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In natural and artificial aquatic environments, population structures and dynamics of photosynthetic microbes are heavily influ-
enced by the grazing activity of protistan predators. Understanding the molecular factors that affect predation is critical for con-
trolling toxic cyanobacterial blooms and maintaining cyanobacterial biomass production ponds for generating biofuels and
other bioproducts. We previously demonstrated that impairment of the synthesis or transport of the O-antigen component of
lipopolysaccharide (LPS) enables resistance to amoebal grazing in the model predator-prey system consisting of the heterolo-
bosean amoeba HGG1 and the cyanobacterium Synechococcus elongatus PCC 7942 (R. S. Simkovsky et al., Proc Natl Acad Sci
US A 109:16678-16683, 2012, http://dx.doi.org/10.1073/pnas.1214904109). In this study, we used this model system to identify
additional gene products involved in the synthesis of O antigen, the ligation of O antigen to the lipid A-core conjugated molecule
(including a novel ligase gene), the generation of GDP-fucose, and the incorporation of sugars into the lipid A core oligosaccha-
ride of S. elongatus. Knockout of any of these genes enables resistance to HGG1, and of these, only disruption of the genes in-
volved in synthesis or incorporation of GDP-fucose into the lipid A-core molecule impairs growth. Because these LPS synthesis
genes are well conserved across the diverse range of cyanobacteria, they enable a broader understanding of the structure and
synthesis of cyanobacterial LPS and represent mutational targets for generating resistance to amoebal grazers in novel biomass

production strains.

ipopolysaccharide (LPS) serves as a critical interface between a

Gram-negative bacterium’s internal physiology and its abiotic
and biotic environments, protecting the cell from specific antimi-
crobials, evading the innate immune and complement systems,
enabling symbiosis with eukaryotic hosts, acting as a recognition
factor for phage infection, and protecting bacteria against diges-
tion by predatory amoebae (1-5). Alterations to any of the three
primary components of the LPS structure (the endotoxin lipid A,
the core oligosaccharide, or the O-antigen polysaccharide),
through changes in sugar content or sequence, acylation, phos-
phorylation, or other molecular modifications, can alter these in-
teractions, modulate the toxicity of the endotoxin, or prevent cel-
lular behaviors such as motility (6, 7).

While much is known about the structure and synthesis of LPS
in enteric and pathogenic proteobacteria, little is known about
either aspect of LPS in photosynthetic cyanobacteria and how the
cyanobacterial LPS affects interactions with the environment (8—
11). To date, only three cyanobacterial LPS structures have been
reported: the partial structural determination of the filamentous
freshwater cyanobacterium Oscillatoria planktothrix LPS (12) and
the complete structural determination of the LPSs of the unicel-
lular marine Synechococcus strains WH8102 and CC9311 (9). Be-
yond these structures, the remaining current body of knowledge
concerning cyanobacterial LPS structure is derived from sugar
and lipid composition studies. These structural and composi-
tional studies highlight a few key differences between enteric and
cyanobacterial LPSs: (i) many cyanobacterial LPSs completely
lack or contain only trace amounts of 3-deoxy-D-manno-oct-2-
ulosonic acid (KDO), which is ubiquitous in enteric Gram-nega-
tive bacteria; (ii) heptoses are almost universally absent from cya-
nobacterial LPS; and (iii) some cyanobacterial LPSs contain no
phosphates, whereas others have variable amounts of phosphate
(9, 10, 12-16). Due to the lack of acid-labile KDO in many cyano-
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bacterial species (10), in only a few of the compositional studies
was the LPS molecule able to be degraded and a purified fraction,
such as the O antigen, characterized for composition. For exam-
ple, the O antigen of Microcystis aeruginosa NIES-87 is composed
solely of glucose (17), and the O antigen of Synechococcus elonga-
tus PCC 6301 is reminiscent of the polymannose O antigen of
Escherichia coli O8 and O9 (18).

Genes involved in cyanobacterial LPS synthesis have primarily
been identified through homology with enteric genes, such as the
prediction of the IpxA, IpxB, IpxC, and IpxD genes involved in the
synthesis of lipid A (19, 20). We previously identified and charac-
terized, through mutational studies, four genes in S. elongatus
PCC 7942 involved in a Wzm/Wzt-like O-antigen synthesis and
transport pathway homologous to that of E. coli serotypes O8 and
09 (21). Prior to that study, only a single publication on phage-
resistant mutants in Anabaena sp. strain PCC 7120 had character-
ized genes involved in the synthesis of cyanobacterial LPS or its
constituent polysaccharide, O antigen (22).

Cyanobacteria are currently being tested for large-scale out-
door cultivation for producing biofuels, feedstocks, nutraceuti-
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cals, and other high-value coproducts (23). To optimize the ecol-
ogy of these production ponds for maximum yields and to develop
crop protection strategies to prevent biomass losses due to infec-
tion or predation by contaminants such as viruses or protists, it is
critical to understand the role cyanobacterial LPS has in modulat-
ing these interactions. Knowledge on how LPS regulates predation
could further enable biotic mechanisms for controlling cyanobac-
terial harmful algal blooms, such as Microcystis blooms visible by
satellite that contaminate drinking water supplies with the neuro-
toxin microcystin (24, 25). Elucidating the diversity of cyanobac-
terial LPS structures will enable the determination of its potential
toxicity to humans that come in contact with production ponds or
natural cyanobacterial blooms, an issue that remains highly de-
bated in the literature (17, 26).

We recently demonstrated that removal of the O antigen from
the LPS of S. elongatus PCC 7942 confers resistance to predation
by a heterolobosean amoebal grazer, HGG1 (21). Strains that lack
the O antigen display a visibly identifiable “rough” phenotype,
which enabled the identification of new resistant mutants through
random mutagenesis. Whereas the wild type (WT) remains plank-
tonic, these rough strains autoflocculate and settle to the bottom
of the culture, a phenotype beneficial for harvesting large-scale
biomass. To extend our previous findings on the genes involved in
LPS synthesis and to discover more gene targets for generating
grazer-resistant cyanobacteria, in this study, we screened the uni-
gene set (UGS) of insertional transposon mutants of S. elongatus
(27,28) for strains that display the rough phenotype and identified
additional mutagenesis targets through bioinformatics analysis.
In total, we identified six additional genes whose knockout muta-
tions produce grazer resistance and impair the production of li-
popolysaccharide. The elucidation and characterization of these
LPS synthesis genes are critical to our understanding of how cya-
nobacteria interact with their environments, including predators,
and how we can exploit these organisms for production purposes.

MATERIALS AND METHODS

Plasmids, strains, and culture conditions. All vectors and strains used in
this study are listed in Table 1. To generate novel constitutive expression
vectors for complementation studies, open reading frames (ORFs) were
PCR amplified from WT S. elongatus cells using Q5 DNA polymerase
(NEB) and TOPO cloned into the pSyn_1/D-TOPO expression vector
(Life Technologies) as previously reported (21). WT-like antibiotic-resis-
tant strains (29), transposon-insertion knockout mutants (27, 28), and
expression clones were derived from a WT strain of S. elongatus PCC 7942
(lab collection accession no. AMCO06) through standard methods of trans-
formation and homologous recombination that take advantage of its nat-
ural competence (30).

As illustrated in Table 1, we herein abbreviate all S. elongatus genes by
their four-digit Synpcc7942_ numbers (e.g., 1901 for Synpcc7942_1901).
UGS-derived transposon-insertion knockout mutants are referenced as
null for the gene product (e.g., 1901 7). Expression strains that harbor an
ORF expressed from the weak constitutive promoter P, in neutral site 1
(NS1) are identified with a superscript “cx” after the ORF product (e.g.,
1901°%), so that a complemented strain of the 1901 knockout is named
1901~ +1901%, while a 1901 knockout expressing a different ORF, such as
1902, is named 1901~ +1902. The genotypes and complete segregation
of strains were confirmed by standard colony or whole-cell PCR protocols
using Taq, Phusion High-Fidelity, or Q5 DNA polymerases (NEB), as
detailed in Fig. S1 to S3 in the supplemental material. Primers used for
genotyping, segregation testing, cloning, and sequencing are listed in Ta-
ble 2.

