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ABSTRACT

A model which predicts total photosynthetic electron flow from
a linear regression of the relationship between corrected steady-
state quantum yield and nonphotochemical quenching (E Weis,
JA Berry [1987] Biochem Biophys Acta 894: 198-208) was for-
mulated for N-limited cells of the green alga Selenastrum minu-
tum. Unlike other models based on net CO; fixation, our model is
based on total photosynthetic electron flow measured as gross
O. evolution. This allowed for the prediction of total photosyn-
thetic electron flow from water to both CO, fixation and NO5~/
NO.~ reduction. The linear regression equation predicting electron
flow is of the form: J = 1.Q,[0.4777-0.3282 Qus] (where J = gross
photosynthetic electron flow, / = incident PAR, Q, = photochem-
ical quenching, Qv = nonphotochemical quenching). During
steady-state photosynthesis, over a range of irradiance, the
model predicted a photosynthetic light saturation curve which
was well correlated with that observed. Although developed un-
der steady-state conditions, the model was tested during non-
steady-state photosynthesis induced by transient nitrogen assim-
ilation. The model predicted transient rates of gross O, evolution
which were in excellent agreement with the rates observed under
a variety of conditions regardless of whether CO, or NO;7/NO,~
served as the physiological electron acceptor. The fluorescence
transients resulting from ammonium and nitrate assimilation are
discussed with respect to metabolic demands for reductant and
ATP.

Chlorophyll a fluorescence provides a sensitive indicator of
photochemical processes (12, 14). Qualitative relations be-
tween fluorescence emission and photochemistry have fre-
quently been demonstrated, but these relations have been
obscured by the fact that there are two major mechanisms of
fluorescence quenching (10, 13). Differentiation of these
mechanisms via the light doubling procedure of Bradbury
and Baker (2, 3) and subsequent development of the ‘satura-
tion pulse’ method (22) and modulation techniques (9, 15,
20, 22) have allowed the formulation of models predicting
rates of photosynthetic electron transport based upon quench-
ing analysis of fluorescence emission (22, 31, 32). Quenching
of chl a fluorescence emission can occur as a result of changes
in the redox level of Q,, the primary electron acceptor of PSII
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(photochemical quenching; Q,). Oxidized Q, allows excitation
energy to be used for photochemistry, preventing the reemis-
sion of light energy as fluorescence (i.e. ‘quenching’ the fluo-
rescence). Quenching may also result from nonphotochemical
processes (nonphotochemical quenching; Qnr). Although
there are potentially several mechanisms accounting for Qwp,
it is generally believed that increases in the transthylakoid pH
gradient may result in structural changes which are thought
to increase thermal dissipation of absorbed light energy. While
Q, is a measure of the oxidation state of Q4, and therefore
one indicator of the ability of PSII to utilize excitation energy
to perform work, it has been repeatedly shown that Qne
quenching is negatively correlated with quantum yield of PSII
(10, 11, 17, 18, 31, 32). This suggests an important role for
thylakoid membrane energization in the regulation of PSII
activity. Thus, models for the estimation of photosynthetic
electron transport from fluorescence must take into account
both of these quenching mechanisms.

Weis and Berry (31) have shown that quenching analysis
can be used to estimate total electron transport rates (J) from
fluorescence emission according to the equation:

J= IQq(b - MQNP)

where [ is the incident PAR, and m and b are empirically
derived constants. Rates of steady-state photosynthetic elec-
tron transport calculated using these fluorescence-derived pa-
rameters were highly correlated to electron transport rates
calculated from net CO, exchange (23, 31, 32).

In this report we utilize gross photosynthetic O, evolution,
measured via mass spectrometry, to derive the constants m
and b, and to confirm fluorescence-based estimates the total
photosynthetic electron transport chain activity. Use of gross
O, evolution as a measure of photosynthetic electron flow is
an improvement over net CO, exchange as it is not biased by
respiratory CO, release. More importantly, it facilitates the
measurement of photosynthetic electron transport to sub-
strates other than CO,, such as inorganic nitrogen. We show
that fluorescence-based estimates of electron transport pro-
vide an accurate measure of photosynthetic electron flow,
regardless of the electron acceptor (CO, or NO; /NO;"),
during both steady-state and transient photosynthesis.

