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Abstract. The mechanism of rapidly-relaxing non-photo- 
chemical quenching in two plant species, Chenopodium 
album L. and Digitalis purpurea L., that differ consider- 
ably in their capacity for such quenching has been inves- 
tigated (Johnson G.N. et al. 1993, Plant Cell Environ. 16, 
673 679). Illumination of leaves of both species in the 
presence of 2% 0 2 balance N 2 led to the formation of 
zeaxanthin. When thylakoids were isolated from leaves of 
each species that had been so treated it was found that in 
D. purpurea non-photochemical quenching was "activat- 
ed" relative to the control; a higher level of quenching 
was found for a given trans-thylakoid pH gradient. No 
such activation of non-photochemical quenching was ob- 
served in C. album. Similar conclusions were drawn when 
comparing quenching in intact leaves. It is concluded 
that light activation of quenching is a process that cannot 
readily be induced in C. album. Measurement of the sensi- 
tivity of non-photochemical quenching in leaves of C. 
album and D. purpurea to dithiothreitol (DTT; a reagent 
that inhibits formation of zeaxanthin) showed differences 
between the two species. In both cases, feeding leaves 
with DTT inhibited the light-induced formation of zeax- 
anthin. In C. album this was accompanied by complete 
inhibition of reversible non-photochemical quenching, 
whereas in D. purpurea this inhibition was only partial. 
Data  are discussed in relation to studies on the mecha- 
nism of quenching and the role of zeaxanthin in this pro- 
cess. 
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Introduction 

Under conditions where light is saturating for photosyn- 
thesis, excess light energy can be dissipated by non-pho- 
tochemical routes (For a review, see Krause and Weis 
1991). Such energy dissipation is reflected in the yield of 
fluorescence from the chlorophyll associated with photo- 
system II and can be quantified, both in vitro and in vivo, 
using a procedure termed "quenching analysis" (see Hor- 
ton and Bowyer 1990). 

A number of different processes are known to be in- 
volved in non-photochemical quenching of chlorophyll 
fluorescence and these different processes can be distin- 
guished by the kinetics with which they relax (Demmig 
and Winter 1988; Horton and Hague 1988; Quick and 
Stitt 1989; Walters and Horton 1991). In leaves, under 
high light conditions the major component of non-pho- 
tochemical quenching relaxes within seconds to minutes 
after illumination (Walters and Horton 1991). This form 
of quenching has been associated with a form of quench- 
ing occurring in vitro in the presence of a pH gradient 
(ApH) across the thylakoid membrane ("high energy- 
state" quenching) (Briantais et al. 1979). Such quenching 
has been shown to protect isolated thylakoids from light- 
induced damage (Krause and Behrend 1986). 

In recent years there has been a considerable amount  
of work conducted attempting to determine the mecha- 
nism of high-energy-state quenching, leading to the pro- 
posal of several models for this process (Horton and 
Ruban 1992). In vitro, at least two different mechanisms 
of low-pH-induced quenching occur and can be distin- 
guished by their differential effects on the F o level of fluo- 
rescence (the minimum level of fluorescence, measured at 
very low light intensities) and by their sensitivity to re- 
ducing agents (Rees et al. 1992). "Reaction centre" 
quenching is sensitive to ascorbate and does not lead to 
significant quenching of Fo (Crofts and Horton 1991; 
Krieger and Weis 1992). "Antenna" quenching is redox 
insensitive and leads to significant quenching of F o (Rees 
et al. 1990a). Krieger and Weis (1992) have shown that 
reaction-centre quenching can result from the release of 
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Ca 2+ from the donor side of photosystem II. Release of 
Ca 2+ inhibits the water-splitting complex, so slowing 
electron donation to the oxidised primary donor P680 +. It 
is probably this species that is responsible for quenching. 
The relevance of this type of quenching to physiological 
conditions is still a matter of debate. 

