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Benefits and trade-offs of blue/green chromatic acclimation (CA4) have received
limited study. We investigated the energetic costs associated with executing chromatic
acclimation using a fluorescence-based calculation of light use efficiency. Using
laboratory cultures and artificial light environments, we show that the delayed response
to acclimation known to occur in marine Synechococcus acclimating strains (generalists)
in green light do not reduce light use efficiency in green light, but that only one generalist,
RCC307, with a much smaller range of acclimation, had higher light use efficiency than
blue and green light specialist strains. Generalists with a wider acclimation range either
had the same or >30% lower light use efficiencies in blue and green light environments.
From this work, we propose that advantages from CA4 may not be geared at direct
competition with other Synechococcus specialists with fixed pigment types, but may
serve to expand the ecological range of Synechococcus in spectral competition with
other genera. As all eight Synechococcus strains tested had higher light use efficiency
in green light, regardless of a fixed or flexible light harvesting strategy, we add evidence
to the suitability of the Synechococcus genus to greener ocean niches, whether stable,
or variable.

Keywords: chromatic acclimation, phycoerythrin, Synechococcus, trade-offs, plasticity

INTRODUCTION

Phenotypic plasticity is the ability of an organism to change in response to environmental
cues, presumably to better adapt to the environment. A plastic strategy inherently involves
benefits as well as trade-offs (DeWitt et al., 1998). In strains of the marine cyanobacterium,
Synechococcus, a plethora of light-harvesting strategies have emerged through competition for
light (Six et al., 2007b) including a plastic response to blue/green wavelength harvesting called
type IV chromatic acclimation or CA4 (Palenik, 2001) abundant in open ocean waters (Grébert
et al., 2018). Other types of chromatic acclimation exist in coastal and estuarine waters, and are
triggered by combinations of other light colors that include red, and far-red (Montgomery, 2017;
Sanfilippo et al., 2019a and references therein). The fitness implication of chromatic acclimation
that result from changes in the composition of phycobiliproteins in light-harvesting phycobilisome
rods (phycocyanin versus phycoerythrin, for example) have been explored elsewhere (Campbell,
1996; Agostoni et al., 2016; Montgomery, 2016), but the mechanism for CA4 differs from other
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types of chromatic acclimation in that the overall
phycobiliprotein composition does not change. Strains capable
of performing CA4 flexibly absorb light maximally at either 495
or 545 nm depending on the dominant chromophores attached
to phycoerythrin, without changing the ratio of phycoerythrin to
other phycobiliproteins, as explained below. Costs or limitations
associated with this type of flexibility in light absorption due to
chromophore tuning have not been explored.

Marine Synechococcus strains that perform CA4 all have
phycobilisome rods that contain the phycobiliproteins
phycocyanin, and two types of phycoerythrin—phycoerythrin
I and phycoerythrin II—categorized as pigment type 3
(PT3) strains (Six et al, 2007b). Pigment types 1 and 2
have rods dominated by phycocyanin and phycoerythrin
I, respectively, and no strains within these PTs perform
CA4. CA4 strains acclimate by changing the ratio of the
chromophores phycoerythrobilin (PEB) to phycourobilin (PUB)
attached to both types of phycoerythrin in light dominated
by blue or green (Palenik, 2001; Everroad et al., 2006). The
ratio of PUB:PEB goes up in blue light and down in green
light. Only some Synechococcus PT3 strains perform CA4.
Others have fixed PUB:PEB ratios that are low (~0.4, PT3a),
medium (~0.8, PT3b), or high (>1.7, PT3c) (Six et al,
2007b). We herein refer to these fixed PUB:PEB strains as
specialists. Strains capable of performing CA4 have either
a wide acclimation range (PUB:PEB of ~0.6 in green light
to >1.4 in blue light: PT3d) or a very narrow acclimation
range (PUB:PEB of 0.6 in green light to 0.8 in blue light:
PT3e, Humily et al, 2013), herein collectively referred to as
generalists. Specialists are often found in overlapping niche
space with generalists (Humily et al., 2013; Xia et al., 2017, 2018;
Grébert et al., 2018), and their coexistence raises the question
of whether the cost of CA4 acclimation may outweigh the
benefit, or vice versa.

Two genetic variations of CA4 exist (CA4-A and CA4-B) and
some of the associated genes responsible for CA4 regulation
have been discovered (Shukla et al., 2012; Humily et al., 2013;
Sanfilippo et al., 2016, 2019b; Mahmoud et al., 2017; Grébert
et al., 2021). None of the CA4 regulatory genes have thus far
been shown to negatively interact with other regulatory genes
(for example those responsible for photosynthesis or nutrient
acquisition) though such interactions have not been tested
explicitly. Sensory mechanisms for detecting light color in marine
CA4 Synechococcus strains have not yet been identified, but
signal transduction pathways for light sensing in other plastic
cyanobacteria strains can be energy intensive and could serve as a
cost to CA4 strains (Grossman and Kehoe, 1997; Terauchi et al.,
2004; Gutu et al., 2013; Wiltbank and Kehoe, 2016, 2019; Nagae
et al., 2021). Limitations associated with matching the external
environment to acclimaters’ phenotypes are also possible (Stomp
et al., 2008), especially since some CA4 strains undergo lag times
before initiation of acclimation to green light (Everroad et al.,
2006; Humily et al., 2013).

Here, we explore energetic costs of CA4 by comparing
Synechococcus specialists (PT3a and3c) with generalists (PT3d
and 3e). Specifically, we compare the light-use efficiency of the
two strategies before, during, and after acclimation.

