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Abstract

This paper presents a mathematical model capable of qatrgiprediction of the state of the photo-
synthetic apparatus of microalgae in terms of their opergedd and damaged reaction centers under
variable light conditions. This model combines the proeess photoproduction and photoinhibition
in the Han model with a novel mathematical representatigghotoprotective mechanisms, including
gE-quenching and gl-quenchindror calibration and validation purposes, the model candasal Wo
simulate fluorescence fluxes, such as those measured in PAkbrihetry, as well as classical fluo-
rescence indexes. A calibration is carried out for the nailgaNannochloropsis gaditanavhereby

9 out of the 13 model parameters are estimated with goodsistadi significancausing the realized,
minimal and maximal fluorescence fluxes measured from adypisM protocol. The model is further
validated by considering a more challenging PAM protoctgralating periods of intense light and
dark, showing a good ability to provide quantitative préidies of the fluorescence fluxes even though
it was calibrated for a different and somewhat simpler PAMt@col. A promising application of
the model is for the prediction of Pl-response curves baseBAM fluorometry, together with the
long-term prospect of combining it with hydrodynamic anghli attenuation models for high-fidelity

simulation and optimization of full-scale microalgae punotion systems.

Keywords

microalgae - dynamic model- PAM fluorometry - photoinhibition - photoregulation- non-

photochemical quenchingNannochloropsis gaditana
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1. Introduction

The potential of microalgae for biofuel production has Iegn recognized (Sheehan et al., 1998).
Their high productivity, their ability to accumulate tridglycerols (TAGS) under certain stress condi-
tions, and their independence from arable land and fresbnadlttogether, put them in a competitive
position against conventional oil crops (Chisti, 2007; liafths and Laurens, 2010; Mutanda et al.,
2011). Nonetheless, the most optimistic previsions aredas crude extrapolations of the productiv-
ities obtained in the lab, where conditions differ dradlyciitom those in outdoor culture systems, and
no pilot- or larger-scale demonstration plant has beentabieproduce them as of yet. A better under-
standing of the underlying biophysical processes and thigractions is clearly necessary in order to
assess the true potential of microalgae culture systems.

In this context, mathematical modeling can be a great helpldeeloping a better understanding,
and in turn enabling a better prediction capability, of rmadgae culture dynamics. Models that convey
state-of-the-art scientific knowledge are invaluable gdof unveiling and untangling the underlying
photosynthetic and metabolic mechanisms. These modelbesgsted in a systematic way through
dedicated experiments and, conversely, they can be usedde the design of dedicated, information-
rich experiments. For process development purposes todelsican be used to improve the design,
operation and control of a microalgae culture system inrlenable and sustain a higher productivity
or TAG content (Cornet et al., 1992).

Microalgae exhibit a remarkable biological complexity dag¢he interaction of light- and nutrient-
limitation effects that span multiple time scales, rangnagn milliseconds to daysPhotoproduction
namely the collection of all processes from photons utiiirato CO; fixation, occurs in a fraction of a
second (Williams and Laurens, 201@hotoinhibition the observed loss of photosynthetic production
due to excess or prolonged exposure to light, acts on timesoéminutes to hours (Long et al., 1994);
Photoregulationalso known aslon Photochemical QuenchifyPQ), the set of mechanisms by which
microalgae protect their photosynthetically-active comgnts via the dissipation of excess energy as
heat, also occurs within minutes (Muller et al., 200Rjjotoacclimation the ability of microalgae
to adjust their pigment content and composition under varyight and nutrient conditions, acts on

time scales of hours to days (Macintyre et al., 2002); andlyirthe mechanisms involved in nutrient
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internalization and their metabolism into useful prodwatsur within hours to days as well (Falkowski
and Raven, 1997).

Among the available experimental tools to study the aforgmoeed processes, the use of
chlorophyll-a fluorescence has led to important discogenieer the past 40 years (Baker, 2008). To-
day’s state-of-the-art equipment, suctPagse Amplitude ModulatiofPAM) fluorometers, are not only
easy to use and fast, but they can also implement comple@quistwith great measurement precision
(Huot and Babin, 2010). Traditionally, a number of fluoresmeindexes, such as the realized quan-
tum yield of photosynthesis or the NPQ index, have been usechnitoring specific photosynthetic
mechanisms, by qualitatively relating these mechanisristmeasured fluorescence fluxes (Rohacek,
2002). In contrast, little effort has been devoted to quinty these relations in the form of mathe-

matical models, which would enable accurate predictionth®fguantum yield of photosynthesis and

in particular of its dynamic response to variable light dtinds. Otherprospectdor-suchmeodels

The main contributions of this paper are the developmentrofthematical model describing the
key photosynthetic mechanisms triggered by variable lggintditions and its validation using PAM
fluorescence experiments. Our model uses the well-accaptddl of photoproduction and photoinhi-
bition due to Han (2002) as a building block and it encompagse types of photoregulation, namely
gE-quenching and gl-quenching, for predicting fluoresedhwes. The novelty and originality of the
model lies in the way these fluxes are linked to the state gbtimeosynthetic apparatus in terms of its
photoinhibition level and NPQ activity, a set of conceptualiables that are not accessible via direct
measurements.

The remainder of the paper is organized as follows. The e of fluorescence as well as PAM
protocols are briefly discussed §2. The proposed fluorescence model is presenté@,iimncluding
a discussion of its properties. The results of a thorougthm@ion of the model parameters and its
subsequent validation against multiple experimental data are reported ig¥. Finally, conclusions

and a discussion of future research directions are prasanté.
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2. Principlesof Chlorophyll Fluorescence

When exposing a photosynthetically active volume to lightraction of the light is absorbed by
pigment molecules, another fraction is scattered out, haddst passes through the volume without
interaction. In particular, the absorbed photons haveetbassible fates: they are either captured by
the reaction centers of photosystem Il (RCII) to drive plgtdhesis (photoproduction), dissipated
as heat (photoregulation), or re-emitted as fluorescenagageorgiou and Govindjee, 2004). Thus,
much information about the photosynthetic processes canfeeed by measuring the fluorescence
flux under specific lighting protocols that preferentialttigate or inactivate the photoproduction and

photoregulation mechanisms.