Cyanobacterial cultures were grown in liquid or on solid BG-11 (31)
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or BG-11M medium (32) under 24-h constant light levels ranging from
200 to 350 pumol photons m ™% s~ " at 30°C. To prevent the appearance of
secondary suppressor mutations in strains with growth defects, such as
13427 and 2027, liquid cultures of these strains were grown under con-
stant light at 70 wmol photons m ™2 s~ '. When appropriate, media were
supplemented with chloramphenicol at 7.5 pug/ml, kanamycin at 5 pg/ml,
spectinomycin at 2 pg/ml, or streptomycin at 2 pug/ml. Amoeba HGG1
was routinely maintained on lawns of WT S. elongatus by resuspending
scrapings from the growing edge of a previously inoculated amoebal
plaque plate in BG-11 medium and spotting ~20,000 amoebae in 4 pl of
liquid onto the center of a plate on which a lawn of WT S. elongatus had
been grown at 30°C and 350 pwmol photons m 2 s~ * for 7 days. After
addition of amoebae, maintenance plates were incubated under ambient
light at room temperature.

Plaque assays. Unless otherwise noted, lawn plates were generated
and plaque assays were performed as previously described (21). For ex-
periments involving 1342~ and 2027 strains, lawn plates were generated
by using 1 ml (4X), 12.5 ml (50X), or 25 ml (100X) of late-log-phase
cultures (approximate optical density [OD] at 750 nm of 0.5 to 0.7) con-
centrated to a final volume of 250 pl and spreading the concentrate onto
BG-11 plates (1.5% [wt/vol] agar) containing appropriate antibiotics.

Purification and analysis of outer membranes. Outer membrane pu-
rifications were performed by modification of the EDTA-sucrose method
of Brahamsha (33) and Simkovsky et al. (21). Specifically, outer mem-
brane preparations were made from 10 ml of 4- to 7-day-old cultures
grown to an approximate OD at 750 nm of 0.5; samples were treated with
300 pl of stripping buffer, and the supernatants from stripped cells were
not further purified by ultracentrifugation. Instead, samples were flash
frozen with liquid nitrogen, concentrated in a CentriVap vacuum concen-
trator (Labconco) for 2 h at room temperature, resuspended vigorously in
1X SDS-PAGE sample buffer, boiled for 10 min, and digested with 30 pg
of proteinase K (Sigma) for 1 h at 55°C. Samples were analyzed by SDS-
PAGE with either a 10% (wt/vol) Tris-glycine SDS acrylamide gel with a
5% stacking layer or a 16% (wt/vol) Tris-Tricine SDS acrylamide gel with
a 4% stacking layer. Gels were stained with the rapid, LPS-sensitive silver
staining method of Fomsgaard et al. (34)

Nucleotide sugar analysis. Nucleotides and nucleotide sugars were
purified from cell pellets of 50 ml of 6-day-old late-log-phase cultures
using the 10% trichloroacetic acid (TCA) and water-saturated diethyl
ether methodology of Fairbanks et al. (35). Extracts were dissolved in
Milli-Q water and analyzed by high-performance liquid chromatography
(HPLC) and UV-visible (UV-Vis) absorbance on a Dionex DX600 HPLC
(Sunnyvale, CA) equipped with a CarboPac PA1 column as described by
Akizu et al. (36). For each sample, the peak that was eluted at the same
retention time as a GDP-fucose standard was analyzed by liquid chroma-
tography-mass spectrometry (LC-MS) using a LTQ-XL Orbitrap Discov-
ery (Thermo Scientific) in negative ion electrospray ionization mode
equipped with a porous graphitic carbon reversed-phase column.

Growth curve analysis. The growth of flask cultures inoculated at an
optical density of 0.02 at 750 nm was monitored using optical density and
dry biomass measurements as previously described (21). Simultaneously,
1:5 serial dilutions of cultures were produced daily using BG-11 medium.
Four microliters of each dilution was spotted onto BG-11 plates (1.5%
[wt/vol] agar). Plates were grown under constant light levels ranging from
150 to 200 pmol photons m~* s~ ' at 30°C for 7 days prior to colony
counting.

RESULTS

Screening of the UGS mutant library reveals novel rough mu-
tants. Our previous screen of the UGS collection revealed only a
single grazer resistance gene, 1126, encoding an ABC transporter
of O antigen. This single hit allowed us to bioinformatically iden-
tify three more O-antigen production genes whose inactivation
confers grazer resistance (21). We reasoned that an alternative
screen of the library and a broader bioinformatics analysis would
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TABLE 1 Strains and plasmids used in this study