Demmig-Adams has suggested that quenching in the 
antenna involves the formation of zeaxanthin from vio- 
laxanthin, in a two-step de-epoxidation reaction (see 
Demmig-Adams 1990). Correlations have been observed 
between the leaf zeaxanthin content and the extent of 
non-photochemical quenching, measured under a wide 
variety of conditions, and this has led Demmig-Adams 
(1990) to suggest that zeaxanthin, in the presence of a low 
pH in the thylakoid lumen, acts as a quencher of fluores- 
cence. To date, no results have been published that 
demonstrate that zeaxanthin is able to quench excited 
chlorophyll directly. 

The correlation between zeaxanthin formation and 
ApH-dependent fluorescence quenching is not surprising 
since both processes are induced by a low lumen pH. 
Circumstantial evidence for a role of zeaxanthin in 
quenching has come from comparison of quenching in 
lichens containing either green algae or cyanobacteria 
(Demmig-Adams et al. 1990a). Whilst the former produce 
zeaxanthin and show quenching, the latter do not possess 
a xanthophyll cycle and do not perform pH-dependent 
quenching. Since, however, green algae and cyanobacte- 
ria have completely different light-harvesting systems this 
evidence is not compelling. The only argument that di- 
rectly indicates a role for zeaxanthin in pH-dependent 
quenching is the effect of dithiothreitol (DTT). 

Dithiothreitol inhibits the enzyme violaxanthin 
deepoxidase (Yamamoto and Kamite 1972). In leaves 
that have been fed with DTT, the formation of zeaxan- 
thin is inhibited (Bilger et al. 1989). At the same time, 
non-photochemical quenching is also inhibited, to a vari- 
able extent, in different plant species (Bilger and Bjork- 
man 1990; Demmig-Adams et al. 1990b). This suggests 
that inhibition of zeaxanthin formation may bring about 
inhibition of non-photochemical quenching, giving sup- 
port for the idea that zeaxanthin is involved in that 
quenching. This evidence is not, however, conclusive 
since DTT is not a specific inhibitor of violaxanthin 
deepoxidase and is known to affect many different en- 
zymes, including certain Calvin-cycle enzymes and the 
thylakoid ATP synthase. Hence, DTT may influence the 
extent of the ApH. Schreiber and Neubauer (1990) have 
demonstrated that, in vitro, DTT inhibits electron trans- 
port via the Mehler reaction and so inhibits ApH forma- 
tion. The concentration of DTT required to induce this 
effect is, however, higher than that required to inhibit 
non-photochemical quenching (Neubauer 1993) so can- 
not alone explain the effect of DTT on non-photochemi- 
cal quenching. 

A recent model, also implicating zeaxanthin, involves 
energy dissipation in LHCII, the light-harvesting com- 
plex of photosystem II (Horton et al. 1991, Horton and 
Ruban 1992). It is proposed that a low pH in the thy- 
lakoid lumen leads to the formation of a quenching state 
of LHCII and that this state is more readily attained if 

the complex is in an aggregated form. Evidence for this 
model includes the similarity between spectral changes 
accompanying quenching in vivo and in isolated LHCII 
(Ruban et al. 1992). An important aspect of this model is 
the notion of light activation of non-photochemical 
quenching; the initial observations that led to this idea 
included experiments in which leaves of spinach were il- 
luminated in the presence of 2% 02, balance N 2 (Noctor 
et al. 1991; Rees et al. 1990b). When thylakoids were 
isolated from such leaves it was found that activation of 
high-energy-state quenching had occurred, relative to 
untreated material, such that higher levels of quenching 
were seen for a given ApH. Activation of quenching was 
found to be inhibited if leaves were pre-fed with DTT, so 
implying that this activation may require formation of 
zeaxanthin (Noctor et al. 1991). Importantly, zeaxanthin 
is seen to be acting as a facilitator of quenching but is not 
absolutely required for quenching to occur. Recently, ev- 
idence for zeaxanthin-dependent light activation of 
quenching in leaves has been obtained (Ruban et al. 
1993). 

