phenotypes. The pangenome analysis revealed more than 40,000 SNPs and ~350
indels among the homologous regions of all S. elongatus strains (Supplemental File S2),
but only 20% of those SNPs result in amino acid sequence changes in proteins. A GSEA
analysis of the homologous regions of the pangenome with high sequence conservation
between UTEX 3055 and the legacy strains was used to assess what gene categories
are fundamental to the fitness of S. elongatus in either environmental or laboratory growth
conditions. Homologs with 100% nucleotide sequence conservation are enriched in

circadian machinery genes (Fig. 3-S6) while homologs with 95% amino acid conservation
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are enriched in type IV pili machinery, transcription machinery, and energy-production
genes (Fig. 3-S7). These enriched categories are in addition to an enrichment of genes
that are conserved across all cyanobacteria and genes that are known essential genes in
PCC 7942, underscoring the importance of the circadian and natural competence to S.
elongatus, two traits that have made the strain such an attractive model organism.

The standardized laboratory culturing conditions that facilitate reproducibility in
experiments also present a suite of selective pressures, perhaps unintended, that may
shape the genome of S. elongatus, and we hypothesized that examination of the
differences among legacy strains could provide insight into these selective pressures. We
compared the sequence of a currently propagated culture of PCC 7942 in our lab, a
revived culture cryogenically archived in our lab in 1988, our resequence of PCC 6301,
recent resequencing data available for PCC 7942 and PCC 6301 archived at the
Freshwater Algae Culture Collection at the Institute of Hydrobiology, Wuhan, China (62),
the sequences of PCC 6311 and PCC 7943 that are presented in this work, and the
previously published genomes of PCC 7942 (NC _007604) and UTEX 2973
(NZ_CP006471) (Table S5). In contrast to the tens of thousands of SNPs present
between UTEX 3055 and these strains, there are only 120 SNPs and other differences
among all available legacy-strain genome data (Table S6). The pattern of shared SNPs
across legacy strains correlates with the known isolation and archival history of the
strains, with the “Texas” strains isolated from Waller Creek (PCC 6301, UTEX 2973,
UTEX 3055) sharing many of the same SNPs (Fig. 3-6), and clarifies a confusing
conclusion about the relationship of UTEX 2973 to PCC 6301 and PCC 7942 (15).

Synechococcus UTEX 2973 was isolated from an archived sample of UTEX 625 (alias
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PCC 6301), and was introduced in the literature with a genomic comparison to PCC 6301
and PCC 7942. Yu et al. found ~1600 SNPs and indels between UTEX 2973 and PCC
6301 but only 55 nucleotide differences with PCC 7942 and concluded that UTEX 2973
is more closely related to PCC 7942 than to PCC 6301, acknowledging that the finding
was unexpected considering the history of the strains. Our resequencing of PCC 6301 as
well as previously published resequencing of the small plasmid of PCC 7942 pANS (alias
pUH24) (34) shows that the majority of these reported SNPs were unfortunate
sequencing errors. The comparative genome analysis with updated sequence information
indicates a greater similarity between UTEX 2973 and PCC 6301 that agrees with the
strains’ common isolation and cultivation history.

The UTEX 2973 alleles of three genes, ATP synthase subunit alpha atpA, NAD*
kinase ppnK, and the master regulator output of the circadian clock rpaA, have been
reported to contribute to the fast-growth (or high-light tolerant) phenotype of UTEX 2973
(20). Of these alleles, atpA and ppnK are the common allele among S. elongatus strains
with PCC 7942 as the sole outlier, and Ungerer et al. hypothesize that PCC 7942 has
adapted to a low-light lifestyle with these mutations. When the UTEX 2973 sequence of
rpaA is compared to the published sequence of PCC 7942, there are three differences:
an 8 bp deletion in the region upstream of the gene and R121Q and K134E substitutions
in the encoded protein. Resequencing of our lab strain PCC 7942 consistently finds four
SNPs relative to the published PCC 7942 genome (Table S5), one of which is the same
R121Q substitution in RpaA reported in UTEX 2973. However, we have found that the
WT allele encodes RpaA-R121 in all cyanobacterial strains, and the RpaA-Q121-

encoding allele in the published genome of PCC 7942 is present only in the clone used
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for sequencing. The expectation that the RpaA-Q121-encoding allele is the WT
confounded the interpretation of Ungerer et al. on the contribution of the UTEX 2973 allele
of RpaA to the fast-growth phenotype, and has also caused confusion in previous work
in our lab on the genetic network of the circadian clock of S. elongatus.

One SNP in the circadian response regulator rpaA results in an arrhythmic
phenotype. Cyanobacteria are currently the only prokaryotic system with a molecularly
described circadian clock, and PCC 7942 is the premier model organism for its study. In
cyanobacteria, rhythmic phosphorylation and dephosphorylation of KaiC, a component of
the circadian core oscillator, regulates global patterns of gene expression through
phosphorylation of the clock output response regulator RpaA. Previously in our lab, a
mutant strain of PCC 7942 that lacks rhythmic clock-controlled gene expression was
isolated from a transposon mutagenesis screen (63), and the Tn5 insertion was mapped
to a putative open reading frame 358 bp upstream of rpaA named crm (64). This insertion
in crm did not phenocopy an rpaA-null mutant and had no impact on rpaA transcript or
protein accumulation, but KaiC abundance and rhythmic phosphorylation were
diminished. These results suggested that the crm7 mutation had no cis-regulatory impact
on rpaA, and instead perturbed clock-controlled gene expression through an unknown
mechanism (64). However, we recently discovered that the phenotypes ascribed to crm
derive from an unusual allele of rpaA (65).

In an effort to understand the role of crm in clock-controlled gene expression, the
crm1 insertion allele was reconstructed in a WT background using the mutagenesis
cosmid from the original transposon-mutagenesis screen. Of six randomly selected crm1

clones, three showed WT rhythms of circadian gene expression and three showed the
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expected arrhythmic phenotype (Fig. 3-6A). Sequencing of rpaA from these clones
showed that the arrhythmic subpopulation contained the RpaA-Q121 allele matching the
published genome of PCC 7942. The rhythmic subpopulation contained the apparent
mutant allele RpaA-R121; however, BLAST results of one hundred cyanobacterial RpaA
homologs show universal conservation of arginine at this position (Fig. 3-6B) and WT
PCC 7942 strains resequenced in our lab also encode the conserved arginine residue.
The conservation of the RpaA-R121 allele among cyanobacteria and the arrhythmic
phenotype of RpaA-121Q show that RpaA-R121 is the true WT allele of PCC 7942.
From this evidence, we discovered that the single colony of PCC 7942 from our
lab that was sequenced by JGI and and published in Genbank, and also used to construct
a uni-gene set (UGS) mutant library (63), carried the arrhythmic RpaA-Q121 allele. The
UGS cosmid containing the crm1 transposon insertion also carries the complete coding
sequence of rpaA-Q121, and so mutants constructed using this cosmid may encode
either the arrhythmic RpaA-Q121 or the WT RpaA-R121, depending on where crossovers
occur during homologous recombination (Fig. 3-S8). This variable resulted in the two
subpopulations observed when reconstructing crm1 mutants, and explains the arrhythmic
phenotype of the original crm1 mutant. The rpaA-Q121 allele was not recognized in the
original crm1 study because of apparent complementation of the arrhythmic crm1 (i.e.
RpaA-Q121) phenotype to rhythmicity attributed to ectopic expression of full-length crm
(64). Follow up experiments indicated that the RpaA-Q121 (crm1) mutant was poorly
transformable, and selection for a transformant during complementation also selected for
reversion that restored RpaA function. The sequence of the crm/crm1 complemented

strain revealed a second-site suppressor mutation in rpaA, RpaA-L4-Q121.
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The phenotypic relationship between the RpaA-Q121 arrhythmic and RpaA-L4
suppressor mutations was confirmed by reconstructing rpaA mutation combinations via
CRISPR/Cas12a engineering (65). In addition to its role as the transcriptional response
regulator of the circadian clock, RpaA plays a critical role in redox management, and
rpaA-null mutants become inviable in darkness (66). The RpaA-Q121 mutant strain is
arrhythmic and sensitive to light-dark (LD) cycles, but RpaA-L4 has WT rhythms and LD
survival (Fig. 3-7C and 3-7D). The combination of the two substitutions, RpaA-L4-Q121,
restored rhythms and improved LD tolerance, confirming the RpaA-L4 mutation as a
suppressor of the arrhythmic phenotype of RpaA-Q121. In vitro studies of the circadian
oscillator show that as RpaA is rhythmically phosphorylated and dephosphorylated in its
role as the output of the circadian clock, it rhythmically binds to DNA. The RpaA-Q121
mutant binds DNA poorly despite having a WT phosphorylation pattern; the Q121
substitution prevents the phosphorylated sensor domain of the protein from regulating the
DNA-binding domain (65). It is possible that the RpaA-L4-Q121 suppressor mutant
restores rhythmic gene expression patterns by restoring the ability of the sensor domain
to regulate the DNA-binding domain, subsequently restoring rhythmic gene expression
and LD tolerance.

We propose that in the previous crm1 study, repeated exposure to LD transition
events and selection for transformation as part of complementation tests provided a
selection for the RpaA-L4-Q121 suppressor mutant. We leveraged the LD sensitivity of
RpaA-Q121 in a selection strategy to search for more suppressors in search of new genes
associated with the circadian system. The rpaA-Q121 mutation was introduced into a

PCC 7942 containing a reporter of circadian gene expression, and diluted cultures were
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plated and grown in LD cycles. Colonies that emerged from the LD selection were then
screened for rhythmic gene expression. Ten mutants that showed both LD tolerance and
improved rhythmic gene expression were chosen for whole genome sequencing (Fig. 3-
S9A and 3-S9B). Of them, one mutant contained a second-site SNP mutation in the
promoter region of rpaA, and the eight mutants had second-site mutations in either clpX
or labA (Fig. 3-S10, Table 3-S6), genes that have been shown previously to have roles
that are not well understood in the mechanism of the circadian clock. LabA is required for
negative feedback regulation of the core oscillator component KaiC and has been shown
to modulate rpaA function (67). RpaA directly regulates clpX expression, and the protein
degradation action of the CIpXP protease fine-tunes the circadian clock (68). The tenth
mutant from the LD selection was sequenced but did not actually have improved rhythmic
gene expression. This arrhythmic but LD tolerant mutant had a second-site mutation in
leucyl peptidase, part of the pathway that recycles glutathione, an important antioxidant
that helps maintain the redox balance in cyanobacteria (69). This suppressor screen did
not find additional genes in the circadian clock network but reinforced the roles of
components that fine-tune the clock mechanism, especially as it relates to maintaining
the redox balance of the cell.

The results of this screen may also help explain some SNPs in PCC 7942 and
UTEX 2973. In addition to the RpaA-Q121 allele, the published sequence of PCC 7942
contains a SNP in the long-chain-fatty-acid CoA ligase gene (aas), which plays a critical
role in fatty acid recycling (70-72), resulting in the allele aas-L295. Like the mutation in
rpaA, Aas-L95 is present only in the published sequence of PCC 7942; other

cyanobacterial homologs encode a proline residue at that position. We propose that Aas-
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L295 is also a second-site repressor of RpaAQ121. Fatty acid accumulation is seen in
rpaA null mutants of PCC 7942 (66), possibly as a result of redox crisis; the Aas-L295
mutation may mitigate the effects of this accumulation. In UTEX 2973, there are two
unique differences in RpaA that have not been fully investigated, due to the erroneous
expectation of RpaA-Q121 as the WT allele: a deletion 107 bp upstream of the start codon
of rpaA, and a K134E substitution. These differences are similar to the -30 rpaA G>A
suppressor of RpaA-Q121 pair of mutations resulting from the suppressor screen and
may represent an inactivating mutant of RpaA with its suppressor mutation.

3.4 Conclusions

This work paves the way for improved future genomic analysis in S. elongatus by
correcting the PCC 6301 genome sequence and bringing it closer to the sequences of
the legacy strains, specifically to UTEX 2793 that is presumably derived from it. It also
explains the genetic basis of the crm1 arrhythmic mutant of PCC 7942, previously
attributed to an ORF upstream of rpaA, but in fact deriving from an allele that is neither
WT nor a sequencing error, but deriving from a rare mutant clone used for the published
reference sequence for PCC 7942.

