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Cyanobacteria are emerging as attractive organisms for sustain-
able bioproduction. We previously described Synechococcus elon-
gatus UTEX 2973 as the fastest growing cyanobacterium known.
Synechococcus 2973 exhibits high light tolerance and an increased
photosynthetic rate and produces biomass at three times the rate
of its close relative, the model strain Synechococcus elongatus
7942. The two strains differ at 55 genetic loci, and some of these
loci must contain the genetic determinants of rapid photoautotro-
phic growth and improved photosynthetic rate. Using CRISPR/Cpf1,
we performed a comprehensive mutational analysis of Synechococcus
2973 and identified three specific genes, atpA, ppnK, and rpaA, with
SNPs that confer rapid growth. The fast-growth-associated allele of
each gene was then used to replace the wild-type alleles in Synecho-
coccus 7942. Upon incorporation, each allele successively increased the
growth rate of Synechococcus 7942; remarkably, inclusion of all three
alleles drastically reduced the doubling time from 6.8 to 2.3 hours.
Further analysis revealed that our engineering effort doubled the pho-
tosynthetic productivity of Synechococcus 7942. We also determined
that the fast-growth-associated allele of atpA yielded an ATP synthase
with higher specific activity, while that of ppnK encoded a NAD*
kinase with significantly improved kinetics. The rpaA SNPs cause
broad changes in the transcriptional profile, as this gene is the
master output regulator of the circadian clock. This pioneering
study has revealed the molecular basis for rapid growth, demon-
strating that limited genetic changes can dramatically improve the
growth rate of a microbe by as much as threefold.
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yanobacteria are oxygenic photosynthetic prokaryotes that

generate biomass using only CO, and sunlight as carbon and
energy sources, respectively. For this reason, these organisms
show great potential as carbon-neutral platforms to produce
biofuels and other chemical feedstocks as alternatives to petro-
chemicals. In the last two decades, many cyanobacterial strains
have been engineered to produce alcohols, aldehydes and ke-
tones, fatty acids, isoprene and terpenes, ethylene, sugars, or-
ganic acids, and long-chain alka(e)nes (1). Cyanobacteria have
several advantages over other photosynthetic organisms such as
eukaryotic algae and plants including faster growth, more effi-
cient solar energy conversion, higher biomass accumulation, and
facile genetic manipulation (2). Unfortunately, cyanobacterial
production systems have not been deployed yet because of the
low production titers for commonly employed model organisms
such as Synechocystis sp. PCC 6803 and Synechococcus elongatus
PCC 7942. For cyanobacteria to compete with heterotrophic
bacteria as bioproduction platforms, their photosynthetic CO,
fixation rates need to be significantly increased.

We have recently described Synechococcus elongatus UTEX
2973 as a promising candidate as a viable cyanobacterial pro-
duction platform (3, 4). Unlike many model strains, this organism is
capable of biomass production at rates that are comparable to het-
erotrophs such as the yeast Saccharomyces cerevisiae. Interestingly,
this organism is almost genetically identical to the model cyanobac-
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terium Synechococcus 7942. The two strains have an identical gene
set differing by only 53 SNPs, a 7.5-kb deletion, and a 188-kb in-
version (3). Despite the high degree of genetic similarity, the two
strains are phenotypically quite different. Synechococcus 2973 grows
at elevated temperature and achieves a doubling time of 1.5 h,
compared with 4.9 h for Synechococcus 7942 (4). Additionally, Syn-
echococcus 2973 is tolerant of high light, growing well under light
intensities exceeding that of natural sunlight (2,000 pmolm=2s~"). In
contrast, Synechococcus 7942 becomes severely photoinhibited at in-
tensities less than half that. Relative to Synechococcus 7942, Syn-
echococcus 2973 also exhibits several adjustments to its photosynthetic
apparatus including decreased phycobilisome and increased Photo-
system I (PSI) cytochrome f and plastocyanin contents. Such differ-
ences lead to the alleviation of a photosynthetic bottleneck, resulting
in an increased capacity for photosynthetic electron flux. This in turn
supports the utilization of higher light intensities by Synechococcus
2973 while producing more ATP and NADPH for carbon fixation
and, ultimately, the faster growth rate of this cyanobacterium (4).
The extremely close relatedness of these two cyanobacterial
strains provides an excellent system to investigate how a slower-
growing, less productive model organism can be transitioned into
a fast-growing and highly productive substrain. Among the small
number of genetic differences between the two strains must lie
the molecular determinants of the photosynthetic improvements
in Synechococcus 2973 relative to the widely studied model cyano-
bacterium Synechococcus 7942. Among the 53 SNPs, 35 result in
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single amino acid substitutions in various proteins, while the
remaining SNPs are in noncoding regions. Thus, the SNP-
containing genes are alternate alleles in the two organisms.
Identification and characterization of such universal fast-growth—
associated alleles could unlock improvements in other model and
industrially relevant cyanobacteria.

Results

Identification of SNPs Resulting in Rapid Growth. Based on the
available annotations, it was not immediately apparent which
SNPs give rise to the phenotypic differences that we previously
reported in the two strains (4). Therefore, we performed a
comprehensive mutational analysis of Synechococcus 2973 to
determine which of the 55 genetic differences between that
strain and Synechococcus 7942 are critical for rapid photoauto-
trophic growth and high light tolerance. We reasoned that a
combination of SNPs would be required for rapid growth, so that
engineering individual SNPs into Synechococcus 7942 would not
generate the desired phenotypes. However, if an SNP is part of
the combination that leads to rapid growth, then reversion of
that SNP to the version in the slow-growing strain would break
up the combination, resulting in the loss of the rapid-growth phe-
notype. Following this rationale, we used CRISPR/Cpf1 gene editing
(5) to convert each SNP in Synechococcus 2973 to the corresponding
version found in Synechococcus 7942. The 7-kb deletion in Syn-
echococcus 2973 also may have contained a factor that regulates

Table 1.

growth. Hence, we replaced the genes lost in that deletion to de-
termine the effect of the deletion on growth as well.

The plasmid pUH24 in Synechococcus 2973 contains 16 of the
55 differences between the two strains; however, this plasmid has
previously been shown to be dispensable in related strains
without a phenotype (6). This allowed us to take a shortcut in our
mutational analysis. The plasmid was cured from Synechococcus
2973 using CRISPR/Cpfl, and the cured strain grew at the same
rate as the parental strain (S Appendix, Fig. S1A). Hence, none
of the SNPs on the plasmid contributes to rapid growth. This
allowed us to eliminate 16 of the 55 differences as factors that
lead to rapid autotrophic growth. Next, we addressed the genes
in the deletion region by restoring all of the genes and their full
operons into neutral site I (7) in Synechococcus 2973. We also
used CRISPR/Cpfl gene editing to recreate the deletion in
Synechococcus 7942. Growth analysis revealed that the deletion
did not result in the loss of a factor that regulates growth, as
Synechococcus 2973 with the deletion restored and Synechococcus
7942 with the deletion recreated grew at the same rates as their
parental strains (SI Appendix, Fig. S1B).