The interpretation of Noctor et al.'s (1991) data has 
been questioned by Demmig-Adams (1990) who has sug- 
gested that what is in fact being seen is two forms of 
quenching, one of which involves zeaxanthin, the second 
being zeaxanthin-independent. Non-photochemical 
quenching observed in leaves treated with DTT does not 
result in measurable quenching of F o and is therefore 
presumed to be reaction-centre quenching (Bilger and 
Bj6rkman 1990). Demmig-Adams (1990) has suggested 
that quenching observed in thylakoids in the absence of 
zeaxanthin is reaction-centre quenching. Against this, 
Noctor et al. (1991) reported that in zeaxanthin-contain- 
ing and zeaxanthin-lacking thylakoids the relationship 
between quenching of F m (maximal fluorescence) and F o 
is the same, implying that in both cases quenching is 
occurring in the antenna. Also, Rees et al. (1992) have 
shown that quenching can be induced by low pH in thy- 
lakoids lacking zeaxanthin, even in the presence of sodi- 
um ascorbate, which inhibits reaction-centre quenching. 

Activation of non-photochemical quenching by pre-il- 
lumination has, to date, only been reported in spinach 
thylakoids and there is no evidence that it is a phe- 
nomenon that occurs in other species. In addition, there 
is little evidence that this process is relevant to events 
occurring within the intact leaf. The activation of 
quenching observed may simply be an artifact of the in- 
vitro conditions. 

Recently, it has been demonstrated that plants possess 
a finite capacity for non-photochemical quenching of 
chlorophyll fluorescence (AFm/Fm') and that the capacity 
varies considerably between species (Johnson et al. 1993). 
Two extreme species included Chenopodium album (satu- 
rated AFm/Fm' = 2.59 +_ 0.06) and Digitalis purpurea 
(saturated AFm/F m' = 4.36 _+ 0.08). What is not known 
is what determines the capacity of quenching in these 
plants. In the present study we compare fluorescence 
quenching characteristics from these two species in order 
to investigate further the nature of species differences and 
to relate them to previous observations on activation of 
quenching. 



552 G.N. Johnson et al.: Activation of non-photochemical quenching 

Materials and methods 

Plants of Chenopodium album L. and Digitalis purpurea L. were 
grown from seeds collected in the region of Sheffield and grown for 
four to six weeks in Levington M2 compost under metal-halide 
lights, photon flux density (PFD) 350 lamol.m 2.s 1 with a 12-h pho- 
toperiod at an average temperature of 25~ 

For experiments on isolated thylakoids, leaves were either dark- 
or light-treated as described by Noctor et al. (1991). This treatment 
involved exposing leaves to a CO2-free atmosphere (with 0, 2 or 
20% 02, balance N> as indicated in the text) for 50 min in the 
absence or presence of 200 gmol.m 2.s 1 illumination. Pretreated 
leaves were then coarsely cut (D. purpurea) or used whole (C. album) 
before being ground in 300 ml of a partially frozen grinding medium 
(300 mM sorbitol; 2% w/v polyvinylpyrrolidone; 0.5% w/v bovine 
serum albumin; 5mM EDTA; 100mM Hepes; 5 mM MgCla; 
pH 7.6) by giving two to three short bursts of a polytron. The 
homogenate was filtered through a double layer of muslin and then 
through eight layers of muslin and one layer of absorbent cotton 
wool. The filtrate was centrifuged at 2000 x g for 30 s and the pellet 
washed twice and resuspended in a solution containing 300 mM 
sorbitol, 5 mM EDTA, 100 mM Hepes, 5 mM MgC12 (pH 7.3) using 
a soft paint brush. Resuspended chloroplasts were stored on ice 
until subsequent use. 

The apparatus used to measure 02 evolution and chlorophyll 
and 9-amino acridine (9-AA) fluorescence was as described by Noc- 
tor and Horton (1990). Thylakoids were used at a final concentra- 
tion of 35 lag'ml 1. Immediately prior to each measurement, an 
aliquot of chloroplast suspension was osmotically shocked in a 
solution containing 0.5 mM EDTA, 10 mM Hepes, 30 mM MgCI 2 
(pH 7.3). After 30 s, an equal volume of a solution containing 
660 mM sorbitol and 90 mM Hepes was added. Methyl viologen 
(100 laM) was added as an electron acceptor. 9-Amino acridine 
(2 gM) was added after establishing the zero level of the 9-AA 
fluorescence measuring system. Reversible quenching of chlorophyll 
fluorescence was estimated as  A F m / F  m' (Johnson et al. 1993) and 
quenching of 9-AA fluorescence (q9AA) a s  ( F d a r k - - F l i g h t ) / F d a r k .  Vari- 
ation in the level of q9AA was achieved by illuminating thylakoids 
at PFDs (in the range 0-1000 gmol.m 2-s-1) for a period of 2 min. 
Quenching of chlorophyll fluorescence was measured relative to the 
Fm 2 rain after the end of the actinic illumination. The ratio Fv/Fm 
is as defined in van Kooten and Snel (1990). 