The comparative genomics analysis identified specific loci that explain a difference
in pigmentation and phototaxis phenotypes between UTEX 3055 and the legacy strains.
The patterns of shared and unique SNPs and genes between UTEX 3055 and the legacy
strains are compatible with a domestication hypothesis; the repeated passage of
laboratory cultures by pipetting or pouring would favor planktonic cells that do not form
biofilms, and may have led to an early selection among the legacy strains resulting in a

planktonic phenotype. In the absence of biofilms, there would be no selection for
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phototaxis, a phenotype also missing from legacy strains. These patterns of differences
will aid the future discovery of additional genes responsible for the phenotypic differences
between strains. For example, the model strain PCC 7942 has been actively curated for
its facile genetic manipulation in the lab, and has highly efficient transformation; in direct
comparison experiments testing, UTEX 3055 is ~100X less efficient (unpublished data)
than PCC 7942. One suspected difference in UTEX 3055 that may be responsible for this
reduced transformation efficiency is its CRISPR-Cas system not present in the legacy
strains, and further investigation of this system could lead to more efficient genetic
manipulation of UTEX 3055 in the lab. Another pattern of difference between UTEX 3055
and the legacy strains is an enrichment in unique motility COG category genes, including
genes related to exopolysaccharide synthesis. This enrichment is consistent with the
biofilming and phototactic phenotype of UTEX 3055, and investigation of this gene set
may reveal the genetic basis of biofilm formation and phototaxis in S. elongatus.
3.5 Materials and Methods

Whole genome alignment and pangenome annotation analysis. The following
genomes of S. elongatus PCC 7942 [NC_007604; NC_007595; KT751091], PCC 6301
[NC_006576 (previous);], PCC 6311[], PCC 7943[], UTEX 2973 [CP006471-3], UTEX
3055 [NZ_CP033061-3] were used for whole-genome alignment. Chromosomes and
plasmids were separately aligned using Mauve (73), and the alignment was manually
inspected and adjusted using the Mauve plugin in Geneious Prime 2020.1.2
(https://geneious.com). SNPs, gap locations, and ortholog groups were exported from
Mauve and further analyzed with a custom R script, and are available in Supplemental

File S2. Core and pangenome elements were determined using full genome alignment
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and ortholog analysis. Hypothetical proteins in regions of interest were examined further
using PSI-BLAST (74) searches for homologs and Phyre2 to search for homologous
protein domain architectures (61). Ortholog assignments from Mauve were further refined
using Pfam and COG category analysis in eggNOG-mapper (75, 76). These ortholog
assignments were checked against homology groups created through reciprocal
nucleotide BLAST search using Vespa (77). Homology groups were translated and
realigned using MAFFT (78) in Geneious Prime, and the percent identical residues for the
nucleotide and amino acid alignments were reported. Annotations were adjusted using
annotation consensus agreement, RNA-seq data (16, 17)], and PCC 7942 essentiality
data (18) using custom R scripts. Gene metadata, including previously used locus tags,
the pangenome annotations, and gene categorical information such as: known biofilm
genes from previous S. elongatus PCC 7942 biofilm publications (79-83), pili genes
described by Taton, et al. (26), essentiality and conservation data from Rubin, et al.(18),
and functional categories from Pfam and COG category analysis were amassed for all
genes in the S. elongatus pangenome and are provided in Supplemental File S1.
Average Nucleotide Identity, Average Amino Acid Identity, and phylogenetic
tree analysis. Average nucleotide identity (ANI) and average amino acid identity (AAl) of
whole genomes was obtained using online tools (http://enve-omics.ce.gatech.edu/) (84,
85). A phylogenetic tree was built using 29 conserved housekeeping genes previously
defined for bacterial multilocus sequence analysis (MLSA) (86). In addition to the six S.
elongatus strains, 32 additional cyanobacteria were used to build the tree; Prochlorothrix
hollandica PCC 9006 was used as the outgroup. Each of the 29-gene sets was aligned

using the MAFFT (78) algorithm in Geneious and trimmed using trimAl version 1.2 (87)
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using the “automated1” option optimized for maximume-likelihood tree construction. The
resulting trimmed, aligned files were concatenated and processed using FastTree version
2.1.11 (88) in Geneious. The tree was visualized with FigTree version 1.4.4.

Bacterial Strains and Growth Conditions. The strains used in this study are
described in Table. S. elongatus PCC 7942 and UTEX 3055 and their derivative strains
were grown in BG-11 medium (89) as liquid cultures with continuous shaking (125 rpm)
or on agar plates (40 ml, 1.5% agarose) at 30°C under continuous illumination of 100-150
umol photons m= s~ from fluorescent cool white bulbs. Culture media for recombinant
cyanobacterial strains were supplemented as needed with 2 ug ml~" spectinomycin (Sp)
plus 2 ug mi™' streptomycin (Sm), 2 pg mil~' gentamycin (Gm), 7.5 pg mi™
chloramphenicol (Cm), and 5 yg ml~" kanamycin (Km). S. elongatus PCC 6301, PCC
6311 and PCC 7943 were grown at the Pasteur Culture Collection (PCC) at 6 umol photon
m2 s at 25°C in liquid BG11 medium. PCC 6301 was revived from a 1988 frozen archive
in the Susan Golden lab. PCC 6311 and PCC 7943 were used from alive and axenic
cultures at the PCC.

Full Genome Sequencing. In preparation for full-genome sequencing S.
elongatus PCC 6301, PCC 6311 and PCC 7943 cultures were centrifuged and the cell
pellets rinsed twice with sterile water and then freeze-dried and lyophilized prior to DNA
extraction. For PCC 6301, genomic DNA was extracted with the NucleoBond Genomic
DNA purification kit (Macherey-Nagel) as previously used for various pure cyanobacteria
(90). For PCC 6301 sequencing a DNA library was prepared using the NextFlex PCR-
free DNA sequencing kit (Bioo Scientific, USA) following the manufacturer's

recommendations. The library was sequenced on HiSeq 2000 platform (lllumina, San
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Diego, CA, USA) in paired-end reads of 101 bases. Sequence files were generated using
lllumina Analysis Pipeline version 1.8 (CASAVA; lllumina). After quality filtering with
Institut Pasteur-in-house bioinformatic tools, 25,191,450 reads were analyzed using
clc_assembly_cell 4.4.0 and CLC Genomics Workbench 7.5.1 (CLC Bio, Qiagen);
20,073,488 paired reads were mapped on the genome sequence of the strain PCC 6301
with clc_assembly_cell 4.4.0 with an average coverage of 917x. The two plasmid
sequences were assembled using Genomics Workbench 7.5.1. For PCC 6311 and PCC
7943 the lllumina sequencing service at GATC (GATC Biotech SARL, Mulhouse) was
used to generate genome sequences for PCC 6311 (10 scaffolds) and PCC 7943 (9
scaffolds). The genome scaffolds were further assembled into complete chromosome and
plasmid sequences using full genome alignment comparison to PCC 7942 in Mauve. The
PCC 6301 sequence is deposited in Genbank under accession numbers CP085785-
CP085787. The PCC 6311 (ID: SUB10542407) and PCC 7943 (ID:SUB10542407)
sequences are deposited in Genbank (pending accessions).

Gene set enrichment analysis. Categorical meta-data available from multiple
sources for PCC 7942 was curated for all genes in the pangenome, such as: essentiality
and conservation data (18), pili and competence genes (26), and known biofilm genes
(10, 79-82), along with the functional categories (COGs) determined in the pangenome
analysis. Gene sets of interest in the pangenome were identified, and significant
enrichments in meta-data categories for these gene sets were determined using custom
R scripts. Briefly, enrichment values were determined using two-sided Fisher's exact
tests, with FDR-adjusted p-values < 0.05 being designated as significant. Fold enrichment

(F) was calculated as the number of genes in the pangenome interest group that are also
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in the meta-data category (Ngc) divided by the number of genes expected in the group
and category (Egc). This expected number was calculated by multiplying the number of
total genes in the pangenome interest group (Ng) by the frequency of all genes in the
genome that are found in the meta-data category (fc), which was determined as the
number of genes in the category (Nc) divided by the number of genes in the genome (N).
F = Ngc/Ege; Ege = Ng * fc; fo = No/N

Construction of knockout and complementation strains. Recombinant strains
of S. elongatus were constructed by natural transformation using standard protocols (91).
Excepting RpaA point mutations, cyanobacterial mutants were generated by transforming
with knockout vectors engineered with the CYANO-VECTOR assembly system (92) or
transposon insertion vectors from the PCC 7942 Unigene set (UGS) library (63, 93). To
generate D1K3 a multistep approach was used: the prophage was first tagged at neutral
site 3 (NS3), located within the prophage, with a counter-screenable antibiotic-resistance
cassette (SpSm) and a counter-selectable marker, sacB, which results in cell death in the
presence of sucrose. This tagged strain was then transformed with a prophage deletion
vector and selected on plates containing sucrose. Complementation and riboswitch
expression strains were constructed by expressing gene(s) ectopically in S. elongatus
chromosomal neutral sites: NS1 and NS2 (42, 91). Complete segregation of the mutant
loci was PCR verified. Unless described otherwise, plasmids were constructed using the
GeneArt Seamless Cloning and Assembly Kit (Life Technologies) and propagated in
Escherichia coli DH5a or DB3.1 with appropriate antibiotics. E. coli strains were grown at
37 °C in lysogeny broth (LB, Lennox) liquid culture or on agar plates, supplemented as

needed with: 100 ug mL~" ampicillin (Ap), 20 ug mL™" Sp plus 20 uyg mL™" Sm, 15 ug mL™"
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Gm, 17 uyg mL™" Cm, and 50 yg mL~" Km. The plasmids used in this study are described
in Table

Phage Lysis and Pigmentation Assays. Strains were grown in liquid with
continuous shaking as previously described to OD7so of approximately 0.8-0.95. Strains
were induced with 2 mM theophylline (200 mM stock dissolved in 100% DMSOQO) or 1%
DMSO as a control. For three days following induction, OD7s0 was measured daily and
colony PCR was used to determine excision of phage genome. Primers used are in Table
3-S7. For pigmentation assays, strains were grown in liquid BG-11 for 3 - 4 days to an
ODvs0 of approximately 0.5, and 4-uL samples of culture were spotted on BG-11 agar and
grown at 30 °C under continuous illumination of 300 ymol photons m=2 s~ for 30 days.
Strains were spotted on the plates in grids to facilitate visual comparison of pairs of
strains. For measurement of chlorophyll and phycocyanin content, spots were scraped
and resuspended in 200 pL of BG-11. Samples were measured using a Tecan plate
reader at ODe25 for phycocyanin and ODe7s for chlorophyll, and normalized for cell density
by dividing by OD7s0. In cases where resuspensions were too dense to accurately
measure, resuspensions were diluted 1:1 or 1:2 with BG-11, as necessary, and then
measured again.

UTEX 3055 Mutant Library Screening. A small Tn5 mutant library in S. elongatus
UTEX 3055 was constructed in a similar manner as previously described for PCC 7942
(18). Briefly, UTEX 3055 was grown in liquid culture as previously described until it
reached OD750=0.5. A diaminopimelic acid (DAP) auxotrophic E. coli donor strain carrying
a library of barcoded Tn5 elements (P KMW?7) (94) was grown in LB broth with 60 ug/mL

DAP and 50 pg/mL kanamycin to an ODeso0=1.0. Both E. coli and S. elongatus cells were
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washed twice and resuspended in BG-11 supplemented with 5% LB at a 1:1 donor
cell:recipient cell ratio and spotted on BG-11 w/ 5% LB agar plates with 60 ug/mL DAP.
The conjugation reaction was performed for 12 h under 40 ymol photons-m= -s™' of
illumination and then resuspended in BG-11 and plated onto BG-11 Km agar plates for
selection of exconjugants. After 10 d of growth under 100-140 ymol photons-m™2 -s™,
colonies were patched onto BG-11 Km agar plates. To screen for phototaxis mutants,
strains were struck onto BG-11 medium with 10 mM sodium thiosulfate solidified with
0.3% agarose (wt/vol) and the plates were placed in a dark box with one side opening
toward a fluorescent light and phototactic movement was assessed after 3 days. Strains
were screened twice and confirmation of the phototaxis phenotype was performed on 2-
ML samples of culture adjusted to OD7s0= 0.6—1.0 spotted at specific positions on the
surface of agarose plates and grown as described to assess phototaxis. The insertion
location of the transposon in mutant selected strains was determined by colony PCR with
arbitrary primers (Table 3-S7) and Sanger sequencing.

Construction of RpaA mutant strains. Introduction of point mutations into the S.
elongatus chromosome was accomplished using a previously described CRISPR-editing
approach (95). Briefly, the pSL2680 (KmR) plasmid used for CRISPR-Cas12a (formerly
Cpf1) editing was purchased from Addgene (Plasmid #85581). Forward and reverse
primers upstream and downstream of the desired mutation were annealed together and
ligated into Aarl-cut pSL2680 to serve as the gRNA template. The resulting construct was
purified and digested with Kpnl to facilitate insertion of the homology directed repair
(HDR) template. The HDR template was generated by amplifying overlapping upstream

and downstream fragments containing the desired point mutations. The upstream and
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downstream HDR fragments were assembled into Kpnl-cut pSL2680+gRNA using the
GeneArt Seamless Assembly Kit (Thermo Fisher Scientific). The plasmids used in this
study are described in Table 3-S7.

Editing plasmids were electroporated into E. coli DH10B containing helper plasmid
pRL623 and conjugal plasmid pRL443 (92). The resulting strain was grown overnight in
LB medium containing antibiotics, washed 3x with fresh LB, and mixed in a 1:2 ratio with
an S. elongatus reporter-strain aliquot. The cell mixture was plated onto BG-11 agar with
added LB (5% vol/vol), incubated under 100 umol m2 s light for 36 h, then underlaid
with Km (10 pg/ml final concentration) to select for S. elongatus cells that contain the
editing plasmid. Colonies that emerged after 6-8 days were passaged three times on BG-
11 agar containing Km to allow editing to occur. Successful editing of chromosomal rpaA
was verified by sequencing. Plasmids were cured from the edited strains by inoculating
cells into non-selective BG-11 medium, growing the culture to OD750 = 0.6, then dilution
plating on non-selective BG-11 plates. Fifty colonies were picked and replica patched to
selective (Km) and non-selective medium to identify and isolate clones that had lost the
editing plasmid.

