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Abstract

A number of useful photosynthetic parameters are commonly derived from saturation pulse-induced fluorescence
analysis. We show, that qp, an estimate of the fraction of open centers, is based on a pure ‘puddle’ antenna
model, where each Photosystem (PS) II center possesses its own independent antenna system. This parameter is
incompatible with more realistic models of the photosynthetic unit, where reaction centers are connected by shared
antenna, that is, the so-called ‘lake’ or ‘connected units’ models. We thus introduce a new parameter, qr, based on
a Stern—Volmer approach using a lake model, which estimates the fraction of open PS II centers. We suggest that
gL should be a useful parameter for terrestrial plants consistent with a high connectivity of PS II units, whereas
some marine species with distinct antenna architecture, may require the use of more complex parameters based
on intermediate models of the photosynthetic unit. Another useful parameter calculated from fluorescence analysis
is ¢y, the yield of PS II. In contrast to qr, we show that the ¢y parameter can be derived from either a pure
‘lake’ or pure ‘puddle’ model, and is thus likely to be a robust parameter. The energy absorbed by PS II is divided
between the fraction used in photochemistry, ¢y, and that lost non-photochemically. We introduce two additional
parameters that can be used to estimate the flux of excitation energy into competing non-photochemical pathways,
the yield induced by downregulatory processes, ¢npQ, and the yield for other energy losses, dpno.

Abbreviations: ¢ — the quantum efficiency of Photosystem II estimated by fluorescence yield measurements based
on a lake model for the PSU; ¢yj; — the intrinsic yield of open PS II centers in a puddle model; fQaox — fraction of Qa
in its oxidized state, also implying the fraction of PS II centers in open states; NPQ — light induced photoprotection
through thermal dissipation of energy; PS — photosystem; PSU — photosynthetic unit; q — a generic term for the
fraction of open PS II centers; qcy — a parameter estimating the fraction of PS II centers in open states based on a
connected units model for the PSU; qr, — a parameter estimating the fraction of PS II centers in open states based
on a lake model for the PSU; qp — a parameter estimating the fraction of PS II centers in open states based on a
puddle model for the PSU

Introduction antenna. Events related to PS I photochemistry and

its antenna are obscured by the fact that ‘closed’ PS
Steady-state chlorophyll a fluorescence yield has been I centers quench excitation energy as well as open
a convenient and powerful tool for the study of higher centers, owing to the fact that P;FOO is as good a pho-

plant photosynthesis. The vast majority of chlorophyll tochemical trap as P7qp. The steady-state chlorophyll
fluorescence studies focus on PS II and its related fluorescence has been described as a ‘rich’ signal
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because it responds to a large number of factors,
and can potentially provide information about each
of them (e.g., Bradbury and Baker 1983; Weis and
Lechtenberg 1989; Govindjee 1995; Kramer and
Crofts 1996; Adams and Demmig-Adams 2004). At
the same time, the multitude of contributions can
confound simple interpretation. Luckily, very elegant
(i.e., straightforward, and for the large part effective)
techniques have been introduced to distinguish among
many of these contributions, yielding very useful para-
meters (Bradbury and Baker 1983; Schreiber et al.
1986; Genty et al. 1989; Krause and Weis 1991). The
most commonly used of these parameters include the
quantum yield of Photosystem (PS) II photochemistry,
or ¢g1, the degree photons absorbed by PS Il associated
antenna are utilized in photochemistry versus quench-
ing by so-called non-photochemical processes, that is,
the degree to which ‘non-photochemical quenching’ is
engaged.

Many authors have also employed the so-called qp
parameter, photochemical quenching of chlorophyll
fluorescence, the subject of this communication. A
number of nomenclatures for fluorescence parame-
ters were introduced in the 1980s and early 1990s
(see van Kooten and Snel 1990), so it is important to
point out that, in the context of this work, qp refers
to the parameter developed by Krause et al. (1982),
Bradbury and Baker (1984), Quick and Horton (1984),
Schreiber et al. (1986) and Genty et al. (1990) and
recently reviewed in Maxwell and Johnson (2000).
The qp parameter was conceived as an ‘indicator’ of
the degree of openness of the PS II reaction centers,
or more specifically, the fraction of Q4 in its oxi-
dized state (fQaox). Butler described the efficiency of
capture of excitation energy by open reaction centers
by fluorescence analysis (Kitajima and Butler 1975).
Genty et al. (1989) developed a useful simple pro-
cedure through fluorescence analysis to measure the
yield of PS II (¢y1), which is defined as the product
of the fraction of open PS II centers (estimated by qp)
times the quantum yield of photochemistry at open PS
II centers (dqp).