2.1. Pulsed Amplitude Modulation Protocols

PAM fluorometry measures the photosynthetic efficiency ajtpbystem Il in a given sample of
microalgae, by using distinct light sources: a weak pulsedsuring light, an actinic light capable of
moderate intensities used to drive photosynthesis, antieasiag light of high intensity (Rohacek and
Bartak, 1999; Papageorgiou and Govindjee, 2004). Theomgoof a PAM experiment is a record of
the fluorescence flux against time, as illustrated in Fig. 1.

Before conducting a PAM experiment, the microalgae sangept is the dark during a sufficient
long time in order for (i) all RCllIs to be ready to accept etens (open state), and (i) NPQ to be
inactive—the sample is said to be dark-adapted. At the efdatie experiment, the measuring light
is switched on to a level weak enough (e@l #E m~=2 s~!) not to cause significant excitation of
the photosynthetic apparatus or trigger NPQ activatiorerghthe fluorescence detector records the
dark-adapted minimal fluorescence flu. Soon after, an intense actinic light pulse is applied (e.g.
6000 E m~2 s71), and the detector measures thark-adapted maximal fluorescence flik,. The
short duration of the pulse (c.&s) aims to prevent NPQ activation, while triggering complexeita-
tion of all the RCIlIs. Next, the actinic light is switched ohaadesired irradiance, so the microalgae
progressively transit from dark-adapted to light-adastete as a result of NPQ activation. During this
transition, the detector continuously records light-adapted realized fluorescence fluX, which is

decreasing until NPQ has reached a steady state. Every mrce/hile, a saturating pulse is applied
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on top of the actinic light to record theght-adapted maximal fluorescence fluX , and the actinic
light is also briefly switched off to record thight-adapted minimal fluorescence flu¥;. After NPQ
has reached its steady state, the actinic light is switcliednal recording of the realized, maximal
and minimal fluorescence fluxes can continue until the migemahave reverted back to dark-adapted
state. Note that the new dark-adapted state at the end ofpleeiment may be different from the initial

dark-adapted state due to the accumulation of damaged RHEs et al., 1990).

2.2. Inference of Fluorescence Protocols: Fluorescendexes

The main fluorescenc@dexes also commonly referred to as fluorescence parameters ilitthe
erature, are expressed as combinations of the charaictdlusies Fi,, Fy,, Fj, F, and F’ described
earlier. By discriminating either between dark- and lighapted states, or between realized, maximal
and minimal excitation states, these indexes allow monigaof specific photosynthetic mechanisms.

The maximum quantum yield of photosynthegiss given by (Kitajima and Butler, 1975):

 Fu-F

Pt ®

q

whereby the difference betwedn, and F; represents the maximum amount of photons that can be
used for photoproduction since NPQ is inactive (dark-ae@ptin contrast, the realized quantum yield
of photosynthesisbpg,, considers light-adapted states:

F, —F'

e @

Dpgy =

an index also known as th&enty parameterafter the researcher who first derived it (Genty et al.,
1989). Related indexes include:
Fj F —F Fj

ok qp = = —, and qu = aqr—, 3)

Pp, = Ppg2 P i

with ®;, being useful for monitoring photoinhibitionjp providing a means to quantify the extent
of photochemical quenching based on the level of excitatiothe photosynthetic apparatus (Bilger

and Schreiber, 1987); ang reflecting the level of interconnectivity in the photosyetib apparatus

6
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(Kramer et al., 2004). Likewise, the extent of photoregalatan be monitored through the NPQ index,

qnrq, defined as (Bilger and Bjorkman, 1990):

Fy — F!.
(4)

aNpPQ = T
m

whereby the difference betweét} andF;, represents the dissipation of energy due to photoregulatio

3. A Dynamic Model of Fluorescencein Microalgae

This section presents a dynamic model of chlorophyll flucease that accounts for key photosyn-
thetic processes having time scales up to an hour. Spelyifita model encompasses the processes
of photoproduction, photoinhibition and photoregulatibat neglects the changes in photoacclimation
state.

In PAM fluorometry, the fluorescence flux[V] emitted by a microalgae sample of voluvigm?]

and chlorophyll concentratioth [¢(chl) m~3] can be modeled a$iuot and Babin, 2010)

F:]mUChlq)f(l—Q)V)\pAM, (5)

where ®; stands for the quantum vyield of fluorescengeE iE~']; o, the total cross section
[m? g(chl)~'; I,,, the measuring light intensity:E m~—2 s~']; @ is a dimensionless parameter describ-
ing the percentage of fluorescence absorbed by the sampleypan [V s pE~'] is a gain parameter
aligning the voltage output of a PAM fluorometer with the attiluorescence flux. In particular, as
chl and(@ remain constant for a given photoacclimation state, it isveaient to lump all the constant

terms into a single paramet&f = I,,, chl (1 — Q) V Apam, giving

F=Spo®. (6)

In the sequel, we use the Han model to represent the effegiisatdproduction and photoinhibi-
tion on the fluorescence flux3.1) and we develop an extension of that model in order torapess

photoregulation effect$8.2). Then, we analyze the properties of the resulting m@&eB).
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3.1. Han Model

The model developed by Han (2002) and originating in the warkKok (1956) and Eilers and
Peeters (1988) is based on the concept of photosyntheti¢R®U), first introduced by Gaffron and
Wohl (1936) to represent the physical entity responsibtettie production of one ©molecule. In
this conceptual representation, each PSU is comprisedeoR@il and its associated Light Harvesting
Complex (LHC), and the chloroplasts are regarded as PSysarvariants of this model have also been
developed (Rubio et al., 2003) in order to predict microagl@hotosynthetic activity under varying
light conditions.