Suppressor screens and circadian bioluminescence monitoring. A flask of
DECA45 (rpaA-Q121) was grown to OD750 ~0.8, diluted 1:100 and plated (100 ul per
plate) across ten BG-11 agar plates. Plates were grown in LD 12:12 (200 uE) for 7-10
days. 384/~600 colonies that emerged from the LD selection were inoculated into 200 ul
of BG-11 media in 96 well plates. Bioluminescence was monitored using a PkaiBC::luc
firefly luciferase fusion reporter inserted into a neutral site of the S. elongatus

chromosome as previously described (96). Strains to be monitored were grown in liquid
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culture to OD750 = 0.4- 0.7, diluted to OD750 = 0.2, and added as 20 uL aliquots to 280
uL of BG-11 agar containing 3.5 mM firefly luciferin arrayed in 96-well plates. Plates were
covered with a gas-permeable seal and cells were entrained under 12-h light-dark cycles
(80 umol m2 s -1 light) to synchronize clock phases. After 48 h of entrainment, cells were
released into continuous light (30 umol m? s -') and bioluminescence was monitored
every 2 h using a Tecan Infinite Pro M200 Bioluminescence Plate Reader. Data were
collected and plotted using GraphPad Prism 8, with each plot representing the average
of six biological replicates. Data were analyzed for rhythmicity using the JTK_CYCLE
method provided by BioDare 2 (97, 98) (https://biodare2.ed.ac.uk). LD tolerant
suppressors displaying periodic bioluminescence production were scaled-up in flasks for
follow-up studies and WGS.
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A % Average Nucleotide Identity

PCC 6301 PCC 6311 UTEX 2973 PCC 7942 PCC 7943 UTEX 3055 PCC 11801 PCC 11802
PCC 6301 99.99 99.99 98.45 82.89 82.91
PCC 6311 99.99 98.48 82.85 82.94

UTEX 2973 99.99 98.46 82.90 83.00

99.99
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Figure 3-1: S. elongatus genotype and phenotype comparison. The legacy strains and UTEX 3055
share (A) high Average Nucleotide Identity (ANI) percentage and (B) cluster in a monophyletic group
separately from other Prochlorococcus and Synechococcus species (see expanded phylogenetic tree in
(Fig. 3-S2), and (C) have unique combinations of phenotypes (grey checkmark represents presumed
circadian rhythms in UTEX 2973; the strain has never been explicitly tested for rhythmic gene expression).
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Figure 3-2: Comparative genome alignments. (A) Alignment of PCC 7942 (representing legacy strains)
and UTEX 3055 chromosomes showing gaps, inversions, and regions of high variability illustrated by SNP
density per 1000 bp. (B) Alignment of UTEX 3055 pMAL and pANL of legacy strains; repeated regions of
homology and plasmid maintenance genes are highlighted. Gene maps of the small plasmids UTEX 3055
pMAS (C) and legacy strain pNAS (D).
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Figure 3-3: Activation of a phage lysis switch in PCC 7942. Activation of a theophylline riboswitch driving
overexpression of Synpcc7942 0766 induces a loss of culture density (A) and visible lysis (B) by day 3
post-induction. (C) Excision and circularization of the prophage genome following theophylline induction
was observed through whole-cell PCR using primer sets with annealing sites just within and without the
prophage region. Cell lysis in induced cultures resulted in faint PCR bands from day 3 samples.
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Figure 3-4: Prophage genes control pigmentation in PCC 7942. Prophage genes control pigmentation
in PCC 7942. A) Absorbance readings of spot cultures show that PCC 7942 loses phycocyanin and
chlorophyll pigments over time compared to the phageless strain D1K3 (average and standard deviation of
n=10). B) Loss of either Synpcc7942_0759 or _0760 in Section 7 of the prophage leads to a dark
pigmentation phenotype similar to the phageless strain. C) Expression of both 0759 and 0760 together
but not _0759 alone in the phageless strain led to WT light pigmentation.
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Figure 3-5: A unique operon in UTEX 3055 is necessary for phototaxis. Replacement of
UTEX3055_pg2263-pg2266 with a kanamycin resistance cassette (aphl/) leads to a loss of phototaxis. Site
of Tnb insertion in the initial phototaxis mutant is marked by *. Complementation with the full four-gene
operon restores phototaxis. Introduction of UTEX3055_pg2263-2266 is not sufficient to restore a phototaxis
phenotype to PCC 7942.
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Table 3-1: SNPs in legacy strains that result in mutations (see Supplementary File 2 for all SNPs and
indels); SNPs shared among genomes are in green, SNPs in only one strain are yellow. Two SNPs of the
published PCC 7942 sequence (in bold) result in a mutant allele (rpaA) and a likely suppressor mutation
(aas).

Position
in PCC PCC 7942 Locus  Mutation
7942

FACHB-805
FACHB-1061
UTEX 2973
UTEX 3055

N
<
o
~
O
O
o

PCC 6311
PCC 6301

42617 Synpccr7942 0044 ~ G375S  [FeREEeliERel el

49830 Synpcc7942 0049 D52A

70982 Synpcc7942_ 0071 ool 09 .9 9 mW 9 9 9 .9 . 9 |
92940 Synpcc7942 0095 E134K JReNe e e e
92978 Synpcc7942 0095 Q121R

233519 Synpcc7942 0238 L269W
256284 Synpcc7942 0260 R718C
331632 Synpcc7942 0336 C252Y
441400 Synpcc7942 0452 L110*
649893 Synpcc7942 0654 L39F

727190 Synpcc7942 0731 V573l
753965 Synpcc7942 0760 M1V

809461 Synpcc7942 0815 G33C
810725 Synpcc7942 0816 A501V
835019 Synpcc7942 0840 A152V
866096 Synpcc7942 0863 R24G
893344 Synpcc7942 0886 V80G
899800 Synpcc7942 0890 S1018L
910005 Synpcc7942 0901 P62S

924301 Synpcc7942 0918 G369R
924725 Synpcc7942 0918 G75R
924962 Synpcc7942 0918 L295P
925183 Synpcc7942 0918 P216R
925952 Synpcc7942 0918 T625I

1015419 Synpcc7942 1003 G329V
1060729 Synpcc7942 1047 A138S
1062907 Synpcc7942 1050 G184A
1067226 Synpcc7942 1056 1174S
1163361 Synpcc7942 1139 R292L
1192976 Synpcc7942 1159 +9nt

1320845 Synpcc7942 1295 S305I
1352729 Synpcc7942 1323 P261S
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Table 3-1 (cont.) SNPs in legacy strains that result in mutations

Position
in PCC PCC 7942 Locus Mutation
7942

PCC 7942
AMCO6
PCC 7942
PCC 6311
PCC 6301
UTEX 2073
| UTEX 3055

" FACHB-805
" FACHB-1061
" FACHB-242

1446920 Synpcc7942 1397 E259G
1446924 Synpcc7942 1397 G260E
1446927 Synpcc7942 1397 G260E
1446928 Synpcc7942 1397 G263E
1446932 Synpcc7942 1397 G263E
1446934 Synpcc7942 1397 G270S
1446936 Synpcc7942 1397 G270S
1446937 Synpcc7942 1397 L279F
1446956 Synpcc7942 1397 R262G
1446972 Synpcc7942 1397 R262G
1446983 Synpcc7942 1397 V258F
1451380 Synpcc7942 1400 D333N
1458762 Synpcc7942 1407 A236P
1515569 Synpcc7942 1463 L67F
1574776 Synpcc7942 1522 P350S
1574861 Synpcc7942 1522 Q378P
1614143 Synpcc7942 1557 R85H
1782040 Synpcc7942 1713 A242T
1801352 Synpcc7942 1729 P169S
1833994 Synpcc7942 1766 W12C
2001411 Synpcc7942 1925 G58D
2026361 Synpcc7942 1954 H488R
2026943 Synpcc7942 1954 V294A
2041501 Synpcc7942 1971 G242R
2041732 Synpcc7942 1971 V165F
2071861 Synpcc7942 2002 W176*
2150741 Synpcc7942 2073 R71L
2151115 Synpcc7942 2073 S196G
2373132 Synpcc7942 2304 E260D
2436301 Synpcc7942 2369 A421S
2440583 Synpcc7942 2373 G264V
2530540 Synpcc7942 2452 Q113*
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Q@ @
Q @
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Table 3-1 (cont.) SNPs in legacy strains that result in mutations

0 & N

N o © AN - - < @ Y
Position s 8 % 2 3 5 8 9 E’ §
in PCC PCC 7942 Locus Mutation &, & £ o K © © O X X

o = I O O © X B
7942 O <« Q U o o o © = =

a g < o o o g 5 35
2555105 Synpcc7942 2473 (o]

2564830  Synpcc7942 2483
2607826  Synpcc7942 2526
2653430  Synpcc7942 2574
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Figure 3-6: A single SNP in rpaA causes arrhythmic gene expression and light-dark sensitivity. A)
Reconstruction of the crm1 mutant leads to arrhythmic and rhythmic populations due to the presence or
absence of the RpaA-Q121 allele, respectively. B) The conserved amino acid at position 121 of RpaA in
cyanobacteria is arginine. An RpaA-L4-Q121 suppressor mutation restores (C) LD fitness and (D) rhythmic
gene expression. Dilution series of strains were grown in constant light (LL) or in 12 hour light/dark cycles
(12:12LD) for 48 hours to assess LD fitness. Bioluminescence from strains carrying a Pkaisc-luc reporter at
NS2 was recorded as an assay for circadian rhythms of gene expression. LL, constant light after
entrainment in a 12-h light:12-h dark cycle.
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Table 3-S1: Comparison of Pangenome and NCBI Prokaryotic Genome Annotation Pipeline (PGAP)
annotations. The Pangenome annotation adds annotations previously missing from legacy strain
annotations and adjusts pseudo gene annotations to complete open reading frames. The attR sites of
prophages are annotated as tRNA genes in the PGAP annotations of PCC 7942 and UTEX 3055 and are
removed in the pangenome annotation. NCBI PGAP annotations accessed April 2021.

PCC 7942 UTEX 2973 UTEX 3055

NCBI NCBI NCBI

PGAP PanGenome PGAP PanGenome PGAP PanGenome
Genes 2758 2730 2702 2715 2807 2832
Protein
Coding 2703 2662 2645 2657 2739 2773
tRNA 45 44 44 44 46 45
rRNA 6 6 6 6 6 6
ncRNA 4 11 1 1 1
other RNA 4 4 4 4
Pseudo 7 0 6 0 12 5
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v~ | | 1

Synpcc7942_0715

Figure 3-S1: Pangenome annotation adjustments. The annotation of murZ (PCC7942_pg0745) was
adjusted in the pangenome using RNASeq/transcriptome (16) and gene essentiality (18) data. The NCBI
PGAP annotation (Synpcc7942_0715) has an annotated start after the transcript start observed in the
RNASeq data (top graph in blue). Essentiality data for PCC 7942 indicates the region between the observed
transcript start site and the PGAP annotation start is essential (blue hash box; red lines indicate Tn5
insertions in the essentiality library of PCC 7942). The pangenome annotation was adjusted to the start
codon present at the transcript and essentiality region start.
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Synechoccus elongatus PCC 11801
Synechoccus elongatus PCC 11802
Synechococcus elongatus PCC 6301
Synechococcus elongatus PCC 6311
Synechoccoccus elongatus PCC 7942
Synechococcus elongatus PCC 7943
Synechococcus elongatus UTEX 2973
Synechococcus elongatus UTEX 3055
Synechococcus sp. RCC307
Synechococcus sp. CB0101
Synechococcus sp. CB0205
Cyanobium sp. PCC 7001
Cyanobium gracile PCC 6307
Synechococcus sp. WH5701
Synechococcus sp. BL107
Synechococcus sp. CC9602
Synechococcus sp. WH8102
Synechococcus sp. WH8019
Synechococcus sp. CC9605
1 Synechococcus sp. RS9916
Synechococcus sp. RS9917
- Synechococcus sp. WH7803
Synechococcus sp. WH7805
Synechococcus sp. WH8016
Synechococcus sp. CC9311
— Prochlorococcus marinus MIT9313
Prochlorococcus marinus MIT9303
[ Prochlorococcus marinus NATL1A
Prochlorococcus marinus NATL2A
Prochlorococcus marinus MIT9202
Prochlorococcus marinus MIT9215
Prochlorococcus marinus MIT9301
Prochlorococcus marinus MIT9312
Prochlorococcus marinus MIT9515
Prochlorococcus marinus subsp. pastoris CCMP1986
Prochlorococcus marinus subsp. marinus CCMP1375
Prochlorococcus marinus MIT9211

Prochlorothrix hollandica PCC 9006

Tree scale = 0.2

Figure 3-S2: Expanded phylogenetic tree of S. elongatus strains. Phylogenetic tree of S. elongatus
strains with representative species from the Prochlorococcus and Synechococcus clade.
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UTEX 3055
SNP density/1000 bp

| * Prophage Regions

Figure 3-S3: Alignment of all S.elongatus chromosomes. Alignment representation of all UTEX 3055
and legacy strain chromosomes showing gaps, inversions, and regions of high variability in UTEX 3055
illustrated by SNP density per 1000 bp. The outer solid ring represents the chromosome alignment of UTEX
3055, the inner solid rings in progression to the center are chromosome alignments of PCC 7942, PCC
7943, PCC 6301, PCC 6311 and UTEX 2973.
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Table 3-S2: S. elongatus UTEX 3055 CRISPR spacer sequences. Direct repeat sequence of the CRISPR
array and nucleotide position and sequence of spacers in UTEX 3055 pMAS.