In this paper, we reinforce earlier work (Schreiber
et al. 1994; Baker et al. 2001) indicating not only
that the qp parameter, as currently determined from
fluorescence analysis, is not a linear function of the
fraction of open centers, but as we point out below, is
mechanistically incompatible with other fluorescence
measurements, and is influenced in a complex way by
a number of factors. In the course of this discussion,
we derive a new, easily-obtained parameter, qr, which
is based on the same model for the photosynthetic unit

as other commonly used fluorescence parameters, and
thus is arguably a more appropriate indicator of Qa
redox state.

Derivations, results and analysis

The typical steady-state fluorescence yield experi-
ments consist of measuring fluorescence excited by
a weak (relatively non-actinic) modulated measur-
ing beam, while superimposing either actinic (back-
ground) light and/or intense pulses (typically 3-10
times full sunlight) to saturate PS II photochemistry
(e.g., Schreiber 1986). The measurement circuitry
only amplifies the signal induced by the modulated
probe beam, so the background light is not observed.
Under ideal conditions, fluorescence measurements
with different background illuminations can give es-
timates of the rate constants for the various pro-
cesses affecting fluorescence yield. For example, the
quantum yield of photochemistry or the relative rate
constant for non-photochemical quenching can be es-
timated in this way (Genty et al. 1989, 1990).

We start with an analysis of the ¢ parameter —
though this has been discussed extensively in earlier
work (e.g., Genty et al. 1989) — because it illustrates
a major difficulty in using the qp parameter as an in-
dicator of the redox state of Q. It was recognized
early on that the effectors of chlorophyll fluorescence
yield could be divided into two major categories,
that related to productive photochemistry in the re-
action centers, and those related to processes which
dissipate excitation energy by non-productive pro-
cesses, termed ‘non-photochemical’ quenching (Weis
and Berry 1987). The fluorescence yield is the result of
competition for excitation energy among several decay
pathways, indicated by their respective rate constants,
fluorescence (kf), photochemistry (kp), the basal rate
of non-radiative decay (kq), intersystem crossing to
form triplets (kisc), and induced or photoprotective
non-photochemical quenching, which is termed NPQ
(knpQ). The main component of NPQ is thought to be
due to down regulation of PS II antenna efficiency me-
diated by high lumen [H™] and the xanthophyll cycle.
An equation can be derived for the yield of any of
these processes, provided that a suitable model for the
photosynthetic unit (PSU) is chosen (for a nice review,
see Blankenship 2002). On one extreme, the PSU may
consist of a relatively large number of reaction centers
embedded in a common ‘lake’ (or matrix) of antenna.
In this case, termed the ‘lake model,” all open reaction
centers compete for excitons in the pigment bed, and



the photochemical efficiency of an open center will
depend upon fQaox. On the other extreme, one can
imagine a system where each reaction center has its
own independent antenna system. In other words, each
PSU is composed of one reaction center and its asso-
ciated antenna. This later case is termed the ‘puddle’
model. In the puddle model, there is no effect of fQaox
on the efficiency of a nearby PSU.

It is clear from extensive research (Butler 1978;
Lavergne and Trissl 1995; Lazar 1999) that the PSU
do not act as a puddle. In fact, it is now known that PS
II reaction centers form functional dimers in the mem-
brane (Barber 2003), so a formal puddle model is not
really possible. A number of elegant measurements
have shown that the PSU are fairly well approximated
by the lake model, but are most accurately described
by intermediate models, a number of which have been
proposed (reviewed in Lavergne and Trissl 1995).

We now demonstrate (by re-deriving the equa-
tion) that the ¢y parameter can be derived on the
basis of a pure lake model. In this type of model,
since each dissipative process competes at the level of
bulk antenna, we treat them simultaneously, with the
following competitive yield equation:

kg
bf = . (1)
ke + ka + kisc + knpQ + kp
It is convenient to introduce a new term,
knp = kf + ka + kisc + knpg, (2)

where knp is the sum of rate constants for all non-
photochemical losses. So that in the steady-state

Fs kg

3 = d(Fs) = e+ (3)
where Ffy is the relative steady-state fluorescence yield
measured by the modulated fluorimeter, and S is a
sensitivity factor, relating the instrument response and
measuring beam intensity to yield.

The fluorescence level termed Fl(,I is obtained if,
from the steady-state conditions, a short, but intense
pulse of light is given, so that productive photochem-
istry is completely saturated, that is, k, — 0, but all
other rate constants remain constant (see Genty et al.,
1989, and Kramer and Crofts, 1996, for discussion).
In this case,

