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Abstract

Fluorescence Lifetime Imaging Microscopy (FLIM) Haeen applied to plants, algae and cyanobactarighich excitation
laser conditions affect the chlorophyll fluorescenifetime due to several mechanisms. However,dibgendence of
FLIM data on input laser power has not been guativély explained by absolute excitation probaieditunder actual
imaging conditions. In an effort to distinguishtwieen photosystem | and photosystem Il (PSI and) REmicroscopic
images, we have obtained dependence of FLIM datmmut laser power from a filamentous cyanobacterAnabaena
variabilis and single cellular green al@arachlorella kessleri.  Nitrogen-fixing cells inrAnabaena variabilis, heterocysts,
are mostly visualized as cells in which short-lietbrescence< 0.1 ns) characteristic of PSI is predominant. ®tieer
cells in Anabaena variabilis (vegetative cells) anBarachlorella kesderi cells show a transition in the status of PSII from
an open state with the maximal charge separattenatea weak excitation limit to a closed stateviich charge separation
is temporarily prohibited by previous excitation@) a relatively high laser power. This transitien successfully
reproduced by a computer simulation with a highelftgg to the actual imaging conditions. More distain the
fluorescence from heterocysts were examined tesagsessible functions of PSII in the anaerobic remvnent inside the
heterocysts for the nitrogen-fixing enzyme, nitnagge. Photochemically active PSII:PSI ratio irelaatysts is tentatively
estimated to be typically below our detection limitat most about 5 % in limited heterocysts in parison with that in

vegetative cells.

(246 words)



1. Introduction
All chemical energy in the biosphere on Earth isstiyoattributable to photosynthesis, the primampsof which is a
conversion from a solar photon to transmembranegehaeparation in chloroplasts of plants and algaesome
photosynthetic prokaryotes including cyanobacteriadlthough most of the absorbed photons by photihstit pigments
are used to drive the charge separation and subisegynthesis of energy-rich chemicals, some mpmotion of photons
are reemitted as autofluorescence or dissipatdteats Autofluorescence of photosynthetic pigmeespecially that of
chlorophylla (Chla), has been thus widely and extensively noomit as an index of photosynthetic reactions ingeric
photosynthetic organisms [1, 2]. Microscopic flescence images of Chla is also useful for undetstgrthe structures
and photochemical functions of thylakoid membranehloroplasts of plants and cyanobacterial cedlden physiological
conditions [3-5]. Fluorescence spectral acquisiiio microscopic imaging has also been successfobtain images of
important photosynthetic molecular components l#®tosystem | (PSI), photosystem Il (PSIl), andtlibarvesting
molecules [4, 6-12]. However, fluorescence intgnsiffers from attenuation due to absorption,a&tfon and scattering
during transmission through the samples betweensfqdane of interest and microscope objective. sTlbads to
deformation of fluorescence spectra, because tbpuadtion of signals is dependent on fluorescereesigngth{11].
Fluorescence lifetime (FL) measurement functioes been recently implemented in laser scanningocah
fluorescence microscopy in order to obtain an imag fluorescence decay parameters in all pixélsidrescence
Lifetime Imaging Microscopy, FLIM)[4] [13]. Time constants of fluorescence decay mrBust parameters against
attenuation, because they are just determinedebgdture of distribution of the delay time betwabsorption of excitation
photon and emission of fluorescence photon. Ther@af the distribution is unchanged by the atédionm of the number
of fluorescence photons, as far as attenuatiom ia linear regime, under which propagation andstrassion of the
fluorescence does not depend on the fluorescermesity.

Fluorescence decay on a picosecond to nanoseicomdcale of thylakoid membrane reflects the tsoales of energy
conversion and/or dissipation from photons to cleairénergy and/or heat. It is thus expected thH#lfean be used to a
wide range of studies on thylakoid membrane intglaalgae and cyanobacteria. There are alreadpgtastial number
of applications of FLIM to study many aspects ofldlkoid membrane in vivo by visible short pulsesi-fii7].
Two-photon excitation has also been tested in ppdiGation of FLIM to chloroplasts [18-21]. Howeyeéhere still remain
several uncertainties in the potential and limitadi in the FLIM measurements. First, excitatiow@odependence of the
FLIM data has not been sufficiently documented. ef€hare hundreds of photosynthetic pigments thatesachange
electronic excitation energy. It is thus possitilat annihilations between multiple excited pigmnsefginglet-singlet,
singlet-triplet etc.) can lead to an abnormallyt fdecay of fluorescence [18, 22, 23][24]. It isaivell known that strong
pulse and/or continued illumination on the samepamegion can temporarily convert substantial ipartof reaction
centers of PSIl into charge-separated state thmatotgperform primary charge separation (closed)PSIThe closed PSII
shows a longer fluorescence lifetime (about 0.fhsPthan PSII that is ready for the primary changearation (about 0.17
-0.4 ns, open PSII) [15, 1821, 25-29] [30, 31]. The effects of annihilation and the optesed status of PSII to the
actual FLIM images can be predicted only if scagniarameters of the excitation laser, absorptiossection of PSII
and transition rate from closed PSII to open P&lal properly considered. Second, contributibR®8I to the chlorohyll
fluorescence (CF) at physiological temperature hat been sufficiently characterized. PSI fluoresee is most
conventionally measured at cryogenic temperatusesause fluorescence quantum yield from PSI anitBoclosely
associated antenna like light-harvesting compl@HICI) in chloroplasts are relatively enhanced amparison with that of
PSII [1]. However, PSI fluorescence at physiolobianperatures is not negligible [26][32, 33]. Tlietime of PSI
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fluorescence (about 0.025 - 0.12 ns) is generafpirted to be independent of excitation light istgnand shorter than that
of PSII [26, 28, 34-36]. It is then likely thatethmage of PSII/PSI ratio in various chloroplasticcan be potentially
obtained if dependence of fluorescence lifetimetasar power is obtained. It is thus desirabladoumulate examples of
FLIM measurements on various types of thylakoid fmemes with different ratios of PSI/PSII.

Based on the above background, we have condittdd measurements of an algal chloroplast and clanterial
cells with systematically varied excitation lasemyer. Our FLIM system has two channels of rigolpssmultaneous
fluorescence detection, largely corresponding tbh 881 PSI. As a first test, we have avoided maltular organisms in
which it is difficult to estimate excitation powegaching a target focal plane. We have selectédragntous diazotroph,
Anabaena variabilis (A. variabilis), which contains differentiated cell, heterocysit is well known that the PSII content in
matured heterocyst is far lower than that of vegetaells in the same filament [9, 10, 37]. Ithsis expected that FL of
PSl-rich thylakoid membrane in the heterocyst candbtained and compared with that of vegetativds dehving
substantial PSII in addition to PSI. As a secoxah#ple, a unicellular green alg@arachlorella kesderi (P. kessleri) was
selected, because it lacks motility and has chloylybased light-harvesting complexes [38, 39]. r@uailable excitation
wavelength was 404 nm, at which chlorophyll-basglhliharvesting systems show far greater absorptioss section than
phycobilin-based antenna, phycobilisome (PBS),yaihobacteria. It is then likely that multiple eation effects in the
single PSI and/or PSII units are more sensitivddgeoved in thd>. kesderi than inA. variabilis. In addition, we have
composed a numerical simulation that almost fudiffects all relevant parameters: absorption crestian of PSIl and its
associated light-harvesting complexes, decay tiowstants of closed PSIl (recovery time constanbmén PSII) and
laser-scanning parameters in the actually empl&dt conditions. The simulation can largely repuocd experimental
sensitivity of the FL to the absolute laser poweks an application example of our methodology, fdssndication of
functional PSII in the PSI-rich heterocyst was eixead in detail. There have been reports on thegmee of transcripts
and proteins of PSII reaction centers in isolatetktocysts [40-42]. PSIl activity in heterocystdilaments in vivo was
also reported by single cell variable fluorescenotensity [5]. These observations raised a quesitd how
oxygen-sensitive nitrogenase for the nitrogen-foratis compatible with the function of PSII in theterocysts. Our
methodology will hopefully add one more experiméntaservation on this interesting issue on a siglébasis in intact

filaments.

2. Experimental

A. variabilis cells (strain NIES-2095) were purchased from therabial culture collection at the National Instéuof
Environmental Studies (Tsukuba, Ibaraki, Japank Thall filaments were grown photoautotrophically ritrogen-free
BG-11 medium (removing NaN{and replacing ferric ammonium citrate with fertitrate in the BG-11 formulation [43])
for 3, 24, or 90 days at 29°C under a 15-h light/@ark photoperiod after an inoculation. The saitregen-free BG-11
medium was also used before the inoculation. Thtgslgnthetic photon flux density at the sample fomsin an incubator
was about 2@mol photons i s*. A cell suspension after a suitable dilution wasisferred to glass-bottom dish (D111505,
Matsunami, Osaka, Japan). One piece of agar wasmptite cell suspension in order to immobilizesal the surface of
the cover glass. All microspectroscopic measurésnerere started after 15 - 20 min of dark adaptatieriod on the
microscope stage (Table S1).

P. kesderi cells were purchased from the 1AM culture collestas IAM C-531 (now maintained as NIES-2160 in the

microbial culture collection, at the National Itste of Environmental Studies, Tsukuba, Ibarakpabd. The cells used for

measurement were grown photoautotrophically in #8 of BG-11 incubation medium in the same incubatsrAa
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variabilis for 15 or 29 days after an inoculation. The prapan for the microscopic observation was alsoghme as
used forA. variabilis cells.  All microspectroscopic measurements weaded after 15 - 20 min of dark adaptation period
on the microscope stage (Table S1).

Autofluorescence images and lifetimes of the aglise obtained by a laser-scanning confocal imagystem (DCS-120,
Becker & Hickl GmbH) with time-correlated singleqihn counting (TCSPC) boards (SPC-152, Becker &HBmbH).
The glass-bottom dish containing cells was mountedn inverted microscope (IX-71, Olympus), withieththe confocal
scanner (DCS-120) was coupled. Photosynthetic griggnwere excited by the second harmonic beam @4 of a
mode-locked Ti:Sapphire oscillator (Coherent) véthepetition rate of 75.5 MHz. Two detection chdswéth band-path
filters (673 — 698 nm and 703 — 740 nm) were siamgbusly used to see mainly CF, which largely spwads to PSII and
PSI. The wavelength regions were optically setbbie combinations of a long-wavelength-passing beglitter (with an
edge wavelength at 700 nm) and two band-passsfilteResidual laser light was rejected by long-wervgth-passing filter
with an edge wavelength at about 500 nm. The obtiadtatasets of FL images were analyzed using imagkgsis software
(SPClmage, Becker & Hickl GmbH), and some kinatices of selected regions were fitted by Igor Reosjon 6, e.g., Fig.
S1-S5). Images at different depth positions westined by using a piezo actuator for changing foes of an
oil-immersion microscope objective (Olympus UPLSARDOXO, NA = 1.40). The excitation intensity bktlaser was
automatically controlled by a filter wheel with rieal density filters of different transmissions. Iaser power of 20 nW at
the sample position was confirmed by a power m@-300-SH & NOVA, Ophir), and weaker laser powersre
achieved by the filters of known transmission a#t 40n. Confocal pinhole sizes for the two fluoreseeands were
manually changed between FLIM acquisitions at diffé laser powers (Table S1), by which the maxiprabability of
detection of fluorescence photons per single etimitapulse was limited to at most<dL0™ at the brightest spot in
fluorescence images. It is thus to be noted thatdscence counts at different laser powers cadmmalirectly compared.
(Figs. S2- S5). The instrument-response functi@f) was 0.08+0.015 ns at 689 nm and 0.10+0.01& 746 nm in full
width at half maximum (FWHM). One test on timeakeion is shown in Fig. S1. The curve with a ticenstant of
0.084 ns obtained in the constraint-free fittinglsarly better than that in the constrained fiftimith a fixed time constant
of 0.050 ns. As far as our data analysis is basedata with a comparable s/n or better, the djstshability of the time

constant is at worst about 0.03 ns (30 ps).
3. Results
3.1.Fluorescence lifetime imaging

FLIM measurements at varied laser intensitiesAofariabilis were performed on 22 filaments of cells (or trictes)
including a total of about 190 vegetative cells &2dheterocysts. One set of data is shown in Eig.The cells in the
image panels are all vegetative cells except oterdeyst indicated by white (Figs. 1(a) - 1(o))bdeick (Fig. 1(s)) arrow
heads. Three levels of excitation laser power3,0101 and 20 nW at the sample position were enggoldg this order
(Table S1) in one set of experiments on 6 filameastaining 6 heterocysts that were 90 days aftectlation (Tables
S2,S3). Five levels of excitation laser power, 0@80, 1.1, 5.3 and 20 nW at the sample positierevalso analogously
employed in this order in the other two independsgts of experiments on filaments harvested 3 ahdids after
inoculation (7 and 9 filaments containing 7 ande®ehocysts, respectively)(Tables S2, S3). In ordeheck damage or any

long-lived actinic effects of previous laser scanghe sample, a FLIM measurement with the lowestgy at 0.08 nW was
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always repeated after the measurement at the hitgtses power (Fig. S2,$3able S1). Average FL at each pixef;%,
was calculated according to the following formulae,

Ay +A1ex;{——(t;s)}+ Azex;{——(t_s)} , t=s

+0o0 1 1'2
Ft)= [ IRF(s) s
o 0 , t<s
. (eq.1)
<T>:(A1T1+A272)/(A1+A2), n<it; |, (eq. 2)

where temporal profile of fluorescence intensitytreg pixel,F(t), was fitted by convolution of a sum of two exgatial
functions with the instrument-response functid®i;(s), (as eqg. 1). The fitting yielded exponential dettene constantsz;
and r, and their amplitudeg)y; andA,, in addition to a non-decaying componeiy, Our measurement time window was
only between minus 0.3 ns and plus 2.7 ns, andotiee-to-pulse interval in the excitation laser vi&s24 ns. The
amplitude ofA, thus suggests a long-lived fluorescence with graimate lifetime between 2 and 13 Ag.was always
set to be zero in the SPCimage analysis progranenWliorescence decay profiles were later extrabtech certain
specified areas of cells, amplitude/fwere set to be non-negative and they were tygi€at1l % or at most 2— 3% in a
very few cases with a relatively poor s/n, whictesimot affect our following discussion (Tables B2l S2 — S4). In
using the SPCimage analysis program&ovariabilis, a binning of pixels was performed in which phottaia in 11 x 11
raw pixels (square region of about 1.94 x 1u9d) were all included to obtain a fluorescence dguayile at the center
pixel. This binning was employed at all the lapewer levels, which enabled us to obtain the cotiwted images of
average FL of cells even at the weakest laser pempitoyed. However, it caused degradation of appaeatial resolution
in the average FL map. As the laser power is irg@athe lifetimes in the whole filament except teterocyst are
elongated. At the weakest laser power of 0.08 mé/niost frequent average FL obtained at 689 nmoisnad 200 ps (Fig.
1(p)). The average FL at 689 nm given by the neiddl1 nW) and strongest laser power (20 nW) afea&@ 570 ps,
respectively (Figs. 1(q) and 1(r)). This elongatimf average FL is evident in all the vegetativiscim both the two
detection channels (689 and 716 nm). The FL ohtterocysts does not show obvious elongationis tt be noted that
contribution of the heterocyst to the lifetime btam is recognized as a small peak around 0.089-r% and 0.12 — 0.13
ns in the cases of 689 nm and 716 nm, respeciiFalg. 1(q) and 1(r)).