MATERIALS AND METHODS
Organism and Culture

The green alga, Selenastrum minutum Naeg. Collins
(UTEX 2459) was grown axenically in chemostat culture
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under NOs™ limitation at a growth rate of 0.3 d~'. Complete
culture conditions were as described in Elrifi and Turpin (4).

Experimental

Cells were harvested from chemostats and resuspended at
a density of approximately 30 ug Chl mL™" in DIC-free, N»-
sparged Na-HEPES (pH 7.0, 25 mM). Gross photosynthetic
O, evolution and CO, fixation were measured with a VG Gas
Analysis MM 14-80SC mass spectrometer (Middlewich, Eng-
land) as previously described (29). Mass/charge (m/z) ratios
of 32('°05), 36('%0,), 40(*°Ar), 44('2CO,), and 45('*CO,) were
measured once every 12 s. Rates of gross O, and CO, exchange
were calculated according to Peltier and Thibault (16) and
Turpin et al. (27).

Measurements of Fluorescence

Fluorescence was monitored using a PAM fluorometer
(Heinz Walz, Effeltrich, FRG) with the fiber optic cable
connected directly to the mass spectrometer cuvette (26).
Detailed explanation of the operation of this system can be
found elsewhere (21, 22). Briefly, a low intensity measuring
beam pulses at a specific frequency (100 or 1.6 kHz). Only
the fluorescence emission stimulated by this beam is ampli-
fied. Thus, changes in actinic light intensity do not affect
measurement of changes in photochemistry.

For determination of F, (the minimum level of fluores-
cence), cells were allowed to dark adapt for 5 min and
fluorescence measured at 1.6 kHz. The maximum variable
fluorescence, (FV)max, Was measured by switching the modu-
lation frequency to 100 kHz and then immediately applying
a saturating pulse of light to dark-adapted cells. Following Fj
determination cells were illuminated with a 300 W projector
lamp (General Electric). To examine the effects of different
levels of PAR, neutral density filters were used. During N-
pulsing experiments, PAR was 490 umol quanta m~2 s7',
Irradiance was measured as PAR incident on the proximal
glass surface of the mass spectrometer cuvette. In the light,
saturating pulses of 1 second duration were applied every 10
s to fully reduce Q,4, allowing determination of flash saturated
variable fluorescence, (F,),. F, (variable fluorescence in the
absence of a flash) and (F,); were monitored continuously
throughout the nitrogen induced transients. Quenching of F,
during photosynthesis (1, 18, 31) may occur under some
conditions. This was determined by turning off the actinic
light and switching to 1.6 kHz for a period of 1 s (1, 10, 17).

Calculation of Quenching Coefficients

Q, and Qnp were calculated using the equations of Schreiber
et al. (22):

p = (Fv)max - (Fv)s
(F)max

- (Fv)s - Fv
C="F
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Inorganic Nitrogen Analysis

Nitrogen was added to cells 1 min after the establishment
of steady-state fluorescence as either NH4Cl or NaNO;. Final
concentrations ranged from 50 to 750 uM. Aliquots (1.0 mL)
of cells were taken at discrete intervals throughout nitrogen-
induced transients and immediately frozen in liquid N,. Sam-
ples were subsequently thawed and refrozen twice to perme-
abilize membranes, centrifuged, and then analyzed for total
NO;~ + NO,~ content according to Strickland and Parsons
(25). Ammonium was also analyzed but remained low
throughout the experiments, consequently NO;™/NO,~ dis-
appearance reflected N assimilation.

Other Measurements

Chl was measured by extraction in methanol (8).

RESULTS
Development of the Model

The analysis was as described by Weis and Berry (31),
except that gross O, evolution was used as the measure of
photosynthetic electron transport rather than net CO, fixa-
tion. The model is based on the premise that apparent quan-
tum yield should be proportional to changes in Q,, and that
the remaining variation should be proportional to Qne. ®; is
defined as the electron flow necessary to support observed
rates of gross O, evolution, relative to the incident PAR. &;
can be corrected for the effects of closed reaction centers, such
that the corrected apparent quantum yield (®, = ®,/q,) is an
estimate of the quantum yield if all reaction centers are open.