MATERIALS AND METHODS

Strains and Culture Conditions

Eight Synechococcus strains isolated from the North Atlantic
Ocean, Eastern Pacific Ocean, Red Sea, and Mediterranean Sea,
were acquired from the Roscoft Culture Collection (Table 1).
Strains included a low PUB:PEB PT3a strain WH7803 (green-
specialist); a high PUB:PEB PT3c strain WH8102 (blue-
specialist); and six variable PUB:PEB PT3d & 3e strains
(generalists):RS9915, RS9916, WH8020, CC9902, RCC307, and
WHS8109 which changed PUB:PEB in screening experiments
despite fixed PUB:PEB reported in other studies (Six et al., 2007b;
Humily et al,, 2014).

Strains were maintained in semi-continuous batch culture in
250 mL acid-cleaned polycarbonate bottles in nutrient replete
modified SN media made from 0.2 WM filtered seawater diluted
(25%) with MilliQ and the following nutrients added: 2 mM
NaNO3, 0.15 WM ZnSQOy4, 0.2 mM NH4Cl, 0.17 uM CoCl,*6H, 0,
140 WM K, HPOy, 6.5 wM Citric Acid, 100 uM Na,CO3, 11.7 uM
FeCl3, 10 wM Nay(EDTA)*2H,0, 296 nM Thiamine HCI,
1.42 pM MnCl,, 2.05 nM Biotin, 0.32 oM NaMoQy, 0.369 nM
cyanocobalamin. Growth temperature was maintained at 22°C
by a controlled-environment incubator (Darwin Chambers Co.).
Cultures were diluted with fresh media every 1-2 days.

Light Conditions

All experiments were conducted in continuous light. Green light
was provided by two 5W LED bulbs (Illuminati) and blue and
white light were provided by 15W LED grow light (PAR source)
with neutral density shading to achieve the desired light intensity.
PAR-integrated light intensity was measured using an LI-250A
light meter (LI-COR) with a PAR quantum sensor attachment.
Emission spectra of the LED light sources were acquired from an
LI-180 spectrometer (LI-COR) and are displayed in Figure 1.

Blue-Green Light Exchange

All eight strains were grown in triplicate in blue light and green
light at 20 wmol photons m~2 s™! and exchanged between
light colors after acclimation to the new light was completed
(a minimum of 4 generations). Acclimation was determined to
be complete when no further change in PUB:PEB per day for
CA4 strains was observed (APUB:PEB = 0, see determination
of PUB:PEB below). Specialist strains WH7803 and WH8102
remained in each spectral environment for the same duration as
CA4 strains to maintain experimental conditions.

Blue-White High Irradiance Gradient and Exchange

Three strains: CA4 strains CC9902 and WH8020, both shown
to decrease PUB:PEB in high irradiance blue light in previous
studies (Humily et al., 2013); and the high PUB:PEB blue-
specialist WH8102, were grown in triplicate in white and blue
light at 10 wmol photons m~2 s~ L. Strains were incrementally
grown at higher intensities in steps of 20 wmol photons m~2 s™!
up to a maximum of 150 wmol photons m~2 s~! over several
months. Strains were acclimated to each new irradiance level for a
minimum of 5 generations before measurements at that intensity

were acquired. At 150 jumol photons m~2 s~ 1, cultures in white
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TABLE 1 | Isolation location, and light-harvesting characteristics of Synechococcus strains used in this study.

Strain ID Isolation location Pigment type (PT) CA4 geneisland  Absorption maximum (nm) Phenotype reference
Blue Green
WH7803 Sargasso Sea, Northwest Atlantic Ocean 3a na 545 Six et al., 2007b
WH8102 Caribbean Sea,Northwest Atlantic Ocean 3c na 495 Six et al., 2007b
WH8109 Sargasso Sea,Northwest Atlantic Ocean 3d CA4-B 495 545 This study
WH8020 Sargasso Sea,Northeast Atlantic Ocean 3d CA4-A 495 545 Six et al., 2007b
CC9902 California Current,Northeast Pacific Ocean 3d CA4-A 495 545 Humily et al., 2013
RS9916 Red Sealndian Ocean 3d CA4-A 495 545 Humily et al., 2013
RS9915 Red Sealndian Ocean 3d CA4-B 495 545 Humily et al., 2013
RCC307 Mediterranean Sea 3e CA4-A 495 545 Humily et al., 2013
Genotypes are taken from Humily et al. (2013). References for phenotypes (pigment types) are listed in the table.
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FIGURE 1 | Normalized emission spectra measured for blue, green, and white light-emitting diodes (LEDs) used for growth experiments.

light were exchanged to blue light, and vice versa, following the
procedure in section “Blue-green light exchange.”

Determination of PUB:PEB

Room temperature in vivo fluorescence excitation scans were
acquired from 440 to 560 nm with emission set at 570 nm using
a spectrofluorometer (Duetta, Thermo Scientific) on aliquots
of culture collected daily. PUB:PEB was estimated as the ratio
of fluorescence emission maxima in the range of 495 nm and
545 nm excitation. Acclimation time in cell generations (g)
for PT3d (CA4 acclimater) strains was calculated as the number
of days during which the change in PUB:PEB was greater than
zero (APUB:PEB/day > 0) divided by the doubling time of
the strain.