Fy ¢ kg

? = op(Fy) = ey 4

Because the sum of photochemical (¢1) and non-
photochemical yields (¢,) must be unity,

o =1 — ¢y, %)
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where ¢, is the total yield of non-photochemical
processes. Considering Equations (1) and (2), the
following is obtained

knp
e 6
then,
knp
=1-—. 7
o knp + kp 2
From Equations (3) and (4),
S - k¢
knp + kp = I ®)
S - k¢
knp = ——, 9
e = 9
and
S - ki/F F, F,—Fs
oy =1t =l— == (10)
S - k¢/Fs Fy Fy

which, indeed, is the published equation for estimating
o

We next show that the same equation can also be
derived from a pure puddle model. Because the reac-
tion centers in the puddle model do not interact, the
yield of photochemistry is simply the fraction of open
centers, q, multiplied by ¢y, the intrinsic yield of
open centers,

1 =q- o (1D
The overall yield of fluorescence in the puddle model
would be the sum of that from open and closed PSUs,
which because they are independent, they are treated
separately, so that

FS = ¢r = +(1—q)- (12)
B +kp Y e
At F{v[, q — 0, so that
Fﬁ,[ ke
M _ F, 13
S = ¢p(Fyp) = ey (13)

We insert Equations (12) and (13) into Equation (10),
defining the ¢y parameter, to get

k
thP (q kNP+k -9 kNP)

d)lI = ke 5 (14)
Txp
q - (ke/ (knp + kp))

—q-— , 15
dr=q K/ knp (15)
¢ =q(1—ki) =q(l — ¢y) =q- bpp

11 kNP"f‘kp n 13-

(16)
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This simple derivation illustrates that the ¢y para-
meter is not dependent on whether we chose a lake or
puddle model (but see Lavergne and Trissl 1995, for
a discussion of intermediate models). This robustness
is consistent with success of ¢y in predicting elec-
tron transfer rates at least under most conditions (e.g.,
Genty et al. 1989; Krall and Edwards 1990; Krall et al.
1991; Edwards and Baker 1993; Baker et al. 1995;
Kramer and Crofts 1996; Ruuska et al. 2000).

We will next deal with the gp parameter, and show
that it is based on a pure puddle model. This parameter
was described by Schreiber et al. (1986), essentially
as it is now routinely measured, but it is clearly deriv-
able from earlier work (e.g., Vredenberg and Duysens
1965; Kitajima and Butler 1975; Duysens 1986). The
parameter requires three measurements, Fs, Fy; and
F(’), the latter of which is obtained when the actinic
light is switched off from steady-state, and a weaker,
PS I-specific (i.e., A > 720nm) light is switched on to
oxidize Qa, so that fQaox — 1. (Schreiber’s parameter
used the Fo taken in the dark, but without the far red
light, rather than F(,.) The currently commonly used
gp parameter is defined as

FI(/I—FS

= - 17
R (17)

qr

Schreiber et al. (1986) suggested this is an in-
dicator of Qa redox state, ‘in a first approximation,
assuming a linear relationship between fluorescence
yield and the percentage of Qa’. Indeed, the deriva-
tion below will show that the qp parameter, used as
an indicator of open PS II centers, can only be valid
within the puddle model.

We start with a puddle model as above, and define
gp as being the fraction of centers in open states, that
is, qp =q. At F}, when qp — 1,

F(/) , ke
S = de(Fp) = ke + Ky (18)
By combining with Equations (12) and (13), it is
straightforward to show that qp = (Fy; — Fs)/(Fy; —
F{)), Equation (17). By inserting terms for a lake
model into the qp equation, it can be shown that,
within a lake model, gp will not be a continuous func-
tion of fQaex, but will also depend on other factors,
most notably NPQ. This implies that qp provides a
valid estimate of the fraction of open centers only for
the puddle PSU model. Hereafter, we will refer to
gp as photochemical quenching based on the puddle
model.

In this section, we will derive a simple equation
for estimating photochemical quenching and the frac-
tion of open centers using a lake model for the PSU,
employing the same fluorescence parameters used to
estimate qp. We will call this estimate qp, (to indicate
that it is derived using a lake model). In this derivation,
the magnitude of k, is determined by two parameters,
an ‘intrinsic’ rate constant (kp;) for capture of excita-
tion energy by the reaction centers, which is assumed
to be constant, and the fraction of ‘open’ reaction
centers (qr), so that

kp = kpiqL, (19)
and using a Stern—Volmer type approach (see e.g.,
Section 5.1.7 of Hoppe et al. 1983),
ke + ka + kise + knpQ + kpi - qL

In the steady-state the fluorescence yield is affected
by all of the rate constants discussed above, so that

O

(20)

Fs — ¢ = k¢
s T ki + ka + kisc + knpq + kpi - qu
2n
which, referring to Equation (2),
k
S — (22)
knp + kpi - qL
Again, at Fy, that is, q. — 0, so
F k
™Mo K (23)
S knp
and at F(’), qL is defined as unity, and
F! k
o _ T (24)
S knp =+ kpi

From these three equations, it is easy to show that

_ (1/Fs) — (1/Fp

L= , (25)
(1/Fg) — (1/Fyp)
and further rearrangement shows
F, —Fy F/
@= o (26)
M~ Yo IS