By applying linear regression analysis, the relationship be-
tween ®, and Qnp (Fig. 1) can be used to derive the parameters
m and b in Equation | where m = &,, — &,, and b = &,,. &,
and ®,, are obtained from Figure 1 where Qnp = 0 and Qnp
= 1, respectively. With these empirically derived parameters,
the rate of electron transport indicated by fluorescence
quenching analysis can be calculated from

J=1.0J0.4177 — 0.3282 Qn#]. (1)
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Figure 1. Dependence of corrected quantum yield ($s/Q,) on Qne.
Data points are calculated from steady-state rates of electron flow
measured as gross O, evolution. Qyv» wWas varied via changes in
incident PAR.
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For further details of the derivation of this equation, see Weis
and Berry (31), and Weis et al. (32).

Predictions of the Model under Steady-State Conditions

The model relationship (Eq. 1) was used to calculate rates
of steady-state photosynthetic electron flow from fluorescence
quenching coefficients at different levels of PAR. Rates of
electron transport estimated from the model correlated well
with the rate of electron transport required to support the
measured rate of gross O, evolution (Fig. 2).

Predictions of the Model During N-Induced
Photosynthetic Transients

Effects of Ammonium Assimilation on Gross Gas Exchange
and Fluorescence Quenching

Addition of NH4* (200 uM) to N-limited S. minutum during
steady-state photosynthesis resulted in large changes in fluo-
rescence and photosynthetic gas exchange as previously re-
ported (4, 5, 26, 27, 30). In particular, NH,* addition resulted
in a transient suppression of photosynthetic O, evolution and
CO;, fixation as well as a peak in Qnp followed by a decline in
both Q, and Qnp (Fig. 3). Gross CO, fixation, O, evolution,
QOnr and Q, recovered when all the added NH4* was assimi-
lated (ammonium assimilation data is not shown, see ref. 26).
The rate of O, evolution necessary to support electron flow,
as predicted from values of fluorescence quenching and Equa-
tion 1 are in excellent agreement with the observed levels of
O; evolution (Fig. 3B).

Effects of Nitrate Assimilation on Gross Gas Exchange and
Fluorescence Quenching

The addition of NOs~ resulted in three distinct changes in
fluorescence quenching (Fig. 4). First, Qvp exhibited a 3 to 4
min period of oscillation before returning to a steady-state
value. The duration of this oscillation was similar regardless
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Figure 2. Comparison of predicted and observed levels of photosyn-
thetic electron flow at various levels of PAR. Calculations of photo-
synthetic electron flow from Q, and Qwr and Equation 1 were made
from measurements averaged over a 1 min period of steady-state
photosynthesis at each light level. Water photolysis was measured
simultaneously via mass spectrometry.
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Figure 3. Effect of 200 um NH,* addition to N-limited S. minutum on
quenching coefficients and gross photosynthetic O, evolution. A,
Changes in Q, and Que during transient NH,* assimilation. B, Simul-
taneous changes in gross photosynthetic O, evolution () and CO.
fixation (#). Solid line represents the model predictions of photosyn-
thetic O, evolution based on Equation 1 and the values of Q, and Qe
reported in panel A.

of the NO;~ concentration added (Fig. 4, A, B, and C). Second,
Q, was relatively unaffected until all the NO;~ and NO,™ had
been assimilated, at which point it declined rapidly, recovering
again within approximately 1 min (Fig. 4A). Thirdly, approx-
imately 15 to 20 s after the Q, decline, a peak in Qup was
observed. The transients in both Qnp and Qg which occurred
after NO;/NO,~ assimilation returned to new steady-state
levels within 5 min.

Like the initial fluorescence transient, the final transient
was also independent of added NOs~ concentration. Increased
concentration of added NO;™ only affected the time between
the initial and final fluorescence transients, reflecting the
greater time required for the assimilation of the added N (Figs.
4 and 5).

Concomitant with the changes in fluorescence quenching,
NO;~ addition resulted in an immediate decline in carbon
fixation from approximately 110 to 37 umol CO, mg™' Chl
h™'. Figure 6 shows this effect for an experiment carried out
with 500 uM NO;~ added. Although photosynthetic CO,
fixation was severely inhibited, O, evolution remained at
steady-state levels until all the NO;~ was assimilated (approx-
imately 8.5 min after the addition of NO;™). At that time
where was a transient decline in both O, evolution and Q,.
Subsequently, CO, fixation and O, evolution returned to
control rates coincidentally with the recovery of Q, and Qxp
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Figure 4. Effects of transient NO3~ assimilation on quenching coef-
ficients at three different NO;~ concentrations: A, 250 um; B, 500 uMm;
C, 750 um. Panel A also shows a time course of NO;~/NO,~ assimi-
lation.
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Figure 5. Effects of added NO3~ concentration on the time until the
beginning of the final Q; and Qus transients.
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(Fig. 6A). Using the model (Eq. 1), the observed changes in
Q, and Qnp values yielded a prediction of gross O, evolution
which was in excellent agreement with the experimental meas-
urements of photosynthetic O, evolution (Fig. 6B).

