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Scientific Significance Statement

Crocosphaera watsonii is a widespread unicellular cyanobacterium that contributes substantially to marine nitrogen fixation.
However, its populations display heterogeneous nitrogen fixation activity under stress, with only a subset of cells actively fix-
ing nitrogen at any given time. The mechanisms underlying cellular-level variability remain unclear. In this study, we present
evidence that the structural state and intracellular localization of phycoerythrin, a pigment-protein complex traditionally reg-
arded as a light-harvesting component, are associated with nitrogen fixation activity. These findings suggest an alternative
functional role for phycoerythrin as a dynamic intracellular nitrogen reservoir. This dual role offers a mechanistic explanation
for the observed heterogeneity in nitrogen fixation and provides new insight into how marine diazotrophs coordinate photo-
synthesis and nitrogen metabolism.

Abstract
Unicellular diazotrophic cyanobacteria contribute up to �50% of marine N2 fixation, and Crocosphaera watsonii,
characterized by high phycoerythrin (PE) content, is among one of the key species in tropical and subtropical
oceans. Although recent observations have revealed heterogeneous N2 fixation activity within C. watsonii
populations, the mechanisms behind its heterogeneity remain unresolved. Here, we hypothesize that PE’s struc-
tural state is associated with the regulation of N2 fixation. Using single-cell fluorescence spectroscopy, we observed
that photosystem-uncoupled free PE was exclusively present under diazotrophic conditions and localized to the
central cytoplasmic region. While mean PE fluorescence remained unchanged, PE : allophycocyanin ratios declined
at the periphery in the night. These findings suggest an additional role for PE, potentially as a temporary nitrogen
reservoir to buffer cellular N levels during active N2 fixation, beyond its established light-harvesting function.
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Marine N2 fixation provides �100–150 Tg N annually,
nearly half of global biological N2 fixation. Up to half of this
occurs in aquatic environments and is driven largely by uni-
cellular diazotrophs (Montoya et al. 2004; Gruber and Gallo-
way 2008). However, nitrogenase—the key enzyme for N2

fixation—is irreversibly inactivated by O2, posing a funda-
mental challenge for autotrophic cyanobacteria depend on
harvesting energy and reductant power from oxygenic
photosynthesis. To overcome this conflict, cyanobacteria
employ strategies such as spatial segregation (heterocysts in
multicellular forms) or temporal separation of processes.
Unicellular cyanobacteria, including Crocosphaera watsonii,
typically fix N2 at night, when O2 evolved from photosyn-
thesis is absent.

Crocosphaera watsonii (3–8 μm in diameter) is an abundant
diazotroph distributed across tropical and subtropical oceans
(Masuda et al. 2024). Like other unicellular diazotrophic cya-
nobacteria, it performs oxygenic photosynthesis during the
day, generates cellular energy and reductant power, and shifts
N2 fixation to the night period to avoid oxygen-mediated
inactivation of nitrogenase (Shi et al. 2010; Dron et al. 2012).
Field and culture studies have revealed that not all cells in a
population actively fix N2 (Foster et al. 2013; Mohr
et al. 2013; Masuda et al. 2020). This phenotypic heterogene-
ity may reflect an energy-saving strategy, allowing a subset of
cells to support others and thereby broaden ecological niche
(Masuda et al. 2020). While high O2 and dissolved nitrogen
(i.e., ammonium) are known as inhibitors of N2 fixation
(Montoya et al. 2004; Mulholland et al. 2004), the mechanism
underlying this heterogeneity remains unclear.

One of the most prominent traits of C. watsonii is its high
cellular content of phycoerythrin (PE), which imparts its char-
acteristic yellow-green color (Zehr et al. 2001). This pigment
abundance initially led to its identification as a “PE containing
nano-sized diazotroph,” later classified as C. watsonii WH8501
(Swanson et al. 1991). Since then, multiple C. watsonii strains
have been isolated from tropical and subtropical oceans (Zehr
et al. 1998, 2001; Neveux et al. 1999). PE in C. watsonii is
notable for its high phycourobilin (PUB) content, which,
alongside phycoerythrobilin (PEB), enables efficient absorp-
tion of blue (�500 nm) and green (�565 nm) light (Fujita and
Shimura 1974)– a key adaptation for light harvesting in oligo-
trophic, blue-light dominated marine environments. Under
optimum conditions, phycobilisomes (PBS) can account for
�50% of the total soluble protein, with PE accounting for up
to 20% of cellular protein (Rodriguez et al. 1989). The PE-to-
chlorophyll (Chl) ratio is estimated at �20, fivefold higher
than in Trichodesmium, a multicellular oceanic diazotroph
(Bell and Fu 2005). Previous studies have reported heteroge-
neous PE allocation based on the cellular fluorescence
(Masuda et al. 2022, 2024), yet the underlying causes and
implications of this variability remain unexplored. Given ear-
lier reports linking PE to nitrogen storage in cyanobacteria
(Wyman et al. 1985), we hypothesized that both the