Direct Repeat: GTGTAATTACCCTTGATGCCATTAGGCGTTGATCAC

Position

Spacer

11101
11172
11245
11316
11388
11458
11529
11603
11673
11745
11818
11888
11959
12030
12102
12173
12244
12316

TTACCGGGTCAAGGTTTGGCGCTGGTGGATTTCCA
AGAGACATCTGGGAAGAGAACGGCTGGGACAAAAAAT
GAGAGAGACTTGCTAGAGATTGCAGATAATCTCTA
AGAGGCGGGCCACCAGGGAGGCCAGGAAGGTTAGGG
GCATTCAAGCTAGGAAAAGGCCCCCGCGTCTCAG
CTCAAGACTTGGGCAGTGGATATCGGTGGCCTTTC
GCAAACACAGGCCGTGGCCCTCGCGTGACAGTCCAGT
ACTCAACTTCTCAGTCAAACCCCTACTTTATAGGA
GGGAAGATGACATCGACATTGACGAGTTTGTCAGCC
GAACCCCTAGGACTGCGGTTTAAGCTTCTCAAGTCTC
TTCCAGGCGGTTTGTGCGGCAAGACCGGTGAGAT
TAGCCCTGCATCAGTTCCTCACCCGCAGCTAGGCC
TTATAGAAATGGTAGGCAAATCCTGCCCAAGCTAA
ACTCTCAAGACACGAGGGCCTCCTTATGGAGTTGCT
TTGTTGGGGTCTTTGGGCTTGTGCAGCCCGATCGT
ACGGAATCGCAACTATTCGGTACTAATCGCCGGTG
CCCCAGAAAAGAACACAGGGGGTCGCTCTCCCTCTG
CGCTCAATACCGGCTGCGGTTTGCGGGAAAAACTCAC
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0761

0762 0763 0764 0765 0766 0767
ORF20207
1kb

Locus

Description

Synpcc7942_0761
Synpcc7942_0762
Synpcc7942_0763
Synpcc7942_0764
ORF02027

Synpcc7942_0765
Synpcc7942_0766
Synpcc7942 0767

conserved hypothetical protein DUF2971

DUF4065 phage-associated HTH antitoxin XRE family

XRE family antitoxin, phage immunity repressor protein C
XRE family antitoxin, phage immunity repressor protein C
XRE family HTH antidote protein HigA, Cro/C1 type
tetraacyldisaccharide-1-P-4-kinase, tRNA methylation domain
Bro-N domain, phage antirepressor protein

transcription termination factor Rho

Figure 3-S4: Lytic-lysogenic switch region in PCC 7942 prophage. PCC 7942 contains a putative
Cro/C1-type lytic/lysogenic switch operon at the right side of the prophage region. The lytic repressor region
is actively transcribed in WT PCC 7942 as seen in RNASeq data (top graph).
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Table 3-S4: Toxin-Antitoxin Systems (TAS) in S. elongatus. Toxin components are underlined and
orphan genes italicized. Toxin components with alterations in UTEX 3055 are highlighted.

Pangltle)nome Description Found in
24  hypothetical protein UTEX 3055
25 hypothetical protein UTEX 3055
37 DUF86 domain-containing protein Legacy Strains
38 nucleotidyltransferase family protein Legacy Strains
52 putative transcriptional regulator UTEX 3055
53 BrnT family toxin UTEX 3055

135 SMI1-KNR4 cell-wall UTEX 3055
202 DUF4435 domain-containing protein Legacy Strains
203 AAA family ATPase Legacy Strains
300 nucleotidyl transferase All

301 DUF86 domain-containing protein All

332 addiction module component All

333 type Il toxin-antitoxin system RelE/ParE family toxin All

441 hypothetical protein All

Ribonuclease toxin, BrnT, of type Il toxin-antitoxin

442 gsystem All

533 hypothetical protein All

571 hypothetical protein UTEX 3055

572 Uncharacterized conserved protein, DUF433 family UTEX 3055

1024 Protein of unknown function DUF2281 UTEX 3055
PIN domain nuclease, a component of toxin-
1025 antitoxin system PIN domain UTEX 3055
1073 addiction module toxin HicA family Legacy Strains
1074 type Il toxin-antitoxin system HicB family antitoxin All
1443 PIN domain-containing protein All
1444 prevent-host-death family protein All
1447 toxin YoeB All
1448 antitoxin YefM All
1454 tRNAfMet-specific endonuclease VapC All
1987 hypothetical protein UTEX 3055
Uncharacterized conserved protein, contains
1988 HEPNdomain UTEX 3055
2436 Type Il toxin-antitoxin system HicA family toxin All
2443 prevent-host-death family protein UTEX 3055
toxin-antitoxin system, toxin component, Txe/YoeB
2444 family UTEX 3055
2656 addiction module antidote protein, HigA family All
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Table 3-S4 (cont.): Toxin-Antitoxin Systems (TAS) in S. elongatus.

Pangltla)nome Description Found in
2731 hypothetical protein UTEX 3055
2973 hypothetical protein All
2974 type Il toxin-antitoxin system VapC family toxin All
2995 BrnT family toxin All
2996 conserved hypothetical protein All
3023 type Il toxin-antitoxin system RelE/ParE family toxin UTEX 3055
3024 DNA-binding transcriptional regulator UTEX 3055
3045 BrnT family toxin UTEX 3055
3046 BrnA antitoxin family protein UTEX 3055

3062
3063

3079
3082
3083
3094
3100

3102

BrnT family toxin
hypothetical protein

type Il toxin-antitoxin system PemK/MazF family
toxin

HEPN domain-containing protein
nucleotidyltransferase domain-containing protein
type Il toxin-antitoxin system VapC family toxin
DUF433 domain-containing protein

type Il toxin-antitoxin system PemK/MazF family
toxin
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Table 3-S5: Isolation and sequencing history of S. elongatus strains. The table shows the documented
year of isolation, year the strain entered a culture collection, and the year the sequence was published in
GenBank. Versions of the same strain in different culture collections are highlighted. Strain designators for
culture collections: PCC = Pasteur Culture Collection, Paris, France; FACHB = Freshwater Algae Culture
Collection at the Institute for Hydrobiology, Wuhan, China; AMC = Golden Lab Strain Collection; UTEX =
Culture Collection of Algae at the University of Texas at Austin, USA.

*The sequence of AMCO6 has not been submitted to GenBank, see Table 3-1 and Supplementary File 3-
2 for differences between PCC 7942 and AMCO6.

Isolation Archive Sequence

Strain Isolation Location Year Year Submission
PCC 6301 Waller Creek, Texas, USA 1952 1963 2004 & 2021

FACHB-242 - 2020
PCC 6311 California, USA 1963 1963 2021
PCC 7942 California, USA 1973 1979 2005
AMCO06 California, USA 1988 2019*
FACHB-805 California, USA - 2020
PCC 7943 Unknown Unknown 1979 2021
FACHB-1061 China 2007 - 2020
UTEX 2973 UTEX 625 (PCC 6301) 2011 2012 2013
UTEX 3055 Waller Creek, Texas, USA 2013 2018 2018
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Figure 3-S8: Schematic of homologous recombination events in crm mutant construction.
Homologous recombination events of the WT PCC 7942 chromosome with the UGS crm:Tn5 disruption
cosmid can produce either rhythmic mutants with the crm:Tn5 insertion or arrhythmic mutants that also
include rpaA®362A,
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Figure 3-S9: Suppressor screen mutants of RpaA-121Q. The arrhythmic PCC 7942 RpaA-R121Q
CRISPR/Cpf1 edited strain DEC45 was selected for suppressors that restore LD survival (B), and strains
that emerged from this selection were screened for restoration of the rhythmic phenotype. Dilution series
of strains were grown in constant light (LL) or in 12 hour light/dark cycles (12:12LD) for 48 hours to assess
LD fitness. Bioluminescence from strains carrying a P..c-ltc reporter at NS2 was recorded as an assay for
circadian rhythms of gene expression. LL, constant light after entrainment in a 12-h light:12-h dark cycle.
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Table 3-S6: Description of second-site mutations in suppressor mutants of RpaA-Q121.

Strain Position Mutation (WT—Mutant) Annotation Gene
DEC81 1,964,584 +C labA 207 (+C) labA
DEC82 2,608,054 G—A ClpX E176K clpX
DEC83 2,608,712 G—A ClpX R395Q clpX
DEC84 93,369 G-A rpaA -30 G—A rpaA
DEC85 1,964,786 G-C LabA E125D labA
DEC86 1,964,598 T—G LabA F63V labA
DEC87 1,964,593 G—A LabA R61Q labA
DEC88 2,608,157 (GGAAGCTCAACGCGGCATCATCTACTCGA) — 2(..) clpX 629 (+20 nt) clpX
DEC89 1,219,459 +T lap 722 (+T) lap

(leucy! aminopeptidase)
DEC90 2,608,214 CoT ClpX S229L clpX
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Table 3-S7: Strains, plasmids, and primer sequences used Chapter 3.

Strain Genotype Source
AMCO06 WT S. elongatus PCC 7942 Lab collection
AMC18 WT S. elongatus PCC 6301 Lab collection
AMC2388 WT S. elongatus UTEX 3055 Lab collection
AMC2370 AMCO06 / NS1-riboB-Synpcc7942_ 0765 This work
AMC2372 AMCO06 / NS1-riboF-Synpcc7942_0765 This work
AMC2366 AMCO06 / NS1-riboB-Synpcc7942_0766 This work
AMC2368 AMCO06 / NS1-riboF-Synpcc7942_ 0766 This work
AMC2142 PCC 7942 with a 50kb deletion of the prophage (45)
AMC2301 (D1K3) AMCO6 / Aprophage::Km This work
AMC2343 AMCO06 / ADs7::Km This work
Synpcc7942_0756:Tn5 Tn521-F10 in AMCO6 This work
AMC2399 AMCO06 / ASynpcc7942_0757::Km This work
AMC2412 AMCO06 / ASynpcc7942_0759::Km This work
AMC2410 AMCO06 /ASynpcc7942_0760::Km This work
AMC2344 AMCO06 / ASynpcc7942_0761::Km This work
AMC2346 AMCO06 / ASynpcc7942 _0762::Km This work
D1K3 + Ds7 D1K3 / NS1-Pconll::Ds7 This work
D1K3 +0759-0760 D1K3 / NS1-Pconll::0759-0760 This work
UTEX3055_pg2266:Tn
5 pKMW?7 Tnb in UTEX3055_pg2266 This work
AnPT AMC2388 / AUTEX3055 pg2263-2266::Km This work
AnPT + pg_2266 AnPT / NS1-Ptrc::UTEX3055 pg2266 This work
AnPT + pg_2265-6 AnPT / NS1-Ptrc::UTEX3055_ pg2265-2266 This work
AnPT + pg_2264-6 AnPT / NS1-Ptrc::UTEX3055 pg2264-2266 This work
AnPT + pg_2263-6 AnPT / NS1-Ptrc::UTEX3055 pg2263-2266 This work

AMC541
AMC704
ArpaA
AMC2609
AMC2610
AMC2611
AMb5643
AM5644

AM5652

AM4523

AMCO06 / NS2-PkaiBC::luc

AMC541 / AkaiC

rpaA::Gm / NSll-Pxaisc::luc

rpaA(G362->A) / NS11-PkaiBC::luc
rpaA(G11->T) / NS1I-PkaiBC::luc
rpaA(G11->T; G362->A) / NS1I-PkaiBC::luc
CRISPR edited rpaA(G362->A; R121Q)
CRISPR edited rpaA(G11->T; R4L)

CRISPR edited rpaA(G362->A & G11->T; R4L & R121Q)

Deletion construct containing rpaA::Gm flanked by S.
elongatus gDNA
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Table 3-S7 (cont.): Strains, plasmids, and primer sequences used Chapter 3.