Compared to Equation (17) which fits the puddle
model,
F!
0
=qgp- —2. 27
L =dp- 7 27)

Therefore, as illustrated later, the fraction of open cen-
ters will be lower when calculated by the lake model,
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Figure 1. Comparison of estimators of the fraction of Q4 oxidized. An example is given, where F/, was set at 1, FI(,[ was set at 3, and Fg
was varied from 1 to 3. The fraction of open centers was estimated by three equations, yielding qr, (trace 1), qp (trace 2) and q¢y (traces 3-5)
as described in the text. Three values of p, the probability of exciton transfer (see text), were used for calculation of the qcy parameter, 0.3
(trace 3), 0.6 (trace 4) and 0.7 (trace 5). Inset: comparison of qp with qp, for the same calculations presented in the main figure. The solid line
represents the ratio of qp/qr, and the dotted line represents the difference between qp and qf..

except at the extremes with all centers open where
F, = Fs, or closed where Fs = Fy;.

One can also derive similar equations based on
PSU models intermediate between lakes and puddles.
There are a large number of these, nicely reviewed and
analyzed in Lazdr (1999), partly because a complete
description of the structure of the antenna systems is
not available. For illustration, we chose the ‘connected
unit’ model presented by Lavergne and Trissl (1995),
see also Vavilin et al. (1998), in which each RC pos-
sesses its own antenna (like the puddle model), but
with a defined probability for transfer of excitation
energy from one antenna system to another (similar
to the lake model). Rearranging Equation (31) from
Lavergne and Trissl, assuming that it applies to all
steady-state conditions, and using our nomenclature,
an expression for the fraction of open centers, which
we term (cy (the ‘cu’ stands for connected units) is
derived:

FI</I — Fs
- I(Fs— F))+ F; — Fy’
where J is a connectivity parameter, related to the ex-
citon transfer probability parameter, p, presented by
Joliot and Joliot (1964), by:
- _P_
=1

Jcu (28)

(29)

When p is equal to zero, that is, for the puddle
model, Equation (28) reduces to Equation (17). As

will be seen below, at appropriate values of p,
qeu X (L-

Figure 1 compares the calculated fraction of Qa
in the oxidized state (i.e., fraction of open centers)
as a function of Fg, for a hypothetical case where
F{=1 and Fy; =3, based on the three different es-
timators (qp, qr and qcy). In the case of gy, the
relationship is shown at a range of values of p. As ex-
pected, both the gp parameter and qc, with p =0, give
identical, linear relationships between Fs and calcu-
lated fQaox. Using either q¢y with p > 0 or qr, results
in a hyperbolic relationship between Fs and fQaox.
Theoretically, Equation (29) allows for any value of p
below 1 (J approaches infinity as p approaches unity),
but in reality exciton transfer between connected units
competes with deexcitation, and thus is restricted to
values below about 0.7.

What parameter should be used to estimate Qa
redox state? It is clear, given the established non-
puddle nature of the PSU in higher plants, that the
gp relationship will always overestimate the fraction
of open centers except at the extreme boundary condi-
tions, where fQaox =0 and fQaox = 1. As illustrated
in the inset to Figure 1, the differences in estima-
tions can be quite large, especially at low fractions of
open centers, conditions that are incurred under stress,
where photoprotective mechanisms break down. There
are many open questions about the regulation and
limitations of photosynthesis under such extreme con-
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ditions, where knowledge about the fraction of open
centers would be vital to further understanding.

One could argue that the photosynthesis com-
munity should use parameters based on models such
as the connected units model, which are better able
to explain fluorescence induction experiments (Lazar
1999). (To remain consistent, this would technically
require us to use a new estimator for ¢y, like the one
described in Lavergne and Trissl (1995) but given that
¢11 is insensitive to whether a puddle or lake model is
chosen, it is unlikely to be much affected by choos-
ing an intermediate model.) A value of p of about 0.6
has been suggested for higher plants, based on fluo-
rescence experiments (reviewed in Lazar 1999), where
for practical applications, the q¢, and qp treatments
should give quite similar relationships (see Figure 1).
Thus, we suggest that the qr, be used for terrestrial
higher plants. On the other hand, significantly smaller
values for p (of about 0.3) have been suggested for
some marine microalgae, especially under iron limita-
tion (Vassiliev et al. 1995). In these cases, a parameter
like qcy as suggested in Lavergne and Trissl (1995)
should be used.