Multi-exponential nature of the fluorescence aljeés not visualized in the map of average FL liKg.1. Photon
counting data, which are photon counts versus artivnes, were separately collected from the veiyetecells and
heterocyst, which gave fluorescence decay tracies.(R(a)-2(c), S2-S4). Before the curve fitting &g. 1, average
photon counts in the sufficiently negative timeioeg(For example, 5 —10 and 3 — 19 counts per timennel in the 689
and 716 nm wavelength channels, respectively,Herttaces shown in Fig. S2) was subtracted. thus possible that
artificially negative photon counts arise (FigsS2-S5). These counts at negative times remaimtittiabove-mentioned
range even when the laser power was increased®yir@8s. It is thus unlikely that the subtractedrts are attributable
to short-lived laser-induced transient phenomensaimples (<10 s). These small signals are thugsomidered in this
work. All types of fluorescence traces in the twalldar types (heterocysts or vegetative cells}thvithe two center

wavelengths of detection (689 or 716 nm), aiiith the three or five different laser intensitiesre fitted by the sum of two
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decaying exponential components (eq. 1, Table Eids. 2, S2-S4). When the two exponential timastants are not
separated well due to intrinsic nature of the desmag/or signal-to-noise, single decaying exponkfiiaction was used.
The judgment was also supported by the reducedsaimare values (Fig. S2-S4). Although some redutedsquare
values are substantially larger than 1, we focutherapproximate description of the whole datathyast two exponential
functions, which is mainly for the consistency wiitle simulation framework (See section 3.2 and. 4.6 to be noted that
the short lifetime component of vegetative celinsted in a very narrow range (0.22 - 0.26 ns &bl 1), which seems to
be independent of the center wavelength of therdlkmence detection and the excitation laser poeensloyed, even
though we didchot impose any linkage of parameters (so-called glpltmimmon parameters) in the curve fitting between
the different fluorescence traces. This lifetimén good agreement with the most dominant compooleserved in an
ensemble of cells oA. variabilis (0.22 ns and 85 %j44]. It is also largely comparable to CFL obseniadother
cyanobacteria at room temperatures (Table S6)[84483-47]. The average FL of the vegetative celdgally increases
as the excitation power is raised, which is causetthe increase of the long lifetime component wiithe constants of 0.74
- 1.09 ns and 0.85 - 1.13 ns at the detection wagths of 689 and 716 nm, respectively (Fig. Z[aple 1, Fig. S2).
These behaviors are largely consistent with theperted in another cyanobacteri8ynechococcus 6301 by raising the
level of closed PSII [46].

In the sum of FLIM data of all 22 heterocysts]eatst 94 % of its fluorescence decays with a timestant of
0.080 - 0.089 ns and 0.14 ns at 689 and 716 nipecésely, at all the excitation powers (Table ®).FS2). There is a
minor long-lived component with a time constant @B6 - 1.03 ns. Since single-cell fluorescence tspeand
photochemical behavior changes during differemtiafpirocess [5, 9, 10, 48, 49], it is likely thatlMLdata from randomly
selected heterocyst are heterogeneous, which nfigctralevelopmental stage or age of each heterocyshe 22
heterocysts that we analyzed were classified imto subsets (17 and 5 heterocysts) based on an xappte
single-exponential curve fittings of the 689 nnoflescence kinetics of individual heterocysts attighest laser power (20
nW). The lifetimes of 689 nm fluorescence kineti€she first subset (17 heterocysts) are shoht@n those of the second
one (5 heterocysts). The former and the lattesetgsbare designated as subset/w/o (without a sulastéong-lived
component) and subset/w/ (with a substantial lawedl component). Sum of photon data were sepgrptepared from
the two subsets (Fig. 2(b) and (c), Table 2, F&§). S The subset/w/ has a long-lived component etgdhe weakest laser
power (0.57 ns, 8%) that was distinguishable frofmitely long-lived component (with an approximaiee constant of 2
- 13 ns) and the amplitude of the long-lived congrdnwas constantly greater than those of the silisesit all power
levels (Table 2).

Excitation power dependence of FLIM in theeca$P. kessleri were obtained for 32 cells at excitation laser @wv
that were about one order of magnitude weaker thase ofA. variabilis (Figs. 2(d), 3, S5, Table 3). Example of one data
set, in which three cells were imaged at the same, tis shown in Fig. 3. The color-coded averabénkage for theP.
kessleri cells was obtained with a binning of 21 x 21 raxe[s (square region of about 3.7 x m). Three or five levels
of excitation laser power, (4, 55 and 1.0%p@V or 4, 15, 55, 265 and 1.0%1®\) at the sample position were employed in
this order (Table S1). In order to check damagaryr long-lived actinic effects of previous lasearss on the sample,
FLIM measurement with the lowest power at 4 pW vegmeated after the measurement at the highestdas@r (Fig. S5),
which have shown essentially the same resultseafirt ones with the same power. One of the tioedis (cell no. 2 in
Fig. 3(m)) showed clearly longer average FL tham dkher two cells (cell no. 1 and 3 in Fig. 3(m)Buch a cell with
exceptional lifetime was not included as the tagds of fine analysis on the fluorescence decafilps. An elongation

of the average FL was evident especially betweearib265 pW (Tables 3 and S4). The shortest lifetidaserved in the
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case ofP. kesderi was about 0.28-0.33 ns at 689 nm, which was aMayger than that of the vegetative cells/of
variabilis (0.22-0.26 ns) (Figs. 1, 2, and Table 1).

3.2. Smulation on open-closed state of PS| under the FLIM imaging conditions

Although it seems to be well established that cgoeshclosed PSII show relatively short (0.1 - 0. Yamsl long fluorescence
lifetimes (0.8 - 2 ns), [15, 21, 25, 289][26, 27, 31][30] (See also Table S5 and S6 for more referentesy the
components appear in fluorescence kinetics undesal€LIM experimental conditions has remained yoh&ixed in a
sufficiently quantitative manner. The purpose af ttomputer simulation described here is to qudividlg support our
hypothesis that double exponential decay obsemvezlii FLIM measurements in vegetative cellsAotariabilis andP.
kesdleri (Tables 1, 3, S2, S4) is a result of observingriscence from both open and closed PSIl. Onlyudline of the
simulation is presented below and the details ahg described in Text S1.

The experimentally obtained fluorescence decayase of fluorescence from many PSII units in thikscbut
this situation is equivalently expressed by a singdpresentative PSII unit at the position (x,%z)0,0,0) with full
description on the probability of open/closed ®tqfeig. S6 and Text S1). In the simulation, a ldss&am focus is moved in
a manner of raster scan around the PSII, as iaxperiments. Excitation probability of the PSlltuoy a single laser pulse
is assumed to be given by the single pulse lasggna Gaussian laser intensity profile, positbthe laser focus, and an
effective absorption cross section of PSII at #ezt wavelength (404 nm) (Fig. S6 and Text S1)eQ@he PSII in the open
state is optically excited, it is converted intolased PSII with a probability of the photosyntbetharge separation. The
time-dependent populations of open PSII and clé38l in a unit volumeNgpedty) andNeosedtm), Or their proportional

quantities that are probabilities for the PSII éodpen or closedpedt) Or Peiosedt), are calculated as follows (Text S1).

{ Nopen(tm+1) :| - { NPSIIpopen(tm+1) :| =N { popen(tm+1) :|
Ncloseo(tm+1) NPSIIpcIoseo(tm+1) PSl 1- popen(tm+l)
. . , (eq. 3)
- 1-080p;¢ (]y(tm)! Ix(tm) {1_eXp[_(tm+1 _tm)/ TR]} popen(tm)
Pl 080p; (iy(tm). ix(tm)  @XPE(tmia—tm)/7R] || 1~ Popentm)

wheret,, andt,,.; represent a time in the simulation and its subsegtime, respectivelf\ps) the total population of PSII
in a unit volume (assumed to be constam{)y(t) andj.(ty)) the probability for the PSII to be excited by tlaser pulses
betweert,, andty.1, jy(tn) andj.(ty) are x (horizontal-axis) and y (vertical-axis)erger coordinates with a unit length of 25
nm of the laser beam at the timyg respectivelyzr the time constant for the closed PSIl to be cdedeback into open
state. The excitation probability function,in eq. 3 (and in eqs 4 - Side infra)), is set to be two-dimensional Gaussian
and non-zero only when -%Q,(ty)<+10and -1& ji(t)<+10. This means that PSII is excited only whenléser spot
resides in the square of a side length of 500 ranishcentered at PSII (See Supplemental Fig. 86Tart S1). Closed PSlI
is set to be generated from the optically excit&dl Bupercomplex with a probability of 0.80, whishthe most typical
parameter,/F,, of dark adapted chloroplasts in the pulse-ampitobdulation fluorometry (PAM)[50-52]. The same
yield was also applied to the case/fofvariabilis, because similaF,/F,, values are obtained in phycobilisome-lacking
and/or PSll-enriched cyanobacterial mutants [53, B4e numbers of fluorescence photons from opeah @dosed PSII

units are proportional to the populations of op&ilRnd closed PSIl before each excitation, respelgt Thus, the
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experimentally obtained ratios of short-lived andd-lived fluorescence components were comparel thi following
time-integrated sum of the product between exoitapirobability and populations of open and clos&dl Rnits at each

simulation time, respectively.

201329 Ny,  +N,

open,accumD Zz z z pf(7I { 0ﬁ56t25}nj)NPSIIpOpen(tj,i,k,s)

s=1k=1i=Ny; j==N,

(eq. 4)
20329 Ny>  +N, _
=Npsii 2.2 Z ) pf(”*{ OﬁsetZS}’ijopen(tj,i,k,s)
s=1k=1i=Ny; j=-N,
201329 Ny +N, _
I:closedaccumD Z Z z z Pt (7| +{ 0ﬁ56t25}’ JJNPSII{]-_ popen(tj,i,k,s)}
s=1 k=1i=Ny; j=-N, ( 5
eq.

201329 Ny, +N,

=Npsi 2, >, 2. Z pf(7|+{ Oﬁset25}11j{1‘ popen(tj,i,k,s)}

s=1 k=1i=Ny j=-N,

where the previously used indexand timet,, in eq 3 is replaced with a new set of indigdsk, s that reflect actual raster
scan of the laser. The indggorresponds to different horizontal positionshaf taser focus at a constant vertical position,
i to different vertical positions of the laser fodnsa single focal plands to different frames for accumulation in the same
focal plane, and to different focal planes. The integer coordina®s(Aorset /25) andj corresponding tg, andjy in the
previous notations (eq. 3) indicate the relativeatmn of the laser focus with respect to the pmsiof PSII (at the origin).
The parametefse (varied between 0 and 175 nm with a step sizebafir® for averaging) represents a relative vertical
offset in nm between the origin (location of P3i)d one of the horizontal lines that are fastemt sxes of the laser. The
actual ranges df i, k ands (-N,<j<+N,, Ny=10, Ny1<j<Ny», Nyo— Nyo=1 or 2) are given by the finite size of the laspot
(with a diffraction-limited size of 176 nm for tkexcitation wavelength of 404 nm) and the otheracinanning parameters
(See Text S1 for more details). When PSIl is ledah the exact focal plane, laser focus in theukition is set to move
by 25 nm along the x axis by the single step initldexj (j — j+1). The single step in the indef — i+1) is set to move
the laser focus by 176 nm, which gives the rourideatjer 7 in the egs. 4 and 5 (176/2%). One should take into account
the weights\{n, w,, ws) of the three different time constants,, 7k Ir 3 for the recovery of open PSIlI from closed PSII
[55, 56]. The experimentally obtained dependerfc€ldM on the laser power should be compared witlveighted
average as follows (cf. Fig. S8).

<Fopenaccum( laser. > zvvl Fopenaccum( Iaser’ )

<Fclosedaccum( laser. > Z i closedaccum I:>Iaser' Z-R,i) (eqs- 6)

More details of this simulation is fully describiedText S1.
Relatively long-lived components (>0.6ns) shgreater weights at 689 nm than at 716 nm (Tak®®, ivhich is
understandable because PSII and PSI show maximumt&@isity near 689 and 716 nm, respectively [§7,91, 32][26]
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and because the FL of only PSII shows an elongaliento increase of the laser power [26][27]. s lthus reasonable that
our simulation on PSII is compared with the amplituatio of the long-lived components at 0 Ag(Bo+ A+ Ay) in eq. 2)
in the 689 nm CF kinetics (Fig. 4). ContributiohRSI CF is not considered from the beginning & $imulation, but it
will be later considered if its contribution is weédable, especially in the case of a cyanobactedu variabilis that is
generally more rich in PSI than in green algael(itiag P. kessleri) [57].

One essential parameter in the simulationhes dbsorption cross section of PSIl supercomplexwhich the
excitation probability functiong: in eqs 3-5, is proportional. The pigments of P& dnomer ofA. variabilis was assumed
to be the same as those in the core of the PSlpleonfrom Thermosynechococcus vulcanus [58], in which 35 molecules of
Chla, 2 molecules of pheophytm and 11 molecules of-carotene are contained. Absorption coefficieritgshese
molecules at 404 nm (6.1116m "'mol‘dm®, 1.07x18 cmi 'mol*dm?®, and 5.59x10cm 'mol*dn* for Chla, pheophytin
a andp-carotene, respectively) were obtained with th@ loélabsorption spectra in several references [F9-6When only
the pigments in the monomer units are considehedtdtal absorption coefficient of PSII monomed®@4 nm thus amounts
to 2.97x16 cm *mol*dm® (Text S2, Table S7). Cyanobacterial PSll is agslito be in the state 2 since we have given a
dark period of 15 - 20 min before each set of mesmants (Table S1) [62][63][64]. One simulation whass carried out
with a minimal light-harvesting ability for PSII,here there is no PBS transferring energy to PSIhe reopening time
constants of PSII i\ variabilis (the transition from closed state to open stateevessumed to be the same as those in
another cyanobacteriurBynechocystis sp. PCC 6803 [55], in which there are three timestants (0.22 ms (68 %), 2.9 ms
(23 %) and 13 s (9%)). The simulation yieldedostf the accumulated number of excitations ofexdd8SII to the total
accumulated number of excitations of PSIAinvariabilis at varied excitation laser power (PSIl alone, ddsime in Fig,
4(a)). The possible association of PBS to PSllendke effective absorption coefficient of PSllirelarger, although the
energy transfer efficiency from phycocyanin in PB3SII was reported to be 78 % in an red &gaphyridium cruentum
and 86 % in an cyanobacteriuimacystis nidulans, which was found to be substantially lower thawowhl00 % in the
transfer from Chib to Chla in an green algalorella pyrenocidosa [65]. The energy transfer from PBS to PSII liftie
simulation curve to the upper side, which resuitan even greater gap between experimental andagioruplots (PSIl +
full PBS, solid line in Fig. 4(a)). On the othemida the deviation of the simulation from experinantata can be alleviated
if one considers contribution of PSI. Contributioh PBS fluorescence is not considered here, becthese&xcitation
wavelength at 404 nm was relatively preferential@bla and the cyanobacterium was set to be dté&eé also section 4.3
and Table S7). In the modified simulation to hetieproduce the experimental plot, the CF from BShssumed to
contribute to 33 % of the total amplitude at thealwexcitation limit, and its lifetime (about 0.028.12 ns) [26, 28, 34-36]
are safely in the short lifetime range (<0.25 risqlhexcitation laser power levels (PSIl along/3), dashed and dotted
line in Fig. 4(a), cf. Table 1).