Plasmid Description Source
pAM5206 riboB-Synpcc7942_ 0765 expressed from NS1 This work
pAM5207 riboF-Synpcc7942 0765 expressed from NS1 This work
pAM5198 riboB-Synpcc7942 0766 expressed from NS1 This work
pAM5199 riboF-Synpcc7942_ 0766 expressed from NS1 This work
pAM4998 Deletion vector to replace PCC 7942 prophage with Km This work

Tagging vector to add sucrose sensitivity to NS3 within PCC
pAM5013 7942 prophage This work
pAM5113 Deletion vector to replace Ds7 with Km This work
pAM5194 Deletion vector to replace Synpcc7942 0757 with Km This work
pAM5195 Deletion vector to replace Synpcc7942_0759 with Km This work
pAM5196 Deletion vector to replace Synpcc7942 0760 with Km This work
pAM5124 Deletion vector to replace Synpcc7942 0761 with Km This work
pAM5114 Deletion vector to replace Synpcc7942_ 0762 with Km This work
pAM5259 Pconll-Ds7 expressed from NS1 This work
pAM5260 Pconll-Synpcc7942 _0759-0760 expressed from NS1 This work
pMAO4 DH5a; deltanLPS plasmid This work
pMAO06 Ptrc::UTEX3055_pg2266 expressed from NS1 This work
pMAQ7 Ptrc::UTEX3055_pg2265-2266 expressed from NS1 This work
pMAOQ8 Ptrc::UTEX3055_pg2264-2266 expressed from NS1 This work
pMAO09 Ptrc::UTEX3055_pg2263-2266 expressed from NS1 This work
pSL2680 with gRNA targetting rpaA and HDR encoding
pDE32 rpaA(G362->A; R121Q) This work
pSL2680 with gRNA targetting rpaA and HDR encoding
pDE33 rpaA(G11->T; R4L) This work
pSL2680 with gRNA targeting rpaA and HDR encoding rpaA
pDE36 (G11->T) This work
pSL2680 with gRNA targetting rpaA and HDR encoding
pDE44 rpaA(G362->A & G11->T; R4L & R121Q) This work
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Table 3-S7 (cont.): Strains, plasmids, and primer sequences used Chapter 3.

Primer Sequence Source
Phage F1 CGCAAGTTAGGCGCTGATATCAAGC This work
Phage R1 GCGATTTTGGCCCCTACGAC This work
Phage F2 GTACAACACTCACCTGGCAC This work
Phage R2 GCACAGAAATCGGCAGGCGAC This work
ARB1 GGCCACGCGTCGACTAGTACNNNNNNNNNNATGGC (18)
ARB3 GGCCACGCGTCGACTAGTACNNNNNNNNNNGATG (18)
ARB2 GGCCACGCGTCGACTAGTAC (18)
pRL27_minus1 AGGAACACTTAACGGCTGAC (18)
pRL27_IE rev1 ACTGAGAAGCCCTTAGAGCC (18)
rpaA_gRNA F AGATGCTGAACAGCTAAAGCCTGA This work
rpaA_gRNA_R AGACTCAGGCTTTAGCTGTTCAGC This work
CATTTTTTTGTCTAGCTTTAATGCGGTAGTTGGTACCGA
rpaA_HDR-UP_F GTCCTGAGCTGCTACTGCC This work
rpaA_HDR-UP_R GGTCAGGCTTTAGCTGTGCAGCTCGTTCCCGACCTGAT This work
ATCAGGTCGGGAACGAGCTGCACAGCTAAAGCCTGAC
rpaA_HDR-DWN_F C This work
GCCCGGATTACAGATCCTCTAGAGTCGACGGTACCGCC
rpaA_HDR-DWN_R ATGTCAAACTCAATCAAGCG This work
rpaA_cPCR_F GAACAGGCTGAAACGATGGC This work
rpaA cPCR R GGATTGAGTAATTTGATGGTTGACTGC This work
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CHAPTER 4: Creating an RB-TnSeq library in

Synechococcus elongatus UTEX 3055

4.1 Abstract

The essential gene set of Synechococcus elongatus has been determined from
the analysis of a randomly barcoded transposon mutant sequencing (RB-TnSeq) library
in the model strain PCC 7942. The RB-TnSeq library of PCC 7942 has been used to
estimate the fitness contributions of genes in specific environmental conditions. S.
elongatus UTEX 3055 is a recent isolate that shares 98.46% average nucleotide identity
with PCC 7942 but has unique phenotypes of phototaxis and robust biofilm formation in
laboratory conditions. The same barcoded transposon plasmid library that was used to
create the PCC 7942 RB-TnSeq library was used in a modified library building protocol
to build an RB-TnSeq library in UTEX 3055. The UTEX 3055 library was constructed in
multiple “mini-libraries” that were then pooled into a final library. This mini-library
approach was necessary because the conjugation and transposition process is 50 times
less efficient in UTEX 3055 than in PCC 7942. The library of UTEX 3055 has insertions
an average of every 205 bp across the genome, with central insertions in 71% of protein-
coding genes. The insertion density of the library is not enough to make definitive
essentiality calls, but a preliminary essentiality analysis is possible in combination with
the essentiality data of the PCC 7942. The UTEX 3055 RB-TnSeq library will be a
powerful tool to explore phenotypes that were previously unavailable to RB-TnSeq
analysis in PCC 7942. Additionally, the use of both RB-TnSeq libraries in tandem

experiments can be used to explore the fitness of the entire pangenome of S. elongatus.
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4.2 Introduction

The determination of gene sets that are essential for the survival of
microorganisms in diverse environments is useful in many different applications in
microbiology. The comparison of essential gene sets of diverse bacterial species can
illuminate basic biological functions that are necessary for cellular life (1, 2) and assist
synthetic biologists in the search for the blueprint of a minimal cell (3, 4). Essential gene
sets can be determined through a bioinformatic approach, examining conserved genes in
comparative genomic analyses (4), or through high-throughput sequencing of dense
transposon mutant libraries (TnSeq) (5). TnSeq libraries can also be used in parallel
sequencing strategies to compare the lethality of gene knockouts in different
environmental conditions, revealing not only the essential gene set of an organism but
also the fitness of genes in specific conditions. This parallel TnSeq approach has been
used to study the specific biology of a species, such as finding genes that contribute to
the virulence of pathogenic microbes (6, 7), or refining genome-scale metabolic models
(8, 9).

A refinement of TnSeq through the addition of randomized DNA barcodes to each
transposon mutant (RB-TnSeq) makes these types of parallel sequencing experiments
easier, reproducible, and cost-effective (10). With an RB-TnSeq approach, a transposon
library needs only to be constructed and characterized once to determine the insertion
sites of the barcoded transposons, and subsequent fithess assays can be assayed
through PCR amplification and sequencing of the barcodes. These libraries have been

used to connect genotype to phenotype by comparing the functional gene fitness of
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mutant phenotypes in massive RB-TnSeq experiments, and providing experimental data
to refine genome annotations for proteins of unknown functions (11).

A dense RB-TnSeq library of the model cyanobacterium Synechococcus
elongatus PCC 7942 has been used to great effect to determine its essential gene set
(12), construct a genome-scale metabolic model (9), elucidate the gene network required
for survival in light-dark cycles (13, 14), and reveal genes required for natural
transformation (15). A recent isolate of S. elongatus, UTEX 3055, shares 98.5%
nucleotide identity with PCC 7942, and although clearly the same species as PCC 7942,
has a genome with distinct differences and has phenotypes not observed in WT PCC
7942, such as phototaxis and biofilm formation in laboratory conditions (16). The
identification and characterization of a biofilming mutant of PCC 7942 show that this lab
strain is capable of forming biofilms, and supports a model of constitutive repression of
the biofilm genetic program in PCC 7942. Additionally, although PCC 7942 is not
phototactic, genetic transplantation of phototaxis pathway components from PCC 7942
to UTEX 3055 showed that those genes are functional.

These experimental data and the close genetic relationship of these strains
suggest that a comparative genome analysis approach combined with RB-TnSeq fitness
screens could shed light on the genes responsible for these phenotypes. The comparative
genome analysis of S. elongatus UTEX 3055 and PCC 7942 has been described in
Chapter 2 of this work. An RB-TnSeq library of UTEX 3055 was constructed using similar
methods as those used for the PCC 7942 library. In this chapter | describe the
characterized library of UTEX 3055 and its similarities and differences to the library of

PCC 7942.
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4.3 Results and Discussion

Library creation in S. elongatus UTEX 3055 is less efficient than in S.
elongatus PCC 7942. The same protocols used to create the dense RB-TnSeq library of
PCC 7942 (12) were used initially without modification to attempt to make a similar library
in UTEX 3055. In the PCC 7942 library construction the plating of conjugations on
nitrocellulose filters overlaid on selective media and subsequent replica-plating of the
filters on fresh plates after growth resulted in fewer Escherichia coli conjugation donor
cells carried forward in the final library. This step can help remove contaminating DNA
from (dead) donor cells when the library is sequenced. The protocols designed for PCC
7942 met with limited success with UTEX 3055, with initial library construction attempts
showing limited antibiotic selection when cells were plated on nitrocellulose filters. The
same phenotype of biofilm formation that makes UTEX 3055 an attractive candidate for
library construction may be partially responsible for this lack of antibiotic selection, but
there is also some evidence (not shown) that UTEX 3055 may have different levels of
sensitivity to kanamycin (the antibiotic used in library construction) than PCC 7942. A
more “traditional” conjugation protocol was used instead for UTEX 3055 library
construction: a conjugation reaction was made with an equal mix of donor and UTEX
3055 cells, and then plated in spots on permissive media. After 12 hours, the conjugation
reactions were resuspended and plated on selective media at a density experimentally
determined to allow for selection of transconjugants.

In addition to the weak kanamycin resistance phenotype of UTEX 3055, the
process of conjugation and transposition appears to be 50-100X less efficient in UTEX

3055 when compared to PCC 7942. The same experiment and protocol introducing the
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barcoded transposon mutagenesis plasmids into cells via conjugation produced ~1500
transconjugants per conjugation plate when PCC 7942 was the recipient cell, but only 50
transconjugants with UTEX 3055 (Fig. 4-1). A similar differential in transformation
efficiency has also been observed (data not shown). Other S. elongatus strains (PCC
6301 and UTEX 2973) are known to lack the natural transformation phenotype due to a
nonsense mutation in pilN, a component of the Type IV pilus apparatus essential for
competence in S. elongatus (15, 17). S. elongatus UTEX 3055 has a full copy of pilN, and
the differences in transformation efficiency and success introducing the library transposon
mutagenesis plasmids are likely due to other genomic differences, such as different
restriction-modification systems and the presence of a CRISPR-Cas system.

In order to make a full RB-TnSeq library in UTEX 3055, accommodations for the
low conjugation efficiency were necessary. In contrast to one large conjugation reaction
that would result in a complete library, multiple conjugation reactions were performed to
create “mini-libraries” that were frozen and archived as they were made. The mini-libraries
were simultaneously revived and grown to density and pooled together into the final
library, proportionally by the number of transconjugants present in each library at the time
of archival, and also taking into account the density of each revived culture. This final
pooled library was sequenced and archived as the complete UTEX 3055 RB-TnSeq
library.

The RB-TnSeq library of S. elongatus UTEX 3055 has useful insertion
density. The sequenced library was mapped to the genome of UTEX 3055 to determine
the barcoded transposon insertions of each mutant strain in the pooled library.

Approximately 20,100 transposon mutants were pooled to create the final library. There
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are 14,034 mutants with insertion locations mapped with at least 2 supporting sequencing
reads. The insertion locations were checked for even insertion density between both DNA
strands; the library has relatively evenly spaced insertions across the genome, with an
insertion every ~205 bp, and transposon insertions in the central portion of 71% of the
protein-coding genes (Fig. 4-2).

The essential gene set of S. elongatus UTEX 3055 is similar to that of S.
elongatus PCC 7942. The same analysis used to determine the essential gene set of
PCC 7942 through the insertion density of transposon insertions in that library was
performed on the RB-TnSeq library of UTEX 3055. Briefly, an insertion index was created
to compare the insertions across different genes by dividing the insertions in a gene by
the length of the gene. In the PCC 7942 analysis, there was a positive bias for insertion
into guanine-cytosine (GC) rich regions, and the insertion density was first normalized for
GC% bias. The PCC 7942 insertion index was also calculated using only those insertions
that mapped to the middle 80% of genes, to avoid including insertions that might be
tolerated in the extreme 10% of otherwise essential genes. Finally, the insertion index in
PCC 7942 did not include genes smaller than 70 bp, or genes that had high sequence
similarity to other genes in the genome and could not have accurately mapped barcode
insertions. The essentiality analysis of UTEX 3055 was first performed with the same
parameters as described above for the PCC 7942 library, and the essentiality
determinations for the UTEX 3055 gene set were compared to PCC 7942 essentiality.
The essentiality analysis was performed again using insertions across 100% of genes
without the GC% bias correction, but retaining the filter that excluded genes shorter than

70 bp or with high sequence similarity to other genome regions. The results of the
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essentiality analysis of the UTEX 3055 library without GC% bias correction and using all
mapped insertions showed higher agreement with the essentiality analysis of PCC 7942,
with 78% of essential and non-essential genes in PCC 7942 having the same
determination in the UTEX 3055 library.

The essentiality analysis uses the fit of a y-distribution to determine the essential
and non-essential peaks of a bimodal distribution of the insertion index. In the case of
TnSeq libraries that are not dense enough to produce this bimodal distribution, the
determinations of the essentiality analysis cannot be used confidently, and in the absence
of other data the only confident determination between groups in the analysis is that of
the presence or absence of inserts. The UTEX 3055 library is not dense enough to
produce this bimodal distribution and confidently fit a y-distribution (Fig. 4-3). However,
the essential gene set determined by the very dense PCC 7942 RB-TnSeq library can be
compared to the UTEX 3055 essentiality analysis as a measure of similarities and
differences in the essentiality of homologs of the two strains.

