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PHYSIOLOGY

Bacteria can anticipate the seasons:
Photoperiodism in cyanobacteria

Maria Luisa Jabbur', Benjamin P. Bratton?, Carl Hirschie Johnson'*

Photoperiodic time measurement is the ability of plants and animals to measure differences
in day versus night length (photoperiod) and use that information to anticipate critical
seasonal transformations, such as annual temperature cycles. This timekeeping phenomenon
triggers adaptive responses in higher organisms, such as gonadal stimulation, flowering, and
hibernation. Unexpectedly, we observed this capability in cyanobacteria—unicellular prokaryotes
with generation times as short as 5 to 6 hours. Cyanobacteria exposed to short, winter-like
days developed enhanced resistance to cold mediated by desaturation of membrane lipids
and differential programs of gene transcription, including stress response pathways. As

in eukaryotes, this photoperiodic timekeeping required an intact circadian clockwork and
developed over multiple cycles of photoperiod. Therefore, photoperiodic timekeeping
evolved in much simpler organisms than previously appreciated and enabled genetic

responses to stresses that recur seasonally.

any branches of the eukaryotic tree of

life have evolved the ability to not only

react to but also to anticipate the chang-

ing seasons and proactively adjust their

behavior and physiology by measur-
ing seasonally changing photoperiods (PPs)
with a timekeeping mechanism that often re-
quires a circadian clock (7-3). However, pro-
karyotic organisms with very short generation
times have barely been considered to harbor
such a prolonged temporal program (4, 5).
Cyanobacteria with doubling times as short
as 5 to 6 hours have nevertheless become pro-
ductive model organisms for the study of
circadian (daily) rhythms, with a core mech-
anism comprising only three proteins that can
be reconstituted in vitro (KaiABC) (6-9). Cyano-
bacteria are found in a wide range of latitudes
and, as such, are exposed to pronounced an-
nual changes in light and temperature in their
natural environment (fig. S1) (10). We there-
fore tested whether cyanobacteria are capable
of timekeeping on a temporal scale that is even
longer than daily, namely photoperiodic time
measurement (PPTM) in promoting adaptive
cold-resistance responses to seasonal changes.

Short days promote cold resistance in
cyanobacteria in a clock-dependent manner

Cells of the unicellular cyanobacterium Symnechococ-
cus elongatus PCC 7942 were grown at 30°C
on plates containing solid BG-11 medium and
exposed to eight continuous 24-hour cycles of
either short days (LD8:16, 8 hours of light
followed by 16 hours of darkness), equinox
(LD12:12), or long days (LD16:8). After this ex-
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posure, the bacteria were resuspended into
liquid medium at the middle of their day phase
and exposed to ice-cold temperatures for var-
ious durations, after which their survival was
assessed (Fig. 1A and fig. S2). Prior exposure to
short days led to approximately two to three
times higher survival of wild-type (WT) cyano-
bacteria compared with those that were exposed
to equinox or long days (Fig. 1B). This differen-
tial survival was not observed in arhythmic cells
in which the circadian clock genes kaiA, kaiB,
and kaiC had been deleted (AkaiABC; Fig. 1B
and fig. S3, A and B) or in mutants that lacked
other components of the core clockwork or its
output pathways (Akaid, Arpad, ActkA, AsasA;
fig. S3, A and C).

To assess whether cold resistance was influ-
enced by the time of day of the assay, we repeated
the experiment in the morning, midday, and
evening of the LD cycles (Fig. 1C for WT and
fig. S4A for AkaiABC). The survival differential
was highest when the assay was performed in
the early day, but for all sampled times, WT
bacteria survive cold best after exposure to
short PPs as compared with long or equinox
PPs; arhythmic AkaiABC cells showed no ef-
fect of PP or time of day on survival (Fig. 1C
and fig. S4B). We standardized our protocol
to midday assays because that daily time is
when the cells’ circadian phase should be
most comparable across different PPs (71). In
general, PPTM phenomena show differential
responses along a continuum of PPs, and we
therefore assayed along a gradient of PPs and
found that long (LLD16:8 and LD14:10) PPs led
to poor survival, whereas LLD12:12 and shorter
PPs progressively led to increased cell survival
(Fig. 1D). Survival of the AkaiABC cells was
unaffected by PP. In neither the WT nor the
AkaiABC strain was cell length or volume dif-
ferent when grown in LD8:16 versus LD16:8,
indicating that the distributions of cell cycle
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phase and energy resources were equivalent
(fig. S5).