Growth Rates and Pigment Fluorescence

In wvivo chlorophyll-a (Chl-a) and phycoerythrin (PE)
fluorescence were measured daily at room temperature on
a fluorometer (Trilogy, Turner Designs) with blue (460 nm)
and green (530 nm) excitation cartridges, respectively. Growth
rate (|, day’l) for each strain was calculated from the slope
of exponential increase in Chl-a fluorescence over time. For
light intensity experiments, growth rates were calculated after

acclimation to the new intensity to reduce errors due to pigment
adjustment within the cells. For exchange experiments, a low-
density inoculum was used at the start of the experiment in the
initial light color to establish growth rates before a culture was
diluted with fresh media (as described above).

Photo-Physiology and Light Use

Efficiency

Non-destructive rapid rate fluorescence measurements were
taken daily on live cultures in the dark using a custom-build
miniature Fluorescence Induction and Relaxation System (mini-
FIRe, Maxim Gorbunov) with blue (460 nm) excitation. Apparent
quantum vyield of photosystem II (F,/F,) and functional
absorption cross section of photosystem II at 460 nm (c460)
were determined on cells dark-adapted for 3 min and using a
saturating blue light pulse of 0.2 ms (Schreiber et al., 1995).
Note that F,/F, and o046 are not absolute values, and are
lower than absolute values as no 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) was added to the treatments to decipher
minimal fluorescence (F,). Parameters were monitored for the
same sample over time, and used to compute a relative value of
light use efficiency as described below.
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We calculated light-use efficiency (LUE, ¢) using a simplified
model of light-dependent growth based on photo-physiological
parameters from PSII blue light excitation. We assumed that the
rate of exponential growth was proportional to light captured
for photosynthesis, where that light capture was a function of 3
parameters: the proportion of open reaction centers available for
light capture (F,/F,); the PSII cross section over which that light
was captured (0460); and the amount of light available for growth
(growth light intensity, I,,; Eqn 1). Growth rates were converted
to cell numbers assuming two cells are produced per cell division.
The constant of proportionality, ¢ in cells (Lmol photons) ~!, was
the measure of light-use efficiency for growth (Eqn 2).

21 o Fy/Fyn0460l,, (1)
@ = 2 (Fy/Fpoae0l,) " )

Calculation of ¢ using the connection of pu to F,/F, and
o460 in blue light excitation is highly simplified because it
mostly captures Chl-a-excited PSII reaction centers and Chl-
a-specific cross sections of PSII which are much smaller in
PBS-rich Synechococcus than for other taxa (Suggett et al,
2009). For example, o460 of WH8020 and CC9902 determined
by blue excitation at 460 nm was 2-3 times smaller than
that determined by green excitation at 530 nm (0539), which
excited the PBS. However, the relationships between o469 and
0530 for strains grouped by light-harvesting strategy are mostly
linear (Figure 2), especially for cells grown in green light, with
higher sensitivity of o460 to cells grown in blue light than o53¢.
Preliminary calculations of LUE and relative comparisons of
LUE between strains did not reveal major differences between
use of the two parameters. Thus, to avoid having different
excitation wavelengths during daily measurements, 460 nm
excitation was used for all strains, normalizing to Chl-a and
focusing on the relative change in LUE among strains. This
method allows for comparison among Synechococcus strains
across light environments using easily acquired daily fluorescence
measurements. Light energy available but not used for growth
was not calculated directly, but was accounted for by changes
in F, /Fwhich is reduced when excitation energy is lost as heat
during non-photochemical quenching. Similarly, energy lost by
respiration is not used for growth and does not contribute to
the growth rate.

Statistical Analyses

One-way analyses of variance (ANOVA) were performed on
the results for blue-green exchange experiments, while two-
way ANOVAs were performed on blue-white experiments
across varying light intensities. Tukey-Kramer post hoc tests
were performed on ANOVA results that indicated significant
differences between sample means. Results were displayed
using letters to indicate means that were not significantly
different (same letters) and statistically significantly different
(different letters) with a 95% confidence limit. Statistical analyses
were performed in MATLAB (Version R2019b, Mathworks,
United States). Error bars on graphs represent one standard
deviation. Error bars for calculated LUE values are compounded
standard deviations from F, /F,, 460, and | .
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FIGURE 2 | Linear relationships between functional absorption cross section
of photosystem Il measured with blue excitation at 460 nm (o460) and green
excitation at 530 nm (0530) on the same sample for Synechococcus strains
WH7803 (PT3a) and WH8020, CC9902, RS9915, RS9916, and RCC307
(PT3d and 3e) grown blue (blue squares) and green (green circles) light at
10 pmol photons m=2 s~ 1.

RESULTS

Blue-Green Simulations

Figure 3 shows the results of exchanges between blue and green
light and corresponding changes in PUB:PEB for all generalists
(PT3d strains RS9915, RS9916, CC9902, WH8020, WH8109, and
PT3e strain RCC307), green-specialist (PT3a strain WH7803),
and blue-specialist (PT3c strain WH8102). PUB:PEB measured
by the ratio of excitation maxima at 495 nm and 545 nm was
low in green light (0.7) and high in blue light (1.9) for PT3d
strains. The PUB:PEB range for PT3e strain RCC307 was much
reduced, and varied from 0.6 &= 0.04 in green light to 0.8 £ 0.04
in blue light, as in other studies (Humily et al., 2013). WH7803
maintained low PUB:PEB at 0.4 + 0.03 in both light colors,
and WH8102 maintained high PUB:PEB that ranged from 1.7-
1.9 (Table 2).