The description of photoproduction and photoinhibitiorthe Han model assumes that the RCII
of a PSU can be in either one of three states, namely open I@sgd (B) or damaged (C). An RCII
in state A is ready to accept an electron; in state B, it isaglyeoccupied by electrons; and in state C,
it is non-functional. As depicted in Fig. 2, each RCIl camsifrom one state to another depending
on the light irradiancd, with processes described by first-order kinetics. Phoiyction is described
by the transition from A to B, while the reverse transitionrfr B to A represents relaxation of the
RCII; photoinhibition, on the other hand, corresponds tttlansition from B to C, while the reverse
transition from C to B describes repair of the damaged RCktgymatic processes.

The equations in the Han model describe the dynamics oféleédns of open, closed and damaged

RClls in the chloroplasts, denoted Byt), B(t) andC(t), respectively:

. B

A: —IUPSQA—F? (7)

. B

B=1IopsgyA——+kC—kqops2 I B (8)
T

C=—kC+kiopsIB. 9)

Here,ops, denotes the effective cross section?[tE~']; 7, the turnover timeq]; k4, the damage rate
constant [-]; and:,, the repair rate constant']. Moreover,A(t) + B(t) + C(t) = 1 at all times.
Several expressions of the fluorescence quantum ield (6) as a function of the PSU statds

B andC have been proposed depending on the LHC-RCII configurafitrey typically involve the
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parameter®;!, ®2 and®{ representing the fluorescence quantum yields of an RClkite gt, B or
C, respectively (Huot and Babin, 2010). The one configuratiged subsequently is the so called Lake

Model (Kramer et al., 2004), whereldy is expressed as the harmonic mea®gf 2 andd¢,

1

AL B
o Top Ty

O =

(10)

In analogy to parallel electrical circuits, this configumatassumes that all RClls are connected to a
common LHC and thus compete for the incoming excitation ggneNaturally, other types of LHC-
RCII configurations can be used in the fluorescence modeskifetk

Besidesd;, the total cross-sectionin (6) can be related to the parameteg, in the Han model.

In a first stepg is related to the so-called optical cross sectigry; [m?* pmol(O,) '], as
o=opsu N, (11)

with N the number of PSUg:mol(O,) g(chl)~'], which remains constant for a given photoacclimation

state. In a second stefy g, can be related tepgy as (Falkowski and Raven, 1997)
ops2 = v opgu, (12)

Where<I>§ [E pE~'] denotes the quantum yield of photosynthesis of an open R@Ith is equal to
the realized quantum yield of photosynthes8is;, in the case thatl = 1 (see§3.3 for an expression
of ®); andv = 4 pE pmol(O,) ! is a conversion factor reflecting the minimum theoreticah{mal)

value of4 electrons produced for each molecule of water dissociated.

3.2. Accounting for Photoregulation

An important limitation of the Han model in the context of PAiMorometry is that some of its
parameters may vary on the time scale of minutes due to madaQ regulation mechanisms being
activated. Two types of NPQ mechanisms are accounted fdnsnatork, namely gl-quenching and

gE-quenching, which are often seen as the major contributofluorescence quenching on the time
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scales of interest (Horton and Hague, 1988). gE-quenchiagtivated at high light irradiance by low
thylakoid lumenal pH (Bilger and Bjorkman, 1990); it evet/within minutes and can result in up
to 90% reduction in fluorescence (Huot and Babin, 2010). gl-quimgets linked to photoinhibition,
according to the biological hypothesis that damaged RGiltcap and dissipate excited electrons as
heat; it typically evolves in a time scale of minutes to hoansl can be responsible for up t0%0
reduction in fluorescence (Falkowski et al., 1993).

We start by noting that only gE-quenching requires furtlmersideration as gl-quenching is already
accounted for through the dependencebpfon the fractionC' of damaged RCIIs in (10). Since gE-
guenching in the dark is negligible and varies with the liglatdiance via the change in lumenal pH, we
introduce a conceptual gE-activity reference functigntaking values in the rande, 1] and increasing
with I, from the levely,, = 0 at = 0. After consideration of experimental measurements of tRQN
index (4) as a function of (Kramer et al., 2004), we choose to formulatg as a sigmoid (Hill)

function of I
IQE + I

ags(1) , (13)

where I [E~'] represents the irradiance level at which half of the maxigi&activity is realized
(s = 0.5); andn [-] describes the sharpness of the transition, approachwitgh-like behavior
asn becomes larger. In addition, we describe tracking of theaqgtisity referencex by the actual

gE-activity levela(t) as a first-order process:
a = 5 (ass(l) - Oé) ) (14)

where¢ [s~!] denotes the rate of NPQ adaptation, which shall be assummestant here on the time
scales of interest.