Next, we made a large series of mutants with the CRISPR/
Cpfl system, each with a different markerless single-nucleotide
change, to individually convert each of the remaining 39 chro-
mosomally encoded SNPs in Synechococcus 2973 to its corre-
sponding allele in Synechococcus 7942. In one case a gene (rpaA)
contained both coding and promoter SNPs. Here, the coding and

Growth rates of Synechococcus 2973 with various SNPs reverted to the allele in Synechococcus 7942

Nucleotide position Locus tag Gene function Doubling time, h % change in growth rate
2973-WT — Control 2.1+0.2 N/A
7942-WT — Control 85+ 1.1 N/A
pUH24 — Cure 2973 of plasmid 2.1+00 0
126938 M744_705 Hypothetical protein 2.0+ 0.0 4
236706* M744_1335 ATP synthase FOF1 alpha 3.1+05 -49
474883" — Noncoding 101 bp upstream of rpaA 2.1+0.2 0
4753527 M744_2605 rpaA, SNP |, circadian response regulator 2.0+ 00 4
4753901 M744_2605 rpaA, SNP ll, circadian response regulator 2.0+ 0.0 4
610804 M744_3335 Manganese ABC transporter ATP-binding 21+0.2 0
705129 M744_3855 Guanylate cyclase 2.1 +0.2 0
891346* M744_4780 PpnK — NAD" kinase 45+ 0.2 -117
1042862 — Noncoding, 362 bp upstream of ycfA 2.1+03 0
1080351 M744_5865 Hypothetical protein 2.1+00 0
1113358 M744_6025 Molecular chaperone DnaK 2.1+05 0
1222741 M744_6570 Hydrolase 2.1+0.2 0
1222972 M744_6570 Hydrolase 2.1+0.2 0
1237531 M744_6650 CTP synthetase 2.1 +0.1 0
1238113 M744_6650 CTP synthetase 22+04 -4
1273424 M744_6850 Chorismate mutase 2.5+ 0.6 -16
1533430 — Noncoding, 120 bp upstream of COP23 21+03 0
1619501 M744_8615 DNA-directed RNA polymerase p subunit 23 +0.1 -9
1718274 M744_11685 Anthranilate synthase 1.9 +0.2 7
1741647 — Noncoding, downstream of two genes 2+0.2 4
1749120 — Noncoding, 21 bp upstream of porin 22 +0.2 -4
2139224 — Noncoding, 130 bp upstream of histone like protein 22 +00 -4
2249045 M744_12130 Long-chain fatty acid CoA ligase 2.1 +0.1 0
2339502 M744_12130 Long-chain fatty acid CoA ligase 2.0+0.2 0
2347222 — Noncoding, 37 bp upstream of hypothetical 22+0.2 -4
2348957 — Noncoding, 26 bp upstream of hypothetical 21+03 0
2347664-2347220 — Noncoding, insertion upstream of hypothetical 21 +03 0
2364720 M744_12285 Glutamate synthase 2.1+ 0.1 0
2608863 M744_13540 Photosystem | assembly protein 2.0+ 0.0 4
Multiple* M744_2605/noncoding rpaA, SNP | SNPII, noncoding promoter SNP combined 3.4 +03 -61

Significant difference from Synechococcus 2973 controls: 95% ClI (1.87, 2.33). N/A, not applicable.

*SNPs that significantly slowed growth.

TSNPs that did not individually slow growth but had an effect when combined.
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Table 2. Enzyme kinetics of the Synechococcus 2973 allele of NAD™ kinase compared with the Synechococcus
7942 allele

NAD* ATP
Allele Ky, mM Vinaxe NMol-min~"mg™" K., min~’ Kn, mM Vinaxe NMol-min~"mg™" K, min™’
2973 NADK 0.25 + 0.06 625 + 79 20.8 + 2.6 0.25+/0.05 625 + 84 20.8 + 2.2
7942 NADK 0.52 + 0.08 434 + 21 144 + 0.8 0.37+/0.04 370 + 42 123 + 0.6

Kinetic parameters for NAD* and ATP are shown as indicated.

noncoding SNPs were converted individually as well as in com-
bination. Also, in the Synechococcus 2973 23S rRNA there are
two SNPS relative to the sequence in Synechococcus 7942. Since
there are two identical rRNA operons in the genome, we were
not able to target one specifically. Thus, the two rRNA SNPs were
not converted in this study. We also did not make reversions of
SNPs that resulted in silent mutations.

Growth analysis of the series of mutants revealed four coding
SNPs and one noncoding SNP across three genes that when con-
verted resulted in decreased growth rate (Table 1). The SNPs that
we thus identified as the genetic factors for rapid photoautotrophic
growth result in the following amino acid changes. First, a Y252C
replacement in AtpA, the alpha subunit of ATP synthase (8), results
in the change of a surface Cys in Synechococcus 7942 to a Tyr in
Synechococcus 2973 (SI Appendix, Fig. S24). This conversion may
cause a loss of redox regulation of ATP synthase in Synechococcus
2973 (9). Second, a D260E replacement in the NAD* kinase PpnK
(10) results in the change of a Glu in Synechococcus 7942 to an Asp
in Synechococcus 2973. Although both these amino acids are neg-
atively charged, the side chain of Glu is one carbon longer. Struc-
tural analysis of PpnK revealed that this residue is located in the
active site with the negatively charged side chain being electrostat-
ically repelled by the phosphates on NAD™ or ATP (SI Appendix,
Fig. S2B). The shorter, negatively charged side chain of D260 in
PpnK of Synechococcus 2973 is positioned closer to the negatively
charged phosphate on NAD, which affects enzyme kinetics (Table
2). Finally, in the master output regulator of the circadian clock
RpaA (11), we identified SNPs resulting in R121Q and K134E
replacements. Additionally, the promoter of rpaA4 in Synechococcus
2973 contains a 7-bp deletion that falls 102 bp upstream of the
translational start codon. Both coding SNPs in 7pa4 are in an un-
ordered loop linking the response receiver domain to the helix-turn-
helix DNA-binding domain. As shown in S/ Appendix, Fig. S3, both
the coding and promoter SNPs in Synechococcus 2973 are necessary
for its rapid growth.

Engineering Synechococcus 7942 for Rapid Photoautotrophic Growth.
Next, we used the CRISPR/Cpfl system to engineer the SNPs
that we identified as the genetic factors for rapid autotrophic
growth into the slower-growing Synechococcus 7942 to verify that
we could engineer rapid growth of this cyanobacterium. First,
each of the three genes was individually converted to the Syn-
echococcus 2973 version to determine if the mutations can in-
dependently increase growth rate. Growth analysis revealed that
the mutations in both atpA and ppnK can independently increase
the growth rate of Synechococcus 7942 (Fig. 1 A and C). In-
troduction of the rpa4 promoter SNP or the pair of coding SNPs
did not yield an increase in growth rate (SI Appendix, Fig. S3).
The individual coding SNPs were not studied separately because
they lie only 39 bp apart and it was difficult to change one
without changing the other; thus, in this case we refer to the
alternative alleles of 7paA to indicate that both coding SNPs are
always changed together. However, when the pair of coding and
promoter SNPs were combined, the growth rate of Synecho-
coccus 7942 increased significantly (Fig. 1 4 and C). This indi-
cates that each gene/allele that we identified in our mutational
analysis works independently to increase the growth rate of
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Synechococcus 7942. Furthermore, the fact that both the coding
and promoter SNPs in rpaA are required for accelerated growth
indicates that changes in the expression as well as in the activity
of this regulator are required to achieve fast growth.