abundance and structural state of PE may be mechanistically
linked to N2 fixation regulation in C. watsonii.

Methods
Strain, cultivation and experimental conditions

We used the Crocosphaera watsonii PS0609, isolated initially
from Philippine Sea (Masuda et al. 2013); later its nifH
sequence was used as standard clone for Group B (AB928305)
in (Shiozaki et al. 2014) (hereafter C. watsonii) maintained in
YBC-II medium without any combined nitrogen source (Chen
et al. 1996) at 28�C. Light irradiance followed a 12 : 12, light :
dark cycle with 50 μmol photons m�2 s�1 irradiance in Erlen-
meyer flasks. To examine the effect of light intensity, a condi-
tion with light intensity at 100 μmol photons m�2 s�1 was
prepared. For the experiment, the stock culture was diluted to
1 � 106 cells mL every week more than three times, and the
confocal observations were conducted 3 d after the dilution.
The ammonium condition (50 μM NH4

+ enriched medium)
was prepared to examine the effect of nitrogen source, and
cells were acclimated for more than three generations. Cell
growth was monitored by cell counts using Coulter Counter
(Beckman, Multisizer 4, United States).

Physiological measurements
Growth rate, Chl a per cell, POC/PON, and N2 fixation rate

were measured under diazotrophic and ammonium-replete
(50 μM NH4Cl, daily) conditions, in triplicate (n = 3). Growth
rate was determined from Coulter Counter cell counts during
exponential growth; Chl a per cell followed (Porra
et al. 1989). POC/PON were measured on pre-combusted GF/F
filters using an elemental analyzer (PE2400, PerkinElmer,
U.S.A.). N2 fixation was estimated by acetylene reduction
(10% v/v, 1 h; gas chromatograph Trace 1300, Thermo Fisher
Scientific, Italy) and a 4 : 1 (C2H4 : N2) conversion factor
(Montoya et al. 1996). One replicate (12D, –N) was excluded
as an outlier (C : N ratio > 2 SD from the mean).

Confocal microscopy analysis and image processing
We acquired images using Laser Scanning Microscope

LSM880 (Zeiss, Germany) with the Plan-Apochromat 63/1.4
Oil DIC M27 objective. Live C. watsonii cells were imaged in
three channels corresponding to: (1) PC excited PBS (excited
at 633 nm; emission detected at 641–677 nm); (2) Chl and
PUB excited PE (excited at 488 nm; emission detected at 490–
606 nm); (3) Chl and PUB excited Chl (exited at 488 nm;
emission detected at 695–758 nm). We note that Chl emission
is used to detect PSII in this study. Different allocation
between (1) and (2) shows the disconnection of PE from PBS,
and different allocation between (1) and (3) shows PBS discon-
nected from PSII in the thylakoid membrane. Secondly, we
performed lambda scans from 410 to 495 nm in 9 nm inter-
vals in 32 steps with excitation at 488 nm. The collected
images (8 bit; 512 � 512; 8.24 μs dwell time; 1 Airy unit pin-
hole) were processed in ImageJ (FIJI distribution) using the
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macro “Crocosphaera_extraction.txt” with steps explained on
https://github.com/gekoneCAC/Crocophaera-extraction.