When the essential gene set of PCC 7942 is compared to that of UTEX 3055, there
are 109 genes that are essential in PCC 7942 that are non-essential in UTEX 3055. One
difference in the way the essentiality analysis was performed for these two libraries that
could impact this outcome is the use of all gene insertions for the essentiality analysis in
UTEX 3055, compared to the analysis in PCC 7942 only using insertions in the middle
80% of genes. When only insertions found in the middle 80% of genes in this “non-
essential/essential” gene set of UTEX 3055 are examined further, only 11 genes have
five or more central insertions (Table 4-1). One of these genes, hik34

(UTEX3055 pg1727/Synpcc7942_1517), is the sensor kinase of a two component
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system that regulates the stress response gene dnaK2, and can be deleted in PCC 7942
(18). Taking the essentiality analysis data of both PCC 7942 and UTEX 3055 as well as
this experimental data into account, it is likely that hik34 is a beneficial gene, but is not
essential to S. elongatus.

The non-essential/essential gene set also includes two genes that regulate
translation through tRNA modification (UTEX3055_pg2024 and UTEX3055_pg2630), two
genes that may regulate the translation or post-translational modifications of photosystem
proteins (UTEX3055_pg0527 and UTEX3055_pg1647), and a trigger factor with functions
as a chaperone, especially of exported proteins (UTEX3055_pg2735). For most of the
non-essential/essential categorized genes in UTEX 3055 with few transposon insertions
in the central portion of the gene, the non-essential categorization is likely due to the
limitations of the essentiality analysis method with a non-saturated RB-TnSeq library.
However, examination of enrichment of the genes in this non-essential/essential set with
the greatest number of central insertions suggests that this subset of genes may not be
essential in UTEX 3055. Approximately half of the genes in this subset code for proteins
with functions in translational or post-translational regulatory functions, suggesting that
UTEX 3055 may have alternative post-translational regulatory mechanisms.

The unique gene set of S. elongatus UTEX 3055 contains genes that may be
essential. A major motivation for the creation of an RB-TnSeq library in UTEX 3055 is to
use the library to screen for genes involved in biofilm or phototaxis phenotypes, based on
the hypothesis that genes unique to UTEX 3055 are responsible for these phenotypes.
There are 305 unique genes in UTEX 3055, of which 81 genes are possibly essential

genes as determined by the preliminary essentiality analysis or their lack of transposon
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insertion. This unique and putatively essential gene set has 21 genes found in a novel
prophage region and 10 anti-toxin components of toxin-antitoxin systems (TAS). The role
of anti-toxin components in the fitness of bacteria that harbor TAS is well known (19), and
this essentiality data can be used to refine the annotations of suspected TAS components
that are currently annotated as hypothetical proteins. The majority of the putative
essential prophage genes are annotated as hypothetical proteins and further experiments
will be necessary to determine their role in the biology of UTEX 3055 and whether they
are truly essential.

Although further experimental verification will be necessary to determine the true
essentiality of genes in the unique and putative essential genes gene set of UTEX 3055,
especially for those genes that have no transposon insertion, this gene set may point to
key biological pathways that are unique to UTEX 3055 and important for its fitness (Table
4-2). One region of interest consists of three genes (UTEX3055_pg0056-0058) that exist
in UTEX 3055 in lieu of an 11-gene region in PCC 7942. In PCC 7942, this region appears
to contain a specialized carbohydrate synthesis pathway. UTEX 3055 contains none of
these 11 genes, but the three genes it contains instead all appear to have functions
involved in cell wall or secreted glycan synthesis. These are functions that are of great
interest when searching for genetic components that would affect biofilm and phototaxis
phenotypes. Other regions of interest in this unique and potentially essential region
include gene clusters for cell wall/cell membrane components, and a heavy-metal

resistance gene cluster.
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4.4 Conclusions

The RB-TnSeq library of PCC 7942 has proven to be an invaluable tool for
interrogating the genetics of phenotypes in a cost-effective and labor-effective manner.
The power of an RB-TnSeq library is not only in the resulting analysis of an essential gene
set for an organism, but in the ability to interrogate the fitness contributions of every non-
essential gene in the genome in diverse environmental conditions. With RB-TnSeq
libraries, even slight fithess effects can be determined, allowing for the study of subtle
phenotype differences in a high-throughput manner.

The RB-TnSeq library of UTEX 3055 is a beneficiary of the great depth of
information that has been synthesized through the use of the PCC 7942 library. The
insertion density of the UTEX 3055 library is not dense enough to use the output of the
essentiality analysis without additional data. The essentiality data of the PCC 7942 library,
however, complements the essentiality analysis in UTEX 3055 and adds confidence to
the essentiality determinations. Additional examination of disagreements between the
essentiality determinations of each library indicate differences in the essential gene sets
of these two strains. In some cases these differences may indicate that the essentiality
call for the PCC 7942 library may need to be adjusted, supported by evidence in the
literature that one essential gene in PCC 7942 that is not essential in UTEX 3055 has
been successfully deleted in PCC 7942. In other cases, the differences between the
essentiality determinations of the two libraries may indicate alternate genes or pathways
in UTEX 3055 that can perform the essential functions.

The library of UTEX 3055 is dense enough to be used to screen for genes involved

in phenotypes that are difficult or impossible to assay in PCC 7942 such as biofilm
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formation and phototaxis. In PCC 7942, biofilm formation is studied in mutant strains,
adding an additional layer of complexity to planning and interpreting experiments using
the RB-TnSeq library, and PCC 7942 is not phototactic, making it impossible to screen
for genes related to this phenotype using RB-TnSeq. The two libraries can also be used
in a complimentary manner to expand the genetic network of phenotypes that we have
previously studied only in PCC 7942. We have recently used the RB-TnSeq library of
PCC 7942 to find the genes essential for natural transformation in S. elongatus. UTEX
3055 has a lower transformation efficiency than PCC 7942, but doesn’t appear to have
major differences in the known essential competence genes. A competence fitness
screen using the UTEX 3055 RB-TnSeq library, especially compared to the results of the
same screen in PCC 7942, could lead to targeted genetic adjustments in UTEX 3055 that
would improve competence in the strain and improve its genetic tractability as a model
organism.
4.5 Materials and Methods

Mini-Library Creation. Small Tn5 mutant libraries in S. elongatus UTEX 3055
were constructed in a similar manner as previously described for PCC 7942 (12). Briefly,
UTEX 3055 was grown in BG-11 medium (20) as liquid cultures with continuous shaking
(125 rpm) under continuous illumination of 100-150 ymol photons m=2 s~' from fluorescent
cool white bulbs until it reached OD750=0.9. A diaminopimelic acid (DAP) auxotrophic E.
coli donor strain carrying a library of barcoded Tn5 elements (P KMW?7) (10) was grown in
LB broth with 60 ug/mL DAP and 50 pg/mL kanamycin to an ODeo0o=1.0. Both E. coli and
S. elongatus cells were washed twice and resuspended in BG-11 supplemented with 5%

LB at a 1:1 donor cell:recipient cell ratio and spotted on BG-11 w/ 5% LB agar plates with
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60 pg/mL DAP. The conjugation reaction was performed for 12 h under 40 pmol
photons-m™2 -s™' of illumination and then resuspended in BG-11 and plated onto BG-11
Km agar plates for selection of exconjugants. After 10 d of growth under 100—-140 umol
photons':m™2 -s7', all transconjugant colonies were scraped and flushed into BG-11
medium and frozen at -80°C in 1-mL aliquots with 80 ul of DMSO.

Pooled Library Creation. Frozen mini-libraries were thawed quickly for 2 min at
37°C and then added to 100 mL of liquid BG-11 with 50 pg/mL kanamycin. Flasks were
left at low light ~40 umol photons-m= -s~" with no shaking for 24 hours, then transferred
to continuous shaking (125 rpm) under continuous illumination of 100-150 pymol photons
m™2 s~ for 4 days. Libraries were pooled together based on the proportion of
transconjugants present in the mini-library and normalized by the density of the culture
as measured by ODr7s0. The pooled library was centrifuged and concentrated 20X and
frozen at -80°C in 1-mL aliquots with 80 ul of DMSO. A sample was set aside and
frozen for DNA sequencing.

Library sequencing. An lllumina-compatible sequencing library as described
previously (10) with some modifications (21) was used to determine transposon insertion
sites and link them to the random DNA barcodes. Briefly, genomic DNA was extracted by
phenol-chloroform extraction (22), and library prep was conducted by the standard 2100
ng protocol from the NEBNext Ultra II FS DNA Library Prep Kit for lllumina (NEB) with
500 ng of DNA and a 7 min fragmentation incubation. For adaptor ligation, a custom
splinklerette adaptor was used to decrease non-specific amplification (Table 4-3) (23, 24).
For size selection, 0.15X (by volume) NEBNext Sample Purification Beads (NEB) were

used for the first and second bead selection steps. After digestion with BsrBI (NEB), the
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DNA was purified using 1X AMPure XP beads (Beckman Coulter) in preparation for PCR
enrichment where the transposon junction was amplified by nested PCR. The NEBNext
Ultra Il FS DNA Library Prep Kit for lllumina (NEB) PCR protocol was used, with custom
primers specific to the transposon and the adaptor and a run of 30 cycles for the first PCR
step (Table 2). The first PCR was purified with a 0.7X size selection using
NEBNextSample Purification and eluted in 15 pl for the second PCR. The second PCR
was purified with 0.7x size selection and the final library was eluted in 30 pl. Samples
were quality-controlled and multiplexed using 1X HS dsDNA Qubit (Thermo Fisher) for
total sample quantification, and Bioanalyzer DNA 12000 chip (Agilent) for sizing. Samples
were sequenced by Novogene on the Novaseq platform.

Essentiality Analysis. Gene essentiality was determined by a previously
described method (12); briefly, a normalized insertion index of the mapped transposon
insertions of the library was created and statistically analyzed for genes with
underrepresentation of insertions. The pangenome annotation of UTEX 3055 was used
for mapping the transposon insertion sites. Genes from shorter than 70 bp, or previously
identified as nearly identical to other parts of the genome, were removed from the
analysis. For the remaining genes, the insertions per gene were divided by the length of
the gene to calculate insertion density. Finally, a preliminary essentiality measure was
determined using an approach described previously (7). Briefly, y-distributions were fit to
the essential and nonessential peaks in the 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. Scripts were adapted from the Bio::Tradis pipeline
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(github.com/sanger-pathogens/Bio-Tradis) (23). Because the insertion index does not fit
a y-distribution, the essential/non-essential determination from this analysis cannot be
used confidently without additional data. The essentiality determination of the UTEX 3055
library was compared to the essentiality of the PCC 7942 library for shared homologs.
PaperBLAST (25) was used to find additional functional information for genes.
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PCC 7942 UTEX 3055

Figure 4-1: Conjugation of S. elongatus PCC 7942 and UTEX 3055. Conjugation with E. coli donor strain
containing the barcoded transposon mutant plasmid library. The same growth conditions for both
cyanobacterial strains, same donor strain, same donor:recipient ratio for conjugation reactions results in
dramatically fewer numbers of conjugants in UTEX 3055.
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Figure 4-2: Map of UTEX 3055 RB-TnSeq insertions. The RB-TnSeq library of UTEX 3055 has even
transposon insertions across the chromosome in both DNA strands (outer graph; light green and dark
green graph). The genes determined to be essential in UTEX 3055 (middle ring; dark purple) agree in
most cases with the genes that are essential in PCC 7942 (outer ring; pink). Those genes with no
transposon insertions in UTEX 3055 are shown in the inner ring (light purple).
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and non-essential genes. Instead, the clear distinction can be seen between genes with no insertions and
genes with one or more insertions.