In accounting for the effect of gE-activity on the fluorescence fluk in (6), both®; ando could,
in principle, depend on, and possibly simultaneously. After consideration of mplgtexperimental
data sets and model variants, and in an objective to minitheenumber of assumptions and model
parameters, we choose to express the dependenge amy—we shall come back to this important

point later on in the results section. Following KitajimadaButler (1975); Oxborough and Baker

10
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(1997) and Huot and Babin (2010), we express the fluoresaprar@um yields as

1 1 1
oft = , =  of = : (15)
L+mnp +np + neE T+ 7D + nqe T+m+np+neE

where the parameterg, np, nqe andn; represent, respectively, the rates of photoproductiosalba
thermal decay in dark-adapted state, gE-quenching andeytahing, all relative to the rate of fluores-
cence; that is, these four parameters are dimensionlesser@bthatb? does not depend omp as a
closed RCII cannot support photoproduction, @ddepends omy; instead ofip in order to account
for the effect of ql-quenching. Moreover, following Oxbaoigh and Baker (2000), we capture the effect

of gE-quenching by expressingg as a linear relationship of the gE-activity level

an = ﬁqE (07 9 (16)

with 77, a parameter describing the maximum rate of energy dissipafiinally, an expression of the

fluorescence fluxX’ is obtained by substituting (15) and (16) back into (6), i

SFO'

F= . 17
1‘|‘77D+ﬁqEOé+A77P+C771 (17)

3.3. Properties of Fluorescence Model

In PAM fluorometry, the fluorescence flux in (17) corresponds to the light-adapted realized flu-
orescence flu¥’—see§2.1. The remaining characteristic fluorescence fluxgs,, Fj and F are
obtained by specializing (17) with = 0 and B = 0 for the maximal and minimal fluorescence fluxes,
respectively, and witlax = 0 for the dark-adapted fluorescence fluxes. These expresmiemsported
in the left part of Table I.

Mathematical expressions of the fluorescence indexesstiedung2.2 follow readily from substi-
tution of the foregoing PAM flux expressions. Two sets of eggions are reported in the right part of
Table |, corresponding to whether or not the assumptipn= @ is made—or, equivalentlyy = np.
This assumption originates in the work of Maxwell and Joim&®D00), who argued that quenching

related to RCIl damage does not cause a variation in the-tigapted minimal fluorescence flux,

11



o thus implying that the fraction of incoming photons leadiaghotoproduction in an open RCII should

2

a

20 be the same as the fraction of incoming photons dissipatbdatin a damaged RCII.

261 A number of comments are in order regarding the fluorescerExiexpressions:

262 e The realized quantum yield of photosynthedisg,, turns out to be a nonlinear function of the
263 open, closed and damaged RCI! fractions, irrespectivesfifisumptiod;! = ®¢. This result
264 suggests that the usual hypothesis of a linear relatiortsttipeendpg, and the fractionA of

265 open RCIlIs could be inaccurate, especially when the fradiicof closed RClIs is small. An
266 expression of the quantum yield of photosynthesis of an &$&ih, defined asbg‘ earlier in (12),
267 can also be derived from the expressionbgf, in the special case that = 1:

! LS (18)

14+ g+ e

269 e The maximum quantum yield of photosynthesisis a nonlinear function of the fractiofi of

270 damaged RCllIs in the dark-adapted sample in general, Bulémendency becomes linear under
m the assumption thak;' = of'.

212 e The photochemical quenching index, is found to be equal to the ratio of open-to-active RCIIs,
213 which is in agreement with the considerations in Kramer g{24104).

214 Finally, we note that an expression of the fractionf damaged RClIs can be obtained as a function

s Of the fluorescence indexéds, andgy, in the form:

Dy (1 + + 7 pa+
o= Tl Hm gt m) (19)
O, (nr — np) + quyp

217 A detailed derivation of this expression is reported in Apgig A. This relation is particularly useful

s from a practical standpoint as it allows predicting the l@fedamage of the photosynthetic apparatus
279 based on experimental measurement®pfandq,, in combination with the gE-activity level pre-

20 dicted by (13)-(14). In particular, the latter equations erdependent of the states of the PSUs due to
21 the cascade structure of the fluorescence model. Similaesgions can be obtained for the fractions

22 A and B of open/closed RClIs by noting that= (1 — C')q, andB = (1 — C)(1 — qr.).

12
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4. Results and Discussion

This section presents the calibration results of the ciployt fluorescence model developedsid

together with a validation analysist

4.1. Material and Methods

The microalgaNannochloropsis gaditan@CCAP, strain 849/5) was grown in a sterile, filtered F/2
medium, using sea salts (82L) from Sigma, 4GnMTris HCI, pH 8 and Sigma Guillard’s (F/2) marine
water enrichment solutiorGrowth experiments were conducted in the multi-cultivéfii? 1000-OD
system (Photon Systems Instruments, Czech Republic) daith measurements of the growth rate via
changes in optical density OD 720 using spectrosphotome®y suspension culture was continuously
mixed and aerated by bubbling air, maintained at a temperati21 °C, and subject to a constant
light intensity of 100uE m~2 s~* supplied by an array of white LEDs. Samples were harvested fr
the multicultivator after 5 days (late exponential phase)that the microalgae are acclimated to these
conditions, yet still actively growing and not experiergimutrients depletionA pre-culture was also
grown at 100:E m~2s7! in glass bottles of 0.2k under a continuous airflow, enriched witf5CO,.

At the exponential growth phase, this pre-culture was deged and re-suspended in fresh medium to
reach a final concentration 6fx 106 cells/ml, beforéts introductionin the multi-cultivator.

All the fluorescence measurements were performed using ARAM (Walz, Germany), after a
dark adaptation period of 20 minutes, by exposing the migemasamples to variable actinic light
intensities in time intervals of 60 seconds. Before switghon of the actinic light and during the final
2 s of each interval, a saturating light pulse at 6Qd0m—2 s~! was applied during 0.6, followed by
a dark period (actinic light off) of 1.4; measurements were recorded before and after the saturatin
pulses and after the dark periods, which correspond td, and Fjj, respectively.

Two separate experiments were performed for the purposedéhaalibration§4.2) and validation

(84.3). Both light protocols are reported, with the correspog fluorescence flux data, in Appendix

13
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B. The simulations of the fluorescence model were conduatéteimodeling environment gPROMS
The calibration too was performed in gPROMS using maximukelihood estimation and statistical
confidence analysis (Walter and Pronzato, 1997), in ordehBomodel predictions to match the mea-

sured fluorescence fluxés, I’

m

andFj. Due to lack of further information regarding the precisaom
accuracy of the PAM fluorometer, a 1% standard deviation wasraed for the measured fluorescence

fluxes to determine the parameters and estimate their cockdatervals.