Finally, we combined all five SNPs into the same strain of
Synechococcus 7942 to produce a markerless 5x mutant. As each
successive gene was mutated to the Synechococcus 2973 version,
we observed an increase in growth rate (Fig. 1 B and C). Re-
markably, when all five SNPs were engineered into the same
strain, we achieved a growth rate (2.2-h doubling time) which is
comparable to that of Synechococcus 2973 (Fig. 1 B and C). This
indicates that we had identified the complete complement of
SNPs that converts the slow-growing, light-sensitive Synecho-
coccus 7942 strain into a fast-growing, high-light—tolerant strain
similar to Synechococcus 2973. It is interesting that two of the
three genes, atpA and ppnK, are directly involved in energy
metabolism, which suggests that energy availability rather than
some other factor is the key determinant of the photoautotrophic
growth rate of Synechococcus 7942. It is noteworthy that this
small combination of SNPs converted Synechococcus 7942 into a
high-light-tolerant strain that exhibits a 2.2-h doubling time at
900 pmol-m~2s™! light. Also, at relatively lower light intensities
(250 pmol-m~2s71), the two wild-type Synechococcus strains and
Synechococcus 7942 with all three converted alleles grew at
about the same rate (SI Appendix, Fig. S4). However, under
higher light intensities (900 pmol-m™~2s™"), the growth rates of
these strains were markedly different. Increasing the light in-
tensity to above 250 pmol-m™2s~' causes photoinhibition in
Synechococcus 7942, which slowed growth; both Synechococcus
2973 and the fast-growing mutant of Synechococcus 7942 were
able to overcome photoinhibition and harness the increased light
energy to accelerate growth (SI Appendix, Fig. S4) as well as
photosynthetic rate (see below). This phenotypic difference was
also reported in our previous work in more detail (4).

To enable rapid growth, Synechococcus 2973 exhibits photo-
synthetic rates that are twofold higher than that of Synecho-
coccus 7942 (on a cellular basis) (4). We investigated whether the
changes that we engineered into Synechococcus 7942 increased
its photosynthetic rate as well. We compared rates of whole-
chain oxygen evolution on a per OD basis rather than a per
chlorophyll basis because the chlorophyll content of Synecho-
coccus 2973 is twofold higher than that of Synechococcus 7942
(4), which obscures the observable differences in photosynthetic
rates. We found that the photosynthetic rate of Synechococcus
7942 more than doubled, from 1,750 pmol 0,h 0D+, to
3,785 pmol 0, h™10OD~3,", when all three alleles (five SNPs)
were changed to their corresponding Synechococcus 2973 ver-
sions (Fig. 1D). Interestingly, incorporation of individual SNPs
showed little effect; a significant effect was observed only when
both the Synechococcus 2973 ATP synthase and NAD" kinase
alleles were introduced together. The full benefit to oxygen
evolution became apparent only when all three alleles were
combined. Together, the increased growth rate and increased
rates of O, evolution indicate that the three Synechococcus
2973 alleles worked in combination to dramatically improve the
photosynthetic productivity of the model cyanobacterium Syn-
echococcus 7942. We previously reported that Synechococcus
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Growth of Synechococcus 2973, Synechococcus 7942, and mutant strains. (A) Representative growth curves of Synechococcus 7942 with different SNPs

from Synechococcus 2973 incorporated individually. (B) Representative growth curves of Synechococcus 7942 with SNPs from Synechococcus 2973 in-
corporated in combinations. (C) Doubling times of both Synechococcus strains and mutants thereof (n = 3). (D) Whole-chain oxygen evolution of both wild-
type strains and Synechococcus 7942 with various allele combinations from Synechococcus 2973 (n = 3). Allele 1, ATP synthase; allele 2, NAD™ kinase; allele 3,
both coding SNPs and promoter deletion in rpaA. Growth was performed in a multicultivator bioreactor with 5% CO,, 900 umol-m~2s~" light, 38 °C.

2973 exhibits altered pigment content relative to Synechococcus
7942 (4). An absorbance scan of the 5x mutant revealed that it
has now taken on the characteristic spectrum of Synechococcus
2973 with an increased chlorophyll peak (682 nm) and decreased
phycobilisome peak (625 nm) (SI Appendix, Fig. S4C). In addi-
tion to altered pigment content, we noted differences in energy
transfer through the phycobilisomes in Synechococcus 2973 rela-
tive to Synechococcus 7942. Synechococcus 2973 exhibits reduced
fluorescence from phycocyanin (PC) at 77K, which suggests in-
creased efficiency of energy transfer through PC (4). The 77K
fluorescence spectrum of the 5x mutant revealed that it exhibits
a photophysiological phenotype similar to Synechococcus 2973
(81 Appendix, Fig. S4D).

Comparisons of NADK Alleles. As described above, the SNP
resulting in the D260E change in NAD™ kinase significantly in-
creased the growth rate of Synechococcus 7942, but this sub-
stitution near the active site leads to a subtle change since both
residues are negatively charged. We therefore investigated in
more detail how this replacement affects the enzyme’s kinetics.
Both variants of the NADK were overexpressed and purified
from Escherichia coli. We then examined the kinetics of substrate
binding for both substrates, ATP and NAD. Both substrates bind
in the same pocket with which D260 interacts. Thus, this SNP
may affect the binding affinity of one or both of the substrates
(12, 13). Additionally, NADH and NADPH act as competitive
inhibitors of NADK by also binding at that site (14). Therefore,
we compared the inhibitory effects of NADH and NADPH in
the two versions of the NADK as well.

We determined that the Synechococcus 2973 version of the
enzyme has a significantly higher affinity for both substrates, as

E11764 | www.pnas.org/cgi/doi/10.1073/pnas.1814912115

indicated by the lower Ky, toward both NAD and ATP (Table 2
and SI Appendix, Fig. S5). In addition, the Synechococcus
2973 version of the enzyme displays a significantly higher V.«
and K, toward both NAD and ATP (Table 2). Together, these
findings indicate that the D260E substitution in PpnK generates
a more active enzyme, thus increasing NADP* production in
Synechococcus 2973. Heterotrophic NADK genes are inhibited
by both NADH and NADPH (14). However, we observed no
inhibition of the cyanobacterial NADK by NADPH for either
version of the protein (Fig. 24). The high tolerance of the cya-
nobacterial version of the enzyme to NADPH is likely required
due to the large amounts of NADPH that are produced during
the light reactions of photosynthesis. Interestingly, we observed a
large difference in inhibition by NADH for the two versions of
the enzyme (Fig. 2B). The Synechococcus 2973 version of the
enzyme is strongly inhibited by NADH, but the Synechococcus
7942 version of the enzyme is relatively tolerant to NADH. It
appears that in Synechococcus 2973 NADP* production is in-
creased only if the NADH pool is kept very small. We recently
reported that the fast-growth phenotype of Synechococcus
2973 is a result of increased titers of PSI, cytochrome f, and
plastocyanin, enabling a higher level of photosynthetic electron
flux (4). A more active NADK is complementary to those find-
ings, as increased NADK activity would yield increased titers of
NADP", the final acceptor in the photosynthetic electron
transport chain. This in turn enables efficient electron flow,
generating more reducing power in the form of NADPH.