Statistical analysis
Statistical analyses were performed using Python (version

3.12.2). Cells showing segmentation failure or undergoing cell
division (n = 3) were identified during quality control and
excluded from quantitative analyses of intracellular fluores-
cence heterogeneity. All raw single-cell measurements, includ-
ing these excluded cells, are provided in the deposited dataset.
Extreme cells were defined as values lying outside 1.5 times
the interquartile range below the first quartile (Q1) or above
the third quartile (Q3). Differences in the frequency of
extreme cells between diazotrophic and ammonium-replete
conditions were evaluated using Fisher’s exact test. For Fig. 3c,-
d, differences in mean PE fluorescence and coefficients of vari-
ation (CV), respectively, were assessed using two-sided t-tests.
p-values <0.05 were considered statistically significant. Nitro-
gen contents obtained by TEM–EDS (Supporting Information
Fig. S2) were compared using t-test. Differences in growth rate,
Chl a content per cell, and POC/PON molar ratios between
diazotrophic and ammonium-replete conditions were also
assessed using two-sided t-tests.

Results
To evaluate whether the two nitrogen-source treatments

corresponded to distinct physiological nitrogen states, we
measured growth rate, Chl a content per cell, POC/PON molar
ratios, and N2 fixation rate (Table 1). Cultures grown with
ammonium grew significantly faster and had a higher cellular
Chl a content compared to diazotrophic cultures (both
p < 0.05, t-test). POC/PON molar ratios were consistently
higher under diazotrophy than with ammonium, both at the
end of the light and dark periods (p < 0.05, t-test), indicating a
more carbon-rich, nitrogen-limited physiological state under
diazotrophy relative to ammonium enrichment. Consistent
with the known inhibitory effect of bioavailable dissolved
nitrogen on nitrogenase activity, diazotrophic cultures fixed
N2 at a higher cell-specific rate than ammonium-grown

cultures. Nonetheless, ammonium-grown cultures continued
to fix measurable N2, suggesting a mixed nitrogen-acquisition
strategy rather than a strict metabolic switch (Dekaezemacker
and Bonnet 2011; Knapp et al. 2012; Masuda et al. 2013).
Together, these data confirm that the two treatments repre-
sent physiologically distinct nitrogen states, providing the
context needed to interpret PE fluorescence patterns described
below.

Three-channel imaging (see Fig. 1a–d; Supporting Informa-
tion Fig. S1) resolved subcellular pigment-protein complexes
localization: phycoerythrin (PE) was visualized in red,
phycobilisome (PBS) containing allophycocyanin (APC)
and/or phycocyanin (PC) in blue, and chlorophyll (Chl) emis-
sion mainly from photosystem II (PSII) (hereafter PSII) in
green (Fig. 1e–h). RGB overlays enabled co-localization: PSII-
coupled PBS lacking PE (PBSAPC+PC) appeared cyan, whereas
PSII-coupled PE-rich PBS complexes (PBSAPC+PC+PE) appeared
white (color coding in Fig. 1i). The RGB coding also distin-
guished PSII-uncoupled phycobiliproteins: PE uncoupled from
PBS (free-PE) shown in red, and thylakoid membrane
uncoupled PBS complexes rich in PE (free-PBSAPC+PC+PE)
shown in magenta (Fig. 1i). Both uncoupled signals localized
predominantly to the central part of cells (e.g., Fig. 1b,d;
Supporting Information Fig. S1).

Furthermore, the spectral imaging classified individual cells
into four distinct types based on the spatial pattern of
autofluorescence signal from thylakoids showed in the distri-
bution and spatial co-localization of PE and APC and in the
spectral data in the central and peripheral regions (illustrated
by lines in Fig. 1e–h). Type 1: cells with APC dominant PE
emission in the periphery and with reduced PE + APC emis-
sion in the central part; Type 2: cells with similar total intensi-
ties of APC and PE emissions (with no effect on APC/PE ratio)
throughout the entire cells; Type 3: cells with very high con-
tent of PE accompanied by low APC in the central region
together with much lower PE content at the cell’s periphery;
Type 4: cells with PE dominance over APC in both central and
peripheral regions (Fig. 1e–h).