4.2. Model Calibration

The chlorophyll fluorescence model developed3ncomprises a total of 13 parameters, many of
which have unknown values and thus need to be estimated. iditeprotocol and fluorescence flux
measurements used for purpose of model calibration arersbowig. 3 (gray-shaded area and points
with error bars, respectively). The first part of the expeminshows a gradual increase of the actinic
light intensity from 0 to 196Q:E m~2 s~! in stages of 60 s, before the switching-off of the actinibtig
around 1000 s until the final time of 1200s. The correspondatg can be found in Tables Il and IV
(Appendix B).

Not all 13 parameter values can be estimated with high caméelérom this data set, as certain
parameters are insensitive or turn out to be highly comdlaif at all identifiable.Model reduction
techniques could be used in order to arrive at a simpler mduglthis would entail loss of physi-
cal meaning for (part of) the states and/or parameters amehsanot considered herdfter solving
multiple instances of the parameter estimation problemvésious subsets of parameters, we found
that 9 parameters can be confidently estimated by keepinglitbe/ing 4 parameters, k., N andnp

constant:

e The parameter representing relaxation of the closed RClls in the Han maplocess acting
on very fast time scales, turns out to have a very small effiethe predicted fluxes. On the other
hand, the parametét. describing repair of the damaged RCIlIs on a time scale ofshocamnnot
be confidently estimated from experimental data collected @0 minutes only. The values for

7 andk, in Table Il are the mean values of the ranges reported by Hah €000). One way

1Process Systems Enterprise, gJPROMBy. psent er pri se. coml gpr ons, 1997-2014
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of determiningr experimentally would be to use fast repetition rate (FFR)rfhmetry that can
apply flashes at microsecond intervals (Kolber et al., 1998gwise, a more confident estimate
for k, could be obtained by simply extending the dark phase at tHeoéthe calibration PAM

experiment, e.g., by an hour or two.

e The total number of PSU$Y, cannot be confidently estimated due to its large correlatith the

total cross-section w . The value

for N in Table Il is based on the Emerson number of 2,600(chl) mol(O,)~!, as reported by

Falkowski and Raven (1997).

e The parameter subset formed by the relative rate constants, 7., 7 and the scaling factor
Sg in (17) is structurally unidentifiable based on fluorescefhece measurements only, calling
for fixing the value of one of these parameters. The paramgteepresenting the rate of basal
thermal decay relative to the rate of fluorescence can bmaisd based on the probability of
thermal dissipation and the probability of fluorescenceafphoton absorbed by a dark adapted
RCII. The value in Table Il is the mean of thosg values for which the resulting fluorescence

guantum yields are consistent with the data by Huot and B@ih0).

The parameter values and 95% confidence intervals detednimegPROMS using maximum-
likelihood estimation are reported in the right part of bl The corresponding fits of”, £ and F
against the measured fluxes are shown in Fig. 3, both withalidth the assumptio;' = ®¢'. Note
that the predicted fluorescence fluxes are in excellent agmeewith the measured fluxes, thereby
providing a first confirmation that the proposed model stiieetaptureshe interplay between pho-
toproduction, photoinhibition and photoregulation in @ical PAM experiment. Moreover, all the
parameter estimates, bkt and;, have 95% confidence interval below 10%, which is quite ré&mar
able given the large number of estimated parameters angperent simplicity of the PAM protocol
in Fig. 3. Although the estimated values kf andn; are found to pass the statistical t-test, the presence
of a large correlation between these parameters explagisréiatively poor precision. Under the as-
sumption thatb! = ®¢, or equivalently; = 7y, the 95% confidence intervals are reduced under 10%,

without significantly affecting the rest of the parametddanetheless this assumption would require

15



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

further testing and validation before adoption.

4.3. Model Analysis and Validation

Besides predicting the fluorescence fluxes well, the atofithe model to predict the fluorescence
indexesqr,, Pps2 andgypq is depicted in Fig. 4, based on the expressions given in gie part of
Table I. The index®pg, is predicted quite accurately by the model throughout theeetime hori-
zon, and the smooth transition in tkkeg, profile observed once the actinic light is switched off is a
consequence of qE-quenching acting directly on the quagtalt of photosynthesis in the proposed
NPQ representation. Moreover, the predicted value of 0oB%hfe quantum yield of photosynthesis
of a dark-adapted open RCIll—this value corresponds tabthg at initial time here—is in excellent
agreement with values widely reported in the literatureo(&d et al., 2012; Simionato et al., 2011;
Kolber and Falkowski, 1993). The overall fitting quality bktindexg;, is also satisfactory, apart from
the last few experimental points during the light phasevben 800-1000 s), which are over-predicted
by the model. Nonetheless, the model captures well the siamge iy, that occurs when the actinic
light is switched off, a property that comes forward with gx@ression ofy;, in Table | due to the fast
dynamics ofA and B. Finally, the accurate predictions gfpq in the lower plot of Fig. 4 provide
another confirmation that the NPQ regulation is capturedjaalely by the selected model structure.