141



(0[]

sauoladeyo ‘Jaaouln)

8 ulajoid ‘uoiedlIPoOW [BUOIB|SURIISOd ‘O by -101084 10661 GE226d GG0EXILN
ool sisauaboiq vpib ‘owAzus uonesiyipow 6d—
s pue ainjonyis |lewosoqu ‘uonesuel] ‘¢ JAylswoulwelAyswAXoqIeo-G aulpLn YNY} 0€9¢bd G50eX3LN
66 ) _
S sisauaboiq adojoaus/aueiquiawyjiem |80 ‘N ugjoud [eonayjodAy  zerzbd g50eX3LN
26 sisausbolg aseyjuAs ajejAuspejfoweqieolAuoaly}- B6d™
9 PUE 9IN}oNJ1s [BWOSOqH ‘Uone[suel | ‘r u 1ejAuspe| qJe9| U1 ¢0chd GG0eX3LlN
ool S swisiueyoaw uononpsuel) [eubis ‘1 aseup| auipisiy  2zZ1Lbd ggoex3aln
0oL 9 SOQD UIION A 26014NQ uonouny umouun jo udjold  L$91LBd ggoex3LN
. 9 SO0 UIION ‘A ®jeydsoydoiAd suiwely) Buipuig youmsoqu  0zzlBd g50ex3Ln
ool 6l wsijogelaw pue uodsuel} awAzuso) ‘H 2Iy; ‘eseyjuAs suipiwnAdiAyiswAxoipAy  gLz1LBd gs0exX3LN
001 sauoladeyo ‘Janoulny . _
] UI9101d ‘UONEOIPOW [BUONEISUBMSOY ‘O gdjo ‘z-asepndad Buissasoud [euiwis})  2z60bd g50eX3LN
66 _
Q sisauaboiq adojaaus/auriquiBw/|lEM 8D ‘IN aselawids sebns-ajeydsoydip-apisosonN  #z2z0bd ssoeX3ln
66 / wsijogelaw pue uodsued; uoi oluebiou] id JIs ‘eseyonpal ayyns  zzoobd ssoex3ln
sploe oujwie  suol}asul .
[e2RUSpI 9, cuyl uonduosaq {Aiobajen 909 uonduosag auan sN207

276/, DDd Ul Bojowoy s auab ay} yym paleys spioe ouiwe |[eanuspl jo abejusolad
ay) pue Alelqi bagu]-gy SS0€ XILN 84} Ul suab jey) Ul SUOILISSUI JO JaquiNU 3y} YIM ‘Mojaq a|ge) 8y} Ul paquosap ale auab ayy jo uoniod |esjusd
BU} UI SUOoIlasUl G Uey) alow yum sauab usAg|g "GG0E X3 LN Ul [enuassa jou aJte Aay) 1ey) bunsabbns ‘sbojowoy G50€ XJ LN Y} Jo uoniod |enuad
BU} Ul SUoIasUl 8ABY 26/ DDd Ul [elluasse ale jey) sauab awos g6l DDd Ul [eljuassa aJe Jey} sauab GGo¢ XJLN [eluUassa-uoN : - ajgel

142



Table 4-2: UTEX 3055 unique and putative essential genes. Unique genes in UTEX 3055 that have
putative essentiality, either by preliminary essentiality analysis or by the lack of transposon insert. Gene

clusters with functions of interest, as determined by bioinformatic analysis, are highlighted.

Putative Gene

Locus Description Essentiality Cluster Function
UTEX3055_pg0037 hypothetical protein essential
UTEX3055 pg0056 hypothetical protein no insert
UTEX3055_pgoos7  Class | SAM-dependent essential  Glycan biosynthesis
methyltransferase
UTEX3055_pg0058 glycosyltransferase family 2 protein no insert
UTEX3055_pg0100 hypothetical protein no insert
UTEX3055_pg0102 hypothetical protein essential
O-acetyl-ADP-ribose deacetylase
UTEX3055_pg0182 regulator of RNase lll, contains Macro essential
domain
UTEX3055 pg0801 hypothetical protein essential
UTEX3055_pg0802 hypothetical protein no insert
UTEX3055 pg0929 hypothetical protein no insert
UTEX3055 pg0963 hypothetical protein no insert
UTEX3055_pg1020 hypothetical protein essential
UTEX3055 pg1147 Protein of unknown function DUF1524 essential
UTEX3055 pg1241 hypothetical protein essential
UTEX3055 pg1294 Phage integrase family protein essential
UTEX3055_pg1295 (I:?Oer:]stg(i)r:}rs]g Lerg;g?r:or receiver domain no insert Orpf;zg urlzstg;)nse
UTEX3055 pg1296 hypothetical protein no insert
UTEX3055_pg1681  hypothetical protein no insert
UTEX3055 pg1682 hypothetical protein no insert
UTEX3055_pg1804 T50rf172 domain-containing protein essential
UTEX3055_pg1857 hypothetical protein no insert
UTEX3055 pg1859 hypothetical protein no insert
UTEX3055_pg2116 tellurium resistance protein TerD no insert
UTEX3055_pg2264 hypothetical protein no insert
UTEX3055 pg2309 hypothetical protein essential
UTEX3055_pg2310 hypothetical protein no insert
UTEX3055_pg2315 hypothetical protein no insert
UTEX3055 pg2317 Ubiquinone biosynthesis protein Cog4 no insert
UTEX3055_pg2319 transcriptional regulator, TetR family essential
Uncharacterized membrane protein
UTEX3055_pg2473 YeaQ/YmgE, transglycosylase- essential
associated protein family
Peptidoglycan/xylan/chitin deacetylase, : Cell w_all/mem_brane
UTEX3055_pg2474 PgdA/CDA1 family no insert biogenesis
UTEX3055_pg2475 hypothetical protein essential
UTEX3055 pg2476 hypothetical protein essential
UTEX3055 pg2479 hypothetical protein essential
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Table 4-2 (cont.): UTEX 3055 unique and putative essential genes.

Locus

Description

Essentiality

Putative Gene
Cluster Function

UTEX3055_pg2687

UTEX3055_pg2688

UTEX3055_pgB028
UTEX3055_pgB030
UTEX3055_pgB042

UTEX3055_pgB044

UTEX3055_pgB045
UTEX3055_pgB048
UTEX3055_pgB059
UTEX3055_pgB064
UTEX3055_pgB066
UTEX3055_pgB076

UTEX3055_pgB077

UTEX3055_pgB079
UTEX3055_pgB083

UTEX3055_pgD011

peptide/nickel transport system
permease protein

Uncharacterized conserved protein,
contains HEPNdomain

hypothetical protein

DUF3854 domain-containing protein
ABC transporter permease subunit

methyltransferase domain-containing
protein

monooxygenase
hypothetical protein

hypothetical protein
recombinase family protein
hypothetical protein

metal ABC transporter permease

metal ABC transporter ATP-binding
protein

cadmium-translocating P-type ATPase
DUF2513 domain-containing protein

translesion error-prone DNA
polymerase V autoproteolytic subunit

no insert

no insert

essential
essential
no insert

no insert

essential
essential
no insert
no insert
essential
no insert

essential

essential
essential

no insert

Heavy metal
resistance
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CHAPTER 5: Using Interaction RB-TnSeq to understand the
genetic model of biofilm formation in S. elongatus

5.1 Abstract

Cyanobacterial biofilms are not only important as critical components of ecological
habitats, but also have applications in wastewater treatment systems, bioremediation
efforts, and prevention of biofouling. Despite the importance and promise of these
microbial communities, most biofilm research is performed in heterotrophic bacterial
species, and much less is known about the regulation and mechanisms of biofilm
formation in cyanobacteria. The model cyanobacterium Synechococcus elongatus PCC
7942 is planktonic in lab conditions, but studies of biofilming mutants of the strain support
a model of constitutive repression of biofilms in the lab and suggest that additional
components of the biofilm genetic network can be found using this strain. An adaptation
of the application of randomly barcoded transposon sequencing (RB-TnSeq) that
introduces a known secondary mutation to the library to find gene interactions was used
to expand the genetic network of biofilm formation in PCC 7942. An interaction RB-TnSeq
(IRBSeq) screen adding a known insertion knockout mutation in pilB that causes biofilm
formation in PCC 7942, found 197 synthetic gene interactions. Fitness estimate analysis
of these interactions in the biofilm found the majority of Type IV pilus (T4P) components
are necessary for biofilm formation and some metabolic changes that may promote
survival in the biofilm. Genes whose products interact with second messenger signaling
molecules were also scored as hits in the fithess analysis, and further exploration of these

genes may expand our current model of the regulation of biofilm formation in PCC 7942.
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5.2 Introduction

In liquid culture, Synechococcus elongatus PCC 7942 grows as a planktonic
suspension with WT cells remaining buoyant in the absence of shaking or agitation of
culture flasks. The mechanism of cellular suspension is not known in this strain, but may
be related to pili, as the cells of non-piliated mutant strains show fast sedimentation rates
compared to WT cells (1). A transposon insertion mutant of PilB in PCC 7942 forms
biofilms, and experiments using the conditioned medium with this mutant support a model
of constitutive repression of biofilm formation in PCC 7942 (2, 3). In this model, an
unknown small molecule(s) secreted by WT PCC 7942 through the Type Il secretion
system represses the expression of small peptides that enable biofilm formation (Fig. 5-
1). PilB is a component of the Type IV pilus (T4P) machinery, which is homologous with
Type |l secretion systems (T2SS), both of which push proteins through channels in the
outer membrane (4). As would be expected for the disruption of both T4P and T2SS, the
pilB mutant is non-piliated and has an altered protein secretion profile (1). Other biofilming
mutants of PCC 7942 that have been found share a common theme of disruption of the
T4P/T2SS (Table 5-1) and appear to act in the same pathway of constitutive repression
of biofilm formation (Fig. 5-1).

A randomly-barcoded transposon insertion sequencing (RB-TnSeq) library in PCC
7942 has been used previously to determine the essential gene set of the organism (5)
and for screening experiments to determine genes that contribute to various phenotypes,
such as natural competence (6) and survival in light-dark cycles (7). In these screening
experiments, the RB-TnSeq library is grown in a control and an experimental condition,

sequenced, and the frequencies of previously mapped barcoded insertions are
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determined from the sequencing data. The barcode frequencies are a measurement of
the abundance of mutant strains from the library in that environmental condition, and the
comparison of these frequencies between the control and experimental conditions
determine mutant strains that are overrepresented or underrepresented in the
experimental condition, providing an estimate of the fitness contribution of each gene in
that condition.

Because PCC 7942 constitutively represses biofilm formation, an adaptation of the
RB-TnSeq method was used to screen for genes that contribute to the biofilm phenotype
by first introducing a mutation that imposes biofilm proficiency to the entire library.
Interaction RB-TnSeq, or IRB-Seq, measures the effects of a genetic perturbation in the
library in addition to the effect of the environmental condition. IRB-Seq is accomplished
by using the natural competence of PCC 7942 to introduce a known mutation to all
mutants of the library, creating a synthetic interaction library in which each mutant strain
contains a known mutation in addition to the library transposon insertion. The first stage
of IRB-Seq, the interaction screen, measures the fithess effect of synthetic interactions,
while the second stage of IRB-Seq, the sensitized interaction screen, incorporates the
effect of an experimental condition to determine a fithess estimate for synthetic
interactions in the experimental condition.

For this study, the pilB mutation was added to the library in an IRB-Seq experiment
to promote biofilm formation, with subsequent screening for additional genes in the
network that affects biofilm formation in PCC 7942. The IRB-Seq analysis found that most
components of the Type 4 pilus and genes that are essential for transformation in PCC

7942 are also necessary for biofilm formation. Genes associated with the metabolic state
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of the cell, such as those associated with biosynthetic pathways, nutrient uptake
mechanisms, or energy production, had altered fitness in the biofilm. The IRB-Seq screen
also found two genes that regulate the cellular second messengers cyclic-AMP (cAMP)
and cyclic-di-GMP (c-di-GMP) which previously had not been associated with biofilm
regulation in PCC 7942.

5.3 Results and Discussion

A pilB IRB-Seq library in S. elongatus PCC 7942 screens for interactions in
the biofilm pathway. A screen using an RB-TnSeq library can examine the fitness effects
genes have on the reproduction of the cell in a specific environmental condition by
comparing the relative frequency of each transposon insertion mutant in the library
between a control condition and the experimental condition. With IRB-Seq, in addition to
the measurement of the environmental perturbation of the library, a known genetic
perturbation is added, and the fitness analysis measures the combined effect of these
perturbations to find synthetic interactions. S. elongatus PCC 7942 constitutively
represses biofilm formation by secreting a suppressor molecule(s) into the surrounding
medium. This suppression phenotype complicates the use of the RB-TnSeq library for
biofilm fitness screens in PCC 7942, but an IRB-Seq approach can take advantage of the
known biofilm phenotype and genetic model of the pilB mutation.

For the first stage of IRB-Seq, the RB-TnSeq library was revived and initial TO
reference samples were archived. The TO sample is the reference for the first stage
comparison, the interaction screen (Fig. 5-2A). The library was split, and one portion was
transformed with a pilB mutation plasmid and the second with a control plasmid. The

library mutants contain a kanamycin-resistance cassette in the transposon insertion,
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so pilB and control plasmids were chosen that carry a gentamicin-resistance cassette,
and library transformants were selected with both kanamycin and gentamicin to maintain
the diversity of the library. The control plasmid transformation identifies mutants that are
incapable of transformation or are affected by the transformation protocol. The
transformants from the separate transformation reactions were collected and pooled, and
Ta reference samples were archived. The Ta samples are the reference for the second
comparison, the experimental interaction screen (Fig. 5-2B). The individual
transformation libraries were used to inoculate flasks at a high density to promote biofilm
formation, as the pilB biofilm phenotype develops during stationary phase growth. After 4
days in low light with no agitation, the flasks were separated into different fractions: cells
in planktonic growth, cells that settled but were not incorporated into the biofilm, and the
biofilm (Fig. 5-3). Analysis of the experimental interaction screen was done in pairwise
fashion, comparing the planktonic fraction to either the biofilm or settled fraction to
determine the fitness effect of gene interactions with pilB.