We now extend our analysis to include esti-
mates of photon fluxes down both photochemical and
non-photochemical pathways. As noted earlier, the
quantum yield of PS II photochemistry, ¢y, can be
decomposed into two components, the fraction of
open centers times the yield of open centers (see
Genty et al. 1989). This has been used as a means
of assessing whether overall yield decreases could be
attributed to changes in antenna or reaction centers
(Baker 1991; Andrews 1995; Oxborough and Baker
1997). Previously this was written as:

d)H =dqp- d)qp (30)
where ¢qp is the photochemical yield of open PS
I centers. In fluorescence terms, Equation (30) is

expressed as

FI(A—FSZFI(A—FS_FI(,I—F(/) 31)

Fy Fy — F Fy

As shown above, this is in conflict mechanistically
since gp is only valid for a puddle model. Here, we
suggest an alternate equation to estimate the fraction
of open centers for terrestrial plants, and the quantum
yield of open centers, using the lake model where
F, — Fs
¢y = MT =

M

Fy=fs Fo Fa- Ty P
Fu—F, Fs Fy Fy

qL -

g = (32)

Also, the yield of open centers is considered depen-
dent on thermal dissipation of energy by downreg-
ulation, and the fraction of absorbed light which is
dissipated thermally (D) has been expressed as: 1
minus the yield of open centers (Demmig-Adams et al.
1996; Kato et al. 2003), where

F, — F
D=1_M"_"0 (33)

but, this may overestimate thermal dissipation since
according to the lake model the yield of open centers
is defined in Equation (32), giving

F1</[ —Fo Fs

D=1--M_"2.22
FM FO

(34)
However, this presents a problem because the ¢qp term
is not independent from q, that is, ¢qp by itself does
not tell us the fraction of excitons dissipated via the
radiative pathway, and thus D is not useful in this
context.

We start with the definition that the sum of all
yields for dissipative processes for the energy ab-
sorbed by PS Il is unity:

¢ + dnpg + Pno = 1, (35)

where ¢y is the yield of photochemistry, ¢npq is the
yield for dissipation by downregulation and ¢no is the
yield of other non-photochemical losses. In this ap-
proach, ¢no reflects non-light induced (basal or dark)
quenching processes. ¢npg can be calculated to re-
flect either all light-induced — g, photoinhibition (qy),
3carotenoid, 3Chl, etc. — or only the rapidly reversible
processes, considered to be regulatory (see below).
Our approach also assumes that antenna associated
with closed centers are identical to that associated
with open centers (Lavergne and Trissl 1995). The
approach is to solve for each yield so that the flux of
photons down each pathway can be estimated. In other
words, one might want to know what fraction of the
excitons go via the NPQ pathway, whether a particular
change in photochemical yield resulted primarily from
changes in antenna downregulation or the fraction of
open reaction centers.

Using the above Stern—Volmer approach, and now
separating the rate constants for non-radiative decay
by basal processes, k4, and regulatory processes, knpQ,

qupi
oy = , (36)
1 kf + ka + knpQ + quLkpi
knp
dnpg = 3 (37)

ki + ka + knpg + qukpi
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_ kt + ka

ki + ka + knpo + qukpi
Since ¢y is easily assessed using fluorescence, we
separate that term:

N (38)

ke + kg + knpQ
+ ka + knpq + qukpi”

1 — dp=dnpo+Pn0= ke

(39)
kf + kqa
1 — o = dnpo + , (40)
1 NPQ ™ K + kg + knpq + qukpi
and
Onpg = 1 — 051 — dno
ke + k

=1— ¢y — — @1)

ki + ka + knpQ + qukpi
Now we derive an equation for ¢no. We take ad-
vantage of the fact that NPQ is also readily estimated
using fluorescence. In fluorescence terms, NPQ is
empirically defined as

v — FI</I
Fy
Again using a Stern—Volmer approach, it can be shown

that

NPQ

NPQ = (42)

_ kneg

B kf‘f‘kd‘f‘kisc'
By taking the reciprocal of ¢pno, we can easily elimin-
ate the knpq term:

1k + kd + kisc + knpQ + qukpi

(43)

— , (44)
dno kt + kg + kisc

1 ke +k ki ki
. _NPQ+ f + ka + Kisc +dL pl’ (45)
¢NO kf + kd + kisc
L NPQ g (46)
d)NO kf + kd + kisc ’

At Fo, qu=1, and NPQ=0, whereas at Fy;, both
gL =0 and NPQ =0. From this, we can obtain the
values of (kf + kg + kisc) and kp;.