In the case dP. kesseri, a green alga, the initial state of the thylakoieimbrane before each set of FLIM measurements
is state 1, because the dark period of 15 - 20wamalso given (Table S1) [66]. The organizatioP8fll supercomplex of
P. kesderi was assumed to be the same as that proposed icatiee of Chlamydomonas reinhardtii [67]. When
light-harvesting ability per PSIl is largest (stdfg there are three trimers of LHCII, one CP26 ané CP29 per PSII
monomer in the model PSII complex (Text S2). Tdatalthnumber of pigments per monomer PSII were lgrjased on a
reference [68]. In addition to the above-mentioaddorption coefficients for the pigments commorcyanobacterial
PSII, absorption coefficients of the other pigmeatt€04 nm (1.45xf0cm ‘mol*dn?, 4.75x16 cm *mol *dm?®, 6.01x18
cm 'moldm®, and 5.69x10cm *mol™*dm® for Chl b, neoxanthin, violaxanthin, lutein) were obtaineithwthe help of

several references reporting their absorption spextd absorption coefficients at representatiakpéTable S8) [59, 60,
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69-71]. Given the sum of all pigments per PSIl monomer (82Z3hla, 62.5 Chlb, 10 neoxanthin, 6.3 violaxantl2ia.7
lutein, 11p-carotene, 2 pheophytin molecules), the total ginr coefficient amounts to 1.16x16m ‘mol *dm?®, which
yields a simulation curve designated as the eqetalumber of Chla of 190 (Fig. 4(b)). We also atldeother simulation
curve in the case where effective absorption csestion is twice (380 Chla) [72]. The decay of ¢hesed state of PSII iR
kesdleri, (reopening of PSIl) was assumed to be the sambaasntChlamydomonas reinhardtii, in which there are three
time constants (0.23 ms (73 %), 46 ms (16 %) abd 711%)) [56]We also performed an extra FLIM experiments with
an excessively strong excitation power, which gdich decay profile to be fitted by a sum of two angntial
functions with time constants of 0.60 ns (33 %) amt? ns (67%) (Fig. S6), although the target caklssured for the
Fig. S6 on a longer time scale were different ftbiwse analyzed as in Tables 3 and S4. This rissalso added to
the Fig. 4(b and ¢). The relatively short time stant of 0.60 ns at 6 nW excitation is clearly lenthan those at the
lower excitation powers (Tables 3 and S4Possible presence of more than two decay time aotssin the CF decay
suggests that the open-closed PSII model (two-staigel) is not sufficient. Given the current sintiga framework and
the signal-to-noise ratio, not the amplitude raticelatively long-lifetime component, but the aage lifetime (eq. 2) is
tentatively fitted by the simulation results asanpromise (Fig. 4(c)). The average FL at the wieak and longest FL
observed as a slowly-decaying component was averag@ weights of open and closed PSII that wenegiby the

simulations at varied laser intensities, which lyiceproduces the experimental average FLs.
4. Discussion
4.1. Contribution of PS fluorescence

Chlorophyll FL (CFL) of PSI (about 0.025 - 0.12 imsthe previous works) in live cells have been régub by careful
decomposition/deconvolution in wild type cells [28]1, 35] or from PSIl-deficient mutant cells thaer& grown
heterotrophically [34, 36, 73]. To the best of &mowledge, the CF obtained from single heterocgsta. variabilis in
this work is probably a rare example in that Chwitd-type intact cells is almost purely attributatib PSI. However, it
should be noted that PSI in heterocyst may be &dedowith the so-called rod part of PBS (consistifiphycocyanin (PC)
and phycoerythrocyanin (PEC)) [9, 41, 74-76]. Tiigh purity of the PSI (nearly negligible contritmt by PSII) in the
heterocysts is supported by several features, wthgossible minor contribution of PSIl is also lgmed in the next
section 4.2. First, there is almost no increassl@fly-decaying component in heterocyst by thedase of laser power
(Table 2, Figs. 2(b), 2(c), S3, S4). Even in thiected subset of heterocysts (subset/w) (Tabl¢h2)jncrease of the
long-lived component at 689 nm is from 8% to at tri@96 in the amplitude while the corresponding Kigd component
in vegetative cells increases in the amplitude fBof% to 37 % between 0.08 and 20 nW. Second;Hies at both 689
and 716 nm in heterocyst are clearly shorter thaee in vegetative cells (Table 1). This reflddtgher abundance of PSI
in heterocyst as CFL of PSI is widely reported ¢oshorter than that of PSII [18, 28, 36, 77]. Thitee CFL at 689 nm of
heterocyst is shorter than that at 716 nm. This t®ntrast to the very similar CFL of the shoviell component (0.22 -0.26
ns) in the vegetative cells between 689 and 71§Table 1). This feature is consistent with the obeston in purified PSI
complexes (PSI or PSI-LHCI) or in mutants lackingllPand its associated antenna system, in whichetlage one
relatively fast decay around the main peak of theb@nd (major spectral forms of Chla in PSI, withofescence
wavelength < 700nm) and one relatively slow deday® so-called minor long-wavelength-absorbingrf@e700 nm) [36,

77]. For example, one of the above-cited timeiresb spectroscopic study reported two main fluczese decay
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lifetimes of 15 ps and 50 ps that are attributableet loss of fluorescence (trapping) in isold®&1 from a cyanobacterium
Spirulina platensis [77]. In their work, the fast trapping component (15 ps)centered around 700 nm with an
approximate FWHM of 46 nm, whereas the slow compbi{80 ps) is centered around 730 nm with an apprate
FWHM of 57 nm. Although our IRFs (0.08 ns at 688 and 0.10 ns at 716 nm in FWHM) and the signaldise ratio
are presumably not sufficient to resolve the tvapping components at a single wavelength alonegthtvely slow decay
at 716 nm (0.13 - 0.14 ns) than at 689 nm (0.084096 ns) of the CF in heterocyst is most plausdityibutable to the
presence of the two trapping dynamics with differgrectra and lifetimes in PSI.  This trend woubd lme easily observed
if there was a substantial contribution from P8lIthe wavelength region around the main Qy peakufa 689 nm), as the
CFL of PSll is generally even slower than the stmpping component in PSI.

Contribution of PSI in the vegetative cellsfofvariabilis is noticeable as a decreased amplitude of thelleed CF due
to closed PSIl around 716 nm (16 % at 20 nW) theat &round 689 nm (37 % at 20 nW in Table 1). Teerehsed
amplitude of the long-lived component at 716 nnnthh689 nm can be at least in part attributabl@gber spectral weight
of PSI at 716 nm than at 689 nm. Contribution of PSP. kessleri was also noticeable in the varied amplitude of the
long-lived components (28 % at 716 nm vs. 53 %88t 16m with 1.0< 10° pW in Table 3). These suggest that not only the
dependence of FL on laser power but also dual-waggh detection can be helpful for imaging PSI/PSII

4.2.Long-lived fluorescence and possible presence of PS1 in heterocysts

In one selected subset of heterocysts (subsetAmding 22 heterocysts), a long-lived fluorescendk wilifetime of 0.57
-0.74 ns was found with a substantial amplitudgdathan 8 % at all laser intensities (Table 2, 5¢). However, its
increase in amplitude by the rise of laser powes waly from 8 to at most 12 % (Table 2, Fig. S4hick is about
one-order of magnitude smaller than that in vegetatells (from 2.5 to 37 %, Table 1). The amplduof 8 % at the
weakest excitation should be thus attributed tglived fluorescence other than closed PSIl. Ooesibility is that these
indicate phycobilisomes or parts of phycobilisontieat are uncoupled from both PSIlI and PSI [78]. olmr random
selection of heterocysts, it is impossible to avmidmature heterocysts, which temporarily contaipstantial number of
uncoupled highly fluorescent phycobilisome [9, #9]. Given this possibility, the small increase tbé long-lived
component from 8 to 11-12 % in the subset of hejaio(subset/w) by the rise of laser intensity (&ab) may also be
attributable not to stable presence of function8ll fbut to residual but photochemically active P8iat is not yet
decomposed during the heterocyst differentiatiob.should be noted that the substantial amplitufiehe long-lived
component was observed only in the minor subsdisgtiw): 3 heterocysts in filaments harvested 2ys difter the
inoculation (total was 9 heterocysts) , 2 hetertscys filaments harvested 90 days after the indmra(total was 6
heterocysts) , and none in filaments harvestedy8 dfier the inoculation (total was 7 heterocysAdl)these inoculations
were not step-down of the nitrogen, but simply dilutions oflls from cell-rich nitrogen-deficient media teew
nitrogen-deficient media. As far as randomly samh@2 heterocysts in this study are concerned, watigely estimated
that photochemically active PSII:PSI ratio in hetsssts are estimated to be typically below our c@ia limit and at most
about 5 % in limited cases in comparison with ihategetative cells (See Text S3 for the detailthef estimation). This
number was given on an assumption that effectpfet-harvesting abilities of PSII in vegetative sedind heterocysts are
the same under the experimental conditions invlugk (state Il and 404 nm excitation). To furthéarify the molecular
entity of the long-lived fluorescence, it is thussdlable to carry out a FLIM-based time-lapse olsérn on heterocyst

differentiation, which will be described in our ngsublications.
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4.3.Fluorescence lifetime when PSl1 isin the open state

Most obvious mission of FLIM should be to obtainsalnte values of CFLs in a wide spatial region udaig three
dimensional objects like plant leaves. Straightimd comparison of CFLs between different organismdifferent cells
is generally meaningful, but only when CFLs to bempared should be obtained at well-defined exoitatand
preillumination conditions, e.g., at weak excitatiomits after dark adaptation that are generdttgiaed at different laser
powers for different organisms/tissues, as dematesirin Fig. 4. The average FL at 689 nm seemsach a weak limit
below 0.30 nW and 55 pW in the casef\ofariabilis vegetative cells and kesdleri cells, respectively (Table 1 and 3, Fig.
4), although double exponential curve fitting didt mive constant results due probably to the lichitgn ratio in the
relatively weak excitation powers. The average RhWwSll in the open state thus seems to be 0.251d$.36 - 0.39 ns in
the cases oA. variabilis vegetative cells an®. kesderi cells, respectively, which are largely consisteithvprevious
reports (Tables S5, S6Even if the primary charge separation in the isalacore PSIl dimer is intrinsically common
betweenP. kesderi andA. variabilis, the different CFLs betweet variabilis andP. kesderi at the weak limit (0.25 and
0.36 - 0.39 ns, respectively) observed in thissttath be caused by the difference in the orgaoizaif light-harvesting
system. With the 404 nm excitation in our PSII ®isd63 % and 26 % of the excitation at 404 nnsigr&ted to initially
reside in the PSII dimer iA. variabilis andP. kesderi, respectively (Table S7 and S8), when any exoitaith the whole
PSII supercomplex including associated phycobilisasnset to be 100%. In addition, back energysfearfrom the PSII
dimer to light-harvesting systems in tRekessleri (PSIl— LHCII, CP26 and CP29) seems to be far more sicanifi than
that inA. variabilis (PSIl— APC, PC, PEC). This is supported by the estimationumber of pigments weighted by the
thermal excitation probability in both the core P&imer and associated light-harvesting systembléT&7 and S8). It
should be also noted that PBS tends to be assodidtie PSI rather than with PSII in the dark addeate (state 2 in the
case of cyanobacterifg, 62, 63]. It thus seems very reasonable thataaeeFL at the weak limit iA. variabilis is shorter
than inP. kessleri upon the 404 nm excitation. However, it shouldcbgainly noted that contribution of PSI, which lzas
CFL of largely 0.08 -0.09 ns at 689 nm in heterbdgsA. variabilis (Table 2), should also make the apparent CFL of
vegetative cells around 689 nm shorter than thatuoé PSIl to some extent. The contribution of RB$he lifetime of
vegetative cells oA. variabilis at 689 is likely less substantial than that of, B8Ice substantial part of PBS is dissociated
from PSII by the state Il conditions and the extmtawavelength at 404 nm is more preferential@bita than phycobilin
(Table S7).

4.4. Transition from open to closed state of PS| as observed by varied excitation laser power

The transition from open to closed state in theonitgj of PSII of A. variabilis is observed at about one-order of magnitude
higher excitation power than that Bfkessleri. The recovery dynamics of open PSII from clos&dl i cyanobacteria
(0.22 ms (68 %), 2.9 ms (23 %) and 13 s (9%pyimechocystis sp. PCC 680355]) seems to be largely similar to that in
green algae (0.23 ms (73 %), 46 ms (16 %) and 712.%) inC. reinhardtii [56]). The difference in the laser power
necessary to close most PSIl thus seems to berfyiratiributable to the difference in the absoopticoefficient at 404 nm
for PSII. InP. kessleri, as one of green algae, PSII possess an antestearsthat contains Chla and chloropliy({IChlb) as
main antenna pigments exhibiting strong absorptiainly in the blue-green and red regi¢@8, 81]. For the simulation,
we have assumed the same molecular organizatid?Sdf supercomplex as i€. reinhardtii [67], the total absorption

coefficient per PSIl monomer in state 1 (Text S2¢qduivalent to about 191 Chla molecules per mon&8sd (Fig. 4(b)).
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The simulation curve for the light-harvesting abiliequivalent to 380 Chla may give a slightly imged fit to the
experiment. Absolute absorption cross section of iRSChlorella vulgaris was reported to be equivalent180 - 400 Chla
[72]. It should be also noted that there remaineréain long-lived componernt.6 ns) even at the weak limit, which is
similar to the situations in some references répgrsuch minor long-lived component (See Table @5dferences)26,
35]. Given this possibility, the estimated ratio &fsed PSIl based on the amplitude of the long-livechponent (closed
circles in Fig. 4(b)) may have to be modified. Onassumption that 12 % of the amplitude at zere fjthe amplitude of
the 0.82 ns component at 689 nm, 4 pW in Tables trinsically given by the open PSII, our experittal data yield
another plot for the ratio of closed PSIl (opertless) in Fig. 4(b). This modified experimental pioatches well with the
simulation. In the case &. variabilis, the experiment was best reproduced by the simooldt all PBS components are
dissociated from PSIl and if PSI contribute to #iert-lived component<0.23 ns) at 689 nm by about 33 % in the
amplitude ratio at t = O ps (the simulation cu@&ll alonex(2/3)in Fig. 4(a)), as explained in section 3.2.