In experiments on intact leaves, dark-adapted leaves were held 
in an ADC detached leaf chamber (ADC, Hoddesdon, UK) with the 
cut edges being supplied with circulating water or a solution of 
DTT, as appropriate. Chlorophyll fluorescence was measured with 
a PAM 101 fluorimeter (Walz, Effeltrich, Germany) as described in 
Johnson et al. (1993). 

In experiments where leaves were pre-fed with DTT, this was 
achieved by either placing the leaves with their petioles in (D. pur- 
purea) or floating the leaves on the surface of (C. album) a 3 mM 
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Fig. IA, B. The relationship between 9-amino acridine quenching 
(q9AA) and fluorescence quenching (AF~/Fm') in thylakoids isolat- 
ed from Digitalis purpurea (A) and Chenopodium album (B). Open 
symbols refer to thylakoids prepared from light-treated leaves, filled 
symbols, dark-treated thylakoids. Circles refer to leaves that were 
treated in the presence of 20% 02 balance N2 (A) andO2-free N 2 (n).  
All other samples were treated in the presence of 2% 02 balance N 2. 
Zeaxanthin formation for each sample is indicated in Table 1 

solution of DTT. Leaves were left for a minimum of 18 h to allow 
uptake of the DTT. 

Results 

Figure 1 shows the re la t ionship between quenching  of 
9-AA fluorescence and  of chlorophyll  fluorescence in 
thylakoids  of C. album and  D. purpurea that  were either 
dark-  or light-treated. Da ta  are shown from a total  of five 
thylakoid  isolat ions for each species. Table 1 shows the 
zeaxanth in  format ion  and  the dark-level Fv/F m ratio of 
the thylakoids  in each of these isolations. Da ta  for D. 
purpurea are consistent  with previous observat ions  for 
spinach thylakoids  (Noctor et al. 1991 ; Rees et al. 1990b). 
Fol lowing light p re t rea tment  there was found to be a 
shift in the relat ionship between AFm/Fm' and  q9AA, 
such that  high levels of chlorophyll  fluorescence quench-  
ing were formed at a lower ApH. Such act ivat ion of 
quenching  has been suggested to result from a facili tation 
of aggregat ion of l ight-harvest ing complex induced by 
the format ion  of zeaxanthin  (Hor ton  et al. 1991). For  
thylakoids  of C. album no act ivat ion of AFm/F ~' is seen. 

The level of zeaxanthin  format ion  in thylakoids of D. 
purpurea pretreated in the presence of 2% O 2 is higher 

Table 1. Zeaxanthin formation and dark- 
level Fv/F m ratio in thylakoids of Digitalis 
purpurea and Chenopodium album exposed 
to different treatments. Symbols refer to 
those used in Fig. 1. Data for Fv/F m are 
means +_ SE 

Preparation Treatment Zeaxanthin formation Fv/Fm 
(% total xanthophyll 
cycle) 

Digitalis purpurea : 
(Upward triangle) 
(Downward triangle) 
(Circle) 
(Squares) 
(Diamonds) 