AMC Antibiotic Source or
no.” Strain name Genotype Plasmid(s) to generate strain” resistance(s)” reference
6 Synechococcus elongatus WT Pasteur culture
PCC 7942 (WT) collection
2180 WT+1901¢* NS1::1901 pPAMA4738 Sp, Sm This study
2181 WT+1902°* NS1::1902 PAMA4739 Sp, Sm This study
2017 WT+1903* NS1::1903 PAM4637 Sp, Sm 21
2182 WT+1904* NS1::1904 PAMA4760 Sp, Sm This study
1896 WT+Km" NS2:nptl pAMI1579 Km 21
2177 WT+Km"+1901 NS2:nptl; NS1::1901 pAMI1579, pAM4738 Km, Sp, Sm This study
2178 WT+Km"'+1902% NS2::nptl; NS1:1902 PAM1579, pAM4739 Km, Sp, Sm This study
2019 WT+Km*+1903 NS2:nptl; NS1:1903 PAM1579, pAM4637 Km, Sp, Sm 21
2179 WT+Km"+1904 NS2::nptl; NS1::1904 PAM1579, pAM4760 Km, Sp, Sm This study
2165 1901~ 1901::Tn5 UGS 14C3 (8S6-L5) Km 27; this study
2166 1901~ +1901<¢ 1901::Tn5; NS1::1901 UGS 14C3 (8S6-L5), pAM4738 Km, Sp, Sm This study
2167 1901~ +1903< 1901::Tn5; NS1::1903 UGS 14C3 (8S6-L5), pAM4637 Km, Sp, Sm This study
2168 1902~ 1902::Tn5 UGS 14C4 (8S6-D11) Km 27; this study
2169 19027 +1902<¢ 1902::Tn5; NS1::1902 UGS 14C4 (856-D11), pAMA4739 Km, Sp, Sm This study
2170 19027 +1903< 1902::Tn5; NS1::1903 UGS 14C4 (8S6-D11), pAM4637 Km, Sp, Sm This study
1953 1903~ 1903::Tn5 UGS 14C5 (8S6-F12) Km 21
2171 1903~ +1901<¢ 1903::Tn5; NS1::1901 UGS 14C5 (8S6-F12), pAM4738 Km, Sp, Sm 27; this study
2172 1903~ +1902< 1903::Tn5; NS1::1902 UGS 14C5 (8S6-F12), pAM4739 Km, Sp, Sm This study
2021 1903~ +1903* 1903::Tn5; NS1::1903 UGS 14C5 (8S6-F12), pAM4637 Km, Sp, Sm 21
2173 1903~ +1904< 1903::Tn5; NS1::1904 UGS 14C5 (85S6-F12), pAM4760 Km, Sp, Sm This study
2174 1904~ 1904::Tn5 UGS 14C6 (856-C4) Km 27; this study
2175 1904~ +1903<* 1904::Tn5; NS1::1903 UGS 14C6 (856-C4), pAM4637 Km, Sp, Sm This study
2176 1904 +1904< 1904::Tn5; NS1::1904 UGS 14C6 (856-C4), pAM4760 Km, Sp, Sm This study
1905~ 1905::Tn5 UGS 14C7 (856-07) Km 27; this study
2119 WT + 2292 NS1::2292 pPAM4687 Sp, Sm This study
2190 WT + 2293 NS1::2293 pPAM4761 Sp, Sm This study
1895 WT+Cm" NS2::cat pAMI1573 Cm 21
2189 WT+Cm"+2293% NS2::cat; NS1::2293 PAMI1573, pAM4761 Cm, Sp, Sm This study
2120 WT+Km"+2292< NS2:nptl; NS1:2292 PAM1579, pAM4687 Km, Sp, Sm This study
2074 22927 2292::Tn5 UGS 10E8 (2D5-B-E8) Km 27; this study
2122 2292742292 2292::Tn5; NS1::2292 UGS 10E8 (2D5-B-E8), pAM4687 Km, Sp, Sm This study
2183 22927 42293 2292::Tnb5; NS1::12293 UGS 10E8 (2D5-B-E8), pAM4761 Km, Sp, Sm This study
2184 2293~ 2293:Mu UGS 3C6 (2F6-E1) Cm 27; this study
2185 2293742292 2293::Mu; NS1::2292 UGS 3C6 (2F6-E1), pAM4687 Cm, Sp, Sm This study
2186 22937 +2293< 2293::Mu; NS1::2293 UGS 3C6 (2F6-E1), pAM4761 Cm, Sp, Sm This study
1907 1126~ 1126::Mu UGS 7D3 (1B3-L12) Cm 21
1977 1126~ +1126% 1126::Mu; NS1::1126 UGS 7D3 (1B3-L12), pAM4606 Cm, Sp, Sm 21
2123 1126~ +2292< 1126::Mu; NS1::2292 UGS 7D3 (1B3-L12), pAM4687 Cm, Sp, Sm This study
2125 19037 +2292< 1903::Tn5; NS1::2292 UGS 14C5 (8S6-F12), pAM4687 Km, Sp, Sm This study
2187 2294~ 2294::Mu UGS 3C7 (2F6-G1) Cm 27; this study
2188 22957 2295:Mu UGS 3C9 (1C2-L3) Cm 27; this study
2236 WT+ 1342 NS1:1342 PAM4973 Sp, Sm This study
2286 WT+2027 NS1::2027 PAM4994 Sp, Sm This study
2237 WT+Km'+1342° NS2::nptl; NS1:1342 pAM1579, pAM4973 Sp, Sm This study
2287 WT+Km™+2027 NS2::mptl; NS1:2027 PAM1579, pAM4994 Sp, Sm This study
2240 1903~ +1342% 1903::Tn5; NS1::1342 UGS 14C5 (8S6-F12), pAM4973 Km, Sp, Sm This study
2290 1903~ +2027< 1903::Tn5; NS1::2027 UGS 14C5 (85S6-F12), pAM4994 Km, Sp, Sm This study
2228 1342~ 1342::Tn5 UGS 25D5 (8S30-E10) Km 27; this study
2238 13427 +1342% 1342::Tn5; NS1::1342 UGS 25D5 (8S30-E10), pAM4973 Km, Sp, Sm This study
2292 2027 2027::Tn5 UGS 10B11 (3A9-B-F8) Km 27; this study
2288 2027 +2027< 2027::Tn5; NS1::2027 UGS 10B11 (3A9-B-F8), pAM4994 Km, Sp, Sm This study
1126 +2292~ 1126::Mu; 2292::Tn5 UGS 7D3 (1B3-L12), UGS 10E8 (2D5-B-E8) Cm, Km 27; this study
1903~ +2293~ 1903::Tn5; 2293::Mu UGS 14C5 (8S6-F12), UGS 3C6 (2F6-El) Cm, Km 27; this study
13427 +2293~ 1342::Tn5; 2293::Mu UGS 25D5 (8S30-E10), UGS 3C6 (2F6-E1) Cm, Km 27; this study
2196 2098~ 2098::Tn5 UGS 15E1 (8S9-H9) Km 27; this study
2198 2099~ 2099::Tn5 UGS 15E2 (8S9-H1) Km 27; this study
2193 2100~ 2100::Tn5 UGS 15E3 (8S9-E8) Km 27; this study
2204 2101~ 2101:Tn5 UGS 15E4 (859-C7) Km 27; this study
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TABLE 1 (Continued)

Mutations Conferring Cyanobacterial Grazer Resistance

AMC Antibiotic Source or

no.” Strain name Genotype Plasmid(s) to generate strain” resistance(s)© reference

2192 0058~ 0058::Tn5 UGS 18A3 (8S15-C11) Km 27; this study
0579~ 0579::Tn5 UGS 20E4 (8519-J5) Km 27; this study
0948~ 0948::Tn5 UGS 23B8 (8525-13) Km 27; this study
0949~ 0949::Tn5 UGS 23B9 (8525-13) Km 27; this study
0950~ 0950::Tn5 UGS 23B10 (8525-J10) Km 27; this study
0466 0466::Tn5 UGS 19G7 (8517-F1) Km 27; this study
0973~ 0973::Tn5 UGS 23D9 (8526-M10) Km 27; this study
2151 2151:Mu UGS 2F1 (1A8-V12) Cm 27; this study
1398~ 1398::Tn5 UGS 25H6 (8544-1.4) Km 27; this study
0220~ 0220::Mu UGS 5A3 (10B12-E5) Cm 27; this study
0133~ 0133::Tn5 UGS 18E5 (8S37-A9) Km 27; this study
0471~ 0471::Mu UGS 5H9 (2A10-D8) Cm 27; this study
1307~ 1307::Tn5 UGS 25A7 (8529-E5) Km 27; this study

“ Catalog number of the strain in the lab’s frozen cyanobacterial strain collection.

b Plasmid numbers (e.g., pAM1573) refer to the catalog number of the strain in the lab’s enterobacterial collection of plasmids. Vectors used to generate UGS mutants (e.g., 8S6-L5

for UGS mutant 14C3) were previously published in batch in the work of Chen et al. (27).

¢ Antibiotic abbreviations are as follows: Cm, chloramphenicol; Km, kanamycin; Sm; streptomycin; Sp, spectinomycin.

reveal additional genes relevant for resistance. Because colonies of
previous grazer-resistant mutants are identifiable via the visibly
rough phenotype, we visually rescreened the library for mutants
that display this rough appearance. This screen identified four new
UGS mutants: 19017, 19027, 22927, and 2293 . To confirm the
rough phenotype and test for grazer resistance and impairment of
O-antigen production, all mutants were regenerated from WT
and appropriate constitutive expression strains were constructed
to test for complementation. Because S. elongatus is oligoploid
(37), complete segregation was confirmed to ensure homozygos-
ity of the mutant alleles and expression constructs prior to pheno-
typic analysis (see Fig. S1 in the supplemental material).

1901 and 1902 are necessary for O-antigen synthesis and
grazer susceptibility. 1901 and 1902 encode predicted glycosyl-
transferases. We hypothesized that these genes, which are down-
stream of the previously characterized wbdD O-antigen synthesis
gene 1903 (Fig. 1A), are involved in the polymerization of O anti-
gen and that their respective insertional knockout mutants, 1901~
and 19027, are resistant to amoebal grazing.

Amoeba plaque assays confirmed that 1901~ and 1902 are
resistant to grazing by HGG1 (Fig. 1B and C). Expression of the
appropriate WT ORF from NS1 recovers amoeba susceptibility
in the 1901~ +1901° and 1902~ + 1902 strains, whereas con-
stitutively expressing 1903 in strains 1901~ +1903°* and
19027 +1903° or expressing 1901 or 1902 in strains
19037 +1901and 1903~ +1902* does not recover amoebal sus-
ceptibility. SDS-PAGE analysis of outer membrane preparations
demonstrated a lack of O antigen in 1901~ and 1902 as previ-
ously observed in 1903~ (Fig. 1E). O-antigen production was re-
stored in mutants complemented with the appropriate WT ORF
but not when an alternative ORF was expressed. Thus, each locus
contributes individually to the resistance phenotype, and none of
the resistance phenotypes results from a polar effect of mutation
in an upstream locus.