Further validation of the model can be obtained upon anadythie level of photoinhibition created
by the continuously increasing actinic light. Specificathe main plot on Fig. 5 shows a comparison
between the fraction’ of damaged RClIs predicted by the full calibrated model dedsame fraction
given by (19). We recall that the later uses the availabledisence flux measurements in combination
with the predicted gE-activity level, but does not rely on the Han model at all. These two damage
fractions are found to be in good agreement, especially vdoasidering the error bars and the red
envelope of predictions computed from the 95% confidenavats of the calibrated parameters in
both cases. These rather large errors—between 0.02-0tB& and of the light phase—are caused by
the rather large confidence intervals for the parameéteasdr; in this case. For comparison purposes,
the smaller plot on Fig. 5 shows the predictions of an altereanodel of gE-quenching, whereby the
gE-activity variablea: modifies the absorption cross sectiernn (5) instead of the quantum yield of

fluorescenced;. As well as the large discrepancy between both predictidtiseodamage level, it is
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the unusually large damage level (up to 60% after 1000 s)galath the fast repair rate that clearly
invalidate this alternative gE-quenching representation

The foregoing results suggest that the proposed fluoresagandel is capable of quantitative pre-
dictions of the state of the photosynthetic apparatus umastng light conditions. To confirm it, we
carry out a validation experiment for an (unusually) chagieg PAM experiment, as shown in gray-
shaded area on Fig. 6. The corresponding model predictiased on the default and calibrated model
parameters in Table Il, are compared to the actual flux measemts in Fig. 6. Although calibrated for
a quite different and somewhat simpler PAM protocol, thécated model remains capable of reliable
guantitative predictions of the fluorescence fluxes. Demiatare observed in various parts of the re-
sponse flux profiles, which are possibly due to effects andga®es not accounted for in the proposed
model, yet these deviation remain small, within 10-20%. W§e aote that such extreme variations of
the light conditions, however useful in a model validationtext, are unlikely to be found in a practical

microalgae culture systems.

5. Conclusions

This paper proposes a mathematical representation of katpgynthetic processes acting on time
scales up to an hour and triggered by varying light condgjavhich are typical in PAM experiments.
The dynamic fluorescence model relies on the combinatiomagif ghotosynthetic mechanisms with
slower photoprotective mechanisms in order to yield a tdgpendent expression of the quantum yield
of photosynthesis. Despite comprising a total of 13 paramet careful calibration and subsequent
validation against multiple experimental data sets shbwasthe model is capable of quantitative pre-
dictions of the state of the photosynthetic apparatus mseof its open, closed and damaged reaction
center. This makes it the first model of its kind capable aal#é predictions of the levels of photoin-
hibition and NPQ activity, while retaining a low complexi@yd a small dimensionality.

Such generic capability to predict the development of pindibition and photoregulation, yet
without the need for dedicated experiments (Ruban and Meyr@®12), addresses a long-standing
challenge in the modelling of photosynthetic productivatyd holds much promise in regard of future

applications. By design, the fluorescence model is indepdida of simulating experimental protocols
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used for the determination of Pl-response curves, yet aypttie usual—and somewhat problematic—
static growth assumptioi®ne can for instance consider the following expression@ptimotosynthesis
rate P as

P=1Icd, (20)

where @ is the photosynthesis quantum yield, which is closely eglab the quantum vyield of the
ETR, ®pgs, and can be measured by PAM fluorometry (Suggett et al., 2003 opens the possibility
for a cross-validation framework, whereby both fluoreseeaicd classical growth experiments could
be used for model validation purposes. In combination wetliicated PAM experiments, there is also
hope that the model could serve as a platform for unveilimyipusly hidden information concerning
the operation of the photosynthetic apparatus. Because &4driments are both precise and fast, a
full validation of the model appears tractable in this cahtespecially if model-based experimental
design is used for testing the model structure further, taghugh the determination of information-rich
PAM protocols.

Incorporating photoacclimation processes is currenthgstigated as part of future work in order
to widen the applicability of the model, such as predicting ¢évolution of a microalgae culture over
time periods of several days or even weeks. Eventually,igiervis to integrate a fully validated model
of photosynthesis within first-principle models descripthe flow and light attenuation in large-scale

microalgae culture systems as a means to guide their desthogerations.

AcknowledgmentAN and BC gratefully acknowledge financial support by ERCeearintegration
grant PCIG09-GA-2011-293953 (DOP-ECOS). TM gratefullgremvledges financial support by ERC
starting grant 309485 (BIOLEAP). AB and FB gratefully aclutedge Fondazione Cariparo for grant

Progetto Dottorati di Ricerca 2012.

18



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

References

Baker, N. R., 2008. Chlorophyll fluorescence: A probe of pkghthesis in vivo. Annual Review of
Plant Biology 59 (1), 89-113.

Bilger, W., Bjorkman, O., 1990. Role of the xanthophyll &y photoprotection elucidated by mea-
surements of light-induced absorbance changes, fluoreseen photosynthesis in leaves of hedera

canariensis. Photosynthesis Research 25 (3), 173-185.

Bilger, W., Schreiber, U., 1987. Energy-dependent quergchf dark-level chlorophyll fluorescence in

intact leaves. In: Excitation Energy and Electron Transfd?hotosynthesis. Springer, pp. 157-162.
Chisti, Y., 2007. Biodiesel from microalgae. Biotechnofdgdvances 25 (3), 294-306.

Cornet, J. F., Dussap, C. G., Cluzel, P., Dubertret, G., 189&tructured model for simulation of
cultures of the cyanobacteriuBpirulina platensisn photobioreactors: Il. Identification of kinetic

parameters under light and mineral limitations. Biotedbgp & Bioengineering 40 (7), 826—834.

Eilers, P. H. C., Peeters, J. C. H., 1988. A model for theiiahip between light intensity and the rate

of photosynthesis in phytoplankton. Ecological Modell#fy(3), 199-215.

Falkowski, P. G., Greene, R., Kolber, Z. S., 1993. Lightizailion and photoinhibition of photosynthe-

sis in marine phytoplankton. Tech. rep., Brookhaven Natiduaboratory, Upton (NY).

Falkowski, P. G., Raven, J. A., 1997. Aquatic photosynthe¢nl. 256. Blackwell Science Malden,
MA.

Gaffron, H., Wohl, K., 1936. Zur theorie der assimilatioratNrwissenschaften 24 (6), 81-90.