The rise in FL with the increase of laser poigesensitively influenced by both the antenna sizBSll and recovery
dynamics of open PSII from its closed states (BB(b)). Although the two factors of antenna sind the recovery rate
of open PSII are inseparable in the input-powerddpnce of FLIM alone, FLIM will be certainly helppffor obtaining a
new type of images on antenna size and/or recaegeyof open PSIl. For example, about 3-4 cellr itlee heterocyst
cell in A. variabilis (part A of the filament in Fig. 1(f)) show an aage FL of about 0.25 ns, and about 2 cells in &mees
filament (part B of the filament in Fig. 1(f)) shoan average FL of about 0.4 ns at the same exuitaower. Such a
difference is not yet generalized, but it may swgghfferently regulated light-harvesting abilitiead/or redox conditions
of plastoquinone pool affecting electron transfieosn Qa [53, 64]. Properties of individual vegetativelseds well as

heterocysts will be analyzed based on FLIM datauinnext publications.
4.5.Relevance of FLIM to PAM parameters

Pulse-amplitude-modulation fluorometry (PAM) of GB probably the most popular chlorophyll fluoronyeton

photosynthetic organisms [51, 52]. There have lee#ensive reports demonstrating microscopic imégeBAM-related
parameters from individual chloroplasts and cyantdsal cells [5, 82-85]. FLIM data with variedaation power also
contains information directly related to the PAMSince the simulation based on open-closed stat@Sdfin this study
largely reproduced the experimental results in $ewh ratio of closed PSIl included in the FLIM ddfeig. 4), the
maximum vyield of PSII charge separation under dat&pted chloroplasts or cyanobacteria in PAM aislgsrelated to

the CFL as follows.

1 -1 -1 -1
(7open) Tf'l‘md - (039 —U49 " _ 73 (eq.6) fol kesdleri (cf. Table3, Text 6, Fig. S7)
(open) (039)

< Topen >_l - Tclosed N — (0.25) - (079) _l

=069 (eq.7) forvegetative cells Af variabilis
<r >"1 (025™
open

(cf. Table 1, Text S6)
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The above %, and reseqare set to be the average fluorescence lifetin@8atnm at the weakest laser power and the
time constant of the slowly-decaying component8® Bm at the highest laser power, respectivelthénabove estimation,
we assume that the average fluorescence lifetinaesafficiently high laser power to close all P§tbuld be equal to the
CFL of the most long-lived component that we obsdrin the case d?. kessleri, this value is slightly lower than the
typical value of Fy — Fo)/Fy = Fy/Fy (about 0.8) in dark-adapted state in the PAM fhmoerty on green algae including
Chlorella [62, 86], although the two values should be igetile same in the simple two-state model (Text S®ossible
activation of protective quenching against excesstation (so-called nonphotochemical quenchingQ)NRluring the
scanning laser illumination may decrease the appamaximum yield of PSIl charge separation throsflortening of
Toosea  HOwever, such a scenario is unlikely in thisdgfubecause the average intensity of the excitddear at 1 nW
(strongest laser power in the consecutive FLIM measents in the case Bfkesseri summarized in Table 3) for 4545
UM scanning area is estimated to be aboupt bl photons rifs ™ (Text S4)  This is about one or two order of magte
smaller than that used for actinic light in mostMPAeasurements to induce NPQ [51, 52]. Moreowamsecutive FLIM
measurements for a total exposure time of 45 geat bigher excitation laser at 6 nW (the other eirpental conditions are
unchanged from those used in the results of the meait) did not show noticeable changes in CF degeafile from the
first 4.5 s to the last 4.5 s in the casd’dfesderi cells (Fig. S7). The above discrepancy in the maxn quantum yield
(between 0.73 and about 0.8) may suggest an uridestisn of the amplitude of some short-lived comeot in the
fluorescence decay due to our limited time-resofufFWHM of IRF was 80 ps at 689 nm) and/or s/n.t@mother hand,
the above value of (ﬁ;pe,P'l— Telosed 1)/ Topen tis higher than typical values Bf,/F of dark-adapted cyanobactefi3, 62,
64]. This is caused by the contribution of at {d2S| and also PBS to the short lifetime compomstit the FL of about
0.23 ns (See section 3.2 and Fig. 4(a)). The B8Ifatio in cyanobacteria are generally highentttgose in green algae
[57]. Itis thus likely that CFL of pure PSIl isriger than 0.25 ns iA. variabilis. For a direct comparison with actual

PAM measurements on cyanobacterigse.qin €q. 7 may have to be replaced witss.q> as follows.

<T0F)en>_1_<rclosed> ! B (025)-1_ (044 -1
(Topen) (0257

= 043 (eq.8) forvegetative cells &f variabilis
(cf. Table 1, Text S6)

<T0|0€n>_l _<Tclosed>_1 _ (0087)‘1 - (0_1_29)—1

(fopen) (008D

= 033 (eq.9) forall 22 heterocystsAfvariabilis

(cf. Table 2, Text S6)

These are comparable to and largely consistent théhvalues of,/Fy, reported for vegetative cells and heterocysts in
Anabaena sp. strain PCC7120 by time-lapse microscopic PAM fluorescence kinetic microscopy, FKM) [5]. The
estimation on heterocysts based on our resultsehenycritically depends on the two subsets, sikketnd subset/w, for
which the eq. 9 gives 0.07 and 0.27 based on Tliespectively. According to the time-dependejfy, values after the
nitrogen step-down in the reference [5], the valfi®.07 for the subset/w/o corresponds to a latess period” (about 30 h
after the nitrogen step-down). The value of 0@7tlfie subset/w corresponds to an early "stresedigfabout 20 - 25 h

after the nitrogen step-down) or "acclimation péti¢about 120 h after the nitrogen step-down). thie former case, the
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relatively minor subset of heterocysts (subset/virttaa substantial long-lived fluorescence) is edieinderstandable as a
transient state during the heterocyst developntémivever, it should be noted that our estimatiocrigcally dependent on
the accuracy of the curve fitting at the weak etwn limit and that we need to increase the nurobsampling in order to

reach a definite conclusion.
4.6. Limitations of current simulation model and data analysis

Some previous studies have suggested a needdduct the so-called three-state model of the crsgaration assuming
open, semi-closed, and closed states, which rafeltix states of at least two sequential electomeors (Text S5) [87,
88]. Semi-closed state is suggested to show Idwerescence quantum yield than that in fully cthstate [87], which
may be consistently observed in this study as lightly shorter CFLs of the "closed" state at thedmm laser powers
(0.63 - 0.82 ns at 4 -265 pW I kessleri) than those at the highest laser power (1.24-as4at 1.0 - 6.8 10° pW in P,
kesdleri) (Table 3, Fig. S5). The need for the three-statdel is also supported by the residuals and aldregvalues of the
curve fitting in Fig. S2-S5, which show that thagle or double exponential function are sufficienty at weak - medium
excitation powers that we employed. Presence akntitan two exponential components at the relativégh laser
powers should be explained in an improved modseLlinnext publications.

Moreover, even at low laser powers where most R& open, the intrinsic fluorescence decay of RSII
generally multiexponential with at least 3 - 5 fiifiees in both green algae [25, 31, 2B]d cyanobacteria [36, 45-47]
especially when the decay of CF is observed fromynezlls by non-FLIM TCSPC with a high s/n (Seealable S5, S6).
The sufficiency of single or double components ey at the relatively weak laser powers in oase is just given by
our limited s/n. The relatively low s/n is inevitakas far as we primarily concern imaging in ortteresolve individual
cells within a short time. Our contribution is tHasusing on the overall reproduction of the expemtal results, which are
approximately described as sum of at most two eaptial functions at all power levels, by the relaly crude but
elaborate two-state model for the PSII status. twgment of the simulation model together with trereraccurate analysis

on the experimental results will be carried oubim next studies with more focus on differencesvben individual cells.
4.7. Comparison with other FLIM studiesin terms of open-closed status of PS| and laser power dependence

A brief overview is given to the laser power lsvand/or excitation probabilities that are emptbye previously
reported FLIM-based imaging of chloroplasts andnoyecteria. In some cases, NPQ processes werdyrsaidied at
light levels that seem to close substantial fractié PSII [14, 16]. In one of the studies [16]e thhajor CFL in avocado
plants was about 1.5 ns (probably from closed R3it) activation of NPQ was observed as appeardnc€loaround 0.5
ns. A certain oligomeric state of LHCIl was sudgdsto show a CFL of 0.4 ns when NPQ was inducedrabidopsis
leaves [89]. In other cases, average CFL was faarize in the range between 0.15 and 0.5 ns divediaweak laser
power [15, 21, 36, 90]. On the other hand, CF witb-photon excitation has been reported to decregadiéetime by
raising incident laser power [18, 19], which haerbascribed to singlet-singlet and/or singlet-#tiginnihilation. This is a
gualitatively different trend than those reportedthwvisible excitation including this wor34]. Singlet-singlet
annihilation can be operative only when a singketgpulse excites multiple pigments in the samaearby PSII unit(s)
among which at least multi-step energy transfeyatch other is possible, because typical pulsedsepnterval of about 10

ns or longer (13.2 ns in this work) is sufficientbnger than lifetime of fluorescence (lifetime @ihglet excited state of
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Chis). Our estimation of the excitation probabilifiyPSII inP. kesseri by a single laser pulse of 1 nW power (at 404 nm,
and highest laser power in Table 3) is only abeut05*, by which singlet-singlet annihilation should hgually negligible
(Text S5). If prepared concentration of excitedl RSthe focus and detection efficiency of CFhe references ([18, 19])
are comparable to our conditions, singlet-singtetilzilation can thus be safely excluded. Singliglét annihilation may
be operative, since formation of triplet state(siChls and/or carotenoids is certainly enhancednadwbstantial portion of
PSIl is closed at high input laser power and th&gtimes are in the range @fs to ms [91-94]. The long-lived triplet
states may thus interact with singlet excited spapared in the subsequent laser pulses, whidas lEashortening of
fluorescence lifetime. Lifetime shortening in thkelM by NPQ and singlet-triplet annihilation may t#ferentiated on a
more quantitative basis if one performs a numesgallation to estimate the transient accumulatibthe triplet states

during FLIM imaging, as shown in this work.
5. Conclusions

FLIM data of a single cellular green alBakesseri and nitrogen-fixing filamentous cyanobacteridmvariabilis were
obtained at varied excitation powers. At weak et limits, fluorescence lifetimes of the thylakonembrane with
mostly open PSII can be obtained, although it taklesg total exposure time to obtain a high quailitage. The transition
in FLIM data from the weak excitation limits to higr powers that close a substantial fraction ol B&i be successfully
explained by a numerical model considering the apgesed status of PSIl based on absolute lasergowd he difference
in FLIM betweenP. kesderi and cyanobacteriunA. variabilis can be largely explained by the difference in the
light-harvesting ability of the PSII supercomplek the excitation wavelength at 404 nm. The fluoeese decay in
nitrogen-fixing heterocysts is largely independehthe excitation power. This reflects a high puof PSI in the unique
heterocyst thylakoid lacking PSIl. Among heterosyteiat were randomly sampled, photochemically add8Il/PSI ratio in
heterocysts is at most about 5 % in comparison widi of vegetative cells. Heterogeneous propeieindividual
heterocysts were found, but accurate determinafidineir physiological states should await furtbrdies.

A whole plant leaf can be a target of FLIM, buésial care should be taken when comparing chlostpia deep
regions with those close to the surface, becauieiit general difficult to estimate absolute lapewer reaching deep
individual chloroplasts. The dependence of FLIMIaser power is sensitively influenced by at léhstantenna size of
PSII and recovery rates of open PSII from its dostates. A simulation fully reflecting laser seeng conditions, as
shown in this work, will potentially help one totémpret observed features of FLIM images in terrhsngportant

parameters of photochemistry in individual chloesté, cyanobacterial cells and thylakoid domains.
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Figure captions

Figure 1. Characteristics of average fluorescent lifetimagesA. variabilis at different laser powers and detection
wavelengths in the FLIM measuremetrigcitation laser power at the sample position was aw (weak), 1.1 nW (med.)
and 20 nW (str.) in (a - ¢), (d - i) and (j - 0@spectively. The laser powers and detection wagéhe(centered at 689 nm
or 716 nm) are shown on the left. (a),(d),(glif)); Photon count-based fluorescent images. (hhjek),(n):
Corresponding average fluorescent lifetime imagids wtensity-dependent brightness adjustment.({g)(i), (1),(0):
Corresponding average fluorescent lifetime imagiésont the brightness adjustment.  (p), (q) ,(i3tributions of average
fluorescence lifetime at the three different laséensities. (s): Bright-field image of the sameaa Scale bar in (d) is
equal to 1Qum and applicable to all the image panels. Thectife spatial resolution in the color-coded averBhe

images is about 1.94m due to the binning of 11 x 11 pixels.

Figure 2. Effects of incident excitation laser power on depagfiles of fluorescence centered at 689 nm. Depsesent
normalized fluorescence intensities based on photamt data from which average photon counts indmiiciently
negative time region was subtracted. It is thussipbe that artificially negative fluorescence irdies arise. (a) Photon
count data from all vegetative cells in 22 filange(dbout 8 - 13 cells per filament) Af variabilis at single focal planes
were used(b) Selected 17 heterocysts Af variabilis at two or three focal planes were us&tiese heterocysts were
selected as having relatively low level of longelivfluorescence at the highest laser power (Sele BPab(c) Selected 5
heterocysts oA. variabilis at two or three focal planes were usEdese heterocysts were selected as having rdiakigh
level of long-lived fluorescence at the highesetgsower (See Table 2). (d) Photon count data 8aroells ofP. kesdleri at

1 - 3 focal planes were used. Solid lines reprefiting curves made by convolution of the instremirresponse function
with a sum of one or two exponential functions. Plagameters obtained through the curve fittingsti@vn in Table 1-3.
The plots in black and red represent data andditiurves in the cases of weakest and strongest fasver levels,
respectively. More examples of fluorescence dgxafiles of fluorescence at both 689 and 716 nmllatmployed laser

power levels are shown in Figs. S2- Sb.

Figure 3. Characteristics of average fluorescent lifetimagesP. kessleri at different laser powers and detection
wavelengths in the FLIM measuremerigcitation laser power at the sample position wa¥¥(weak), 55 pW (med.) and
1x10° pW (str.) in (a - €), (d - i) and (j - 0), respieety. The laser powers and detection wavelenggintered at 689 nm
or 716 nm) are shown on the left. (a),(d),(gl/f)); Photon count-based fluorescent images. (hhjek),(n):
Corresponding average fluorescent lifetime imagiéds wtensity-dependent brightness. (c), (f), (l),(0): Corresponding
average fluorescent lifetime images without theisimpent of brightness.  (p), (q) ,(r): distributaof average
fluorescence lifetime. (s): Bright-field imagetbe same area. Scale bar in (a) is equal tonri@nd applicable to all the
image panels. The effective spatial resolutiorh@ndolor-coded average FL images is aboupiiflue to the binning of 21

x 21 pixels.
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Figure 4. Comparison between simulation and experimental mpeiers derived from fluorescence at 689 nm. (a)

Amplitude ratios of long-lived fluorescence (> ®$) at 689 nm for vegetative cells Afvariabilis (open circles @), cf.