Because 1901, 1902, and 1903 represent the end of a stretch of
12 ORFs on the same strand, with ORFs 1901 to 1907 being
cotranscribed (38), we generated mutants defective for 1904 and
1905 to explore whether a larger operon beyond these three
genes encodes O-antigen production or affects grazer resis-
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tance (Fig. 1A). 1904 encodes a predicted type I secretion adaptor
protein between an ABC transporter and an outer membrane pro-
tein, and 1905 encodes a putative cyclic nucleotide-binding dou-
ble-glycine protease and ABC transporter. The insertion in 1904
produced resistance, but susceptibility was restored by expression
of either 1903 or 1904 from NS1 (Fig. 1D). Consistent with the
amoebal grazing observations, 1904 lacks O antigen and recovers
it upon expression of 1903 from NS1 in 1904~ +1903 (Fig. 1F).
Interestingly, trans expression of 1904 only partially restores O-
antigen production levels in 1904~ +1904°. Although these re-
sults suggest an unusual polar effect, we noted that heterologous
expression of 1904 in the 1903~ +1904* strain did not comple-
ment the 19037 grazer resistance and O-antigen-defective pheno-
types (Fig. 1D and F). We hypothesize that 1904~ reduces 1903
protein activity levels through an uncharacterized transcriptional
or posttranscriptional regulatory mechanism. Because 1905~ did
not result in grazer resistance (Fig. 1G) and did not alter O-anti-
gen production (Fig. 1H), we did not pursue mutations in genes
1906 to 1912.

2292 and 2293 are necessary for O-antigen ligation and
grazer susceptibility. We previously proposed that 2292 encodes
the WaaL O-antigen ligase (21). BLAST (39) analysis of the pre-
dicted 2293 protein sequence does not yield any similar known
proteins; however, amino acid sequence analysis using CDD (40),
PHOBIUS (41), and ScanProsite (42) predicts a single transmem-
brane helix from residues 20 to 38, a lipid attachment site at C31,
and a domain of low similarity (E value, le—2) to pyruvate kinase
at positions 54 to 88. Two genes exist downstream of these puta-
tive ligase genes: 2294, a homolog of the waa] alpha-1,2-glucosyl-
transferase gene responsible for incorporating glucose into the
outer core of lipid A, and 2295, which corresponds to a hypothet-
ical secreted protein (Fig. 2A). To test all four genes for their po-
tential roles in grazer resistance and LPS maturation, we generated
insertional knockout mutants in each gene.

Mutations in 2292 and 2293 generated resistance to HGGI,
whereas mutants defective for 2294 or 2295 are susceptible to
amoebal grazing (Fig. 2B and D). Expression of each WT ORF
from NS1 complemented the corresponding mutation
(22927 +2292% and 2293~ +2293), but expression of 2292 did
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TABLE 2 Oligonucleotides used in this study for cloning, sequencing, and segregation analysis of genes of interest

Name Sequence (5'—3')" Description

LT 102F° AGTCGGCAAATAACCCTCGG Forward sequencing primer for the pSyn_1/D-TOPO Life
Technologies vector

LT 102R* CGTTTTATTTGATGCCTGGC Reverse sequencing primer for the pSyn_1/D-TOPO Life
Technologies vector

NS1-F¢ CGTCGAAGATGGAAAAGCTC Forward primer for segregation analysis of the neutral site 1 locus

NSI-R? ATTGACCCGGTAGGGATTTC Reverse primer for segregation analysis of the neutral site 1 locus

TOPO-1901F2
TOPO-1901R2
TOPO-1902F
TOPO-1902R
TOPO-1904F
TOPO-1904R
TOPO-1905F2

TOPO-1905R2

1901genomeF
1901genomeR
1902genomeF
1902genomeR
1903genomeF”
1903genomeR”
1904genomeF
1904genomeR
sp1901seq
sp1901seqR
TOPO-2292F
TOPO-2292R
TOPO-2293F
TOPO-2293R
TOPO-2294F-2
TOPO-2294R-2
TOPO-2295F-2
TOPO-2295R-2
2292genomeF
2292genomeR
2293genomeF
2293genomeR
2292seqF
TOPO-1342F
TOPO-1342R
TOPO-2027F
TOPO-2027R
1342genomeF
1342genomeR
2027genomeF
2027genomeR
TOPO-2098F
TOPO-2098R
TOPO-2099F
TOPO-2099R
TOPO-2100F
TOPO-2100R
TOPO-2101F
TOPO-2101R
TOPO-0058F
TOPO-0058R
TOPO-0579F
TOPO-0579R
TOPO-0948F
TOPO-0948R

caccATGCAGATTGGCATTATTGCTCCCAGCTC
ctaTTATTTCAACAATTCTTTGAGGGCGATCGCGTAGTC
caccATGCGGATTGCGATCGCAACAG
ttaCTACGCGAACGAAGAAGTTAAACGATTTACC
caccATGTCTATTTCATCGCCTACACCCAGTCC
ttaCTAGCGAATTGTCTTGAGTGCATCACTACTACG
caccATGGTTGCTATTCCTTCGAACC

ctaTTAGTTCAAAGCATCTTGTTGACG

TTCAGCTGTGTAATTGTGGC
CTCGCAAAGGTCTAAATTGC
GAGATAGGCTACGTTGATGC
TAATGACACCCGCAAAGTTC
TGATGCACTCAAGACAATTCG
ATGCAGTTCTGCACCTCCTC
ACGAGAATTCCTTTGCACTG
TCAGTTAACGACTGTTGCTG
TTTAGATAACGCCAAGCGAG
GTGATACAGATGGCAGAGCC
caccATGATGCCATCTCCAGCCGGCTC
tcattaTCAGGCGAGCGGAGAACTAGAGGTG
caccATGACTGTGCGATCGCGCTTTC
ttaCTACTGTGCTGCTGGAGCTGACAG
caccATGGCCGATCCCATTCG
ttaTCAGACCTTGACCGGACG
caccATGCGGCGACTCATCGA
ttaCTACAACCTTGGATTGCTAGCC
TTTAACTGTGCGGCAGTCCC
ATCGGTTCTCGGTAGCGTTG
CTACCCACCTCTAGTTCTCC
CTCCGGAACCAATGAAGATG
TTGGTCTCGGACTACTCTGG
caccATGACCCGTAAGCGCGCC
ttaTCACTCGAAGTAGTCGAAGGCC
caccGTGCCCAAGCTCTCTTTGATCATC
ttaCTAAGCCAATCCTATGAGTTTACGGCG
CCTGAAGGTTTGAGGAAGAG
AGATTGGAAGTTGCTATCCAG
ACCTCTACTACATTGAGAACTGG
AGATAGGGCAACAAACTGAG
caccATGCAGATCCGCCACACCGC
ttaTCATATGAATACCTCCGCTTCCAAGAG
caccATGAAGGTTTTACTGACAGGGGCTG
ttaTCATTGGTTCTTTGCAACTTGCGTC
caccATGAAGATTTTGATTACGGGTGGTGCTG
ttaTCATACTGTGGTTTCCTGCTCCTGTG
caccATGACCGAGGCACGGCGC
ttaTTAGAGAGGATTGTGCAAGAGGTCCAG
caccATGCCAACTGAGTTACGAGCAACG
ttaTCATAATCCCGAGAGAAACGGTAAAGC
caccATGCGCATCGCTCTCTTTACCG
ttaTCAGGCCGCTAAGGGTAAGC
caccATGAAACCTCGATTCCGCTGG
ttaTTAGCCCTTCACTGCTCCGG