Genty, B., Briantais, J.-M., Baker, N. R., 1989. The relasioip between the quantum yield of pho-
tosynthetic electron transport and quenching of chlordglwrescence. Biochimica et Biophysica

Acta (BBA) - General Subjects 990 (1), 87 — 92.

Han, B. P., 2002. A mechanistic model of algal photoinhimitinduced by photodamage to
photosystem-Il. Journal of Theoretical Biology 214 (4)9527.

19



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

Han, B.-P., Virtanen, M., Koponen, J., StrasSkraba, M., Iffect of photoinhibition on algal photo-

synthesis: a dynamic model. Journal of Plankton Resear¢h)2865—-885.

Horton, P., Hague, A., 1988. Studies on the induction of gbyll fluorescence in isolated barley
protoplasts. iv. resolution of non-photochemical quenghBiochimica et Biophysica Acta (BBA)-

Bioenergetics 932, 107-115.

Huot, Y., Babin, M., 2010. Overview of fluorescence protscttheory, basic concepts, and practice. In:

Chlorophyll a Fluorescence in Aquatic Sciences: MethodsAgpplications. Springer, pp. 31-74.

Kitajima, M., Butler, W. L., 1975. Quenching of chlorophyluorescence and primary photochem-
istry in chloroplasts by dibromothymoquinone. Biochimatd&Biophysica Acta (BBA)-Bioenergetics
376 (1), 105-115.

Kok, B., 1956. On the inhibition of photosynthesis by intedight. Biochimica et Biophysica Acta
21 (2), 234-244.

Kolber, Z. S., Falkowski, P. G., 1993. Use of active fluoreseeto estimate phytoplankton photosyn-
thesis in situ. Limnology & Oceanography 38 (8), 1646—1665.

Kolber, Z. S., Prasil, O., Falkowski, P. G., 1998. Measueats of variable chlorophyll fluorescence
using fast repetition rate techniques: defining methododogl experimental protocols. Biochimica

et Biophysica Acta (BBA) - Bioenergetics 1367 (1-3), 88—106

Kramer, D. M., Johnson, G., Kiirats, O., Edwards, G. E., 2004w fluorescence parameters for
the determination of gq(a) redox state and excitation enéuyes. Photosynthesis Research 79 (2),

1209-218.

Long, S. P., Humphries, S., Falkowski, P. G., 1994. Photbitibn of photosynthesis in nature. Annual
Review of Plant Physiology & Plant Molecular Biology 45 (633-662.

Macintyre, H. L., Kana, T. M., Anning, T., Geider, R. J., 20@hotoacclimation of photosynthesis
irradiance response curves and photosynthetic pigmemisdroalgae and cyanobacterial. Journal

of Phycology 38 (1), 17-38.

20



489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

Maxwell, K., Johnson, G. N., 2000. Chlorophyll fluorescer@practical guide. Journal of Experi-

mental Botany 51 (345), 659-668.

Muller, P., Li, X.-P., Niyogi, K. K., 2001. Non-photocheoal quenching. a response to excess light
energy. Plant Physiology 125 (4), 1558-1566.

Mutanda, T., Ramesh, D., Karthikeyan, S., Kumari, S., Amapd., Bux, F., 2011. Bioprospecting for
hyper-lipid producing microalgal strains for sustainatilafuel production. Bioresource Technology

102 (1), 57-70.

Oxborough, K., Baker, N. R., 1997. Resolving chlorophyfluorescence images of photosynthetic
efficiency into photochemical and non-photochemical congmts — calculation af P and Fv' / F'm/

without measuring”o’. Photosynthesis Research 54 (2), 135-142.

Oxborough, K., Baker, N. R., 2000. An evaluation of the ptiriggers of photoinactivation of pho-
tosystem Il in the context of a Stern-Volmer model for dovgulation and the reversible radical pair
equilibrium model. Philosophical Transactions of the R@@ciety of London. Series B: Biological

Sciences 355 (1402), 1489-1498.

Papageorgiou, G. C., Govindjee, 2004. Chlorophyll a Flsogace: A Signature of Photosynthesis.
Vol. 19. Springer, Dordrecht, The Netherlands.

Rees, D., Noctor, G. D., Horton, P., 1990. The effect of heglergy-state excitation quenching on

maximum and dark level chlorophyll fluorescence yield. Bephthesis Research 25 (3), 199-211.

Rohacek, K., 2002. Chlorophyll fluorescence parametbesdefinitions, photosynthetic meaning, and

mutual relationships. Photosynthetica 40 (1), 13-29.

Rohacek, K., Bartak, M., 1999. Technique of the modwatelorophyll fluorescence: basic concepts,

useful parameters, and some applications. Photosyra#fi¢3), 339—-363.

Ruban, A. V., Murchie, E. H., 2012. Assessing the photoptote effectiveness of non-photochemical
chlorophyll fluorescence quenching: A new approach. Bimite et Biophysica Acta (BBA)-
Bioenergetics 1817 (7), 977-982.

21



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

Rubio, F. C., Camacho, F. G., Sevilla, J. M., Chisti, Y., Gairk. M., 2003. A mechanistic model of

photosynthesis in microalgae. Biotechnology & Bioengiimege81 (4), 459-473.

Sforza, E., Simionato, D., Giacometti, G. M., Bertucco, Mqrosinotto, T., 2012. Adjusted light and
dark cycles can optimize photosynthetic efficiency in algemving in photobioreactors. PloS One

7 (6), €38975.

Sheehan, J., Dunahay, T., Benemann, J., Roessler, P., A3k Back at the U.S. Department of

Energy’s Aquatic Species Program — Biodiesel from AlgaehTeep., U.S. Department of Energy.