Fm ke
M (P = —— 47
s = W = e e @7
Fo k¢
= Fy) = , 48
A ey sy iy by S
F 1 1
Bu_y_ (Lo LY,
Fo Fo Fm
ok
ki ka+ ki +kise  ka + ki + kise
(49)

215

1 F
—=NPQ+l+qL<—M—1>, (50)
dno Fo
dno = ! (5D

NOT NPQ + 1 + qu(Fm/Fo — 1)

From this we can calculate ¢npq, as:
1
=1—dy — .
reg o1 RPQF T+ au(F/Fo —1)
(52)

Inputs for calculation of ¢npqg include Fy and FI(/I
(Equations (42) and (52)). If Fv is taken from the
completely dark adapted state, fNPQ will reflect all
light-induced quenching mechanisms. Alternatively,
to calculate that part of non-photochemical quenching
due to down-regulation, Fj; can be taken following
illumination after a short period (e.g., 15min in the
dark, a measurement termed Fl(,’[), which indicates the
fast relaxing component of non-photchemical quench-
ing (i.e., qg). If this is the primary means of dissipating
excess energy, then ¢npg will account for most non-
photochemical losses and ¢ng will be largely due to
the basal intrinsic non-radiative decay. However, if
energy dependent quenching is low, and other non-
photochemical losses occur, then ¢pnpg will be lower
and ¢nq will increase. An excellent illustration of the
latter situation is in the npq4 mutants of Arabidop-
sis which lack PsbS protein and energy dependent
quenching (Li et al. 2002).

In Figure 2, we present results showing the fraction
of photons which are absorbed by PS II and utilized
by photochemical and non-photochemical means in a
light response curve with tobacco calculated for ¢y,
¢dNPQ, and dpNo, the sum of which equals to 1, as well
as qr. Figure 2A is under sub-atmospheric levels of
CO; (100 wbar) and 2% O,, where photochemistry is
more limited by the regeneration of ADP and NADP
by the dark reactions, compared to Figure 2B under
supra-atmospheric levels of CO; (460 wbar) and 2%
0,.

The results show that under lower CO, with in-
creasing light there is a rapid drop in the yield of PS
II and a corresponding rapid rise in the yield of NPQ,
together with a decrease in qr.. Under high CO; the ca-
pacity for photochemistry is higher which is indicated
by the slower drop in the yield of PS II and qp with
increasing light, and slower rise in the yield of NPQ
with increasing light intensity. In both cases the yield
of dno was similar and changed little with varying
light (consistent with a basal non-photochemical loss),
indicating compensatory changes in ¢y; and dpnpg. An
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Figure 2. Effects of changing light intensities on the relationships among ¢11, ¢npQ and ¢No. The results are with Nicotiana tabacum
(tobacco). Leaf temperature was 25°C and Oy was 2%. PPFD = photosynthetic photon flux density incident on the leaf. Gas exchange
measurements were with a two-channel fast-response system (Fast-Est, Tartu, Estonia) including fiber optics for chlorophyll fluorescence
measurements and a PAM 101 chlorophyll fluorometer (Heinz Walz, Effeltrich, Germany) as described by Laisk and Edwards (1997). ¢11, dno

and onp were calculated by Equations (10), (51) and (52), respectively.

alternative method of calculating the yield of non-
photochemical quenching, introduced by Genty and
coworkers has been utilized by Laisk et al. (1997)
where, YN = FS/F1</[ — Fs/Fy, or YN =NPQ (Fs/Fy).
Calculations of Yn, compared to ¢npQ, gave similar
yields of non-photochemical quenching (results not
shown).

Particularly interesting features of the data in
Figure 2 are deviations between ¢y and qp upon
large changes in ¢npg. This is especially noticeable
in Figure 2A at PPFD between 0 and 200 PPFD where
a large increase in ¢pnpg induces a decrease in ¢y with
little change in qp, that is, under these conditions,
the PS 1II reaction centers stay essentially completely
open and photosynthetic yield is determined largely
by changes in NPQ. At higher light intensities, ¢y and
gL approach each other, indicating that the capacity
of NPQ to regulate light capture is saturated. Also in-
teresting is the relative stability of ¢no, which results
from compensatory changes in ¢y and dnpg.

Figure 2 also provides a real data comparison of the
gp and qp, parameters. qr, is consistently lower than qp
over the entire range of light intensities, and at both
CO3 levels. The effect was substantial, particularly at
high light, where qp was about twice qr. This analysis
demonstrates that choosing the correct model will of-
ten have very significant effects on the interpretation
of such fluorescence data.

Conclusions

In summary, we suggest that the simple q, param-
eter is appropriate for estimation of the fraction of
open centers, and qq, for the yield of open centers,
under a wide range of conditions, where the ¢y param-
eter has been shown to give reasonable estimates of
PS II quantum efficiency. Of course, more complex-
ity may be merited under special conditions. We have
also presented new equations for calculating ¢npg and



dNno, the fraction of excitons dissipated via the two
competing non-productive pathways, that induced by
activation of downregulatory processes versus other
non-photchemical losses.

As mentioned above, light harvesting by PSU may
be better approximated by connected-units model.
Also, it is assumed that kp; is constant, but it may
be variable or heterogeneous, depending upon condi-
tions. On the other hand, adherence to Occam’s Razor
requires that we avoid whenever possible the multi-
plication of free-fitting parameters, especially without
the means for independent assessment of their val-
ues, so we prefer the simpler models unless we have
evidence that a more complex model is needed.