Comparison of ATP Synthase Alleles. Next, we sought to compare

the ATP synthase activities of the two different alleles of this
important enzyme. To accomplish this, we prepared well-coupled

Ungerer et al.
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NADH (n = 3).

membrane vesicles from wild-type Synechococcus 2973 and a
mutant thereof in which the ATP synthase had been converted to
the Synechococcus 7942 version of the allele (15, 16). As described
above, Synechococcus 2973 has higher titers of photosynthetic
electron transfer components (4), so that light-driven ATP pro-
duction may not reflect the innate differences between the two
versions of ATP synthase. Hence, we used a classic acid-base tran-
sition to energize the membranes, generating an identical proton
gradient in both samples (17, 18) and bypassing other differences
in photophysiology. Membrane preparations were equilibrated in
a low-pH succinate buffer and then diluted into a higher-pH re-
action buffer to generate a proton gradient across the membrane.
After the ApH was generated, samples were collected at various
time intervals (Materials and Methods).

We determined that immediately after dilution into the base stage, a
proton motive force (PMF) was generated resulting in ATP pro-
duction. The membranes containing the Synechococcus 2973 allele of
ATP synthase produced ATP at a rate of 1,113 nmol-min~"mg Chl™
while membranes containing the Synechococcus 7942 version of the
allele produced ATP at a rate of 773 nmol-min—"-mg Chl™" (Fig. 3).
No ATP synthesis was observed in the presence of the uncoupler
carbonyl cyanide m-chlorophenyl hydrazine (CCCP). We concluded
that the Synechococcus 2973 allele of the ATP synthase has a higher
rate of ATP synthesis when placed under the same PMF as the
Synechococcus 7942 allele. Clearly, energy supply limits growth in
Synechococcus 7942, as engineering this strain with an improved
ATP synthase or with NAD" kinase individually increased the
growth rate, and engineering both improved alleles into the strain
resulted in an additive effect (Fig. 1).

Transcriptome Profiles of Wild-Type and SNP Interconversion Mutants.
We performed global RNA-sequencing (RNA-seq) analysis of all
SNP mutants exhibiting a growth phenotype as well as both wild-
type strains (Dataset S1). Our goal was to survey the transcrip-
tional differences between the two wild-type strains and confirm
that these differences are recapitulated by the mutations that shift
one strain’s phenotype to that of the other. First, we compared the
differences in gene expression based on normalized transcripts per
million (TPM) in the two wild-type strains. We chose a 1.5-fold
difference in expression as the cutoff for differentially expressed
genes. Thus, genes showing less than a 1.5-fold difference were
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considered comparable in expression level, while genes showing
more than a 1.5-fold difference were considered differentially
expressed. A pathway enrichment analysis was also performed to
determine metabolic pathways that were overrepresented in the
up-regulated and down-regulated gene sets (SI Appendix, Fig. S6
and Dataset S2). We found that in Synechococcus 2973 only 15%
of the genes show at least 1.5-fold higher expression, while 51% of
the genes show at least 1.5-fold lower expression (Dataset S3).
This finding suggests that Synechococcus 2973 focuses more of its
resources on a few specific processes. In particular, Synechococcus
2973 exhibited increased nutrient capture, as iron, phosphate,
nitrate, sulfate, and bicarbonate transporters were more highly
expressed in this strain. The enrichment analysis showed a sig-
nificant overrepresentation of the ABC transporter category (P =
0.009) among the up-regulated gene sets. We found that the psbA2
gene was expressed at higher levels in Synechococcus 2973, which
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Fig. 3. ATP synthase activity of the Synechococcus 2973 allele vs. the Syn-
echococcus 7942 allele (n = 3).
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may aid in Photosystem II (PSII) turnover under high-light con-
ditions. We also found an up-regulation in photosynthetic carbon
fixation (P = 0.0086) and gluconeogenesis (P = 0.0005) in Syn-
echococcus 2973, as genes such as RuBP carboxylase (EC: 4.1.1.39),
phosphoglycerate kinase (EC: 2.7.2.3), fructose-1,6-bisphosphatase
(EC: 3.1.3.11), and sedoheptulose-1,7-bisphosphatase (EC: 3.1.3.37)
were up-regulated. These could help fuel the higher need for carbon
in Synechococcus 2973, which requires 0.502 g carbon per gram of
biomass as opposed to 0.497 g carbon per gram of biomass for Syn-
echococcus 7942 (3). In addition, we observed increased expression of
the translation machinery (P = 0.0018) in Synechococcus 2973, as
numerous ribosomal proteins, translation elongation factors, and ri-
bosome recycling factors were more highly expressed. In Synecho-
coccus 2973, NAD(P) transhydrogenase was down-regulated, which
may serve to maintain a higher NADPH/NADH ratio. Interestingly,
per our enrichment analysis, the nicotinate and nicotinamide metab-
olism category was the only significantly down-regulated pathway (P =
0.0055) in Synechococcus 2973.

Genes for several sigma factors, including sigG, sigB, rpoE,
sigA, and sigF, were also down-regulated in Synechococcus 2973,
which may be why most of the genes showed lower expression in
this strain. Recombination and repair genes, including ruvC, rec/,
recG, recO, mutT, recF, recQ, recN, and mutL, were also down-
regulated in this strain. Synechococcus 2973 exhibited decreased
expression of cytochrome ¢ oxidase suggesting less active respi-
ration in this strain. Glycogen synthase was up-regulated and
glycogen-degrading genes were down-regulated in this strain,
leading to the previously reported high glycogen levels (4). The
clock genes kaiA, kaiB, and kaiC were down-regulated in Syn-
echococcus 2973. Interestingly, it grows well during a diurnal
cycle (5), suggesting clock function is dampened but not lost.

Among other significantly up-regulated pathways are Cys and
Met metabolism (P = 0.0123) and the biosynthesis of amino
acids (P = 0.0392). This is further corroborated by the biomass
composition of the two organisms: Synechococcus 2973 cells
have a higher amino acid content than Synechococcus 7942 cells
(53% vs. 40.9%) (3).