Forward primer for cloning 1901

Reverse primer for cloning 1901

Forward primer for cloning 1902

Reverse primer for cloning 1902

Forward primer for cloning 1904

Reverse primer for cloning 1904

Forward primer for cloning 1905 and segregation analysis of the
1905 locus

Reverse primer for cloning 1905 and segregation analysis of the
1905 locus

Forward primer for segregation analysis of the 1901 locus

Reverse primer for segregation analysis of the 1901 locus

Forward primer for segregation analysis of the 1902 locus

Reverse primer for segregation analysis of the 1902 locus

Forward primer for segregation analysis of the 1903 locus

Reverse primer for segregation analysis of the 1903 locus

Forward primer for segregation analysis of the 1904 locus

Reverse primer for segregation analysis of the 1904 locus

Sequencing primer for 1901

Sequencing primer for 1901

Forward primer for cloning 2292

Reverse primer for cloning 2292

Forward primer for cloning 2293

Reverse primer for cloning 2293

Forward primer for segregation analysis of the 2294 locus

Reverse primer for segregation analysis of the 2294 locus

Forward primer for segregation analysis of the 2295 locus

Reverse primer for segregation analysis of the 2295 locus

Forward primer for segregation analysis of the 2292 locus

Reverse primer for segregation analysis of the 2292 locus

Forward primer for segregation analysis of the 2293 locus

Reverse primer for segregation analysis of the 2293 locus

Sequencing primer for 2292

Forward primer for cloning 1342

Reverse primer for cloning 1342

Forward primer for cloning 2027

Reverse primer for cloning 2027

Forward primer for segregation analysis of the 1342 locus

Reverse primer for segregation analysis of the 1342 locus

Forward primer for segregation analysis of the 2027 locus

Reverse primer for segregation analysis of the 2027 locus

Forward primer for segregation analysis of the 2098 locus

Reverse primer for segregation analysis of the 2098 locus

Forward primer for segregation analysis of the 2099 locus

Reverse primer for segregation analysis of the 2099 locus

Forward primer for segregation analysis of the 2100 locus

Reverse primer for segregation analysis of the 2100 locus

Forward primer for segregation analysis of the 2101 locus

Reverse primer for segregation analysis of the 2101 locus

Forward primer for segregation analysis of the 0058 locus

Reverse primer for segregation analysis of the 0058 locus

Forward primer for segregation analysis of the 0579 locus

Reverse primer for segregation analysis of the 0579 locus

Forward primer for segregation analysis of the 0948 locus

Reverse primer for segregation analysis of the 0948 locus
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TABLE 2 (Continued)

Mutations Conferring Cyanobacterial Grazer Resistance

Name Sequence (5'—3')" Description

TOPO-0949F caccATGACTCATCCGCCTCGTTGGC Forward primer for segregation analysis of the 0949 locus
TOPO-0949R ttaTCACAGTCCTCCCGACGGG Reverse primer for segregation analysis of the 0949 locus
TOPO-0950F caccATGCCGTTCTTGCGTTGTGG Forward primer for segregation analysis of the 0950 locus
TOPO-0950R ttaTCATGAGGCTGTTGCTCCTTGC Reverse primer for segregation analysis of the 0950 locus
TOPO-0466F caccATGACAAGGCCAATCAGCAGGC Forward primer for segregation analysis of the 0466 locus
TOPO-0466R ttaCTAGGAACGCTGCGGCACC Reverse primer for segregation analysis of the 0466 locus
TOPO-0973F caccTTGGCTGCTGGCGTCGC Forward primer for segregation analysis of the 0973 locus
TOPO-0973R ttaTTAGCGACCGATCCCGATGTAGC Reverse primer for segregation analysis of the 0973 locus
TOPO-2151F caccATGCAATTAAAACAACTGCGAAAACTTGCTCC Forward primer for segregation analysis of the 2151 locus
TOPO-2151R ttaTCAGCGGCTATTTGCCAAGGGATG Reverse primer for segregation analysis of the 2151 locus
TOPO-1398F caccATGCGTTTCCCCAACTTTCTACAGC Forward primer for segregation analysis of the 1398 locus
TOPO-1398R ttaTTAACCATTGTTGTAGCGCGTTAAAAGCG Reverse primer for segregation analysis of the 1398 locus
TOPO-0220F caccATGACTCAAATTGTTTCCGTACATTCGTTTCG Forward primer for segregation analysis of the 0220 locus
TOPO-0220R ttaCTAGTCACTGATCAAAGCATGCGCTAACT Reverse primer for segregation analysis of the 0220 locus
TOPO-0133F caccGTGCAGGAACTGCAAATGGCG Forward primer for segregation analysis of the 0133 locus
TOPO-0133R ttaCTATACGCAAGCGAGTACCTCACTCC Reverse primer for segregation analysis of the 0133 locus
TOPO-0471F caccGTGCGTCTCTCTGCTGGATTCCG Forward primer for segregation analysis of the 0471 locus
TOPO-0471R ttaTTATCCCTTCACACCACTGGCAGC Reverse primer for segregation analysis of the 0471 locus
TOPO-1307F caccATGAGTAGTCTCCTCGCTTCGACTG Forward primer for segregation analysis of the 1307 locus
TOPO-1307R ttaTTAGTCTTGCTGGCTGGCAAACTG Reverse primer for segregation analysis of the 1307 locus
TOPO-0320F caccGTGGCAGGGGCAACCATTCTG Forward primer for segregation analysis of the 0320 locus
TOPO-0320R ttaTCACGAGGGGCGATCGCA Reverse primer for segregation analysis of the 0320 locus
TOPO-1608F caccATGCTGGTTCCGGTCATCCTC Forward primer for segregation analysis of the 1608 locus
TOPO-1608R ttaTCAGCTACGACCGTAGTGGTCTTC Reverse primer for segregation analysis of the 1608 locus
TOPO-2287F caccATGAACCTGTCTCCGATCCGCC Forward primer for segregation analysis of the 2287 locus
TOPO-2287R ttaCTAAGGAGAGAACGACGGTTTTTTCCCG Reverse primer for segregation analysis of the 2287 locus
TOPO-2290F caccATGGTTCGAATTCTGGCAGTGATTCC Forward primer for segregation analysis of the 2290 locus
TOPO-2290R ctaTTAGCGTTGACTGGCCCATGCG Reverse primer for segregation analysis of the 2290 locus

TOPO-0281F2
TOPO-0281R2

caccATGACAGCCCCGGCTGCGCCTAC
tcattaTCAGGGAAGAGAACGGCGCGATCGCTG

TOPO-2025F caccATGAGAGTTGCGATCGTTCACTATTGG
TOPO-2025R ttaCTAGAGCACCGACGTGAGGAAGC

TOPO-2028F caccGTGGGCAATCTGTTAGTCAATTTGGCAATGG
TOPO-2028R tcattaCTAAAGAAATTTTTCGAGCACTTGGCAAGTTTCTTTACC
TOPO-0134F caccTTGCGTATAGGGTCGATCCTGCG

TOPO-0134R ttaTCAGGCGCTTTGGGCCCG

TOPO-0357F caccATGACTGTCTGGCAAACTCTGACTTTTGC
TOPO-0357R tcattaCTACATTTTTTCGTCTGAATGCTCGGCTTCTG
TOPO-0463F caccATGACCGTCAAAGTACTGTTCGTCTGT
TOPO-0463R ttaTTAGCGGTGAGTTTTAATCAGTCCCTCTT
TOPO-2150F caccATGACCAATACTCTCGGAATTGCTGCG
TOPO-2150R ttaTTATAGTCCAGCAAACTCGAATGGCTTGG
TOPO-1761F caccGTGATCGGGAACAAGTGCAAATGTTG
TOPO-1761R ttaTCAGCCCCCCGCACGTG