Table 1). Simulated probabilities of detecting flescence from its closed PSIl in the cases of Wil fully extended PBS
(solid line, PSII+full PBS), PSII without extra anha (broken line, PSIl alone). The dashed angditihe (— - — - — ,
PSII alone x(2/3)) represent a modified plot tisad isimple multiplication of the broken line (- —)-by a factor of 0.666.
This means a situation where PSI and/or PBS fleeres is always contributing to one third of theltéluorescence at
t=0 ps and its fluorescence lifetime is alwaysudeld in the relatively short lifetime<(0.25 ns). (b) Amplitude ratios of
long-lived fluorescence (> 0.6 ns) at 689 nm Fokesderi (closed circles @), cf. Table 3). The data point at 6 nW
(log;0(6000) ~3.78, closed squar@)] was obtained from a separate measurement oerdliff cells described in
Supplemental Fig. S7(e). Modified estimation dfaaf closed PSII @), which are made from the corresponding closed
circles at the same excitation power by postulativeg there is a relatively long-lived componentima lifetime of 0.60 -
0.83 ns intrinsically from open PSII with a ratibl® % in amplitude relative to that of the shavietl component (cf. Table
3). Solid and broken lines are ratios of closed Bi&iulated in the cases of PSII having light-hatirg abilities equivalent
to 190 and 380 Chla molecules, respectively. (g)ddeence of average lifetime on laser power irnvdgetative cells of\.
variabilis andP. kessleri cells. The solid line is given by a formula 0.855R 0sed+ 1.42>R.0se¢ Which is an average
fluorescence lifetime in ns given by the weightathof those from open and closed PSIl in the céde kesdleri. The
ratio of closed PSIIR sseq iS the same as the simulated curve of soliditin@b). The broken line is given by a formula
0.23%x(1Ryosed+ 0.79R0seq Which is an average fluorescence lifetime in ivery by the weighted sum of those from
open and closed PSII in the case of vegetative oéA. variabilis. The ratio of closed PSII in the total fluoresaesgnal,

Reosed 1S the same as the simulated curve (dashed dtetldme (— - — - — )) in (a).
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Table 1.

Parameters yielded by curve fitting of the FLIMalaf vegetative cells &k. variabilis.

A Plaser T4[NS] T, [ns] 00 Average lifetime
[nm] [nW] | (amplitude in %) (amplitude in %) (amplitude [ns]
in %)
0.08 0.22+0.01° 1.09%(+0.00/-0.34j 0.25(+0.00/-0.03)
(97.5(+2.5/-1.5Y) | (2.5%+2.5Y (0.G°( +1.5/-0.09)
0.30 | 0.23(+0.00/-0.01) | 0.88(+0.00/-0.09) 0.25
(96) (4) (0)
689" | 1.1 0.23(+0.01/-0.02) | 0.74(+0.03/-0.12) 0.31(+0.03/0.04)
(85(+3/-5) ) (15(+5/-3)) (0)
5.3 0.26(+0.00/-0.02) | 0.80(+0.00/-0.08) 0.43+0.05
(67(+5/-10)) (33(+10/-5) ) (0)
20 0.25+0.02 0.75+0.05 0.44(+0.03-0.05)
(62(+8/-9)) (37(+10/-7)) (0.5+0.5)
0.08 | 0.22%:0.005 n.d. 0.228+0.005
(99.5+0.5) (0"
0.30 0.225+0.005 n.d. 0) 0.225+0.005
(100)
718 | 1.1 0.23+0.01 1.13+0.18 0.25
(95.5 +2.5) (4.5%£2.5) (0)
5.3 0.23 0.88+0.05 (0) 0.33+0.03
(85 3) (15+3)
20 0.225+0.015 0.85+0.05 0.34
(84+3) (16+3) (0)

*These parameters in the case of fluorescence an@8@ere given by the curve fitting of the sum bfaaailable data (3
independent experiments) at the same laser excitatwer to the double exponential function conteduwith the IRF.
See Table S2 for the parameters separately obtéonéiuke three sets of experiments.

*These parameters in the case of fluorescence aiml&e given as the average values obtained byutive fitting for the
two or three independent experiments (See Table. S2)

“All error bars in this table are given so as toesothe differences between the multiple data swis were acquired
independently (See Table S2).
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Table 2.
Parameters yielded by curve fitting of the FLIMalaf heterocysts d&. variabilis.

A Plaser | T1[NS] Tq[ns] of | T2[ns] TJ[ns] of | Average | Average
[nm] | [nW] | (amplitude the (amplitude| the (amplitude| lifetime | lifetime of
in %) subsets | in %) subsets | in %) [ns] the subsefs
(amplitude (amplitude upper :w/o
in %) in %) lower:w/
upper :w/o upper :w/o [ns]
lower:w/ lower:w/
0.08 | 0.08%0.009 | 0.084(99) | n.d. n.d. 0.087 0.084
(99+1") 0.072(91) 057(8) | (1%1°) 0.112
0.30 | 0.089+0.005 | 0.084 n.d. n.d. 0.089 0.084
(99.5+0.5) (100) (0.5£0.5)
689" 0.088(88) 0.69(11) 0.155
1.1 0.080+0.002 | 0.078(98) | 0.86 +0.25 0.64(2) 0.112 0.089
(96+2) 0.092(89) | (4+2) 0.74(10) | (0) 0.157
5.3 0.081+0.002 | 0.075(98) | 0.855 0.67(2) 0.108 0.087
(96.5+1.5) | 0.088(87) | 0.25 0.70(12) | (0) 0.162
(3.5+1.5)
20 0.081+0.003 | 0.075(98) | 1.03 0} 0.70(2) 0.129 0.088
(94.5+3.5) | 0.085(88) | 39 0.70(11) | (0.5+0.5) 0.153
(5+3)
0.30 0.145+0.005 | n.a. n.d. n.a.
(100) (0)
11 0.14+0.01 n.a. n.d. n.a.
716 ( 100) (0)
5.3 0.14 n.a. n.d. n.a.
(100) (0)
20 0.14+0.01 n.a. n.d. n.a.
(100) (0)

*These parameters in the two wavelength regiongigea as the average values between maximum arichomim obtained

by the curve fitting for the three independent expents (See Table S3).

PAll error bars in this table are given so as toerothe differences between the multiple data dets were acquired
independently (See Table S3).

‘One of the subsets of heterocysts (subset/w) iesl&dneterocysts with a substantial amplitude mglved fluorescence
(>0.6 ns). The other subset of heterocysts (sw&gt/includes 17 heterocysts with a relatively draahplitude of

long-lived fluorescence (>0.6 ns).
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Table 3.

Parameters yielded by curve fitting of FLIM dataPokessleri.

A Plaser T4[nS] T2 [ns] 00 Average lifetime
[nm] [PW] (amplitude in %) (amplitude in %) | (amplitude | [ns]
in %)
4 0.32( +0.08/-0.04) 0.82(+0.00/-0.20) 0.38'(+0.02/-0.02)
(88 (+11/-5Y) (12(+5/-12%) ( O(+1/-0Y)
15 0.28 0.63 0.36
(77) (23) (0)
58 55 0.29( +0.00/-0.00) 0.70(+0.00/-0.02) 0.39 (+ 0.03/-0.01)
( 75(+1/-9)) (25(+9/-1)) (0)
265 0.29 0.83 0.50
(61) (39) (0)
1.0 0.33+0.01 1.24+ 0.06 0.81 (+ 0.04)
x10° (47+1) (53+1) (0)
15 0.32(95) 0.87(5) (0) 0.34
55 0.37+0.03 n.d. 0.37
716 (100) ©)
265 0.36 (90) 1.3(10) (0) 0.45
1.0-1.2 | 0.365+ 0.005 1.4+0.1 0.655+ 0.025
x10° (72) (28) (0)

*These parameters in the case of fluorescence an@8@ere given by the curve fitting of the sum bfaaailable data (2
independent experiments) at the same laser extitattwer to the double exponential function contemuwith the IRF.

See Table S4 for the parameters separately obtéonduke two experiments.

®These parameters in the case of fluorescence atrilfe given as the average values obtained byutive fitting for the

two independent experiments (See Table S4).

‘These error bars are given so as to cover the sapigthe parameters separately obtained for théipteuldata sets that
were acquired independently (See Table S4).
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Supplemental Table S1
Experimental scheme to systematically measure Fddka at three different incident laser powers.

samples order tasks duration relative  distance from the
(seconds) microscope objective
1 dark adaptation 900-1200
ROI-1° 2 FLIM measurement 40 z= 0.0um,
(1st group at a weakest laser power z =+ 1.0um
of cells) 7 =-1.0um
3 change of pinhole sizes anp& 30
laser powef
4 FLIM measurement 40 z= 0.0um
at an intermediate laser powel z=+1.0um
z =-1.0um
5 change of pinhole sizes ang& 30
laser powet
6 FLIM measurement 40 z= 0.0pm
at a strongest laser power z=+1.0um
z =-1.0um
7 change of pinhole sizes ang& 30
laser powet
8 FLIM measurement 40 z= 0.0um
at a weakest laser pofer z =+ 1.0um
z =-1.0um
9 dark adaptation 900 -1200
for the next region of interest
ROI-2° 10 FLIM measurement 40 z= 0.0um
(2nd at a weakest laser power z =+ 1.0um
group of z=-1.0um
cells that 11 change of pinhole sizes ahd 30
do not laser powet
include
previously
measured
cells)

4The sizes of confocal pinholes for the two detecfoentered at 689 and 716 nm) were manually cligimgerder to limit
maximum photon count rates, but the incident |g&ever was automatically changed by a filter whemitlled by the
measurement program.

bWhen the dependence of FLIM data on laser power measured at five laser powers, six FLIM measurésnesmre
carried out for a single ROI in an analogous manner
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Legend for Supplemental Figure S2. Fluorescence decay profiles of vegetative cellsAi variabilis. Detection
wavelength range was centered at 689 nm (a, hed) dr 716 nm (g, h,i,k,j,k,1). Fluorescencenfrall vegetative cells in
one data set (7 filaments with about 8 - 13 cellthe image per filament, 3 days after the ino@mtat single focal planes
were collected. Dots represent detected photorisgymrage photon counts in the sufficiently negatime region (5 -10
and 3 - 19 counts per time channel in the 689 didnm wavelength channels, respectively) was stiiela It is thus
possible that artificially negative photon countss& Solid lines represent fitting curves madecopvolution of the
instrument-response function with a sum of onenar €xponential functions. The parameters obtaiheough the curve
fitting are shown in Table S2. Although both tlesiduals and reduced chi square values indicatarthee exponential
components are necessary to achieve sufficietd fiie data especially at relatively high laser esywe are here focusing
on an approximate description of the whole data lsgtat most two exponential decaying componenthis basic policy

is consistent with the use of two-state model pyaduce open-closed status of PSII in the FLIM.
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Legend for Supplemental Figure S3. Fluorescence decay profiles of heterocyst. wvariabilis. Detection wavelength
range was centered at 689 nm (a, b, c, d, e,L6mm (g, h, i, j). Fluorescence counts from fefueysts were collected
and summed. These heterocysts were in the samefila as the vegetative cells shown in Fig. S2¢chvivere harvested 3
days after an inoculation. Dots represent deteptamtons, but average photon counts in the suffigiemegative time
region was subtracted. It is thus possible thafiaaily negative photon counts arise. Solid linepresent fitting curves
made by convolution of the instrument-responsetfanavith a sum of one or two exponential function¥he parameters
obtained through the curve fitting are shown inl@&®83. Although both the residuals and reducedgbare values indicate
that more exponential components may be necessaghieve sufficient fit to the data especiallyelatively high laser
powers, we are here focusing on an approximaterigésa of the whole data sets by at most two exgmial decaying
components. This basic policy is consistent with tse of two-state model to reproduce open-cletds of PSll in the
FLIM.
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Legend for Supplemental Figure S4Fluorescence decay profiles of selected heterag/ist in A. variabilis measured at
689 nm All heterocyst (22) that we studied with FLIM wetkassified into two subgroups by the fluorescelifeéime
based on the single-cell single exponential cuitttnd. Sum of fluorescence decay profiles of l&telnocysts with
relatively short lifetimes are shown in (a,b,c,d.gymbolized by w/o (without substantial long-ldzeomponent)). Sum of
fluorescence decay profiles of 5 heterocysts wélatively long lifetimes are shown in (g, h, ikj, |, symbolized by w/
(with substantial long-lived component)). Dotsregent detected number of photons, but averageplumunts in the
sufficiently negative time region was subtracteds thus possible that artificially negative photpounts arise. Solid lines
represent fitting curves made by convolution of ih&trument-response function with a sum of ondwar exponential
functions. The parameters obtained through theecfitting are shown in Table 2 in the main text.heTplots in (a) and (e)
are the same as used in Fig. 2(b) in the main tekihe plots in (g) and (k) are the same as us&hin2(c) in the main text.
Although both the residuals and reduced chi squaltges indicate that more exponential components leanecessary to
achieve sufficient fit to the data especially afatigely high laser powers, we are here focusingaonapproximate
description of the whole data sets by at most twmorential decaying components. This basic paogonsistent with

the use of two-state model to reproduce open-clstds of PSII in the FLIM.
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Legend for Supplemental Figure S5.Fluorescence decay profiles Bf kessleri. Detection wavelength range was
centered at 689 nm (a, b, c, d,e,f) or 716 nmi(g,h, Fluorescence photon counts from 21 cell a3 focal planes were
collected and summed. The cells were sampled 24 after an inoculation. Dots represent detectedbrer of photons,
but average photon counts in the sufficiently niegaime region was subtracted. It is thus posditée artificially negative
photon counts arise. Solid lines represent fitingres made by convolution of the instrument-respdonction with a sum
of one or two exponential functions. The parametditsined through the curve fitting are shown ibl&e54. The plots in
(a) and (e) are the same as used in Fig. 2(d)emthin text. Although both the residuals and redud® square values
indicate that more exponential components are sacg$o achieve sufficient fit to the data espégiat relatively high
laser powers, we are here focusing on an approgirdascription of the whole data sets by at most éwponential
decaying components. This basic policy is consistdth the use of two-state model to reproducenegesed status of
PSIl in the FLIM.



Table S2.

Parameters yielded by curve fitting of the FLIMalaf vegetative cells &k. variabilis.

Plaser A T4[nS] T2 [nS] Average| oo days
[NW] [nm] | (amplitude (amplitude lifetime | (amplitude after
in %) in %) [ns] in %) inoculation
0.08 0.23 (97) n.d. 0.23 (3) 90
0.22 (100) n.d. 0.22 (0) 24
0.21 (96) 0.75 (4) 0.23 (0) 3
0.30 n.a. n.a. n.a. n.a. 90
0.22 (96) 0.86 (4) 0.25 (0) 24
0.23 (96) 0.79 (4) 0.25 (0) 3
1.1 0.21(86) 0.62 (14) 0.27 (0) 90
689 | 0.23 (88) 0.73 (12) 029 | (0) 24
0.24 (80) 0.77 (20) 0.34 (0) 3
53 n.a. n.a. n.a. n.a. 90
0.25 (72) 0.72 (28) 0.38 (0) 24
0.24(57) 0.80 (43) 0.48 (0) 3
20 0.23(55) 0.79(44) 0.47 (1) 90
0.27 (70) 0.70 (30) 0.39 (0) 24
0.24 (53) 0.73(47) 0.47 (0) 3
0.08 0.23 (99) n.d. 0.23 2) 90
0.21 (99) 1.24(<1) 0.21 (0) 24
0.24 (100) n.d. 0.24 (0) 3
0.30 n.a. n.a. n.a. n.a. a0
0.23(100) n.d. 0.22 (0) 24
0.22(100) n.d. 0.22 (0) 3
1.1 0.22 (95) 0.94(4) 0.25 1) 90
716 1 0.23(98) 1.31(2) 029 | (0) 24
0.24 (93) 0.96 (7) 0.29 (0) 3
53 n.a. n.a. n.a. n.a. 90
0.23 (88) 0.83 (12) 0.30 (0) 24
0.23 (82) 0.93 (18) 0.36 (0) 3
20 0.21(81) 0.90 (19) 0.34 (0) 90
0.24 (87) 0.80 (13) 0.31 (0) 24
0.23 (81) 0.88 (19) 0.36 (0) 3

Paser laser power at the sample position

Aq:center wavelength of the detected fluorescence

n.d. = not detected

n.a. = no available data




Table S3.