For each SNP displaying a growth phenotype, we made pair-
wise comparisons in a reciprocal fashion between both wild-type
strains possessing both versions of each allele. In particular, we
compared the change in expression between wild-type Synecho-
coccus 2973 and the same strain with each SNP converted to the
Synechococcus 7942 allele and between wild-type Synechococcus
7942 and the same strain with each SNP converted to the Syn-
echococcus 2973 allele. Importantly, we identified genes that
exhibited a 1.5-fold change in one direction and also a 1.5-fold
change in the opposite direction in the reciprocal mutant as
genes whose expression is specifically affected by a given SNP.
We found that the ATP synthase and NAD" kinase SNPs had
little effect on global gene expression, as only 1.6% and 3.9% of
the genes, respectively, showed a 1.5-fold change in one direction
and a 1.5-fold change in the opposite direction in the reciprocal
mutant (Datasets S4 and S5). As expected, the global clock
output regulator rpaA caused a much more significant change in

the transcriptome with 17% of the genes (447 genes) showing at
least a 1.5-fold change in expression in both mutants compared
with their wild types (Dataset S6). Although about one-sixth of
the genome showed altered expression between the two rpad
alleles, it is likely that only a few of these genes play a role in the
rapid-growth phenotype. Notably, multiple sigma factors, glycogen
debranching enzyme, hydrogenase, recombination and repair fac-
tors, clock genes, cytochrome ¢ oxidase, transcription factors, and
NAD(P) transhydrogenase were all down-regulated in strains with
the Synechococcus 2973 allele of rpaA compared with strains with
the Synechococcus 7942 allele. The gene that shows the single
largest decrease in expression in a Synechococcus 2973 allele of
rpaA background is rpaA itself. Introduction of the Synechococcus
2973 rpaA allele into Synechococcus 7942 caused a 134-fold drop
in the expression of rpaA itself, suggesting that the 7-bp pro-
moter deletion significantly reduces the expression of rpaA.

As we incorporated SNPs to transition the slow-growing Syn-
echococcus 7942 into the fast-growing Synechococcus 2973, we
used RNA-seq to monitor the changes in the transcriptome of
Synechococcus 7942 as well. For the two wild-type strains, only
889 genes (33%) of the transcripts are within 1.5-fold expression
of each other in either direction, which is a testament to the large
phenotypic differences observed between the two strains (Table
3 and Dataset S3). After engineering the Synechococcus 2973
SNPs into Synechococcus 7942, individually and in combination,
we compared the transcriptomes of the resulting mutants with
wild-type Synechococcus 2973. We found that the transcriptome
of any single mutant does not resemble that of Synechococcus
2973, because only 837 (31%), 1,119 (41%), and 347 (13%)
transcripts had expression levels similar to those of Synecho-
coccus 2973 in the ATP synthase, NAD kinase, or rpad con-
version strains, respectively (Table 3 and Dataset S7). Upon the
addition of the NAD kinase SNP into the strain containing the
ATP synthase SNP (2x mutant), transcriptome similarities with
Synechococcus 2973 increased only slightly, to 1,160 genes (Table
3 and Dataset S7). Finally, we compared the Synechococcus 7942
5x mutant in which all three genes (atpA, ppnK, and rpaA) had
been engineered to contain the Synechococcus 2973 SNPs. Here
we found that the expression of 2,377 transcripts (88%) was
within 1.5-fold of that observed in wild-type Synechococcus 2973
(Table 3 and Dataset S7). Thus, when all three alleles are in-
corporated into Synechococcus 7942, it takes on the transcrip-
tional profile of Synechococcus 2973, as most of the genes (88%)
show comparable expression in the 5x mutant of Synechococcus
7942 and wild-type Synechococcus 2973 (Table 3, column 5),
whereas only 33% of the genes show comparable expression in the
two wild-type strains (Table 3, column 1). Therefore, we were able
to monitor the transition of the slower-growing Synechococcus
7942 into the fast-growing Synechococcus 2973 both phenotypically
and by systems-level transcriptome-wide expression profiles.

Comparison of SNP Alleles Across Diverse Cyanobacteria. Finally, we
were interested in the distribution of the alleles of these highly
conserved genes across diverse species of cyanobacteria with
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Table 3. Comparison of the transcriptional profile of Synechococcus 7942 containing various substituted SNPs from
Synechococcus 2973 with both wild-type strains

SNP engineered into Synechococcus 7942

Genes with <1.5-fold

expression levels of Wild-type 7942 (%) ATP synthase (%) NAD kinase (%) rpaA (%) 2% (%) 5% (%)
2973 889 (33) 837 (31) 1,119 (41) 347 (13) 1,124 (41) 2,377 (88)
7942 2,691 (100) 2,440 (90) 1,187 (44) 410 (15) 2,010 (74) 972 (36)

The table shows the number of genes that exhibit a <1.5-fold difference, indicating that they have comparable expression in the two
strains. 2x, Synechococcus 2973 ATP synthase and NAD* kinase alleles engineered into Synechococcus 7942. 5x, Synechococcus 2973 ATP
synthase, NAD" kinase, and rpaA alleles engineered into Synechococcus 7942.
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various growth rates. We aligned the sequences of the three
encoded proteins in the two Synechococcus strains and other
commonly studied cyanobacteria (Fig. 4). What we found was strik-
ing: In each case, the SNP is in a conserved residue. Interestingly, in
three of the four cases, the residue is conserved in Synechococcus
2973 and all other cyanobacteria examined, irrespective of their
growth rate. In fact, Synechococcus 7942 appears to be the outlier
among other cyanobacteria at these loci. We can only conclude
that these SNPs did not evolve specifically for rapid growth but
instead they produce the canonical amino acid for their re-
spective proteins in Synechococcus 2973. Therefore, it appears

A

Consensus NASxPATLEONILAPHETG A TIIAENE
Synechococcus 2973 NASEPATLOQ APNAGAA
Synechococcus 7942 NASEPATLO APXYAGAA
Synechococcus 7002 NANDPATLO APYTGAA
Synechocystis 6303 NANDPATLOQ APNMTGAT
Anabaena 33047 NASDPATLOQ APHTGAT
Synechococcus 5301 NASEPATLOQ APNAGAA
Anabaena variabilis GASEPATLOQ APYTGAT
Cyanothece 51142 NANDPATLOQ APHMTGAT
Prochlorecoccus marinus GASEPAALQ APYTGAA
Synechococcus VWH7505 NASDPAALO APMTGAS
Anabaena cylindrica NASDPATLONYLAPYTGAT
Anabaena 7120 GASEPATLOQ APMITGAT
Nostoc punctiforme SASEPATLO APYTGAT
Cyanothece 7822 NANDPATLOQ APMTGAT
B

Consensus

Synechococcus 2973
Synechococcus 7942
Synechococcus 7002
Synechocystis 6303
Anabaena 33047
Synechococcus 6301
Anabaena variabilis
Cyanothece 51142
Prochlorecoccus marinus
Synechococcus VWH7805
Anabaena cylindrica
Anabaena 7120

Nostoc punctiforme
Cyanothece 7822

C

Consensus

Synechococcus 2973 A T PHA- - ARH S T P A
Synechococcus 7942 A il PHA- - ARH § il P A
Synechococcus 7002 A S PQA- - AKH T P A
Synechocystis 6503 A T PQA- - AKH T P A
Anabaena 33047 A i PQA- - AKH N T P A
Synechococcus 6301 A T PHA- - ARH S il P A
Anabaena variabilis A i PQA- - AKH N T P A
Cyanothece 51142 A T PQA- - AKH N T P A
Prochlorococcus marin... A T AQLNS-SNQQ N T P A
Synechococcus VWH7805 A S APYMGSSGNH s T P A
Anabaena cylindrica A T PQA- - AKH N M P A
Anabaena 7120 A T PQA--AKH N T P A
Nostoc punctiforme A i PQA- - AKH N T P A
Cyanothece 7822 A T PQA- - AKH N 11 B A

Fig. 4.
Synechococcus 7942 and Synechococcus 2973 are indicated by boxes.
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that rather than Synechococcus 2973 being a fast-growing mu-
tant of Synechococcus 7942, Synechococcus 2973 has the more
typical allele for these three proteins. Furthermore, Synecho-
coccus 7942 seems to have acquired mutations at these three
loci that slow down growth, impair the photosynthetic rate, and
impart sensitivity to high light.