The three channels imaging setup was then used to observe
the effect of nitrogen source on allocation of PE, APC, and
PSII based on Chl emission (Fig. 2; Supporting Information
Fig. S1). Under diazotrophy, cells often exhibited central PSII-
uncoupled PE fluorescence (free-PE; red) and peripheral PBS
containing either with (magenta) or without PE (cyan), co-
localized with thylakoid membranes (Masuda et al. 2022)
(Fig. 2a,c; Supporting Information Fig. S1), both day and
night. With ammonium, the distribution pattern shifted: at
night, PSII-coupled, PE-absent PBS (PBSAPC+PC; cyan) were
restricted to the cell periphery near the cell membrane, along-
side PE-rich PBS (free-PBSAPC+PC+PE; magenta), while the cen-
ter lacked pigment-protein complexes (Fig. 2b). In contrast,
during the daytime, the periphery was dominated either by
PE-lacking PBS (PSII-PBSAPC+PC; cyan) or PSII-uncoupled PE-
rich PBS (free-PBSAPC+PC+PE; magenta). Across conditions and

Table 1. Physiological status of C. watsonii PS0609 cultures
grown under diazotrophic and ammonium-replete conditions.

Diazotrophic
With

ammonium

Growth rate (d�1) 0.12 � 0.01 0.27 � 0.01
Chl/cell (pg/cell) 0.25 � 0.01 0.30 � 0.02
POC/PON at 12 L
(mol/mol)

9.10 � 0.79 6.78 � 1.06

POC/PON at 12D
(mol/mol)

6.74 � 0.33 4.72 � 0.45

N2 fixation (fmol N/cell/h) 3.28 � 0.42 1.89 � 0.43
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photoperiods, discrete white hotspots—PSII-coupled, PE-rich
PBS (PSII-PBSAPC+PC+PE)—were present at the cell periphery
showing cell-to-cell heterogeneity. In addition, there was
intracellular spatial heterogeneity in membrane micro-
domains visible as different colors alongside the thylakoid
membrane of single cells. Specifically, we were able to detect
white hotspots containing PSII-coupled PE-rich PBSs (under
both diazotrophic and non-diazotrophic conditions) and
more continuous membrane areas often with PSII-coupled PE-
lacking PBSs (Fig. 2).

To quantify the diel changes in PE localization outside of
thylakoid membrane, we analyzed the PE fluorescence in the
central region of the cells (Fig. 3a–c). The mean fluorescence
intensity ranged from 30 to 40 (r. u.), with individual cell
values varying from 15 to 152 (r. u.). Notably, cells exhibiting
high fluorescence—hereafter referred to as “extreme cells”—
were more frequently observed during the daytime and signif-
icantly more numerous under diazotrophy (Fig. 3a) than with
ammonium (N2: 110/1488 cells, 7.39%; NH4

+: 7/607 cells,
1.15%; Fisher’s exact test, p < 0.001) (Figs. 2c and 3b). Elevated

Fig. 1. Typical three layers imaging of (a) phycobilisome (PBS), (b) phycoerythrin (PE) and (c) photosystem II (PSII), and (d) overlay of (a–c) in
C. watsonii PS0609. (e–h) Cellular types based on the relationship between 488 nm excited PE and allophycocyanin (APC) fluorescence in C. watsonii
PS0609. We defined four types of cells based on the relationship between PE and APC observed by spectral imaging. Black lines in (e–h) show emission
spectra of peripheric part and dotted lines of centric part of the cells. The peaks of PUB, PE, PC, and APC emission were 504, 575, 656, and 664 nm,
respectively. We note that PBS includes PBS with PE (PBSAPC+PC+PE) and PBS without PE (PBSAPC+PC). Co-localization of pigment-protein complexes based
on three-layer images in (e–h) shows the coupling status of PE (red) for PBS (blue), and PSII coupled to PSII (green). Color codes and schematic view of
relationship among PE, PBS, and PSII are found in (i) and (j), respectively. The RGB combinations then represented the color code for coupling status.
The cell areas with PBS without PE (PBSAPC+PC) coupled to PSII found as cyan and areas with PBS rich in PE (PBSAPC+PC+PE) coupled to PSII shown as
white. PE uncoupled from PBS (free-PE) is present in red and uncoupled PBS containing PE, PC and APC (free-PBSAPC+PC+PE) is shown as magenta. (k)
Schematic view of peripheric and central part of the cell. PSII, photosystem II; APC, allophycocyanin; PC, phycocyanin; PE, phycoerythrin; PUB,
phycourobilin; Cent, central part of the cell; Peri, peripheral part of the cell.
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central PE fluorescence likely reflects either an increased num-
ber of PE uncoupled from PBS (red in Supporting Information
Fig. S1) or free PE rich PBSAPC+PC+PE, uncoupled from PSII
(magenta in Supporting Information Fig. S1).