An intriguing aspect of photoperiodic re-
sponses in general is that they are often history
dependent—i.e., an organism’s interpretation
of a PP is dependent on the prior exposure
conditions (2). Consequently, a common char-
acteristic of bona fide PPTM is that multiple
24-hour cycles of inductive PPs are often re-
quired to elicit a complete response. This has
been termed a “photoperiodic counter” (12-16).
Given their short generation time, we wondered
if prokaryotic cyanobacteria could remember
and integrate a PP signal that extended over
multiple cycles and generations. A single cycle
of different PPs did not produce differential
survival (Fig. 2A); at least four cycles seemed
to be necessary to achieve the full magnitude
of the photoperiodic response (Fig. 2B). The
development of differential survival among
PPs appeared to be mainly caused by a pro-
gressive gain of resistance in short days, rather
than by a further loss of cold resistance in long
days. Therefore, the photoperiodic response
required cumulative exposure to multiple cy-
cles and a PP-counting memory. The short-day
gain of cold resistance achieved by four PP
cycles spanned at least ~3.2 generations for WT
cells (Fig. 2C). Again, cells without a functional
circadian clock expressed a PP-independent
increase in cold resistance as the number of LD
cycles increased (fig. S6, A and B). We tested
how long the cold resistance lasted after the
photoperiodic cues were removed. After our
standard pretreatment of eight PP cycles, we
transferred the cells to either constant light
(LL) or constant darkness (DD) and measured
thereafter at 24-hour intervals. Transfer to LL
led to a general decrease in survival of the short
PP-exposed cells (Fig. 2D and fig. S6F), whereas
the opposite was true for release to DD (fig. S6,
D and E). In both cases, after 24 hours in con-
stant conditions, short PP-exposed cells tended
to survive slightly longer than cells from the
other PPs, but these differences were not sta-
tistically significant (fig. S6, F and G).

To be certain that our results were depen-
dent on the duration of the PP and not simply
a differential exposure to light—which is rel-
evant for a photosynthetic organism—we tested
whether changes in light intensity could in-
fluence this photoperiodic response. Cells were
exposed to fluence rates of 20 uE m > s™, 40 uE
m2 s (our standard light intensity), and 80 uE
m~2 s (Fig. 2E). Recovery of the AkaiABC cells
from cold was a simple function of fluence
rate: Higher light intensities led to lower sur-
vival than low light intensities (Fig. 2F and fig.
S7 for the full survival curves at each light in-
tensity). By contrast, whereas overall survival
was also correlated with fluence rate for WT
cells, in this case WT cells exposed to short
days survived better than those exposed to
long days at all intensities (Fig. 2F and fig. S7B),
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Fig. 1. Cyanobacteria exposed to short days survive cold treatment better
than those exposed to long days. (A) Experimental protocol used in the
cold survival assay. See fig. S2, A to E, for details. Light blue bars indicate the
phase (midday) in which the cold survival assay was performed. CFU, colony-
forming units. (B) Cold survival curve for WT (n = 10) and AkaiABC cells