TOPO-2148F caccATGACGCTAGCCGTTCGTATTGAGC
TOPO-2148R ttaCTAACGTTGCATGGCGCGCTTTTTC
TOPO-2149F caccATGACTACCACGCTACCGAAGTCTG
TOPO-2149R ttaCTAGCTTAGCGATCGCTTGAGGGC

Forward primer for segregation analysis of the 0281 locus
Reverse primer for segregation analysis of the 0281 locus
Forward primer for segregation analysis of the 2025 locus
Reverse primer for segregation analysis of the 2025 locus
Forward primer for segregation analysis of the 2028 locus
Reverse primer for segregation analysis of the 2028 locus
Forward primer for segregation analysis of the 0134 locus
Reverse primer for segregation analysis of the 0134 locus
Forward primer for segregation analysis of the 0357 locus
Reverse primer for segregation analysis of the 0357 locus
Forward primer for segregation analysis of the 0463 locus
Reverse primer for segregation analysis of the 0463 locus
Forward primer for segregation analysis of the 2150 locus
Reverse primer for segregation analysis of the 2150 locus
Forward primer2 for segregation analysis of the 1761 locus
Reverse primer for segregation analysis of the 1761 locus
Forward primer for segregation analysis of the 2148 locus
Reverse primer for segregation analysis of the 2148 locus
Forward primer for segregation analysis of the 2149 locus
Reverse primer for segregation analysis of the 2149 locus

@ Originally published in the work of Simkovsky et al. (21).

b Lowercase letters in the sequence indicate additional sequence that does not match the target genome or plasmid, such as the TOPO cloning tag (5'-cacc-3") and additional stop

codons.

not complement 2293~ and 2293 did not complement 2292".
This finding demonstrates that these genes encode functionally
distinct proteins that are both necessary for maintaining grazer
susceptibility.

The LPS ladder pattern of outer membrane preparations from
22927 and 2293 migrated faster on electrophoretic gels than did
the WT (Fig. 2C), suggesting a significant mass decrease. Expres-
sion 0f 2292 from NS11in 2292~ +2292 0r 2293in 2293~ +2293
restored the WT-like LPS band pattern, though expression of 2292
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in 22937 +2292% or 2293 in 2292™ +2293 did not. Rick et al.
observed a similar ladder pattern shift in mutants of E. coli sero-
type O8 unable to ligate O antigen to LPS due to the inability to
synthesize the core oligosaccharides that act as acceptors for the
O-antigen ligase, and they interpreted the shifted band pattern as
heterogeneous lengths of O-antigen molecules attached to the
lipid carrier on which it was polymerized inside the cell (43).

To confirm this interpretation, Rick et al. subjected membrane
preparations to mild treatment with either acid or alkali to sepa-
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FIG 1 Analysis of mutants defective for the loci from 1901 to 1905. (A) Diagram of the ORFs surrounding 1901 to 1905. The locations of transposon-insertion
mutations 14C3 to 14C7 are indicated by red arrowheads. (B to D) Photographs of plaque plates taken 6 days following addition of amoebae to test the grazer
resistance of 19017 (B), 19027 (C), 1904~ (D), and related constitutive expression strains compared to WT+Km" and grazer-resistant 1903~ controls. The strain
on each plate is identified by a combination of column and row labels. (E and F) Silver-stained Tris-glycine SDS gels of outer membrane preparations from 1901,
19027,19037, 1904, and relevant control and expression strains. The sample loaded in each lane is identified by a combination of the parental strain on top and
the constitutive expression (cx) construct below (---, WT NS1; 01, 1901 02, 1902%%; 03, 1903%; 04, 1904%). (G) 1905~ plaque plate. (H) Outer membrane
analysis of 19057 For all gels (E, F, and H), the regions representing banding patterns of LPS and lipid A-core (LAC) molecules are indicated and positions of
molecular mass standards run on the gel (not shown) are noted on the left, in kilodaltons.

rate sugar polymers from their lipid carriers (43). We performed
these procedures for 2292~ and 2293 to determine if the shifted
bands break down into predictable components. Acid treatment
did not alter the LPS ladder band of the WT, which is consistent
with previous reports that, unlike with enteric LPS, mild acid hy-
drolysis does not release O antigen from cyanobacterial LPS de-
rived from species closely related to S. elongatus PCC 7942 (9, 14).
In addition, a slow-migrating band present in untreated samples
runs at a similar position to the LPS-shifted band after either acid
or alkali treatment and in the case of alkali treatment renders the
results uninterpretable (see Fig. S4 in the supplemental material).
Katz et al. reported observing contamination from glycogen-like
material in gel filtration fractions of undegraded LPS from a strain
nearly identical to S. elongatus PCC 7942 after exposure to strong
acid hydrolysis (18). This explanation likely accounts for the in-
terfering bands we observed.

Although we could not identify the LPS-shifted bands bio-
chemically, we observed that a second mutation in an O-antigen
production gene in the double mutants 1126~ +2292" and
1903~ +2293" removed the shifted LPS ladder pattern without
altering the lipid A-core conjugated molecule (lipid A-core)
bands, compared to the results obtained with 2292 and 2293~
(Fig. 3B and C). Because 1126~ and 1903~ are disrupted in the
synthesis or transport of O antigen, these data support the inter-
pretation of the shifted ladder pattern as O antigen attached to a
lipid carrier; this interpretation supports the conclusions that
2292 encodes the WaaL O-antigen ligase and 2293 encodes a sec-

2744 aem.asm.org

Applied and Environmental Microbiology

ond protein product necessary for O-antigen ligation to lipid A-
core that is functionally distinct from the 2292 ligase.

Mutations in 2294 and 2295 did not confer grazer resistance or
detectably alter the LPS or lipid A-core bands (Fig. 2D and E). This
result indicates that if 2294 incorporates sugars into the outer core
of lipid A as predicted, then the absence of these sugars from the
lipid A-core molecule in 2294 does not prevent O-antigen liga-
tion or cause grazer resistance.

Bioinformatics identifies genes involved in sugar polymer
production. All data up to this point suggest that the synthesis and
export of a complete LPS are necessary for amoebal predation of
cyanobacteria. To test the hypothesis that alterations in the sugar
composition of the O-antigen or the lipid A-core moiety would
confer grazer resistance, we identified genes necessary for the gen-
eration and polymerization of these polysaccharides. Bioinfor-
matics analysis using BLAST, the PFAM protein database (44),
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) da-
tabase (45) identified S. elongatus homologs of genes encoding
nucleotide sugar synthetases and glycosyltransferases (46, 47),
including those responsible for activating and polymerizing glu-
cose, thamnose, mannose, fucose, or 3-deoxy-D-manno-oct-2-
ulosonic acid (KDO) (see Fig. S5A in the supplemental material).

To test the role that these proteins play in LPS synthesis and
grazer resistance, we attempted to generate transposon-insertion
mutants impaired in the production, polymerization, or incorpo-
ration of these nucleotide sugars. Table S1 and Fig. S5A in the
supplemental material summarize the mutants that we attempted
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FIG 2 Analysis of mutants defective for the loci from 2292 to 2295. (A) Diagram of the ORFs surrounding 2292 to 2295, with the locations of transposon-
insertion mutations 10E8 and 3C6 to 3C9 indicated by red arrowheads. (B) Photographs of plaque plates taken 7 days following addition of amoebae on cultures
of the WT, 22927, 22937, and related expression strains. The strain on each plate is identified by a combination of column and row labels as in Fig. 1. (C)
Silver-stained Tris-glycine SDS gel of outer membrane preparations of the WT, 22927, 22937, and expression strains labeled as in Fig. 1, with the region
containing bands representing O antigen attached to a lipid anchor (OAL) indicated on the left and molecular mass standards, in kilodaltons, on the right. ---,
WT NSI; 92, 2292%; 93, 2293°*. (D) Plaque plates of 3C7, 3C9, and controls photographed 7 days following amoeba addition. (E) Outer membrane analysis of

3C7 and 3C9, labeled as in panel C.

to generate, whether fully segregated mutant clones were ob-
tained, and the associated phenotypes of these mutants. Of partic-
ular note, we were unable to generate UGS insertional mutants
predicted to impair the synthesis or activation of KDO, galactose,
or mannose, suggesting that these nucleotide sugars or their
downstream products are essential for cell viability. In contrast,
we successfully generated mutants defective for the predicted nu-
cleotide activation enzymes for glucose, rhamnose, fucose, or
glucuronate. Successfully segregated insertional mutants were
tested for resistance to grazing and for LPS alterations (Fig. S5B
and C). Of these mutants, only 13427, defective in the putative
GDP-mannose 4,6-dehydratase, and 2027, impaired in a puta-
tive glycosyltransferase, were resistant to HGG1 and displayed al-
terations in the LPS banding pattern.