With ammonium, central PE fluorescence was lower than
under diazotrophy (p < 0.001, t-test) (Fig. 3c) consistent with
PE being generally PBS-associated at peripheral thylakoids
(Supporting Information Fig. S2a,b). Under diazotrophy, PE
intracellular heterogeneity evaluated as coefficient of variation
(CV) was higher in the center than in the periphery
(p < 0.001; Fig. 3d), indicating that central thylakoid architec-
ture shapes intracellular variability. In contrast, such a spatial
difference in CV was markedly reduced, and no strong center-
dominated heterogeneity was observed under ammonium-
replete conditions (Fig. 3d). The TEM–EDS analysis of
C. watsonii WH8501 showed no significant difference in nitro-
gen content (as percentage of C, N, O and P) between central

and peripheral region during the dark (Supporting Informa-
tion Fig. S2), with nitrogen content in the central region ten-
ding to be higher by day (p > 0.05; Supporting Information
Fig. S2).

Time-series analysis showed clear diel changes in cell-
types’ composition (Fig. 4). Under diazotrophy, Type 3 cells
(PE-rich center) account for 30–68% of the population dur-
ing the dark period. Proportion of Type 4 cells (PE dominant
throughout) increased from mid dark through mid-light,
peaking at 95% at 3 h after lights-on, then declined toward
the end of the photoperiod as Type 3 rose just before the
onset of darkness. Proportion of Type 1 cells (APC-dominant
throughout) reached 32% 1 h after lights-off. Proportion of
Type 2 cells (peripheral PE only) remained a minor popula-
tion (< 2.2%) throughout the cycle (Fig. 4). Similar trend was
shown from the cells grown under higher light inten-
sity (Fig. 4).

Fig. 2. Typical co-localization of pigment-protein complexes in C. watsonii PS0609. Cells were grown at light/dark diel cycle (12 h/12 h) and imaged at
different time-spots (6 h in the dark, a and b; 6 h in the light, c and d). Cells were grown either in diazotrophic conditions (a, c), or grown in the pres-
ence of NH4

+ (b, d). Three channel RGB pictures represent acquired fluorescence signals showing localization of three pigment–proteins: PE (red), PBS
(blue), and Chl emission from PSII (green). Total number of analyzed cells per each condition was between 58 and 255. Color codes follow Fig. 1.
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Fig. 3. Temporal changes in PE fluorescence during the diel cycle. Temporal changes of PE fluorescence in the central part (Cent) for (a) cells under N2

fixing conditions and (b) cells with NH4
+ available. Gray dots represent data obtained from individual cells, and black dots represent outliers. Outliers are

defined as outside 1.5 times the interquartile range above the upper quartile and below the lower quartile. The dark periods are indicated by shadows.
(c) Mean PE fluorescence intensity (� standard deviation) in the central (Cent) and peripheral (Peri) regions during dark (black bars) and light (white
bars) periods. Numbers in parentheses indicate the number of cells analyzed. (d) Intracellular heterogeneity of PE fluorescence, expressed as the coeffi-
cient of variation (CV), in the central and peripheral regions during dark and light periods. CV values were calculated from raw single-cell fluorescence
measurements. Statistical significance in panels (c) and (d) was assessed using t-test. Different letters above bars indicate statistically significant differences
after correction for multiple comparisons (p < 0.05). PE, phycoerythrin; Cent, central region; Peri, Peripheric region; N2, diazotrophic; NH4

+, ammonium
available condition.
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With ammonium, the proportion of Type 1 cells remained
consistently higher than under diazotrophy (46–82%). As in
diazotrophy, Type 3 cells predominated at night and Type
4 by day. These patterns suggest nightly disassembly and cen-
tral redistribution of peripheral, PBS-associated PE, followed
by daytime reassembly at the periphery (Fig. 4). We note that
the 2nd 6 h in the dark (“6D_2nd”) differed from the first dark
phase, likely reflecting day-to-day variability in population
structure associated with the slow growth rate of C. watsonii.