Acknowledgements

The authors would like to thank Mr Thomas
Avenson, Dr J. Berry, Dr J. Cruz, Dr B. Demmig-
Adams, Dr P. Falkowski, Dr K. Niyogi, Dr B. Green
and Dr P. Juneau for stimulating discussions and crit-
ical readings of the manuscript. This work was sup-
ported by grants from the US Department of Energy
(DE-FG03-98ER20299) and the NSF (IBN 0131098).

References

Adams WI and Demmig-Adams B (2004) Chlorophyll fluorescence
as a tool to monitor plant response to the environment. In:
Papageorgiou G and Govindjee (eds) Chlorophyll Fluorescence:
The Signature of Green Plant Photosynthesis. Advances in
Photosynthesis and Respiration. Kluwer Academic Publishers,
Dordrecht, The Netherlands (in press)

Andrews JR (1995) Characterization of chilling effects on photo-
synthetic performance of maize crops during early season growth
using chlorophyll fluorescence. J Exp Bot 46: 1195-1203

Baker NR (1991) A possible role for Photosystem II in envi-
ronmental perturbations of photosynthesis. Physiol Plant 81:
563-570

Baker NR, Oxborough K and Andrews JR (1995) Operation of an
alternate electron transfer acceptor to CO; in maize crops during
periods of low temperatures. In: Mathis P (ed) Photosynthesis:
From Light to Biosphere, Vol IV, pp 771-776. Kluwer Academic
Publishers, Dordrecht, The Netherlands

Baker NR, Oxborough K, Lawson T and Morison JI (2001) High
resolution imaging of photosynthetic activities of tissues, cells
and chloroplasts in leaves. J Exp Bot 52: 615-621

Barber J (2003) Photosystem II: the engine of life. Q Rev Biophys
36: 71-89

Blankenship RE (2002) Molecular Mechanisms of Photosynthesis.
Blackwell Scientific, Oxford

Bradbury M and Baker NR (1983) Analysis of the induction of
chlorophyll fluorescence in leaves and isolated thylakoids: con-
tributions of photochemical and non-photochemical quenching.
Proc R Soc London B 220: 251-264

217

Bradbury M and Baker N (1984) A quantitative determination
of photochemical and non-photochemical quenching during the
slow phase of the chlorophyll fluorescence induction curve of
bean leaves. Biochim Biophys Acta 765: 275-281

Butler WL (1978) Energy distribution in the photochemical appar-
atus of photosynthesis. Ann Rev Plant Physiol 29: 345-378

Demmig-Adams B, Adams IIT W, Barker D, Logan B, Bowing D
and Verhoeven A (1996) Using chlorophyll fluorescence to as-
sess the fraction of absorbed light allocated to thermal dissipation
of excess excitation. Physiol Plant 98: 253-264

Duysens LNM (1986) Introduction to (Bactrerio)chlorophyll emis-
sion: a historical perspective. In: Govindjee, Amesz J and Fork
DC (eds) Light Emission by Plants and Bacteria, pp 3-26.
Academic Press, Orlando, Florida

Edwards GE and Baker NR (1993) Can CO; assimilation in maize
leaves be predicted accurately from chlorophyll fluorescence
analysis? Photosynth Res 37: 89-102

Genty B, Briantais J-M and Baker NR (1989) The relationship
between the quantum yield of photosynthetic electron transport
and quenching of chlorophyll fluorescence. Biochim Biophys
Acta 990: 87-92

Genty B, Harbinson J, Briantais J-M and Baker NR (1990) The re-
lationship between non-photochemical quenching of chlorophyll
fluorescence and the rate of Photosystem 2 photochemistry in
leaves. Photosynth Res 25: 249-257

Govindjee (1995) Sixty-three years since Kautsky: chlorophyll a
fluorescence. Aust J Plant Physiol 22: 20-29

Hoppe W, Lohmann W, Markl H and Zeigler H (eds) (1983)
Biophysics. Springer-Verlag, Berlin

Joliot A and Joliot P (1964) Etude cinétique de la reaction pho-
tochimique libérant I’oxygen au cours de la photosynthese. CR
Acad Sci (Paris) 143: 4622-4625

Kato M, Hikosaka K, Hirotsu N, Makino A and Hirose T (2003) The
excess light energy that is neither utilized in photosynthesis nor
dissipated by photoprotective mechanisms determines the rate
of photoinactivation in Photosystem II. Plant Cell Physiol 44:
318-325

Kitajima M and Butler WL (1975) Excitation spectra for Pho-
tosystem I and Photosystem II in chloroplasts and the spectral
characteristics of the distribution of quanta between the two
photosystems. Biochim Biophys Acta 408: 297-305