Simionato, D., Sforza, E., Corteggiani Carpinelli, E., #8eco, A., Giacometti, G. M., Morosinotto, T.,
2011. Acclimation oNannochloropsis gaditani different illumination regimes: Effects on lipids

accumulation. Bioresource Technology 102 (10), 6026—-6032

Suggett, D. J., Oxborough, K., Baker, N. R., MacIntyre, H.Kana, T. M., Geider, R. J., 2003. Fast
repetition rate and pulse amplitude modulation chloropdfluorescence measurements for assess-
ment of photosynthetic electron transport in marine phigioikton. European Journal of Phycology

38 (4), 371-384.

Walter, E., Pronzato, L., 1997. Identification of Paraneebfiodels from Experimental Data. Commu-

nications and Control Engineering. Springer, New York.

Williams, P. J. |. B., Laurens, L. M. L., 2010. Microalgae asdiesel & biomass feedstocks: Review
& analysis of the biochemistry, energetics & economics.rgyne& Environmental Science 3 (5),
554-590.

Appendix A. Derivation of Mathematical Expression of Damaged Reaction Centers

Starting with the expression of the fluorescence ingeix Table I,

A
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and using the property + B + C' = 1, we obtain

C=1- é (A.1)
qL

Then, from the expression of the fluorescence inblgxlso in Table I,

L+ 1mp + Ngpae + (L= C)np +

P,

we can express the fraction of open reaction cemeas

P (1 n 1-C C
Ao L1+ np + o+ ( e + m)' (A2)
s

Expression (19) of the fraction of damaged reaction ceriteas a function of the qE-activity level

follows by substituting (A.2) into (A.1) and simple algelarananipulations.

Appendix B. Calibration and Validation Data Sets

For completeness and reproducibility of our results, werejhe light protocols (Table 1ll) and the

corresponding fluorescence measurements (Table V) fordaiitbration and validation data sets.
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Table I: Expressions of PAM fluorescence fluxes (left side) fluorescence indexes (right side).

Flux Expression Index np # M np =n
B ko Dpg2 A A
L+np + g+ Anp + Cmt L+np +Tgea+ Anp +Cyr - 1+ np +Tgpa+ (1 — B)np

. Sro ) (1= (1=

" L+np + g+ Cm 1+np + (1= C)ne + Cmi 1+np +np

’ SFO' A A
Iy — qu

141D + g + (1 = C)np + Cmn A+ B A+ B
P Sro
1+np +Cm
S

Fo 7

L+np+(1—=C)ne + Cmr
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Table II: Default values of the constant parameters (leffjpand estimated values with confidence intervals of thibreded
parameters (right part).

Parameter Value Units Parameter Estimate9d5% Conf. Int. Units
k. 5.55 x 10~° s 1 £ 5.95 x 1072 +6.65 x 1073 s 1
T 5.50 x 1073 S n 2.26 x 100  +£7.76 x 1072 g1
N 4.48 x 1071 pmol(Oz) g(chl)~* Ioe 8.56 x 102 +£2.88 x 101 pEm=2s7!
D 5.00 x 100 - kq 6.41 x 1077 +3.38 x 107 -
np 1.14 x 101 £1.60 x 107! -
n 7.87 x 101 +3.94 x 10 -
N 1.98 x 101 +6.69 x 10~ -
o 1.75 x 100 +8.70 x 102 m?pE~!
Sg 779 x 1071 £3.90 x 1072 g(chl) uE~1 V!
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Table IlI: PAM actinic light profiles for the calibration anglidation experiments.

Step Duration [sec]

60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

Calibration
Irradianc@E m 257! ]

14
21
45
78
134
174
224
281
347
438
539
668
833
1036
1602
1602
1960
14
14
14

Validation
Irradiance pE m—2s7!]
14
21
1602
1960
45
78
1036
1295
134
174
1602
1960
45
78
134
1960
1960
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Table IV: Fluorescence flux measurements for the calibmadind validation experiments.

Calibration Validation
Time[sec]  F'[V] F, [Vl F;j[V] FIIVI O FL IV EG V]

0 0.077 0.223 0.078 0.090 0.221 0.090
60 0.083 0.224 0.078 0.094 0.222 0.090
120 0.082 0.227 0.078 0.094 0.225 0.091
180 0.083 0.226 0.078 0.064  0.067 0.047
240 0.084 0.222 0.078 0.053 0.055 0.040
300 0.087 0.214 0.077 0.087 0.161 0.078
360 0.088 0.209 0.076 0.090 0.174 0.081
420 0.088 0.198 0.075 0.051  0.057 0.041
480 0.087 0.180 0.072 0.046  0.049 0.037
540 0.083 0.160 0.069 0.079  0.136 0.072
600 0.079  0.137 0.064 0.080 0.135 0.071
660 0.073 0.116 0.059 0.048 0.050 0.038
720 0.067  0.098 0.054 0.042 0.043 0.033
780 0.061  0.082 0.049 0.075 0.127 0.069
840 0.057  0.070 0.044 0.082 0.142 0.073
900 0.053 0.061 0.041 0.080 0.137 0.072
960 0.050 0.055 0.038 0.047 0.048 0.036
1020 0.047 0.051 0.036 0.042 0.042 0.033
1080 0.070  0.146 0.066 0.063 0.102 0.061
1140 0.070 0.154 0.067 0.064 0.112 0.064
1200 0.071  0.160 0.069 0.067 0.120 0.067
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Figure 1: Representative PAM protocol and outcome. The-lighy lines represent the light irradiance, includinghbot
actinic and measuring lights; the darker line shows theesponding fluorescence flux measurements (in volts).
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Figure 2: Schematic representation of the Han model
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comparison for an alternative model of gE-quenching (neediand circles), whereby the qE-activity variablaffects the
absorption cross sectienin (5) instead of the quantum yield of fluorescedge
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Figure 6: Comparison between the predicted and measuredsitence fluxes!, (blue lines, triangles)t (purple lines,
circles) andF” (red lines, square) in response to various actinic lightlel (gray-shaded area) for the validation experi-
ment.
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