Potential Sources of Error: F, Effects

Quenching of F, (Qo) has been correlated with high levels
of Qnr (1, 18, 31). Since in our study Qwr underwent a
significant increase during both NH,* and NO;~ induced
transients, it was necessary to examine Fp quenching as a
potential source of error in the calculation of quenching
coefficients. Repeated F, determinations were made during
both NO;~ and NH,* induced transients. Q, and Qnp were
then recalculated as described by Bilger and Schreiber ac-
counting for Qo (1). The quenching coefficients were not
significantly different from those calculated using F, values
determined following a dark period. Also they did not signif-
icantly affect the predicted rates of O, evolution.

DISCUSSION
Fluorescence Transients during N Assimilation
NH,* Assimilation

Previous work on N-limited S. minutum has shown that
transient NH,* supply results in ribulose 1,5-bisphosphate
limitation of photosynthetic carbon fixation (5), presumably
due to increased requirements for carbon skeletons in the
synthesis of amino acids (27). Most of the remaining carbon
fixation is due to phosphoenolpyruvate carboxylase serving
in an anaplerotic function by replenishing tricarboxylic acid
cycle intermediates used in amino acid synthesis (7). The fact
that there is still significant, although substantially decreased,
photosynthetic O, evolution (Fig. 3) suggests photodriven
electrons are providing reducing power to the glutamate syn-
thase reaction. These changes in metabolism result in dra-
matic effects on fluorescence and O, evolution. The fluores-
cence transients reported in Fig. 3 are consistent with those
reported by Turpin and Weger (26). These authors suggested
that the decline in Calvin cycle ATP consumption was re-
sponsible for the initial increase in Qypr. The subsequent Q,
decline was suggested to be a result of decreased NADPH
consumption by glyceraldehyde 3-P dehydrogenase, and the
ensuing decline in Qnp was hypothesized to result from in-
creased ATP consumption associated with N assimilation into
amino acids and protein.

NO;~/NO,~ Assimilation

The assimilation of NO;~ by N-limited S. minutum also
results in ribulose 1,5-bisphosphate limitation of photosyn-
thetic carbon fixation (4, 5) and presumably much of the
remaining carbon fixation is due to phosphoenolpyruvate
carboxylase (7). The reductant requirements for NO;~/NO,™
reduction however, allow for maintenance of high rates of O,
evolution (4, 29). This is illustrated in Figure 6 where NO;~
assimilation resulted in a 70% decline in CO; fixation but no
change in gross photosynthetic O, evolution until all added
NO;~ was assimilated. The absence of any effect on O,
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Figure 6. Effects of 500 um NO;~ addition to N-limited S. minutum
on steady-state quenching coefficients and gross photosynthetic CO.
fixation and O, evolution. A, Changes in Q, and Qe during NO;™-
induced transients. B, Simultaneous changes in gross photosynthetic
CO:; fixation and O, evolution measured by mass spectrometry. Solid
line represents the rate of O, evolution calculated from Equation 1
and the values of Q, and Qe in panel A.

evolution implied a diversion of electron flow from CO, to
NO;"/NO,~ reduction (Fig. 6B). Since electron flow was
maintained, photochemical quenching remained relatively
unaffected (Fig. 6A). The oscillations in Qwp following NO;~
addition (Figs. 4 and 6) may reflect an equilibration between
various ATP demanding reactions. In other words, when
NO;™ is first supplied Calvin cycle activity declines removing
one ATP sink, but NO;™ uptake and assimilation commence
thereby introducing another. Following the complete assimi-
lation of NO;~, but prior to the recovery of CO, fixation,
pools of reduced Q4 accumulate resulting in a decrease in Q,
and water photolysis. Only when Calvin cycle induction has
occurred, allowing the oxidation of Q,4, do Q, and O, evolu-
tion recover (Fig. 6). The transient increase in Qyp which
follows the disappearance of NO;~ and NO,™ may be due to
a decrease in the ATP required for N assimilation and peptide
synthesis thus causing an increase in the transthylakoid proton
gradient. As Calvin cycle activity recovers, ATP requirements
increase and Qnp returns to a steady-state level.