Krall JP and Edwards GE (1990) Quantum yields of Photosystem II
electron transport and carbon dioxide fixation in C4 plants. Aust
J Plant Physiol 17: 579-588

Krall JP, Edwards GE and Ku MSB (1991) Quantum yield of
Photosystem II and efficiency of CO, fixation in Flaveria (Aster-
aceae) species under varying light and CO,. Aust J Plant Physiol
18: 369-383

Kramer DM and Crofts AR (1996) Control of photosynthesis and
measurement of photosynthetic reactions in intact plants. In:
Baker N (ed) Photosynthesis and the Environment. Advances
in Photosynthesis, pp 25-66. Kluwer Academic Publishers,
Dordrecht, The Netherlands

Krause G, Vernotte C and Briantais J (1982) Photoinduced quench-
ing of chlorophyll fluorescence in intact chloroplasts and algae.
Resolution into two components. Biochim Biophys Acta 679:
116-124

Krause GH and Weis E (1991) Chlorophyll fluorescence and pho-
tosynthesis: the basics. Annu Rev Plant Phys Plant Mol Biol 42:
313-349

Laisk A and Edwards GE (1997) CO, and temperature-dependent
induction in C4 photosynthesis: an approach to the hier-
archy of rate-limiting processes. Aust J Plant Physiol 24:
505-516



218

Laisk A, Oja V, Rasulov B, Eichelmann H and Sumberg A (1997)
Quantum yields and rate constants of photochemical and non-
photochemical excitation quenching. Plant Physiol 115: 803-815

Lavergne J and Trissl HW (1995) Theory of fluorescence induction
in Photosystem II: derivation of analytical expressions in a model
including exciton-radical-pair equilibrium and restricted energy
transfer between photosynthetic units. Biophys J 68: 2474-2492

Lazar D (1999) Chlorophyll a fluorescence induction. Biochim
Biophys Acta 1412: 1-28

Li X-P, Muller-Moule P, Gilmore AM and Niyogi KK (2002)
PsbS-dependent enhancement of feedback de-excitation protects
Photosystem II from photoinhibition. PNAS 99: 1522215227

Maxwell K and Johnson GN (2000) Chlorophyll fluorescence — a
practical guide. J Exp Bot 51: 659-668

Oxborough K and Baker NR (1997) Resolving chlorophyll a fluo-
rescence images of photosynthetic efficiency into photochemical
and non-photochemical components — calculation of gqp and
F,/Fy, without measuring Fy). Photosynth Res 54: 135-142

Quick W and Horton P (1984) Studies on the induction of chloro-
phyll fluorescence in barley protoplasts. II Resolution of fluor-
escence quenching by redox state and the transthylakoid pH
gradient. Proc R Soc London B 220: 371-382

Ruuska S, Badger M, Andrews T and von Caemmerer S (2000)
Photosynthetic electron sinks in transgenic tobacco with re-
duced amounts of Rubisco: little evidence for significant Mehler
reaction. J Exp Bot 51: 357-368

Schreiber U (1986) Detection of rapid induction kinetics with a
new type of high-frequency modulated chlorophyll fluorometer.
Photosynth Res 9: 261-272

Schreiber U, Schliwa U and Bilger W (1986) Continuous recording
of photochemical and non-photochemical chlorophyll fluores-
cence quenching with a new type of modulation fluorometer.
Photosynth Res 10: 51-62

Schreiber U, Bilger W and Neubauer C (1994) Chlorophyll fluo-
rescence as a nonintrusive indicator for rapid assessment of
in vivo photosynthesis. In: Schulze E-D, Caldwell M (eds)
Ecophysiology of Photosynthesis, pp 49-70 Springer-Verlag,
Berlin

van Kooten O and Snel J (1990) The use of chlorophyll fluores-
cence nomenclature in plant stress physiology. Photosynth Res
25: 147-150

Vassiliev IR, Kolber Z, Wyman KD, Mauzerall D, Shukla VK and
Falkowski PG (1995) Effects of iron limitation on Photosystem II
composition and light utilization in Dunaliella tertiolecta. Plant
Physiol 109: 963-972

Vavilin DV, Tyystjarvi E and Aro EM (1998) Model for the fluor-
escence induction curve of photoinhibited thylakoids. Biophys J
75:503-512

Vredenberg WJ and Duysens LNM (1965) Light-induced changes
in absorbancy and fluorescence of chlorophyllous pigments as-
sociated with the pigment systems 1 and 2 in blue-green algae.
Biochim Biophys Acta 94: 355-370

Weis E and Berry J (1987) Quantum efficiency of PS2 in relation
to ‘energy’ dependent quenching of chlorophyll fluorescence.
Biochim Biophys Acta 894: 198-208

Weis E and Lechtenberg D (1989) Fluorescence analysis dur-
ing steady-state photosynthesis. Phil Trans R Soc London 323:
253-268