There was no significant difference in light use efficiency
(LUE) between specialists and PT3d generalists integrated across
exchange between blue and green light [one-way ANOVA
F(7,88) = 9.8, p = 6.0E-9; Figure 4A]. These strains had
similar LUE across blue light. In contrast, under green light,
specialist strains and PT3d strain CC9902 had 1.7 times higher
LUE than the other PT3d generalist strains [one-way ANOVA
F(15,80) = 86, p = 6.0E-43, Figure 4B].
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FIGURE 3 | Daily PUB:PEB measured by in vivo fluorescence excitation ratios of Synechococcus strains during growth and exchange from blue light to green light
(open circles), and green light to blue light (closed circles). Blue colors indicate blue light, green colors indicate green light. Error bars represent 1 standard deviation
(SD) of triplicate cultures, which are smaller than the data marker where bars are not visible.

The PT3e generalist RCC307 had the highest LUE, which
was 1.6 times higher than for specialist strains, and 2.3 - 2.1
times higher than PT3d acclimaters. Significantly higher LUE
was observed in both blue and green light, as well as integrated
across acclimation time and across exchange between the two
light colors (Figure 3).

All strains, regardless of phenotype, had higher LUE in green
light than blue light (Figure 4B), and generally higher growth

rates in green light (Table 2). We note that the growth rate
of WH8020 in green light varied during this experiment and
showed different characteristics from screening experiments for
which the average growth rate was 0.8 day~! in green light
as opposed to <0.4 day~! observed in green light during
experimentation (Table 2).

Lag times of 2-3 days in PUB:PEB adjustment in green
light were observed for nearly all CA4 strains (Figure 3), but
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TABLE 2 | Growth rate, fluorescence parameters and acclimation time (gea) from Synechococcus strains exchanged between blue (B) and green (G) light at 20 pmol

photons m=2 s~ 1.

Strain Color u (day=1) PUB:PEB PE:Chl-a Fy/Fm o460(A2) ¢ (x1012) Jea
WH8020 B 0.5+ 0.06 1.6 &+ 0.07 0.04 + 0.011 0.4 +0.02 151 4+ 09 0.9+ 0.1 3.3+06
G 0.4+ 0.03 0.7 £ 0.04 0.08 + 0.016 0.3+0.08 117 £ 13 1.8+0.9 6.0+ 0.5
CC9902 B 0.5+ 0.04 1.7 +£0.08 0.05 + 0.005 0.3+0.05 157 4+ 11 11403 49+04
G 0.6 +0.07 0.7 +£0.02 0.09 + 0.008 0.2 +0.08 127 + 08 3.0+07 58+0.7
RS9916 B 0.7 +0.03 1.9+0.13 0.03 + 0.000 0.5+ 0.02 179+ 15 0.9+ 0.1 56+ 0.5
G 0.7 +0.08 0.7 +£0.09 0.09 + 0.008 0.3+0.06 169 + 15 1.6+0.3 6.6 +0.7
RS9915 B 0.4 +0.17 1.5+ 0.09 0.03 + 0.000 0.4 +0.05 100 + 07 1.0+0.3 34+04
G 0.5+ 0.04 0.8+0.02 0.05 + 0.010 0.3+0.05 119+ 10 16405 59405
WH8109 B 0.6 + 0.04 1.9 4+ 0.06 0.03 + 0.006 0.5+ 0.02 157 +£ 12 1.0+ 0.1 55+0.7
G 0.6 +0.04 0.8+0.03 0.08 + 0.015 0.3+0.05 149 + 11 1.8+0.4 40+04
RCC307 B 0.5+ 0.04 0.8+ 0.04 0.09 + 0.008 0.4 +0.03 78 £ 04 2.0+0.2 6.2 4+ 0.6
G 0.8 +0.00 0.6 +0.02 0.13 +0.013 0.3+ 0.04 82 + 08 4.4+09 7.7+07
WH7803 B 0.5+ 0.06 0.4+0.03 0.16 + 0.003 0.4 +0.04 91412 1.3+0.3 n/a
G 0.7 £ 0.05 0.4+ 0.03 0.18 + 0.028 0.3+0.05 95 + 08 29406
WH8102 B 0.5+ 0.04 1.7 +0.13 0.02 + 0.000 0.4 +0.07 133 + 14 1.2 +0.1 n/a
G 0.8 +0.06 1.9+0.13 0.03 + 0.004 0.2 +0.05 161 + 28 25+ 0.4

Values report the average + one standard deviation of triplicate cultures.

when compared to daily calculated values of LUE (Figure 5),
no corresponding lags in LUE were observed. In particular,
the lag time for RCC307, which was most pronounced with
a 3-day lag before acclimation in green light and a unique
4-day lag before acclimation in blue light, also showed no
corresponding lags in LUE. The gradual increase in LUE
when some acclimater strains were exchanged from blue to
green light (as observed for RCC307, CC9902, WHS8020)
was also observed for the blue-specialist strain WHS8102,
and did not correspond to PUB:PEB lags in green light in
acclimater strains.

Blue-White Light Intensity Gradient

To test interaction between light intensity and CA4, three strains
were used for growth experiments in blue light and white light
at different irradiances. PT3d generalist strains CC9902 and
WHS8020 had previously shown reduced PUB:PEB in blue light
(Humily et al., 2013) and these strains were compared to the
PT3c strain (high PUB:PEB, blue-specialist) WH8102. Our study
did not result in decreased PUB:PEB in blue light for CC9902
or WHB8020. Rather, there was a significant increase in PUB:PEB
in white light at high irradiance for CC9902 [two-way ANOVA
F(7,96) = 3, p = 0.004] from 0.4 £ 0.02 to 0.7 £ 0.00 (Table 3),
and the ratio of PE:Chl-a decreased as light intensity increased
in white light (Table 3). This indicated that the changes in
PUB:PEB may be the result of an interaction between photo-
acclimation and chromatic acclimation, as reduction of the PEB-
rich rods in high intensity white light might increase the ratio
of PUB to PEB. No increase in PUB:PEB at high irradiance was
observed for WH8020.