(n =9 for LD16:8; n = 10 for LD12:12 except for 10 min in which n = 9; n = 10
for LD8:16 except for 120 min in which n = 9). The results of statistical
comparisons between PPs (determined by pairwise t tests with Bonferroni
correction) are expressed as asterisks (*P < 0.05; **P < 0.01), with the
comparison indicated with brackets around squares that share a color scheme
with the PP data points. n.s., not significant. (C) Similar to (B), but showing

results for cells tested at early day (2 hours after lights on, n = 10 for LD8:16

and LD12:12, n = 9 for LD16:8), midday [same as (B), n = 10 except for

LD16:8 at 60 min, in which n = 9], and late day (2 hours before lights off, n =

10 except for LD8:16 and LD16:8 at 120 min, in which n = 9). E, early day; L, late
day; M, midday. (D) Original data on the left show CFU for WT (top) and AkaiABC
(bottom) cells exposed to a range of PPs as indicated, tested after eight PP
cycles at their respective middays. (Right) Quantification of the survival after

2 hours of exposure toice (n =5, 4,5,5,and 5 for WT and n = 4, 4,5, 5,

and 5 for AkaiABC). Significance levels refer to comparisons between WT values
(there was no significant difference among AkaiABC values). For all graphs,
error bars show the SEM, and open dots indicate the average.

indicating that WT cells appear to integrate
temporal information with light intensity.
Taken together, these data indicate that the
PP-dependent response to cold exposure de-
velops over multiple LD cycles that span multi-
ple generations of cyanobacteria. Our data
also suggest that cells in their natural environ-
ment integrate multiple factors (e.g., light in-
tensity) along with PP to program the optimal
adaptive response.

Short days lead to lipid membrane desaturation

Prior exposure of cyanobacteria to mild low
temperatures increases subsequent survival
to colder temperatures and lipid desaturation
(which increases membrane fluidity) as an
important adaptation to cold (17, 18). In their
natural environments, cyanobacteria experi-
ence a shortening of the day length in concert
with a lowering of temperatures as winter
approaches. To confirm that PP and prior tem-
perature exposure both contribute to cold sur-
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vival, we exposed cells to eight cycles of either
short, equinox, or long days at constant 30°C,
followed by another cycle of each PP at 20°C,
after which the cells were tested for their cold
survival (Fig. 3, A and B). Although cells ex-
posed to 20°C increased their survival in com-
parison with cells that did not receive the 20°C
treatment at all PPs, the cells exposed to short
days survived better than those exposed to
the other PPs (Fig. 3, B and C). In WT cells,
the increase in survival caused by short days
without any 20°C exposure was comparable
to the effect of 20°C exposure to the long-day
cells (Fig. 3C). In clockless AkaiABC cells, 20°C
exposure enhanced cold survival, but different
PPs did not (fig. S8, A to C).

We tested whether short days in the absence
of a temperature change could mimic the mo-
lecular adaptive response of cold-induced lipid
desaturation. WT and AkaiABC cells were ex-
posed to the eight cycles of each PP plus 24 hours
at 20°C and extracted for lipidomic analyses
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(Fig. 3D). WT cells exposed to short days had
increased the abundance of desaturated lipid
species in their cell membranes [especially
species in the monogalactosyldiacylglycerol
(MGDG) and phosphatidylglycerol (PG) classes;
Fig. 3, E and F]. This increase was of the same
magnitude as that observed for cells exposed
to equinox plus 24 hours at 20°C. In WT cells,
exposure to either short-day or 20°C condi-
tions increased abundance of the desaturated
species MGDG and PG, whereas short days
increased the desaturated digalactosyldiacyl-
glycerol (DGDG) even more than did 20°C ex-
posure (Fig. 3F). In AkaiABC cells, however,
only 20°C exposure led to changes in lipid sat-
uration; different PPs in the absence of tem-
perature changes had no effect in cells without
the circadian clock genes (Fig. 3, G and H). Ap-
parently, short days elicit a kaiABC-dependent
desaturation of membrane lipids in WT cells
that could function to anticipate and adapt to
seasonally cooling temperatures.
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Fig. 2. Cyanobacterial photoperiodic response takes multiple cycles to
develop and spans multiple generations. (A) Survival curves similar to those
in Fig. 1B but for cold survival assays performed after different numbers of

PP cycles (n = 10 for all except LD16:8 at two PPs and four PPs, in which n = 9).
(B) Survival after 2 hours of exposure to cold throughout the different number of
PP cycles. (C) Generation time of cyanobacterial cells for each of the PPs
analyzed, as well as LL (from left to right, n = 12, 32, 14, and 17). (D) Diagram
and survival curves for the LL assay (n = 10, except for at 10 min, in which n = 5).