The synthetic interactions of pilB are alleviating interactions. The interaction
analysis of pilB was filtered for genes with a false discovery rate (FDR, linear mixed-
effects model) <0.01 and a fitness estimate > |1|. There were no genes with negative
fitness estimates that would indicate aggravating or synthetic lethal gene interactions, but
65 genes with positive fitness estimates indicating alleviating interactions were present
(Table 5-2). It isn’t surprising that no synthetic lethal interactions with pilB were observed,
as mutations of the T4P apparatus are not uncommon in S. elongatus, including a
mutation of PilN that renders several strains non-transformable (8). One third of the

alleviating interactions are either core components of the T4P apparatus or members of
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the known set of genes required for competence in PCC 7942 (6). These competence
genes appear in the interaction screen because they are depleted in both samples as a
result of failing gentamicin selection. When the two sets are compared, any variation in
the low frequency of barcodes associated with these genes in the pilB transformation
relative to the control will cause a significant fithess estimate in the analysis. Additionally,
synthetic alleviating interactions can indicate genes that are in the same pathway or are
part of the same functional unit, as once the pathway has been rendered non-functional
by one mutation, additional perturbations of the pathway will not have a fitness cost (9).
Specifically, once the T4P has been rendered non-functional by the pilB mutation,
additional mutations in components of the T4P machinery do not have an additional cost.
Nine genes with transcriptional regulation or signal transduction functions also have
alleviating interactions with pilB. Two of these genes encode CP12 proteins, which are
theorized to be components of redox-mediated metabolic switches in cyanobacteria (10).
A histidine kinase gene in this group of alleviating interactions has been previously
observed to have co-fitness with T4P component genes in PCC 7942 in multiple fitness
screens (11). These alleviating interactions with signal transduction or transcriptional
regulation functions are targets that can expand the present model of the regulation of
biofilm formation in S. elongatus to include the integration of a signaling pathway beyond
the current model.

Fitness in the biofilm. The experimental interaction screen analysis revealed 131
genes with a significant (FDR > 0.01) fitness effect greater than |0.5] in the settled or
biofilm fractions of the pilB interaction library (Fig. 5-4). The biofilm interaction screen

analysis assesses the fitness effect of synthetic interactions on a mutant’s presence in
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the biofilm or in the settled fraction of the culture. In the case of the pilB IRB-Seq library,
however, not all fitness estimates in the biofilm screen must be interpreted as gene
interactions. This is partly due to the fact that the pilB mutation does not have a large
fitness cost to cells, and also because the pilB mutant has a dramatically different
secretion profile that promotes biofilm formation (12). The exoproteome of the pilB mutant
has been shown to promote biofilm formation even in WT PCC 7942 cells that are capable
of producing the repressor of biofilm formation. In this background and culture milieu, the
interaction fitness effect of genes in biofilm and settled cell fractions do not have to be
considered strictly as interaction mutants, and can also be considered on their own merit
for their roles in the regulation of biofilm formation.

A gene set enrichment analysis based on categories for T4P machinery,
competence, the biofilm pathway of PCC 7942, and COGs was performed on the sets of
genes that had significant positive or negative interaction fitness effects in the biofilm
interaction screen. The categories of T4P, competence, biofilm genes and motility or
secretion COGs were enriched in the negative interaction gene sets (Fig. 5-5). The set of
competence genes have significant fitness estimates in the biofilm experiment
comparison due to their appearance at low but significant frequency in the interaction
screen. Two proteins that are known to work in the same pathway of biofilm regulation as
the pilB mutant and interact physically with PilB, EbsA and hfq, also have negative fitness
in the interaction screen, as would be expected for interactions in the same pathway or
function (12).

Many of the same mutants have negative fithess estimates in both biofilm and

settled fractions, but the settled fraction contains some mutants that score with negative
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fithess estimates that do not have negative fitness in the biofilm fraction. There are no
genes with a positive fithess estimate in the settled fraction that do not also have a positive
fitness effect in the biofilm fraction. This pattern may indicate that the genes with negative
fitness effects only in the settled fraction are necessary in specific stages of biofilm
formation, as strains that become easily incorporated into the biofilm once they are no
longer part of the planktonic fraction. An operon that synthesizes O-antigen in PCC 7942
has negative fitness in the settled fraction (13, 14). The previous work in PCC 7942 on
the genes in this operon showed that mutations in these genes lead cells to autoflocculate
and settle in flasks. It is likely that mutations in these genes allow cells to be easily
incorporated into the biofilm, and their quick settling phenotype would have made them
early components of the biofilm.

The gene set with positive fithess effects in the biofilm fraction include genes that
regulate the second messengers cyclic-AMP (cAMP) and cyclic-di-GMP (c-di-GMP). The
regulation of c-di-GMP levels in the cell is a canonical pathway for regulating the lifestyle
switch between a sessile, biofilm lifestyle and a motile or planktonic lifestyle.
Synpcc7942_ 1716 contains a phosphodiesterase domain to break down c-di-GMP, and
no apparent regulatory region. | hypothesize that the knockout of this phosphodiesterase
may allow c-di-GMP to rise in PCC 7942 to a level that promotes biofilm formation.
Similarly, another gene with a positive fitness effect in the biofilm fraction is a cAMP
receptor protein (crp). Previous literature did not find this protein in PCC 7942 and
hypothesized that it had been lost as the result of adaptation to new environments, as
Crps in other cyanobacteria are transcriptional regulators that impact diverse responses

such as energy and motility (15-17).
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5.4 Conclusions

An IRB-Seq approach was used to find the fitness contributions of genes to biofilm
formation in PCC 7942. By adding the pilB mutation to the RB-TnSeq library of PCC 7942,
the repression of biofilm formation was abolished and the fithess contributions of genes
to the biofilm phenotype of PCC 7942 could be determined. Many genes that have already
been shown to have functions in T4P or competence were found to have negative fitness
in the biofilm, which supports previous knowledge that T4P provide an advantage in
biofilm formation in other bacteria, even as they are dispensable for biofilm formation in
PCC 7942 (1). Importantly, the screen identified genes that can be investigated further to
expand the current model of biofilm formation in S. elongatus beyond the pathway
controlled by constitutive repression, such as transcriptional regulators and genes
involved in the metabolism of the second messengers cAMP and c-di-GMP.
5.5 Materials and Methods

IRB-Seq Screen and Sequencing. An IRB-Seq library was constructed and
analyzed as previously described (18). Briefly, an aliquot of the RB-TnSeq library of PCC
7942 was thawed and grown as previously described (5). Four samples were taken for
the TO time point and pelleted and frozen at -80°C, then the library was split and
transformed in triplicate reactions with standard transformation protocols (19) using a
knockout mutation plasmid to create the pilB insertion knockout mutation (2) with
gentamicin resistance (AM5369) and separately a Neutral Site | control mutation plasmid
with gentamicin resistance (AM5610). After 4 days of growth in 140 ymol photons m™2 s™!
under kanamycin (for library selection) and gentamicin (for interaction mutation selection)

transformants for each transformation reaction were harvested and pooled. One sample
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from each tube was pelleted and frozen at -80°C to serve as the post-selection sample
for the interaction screen analysis and the TO (Ta) sample for the sensitized interaction
screen analysis. The harvested transformation plates were used as inocula for the biofilm
interaction screen. Flasks containing 50 ml BG-11 were inoculated at a density of ODz7s0
= 0.5 and placed in ~40 ymol photons m=2 s ~' without shaking for 4 days until visible
biofilms had formed. Planktonic cells were harvested from each flask by drawing off all
but 2 mL of culture. Settled cells were harvested by the gentle addition of 3 mL of fresh
BG-11 and swirling the flasks for 5 seconds before drawing off the media and cells. The
biofilm fraction was harvested by adding 5 mL of BG-11 medium and pipetting and
scraping all biofilm cells off of the walls and bottom of the flasks. All fractions were pelleted
and frozen at -80°C. The genomic DNA of all frozen archived samples was extracted
using a phenol-chloroform protocol (19), and the barcoded mutant frequencies in each
sample were quantified using the previously described BarSeq protocol (20).

IRB-Seq Analysis. The interaction screen and biofilm interaction screen analysis
was performed as described previously (18). Briefly, to identify genetic interactions, the
frequency of library constituents in the pilB mutation experiment was compared to the
frequency of library constituents in the control mutation experiments to determine the
interaction effects of the pilB mutation. The control mutation background was considered
to be the control condition, and the pilB mutation background the experimental. For the
biofilm screen, pairwise analyses were performed, with the second partner of the pair
considered to be the sensitizing condition: Planktonic vs. Biofilm, Planktonic vs.
Suspended, Suspended vs. Biofilm. A FDR <0.01 was used as a cutoff for candidates;

no fitness estimate cutoff was used.
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Gene Set Enrichment Analysis. Categorical meta-data for genes from multiple
sources were curated for all genes in the PCC 7942 pangenome, such as: essentiality
and conservation data (5), functional categories (COGs) determined in the pangenome
analysis (see Chapter 2), pili and competence genes (6), and known biofilm genes (1-3,
12, 21). The IRB-Seq gene sets with significant positive or negative enrichment in biofilm
or settled fractions were identified, and significant enrichments in the identified meta-data
categories were determined using custom R scripts. Briefly, enrichment values were
determined using two-sided Fisher’s exact tests, with FDR-adjusted p-values < 0.05 being
designated as significant. Fold enrichment (F) was calculated as the number of genes in
the IRB-Seq interest group that are also in the meta-data category (Ngc) divided by the
number of genes expected in the group and category (Egc). This expected number was
calculated by multiplying the number of total genes in the IRB-Seq interest group (Ng) by
the frequency of all genes in the genome that are found in the meta-data category (fc),
which was determined as the number of genes in the category (N¢) divided by the number
of genes in the genome (N).

F = Ngc/Ege; Ege = Ng * fc; fo = No/N
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Biofilm

Figure 5-3: Representative biofilm IRB-Seq experiment flasks. Flasks of pilB and confrol-r‘hutation
cultures before the planktonic cells are removed, the settled fraction of the culture, and the biofilm fraction

of the culture.
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Figure 5-5: Gene set enrichment analysis for IRB-Seq biofilm experiment. Plots showing enriched
categories in the gene sets with significant (FDR < 0.01) positive and negative fitness estimates in either
the biofilm or settled fractions.
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CHAPTER 6: Conclusions

This work expanded the tools and information available to study complex
phenotypes in Synechococcus elongatus, particularly phenotypes of phototaxis and
biofilm formation. This was first accomplished through the development of S. elongatus
UTEX 3055 as a model organism for phototaxis and biofilm research. The sequencing
and annotation of the genome of this recent and novel isolate of S. elongatus led to the
determination of an operon essential for phototaxis and made additional genome
comparison analysis possible.

A comprehensive comparative genomics analysis in this work was the scaffold that
supported the multiple discoveries in diverse topics relating to the biology of S. elongatus.
Perhaps the finding with the potential for the largest impact in the cyanobacterial research
community is the correction of the type strain PCC 6301 genome sequence, bringing it
closer to the sequences of the legacy strains, specifically to UTEX 2793 that is
presumably derived from it. The analysis also led to a pangenome analysis and
annotation, making any future comparative analysis using S. elongatus strain data easier
by standardizing and collating available annotations and metadata. The main proposed
use of the comparative genome analysis, to use it to find specific loci or nucleotide
changes that explain complex phenotypes, was a success. The analysis identified specific
loci that explain a difference in pigmentation and phototaxis phenotypes between UTEX
3055 and other legacy S. elongatus strains as well as showing that the patterns of shared
and unique SNPs and genes between UTEX 3055 and the legacy strains are compatible

with a domestication hypothesis. The genomic analysis also helped explain a confusing
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allele present in PCC 7942 that is neither WT nor a sequencing error, but derives from a
rare mutant clone used for the published reference sequence for PCC 7942.

The RB-TnSeq library of PCC 7942 has proven to be an invaluable tool for
interrogating the genetics of phenotypes in a cost-effective and labor-effective manner,
and as part of this work | developed a complementary library in UTEX 3055 that is a
beneficiary of the great depth of information that has been synthesized through the use
of the PCC 7942 library. The library of UTEX 3055 is dense enough to be used to screen
for genes involved in phenotypes that are difficult or impossible to assay in PCC 7942
such as biofilm formation and phototaxis, and can be used in tandem with the PCC 7942
library to interrogate fitness effects across the entire S. elongatus pangenome.
Experiments that mix the two libraries are also possible, because the unique barcode of
each insertion is assigned to its respective genome. Such experiments will enable
questions to be addressed related to the fithess contributions of unique portions of UTEX
3055, such as CRISPR and toxin-antitoxin systems, when presented with complex
microbial assemblages such as water from Waller Creek.

In addition to genome comparison analysis and the creation of an RB-TnSeq
library in UTEX 3055, an IRB-Seq approach in the PCC 7942 library was used to find
additional genes in the biofilm formation pathway of PCC 7942. The analysis of this IRB-
Seq experiment identified genes that can be investigated further to expand the current
model of biofilm formation in S. elongatus beyond the pathway controlled by constitutive
repression, such as transcriptional regulators and genes involved in the metabolism of

the second messengers cAMP and c-di-GMP.
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The combined approach of using comprehensive comparative genome analysis
and deep mutant screens to interrogate complex phenotypes in S. elongatus not only
bears fruit in revealing targets for exploring phototaxis and biofilm formation, but also
provides tools for future researchers to use and build upon, such as an RB-TnSeq library
in UTEX 3055, new sequence data for model strains, improved annotation and organism

metadata, and a pangenome of S. elongatus.
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