This induction process is similar to that observed upon
illumination (19, 21, 24, 28). Following illumination, the
electron transport chain is rapidly reduced resulting in a
decline in Q,. As the Calvin cycle is induced, the electron
transport chain is oxidized and an increase in Q, is observed.

During induction,Qnp also increases, reflecting an increase in
membrane energization accompanying the low initial ATP
demand. As the Calvin cycle is induced ATP consumption
increases and Qnp declines. It would appear that the analogous
induction sequence occurs following periods of transient N
assimilation and resultant ribulose 1,5-bisphosphate limita-
tion of Calvin cycle activity in N-limited S. minutum.

Predicting Photosynthetic Electron Flow from
Fluorescence Data

Predictions of Steady-State Photosynthesis

Changes in photochemical and nonphotochemical quench-
ing affect the balance between absorbed quanta participating
in photochemistry and those dissipated as heat or fluores-
cence. Incident light can have a large effect on this balance
(18, 23, 31). When gross photosynthetic electron flow is
plotted as a function of PAR, typical saturation kinetics are
observed (Fig. 2). At low light, Calvin cycle activity and water
photolysis are less than maximal. As incident light increases,
photosynthesis becomes light saturated. This is reflected in
the contributions of photochemical and nonphotochemical
quenching at different light levels. At low light, O, quenching
predominates because of the oxidized state of Q4. At higher
light the contribution of Q, declines and nonphotochemical
quenching (Qxp) plays an increasingly important role (21, 31).
There is mounting evidence that the decrease in quantum
efficiency of PSII which occurs at high light intensity when
Onp is high (Fig. 1) may reduce the likelihood of pigment
damage through increased heat dissipation or the induction
of state I-state II transitions in vivo (1, 18, 31).

By assuming that apparent quantum yield should be pro-
portional to changes in photochemical quenching and then
relating any remaining changes to nonphotochemical quench-
ing, Weis and Berry (31) developed a model which predicts
total electron flow from fluorescence measurements under
steady-state conditions. Although some of the physiological
mechanisms suggested in the development of this model have
been criticized (6), this empirical model (Eq. 1), when cali-
brated with gross O, evolution, accurately predicts the light
saturation curve from steady-state determinations of Q, and
Onr (Fig. 2).

Predictions during Transient Photosynthesis

Ideally, a model predicting photosynthetic electron flow
from fluorescence measurements should be applicable under
transient as well as steady-state conditions regardless of
whether the electrons are used for CO, fixation or NO;~/
NO;™ reduction. The original model (31, 32) employed the
assumption that photosynthetic electron flow was adequately
reflected in net CO, assimilation. However, other processes
such as nitrogen and sulfur assimilation are also photosyn-
thetic processes. By using gross O, evolution as a direct
measure of total photosynthetic electron flow, our derivation
should be applicable regardless of the electron sink. A test of
the model’s utility under transient conditions was facilitated
by examining the changes in photosynthesis which occur
during N assimilation by N-limited S. minutum.
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During NH,* assimilation the demand for photosynthetic
electron flow declines drastically. Using Equation 1 and the
measured values of fluorescence quenching reported in Figure
3A, we obtained a prediction of photosynthetic electron flow
which was in excellent agreement with observed rates (Fig.
3B). The observation that the decline in O, evolution laged
several seconds behind the model prediction may be due to
lags inherant in the measurement of gas exchange.

Transient NO;~ assimilation tests the utility of the model
during electron flow to acceptors other than CO,. The predic-
tions of photosynthetic electron flow under these conditions
are also in excellent agreement with observed rates (Fig. 6).
The model also provides an excellent prediction of the tran-
sient decline in photosynthetic electron flow which occurs
following the complete assimilation of NO;~, prior to the
induction of the Calvin cycle (Fig. 6).

CONCLUSION

We have calibrated the model developed by Weis and Berry
(31) to predict gross photosynthetic electron flow from meas-
urements of fluorescence quenching in N-limited S. minutum.
This model provides an excellent prediction of photosynthetic
electron flow under steady-state conditions and during pho-
tosynthetic transients induced by N assimilation. This model
is also an accurate predictor of photosynthetic electron flow
regardless of whether NO;~/NO,™ or CO, serves as the ter-
minal electron acceptor.
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