While growth rates were higher in white light than blue light at
lower irradiances, growth rates were more equal between the two
light colors at higher irradiances (Table 3). Light use efficiency
for all strains was also significantly higher in white light over
blue light, and was highest at the lowest light intensities for each

strain [two-way ANOVA F(7,96) = 291, p = 9.9E-62; Figure 6].
Light use efficiency decreased by an order of magnitude at the
highest light intensities (Table 3). There were no differences
between strains across light intensities in blue light [two-way
ANOVA F(5,96) = 221, p = 4.8E-51; Figure 6]. In contrast, LUE
for WH8020 and WH8102 were 34% and 54% lower than that
for CC9902, respectively, at 10 wmol photons m~2 s~! white
light (Figure 6). At the highest irradiance, LUE of CC9902 was
comparable to that of WH8020.

During exchange between blue and white light colors at 150
pwmol photons m~2 s~!, WH8020 showed similar variation in
PUB:PEB change as when grown continuously in the respective
light colors, from 0.7 £ 0.01 in white light to 1.8 £ 0.13 in
blue light. In contrast, PUB:PEB for CC9902 during exchange to
white light at this irradiance was 0.9 £ 0.17 (Table 4) compared
to growth in constant white light (PUB:PEB = 0.7 £ 0.00;
Table 3), while PUB:PEB during exchange to blue light
remained at 1.7 4+ 0.12 (Table 4). There was no difference
in LUE between white and blue light for the blue-specialist
WHS8102 or CC9902, while one generalist, WH8020, had higher
average LUE in blue light than white light [one-way ANOVA
F(5,30) = 21, p = 4.4E-9]. Across light color exchange at
150 pmol photons m~2 s™!, both generalists CC9902 and
WHS8020 had significantly higher overall LUE than the blue-
specialist WH8102 (Figure 7).

Note that higher LUE of both generalists over WH8102 at high
irradiance was not a function of the light intensity adaptation
of this strain. The literature reports contrasting finding for the
adaptation of WH8102 to high irradiance white light, from a
low light obligate strain with maximum growth at 40 pmol
photons m—2 7! (Mackey et al,, 2017) to wide tolerances
for high irradiances >200 pwmol photons m~2 s=! (Six et al,
2004, 2007a). In this study, WH8102 had maximum growth rate
(1.2 £ 0.06 day ') at 50 umol photons m~2 s~ ! and maintained
growth rates >0.9 day~! up to 150 wmol photons m—2 s~!
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panel indicate means that are not statistically different (same letters) or are statistically significantly different from each other (different letters, p < 0.05) after one-way
ANOVA and Tukey-Kramer test. Error bars represent standard deviation (SD) of six cultures in each light color.

indicating a high light ability for this strain that facilitates our
comparisons.

DISCUSSION

Energetic Costs of Chromatic
Acclimaters in Blue and Green Light

The widespread distribution of chromatic acclimating marine
Synechococcus strains in the ocean (Grébert et al., 2018) is a
good indication that costs associated with this generalist trait are
smaller than the benefits conferred. Quantifying these costs can
help us contextualize the magnitude of the benefit, and we make
a start by examining LUE of acclimating strains compared to
non-acclimating strains (specialists) in this study. We observed
eight Synechococcus strains in nutrient replete conditions with
different light harvesting strategies, and found that four of six
chromatic acclimating generalists (RS9915, RS9916, WH8020,
and WH8109) had an average 34% lower LUE in green light

environments than PT3a or 3c strains. This result stands in
contrast to an 11% higher LUE for generalist WH8020 than
the blue-specialist WH8102 when grown in constant white light
at 10 pmol photons m~2 s~!, indicating the possible effect
of variable light to reduce LUE. This lower LUE in green
light could represent a trade-off in light use efficiency for
tolerance of variable environments in acclimating strains. For
example, RS9915 and RS9916 were isolated from deeply mixed
oligotrophic waters in the Gulf of Aqaba, with concentrations of
Chl-a that range from low at 0.03 pg/L to higher at 0.36 ng/L
spatially during winter, and measured spectral shifts of blue-
dominant wavelengths deeper in the water column, to green-
dominant wavelengths at maximum transparency (Stambler,
2005). Thus, both horizontal advection and deep mixing of
strains in this system would lead to spectral shifts that may
encourage CA4 and be beneficial despite a slight trade-off in
light use efficiency.

While the energetic cost experienced by CA4 acclimaters
observed in this study is similar in magnitude to the 40%
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TABLE 3 | Growth and apparent fluorescence parameters for Synechococcus WH8020, CC9902, and WH8102 in continuous blue (B) and white (W) LED light across
growth irradiances (/,, in wmol photons m=2s1).