Discussion
Three-channel imaging distinguished PSII, different types

of PBS (PBSAPC+PC+PE and PBSAPC+PC) and free PE’s allowing
us to map their co-localization at the cell periphery vs. center.
Under diazotrophic conditions, a variable proportion of PE
was uncoupled from photosynthetic energy transfer and local-
ized centrally as either (i) free PE fully detached from PBS
complex (red) or (ii) PE-rich PBS (PBSAPC+PC+PE) decoupled
from PBII (magenta) (Figs. 1 and 2; Supporting Information
Fig. S1). In contrast, with ammonium, free-PE was rarely
observed; PE remained PSII-coupled within peripheral mem-
brane microdomains (white), and central red/magenta signals
were largely absent. Non-diazotrophic cells also showed more
PSII-coupled PBS microdomains at night but still lacked cen-
tral free-PE or PE-rich PBS (Figs. 1 and 2; Supporting Informa-
tion Fig. S1). These patterns differ from those of Synechococcus
DC2, where the fraction of PE-absorbed light decreased as
autofluorescence increases under nitrogen-replete conditions
(Wyman et al. 1985). In C. watsonii, nitrogen-repletion instead
coincides with the loss of free-PE and retention of PSII-
coupled PE in peripheral hotspots whereas diazotrophy pro-
motes central PE uncoupling. We therefore suggest that
uncoupled free-PE or PE bound to uncoupled PBS has a non-

light-harvesting role, potentially linked to N2 fixation. Consis-
tent with this view, diazotrophic conditions produced
“extreme” PE-bright cells despite similar mean PE fluorescence
across the diel cycle (Fig. 3). Because PE fluorescence was mea-
sured using 488 nm excitation, which directly excites both PE
and chlorophyll (490–606 nm emission), the resulting spectra
integrate direct excitation with energy-transfer contributions
and thus reflect the photophysical and coupling state of PE
rather than its absolute abundance. Consequently, PE–PBS–
PSII coupling relationships cannot be uniquely resolved from
these spectra and should be interpreted as a range of configu-
rations consistent with the observed spectral types—meaning
that similar mean PE fluorescence does not exclude substan-
tial differences in PE allocation or function between treat-
ments. Together with PE’s classic role in light-harvesting
(French and Young 1952), chromatic adaptation (Anderson
and Grossman 1990) and photoprotection (Kaňa et al. 2012;
Tamary et al. 2012), our observations support an additional
function of PE in C. watsonii. We speculate that PE accumula-
tion in the central part of nitrogen-fixing cells may act as a
temporary sink for assimilated nitrogen during periods of
active N2 fixation.

These physiological differences confirm a nitrogen-replete
state under ammonium enrichment, yet C. watsonii continued
to fix N2 in its presence (Table 1). Phycobiliproteins more
broadly act as dynamic nitrogen reservoirs not necessarily
scaling with bulk cellular nitrogen (Yamanaka and
Glazer 1980; Wyman et al. 1985), and carbon/nitrogen uptake
in C. watsonii can be decoupled at the single-cell level, mas-
king metabolic heterogeneity in population-averaged signals
(Masuda et al. 2020; Polerecky et al. 2021).

Under diazotrophy, three-channel imaging showed intra-
cellular accumulation and diel relocation of free PE relative to
PBS-coupled PE in C. watsonii (Figs. 2a,c, 3, and 4): central