Parameters yielded by curve fitting of the FLIMalaf heterocysts d&. variabilis.

Plaser A T4[nS] T2 [nS] Average| oo days
[NW] [nm] | (amplitude (amplitude lifetime | (amplitude after
in %) in %) [ns] in %) inoculation
0.08 0.096 (99) n.d. 0.096 (1) 90
0.087 (98) n.d. 0.087 2 24
0.078 (100) n.d. 0.078 (0)) 3
0.30 n.a. n.a. n.a. n.a. 90
0.096(99) n.d. 0.096 1) 24
0.084 (100) n.d. 0.084 0 3
1.1 0.082 (97) 1.11(3) 0.11 (0) 90
689 | 0.078 (94) 0.61(5) 011 | (0) 24
0.081 (98) 0.84 (2) 0.094 ©) 3
53 n.a. n.a. n.a. n.a. 90
0.082(95) 0.83 (5) 0.12 (0) 24
0.080 (98) 0.88(2) 0.94 0) 3
20 0.084 (97) 1.41(2) 0.11 (1) 90
0.081 (91) 0.64 (8) 0.13 1) 24
0.078 (98) 0.72 (2) 0.089 0) 3
0.30 n.a. n.a. n.a. n.a. 90
0.15 (100) n.d. 0.15 0) 24
0.14 (100) n.d. 0.14 (0) 3
1.1 0.13(100) n.d. 0.13 (0) 90
0.15 (100) n.d. 0.15 (0) 24
716 | 0.14 (100) n.d. 0.14 (0) 3
53 n.a. n.a. n.a. n.a. 90
0.14(100) n.d. 0.14 (0) 24
0.14 (100) n.d. 0.14 (0) 3
20 0.14 (100) n.d. 0.14 (0) 90
0.14 (99) 1.78(1) 0.16 (0) 24
0.14 (100) n.d. 0.14 (0) 3

Paser laser power at the sample position

Aq:center wavelength of the detected fluorescence

n.d. = not detected

n.a. = no available data




Table S4.

parameters yielded by curve fitting of FLIM dataRokessleri.

Plaser A T, (NS) T2 (nS) Average | oo days
[NW] [nm] | (amplitude (amplitude | lifetime | (amplitude | after
in %) in %) (ns) in %) inoculation
4- 0.28 (83) 0.62(17) 0.36 (0) 29
0.40 (99) n.d. 0.40 1) 15
15 0.28 (79) 0.65 (21) 0.36 (0) 29
n.a. n.a. n.a. n.a. 15
55 0.29 (76) 0.69 (24) 0.38 (0) 29
689 | 0.29 (66) 0.68(34) | 0.42 (0) 15
265 0.29 (61) 0.82(39) 0.50 (0) 29
n.a. n.a. n.a. n.a. 15
1.0 0.32 (46) 1.3 (54) 0.83 (0) 29
x10° 0.34 (48) 1.2(52) 0.77 (0) 15
15 0.32 (95) 0.87(5) 0.34 (0) 29
n.a. n.a. n.a. n.a. 15
55 0.34(100) n.d. 0.34 (0) 29
0.40(100) | n.d. 0.40 0) 15
265 716 | 0.36 (90) 1.3(10) 0.45 (0) 29
n.a. n.a. n.a. n.a. 15
1.0 0.37 (72) 1.5 (28) 0.68 ) 29
x10° 0.36(72) 1.3(28) 0.63 (0) 15

Paser laser power at the sample position

Aq:center wavelength of the detected fluorescence
n.d. = not detected

n.a. = no available data
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Supplemental Figure S6. lllustration of our model to reproduce the laseru® moving for FLIM image formation. The
laser focus moves along the horizontal lines (llgbe solid lines designated as f1,f2,f3,f4, hattare separated by 176 nm
from each other, while time-correlated single phatounting (TCSPC) data are acquired. After eachdrd scan, the laser
focus needs to move in the backward direction mheoito be ready for the next forward scan (fly-baofition). For
simplicity and averaging, the fly-back motion waswamed to be along a horizontal line that is sépafaom the previous
forward scan by 75 nm (light blue broken lines geated as b0, b1, b2, b3, ...). Our TCSPC data m@racquired during
the fly-back motion, but actinic effects by theda# the fly-back motion was taken into accounthia simulation. The
forward and backward scans were performed at diffespeeds of 25 nm/0.5i8 and 25 nm/0.14s, respectively. In the
simulation to reproduce FLIM data, single PSII usisupposed to be fixed at the origin of the xgrdinate (closed red
circle). The distance between PSIl and one ohtivizontal lines for the forward scan (f2 in thguiie) was defined to be
Doiser ~ Simulations with\ogset OF 0, 25, 50,75, 100, 125,150 nm were performeatlaueraged to yield the final results. The
laser focus is expressed by a two-dimensional Gausbstribution of photons with a full width atlhanaximum of 176
nm, when PSII is located exactly in the focus plahehe microscope objective. Excitation of PSY the laser was
assumed to be effective only when PSII residetiénstjuare of a side length of 500 nm centeredeatéhter of the laser
focus, which is illustrated by the size of the gsagple image showing intensity distribution of theer. See Supplemental

Text S1 for more details of the simulation.
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Supplemental Figure S7. FLIM data of P. kesderi cells with an exposure time of 4.5 s and repeatedirhes (Total
exposure time was 45 s) with a relatively strorsgtgpower (6 nW, cf. Fig. 4 in the main text). Pdjoton count-based
fluorescent images obtained in the first 4.5 sle&Sbar = 1Qum. (b) Distributions of average fluorescence lifediin the
first (solid line) and last (broken line) 4.5 s) (@ecay profiles of fluorescence of the whole imageund 689 nm in the
first (solid line) and last (broken line) 4.5 s kout intensity normalization. Photon timing dafahe whole image as in
(a) were used. (d) The same plots as in (c) biltt iwtensity normalization (solid line : first 4s5 dots: last 4.5 s). (e) The
decay profile in the first 4.5 s (dots) fitted bysam of two exponential functions (solid line, 142 (67%) and 0.60 ns

(33%)) convoluted with the instrument-response fionc



Supplemental text S1. Detailed explanation on the numerical simulat@mneproduce multiexponential
nature of fluorescence decay.

The simulation below is designed to estimat® rat fluorescence photons detected from closed PStomparison
with those from open PSII under the employed expental conditions. First, the laser intensity geofin the focal plane

was assumed to be given by a normalized two-dimaatiGaussian with the integration of 1 over th@llxy space.

n@ 1 (x=x0)* +(y- yo)z]

fpse(y, X) = expl-In(2)
oS 7 (dewim /2)° (dewrm /2% (€. 1)

wheredrywyv Was a full width at half maximum to be equal te #o-called diffraction limit:

0614 _ 061x 0404
Aewim = NA = 14 = 0176  [um]

(eq. 2)

A andNA in eq.2 are wavelength of excitation laser and erical aperture of the microscope objective, rethpely. The
unit length in the simulatiord,;, was defined to be 25 nm when PSII is locateti@ixact focal plane of the microscope.
Eq.1 is rewritten for the digital calculation addas.
2,2
In(2 1 +
(2) sexp[-In(2) Jy ™ Ix 5
7T (dpwhm / dunit /2) (dewrim / dunit /2)

Thejy andjy in (eq. 3) represent positions in lengths with shegle unit length of 25 nm along the x and y daoutes,

] (eq.3)

fprofile( ] y! x) =

respectively. The normalization of (eq. 3) is apgmately satisfied in a rectangular range:6f25um from the center of
focus as in the following relation.

+10  +10

Z Z fprofile(jy, Jx) =0.999163 . (eq. 4)

j,==10j,=-10

We have thus neglected excitation photons of aD@& %.
Given the laser power at the sample positioR.Qf,in W (Watt), number of photons irradiated in thetwarea of the

simulation (25x 25 nm) per unit time (1 s) is expressed as follows

(Eg_/s;r) fprofile(jy, Jx) : (eq.5)

Dwell time per single pixel was @gs, and the size of single pixel in the sample spaag 176 nm in the experimental
imaging setup. It thus follows that number of minat irradiated in the unit area per single step tithe simulation (25

x 25 nm and per 4x25/1{6) is expressed as follows.

... 25 -
_(Ez/sjr) fprofile(Jy,Jx)FGx‘lxlo °. (eq. 6)



Although the time-correlated single photon coun{iM@SPC) was performed only in the forward scamglihe horizontal
axis, the backward scan without TCSPC, the soddfly back”, also affect the photochemical statiishe thylakoid
membrane. The time necessary for the fly back @80 ms for the backward horizontal motion over tifital pixel of
256, by which we assumed that number of photoaslisted by the fly back in the unit area per sirgjép time (25< 25

nm and per (300/256)x(25/1763%) is given as follows.

Raser (i )25 300
(hC//]) proflle Jy’Jx 176 256

1078 . (eq. 7)

If total absorption cross section of the light-lesting system for a single PSII reaction center ff&l core monomer),
Opsiy IS given in the unit of ci(Text S2, Table S7, S8), the excitation probabdit PSII is expressed as follows, while the
beam moves by 25 nm €&, in the forward and backward (fly back) horizorgeans.

Pt (Jysix) = (Ea/sjlr) umtz forofite(Jys Ix) 756><4><10_6Jp5” , (eq. 8) for the forward scan,
and
pb(jy’jx) (Ea/s)elr) u::ltz proflle( yr ) X)12756 222 x107° Opg|| (eq. 9) for the backward fly-back
motion.

whered,n; should be now in the unit of cm (2510 cm). One single calculation step of the simutaiio the forward
scan is thus set to be different from that in theldward fly-back scan.

Time evolution of a single PSII (PSIl core momar containing only one electron transfer systetna) faxed position is
calculated while the laser focus moves accordinpecabove-mentioned manner (raster scan). Sirecddcay of closed
PSII is reported to be multi-exponential with adethree components in both chloroplasts and dgauteria [1, 2], we
have assumed three groups of PSII, each of whiotvska single recovery time constant from closed #3he open state.
We have assumed the same time constants as tipasedeforChlamydomonas reinhardtii (0.23 ms (73 %), 46 ms (16 %)
and 7.5 s (11%)) an8/nechocystis sp. PCC6803 (0.22 ms (68 %), 2.9 ms (23 %) arsl(980)) in the cases 6f kessleri
andA. variabilis, respectively [1, 2].

Given one of the above time-constam, one complete simulation can be performed to ptethie ratio of
fluorescence from closed PSiII to that from open iSthe FLIM data. We next calculate a weightedrage of the three
PSII types with the different time constants. Faszence from open PSiII is defined to be fluoresedrom PSII that is
in the open state before the excitation. The dd38ll is set to be converted into open PSII witk of the exponential
lifetimes. Fluorescence from closed PSiII is defibe be fluorescence from PSII that was in theetostate before the
excitation.

In a single step of the simulation, the exaitatiaser beam was set to be fixed at a positiorhe [&ser beam is set to
move by 25 nm for the next calculation step, whilhe unit length of the simulation. While theda beam is fixed,
single PSII unit is excited by a probability mfandpy, during the forward and backward scans, respeygti&te egs. 8 and
9 above). Closed PSIll is set to be generated flmrexcited open PSIl with a probability of 80 % (See also section
3.2 in the main text). The time evolution of thenber of closed and open PSII at the origin incthee of forward scan is

given as follows ,



{ Nopen(tm+1) } _ [1_ 080py (jy(tm)a jx(tm)) {1_ eXp[_(tmﬂ _tm)/rR]}}{ NOpen(tm)} , (eq. 10)

Ncloseo(tm+1) B 0'80pf (jy(tm)’ jx(tm)) eXp[_(tmﬂ _tm)/ TR] Nclosec(tm)

whereNgpedtm) andNeosedtm) are the number of open and closed PSII at thelation timet,, (at themth step) in a unit
volume, respectivelyj, andj, represent the relative location of the laser fowith respect to PSII unit and they are
functions ofty, (j,(tm) andjy(ty)). Sum of the two types of PSII is actually constNpsi= Nopedtm) + Neiosedtm), as far as
there is no net changes in the PSIl concentratidie eq. 10 here is shown as eq. 3 in the main tékke here briefly

describe how eq. 10 was derived. Our simulatiogimates from the following differential equation:

d 1

d_ Nopen(t) == O'8G<exNopen(t) +— Nclosea(t)
t I,

d N t) = 080k N___ (t)— 1 N t

E closeo( ) - M (](ex open( ) T_ closed( )

R

(egs. 11)

wherek,y is the rate constant of transition by optical &t@n. The most common approximate conversion ftieenabove

differential equation into a difference equationdccomputer numerical simulation is as follows.

Nopen(tm+1) B Nopen(tm)

1
= _0-8(]‘(@( Nopen(tm) +T_ Ncloseo(tm)

t.—t
\ tm+l n;\l t ]R- (egs. 12)
cIosec( nHl) cIosec( m) = 0.8% Nopen(tm) T Nclosed(tm)
[IRW il O ’r

These are further converted into the following ddgs.

t ., —t
Nopen(tm+1) - Nopen(tm) = _O'8G<ex(tm+l _tm)Nopen(tm) + m+;- - Nclosed(tm)

R

t .-t
Nclosed(tm+l) - Nclosed(tm) = 08%(tm+l _tm)Nopen(tm) - ; Nclosed(tm)

R

(egs. 13)

The egs.13 are equivalent to the following eq.vllenkey(tm+1-tm) is set to bey

{ Nopen(tm+1) } _ [1— O.80pf (jy(tm), jx(tm)) (tm+1 _tm)/ IR }{ Nopen(tm) } (eq. 14)

Ncloseo(tm+1) B 080p¢ (jy(tm)’ jx(tm)) 1- (tm+1 _tm)/ Ir Nclosec(tm)

It should be noted that the excitation probabiligpends on the distance between the center oslee focus and PSII. On

the other hand, we can predict the exact changé®afpen and closed PSIl when there is no opgiatation as follows.



t -t
Neiosedtm+1) = Neiosedtm) exr{—%}
R

theg —t
Nopen(tm+1) = Npsji— Nejosedtme1) = {Nopen(tm) + Nclosec(tm)}_ Neosedtm) ex{_%} (egs. 15)
R

ter —t
= Nopen(tm) + NCIoseo(tm){l_ ex;{—M}}

Ir

The egs. 15 can also be expressed in an analogaitig and vector form as follows.

|: Nopen(tm+1) } _ {1 {1_ exp[_(tmﬂ _tm)/ Z-R ]}:||: Nopen(tm)

= (eqg. 16)
Nclosed(tm+1) O exp[—(tm+l - tm )/ z-R] Nclosed(tm)}

If we add the effects of optical excitation to e 16 as in eq. 14, we obtain the following eq. 17

{Nopenamﬂ)}_{l— 080p; (jy (tm), ix(tm)) {1—exp[—(tm+1—tm)/rR1}}[ Nopen(tm)} (eq. 17

Ncloseo(tm+1) B 0'80pf (jy(tm)’ jx(tm)) eXp[_(tmﬂ _tm)/ TR] Ncloseo(tm)

This is actually the same as eq. 10. Whigh, {t,)/ 7r is sufficiently small, the eq. 17 is well approsited by the eq. 14
because of the following approximate relation.

t ., —t t -t
exg—-ml_m |=|]—ml_m| (gq.18)
Tr Tr

The eq. 17 is thus equivalent to eq. 14 when timallsition time step is sufficiently small, and theg &7 is more rigorous

and superior to eqg. 14 in the calculation step liictv there is no optical excitation. It shouldraged that single PSIl is
not exposed to laser light in most of the time wigrihe FLIM imaging in the case of single-laserdf®®ased confocal
scanner. The eq. 17 was thus employed in our work.