I Color w (day~) PUB:PEB PE:Chl-a Fy/Fm oa60(A2) ¢ (x10™)
Synechococcus WH8020
10 B 0.3+ 0.01 1.6 £0.05 0.05 + 0.004 0.50 + 0.01 170 + 09 9+0.6
W 0.5+ 0.03 0.6 + 0.02 0.11 £0.016 0.40 + 0.03 168 + 06 23 +0.9
30 B 0.4 +0.02 1.6 +£0.03 0.05 + 0.004 0.47 +0.01 156 + 02 5+0.2
W 0.6 £0.04 0.7 £0.01 0.11 £ 0.026 0.36 + 0.02 160 + 05 9+0.8
50 B 0.5+ 0.03 1.6 £0.02 0.05 + 0.005 0.44 +£0.02 136 + 06 3+0.3
W 1.1 £0.06 0.7 +£0.02 0.10 £ 0.024 0.42 +0.03 129 + 06 8+0.6
70 B 0.3 +0.03 1.5 +0.01 0.06 + 0.005 0.39 + 0.04 127 +£ 04 2+02
W 1.0 £0.01 0.6 + 0.01 0.12 £ 0.020 0.33 +£0.04 123 + 05 8+0.4
90 B 0.3 +0.04 1.6 +£0.07 0.05 + 0.001 0.40 +0.02 129 + 03 1+02
W 0.9 +0.06 0.7 £ 0.05 0.10 £+ 0.009 0.34 +£0.03 109 + 07 7+06
110 B 0.3 +£0.08 1.6+ 0.02 0.05 £ 0.002 0.42 +0.02 127 £ 05 1+041
W 0.9 £ 0.00 0.7 £0.07 0.10 £ 0.009 0.30 £ 0.01 113 £ 02 5+0.1
130 B 0.5+ 0.04 1.7 +£0.03 0.05 + 0.003 0.27 £0.02 113 + 05 3+0.3
W 0.5 +0.02 0.7 +0.02 0.10 £0.013 0.26 + 0.03 108 + 08 3+0.3
150 B 0.7 + 0.00 1.8 +£0.06 0.06 + 0.007 0.25 + 0.01 112 +£ 02 4+041
W 0.6 +0.05 0.7 + 0.01 0.11 £ 0.031 0.32 £ 0.04 118 &+ 04 3+02
Synechococcus CC9902
10 B 0.2 £0.01 1.7 +£0.04 0.05 £ 0.005 0.39 £ 0.04 167 +£ 08 9+0.5
W 0.7+0.12 0.4 +0.02 0.23 + 0.026 0.41 £0.04 117 £ 04 35+6
30 B 0.5+ 0.01 1.9 £0.09 0.04 + 0.002 0.41 +£0.02 185 + 08 5+0.2
W 0.9 +0.11 0.4 +0.01 0.19 £ 0.023 0.39 + 0.04 108 + 04 17 +2
50 B 0.6 + 0.03 1.8 +0.01 0.04 + 0.006 0.38 +0.02 161 + 05 4+02
W 1.2+0.02 0.3 £0.02 0.14 +£0.010 0.38 + 0.04 118 £ 23 12+2
70 B 0.7 +£0.02 1.6 £ 0.03 0.05 £ 0.007 0.37 £ 0.02 144 + 06 5+02
W 1.1 +£0.01 0.5+ 0.08 0.13 £ 0.022 0.34 £ 0.04 110 £ 05 10+£0.5
90 B 0.8 +0.01 1.7 £0.02 0.04 + 0.003 0.38 +0.02 151 +£ 07 4+£02
W 1.4 £0.00 0.6 + 0.01 0.10 £0.010 0.30 + 0.03 118 + 06 10+0.5
110 B 0.7 £0.02 1.7 £0.02 0.04 + 0.002 0.39 + 0.03 162 + 06 2+01
W 1.4 £0.03 0.6 + 0.02 0.09 + 0.008 0.27 +0.03 111+ 05 10+04
130 B 0.7 £ 0.01 1.8 +0.02 0.05 £ 0.002 0.28 + 0.02 127 £ 03 4 +£0.1
W 0.8 +0.08 0.7 £ 0.00 0.10 £ 0.030 0.29 £ 0.05 127 £ 05 4+0.2
150 B 0.8 £ 0.01 1.7 £0.09 0.05 £ 0.004 0.29 £ 0.01 116 £ 02 3+0.1
W 0.8 +£0.02 0.7 + 0.00 0.08 + 0.006 0.33 + 0.05 122 + 05 3+0.2
Synechococcus WH8102
10 B 0.3 + 0.09 1.7 £0.04 0.02 + 0.003 0.52 + 0.01 136 + 07 10+3
W 0.6 + 0.06 1.8+0.13 0.08 & 0.003 0.42 +0.01 202 + 10 16+2
30 B 0.6 +£ 0.01 1.6 £ 0.06 0.02 £ 0.002 0.63 £ 0.01 134 £ 08 7+04
W 0.7 £ 0.10 1.8 +£0.08 0.03 + 0.003 0.41 +0.04 179 £ 21 7+1
50 B 0.7 £0.05 1.7 £0.03 0.02 + 0.003 0.52 +0.03 139 + 10 4+04
W 1.2 +£0.06 1.7 £0.09 0.04 + 0.008 0.44 + 0.01 172 +£ 04 7+04
70 B 0.6 +0.07 1.7 +£0.08 0.03 + 0.004 0.53 +0.02 140 + 04 3+0.3
W 0.9 +£0.02 1.8 +0.01 0.03 + 0.006 0.38 + 0.05 161+ 13 5+04
90 B 0.6 +0.04 1.6 £0.04 0.08 £ 0.006 0.51 4+ 0.03 124 £ 05 2+02
W 1.0 £0.02 1.8 £0.04 0.05 + 0.022 0.37 £ 0.02 164 £ 10 4+£03
110 B 0.7 +£0.08 1.6 £0.01 0.02 £ 0.004 0.51 +0.03 141 £ 06 2+02
W 1.0 £0.01 1.8+0.13 0.05 +£0.017 0.36 + 0.03 140 + 04 4+01
130 B 0.7 £0.05 1.6 £0.09 0.03 + 0.004 0.49 +0.02 116 + 05 2+0.2
W 0.9 +0.13 1.7 £0.00 0.03 + 0.006 0.35 +0.02 177 + 06 3+04
150 B 0.8 +£0.02 1.5+0.10 0.08 & 0.009 0.50 + 0.03 118 £ 02 2+0.1
W 0.9 +£0.08 1.6 £ 0.05 0.04 £0.012 0.41 +£0.02 190 £ 15 2+02