Chenopodium album: 
(Upward triangle) 
(Downward triangle) 
(Circle) 
(Squares) 
(Diamonds) 

light 2% 02 bal. N2 60% 0.69_+0.002 
light 2% 0 2 bal. N 2 59% 0.73+0.001 
light 20% 02 bal. N 2 39% 0.75+0.002 
dark 2% 02 bal. N2 0% 0.73+0.002 
dark 2% 02 bal. N 2 0% 0.75+0.002 

light 2% 02 bal. N 2 4 6 %  0.73+0.003 
light 2% 02 bal. N2 20% 0.70+0.003 
light 02 free N 2 32% 0.66 + 0.004 
dark 2% 02 bal. N2 0% 0.80+0.001 
dark 2% 02 bal. N 2 0% 0.79+0.001 
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Fig. 2A, B. Relationship between 9-amino acridine fluorescence 
quenching (q9AA) and the rate of oxygen evolution per unit chloro- 
phyll for different preparations of thylakoids of Digitalis purpurea 
(A) and Chenopodium album (B). Different symbols correspond to 
the different preparations of thylakoids as in Fig. 1 and Table 1 

than in C. album (60%/59% cf. 46%/20% for data 
shown). It is therefore possible that the absence of light 
activation in C. album reflects a failure to attain a 
threshold level of zeaxanthin in these preparations. In an 
attempt to induce higher levels of zeaxanthin in this 
plant, leaves were treated in an atmosphere of Oz-free N z 
(circles in Fig. 1B). This treatment resulted in the conver- 
sion of only 32% of violaxanthin to zeaxanthin and did 
not lead to any activation of non-photochemical fluores- 
cence quenching. In order, therefore, to obtain thylakoids 
from D. purpurea that had a lower zeaxanthin content, 
leaves of this species were illuminated in the presence of 
20% O2 balance N 2 (circles, Fig. 1A). This treatment re- 
sulted in the conversion of 39% violaxanthin to zeaxan- 
thin, a level in the range obtained for C. album. Data from 
such thylakoids are indistinguishable from those with 
higher zeaxanthin contents. The lack of a direct correla- 
tion between zeaxanthin content and the extent of en- 
hancement is inconsistent with the additional quenching 
observed being due to quenching directly by zeaxanthin, 
which is likely to require a quantitative relationship be- 
tween the two parameters. 

The measured level of non-photochemical quenching 
of chlorophyll fluorescence is sensitive to the dark level of 
the rate constant for thermal dissipation, kD (Johnson et 
al. 1993). This parameter is reflected in the ratio Fv/F m. A 
decrease in Fv/F m will be induced by an increase in the 
dark level of k D. In thylakoids of D. purpurea the level of 
Fv/F m in light- and dark-treated thylakoids did not differ 
markedly (Table 1), indicating that this could not affect 
the relationship between changes in kD and the value of 
AFm/Fm'. This was not the case for C. album where there 
was found to be a decrease in Fv/F m following light treat- 
ment (Table 1). Such a difference would result in a lower 
value of AFm/F m' for a given light-induced increase in 
thermal dissipation. In Fig. 1B it appears that the rela- 
tionship between AFnJF m' and q9AA differs slightly in 
gradient between dark- and light-treated thylakoids. This 
difference can be explained by the decrease in Fv/F m. 

The relationship between AFm/Frn' and q9AA will al- 
so be altered if light treatment affected the relationship 
between ApH and q9AA. Such an effect alone is unlikely 
to explain the different behaviour seen in the titrations in 
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Fig. 3A-D. Chlorophyll-fluorescence induction in leaves of Digitalis 
purpurea (A, B) and Chenopodium album (C, D) following 50 min in 
an atmosphere of 2% 02 balance Nz either illuminated at a PFD of 
200 I.tmol.m-2.s ~ (B, D) or in the dark (A, C). Leaves were left 
darkened for 10 min in the presence of normal air (350 gl.1-1 CO2) 
after treatment, prior to measurement of chlorophyll fluorescence. 
The break in the x-axis represents the period of treatment. Zeaxan- 
thin formation and quenching under each set of conditions are 
indicated in Table 2 

Fig. 1A, however it should be considered as a possible 
factor affecting the data. Figure 2 shows the relationship 
between q9AA and 02 evolution recorded at a variety of 
different PFDs in thylakoid preparations included in 
Fig. 1. At any given irradiance the level of the ApH will 
be a function of the rate at which protons are translocat- 
ed across the thylakoid membrane (indicated by the rate 
of electron transport) and the rate of leakage from the 
lumen. Hence, if leakage is assumed to be constant, the 
rate of 02 evolution will, to some extent, be indicative of 
the ApH. For both D. purpurea and C. album light treat- 
ment does not affect the relationship between 0 2 evolu- 
tion and q9AA. Indeed the relationship is almost identi- 
cal when comparing the two species, suggesting that it 
maybe reasonable to compare levels of q9AA between 
these species. 