13427 and 2027~ are impaired in lipid A-core maturation,
provide grazer resistance, and hinder growth. Expression of the
appropriate WT ORF from NS1 completely restored amoebal
grazing for both 13427 +1342% and 2027~ +2027°* (Fig. 4C and
D), in contrast to the amoeba resistance of 1342~ and 2027 (see
Fig. S5B and C). LPS analyses of these mutants revealed that both
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1342" and 2027 produced O-antigen lipid bands similar to those
observed in the ligation mutants, 2292 and 2293, and lacked
bands representative of lipid A-core (Fig. 4E and F). In the
13427 +1342 and 2027 42027 strains, the LPS and lipid A-
core defects were both complemented so that these bands appear
identical to those observed in the WT. These results suggest that
these mutants prevent the ligation of O antigen to the lipid A core
oligosaccharide through defects in the synthesis of the lipid A-core
molecule.

To test the prediction that 1342 encodes GDP-mannose 4,6-
dehydratase, which produces GDP-fucose from GDP-mannose,
we confirmed the presence of GDP-fucose in the WT and the
absence of GDP-fucose in 1342~ through UV-HPLC and LC-MS
analysis of cell lysates (Fig. 4G). Because fucose is a known com-
ponent of S. elongatus LPS (14, 18) and the lack of GDP-fucose in
1342 does not alter the O-antigen-lipid band pattern relative to
that observed in 22927 and 2293, we propose that the lipid A-
core band defect of 13427 is due to the incomplete synthesis of the
core oligosaccharide. Because the banding patterns observed with
2027 were nearly identical to those of 1342, we propose that the
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FIG 3 Model of LPS synthesis in S. elongatus PCC 7942 and epistasis analysis of LPS mutants. (A) Diagram of the O-antigen transport and synthesis components
previously discovered (21) along with the new components (highlighted in red boxes) described here for O-antigen synthesis, ligation, and lipid A-core synthesis.
Sugars are represented by hexagons (pink, mannose; red, methyl-mannose; gray, fucose; black, lipid A-core, for which the precise structure and sugar compo-
sition are unknown). Nucleotide sugars are drawn as hexagons with an attached circle. The 2293 product is drawn to reflect its predicted location anchored to the
inner membrane. (B and C) Outer membrane preparations were analyzed by silver staining Tris-glycine (B) or Tris-Tricine (C) SDS gels. The locations of primary
bands representing lipopolysaccharide (L), O antigen attached to a lipid anchor (O), modified lipid A-core (M), lipid A-core (C), and lipid A suggested to be
either with a partial core oligosaccharide or no core oligosaccharide (P) are indicated on the left, and molecular mass standards, in kilodaltons, are indicated on

the right.

product of 2027 is a glycosyltransferase that incorporates sugars,
possibly fucose, into the lipid A core oligosaccharide.

The 1342" and 2027 mutants showed a striking growth
defect, particularly at higher light intensities. We examined
the growth kinetics of these strains, as well as strains expressing
the respective WT ORFs from NS1 (13427 +1342°F and
2027 +2027), through serial dilution spot plates and growth
curve analysis using optical densitometry, dry biomass, and
counting CFU. The growth defect is most readily observable in the
small size of 1342™ and 2027 colonies (Fig. 4A and B) and in
these strains’ significantly reduced CFU counts (see Fig. S6 in the
supplemental material) compared to the WT-like colony sizes
and growth of the complemented strains 1342~ 41342 and
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2027 +2027°*. We also observed the spontaneous appearance of
WT-sized colonies from 1342~ and 2027 cultures, which are
presumed to result from spontaneous suppressor mutations (see
Fig. S7C in the supplemental material).

Coincident with the appearance of WT-sized colonies, repeti-
tion of the amoeba resistance assay demonstrated that grazer re-
sistance in the original mutants 1342~ and 2027 was no longer
complete, but rather the amoeba plaque grew to a reduced diam-
eter compared to those of the WT and complemented strains (Fig.
4C and D). We have observed that the grazer resistance associated
with previously published strains, such as 1126~ and 19037, can
be reduced in a similar manner via a number of mechanisms:
through mixing with small amounts of WT on the same plate, as a
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FIG 4 Analysis of mutants in the 1342 and 2027 loci. (A and B) Serial dilution (1:5) spot plates of 8-day-old cultures of 1342™ (A) and 2027~ (B) strains, with
increasing dilutions plated from left to right so that individual colonies are visible on the right. Plates were photographed after 7 days of growth. (C and D)
Photographs of plaque plates taken 6 days following addition of amoebae to investigate the grazer resistance of 1342~ (C), 2027 (D), and related expression
strains compared to the WT, WT+Km', and 1903~ controls. Plates in panel C were generated using 4 X cell concentrates, whereas plates in panel D were made
with 50X cell concentrates, as described in Materials and Methods. The strain on each plate is identified by a combination of column and row labels as in Fig. 1.
(E and F) Outer membrane preparations were analyzed by silver staining Tris-glycine (E) and Tris-Tricine (F) SDS gels, labeled as in Fig. 3. The sample loaded
in each lane is identified by a combination of the parental strain on top and the constitutive expression construct below it. (G) LC-MS chromatograms for samples

of the WT and 1342~ of HPLC fractions eluted at the same time as a GDP-fucose standard.

consequence of incomplete segregation of the mutant chromo-
some, or when lawn plates have low cell densities so that incom-
plete or patchy lawns are formed. We hypothesize that the im-
paired growth rate or spontaneous appearance of WT-like
coloniesin 1342 and 2027 cultures reduces the strength of their
grazer resistance phenotype by reducing the cellular densities of
the plate or mimicking the presence of WT cells, respectively. To
test the plating density hypothesis, we generated plates with in-
creasing concentrations of cyanobacterial cultures (see Fig. S7TA
and B). Plaques grew to reduced diameters with increasing cyano-
bacterial cell densities of 1342~ and 2027, well beyond that ob-
served with the WT, indicating that the growth defect hinders but
does not abolish the grazer resistance phenotype.

Epistasis confirms the pathway of LPS production. To fur-
ther confirm the hypotheses that 22927 and 2293~ lack ligase
activities while 1342~ and 2027 are impaired in the synthesis of
the lipid A core oligosaccharide, we generated a double mutant in
lipid A core oligosaccharide synthesis and ligation (1342~ +22937)
inadditionto the 1126~ +2292" and 1903~ 42293~ double mutants
previously described. Although we attempted to generate strains
defective in both O-antigen and lipid A-core syntheses (e.g.,
1126~ +13427), we were never able to recover colonies from these
transformations, suggesting that a lack of both O antigen and lipid
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A-core is synthetically lethal. In contrast to the lack of LPS-shifted
bands in 1126~ +2292" and 1903~ +2293" outer membrane
preparations, 1342 +2293 " still retains the mass-shifted banding
pattern but lacks all lipid A-core bands. This result supports the
interpretation that this mass-shifted band is unligated O antigen
and that O-antigen synthesis occurs prior to ligation.