PP determines global programs

of gene expression

Do PPs differentially affect only lipid desatu-
ration, or are other responses involved? To test
whether distinctive gene expression patterns
underlie photoperiodic adaptation, we per-
formed RNA sequencing (RNA-seq) on WT
and AkaiABC cells that had been exposed to
either one PP cycle [sufficient to synchronize

Jabbur et al., Science 385, 1105-1111 (2024

Survival after 2h (CFU cold/CFU control)

Survival after 2h (CFU cold/CFU control)

T
20 40
Fluence rate (UE m-2 s-1)

at different fluence rates (n

circadian oscillations (79) but not to evoke
the photoperiodic response; Fig. 2, A and B],
four PP cycles (long enough for photoperiodic
responses to develop; Fig. 2, A and B), or eight
PP cycles (our usual testing condition) (Fig. 4A).
Global programs of gene expression were dif-
ferential in cells exposed to short versus long
days (708 genes were differentially expressed
in WT at 8PP, which constitutes ~25.5% of the
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T T T
20 40
Fluence rate (UE m-2 s-1)

Blue bars indicate the times at which the survival assay was performed (midday,
24 hours after, and 48 hours after). (E) Diagram showing the protocol for the
different light intensities and PPs tested. Blue bars indicate the time at which the
survival assay was performed. (F) Survival after 2 hours of exposure to cold

=5 for all except for WT LD8:16 at 20 uE, for which n = 4).

Full survival curves, including other time points, are in fig. S7B. For all survival
curves, open symbols denote the average, and error bars denote the SEM.
Significance was determined through pairwise t tests with Bonferroni correction.

genome), and more than half of the differentially
expressed genes achieved that status by four
PPs (Venn diagrams in Fig. 4B, volcano plots in
Fig. 4C, and principal components analysis and
distance matrix in fig. S13). In a comparison be-
tween the expression of WT short day-exposed
cells and that of WT long day-exposed cells in
each of the PP cyclic conditions, there was no ob-
vious correlation between the log,(fold change)
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(D) Diagram of the lipidomics
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(E) Sum of all desaturated
lipid species for WT [n = 6,
data in fig. S9, panels B
(DGDG 30:2, 32:2, and 34:2),
C (MGDG 32:2 and 34:2),

and E (PG 32:2 and 34:2)].
(F) Percentage of desaturated
species within each lipid class
in WT [n = 6, data in fig.

S10, panels A (DGDG 30:2,
32:2, and 34:2), B (MGDG 32:2
and 34:2), and C (PG 32:2
and 34:2)]. (G) Sum of all
desaturated lipid species

for AkaiABC [n = 6, data in
fig. S11, panels B (DGDG
30:2, 32:2, and 34:2), C
(MGDG 32:2 and 34:2), and
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at one versus eight PP cycles [adjusted coeffici-
ent of determination (Rzadj) < 0.01; Fig. 4B, left],
but the differences in expression at four PPs
correlated well with those at eight PPs (R,q; =
048, P < 0.001; Fig. 4B, right). Some of the
changes in gene expression at one PP may reflect
immediate differences in entrainment, whereas
four to eight PP cycles are necessary to fully de-
velop the PP-specific genetic programs. Gene
expression of AkaiABC cells in short versus
long days was significantly different, but the
number of differentially affected genes was
almost two times greater in WT cells (708 in
WT, 384 in AkaiABC at eight PPs, and the
overlap between these groups is only 283 genes;

Jabbur et al., Science 385, 1105-1111 (2024

fig. S14). Therefore, many more genes are differ-
entially expressed between short days and long
days in WT than in AkaiABC cells.