The highest levels of AFm/F m' obtained in D. purpurea 
were found to be significantly higher than in C. album (0.5 
cf. 0.3). Although making direct comparisons between 
levels of quenching in thylakoids of different species 
should be approached with caution, this difference is con- 
sistent with the differences observed in vivo. 

The failure to induce activation of high-energy-state 
quenching in thylakoids from C. album may reflect a low 
tendency for, or complete absence of, such activation in 
vivo. Alternatively, the lack of activation may simply re- 
flect a response to the procedure used to isolate the thy- 
lakoids. Similarly, the activation response seen here in 
thylakoids of D. purpurea and previously in spinach may 
represent a process that occurs in an intact leaf or may 
simply reflect the maintenance of a state in vitro that is 
ordinarily present in vivo. In an intact leaf it is not possi- 
ble to measure ApH and hence to establish the relation- 
ship between ApH and non-photochemical quenching in 
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Table 2. Effect of light treatment on reversible non-photochemical 
quenching in leaves of Chenopodium album and Digitalis purpurea at 
a PFD of 200 gmol.m 2.s J. Measurements were taken after 15 
min illumination and quenching estimated relative to the Fm before 
light treatment, correcting for irreversible quenching. Zeaxanthin 
formation prior to the measurement of quenching in leaves that 
were either dark-adapted or light-treated is also indicated. Data are 
means • SE 

C. album D. purpurea 

AFm/F m' (reversible): 
Dark-adapted 0.27 + 0.04 0.38 + 0.04 
Light-treated 0.41 • 1.16• 

Zeaxanthin Formation (% total xanthophyll cycle): 
Dark-adapted 0 • 0 0 • 0 
Light-treated 57 • 6.6 65 • 5.3 

Table 3. Effect of infusion of leaves with dithiothreitol on rapidly 
reversible non-photochemical quenching and on zeaxanthin forma- 
tion in Chenopodium album and Digitalis purpurea following illumi- 
nation for 15 min at a PFD of 1000 lamol.m-<s 1. Quenching was 
calculated relative to Fm recorded 5 min after the end of illumina- 
tion. Control data represent the mean + SE of three samples (C. 
album), treated the mean • SE of six (C. album) or four (D. pur- 
purea) samples. *The control value for C. album is for a single 
determination 

C. album D. purpurea 

AFm/F m' (reversible): 
Treated 0.10+0.03 1.68 ___0.43 
Control 1.98 + 0.33 3.11 • 0.14 
% Inhibition 92 + 2 63 +_ 10 

Zeaxanthin formation (% xanthophyll cycle): 
Control 44.9* 62.2 + 3.7 
Treated 0 +0 0 ___0 

vivo. Comparison between the extent of quenching at 
limiting light intensities in leaves that have been either 
dark-adapted or have been pretreated to form zeaxan- 
thin should, however, indicate whether activation of 
quenching has occurred. Figure 3 shows fluorescence-in- 
duction curves for intact leaves of C. album and D. pur- 
purea that had been either dark- or light-treated. Leaves 
were maintained in an atmosphere of 2% 02 balance N 2 
(CO2 free) for 10 min prior to being illuminated (or not) 
for 50 min. The sample chamber was then purged with 
normal air for 10 min in the dark prior to measurement 
of fluorescence. The levels of reversible non-photochemi- 
cal quenching and zeaxanthin formation in leaves treated 
in this way are indicated in Table 2. There are clear quan- 
titative and qualitative differences in the responses of 
these plants to light treatment. In D. purpurea there is a 
clear indication that activation of non-photochemical 
quenching is occurring, with AFm/F m' increasing signifi- 
cantly (Table 2). No such activation of quenching is ap- 
parent in C. album. In addition, light treatment causes a 
depression of the ratio Fv/F m in D. purpurea, contrasting 
with the behaviour of isolated thylakoids (Table 1). This 
depression is less marked in C. album. The only obvious 
effect of light treatment on C. album is an acceleration in 
the rate of quenching induced upon illumination. 