Values represent the average + one standard deviation of triplicate cultures. Light use efficiency (¢) is reported x10'7.
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FIGURE 5 | Daily change in light-use efficiency (¢) for Synechococcus strains grown in green light and blue light. Colors are as described in the Figure 3 legend.

decrease in light use efficiency measured by oxygen evolution
in the CA3 strain Fremyella diplosiphon between red and green
light (Campbell, 1996), there are some important differences.
F. diplosiphon decreased efficiency immediately upon exchange
to a new light color, with no difference in light use efficiency
when fully acclimated to either red or green light. Thus,
reduced light use efficiency for that strain was observed
during acclimation, reported in relation to itself under fully
acclimated conditions, and can be classed as an initial operational
cost. In our study, there were significant differences in LUE
between blue and green light environments for all strains,
with no difference between when a strain was acclimating and
after it had fully acclimated. Rather, the reduction in LUE

reported here is in relation to specialist strains that do not
acclimate. It therefore reflects the integrated energetic cost of
maintaining and operating the CA4 machinery, rather than
the initial operating cost. The balance in excitation energy
between photosystems for F. diplosiphon reported as lower
quantum yield but higher electron transport in green light was
similarly observed in Synechococcus strains, which had lower
F,/Fyin green light over blue light, but higher LUE. Since all
Synechococcus strains experienced adjustments in F, /F,, and LUE
upon illumination with a new light colorregardless of their light-
harvesting strategy (Figure 5), such adjustments represented
photo-acclimation responses unrelated to CA4 energetic costs.
These photo-acclimation responses for all strains in green light
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is a baseline cost for all strains, and likely serves to balance
excitation energy between photosystems, similar to the response
for F. diplosiphon.

With no obvious initial operating cost, it seems the energy
requirements for expressing the regulatory proteins for CA4 [for
example FciA and FciB (Humily et al., 2013; Sanfilippo et al,,
2016] are low enough to be adequately met by the strains at
low light intensity. Low energy requirements are underscored
by the lack of differences between CA4-A strains illuminated
with blue light and CA4-B strains illuminated with green light,
during which proteins are upregulated at different magnitudes
(Sanfilippo et al., 2016, 2019b; Grébert et al., 2021). Since no
differences were observed at the onset of acclimation, the initial
operating cost associated with these differential gene and protein
expressions appear to be negligible in terms of their effect on
the overall LUE of the strains. This is supported by preliminary
studies that found no obvious compensations for a high operating
cost, with no differences in growth rates or cell size for strains
acclimating to blue light (Everroad et al., 2006). In addition to
protein regulation, energy requirements for de novo synthesis
of the PBS rods to the new light environment (Everroad et al.,
2006) also do not appear to impose an additional production cost
beyond that experienced by all strains growing in a new light
environment, which may indicate either that the replacement
of phycobilins for CA4 strains occurs in time with dividing
cells such that additional energy is not required, or that CA4
phycobilin replacement only requires moderate to no de novo
synthesis of the PBS rods.

In contrast to acclimating strains with a high magnitude of
PUB:PEB variation (~1; PT3d generalists), the PT3e generalist

with the lowest magnitude of PUB:PEB variation (0.2) exhibited
the highest LUE of all the strains, an average 69% more
than specialists, and >100% more than PT3d strains. Thus,
lower magnitudes of variation between the two end-member
phenotypes during plasticity can potentially reduce energetic
costs as well as yield a net benefit over specialists and even
other generalists with more extreme end-member phenotypes.
Additional studies with other PT3e strains may be useful
to confirm these findings. An increased advantage of a
reduced acclimation range compared to a wide acclimation
range may indicate a balance between energetic cost and
LUE, but possibly sacrificing a competitive advantage. As our
experiments were conducted in monoculture, it remains to
be determined if RCC307 or other PT3e generalists would
be able to successfully outcompete a PT3d generalist under
similar conditions.

Longer delays in acclimation times of RCC307 (Figure 3)
provided a good examination of the impact of the acclimation
response time. Despite delays before acclimation that would lead
to short periods of mismatch between the environment and the
phenotype, no delays in adjustment to LUE between light colors
were observed for this strain, or any other, indicating that the
response time did not pose an energetic limitation on chromatic
acclimating strains.

Interaction Between Chromatic

Acclimation and Photo-Acclimation
Lower LUE observed in this study at 440 nm blue light—
absorption maximum of chlorophyll-a—is similar to that
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TABLE 4 | Growth rate, apparent fluorescence parameters and acclimation time (gea) from Synechococcus strains exchanged between blue (B) and white (W) light at

150 wmol photons m=2 s~ 1.