Some genes of particular interest are high-
lighted in Fig. 4D, especially genes related to
transcription, fatty acid metabolism, cell cy-
cle, and stress responses. In prokaryotes, sigma
factors regulate many genes synergistically to
respond to environmental conditions (20), and
we observed that the sigma factors 7poD2 and
sigC were differentially expressed; long days
stimulated rpoD2 expression, whereas short
days promoted expression of sigC (Fig. 4D).
Both rpoD2 and sigC are direct targets of the
circadian transcriptional factor rpad (2I) and
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could relay circadian and photoperiodic infor-
mation to the rest of the genome. We tested
whether sigma factors were directly related
to the cold-sensitivity response by perform-
ing the photoperiodic assay in knockout cells
of the sigma factors, 7poD2, rpoD3, rpoD4, and
sigC (fig. S3D). Although there were no sig-
nificant differences in the cold-sensitivity re-

the ArpoD2 strain regardless of photoperiodic
treatment became cold sensitive, suggesting
that 7poD2 might have a role in PP output
such that deleting rpoD2 severs the photo-
periodic response. Many of the genes of in-
terest from our RNA-seq analyses have been
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Thioredoxin/Peroxiredoxin: stress response:
trxB tpxA RS03295 l lipid saturation
Glutathione transferase: redox

RS04080 RS06435 RS08995

*includes genes that change in expression in 4PP and/or 8PP

Fig. 4. Exposure to short and long days leads to global alterations in gene
expression that are evident after multiple PP cycles. (A) Diagram showing
time points collected for RNA-seq (n = 3). (B) Correlation plot showing the
log,>(FC) in expression of short-day cells divided by long-day cells, comparing
either eight PPs with one PP (left) or eight PPs with four PPs (right). The Venn
diagrams show the number of differentially expressed genes shared between
each condition (not including genes differentially expressed in opposite ways).
Vertical and horizontal dashed lines indicate the y and x zero intercepts, and the
diagonal line shows y = x. FC, fold change. (C) Volcano plots showing the
differentially expressed genes for WT at one PP, four PPs, and eight PPs, colored
by the difference in expression at eight PPs. The numbers in blue on the bottom
plot refer to the total number of genes underexpressed in short days for WT
after eight PPs, whereas those in red show the genes overexpressed. On the
middle and top plots, the numbers refer to genes under- or overexpressed in

Jabbur et al., Science 385, 1105-1111 (2024 6 September 2024

long day genes

evolution of
circadian clock

<«—— evolution sequence:
independent — coupled
dependent — sequential

WT after either four PPs or one PP that are also under- or overexpressed in WT
after eight PPs. (D) Subset of genes of interest (fig. S15), showing the circadian
clock genes kaiA, kaiB, and kaiC (which did not show significant changes in
expression) as well as genes related to DNA metabolism, fatty acid metabolism,
and stress. The first four columns show the logy(FC) in expression in WT cells
within each PP of either four or eight PPs against one PP. The remaining column
on the right shows the resulting differential expression between WT cells
exposed to eight PPs of short days versus eight PPs of long days. (E) Model of
the evolution of adaptive PPTM in relation to the circadian clock. Stresses that
occur primarily in the day versus the night over the daily cycle are expanded
and/or contracted as the daily PP changes. This leads to differential stress
response activation over the annual cycle, from which a PPTM mechanism could
evolve. (F) Similarly to (D), this panel shows a selection of the pathways of
interest identified by gene ontology analysis within our dataset of genes of

50f7

G202 '62 4800100 U0 SeD ‘S95AUd [BoIWByD J0 8IMisu| Uelleq T BI0'ousIos Mmw/Sdny WOl pepeojumod



RESEARCH | RESEARCH ARTICLE

interest. Instead of log,(FC), we show in this panel the ratio of differentially expressed genes (DEGs) by the total amount of genes that were annotated as part
of that pathway. The first four columns show the ratio of overexpressed genes within each pathway and are akin to the first four columns in panel (D). The
four columns afterward show the ratio of underexpressed genes. The remaining two columns on the left show the resulting ratio of over- and underexpressed
genes. GO, gene ontology annotation; KW, UniProt keywords.

implicated in stresses that occur in the day
(bright light, UV, redox stress, hotter temper-
atures) versus night (metabolic stress) over the
daily cycle (Fig. 4E).