Discussion

Synechococcus 2973 differs from Synechococcus 7942 by only
53 SNPs, a 7-kb deletion, and a 177-kb inversion. However,
Synechococcus 2973 produces biomass more than twice as fast
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Local alignments of the SNPs that are involved in rapid growth in various cyanobacteria. (A) ATP synthase. (B) NAD" kinase. (C) RpaA. The SNPs in
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as Synechococcus 7942 and exhibits significantly higher photo-
synthetic rates in conjunction with high light tolerance. We
performed a comprehensive mutational analysis on the SNPs in
Synechococcus 2973 and identified three genetic loci that lead to
its remarkable phenotypes. Just five SNPs in three genes (atpA,
ppnK, and rpaA) are responsible for the differences reported
between the two strains. We introduced these SNPs into Syn-
echococcus 7942 and found that it gained high light tolerance
with a commensurate increase in growth rate, making it com-
parable to Synechococcus 2973. Therefore, we altered the genome
of Synechococcus 7942 at five loci and successfully decreased its
doubling time from 6.8 h to 2.2 h, a 309% increase in growth rate
under optimal conditions. Commensurate with the increase in
growth rate, the photosynthetic rate was also doubled in the fast-
growing mutant. Two of the three genes implicated in the rapid
growth of Synechococcus 2973 (ATP synthase and NAD™ kinase)
are involved in generating the cell’s energy currency. In this study,
we demonstrated that the Synechococcus 2973 versions of these
enzymes exhibit improved Kkinetics, resulting in increased ATP
production as well as an increased supply of NADP" to accept
electrons from the photosynthetic electron transfer chain (ETC).
In fact, Abernathy et al. (19) recently reported that Synechococcus
2973 has higher titers of NADPH and a higher energy charge
(ATP/ADP ratio) than Synechococcus 7942. Furthermore, in a
recent computational study of Synechococcus 2973 Mueller et al.
(20) flagged both ATP synthase and NAD kinase SNPs as possible
contributors to rapid growth and predicted that increased activities
of these enzymes would increase growth rate. Many have widely
speculated that Rubisco activity is the limiting factor for the
carbon-fixation rate (21, 22). Our results here suggest that the
energy supply limits the carbon-fixation rate, at least in Synecho-
coccus 7942. This is supported by our previous comparison of the
photophysiology in the two strains in which we uncovered a
photosynthetic bottleneck in the ETC of Synechococcus 7942 that
depresses the rate of electron flow, leading to light sensitivity, a
decreased carbon-fixation rate, and slower growth (4). The current
study provides the molecular underpinnings of the improved
photosynthetic ETC in Synechococcus 2973. In this strain, the
NAD" kinase displays a higher rate of catalysis for the phos-
phorylation of NAD" to NADP™, which should generate a larger
pool of NADP™ to be reduced by the photosynthetic ETC. Such a
change supports the increased rate of electron transfer observed
in Synechococcus 2973, thus generating an increased level of
NADPH, the central reducing power for biosynthesis in these pho-
tosynthetic cells. Previously, it was determined that Synechococcus
2973 has increased titers of cytochrome f, plastocyanin, and PSI to
support a higher level of photosynthetic electron flux (4); here we
show that increasing the supply of the terminal electron acceptor
NADP is also important for increased growth.

Such an enhancement in the reducing power in Synechococcus
2973 is complemented by an ATP synthase with higher specific
activity. Increased ETC activity would serve to generate in-
creased PMF. The increased activity of ATP synthase would
serve to utilize the PMF faster and generate substantially more
ATP. It is not coincidental that increased ATP and NADPH
production in Synechococcus 2973 drastically increases its pho-
tosynthetic carbon fixation, as these are the two main energy
suppliers for that process. Our findings in this study and previous
work (4) indicate that increased energy production in the form of
ATP and NADPH by Synechococcus 2973 is directly responsible
for this strain’s capacity for rapid autotrophic growth.

Inclusion of only the atpA and ppnK SNPs in Synechococcus
7942 was not sufficient to result in rapid photoautotrophic
growth under high light. We also had to include two coding SNPs
and one promoter SNP in the master output regulator of the
circadian clock, rpaA, to recapitulate the rapid-growth pheno-
type, which suggests that both a change in the expression and a
change in the activity of this important protein are important
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components. RpaA is a global transcriptional regulator that
binds to the promoters of more than 100 genes, linking the core
clock Kai oscillator to global transcriptional rhythms (23). De-
letion of rpaA abrogates the clock and locks the cells in a dawn-
like state, while overexpression of phosphomimetic RpaA closes
the cell-division gate and locks the cells in a dusk-like state (24).
When the Synechococcus 2973 rpaA allele was introduced into
Synechococcus 7942, the gene showing the largest decrease in
expression was rpaA itself, likely due to the 7-bp promoter de-
letion. Interestingly, however, rpaA-null mutants do not grow
during diurnal light-dark cycles (24, 25). We have previously
shown that Synechococcus 2973 grows well during such a diurnal
cycle (3), indicating that the promoter deletion significantly re-
duces expression of rpaA4 but does not generate a null phenotype.