The eq. 10 or 17 can be converted into theviolig expression based on probability for a sindgil i it is divided by

Npsi.

{ popen(tm+1) } _ popen(tm+1) _ 1- OBOpf (jy(tm)’ jx(tm)) {1_ eXp[_(tmﬂ _tm)/TR]} popen(tm)
1- popen(tm+1) ,

Pelosedtm+1) B 080ps (jy(tm)’ Ix(tm) eXp[_(tmﬂ _tm)/rR] 1- popen(tm)

(eq. 19)

wherepopedtm) = Nopedtm)/Npsiandpeiosedtm) = Neosedtm)/Npsi. This is equal to the eq. 3 in the main text. Therescence
counts from open and closed PSII at the simuldiioe t,, are proportional to the product between excitapfiosbability
and populations of PSII in the two states at theeti,, which are proportional to th®pedtm) and 1—pgpedtm), respectively.
The experimentally obtained fluorescence decay aslanof many PSII units in cells, but this situatisnequivalently
expressed by a single representative PSII unihatpbsition (x,y,z) = (0,0,0) with full descriptiamn the probability of



open/closed status, as shown by eq. 19. It thiles® that total number of fluorescence photonsnfropen and closed

PSIl are accumulated as follows.

20329 Ny»  +N, .
open;accumD Z Z Z Z Pt (7l +{ Oﬁs%5}’ JJNPSIIpopen(tj,i,k,s)

s=1k=1i=N; j=—N

s 29 Nyz o, | (eq. 20)
=Npsi D 2. Z Z P (7' +{ offse 25}, ijopen(tj,i,k,s)
s=1 k=li=

201329 Ny, +N,

I:(:IosedaccumD Z Z z Z Pt (7| +{ offset, 25}’ ijPSII{l_ popen(tj,i,k,s)}

s=1 k=1li=N, j=-N,
(eq. 21)
201329 Ny>  +N,

“Nosi3 32 3 3 o[ 7o i ety )

s=1 k=li=N j=-N,

where the previously used indexis replaced with a new set of indicgd, k, s. The index correspond to different
horizontal positions of the laser focus at a cartstartical positionj to different vertical positions of the laser fodosa
single focal planek to different frames for accumulation in the saroeaf plane, and to different focal planes. The
parameteset (Varied between 0 and 175 nm, as described legpresents a relative vertical offset in nm betwten
origin (location of PSII) and one of the horizonkakes that are fastest scan axes of the lasere ifteger coordinates,
7i+(Aoisef25) andj corresponding tgy and j, in the previous notations (eq. 19 and earlier gnesicate the relative
location of the laser focus with respect to theitmmsof PSII (origin), as shown in Fig. S6, by whiprobability of exciting
and detecting the fluorescence from the PSII asiimellation step denoted ky,k,s is determined. It should be noted that
different horizontal lines of the laser scans a&gasated by 176 nm, which gives the rounded integiele 7 inp:(7i+{ Aofrset
/25}) in egs 20 and 21 (because 176/25~7, whenmtitdength of the simulation is 25 nm gt@ pum). For a simulated time
of tj ks, there is a unique position of the laser focxsy(zs). According to the size of the laser focus andfecality in
the fluorescence detectiof andi are limited to the range that satisfy the follogvtonditions (cf. eq. 4, and Supplemental
Fig. S6).

[x,|< 025 [uml, . iy =|i|<20=N,

j or equivalently expressed as (eq. 22)
=70+ AOffse/ <1

|yl| < 025 [Hm]’ ‘Jy‘ =7 e O,

These ranges were used when the laser focus ketbirathe plane ofsz0 (when PSIl is located in the exact focus plane).
It should be again noted that PSII unit is setdabthe origin of the xyz coordinate. In the actxgeriments, the scan for
the 256 horizontal positions in the imaging wagsiedrout at 256 different vertical positions with iaterval of 176 nm to
form an image of 256x256 pixels (45 x g area). Due to the finite range of excitationaai@g. 22 and Supplemental
Fig. S6), for PSII located at the origin, (X,y,z)3;0,0), horizontal laser scans in the forwar@ction at only two or three
vertical positions can excite the PSII in a singlescan (single frame), due to the inequality 0633> 2x250>176%2 in nm
(Ny>-Ny:= 1 or 2 in egs 20 and 21). It is also the cadh thie backward fly-back motion of the laser. Taekward

fly-back motion of the laser is set to be paraliéh the previous horizontal line (forward scan}wa separation of 75 nm,



which is for the sake of simplicity of calculati¢Bupplemental Fig. S6). When the laser is moving kingle line at a
constant vertical position while eq. 22 is satifig1.s— tiks IS Set to be 4x(25/176) and 300/256x(25/1§)in the
forward and backward scans, respectively (cf. eq@nfl 9). The time interval between one forwardnsaad the
subsequent backward scan (e.g., between f1 andrldgtween f2 and b2 in Supplemental Fig. S6) istesde 655us
(delay 1), which is about half the time required dosingle line in the imaging by the confocal sm The same time
interval (655us) was assumed between one backward scan andobegsent forward scan (This is designated as @glay
e.g., between bl and 2, or between b2 and f3 ppBmental Fig. S6). Between two consecutive fiainghe multiple
frames used to improve the s/n of the image as#me focal pland;;y.1 s tjixs iS set to be 341 ms that is the minimal
time for acquiring a single image under the curmaitings of the scanning parameters. The totalbeu of the frames
was actually 29, by which it took about 10 s toaib single accumulated FLIM image (0.341x29 :89)8

Furthermore, FLIM images at three focal planethwi spacing of 1.am were acquired in this study. Even when the
laser focus and depth of PSII (z=0) is differentely., 1.0um, there is some actinic effects by the laser. ensity profile
of the laser beam at the out-of-focus position estBnated according to the Gaussian beam theary [4]

Wl/Z(AZ) =Wy, ©) |11+ {%J (eq. 23)

where full width at half maximum (FWHM) of the lasatensity profile in the plane of 2z, wy,,(A2), is related to the one
at the exact laser focus»(0) (=0.176um), the optical wavelength in the medium(=0.404/n), and the difference in
depth between PSII and the laser fodMs, Refractive indexn, was assumed to be 1.4, which is an intermedialigev
between water (1.33) and the chloroplast (>1.4R)dBhough there should be wavelength dependenicethe calculation
of excitation probability of PSII by such an outfotus laser, unit length of the calculation wakryed proportionally to
the enhancement of the FWHM of the laser intengitffile as in eq. 23. In order to save computimyes without
degradation in the accuracy, we have analogousgnifiad the following factors in the excitation jability calculation:
(i) upper limit of the distance between PSII toexeited and the center of laser focus (eq. 229)sifiigle step time in the

calculation i1 ixs— tiiks. FOr example, when the exact laser focus anchdefi#®@SlI (z=0) is different by 1.0m,

W, 1.0) = w,,(0) x 423= 0176x 423  [um]

.24
d_ (L0)=d,. (00)x 423= 0025x 423 [um] %%

uni
Single step time at each focal plagg,i.s— tjiks IS given byd,n(1.0) divided by the constant laser scanning speede Th
summation over the differerst (different focal planes) in egs. 20 and 21 arestéfiiciently performed by adjusting the
beam intensity profile, unit length, single stemdiand the distance limit between center of lagsend and PSIl to be
excited. For the CF decay profiles Afvariabilis at 689 nm (Fig. S2) and the consequent fitting Itegiable 1 in the
main text and Table S2), we have used only FLIM@atthe depth of —140m, although all cells that were scanned at —1.0,
0.0 and 1.um. The FLIM data at —1.Am was always acquired after the data collectidh@{first) and 1.Qum (second)
(Table S1). The simulation curve in Fig. 4 in thain text for the case &. variabilis was thus estimated to be TCSPC
data collected after PSIl was irradiated by outeaius laser afhz=1.0 and 2.Qum in eq. 23. For the CF decay profiles of
P. kesderi (Supplemental Fig. 5) and the consequent fittirgulte (Table 3 in the main text and Table S4), \wgeh
averaged all FLIM data at the three scanning depthich were -1.0, 0.0 and 10n. The simulation in Fig. 4 in the
main text for the case &f kesderi was thus estimated to be TCSPC data collected R8#"rwas irradiated by out-of-focus



laser atAz=1.0um on average.
There remains an arbitrariness in the choiceslattive vertical offset)qrser, DEtWeen the origin (location of PSII) and

one of the horizontal lines for the forward scarhef laser. We have thus obtai&gen, accutfofised and
Felosed. accuf@oftse) DY the above simulation with 8 different offseisgiions with an interval of 25 nm, which approxteig
spans over the whole interval between neighbororizbntal lines (25 nmx(8-1) ~176 nm). The eightsf
Fopen, accut@oftsed) @Nd Feiosed, accutPoftse) Were averaged to obtain tf@pen, accutPlases r) @Nd Feiosed, accukPlases ) at a
specified laser poweP(se) and recovery timerg) (cf. Fig. S8).

Finally, one should take into account the weigiitthe three different time constantg,;, s, Ir3 for the recovery of
open PSIlI from closed PS|L],[2]. The experimentally obtained dependence~bfM on the laser power should be

compared with a weighted average as follows (¢f. B).

3
<Fopen,accum( Plaser)> = Zl Wi Fopen,accum( I:)Iaser’ TR,i )

3
<Fclosedaccum( Plaser)> = z Vvl I:closedaccum( I:)Iaser’ TR,i ) (eqs- 25)
i=1



Supplemental Text S2. Total absorption coefficients of PSllihkessleri andA. variabilis.

Total absor ption coefficient of photosystem |1 for A. variabilis.

The pigments of PS Il oA. variabilis was assumed to be the same as reported in theofatee PSII monomer
(Thermosynechococcus vulcanus) [6]. 35 molecules of chlorophyH, 2 molecules of pheophytimand 11 molecules of
B-carotene were considered. Absorption coefficiaftshese molecules at 404 nm (6.11% &6 'mol*dn?, 1.07x16
cm 'mol*dm?®, and 5.59x10cm 'mol*dn? for chlorophylla, pheophytina and B-carotene, respectively) were obtained
with the help of several references (Chappelle €192, Watanabe et al 1984, Ustin et al 2009)][7-The total
absorption coefficient of PSIl monomer amounts.@&/21F cm 'mol *dm?® (cf. Table S7).

Total absorption coefficient of photosystem |1 for Parachlorella kessleri.

The organization of PS Il supercomplex Pfkesseri. was assumed to be the same as that proposed icatiee of
Chlamydomonas reinhardtii [10]. When light-harvesting ability per PSII iargjest in state 1, there are three trimers of
LHCII and a CP26 and CP29 per PSIl monomer in tbdehPSII complex. The total number of pigmentsenargely
based on a referendél]. In addition to the above-mentioned absorpt@mefficients for the pigments common to
cyanobacterial PSIl, absorption coefficients of tb#her pigments at 404 nm (1.45%16m ‘mol‘dm® 4.75x18
cm 'moldm®, 6.01x16 cm*mol™dm®, and 5.69x10 cm *mol™*dm® for Chl b, neoxanthin, violaxanthin, lutein) were
obtained with the help of several references ramptheir absorption spectra and absorption cdeffis at representative
peaks [7, 8, 12-14]. Given the sum of all pigments p&llPmonomer (124.5 Cha, 62.5 Chlb, 10 neoxanthin, 6.3
violaxanthin, 24.7 lutein, 1B-carotene, 2 pheophytin molecules) , the total gitiem coefficient amounts to 1.15x10
cm 'mol *dm?® (cf. Table S8).

Absorption coefficient of allophycocyanin for A. variabilis.

Extinction coefficients of the basic unit of allgmocyanin, @), (hereafter designated as monomer) at a peak diwsorp
(2.32x1G cm *mol *dm?®, at 650 nm) was taken from the one reported foyamobacteriunmSynechococcus PCC6312 [15].
According to the allophycocyanin complex reported Anabaena PCC7120A. variabilis and Mastigocladus laminosus
[16], one whole allophycocyanin complex, whole cpeaat of the phycobilisome, contains 12 trimersaofomposition

a,""Bs\"), and 2 heterogeneous complexes of a composition

(0*"B*P)s, 2 heterotrimers of a compositior™
(0B, PR, Each unit ofa andP contains single phycocyanobilin chromophore [17The total absorption coefficient
of allophycocyanin complex is thus set to be 47e8nF12x3+2x3+2x3%(5/6)) that of monomerp);. The absorption
coefficient of APC in a single PBS at 404 nm (6.86%cm 'mol‘dm® ) was estimated to be 0.0476 times that of th& pea

at 650 nm, based on the reported absorption spe¢irb] (cf. Table S7).

Absorption coefficient of phycocyanin and phycoerythrocyanin for A. variabilis.

Extinction coefficients of the basic unit of phygaain (PC), ¢B)s (hereafter designated as hexamer) at a peak diosorp
(17.92x16 cmi'mol*dn?, at 619 nm) was taken from the one reported foyanobacteriumMastigocladus laminosus
[18]. Extinction coefficients of the basic unit pliycoerythrocyanin (PEC)a)s (hereafter designated as hexamer) at a
peak absorption (18.42x16m ‘mol 'dm®, at 568 nm) was taken from the one reported foyamobacteriumAnabaena sp.
6411 [19]. A study based on single particle electrorcnogcopy onAnabaena sp. PCC7120 showed that a single
phycobilisome complex contains 8 rod structuregchitd to the core part [20]. Each rod containesti;n@, sometimes 3
stacked elements. Each element had a dimensi@&6oim %10 -12 nm, which well corresponds to thé& ah (af3)s
[21]. Based on the proposed stoichiometry and struciaresevious report§20, 22], we have assumed that numbers of



PC hexamer and PEC hexamer in a single PB& wvériabilis are 16 (=2 x8) and 4 (=0.5 x8), respectively. e Tdtal
absorption coefficient at 404 nm by PC in a sif@BS (2.29x10cm 'mol*dn?®) was estimated to be 0.080 times that of
the peak at 619 nm, based on the average of relpabgorption spectra (cf. Table S2) [19, 23-27]he Total absorption
coefficient at 404 nm by PEC in a single PBS (48Bxm ‘mol‘dm® ) was estimated to be 0.063 times that of the peak
619 nm, based on the average of reported absomgtiectra (cf. Table S7) [19, 28].