Gene ontology analysis through DAVID (22, 23)
identified differentially controlled pathways
of interest, including the key processes of lipid
and fatty acid metabolism, photosynthesis,
cell cycle, DNA recombination and repair, and
ribosomal activity (Fig. 4F). Overall, the RNA-
seq results showed that exposure to short ver-
sus long days led to distinctive programs of
gene expression, caused partially by entrain-
ment itself (changes common to cells exposed
to one and eight PPs) and partially by direct
responses to short days and long nights (changes
common to WT and AkaiABC cells). However,
there were at least 696 genes regulated by the
kaiABC-dependent PP timekeeping mechanism
(i.e., those that occurred only in WT cells ex-
posed to either four or eight PP cycles; tables
S1 and S2 and fig. S15). This group of PPTM-
regulated genes includes those related to (i) DNA
metabolism (dnaKk, gyrA, clpB, the sigma fac-
tors sigC and rpoD2, and the class I S-adenosyl
methionine (SAM)-dependent methyltransfer-
ase SYNPCC7942_RS00825), (ii) temperature
[the chaperone clpB is a heat shock protein
related to thermotolerance in cyanobacteria
(24), but it is also strongly induced by cold (25)],
(iii) photosynthesis [thylakoid, electron trans-
port, chlorophyll, photosynthesis (26)], and (iv)
stress responses. In the stress response category,
stimulation by long days increased expression
of genes in multiple pathways associated with
light or heat stress that accompanies longer
exposure to light, namely fisH4 [high light (27)],
traB [oxidative stress (28)], groES [heat shock
(29)], and the stringent response of cyanobac-
teria [redox stress mediated through changes
in (p)ppGpp (30, 31)] (fig. S16). Survival in dark-
ness is associated with glycogen in cyanobacteria
(32), and the gene encoding the rate-limiting
step for glycogen synthesis (gigC, encoding
glucose-1-phosphate adenylyltransferase) showed
increased expression in short days (fig. S17).
Similarly, multiple gene-related pathways as-
sociated with glycogen metabolism (glycolysis,
sucrose metabolism, the Calvin cycle, and the
oxidative pentose phosphate pathways) were
differentially expressed between short and
long days (fig. S17), indicating that exposure to
different PPs regulated genes encoding cru-
cial metabolic enzymes. The clock genes kaiA,
kaiB, kaiC, and rpaA were not differentially
expressed between short and long days at any
of the PP cycles measured, which implies that
stability of the core circadian clockwork is con-
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served while PP changes seasonally. Further-
more, expression levels prominently changed
for genes related to lipid and fatty acid metab-
olism and membrane transport, such as the
fatty acid desaturase SYNPCC7942_RS12395,
the permease SYNPCC7942_RS00025, and the
flippase fisW (SYNPCC7942_RS01650) (33, 34).
These genetic changes are consistent with our
observation of molecular increases in the de-
saturation of membrane lipids, particularly
in MGDG and PG levels (Fig. 3, E to H, and
figs. S9 to S12).