Detailed analysis of the lipid A-related bands using a Tris-Tri-
cine gel revealed that 1126~ and 1903~ produce a large quantity of
a band with a higher apparent molecular weight than the lipid
A-core band of the WT. This band is absent from the 2292~ and
2293 single mutants and all of the double mutants (Fig. 3C). The
identity of this band is unclear at this time, but it likely represents
amodification of the lipid A-core molecule that depends upon the
functionality of both ligation genes. Interestingly, 1342~ +2293~
lacks all bands in this region, while 13427, 2027, and all other
strains retain a band that migrates faster than the lipid A-core
band. We hypothesize that this apparently low-molecular-weight
band represents either lipid A-core with an incomplete core oli-
gosaccharide or lipid A without any core oligosaccharide.

DISCUSSION
Novel resistance genes enhance our model of LPS generation in
S. elongatus. Prior to this work, we predicted an initial model of
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the S. elongatus O-antigen synthesis pathway based on the four
previously characterized amoeba-resistant mutants (21) and the
known pathway in E. coli serotypes O8 and O9 (4). The discovery
of six more mutants that disable O-antigen synthesis, nucleotide
sugar production, lipid A-core synthesis, or ligation has refined
the current working model for LPS synthesis in S. elongatus (Fig.
3A). For example, we previously predicted that two genes not
discussed here, 0388 and 2028, encode the remaining Wbd O-an-
tigen polymerases. However, the current work demonstrates that
the protein products of two other genes, 1901 and 1902, function
in the synthesis of the O antigen. In contrast, it is unlikely that
2028 contributes to the nonessential process of O-antigen polym-
erization because the 2028 mutant could not be obtained, sug-
gesting that 2028 performs an essential function. In support of this
conclusion, the entire operon containing 2028, 2027, and the
genes for two other putative glycosyltransferases (2025 and 2026)
has recently been identified as essential in S. elongatus via random
barcode transposon site sequencing (RB-TnSeq) (48). Although
we have demonstrated that 2027 is not essential, it is reasonable
that growth-defective mutants such as 2027~ would not sur-
vive the pooled, competitive growth required for RB-TnSeq.
Based on the 2027 data presented here and the inability to
generate 2028 and 2025, we hypothesize that all four cotran-
scribed genes (38) contribute to the synthesis of the lipid A core
oligosaccharide, with different gene mutations resulting in al-
tered lipid A-core structures with various degrees of deleteri-
ousness to cell viability.

2293 is a novel gene necessary for O-antigen ligation. While
our previous prediction that 2292 encodes an O-antigen ligase was
confirmed, the discovery that 2293 encodes a necessary and func-
tionally distinct second O-antigen ligase is unprecedented among
all currently known LPS synthesis pathways. Although investiga-
tions on Salmonella enterica by Kaniuk et al. indicated that more
components may be necessary for substrate recognition of the
Waal ligase (49), no other proteins essential to ligation were dis-
covered. Given the uniqueness of this protein to S. elongatus, its
precise function and evolutionary origins are unclear. Based on
sequence analysis, we predict that it is anchored in the inner mem-
brane by a single transmembrane helix and a covalently attached
lipid. The low similarity to pyruvate kinase, a phosphotransferase,
suggests that this enzyme is involved in the transfer of phosphates
to or from the O-antigen-lipid carrier molecule as part of the
ligation process. Alternatively, this enzyme may phosphorylate
lipid A-core inside the cell, as occurs in the lipid A of other bacte-
ria, including Pseudomonas aeruginosa, where phosphorylation of
lipid A-core is required for LPS transport to the outer membrane
(50). The presence of phosphorus has already been demonstrated
in the LPS of Anacystis nidulans KM (18), a strain since considered
S. elongatus.

Structure of LPS of S. elongatus. The current model for LPS
synthesis is consistent with the sugar composition of A. nidulans
KM and S. elongatus PCC 6301, PCC 6908, PCC 6311, and PCC
6910, which comprise mannose with trace amounts of methyl-
mannose and minor amounts of fucose, glucose, galactose, KDO,
glucosamine, and mannosamine (14, 18). In analogy to the LPS
synthesis pathway found in E. coli serotypes O8 and O9a (4), we
propose that polymerization of the polymannose O antigen by
1887, 1901, and 1902 is terminated by methylation of the terminal
mannose by 1903. The remaining sugars identified in the compo-
sition of the LPS are most likely components of the lipid A-core
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molecule. Our work indicates that fucose is a component of the
lipid A core oligosaccharide required for O-antigen ligation. Al-
though our failure to impair KDO synthesis and nucleotide acti-
vation indicates that this sugar may be an essential component of
the lipid A-core structure, the inability to degrade S. elongatus LPS
through mild acid hydrolysis suggests that it does not perform the
same role as in enteric LPS (14, 18). These inferences are consis-
tent with the observation that strong acid hydrolysis liberates fu-
cose due to an acid-labile linkage and releases a single major frac-
tion thatlacks lipid A, fatty acids, fucose, and KDO but contains all
of the other sugars, in ratios similar to those detected in S. elonga-
tus LPS (18), suggesting that fucose may serve as a key link be-
tween O antigen and lipid A.

Knockouts in the pathway for rhamnose activation did not
alter the LPS, which is consistent with rhamnose not being de-
tected in the LPS of A. nidulans KM. This finding is in contrast to
a number of LPS structures from marine Synechococcus strains,
which incorporate rhamnose into their lipid A core oligosaccha-
rides, do not utilize fucose or KDO, and have O antigens primarily
composed of glucose (9).

Genes involved in LPS synthesis represent conserved targets
for generating predator resistance. Except for 2292 and 2293,
whose translations showed poor similarity to known proteins via
BLAST searches, the LPS synthesis genes that confer resistance to
HGGI1 are well conserved across the vast diversity of sequenced
cyanobacteria (see Fig. S8 in the supplemental material). Notably,
the marine Synechococcus and Prochlorococcus species do not have
detectable homologs of 1126, encoding the Wzm ABC transporter
of O antigen. Whether this difference is due to an evolutionary
adaptation to marine salinity, a general lack of sequence conser-
vation in the transmembrane domains of ABC transporters (51),
or the different sugar composition of the LPS of marine species (9)
is unclear. Overall, these conservation data support the hypothesis
that the cyanobacteria evolved to use the Wzm-Wzt pathway for
O-antigen synthesis and the Wzx-Wzy flippase mechanism for
generating exopolysaccharides (52, 53). This strategy is in contrast
to that of enteric bacteria, where the Wzx-Wzy mechanism is the
dominant pathway for both O-antigen (2) and extracellular poly-
saccharide (54) syntheses.

The overall conservation makes these genes promising loci
for generating grazer resistance through targeted markerless
deletion (29) or random mutagenesis and screening in any po-
tential cyanobacterial production strain for large-scale cultiva-
tion purposes. We previously generated nontransgenic grazer-
resistant strains by UV mutagenesis that would not be
considered novel under the regulations of the Environmental
Protection Agency (21).

Tolerance limitations of lipid A-core production. Although
these amoebal predation resistance genes are useful mutational
targets for crop protection, limitations exist on how much the LPS
can be altered without affecting the viability and growth of the cell.
At a minimum, impairment of lipid A-core resulted in impaired
growth, which would be undesirable for industrial-scale biomass
cultivation. Therefore, mutations in nucleotide sugar and lipid
A-core synthesis homologs of 1342 and 2027 are not candidate loci
for generating resistance to predation. The inability to generate a
number of other mutations in lipid A-core or nucleotide sugar
synthesis further demonstrates that alterations in these molecules
can reduce cell viability. While this limitation decreases the num-
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ber of target genes, these data help define the mutagenesis scheme
for producing crop protection.
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