Fig. 4. Temporal changes of four defined cell spectral types (Fig. 1). Under diazotrophy, a clear temporal shift, with Type 3 cells dominant in the dark
phase and Type 4 cells dominant in the light phase, was observed. Type 1 cells (APC dominant) also showed a transient peak early in the dark phase.
With ammonium, Type 1 cells were more abundant, while Type 3 dominated in the dark and Type 4 in the light.
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free-PE was prominent at night when N2 fixation peaks,
whereas under ammonium, free PE was largely absent and PE
remained PSII coupled in peripheral microdomains (Fig. 2),
indicating tight linkage to cellular nitrogen status. These find-
ings are consistent with earlier studies showing nitrogen
starvation–induced PE degradation in non-diazotrophic cya-
nobacteria, such as Synechococcus, where PE breakdown sup-
ports nitrogen homeostasis (Yamanaka and Glazer 1980;
Wyman et al. 1985; Jörg et al. 2001) and also in PE containing
cryptophytes (Christiane 1980; Rhiel et al. 1986; Silva et al.
2009). Since PE can constitute �20% of cellular protein
(Rodriguez et al. 1989), shifts in its state and distribution can
directly influence cellular nitrogen allocation; yet bulk ele-
mental N distribution (as a fraction of total C, N, O and P con-
tent as determined by electron microscopy/Energy Dispersive
Spectroscopy; see Supporting Information Fig. S2) did not dif-
fer between diazotrophic and ammonium treatments in
WH8501 (Supporting Information Fig. S2), suggesting func-
tional redistribution rather than a change in pool size.
Cyanophycin production in PE-rich Synechococcus (Wingard
et al. 2002) and in C. watsonii (Mohr et al. 2010) further sup-
ports a general strategy of leveraging phycobiliproteins as a
transient buffer. Finally, the diel oscillation in PE status (Free-
or PBS-coupled), content, and localization implies co-
regulation by light and nitrogen availability, consistent with
transcriptional control of phycobiliproteins by both cues
(Liotenberg et al. 1996). Together, these observations support
a dual role for PE in C. watsonii—as a light-harvesting pigment
and temporally regulated nitrogen reservoir that facilitates
efficient N2 fixation.

Under diazotrophic conditions, three-channel imaging rev-
ealed marked cell-to-cell heterogeneity in the function of
photosynthesis-related proteins (Fig. 2; Supporting Informa-
tion Fig. S1). PE in the central part of the cells were domi-
nantly independent of PBS (red in Supporting Information
Fig. S1), consistent with PE disassembled from PBS rather than
de novo synthesis, because PE biosynthesis occurs within PBS
(Stadnichuk et al. 2015). In some cells, the complete PE-con-
taining PBS complexes (PBSAPC+PC+PE) remained peripheral
(magenta in Supporting Information Fig. S1). Similar PBS dis-
sociation and energetic decoupling from PSII have been docu-
mented in Synechococcus (Moore et al. 2020) and tied to
specific physiological roles (Kaňa et al. 2012; Tamary
et al. 2012). In addition, PE decoupling has been linked to
nitrogen assimilation at single-cell and at subcellular scales in
Trichodesmium (Berman-Frank et al. 2001). Although we did
not trace colony dynamics, C. watsonii often forms colonies
(Foster et al. 2013; Mohr et al. 2013), which may facilitate
nitrogen transfer and communal energy management
(Masuda et al. 2020), offering a plausible basis for observed
cell-to-cell heterogeneity in PE fluorescence.

Cell-to-cell heterogeneity among single cells has recently
been reported to be a common phenomenon in single-cell

organisms, including fungi, bacteria, and cyanobacteria
(Ackermann 2015; van Boxtel et al. 2017; Kaňa et al. 2024). In
cyanobacteria, the cell-to-cell phenotypic heterogeneity has
been reported for nitrogen fixation (Foster et al. 2013; Mohr
et al. 2013; Masuda et al. 2020), cell size (Martins et al. 2018),
photodamage responses (Tay and Cameron 2023), carbon and
nitrogen allocation (Polerecky et al. 2021), and the location
and dynamics of photosynthesis-related proteins—including
membrane microdomains and colony-associated fluorescence
(Kaňa et al. 2024). Proposed drivers of the variation include
stochastic gene expression and partitioning at cell division, as
well as the cell cycle and its interaction with the circadian
clock (Ackermann 2015; Martins et al. 2018). Given the
reported cell-to-cell heterogeneity in N2 fixation activity, it is
conceivable that, in C. watsonii, the cellular amount and/or
state of free PE may be linked to N2 fixation. However, this
possible relationship remains speculative and will require
direct experimental validation.

In addition to cell-to-cell heterogeneity, we observed sub-
cellular heterogeneity: PSII-coupled, PE-rich PBS hotspots
appeared as discrete peripheral hotspots (white; Fig. 2). Such
subcellular spatial heterogeneity is consistent with proteins
and lipid nano/microdomains in cyanobacteria (Johnson
et al. 2014; Koochak et al. 2019; Straskova et al. 2019) and
with the reported PSI, PSII and PBS allocation dynamics in
Synechocystis, Synechococcus and Trichodesmium (Konert
et al. 2019; Straskova et al. 2019).
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