The activation of non-photochemical fluorescence 
quenching seen in thylakoids can be inhibited by prefeed- 
ing of leaves with DTT (Noctor et al. 1991). Hence, from 
the above results, DTT would be expected to have differ- 
ential effects on C. album and D. purpurea. Since activa- 
tion of quenching cannot be detected in C. album, it 
would be predicted that in this species DTT would exert 
little or no effect on quenching. Figure 4 shows the effect 
of DTT feeding on fluorescence induction in both C. al- 
bum and D. purpurea. Table 3 indicates the effect of such 
treatment on both the steady-state level of quenching and 
on zeaxanthin formation. In both plant species, feeding of 
leaves with DTT completely inhibits zeaxanthin forma- 
tion. In D. purpurea this results in 63% inhibition of re- 
versible non-photochemical quenching. In C. album this 
inhibition is 92%. In C. album there is a striking differ- 
ence in the overall pattern of quenching following treat- 
ment with DTT. An initial fast phase in quenching is still 
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Fig. 4A-D. Effect of DTT on leaves of Digitalis purpurea (A, B) and 
Chenopodium album (C, D). Leaves were infused overnight with 
either 3 mM DTT (B, D) or water (A, C). Fluorescence quenching 
was recorded during illumination at a PFD of 1000 gmol.m-2-s -'. 
The proportion of non-photochemical fluorescence quenching that 
recovered from this treatment was estimated by application of a 
high-intensity light pulse 5 min after the actinic light was removed. 
Zeaxanthin content and quenching after such treatments are indi- 
cated in Table 3 

seen but the slower component is largely absent. The 
non-photochemical quenching that is observed does not 
reverse significantly over a period of 10 min. Although 
similar effects are seen in D. purpurea, they are less 
marked than in C. album and a significant component of 
reversible quenching is still present. 

Discussion 

In this paper we have demonstrated that activation of 
high energy-state quenching in thylakoids by pre-illumi- 
nation of leaves in a CO2-free atmosphere is a phe- 
nomenon that is not exclusive to spinach (Fig. 1). The 
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presence of such activation in D. purpurea and its absence 
in C. album suggests that the molecular processes under- 
lying this may be of importance in the adaptation of 
plants to different environments. Measurements of non- 
photochemical quenching in intact leaves (Fig. 3, Table 2) 
are consistent with the behaviour of thylakoids isolated 
from the same plants, giving confidence to the assertion 
that in vitro observations are relevant to the in vivo sys- 
tem. 

A physiological role for the activation of quenching is 
easy to envisage. For a plant growing in a semi-shaded 
situation, exposure to short periods of high light ("sun- 
flecks") is unlikely to lead to severe stress. Indeed sun- 
flecks have been proposed to play an important role in 
the photosynthesis of shade plants (Pearcy 1990). If how- 
ever such a plant is exposed to high light for longer 
periods the risk of photo-damage is far greater. Activa- 
tion of quenching processes will allow the plant to down- 
regulate photosynthesis, limiting the rate of electron flow 
and preventing over-reduction of intermediates in the 
photosynthetic pathway, whilst ensuring that excess exci- 
tation energy is dissipated harmlessly. In the above con- 
text, the apparent lack of activation of non-photochemi- 
cal quenching in C. album may represent the adoption of 
an ecological strategy different from that seen in D. pur- 
purea. The maximum rate of photosynthesis in C. album 
is far higher than that in D. purpurea. Measurements at 
saturating CO 2 concentrations showed the maximal rate 
of photosynthesis per unit area in C. album to be approx- 
imately twice that in D. purpurea (30 gmol O2-m4.s i for 
C. album cf. 15 gmol O2.m 2.s -~ for D. purpurea; Johnson 
1992) This high photosynthetic rate will enable absorbed 
energy to be dissipated far more efficiently by photo- 
chemical routes. Hence, under most natural circum- 
stances, thermal dissipation may be of little significance. 
Such a strategy is only practical, however, for plant spe- 
cies that are adapted to habitats where nutrient supply is 
not limiting to growth. Chenopodium album is a classic 
example of a ruderal species that grows only in fertile 
soils (Grime et al. 1988). Examination of a wider range of 
species in an ecological context is clearly required to un- 
derstand better the different strategies that plants adopt 
in dealing with excess light. 