Discussion

These results show that cyanobacteria exposed
to winter-like PPs survive low temperatures
two to three times better than those exposed to
summerlike PPs and that this response requires
a functional circadian clock. Short versus long
days promote distinctive transcriptional pro-
grams, and cells exposed to short days experi-
ence an adaptive change in the saturation of
membrane lipids akin to that seen in cells ex-
posed to cool temperatures. The amplitude of
the cold photoperiodic survival can be modu-
lated by several environmental factors—namely,
the daily phase of testing, light intensity, and
previous exposure to cooler temperatures. In
nature, as winter approaches, organisms face
the shortening of day length [and lower light
intensity (35)] that precedes a gradual lower-
ing of average temperature by ~1 to ~2 months
(86, 37). In their natural environment, cyano-
bacteria likely integrate multiple environmental
factors to establish the timing and magnitude
of their photoperiodic response. At first, it seems
unexpected that an organism with such a short
generation time has evolved a mechanism to
keep track of seasons and adaptively respond
preemptively, but when selection is considered
to be acting upon the population lineage rather
than on the individual, the advantage of PPTM
to cyanobacteria becomes intelligible (38, 39).
These observations indicate that PPTM may
have more ancient evolutionary roots than
previously appreciated; it may have evolved
before multicellularity and before the evolu-
tion of eukaryotes. We were particularly struck
by the observation that short versus long PPs
induced counterbalancing responses in stress
pathways whereby short days induced expres-
sion of genes that confer adaptive responses to
cold temperatures (e.g., lipid desaturases and
glycogen synthesis), whereas long days pro-
moted expression of stress response pathways
associated with light, redox, or heat stress (e.g.,
the stringent response, t7B, etc.). We compared
our RNA-seq dataset with an independent data-
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set produced by exposing S. elongatus PCC
7942 cells to salinity and cold stressors for
1 or 24 hours (40); the genes that were up-
regulated after 24 hours of increased salinity
or lower temperature (20°C) were also up-
regulated in our dataset by short days after 8 PP,
and a similar correlation was seen for down-
regulated genes (similar changes were observed
in AkaiABC, although with smaller fold changes;
fig. S18). These associations lead us to propose
that PPTM might have first evolved in prokary-
otes from preexisting stress pathways that had
originally evolved to combat acute stresses.

For obligate photoautotrophic organisms such
as cyanobacteria, stresses that occur primarily
in the day [bright light, UV, redox stress, hot-
ter temperatures (31)] versus the night (meta-
bolic stress, starvation) over the daily cycle are
expanded or contracted as the daily PP changes
(Fig. 4E). This leads to differential stress path-
way activation over the annual cycle. Once a
stress pathway exists, the introduction of a
timekeeping mechanism to additionally reg-
ulate the stress pathway to not only respond
acutely but also to anticipate regularly occur-
ring environmental stresses is a logical selec-
tive pressure to evolve a PPTM. Although PP has
been labeled as a possible stress in photosyn-
thetic eukaryotes (41), we propose that PPTM
may have evolved from preexisting stress re-
sponse pathways. Moreover, our results raise
the question of whether a circadian or a PPTM
system evolved first. Although PPTM is now
often associated with a circadian timekeeper,
the first photoperiodic timing mechanism might
have been an hourglass timer that later became
linked to a preexisting circadian timer, or the
hourglass PPTM timer might have itself been
the ancestor of a more flexible, self-sustained
circadian system (Fig. 4E). Therefore, the evo-
lutionary sequencing between the daily circa-
dian clock and the seasonal PPTM might be
two independent timekeepers that became
coupled, or the sequential evolution of one from
the other (Fig. 4E).

The demonstration of PPTM in cyanobac-
teria has economic and global implications.
Summer “blooms” of cyanobacteria in lakes and
ocean can be economically devastating. These
blooms have usually been interpreted to result
from acute, local conditions (temperature, light
intensity, nutrients), but perhaps they are also
a manifestation of an anticipatory seasonal or
photoperiodic response. For all organisms that
respond adaptively to photoperiodic changes—
now including cyanobacteria—the specter of
climate change and global warming means that
the relation between average temperature and
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any particular PP is rapidly shifting; cyanobac-
teria may be able to evolve rapidly enough to
alter their anticipatory photoperiodic responses,
but organisms with longer generation times
that cannot change their latitudinal range may
be trapped by seasonal responses that are no
longer timed appropriately (42). Recognizing
the existence of bona fide adaptive photoperiodic
timing in a prokaryote opens the possibility
that photoperiodism might be an evolutionar-
ily ancient phenomenon and introduces a ver-
satile model system to study the mechanisms
and evolution of photoperiodic responses.
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