RpaA sits on top of a large regulon that produces complex
changes in gene expression with variations in timing and re-
sponse to different levels of RpaA (23). Markson et al. noted
that some genes are transiently activated by low levels of RpaA
but become repressed by high levels of this regulator. In general,
RpaA is responsible for enhancing the expression of subjective
dusk genes while repressing the expression of subjective dawn
genes. Thus, we hypothesize that the large down-regulation of
rpaA by the Synechococcus 2973 allele serves to dampen the
circadian amplitude in this strain. Furthermore, this allele pre-
sumably locks the cells in a partial dawn-like state during which
they are poised to divide. Ashby and Mullineaux (26) observed
that 7pa4 mutants display an increased efficiency of energy
transfer from phycobilisomes to PSII, which links rpa4 expres-
sion to photosynthetic efficiency as well. The same group reported
an increased PSI/PSII ratio and decreased phycobilisome content
in an rpaA mutant of Synechocystis 6803; both are changes that we
identified as leading to improved photosynthetic rates in Syn-
echococcus 2973 (26). Furthermore, Puszynska and O’Shea (27)
reported that an 7pa4-null mutant accumulates very little glycogen
during the day. In contrast, we found significantly elevated gly-
cogen content in Synechococcus 2973 (4). Also, it was reported
that the rpa4-null mutant shows decreased expression of glycolytic
enzymes. However, our RNA-seq analysis found increased ex-
pression of genes for glycolytic enzymes in Synechococcus 2973.
Therefore, due to the complex nature of the rpaA4 regulon, we find
that some changes in expression caused by the Synechococcus
2973 allele of rpaA resemble the deletion mutant, while other
changes resemble an rpaAd-overexpression strain. Unfortunately,
due to the wide-ranging pleiotropic effects observed from the two
rpaA alleles, it is challenging to determine the exact role (or, more
likely, the many roles) of the Synechococcus 2973 rpaA allele in the
fast-growth phenotype. Introduction of this allele into Synecho-
coccus 7942 generated a transcriptional profile that looked like
neither parental strain, and not until all three alleles were com-
bined was the Synechococcus 2973 transcriptional profile recre-
ated. This indicates a higher order of interaction among these
alleles and suggests that the Synechococcus 2973 rpaA allele has a
different effect on the organism depending on which version of the
atpA and ppnK alleles it possesses. Further work will be needed to
determine how the altered energy balance generated by the Syn-
echococcus 2973 ATP synthase and NAD™ kinase alleles is sensed
by the circadian clock system and subsequently alters the complex
transcriptional profiles mediated by RpaA. Admittedly, due to the
lack of replicates, our high-level survey of the transcriptional dif-
ferences between the two strains and the mutants thereof is lim-
ited in the statistical power that is needed to dive deeper into the
pleiotropic effects caused by the rpaA alleles and their interactions
with the other alleles. The complex interactions between energy
capture and utilization with the circadian clock are certainly an
area of interest that demands more in-depth analysis in the future.

It seems farfetched that five SNPs can convert a slow-growing
light-sensitive strain into a high-light—tolerant fast-growing strain if
the entire proteome of Synechococcus 7942 was wired for slower
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growth and metabolism. We hypothesize that Synechococcus 7942 is
already metabolically wired for rapid photoautotrophic growth and
that at some time in the recent past it lost the ability to grow rapidly
while adapting to a low-light lifestyle. By returning the five mutant
loci to the canonical version existing among cyanobacteria, we
could unlock the full potential of Synechococcus 7942.

Materials and Methods

Strains and Culture Conditions. Synechococcus 2973 and Synechococcus
7942 were maintained on BG11 agar plates at 38 °C with 125 pmol-m=2.s~"
light. Both strains were routinely grown with shaking in liquid BG11 medium
at 38 °C with 500 pmol-m™%s~" light and 1% CO, in an AlgaeTron AG230
growth chamber (Photon Systems Instruments). E. coli strains were grown in
LB medium with 50 pg/mL kanamycin. To determine growth parameters,
strains were grown in BG11 liquid at 38 °C with 900 pmol-m~2:s™" light and
5% CO, in a MC-1000 multicultivator bioreactor (Photon Systems Instru-
ments). In this case, strains were diluted 1:100 from a growing culture into
the multicultivator chamber, were grown for 24 h to adapt them to the
bioreactor, and were diluted to an OD3, of 0.025 to begin the growth ex-
periment. Growth rates (K’) were calculated using Microsoft Excel by fitting
an exponential curve to the logarithmic section of the growth data (typically
ODj73 <0.3) and using the slope, m, as K’ (y = ke™). Doubling times were
then calculated as In (2)/K'.

Construction of Cyanobacterial Strains. All point mutations were introduced
with our previously reported CRISPR/Cpf1 system based on the pSL2680 vector
(5). Briefly, an editing vector was introduced into the wild-type strain
through triparental mating (28). Methods for building editing vectors are
described in S/ Appendix, S| Methods. The resulting colonies were repatched
three times onto BG11 supplemented with 10 pg/mL kanamycin to allow the
editing to take place. Mutants were then verified by amplifying a region of
chromosomal DNA with primers located outside the homology region that
exists on the editing plasmid followed by Sanger sequencing. Once a mutant
was verified, the colony was grown up to stationary phase in BG11 without
antibiotics (~50 pmol-m~2s~", 38 °C) and then was diluted 1:1,000 into
BG11 without antibiotics and was grown to stationary phase again to allow
the editing plasmid to be cured. The resulting culture was plated as a di-
lution series on BG11 plates to obtain single colonies. One hundred colonies
were patched onto BG11 with 10 pg/mL kanamycin and then onto
BG11 without antibiotics to screen for kanamycin-sensitive patches that had
lost the editing plasmid, resulting in a clean, markerless mutation.

Oxygen Evolution. Cultures were grown in a multicultivator bioreactor with
5% CO,, 900 pmol-m—2s~" light, 38 °C. Cells were harvested during log phase and
adjusted based on equal cell numbers. Light-induced oxygen evolution was
measured for 1 min at 38 °C under saturating light (1,500 pmol-m=2s~") using a
custom-built Clark- type electrode. Data were processed in Microsoft Excel.

Overexpression and Purification of PpnK. This NAD kinase was purified fol-
lowing a protocol modified from Grose et al. (14). Additional information
on overexpression and purification of Ppnk is located in SI Appendix,
SI Methods.

NAD Kinase Assay. A typical NADK assay reaction consisted of 200 pL of 5x
reaction buffer [500 mM Tris-HCl (pH 7.1), 5 mM MgCl;], either 20 pL of
50 mM NAD and a variable amount of 50 mM ATP or a variable amount of
50 mM NAD with 20 pL of 50 mM ATP, 30 pg NADK, and water to 1 mL (29,
30). The concentration of either NAD or ATP was varied over a series of
reactions while the other was held at 1 mM. Reactions were allowed to
proceed for 30 min at 37 °C and were stopped by the addition of 10 pL of
0.5 M EDTA. The reactions were then deproteinated by spinning them
through a 10-K molecular weight cutoff concentrator column, and the
flowthrough was subjected to analysis by HPLC. Ky, Vinax, and Keat were
calculated from the Lineweaver-Burke plots as follows: V.« was calculated
as 1/y-intercept. K, was calculated as (slope X Vinax). Kcat Was calculated as
Vmax/€nzyme concentration.

HPLC Analysis of Nucleotides. HPLC analysis was performed according to ref.
31 with slight modifications. Our HPLC analysis was able to detect ATP, ADP,
NAD*, NADH, NADP*, and NADPH simultaneously. Nucleotide analyses was
carried out throughout this work on an Agilent 1200 series HPLC system
equipped with a quaternary pump, degasser, diode array detector, and a
Peltier-cooled auto-sampler set at 4 °C with separation on a ZORBAX XDB-
C18 rapid-resolution (4.6 x 250 mm, 3.5 pm) column. A 100-pL injection was
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used, and nucleotides were detected via absorbance at 254 nm. The HPLC
was run under isocratic conditions at a flow rate of 2 mL/min with the mobile
phase consisting of 0.15 M phosphate-citrate buffer, pH 6.8. Chromato-
graphic analysis was performed for 5 min at 15 °C followed by an increase to
45 °C for 25 min. Standard nucleotides were prepared from 10 mM stock
solutions in 1x reaction buffer. Calibration was carried out by injection of a
standard mixture of nucleotides used at different concentrations. The data
was analyzed with Agilent Chemstation for Windows.