Supplemental Text S3 (including a table below).

cell type relative relative amplitude ratio | amplitude laser | open-closed
number of number of of the ratio of the power | status of
PSI PSII short-lived long-lived [nW] | PSII
in cell in cell fluorescence fluorescence
measured by | measured by | (< 0.3 ns) (>0.5 ns)
fluorescence | fluorescence
at at
sufficiently sufficiently
weak laser weak laser
intensity intensity
vegetative | 1/3 2/3 1 0 0.08 100 % open
(1/3)+(1/2)*(213) | (1/2)*(2/3) 10 50 % closed
=2/3 =1/3
heterocyst | 1—T5 Iy 1 0 0.08 100 % open
1-05r, 0.5r, 10 50 % closed

The aim of consideration in this section is toraate contribution of PSI and PSII in the fluoreseeat 689 nm, based on
an assumption that contribution from PBS is nelgl@in the case of excitation at 404 nm. In thesaafsvegetative cells,

the partitioning of CF at 689 nm into PSI and R®Mtributions (1/3:2/3=1:2) was estimated in thetisa 3.2 (See also Fig.
4(a)).
denoted by "PSII alone” in Fig. 4(a)).
(state II) and PSII in heterocysts of cyanobacteriu variabilis are the same, which leads 50 % of PSIl in hetestsdp be

We

here estimater, based on the experimental and simulation resulise long-lived component attributable to

At 10 nW of the excitation power, 50 % @IPis estimated to be closed by the simulatiore(8e broken line

We assunae light-harvesting abilities of the dark-adap®®ll in vegetative cells

closed by the 10 nW laser. In the above tahlés the ratio of PSII fluorescence in all CF at 688 in heterocysts.

photochemically active PSII is at most 4% of theltéluorescence amplitude at 689 nm even in thectsd subgroup of
heterocysts, because a long-lived component atidititer probably to uncoupled phycobilisome seensotaribute to 8 %

of the total amplitude (Table 2 in the main text)t then follows that the following relation holds:

1-05r, :05r, =1- 004- 008 :004= 088 :004=22:1
1

250 F

115

The PSII ratio in the fluorescence with a lifetimeshorter than 0.3 ns at 689 nm when PSIl is dpemeterocysts in

comparison with those in vegetative cell is esteddb be as follows.

) 1
@-r) _115-1 _
RN 0048

/3



Table S5 Fluorescence lifetime components resolved in studies on green algae using time-correlated single photon counting.

organism Aex [nm] lifetimes [ns] average preillumination reference
A [nm] (amplitude in %) lifetime2 conditions,
Wigr [ns] [ns] open-closed status
or
quenching status
Chlorella Aex=580 - 640 0.49 dark Beddard et al. 1979 [29]
pyrenoidosa A>665
Wirr ~0.79
Chlorella Aex=620 0.06 (2) 0.69 open Haehnel et al. 1982 [30]
pyrenoidosa Aa>665 0.39 (30)
Wirr ~0.31 0.84(68)
Chlamydomonas Aex=619 0.086(58.6) 0.23 dark Gulotty et al. 1985 [31]
reinhardtii Aa=680 0.387(39.5)
Wirr ~0.13 1.395(0.019)
Chlamydomonas Aex=625 0.4 open Moya et al.
reinhardtii An=685 1986 [32]
1.69 closed
Wirr ~0.06-0.07
Chlorella vulgaris | Aex=630 0.345 open Holzwarth
Ai=686 1.59 closed et al. 1985 [33]
Wirr~0.13
Scenedesmus Aex=620 0.085(38), 0.315(36) 0.31 dark Wendler and Holzwarth
obliquus An=680-700 0.61(25), 2.3 (0.3) 1987 [34]
Wirr ~0.12
Chlamydomonas Aex =405 0.17 (>98) state 1 Iwai et al 2010 [35]
reinhardtii Aa= 665 - 685 0.25 (>98) state 2
Wirr=n.a.
Chlamydomonas Aex =410 0.07 (0.51) 0.25 150 s Amarnath et al. 2012 [36]
reinhardtii An= 644 - 716 0.33 (0.43) under
Wirr=0.15. 1.2 (0.06) 600 pmol photons
m-2 s-1
Haematococcus Aex=850 (2hv) 0.25 (92) 0.32 1 5 min Kristoffersen, et al. 2012
pluvialis An= 650 - 720 1.1 (8) under [37]
Wirr=n.a. 250 pmol photons
m-2 s-1
Chlorella Aex =632 0.24 - 0.28 open Rizzo et al 2014 [38]
sorokiniana An=
1.25-1.45 | closed
660 - 750
Wirr=0.11

aFor an easy comparison with our results, averagdituties in the specified wavelength region wetineted based on the decay-associated
spectra in the references.

n.a.= data not available.



Table S6 Fluorescence lifetime components resolved in several studies on cyanobacteria

organism Aex [nml] lifetimes average preillumination | ref
A [nm]2 [ns] lifetimea conditions,
Wigr [ns] (amplitude [ns] open-closed
in %) status
or
quenching
status
Anabaena Aex =580 0.22 (85) 0.40 dark-adapted Bittersmann
variabilis A= 1.1 (9) et al. 1988
680 - 700 1.85(6) (39]
Wirr =0.06
Synechococcus Aex =670 0.04 (77) 0.08 open Mullineaux
6301 o= 0.17 (19) and
685 - 690 0.41 (4) Holzwarth
Wirr =0.22 1993 [40]
Synechocystis Aex =680 0.02 (87.5) 0.04 dark-adapted Bittersmann
6803 An =690 0.12-0.13 and
Wirr = 9.7 Vermaas
0.03 - 0.04 0.37-0.4 1991 [41]
(2.6)
Synechocystis Aex=407 0.04(36) 0.27 dark-adapted Veerman et
6803 An=680-700 | 0.14(20) al. 2005 [42]
Wirr =0.08 0.28(36)
1.06(7)
3.32(1)
Synechocystis Aex =590 0.195 (~100P unquenched Tian et al
6803 An=680-700 2011 [43]
Wirr =0.009
Synechocystis Aex =400 0.025(70.5) 0.107 dark Krumova al.
6803 An=680-700 | 0.125(21.6) 2010 [44]
Wirr ~0.009 | 0.389(6.6)
2.92(1.2)

%For an easy comparison with our results, averagditmes in the specified wavelength region wetimeted based on the decay-associated

spectra in the references.

PRising components observed in the reference wetadest from the calculation of average fluorescedifeme.




Supplemental Table S7 Summary of absorption coefficients and energelevelevant toA. variabilis, based on an
assumption that dimer of PSIl is connected to phifisome consisting of allophycocyanin, phycocyarémd

phycoerythrocyanin with the reported structureAovariabilis[22]. See Text S2 for more details.

pigment PSIlI monomer 23.5 units of 48 units of 12 units of total
molecules allophycocyanin | phycocyanin phycoerythrocyanin
(approximate (@p) (@p) (aB)

fluorescence peak per PSII per PSII per PSIl monomer
wavelength in nm) monomer monomer

number of Chla 35 0 0 0 33
(685 nm§

number of| 2 0 0 0 2
pheophytins

(680 nm§

number of| 11 0 0 0 11
carotenoid

(510 nm§

number of 0 47 144 24 215
phycocyanobilin (660 nm§ (645 nm§ (620 nm§

(approximate
fluorescence peak

wavelength in nm)

number of 0 0 0 12 12
phycobiliviolin (620 nm§
(approximate
fluorescence peak

wavelength in nm)

thermally 36.2 3.2 1.7 0.02 41.7

equilibrated (88%) (8%) (4 %) (<0. 1%) (100 %)
antenna size
expressed by

equivalent number

of Chld

total absorption | 2.97x16 3.43x16 1.15x16 2.32x16 4.70x16
coefficient (63%) (7 %) (25 %) (5%) (100 %)
at 404 nm

cm *mol *dn?,

*These approximate peak wavelengths of fluorescerce taken from those in references [12, 45-47]
b Definition of thermally equilibrated antenna seegpressed by equivalent number of Chla is giveSupplemental Text
S7. Energy levels were based on approximate pdksorescence spectra.



Supplemental Table S8 Summary of total absorption coefficients of P&tld energy levels of pigments relevantto
kesdleri., based on an assumption that PSII dimer is cdaddo six trimers of LHCII, one CP26 and one CP28ee Text

S2 for more details.

pigment number of number of number of total
molecules pigment pigment pigment
(approximate molecules in molecules in 9 molecules in
fluorescence peak | PSIl monomer LHCII units CP26 and CP29
wavelength in nm) (3 trimers) per PSII
per PSII monomer
monomer
Chla 35 72 17.5
(685 ¥
pheophytins 2 0 0
(680 ¥
Chlb 0 54 8.5
(665 ¥
[3-carotene 11 0 0
(530 1
neoxanthin 0 9 1
(510f
violaxanthin 0 4.5 0.8
(510f
lutein 0 22.5 2.2
(520%
thermally 36.2p 78.3 18.58 131.0
equilibrated (27 %) (59 %) (14 %) (100 %)
antenna size
expressed by
equivalent number
of Chld
total absorption | 2.97x16 7.16x16 1.52x16 1.15x10
coefficient (26%) (61 %) (13%) (100 %)
at 404 nm
cm 'mol*dn?.

*These approximate peak wavelengths of fluorescemere taken from those in references or estimateskdan
fluorescence and absorption spectra of analogolecnies [12, 45, 47-49].
® Definition of thermally equilibrated antenna siepressed by equivalent number of Chla is giveStipplemental Text

S7. Energy levels were based on approximate pdksorescence spectra.



Supplemental text S4.

Averaged photon flux over the whole image areax@um = A) is given here in the case of 1 nW incident lge®rer of
404 nm at the sample (cf. Fig. 4 in the main text).

P 1x107°
he \  6626x107x 2998x10°
A —9

A 404x10

=167x10° molm™@s®™ when P=1x10"° [W]

x(45x10°f x 602x107

A: area of image obtained by the confocal laserssiogrmicroscope.
Na: Avogadro constant

P: average laser power at the sample position

h: Plank constant

c:speed of light

A: laser wavelength

Supplemental text S5

Excitation probability of PSII (e.g., with 200 Chteer PSII monomer) by a single pulse in the cask wfV incident laser
power of 404 nm at the sample. This light-harvegstbility is slightly larger than the estimatiohRSII for P. kessleri
(~190 Chla)) that was employed for a simulatiorveulFig. 4 in the main text.

Absorption cross section of chlorophyll is giverfaows.

o, = €100(IN1ON;  [cm?]
€= 6100 @404nm

£ : molar extinction coefficient (dfmol* cmi)=(M ™ cmi’?).
Excitation probability of PSII per single pulsegisen as follows.

P, =N Ty X 200

photons™ chl
= 611x10"*(IN10)N ;" x 200% N s
1x10° y 404x10°
75.5x10° | 6.63x10% x 300x10°

_7\2
314x 0.61M
14

611x10"*(In10)N ;! x 200x

0

0005

where,

_77\2
approximate area of the laser focu3'_‘l.4><( 0.61%J (cm?)



: 1x107
single pulse energy:

75.Ex10°
number of photons per single pulse: 1x10° X 404x10”
775.5x10° | 6.63x107% x 300x10°
N Jnotons - NUMbeEr of photons in a single pulse pef.cm

0., - absorption cross section of chlorophyll at 404 tont)

Supplemental text S6.
The relation between CFL (chlorophyll fluorescellitetime) and the maximum quantum vyield of photdktic charge

separation of PSII in the dark-adapted state.

In the simplest model (two-state model), PSII isuaised to exhibit only two states in terms of thmiféscence properties.
One is open state that can quench singlet excitgd by the primary charge separation. The otheldsed state that
already has charge-separated redox cofactors bghwitm more photosynthetic charge separation (PC8)re. The
simulation plots in Fig. 4 were obtained by assuniiris two-state model. In this case, the CFLthefopen and closed
PSIl is most simply defined as follows.

1
Kpcs T Ko T Kr +Kyg

1
kNPQ + kR + kNR ’

T =

open

= Tclosed = If kPCS= O '

where kecs knpo Kr @and kyg are rate constants of photosynthetic charge separaiologically activated quenching
(so-called nonphotochemical quenching, NPQ), radiatecay and the other non-radiative decay, réspde  In the case
of the CL at 689 nm dP. kesderi chloroplasts (cf. Table 3 in the main text),

)t gy
open closed _ Kpcs - (039 - (142 ~ 073~

<Topen>_l Kpcs *+ Knpo * K + Ky (038 Fu F

where Fy, Fo, Fy are maximum fluorescence yield, minimal fluoreseeryield and variable fluorescence yield of
dark-adapted PSIl in the PAM fluorometry, respasdiiv ForA. variabilis in this study, use of the CFL at 689 nm (cf.
Table 1 in the main text) leads to the followinguiks.

Kpcs _ (02571 - (0797 _
Kpcs *+ Knpo * Kr + Knr 0297

068

In the more detailed three-state model, the elactransfer system needs to be more explicitly a®rsid. Only one

example of a framework is described here [50].

The most relevant four redox cofactors are asvialo



P: primary electron donor chlorophyll (conventidpaenoted P680)
I: primary electron acceptor (conventionally atiitibd to a pheophytin)
Qa: secondary electron acceptor, quinone

Yz: secondary electron donor, the redox activesiyi®

Based on the above symbols,

(fully) open state: (Yz, P, I, Q

semiclosed state(s) : e.g., (Y2, |, Q), (Yz,P, 1, Q)

closed state: e.g., (Yz, P, Qa7), (YZ, P, I, Qa7), (YZ, P, I, Qa")

Only limited examples in each case are shown. 3Jémiclosed state can be formed from the open &tatsingle

excitation of PSIl. The fully closed state is faunonly after open state is doubly excited.

Supplemental Text S7

Definition of thermally equilibrated antenna siz@ressed by equivalent number of Chla. If thersui§icient number of
exchange of electronic excitation energy amongaihected pigments in terms of energy transferrbefee singlet excited
state is lost, the probability of excitation toideson a pigment of typeafter the thermalization process is expressed as

follows (Boltzmann factor).

ex

_ E| ~ EChIa
kBT

wherekg, T, Echs Ei are Boltzmann factogbsolute temperature, energy level of Chla andggriervel of the pigment of
typei, respectively. In order to estimate total capaoft accepting excitation energy of a pigment-protsomplex at a
thermal equilibrium, one should estimate the numvbeighted sum of the Boltzmann factor for all pigrhéypes as

follows.

_m = ) - he i_ 1
ZN‘eX[{ KT } ZN,ex;{ kBT()'i Acmﬂ

where M, h, ¢, Achia Ai are number of the same type of pigment, Plank'stent, speed of light, wavelengths of light

coresponding to the energy levels, respectivehhis Tormula is used for Tables S3 and S4.
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Supplemental Figure S8. Simulated ratio of long-lived fluorescence frorasgd PSII that is dependent on laser power.
This panel is the same as the panel (b) of Fig.the main text, but it is shown here for easy canigpn with the panel (b)
on the same horizontal scale. (b) Simulated raticlosed PSII that is dependent on laser powehred plots were
estimated with closed PSII converted into open R&H a single time constant. The employed timestants are shown

as a legend in the graph, which are based on eerefe [2].
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