Strain Color w (day=1) PUB:PEB PE:Chl-a Fv/Fm o460(A2) ¢ (x10™) Jea
WH8020 B 0.8+ 0.10 1.8+0.13 0.06 + 0.025 0.2 +£0.08 116 £ 9 4+0.7 39+02
W 0.5+ 0.05 0.7 + 0.01 0.07 £ 0.017 0.2 +0.05 113+ 9 44+0.9 34+02
CC9902 B 0.9+ 0.11 1.7+0.12 0.05 +0.019 0.3 +£0.09 114 £10 44+0.6 43+02
W 0.7 +£0.12 09 +0.17 0.07 + 0.020 0.3 +£0.05 128 £ 10 4+11 43+02
WH8102 B 0.9+ 0.12 1.7 +£0.17 0.03 +0.018 0.4 +0.08 136 + 13 2+0.3 n/a
W 1.1 +£0.21 1.9+0.16 0.04 + 0.022 0.4 +£0.06 170 £ 18 2+04

Values represent the average + one standard deviation of triplicate cultures. Light use efficiency (¢) is reported x 1 o',

observed in other cyanobacteria studies, associated with the
need to balance excitation energy between photosystem II
dominated by the phycobilisome and photosystem I dominated
by Chl-a (Luimstra et al., 2018, 2019). The requirement to
balance excitation energy is not specific to CA4, but could be
exacerbated for all strains under our experimental conditions
due to the perceived intensity of the blue LED. The narrow
spectral band allows for a higher number of PAR-integrated
photons in the blue region compared to white light of the
same irradiance. For example, at equal PAR-integrated intensities
of 10 pmol photons m~2 s~!, the intensity at 440 nm
would be much higher in blue light than in white light. This
difference may induce a high light response in lab-grown PE-
dominant Synechococcus whose photosystem I Chl-a may become
quickly saturated.

Even with a potentially saturating blue light at low irradiance,
a decrease in PUB:PEB in high irradiance blue light was not
observed in acclimating strains in this study. However, the
increase in PUB:PEB in high irradiance white light for CC9902
observed in this study may indicate a similarity to the decreased
PUB:PEB observed in blue light in other studies (Humily
et al., 2013). Both results are consistent with reductions in the
phycobilisome rod length at high irradiance, which is a photo-
acclimation response that preferentially reduces PEII (Kana and
Glibert, 1987; Six et al., 2005). In blue light, generalists have more
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FIGURE 7 | Average light use efficiency (LUE, ¢) for CC9902, WH8020,
WHB8102 exchanged between white light (open) and blue light (filled) at
150 wmol photons m~=2 s~ Error bars represent 1SD of six cultures. Letters
indicate means that are not statistically different (same letters) or are
significantly different (different letters, p < 0.05).

PUB bound to PEII than PEB (Everroad et al., 2006), leading to
a decrease in PUB:PEB when PEII is lost, as was observed by
Humily et al. (2013). Conversely, there is more PEB bound to
PEII in white light, increasing PUB:PEB when PEII is lost, as was
observed in our study. Such changes cannot be determined from
whole pigment fluorescence alone, but accompanying reductions
in PE:Chl-a as white light increased for CC9902 (Table 3)
may indicate rod length reduction. Procedures to identify the
phycobilins in the PBS and measure the length of the PBS
rods were not conducted in this study, but would be useful to
determine the exact mechanism of PUB:PEB fluorescence change.
Equal LUE between light color exchanges in white light and blue
light at high irradiance for CC9902, and higher LUE for CC9902
than the blue-specialist WH8102 indicates no associated sensing
cost accompanied the reduction in PUB:PEB for this strain.

Adaptability of Synechococcus to Green

Ocean Niches
While we might have expected the green-specialist to have higher
LUE in green light and the blue-specialist to have higher LUE
in blue light, this was not observed. Instead, LUE was two times
higher in green light than blue light across all strains, indicating
the suitability of PE-dominant Synechococcus to green ocean
niches. We note, however, that none of the lights used in our
experiments had peak emission at the absorption maximum
of PUB at 495 nm, leaving the question open about whether
such an environment may see equally high light use efficiencies.
In the ocean, chromatic acclimaters were found to dominate
in waters in the North Atlantic with measured spectra that
peaked in the blue and green spectral regions closer to PUB
and PEB absorption (Holtrop et al., 2020), and could indicate
that the 440 - 450 nm blue light range used in this and
other studies (Palenik, 2001; Everroad et al., 2006; Shukla et al.,
2012), may not adequately represent the realized niche of these
strains. The dominance of Synechococcus during spring blooms
in the Bermuda Atlantic Time series dataset at the same time
as the highest coccolithophore concentrations (DuRand et al.,
2001) supports this idea, as coccolithophore blooms have peak
reflectance in the range of 490 nm (Moore et al., 2012) and
could represent another realized niche for high PUB adapted and
acclimating Synechococcus strains.

Since two-thirds of the acclimaters tested here had no
advantage in LUE over specialists across changing light
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environments, this may indicate that CA4 is not a strategy geared
at direct competition between Synechococcus strains. Rather, the
trait could have evolved for optimizing the distribution of the
genus in areas not well suited for specialists. Lower efficiencies
may indicate a trade-off to allow expansion into waters with
blue-green variability in the spectra not readily occupied by
other strains (Holtrop et al.,, 2020). A flexible strategy allows
strains to fill dynamic niches, enabling the ubiquity of the
genus. Absorption of Synechococcus in the blue-green region,
with higher efficiencies in green light, notably compliments
the light absorption of Prochlorococcus, the most abundant
cyanobacteria, that does not absorb in the green region of the
spectrum. Thus, the pigment strategies of Synechococcus may
allow the two genera to survive in tandem, with overlapping
distributions and phylogeographies (Kent et al., 2019). Given
the nutrient and temperature requirements and delineations of
strains within the ocean environment, whether these factors
impose their own limitations on chromatic acclimating strains
remain to be explored.
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