Membrane Preparations. Membranes were isolated via osmotic shock followed by
differential centrifugation (15, 16). We harvested 200 mL of cells from stationary-
phase cultures of either wild-type Synechococcus 2973 or SL2770 (wild-type
2973 with the 7942 ATP synthase allele) strains. Cells were resuspended in
25 mL hypertonic buffer (0.5 M sorbitol, 1 M sucrose, 10 mM Tricine, 10 mM MgCl,,
5 mM NaH,PO,, 2.5 mM K,;HPO,, 2 mg/mL lysozyme, 1 mM PMSF, pH 7.8) and
were incubated for 1 h at 37 °C. The cells were then pelleted by centrifugation
for 10 min at 8,500 x g, 4 °C. Osmotic lysis was then carried out by resuspending
the pellet in 30 mL osmotic lysis buffer (10 mM Tricine, 10 mM MgCl,, 1 mM
PMSF, pH 7.8) and incubating for 5 min on ice. Large debris and unbroken cells
were removed by centrifugation for 5 min at 1,000 x g. Membranes were then
pelleted by centrifugation for 30 min at 40,000 x g, 4 °C. Membranes were
resuspended to an equal chlorophyll amount in acid buffer (10 mM succinic
acid, 2 mM MgCl,, 10 mM KCl, 2 mM NaH,PO,4, 10 mM Tricine, pH 6.0).

ATP Synthase Activity. A membrane sample was diluted to 50 pug/mL chlo-
rophyll in acid buffer (10 mM succinic acid, 2 mM MgCl,, 10 mM KCI, 2 mM
NaH,PO,4, 10 mM Tricine, pH 6.0) and incubated for 5 min in the dark at
room temperature to equilibrate and adapt to the dark. The membranes
were then diluted 1:1 into basic buffer (10 mM KCl, 2 mM MgCl,, 2 mM
NaH,PO,4, 200 mM Na-Tricine, 2 mM ADP, pH 8.6). Samples of 100 pL were
taken immediately after the dilution as well as at different intervals and
were quenched into an equal volume of 2.5% TCA to stop the reaction. The
reaction was then neutralized with 5 uL of 1 M Tris/6 M KOH. The cell debris
was removed by centrifugation for 5 min at 13,000 x g. The supernatant was
then diluted 1:5, and ATP was quantitated using a luciferase-based ATP
detection kit (Abcam). Luminescence was measured on a Synergy Mx plate
reader (BioTek). The data was collected using BioTek Gen5 software. A blank
consisting of a reaction without membranes was performed as control for
ATP contamination of the ADP reagent. The ATP measured from such a
blank was subtracted from all subsequent measurements.

RNA-Seq Analysis. RNA was isolated using RNAwiz reagent (Ambion)
according to the manufacturer’s instructions and was quantified on a
NanoDrop ND-1000 instrument (NanoDrop Technologies). Library prepara-
tion, RNA-seq, and data normalization were performed by the Genome
Technology Access Center at Washington University in St. Louis. Library
preparation was performed with 1 pg of total RNA, and integrity was de-
termined using an Agilent bioanalyzer. Ribosomal RNA was removed by a
hybridization method using Ribo-Zero rNA removal (Bacteria) kits (Illumina).
mRNA was then fragmented in buffer containing 40 mM Tris acetate
(pH 8.2), 100 mM potassium acetate, and 30 mM magnesium acetate and
heating to 94° for 150 s. mRNA was reverse transcribed to yield cDNA using
SuperScript Il RT enzyme (Life Technologies) and random hexamers. A
second-strand reaction was performed to yield ds-cDNA. cDNA was blunt
ended, had an A base added to the 3’ ends, and then had Illumina se-
quencing adapters ligated to the ends. Ligated fragments were then am-
plified for 15 cycles using primers incorporating unique index tags.
Fragments were sequenced on an lllumina HiSeq 2500 instrument using
single reads extending 50 bases. RNA-seq reads were aligned to the Ensembl
top-level assembly with STAR version 2.0.4b. Gene counts were derived from
the number of uniquely aligned unambiguous reads by Subread:featur-
eCount version 1.4.5. Transcript counts were produced by Sailfish version
0.6.3. Sequencing performance was assessed for total number of aligned
reads, total number of uniquely aligned reads, genes and transcripts de-
tected, ribosomal fraction known junction saturation, and read distribution
over known gene models with RSeQC version 2.3. All gene-level and tran-
script counts were then imported into the R/Bioconductor package EdgeR,
and trimmed mean of M-values (TMM) normalization size factors were cal-
culated to adjust for samples’ differences in library size. Ribosomal features
as well as any feature not expressed in at least the smallest condition size
minus one sample were excluded from further analysis, and TMM size fac-
tors were recalculated to created effective TMM size factors. The TMM size
factors and the matrix of counts were then imported into R/Bioconductor
package Limma, and weighted likelihoods based on the observed mean-
variance relationship of every gene/transcript and sample were then

PNAS | vol. 115 | no.50 | E11769

g
=
H
[
H
=
o
v}
[
o
wv

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814912115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814912115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814912115/-/DCSupplemental

calculated for all samples using the voomWithQualityWeights function.
Performance of the samples was assessed with a spearman correlation ma-
trix and multidimensional scaling plots. Gene/transcript performance was
assessed with plots of residual SD of every gene to its average log-count with
a robustly fitted trend line of the residuals. Generalized linear models were
then created to test for gene/transcript-level differential expression. Output
RNA-seq files were analyzed using custom Python scripts. Genomic identi-
fiers, gene annotations, and functional descriptions were paired with cor-
responding expression values by ordering data outputs by chromosomal
location and systematically pairing them with Synechococcus 2973 in-
formation from the University of lowa’s alignable tight genomic clusters
(ATGC) website based on National Center for Biotechnology Information
protein accession and version identifiers. An additional script was written to
identify genes from reciprocal mutant pairs that show at least a 1.5-fold TPM
change in opposite directions. TPM values were extracted from the anno-
tated data sets, and ratios between wild-type and mutant expression
values were calculated. Loci that exhibited a 1.5-fold TPM expression
change when the wild-type Synechococcus 7942 allele was replaced with
the wild-type Synechococcus 2973 allele, and vice versa, were output to
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secondary files. Some gene annotations and functions in the final dataset
were manually updated based on information from the IMG/MER website
(https:/img.jgi.doe.gov/).

Pathway Enrichment Analysis. To identify the differentially expressed genes, a
log twofold change cutoff of 1.5 was chosen. This identified 76 up-regulated
genes and 596 down-regulated genes in Synechococcus 2973. Pathway cat-
egories were extracted from Kyoto Encyclopedia of Genes and Genomes
(KEGG) (32), and enrichment analysis was carried out using the R-package
goseq (33). The Wallenius’ noncentral hypergeometric distribution was used
to calculate the P value for the presence of a pathway in up- and down-
regulated gene sets. The overrepresentation of a pathway in the up- and
down-regulated set of genes was considered statistically significant if the
corresponding P value for that pathway was less than 0.05.
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