The similarity in the behaviour seen here for D. pur- 
purea and that seen previously for spinach might lead to 
the expectation that spinach and D. purpurea are similar 
in other respects. However, arguments based on plant 
ecology are difficult to apply to species such as spinach 
that have been selected for agriculture and are not sub- 
ject to the restraints imposed by competing in a natural 
habitat. Previous studies have demonstrated similarities 
between spinach and C. album (Johnson 1992; Johnson et 
al. 1993), and in some respects spinach might be thought 
of as showing behaviour that is intermediate between 
that of the two species studied here. 

Differences in the relationship between high-energy- 
state quenching and ApH have been explained in the lit- 
erature in at least two ways. Rees et al. (1990b) and Noc- 
tor et al. (1991) interpreted their data as indicating that 
treatments that induce zeaxanthin formation result in an 
activation of quenching such that high levels of quench- 

ing are attained at low ApHs. Demmig-Adams (1990) 
interpreted these same data as representing two forms of 
quenching, one being zeaxanthin-dependent and the oth- 
er being zeaxanthin-independent. Whichever of these ex- 
planations is correct, it is clear from the data we present 
here that the presence of zeaxanthin per se is not suffi- 
cient to induce this phenomenon. Nor, where activation 
is seen, is there a direct quantitative relationship between 
the extent of quenching and the concentration of zeaxan- 
thin. 

The sensitivity of C. album to DTT is an anomaly that 
is not readily explained in the light of current models of 
quenching. The failure of this species to show any activa- 
tion of quenching, whilst still being sensitive to DTT, 
implies that, in this plant at least, DTT does not inhibit 
quenching by preventing activation. It is possible, there- 
fore, that any role of zeaxanthin in quenching does not 
necessarily involve light activation. However, the effect of 
DTT is by no means confined to inhibiting violaxanthin 
de-epoxidation and may therefore be inhibiting quench- 
ing in a way that is unrelated to zeaxanthin formation. 
The high level of inhibition of quenching in C. album 
may, for example, be the result of inhibition of 
ApH formation, as suggested by Schreiber and Neubauer 
(1990), combined with the absence of a second quenching 
process. The concentration of DTT used in our experi- 
ments is sufficient to cause inhibition of Mehler reaction, 
should that be occurring (Neubauer 1993). Alternatively, 
activation of the thylakoid ATPase may lead to the main- 
tainence of a significant ApH following illumination, so 
giving low apparent levels of relaxation of quenching. 
Differences in the sensitivity of various species to DTT 
feeding have been observed previously (Bilger and 
Bj6rkman 1990; Demmig-Adams et al. 1990b). 

The disparity between observations of DTT-insensi- 
tive quenching of F o in vivo (Bilger and Bjorkman 1989) 
and in vitro (Noctor et al. 1992) implies that different 
processes may be occurring in the different conditions. It 
is seen in Figure 1 that quenching in dark-adapted thy- 
lakoids requires a certain threshold ApH to be attained. 
Hence, in vivo, in the presence of DTT, the ApH may not 
reach the levels required to cause quenching of the type 
seen in isolated thylakoids (Schreiber and Neubauer 
1990; Neubauer 1993). A second form of quenching may 
therefore be present in intact leaves of certain species (for 
exampleD, purpurea) that is not observed under the ex- 
perimental conditions used for the in-vitro experiments. 

The data presented in this paper suggest that the 
mechanisms involved in regulation of non-photochemi- 
cal quenching in C. album and D. purpurea are, in some 
fundamental respects, different. These differences proba- 
bly reflect different ecological strategies in dealing with 
excess light. More work is required both to elucidate the 
mechanisms of non-photochemical quenching and to un- 
derstand fully the significance of the differences observed 
between species. 
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