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Abstract 
 
Citrus volkameriana (L.) plants were grown for 43 d in nutrient solutions containing 0, 2, 14, 98, or 686 μM Mn (Mn , 
Mn , Mn , Mn , and Mn , respectively). To adequately investigate the combined effects of Mn nutrition and 
irradiance on photosystem 2 (PS2) activity, irradiance response curves for 

0

2 14 98 686
electron transport rate (ETR), non-

photochemical quenching (qN), photochemical quenching (qP), and real photochemical efficiency of PS2 (ΦPS2) were 
recorded under 10 different irradiances (66, 96, 136, 226, 336, 536, 811, 1 211, 1 911, and 3 111 μmol m–2 s–1, I66 to 
I3111, respectively) generated with the PAM-2000 fluorometer. Leaf chlorophyll content was significantly lower under 
Mn excess (Mn686) compared to Mn0; its highest values were recorded in the treatments Mn2–Mn98. However, ETR and 
Φ  values were significantly lower under Mn  compared to the other Mn treatments, when plants were exposed to 
irradiances ≥96 

PS2 0
μmol m–2 s–1. Furthermore, Mn0 plants had significantly higher values of qN and lower values of qP at 

irradiances ≤226 and ≥336 μmol m–2 s–1, respectively, than those grown under Mn2–Mn686. Irrespective of Mn treatment, 
the values of ΦPS2 and qN decreased, while those of qP increased progressively by increasing irradiance from I136 to I3111. 
Finally, Mn –Mn  plants were less sensitive to photoinhibition of photosynthesis (≥2 98 811 μmol m–2 s–1) than the Mn  
(≥

686
536 μmol m–2 s–1) and Mn0 (≥336 μmol m–2 s–1) ones.
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Introduction 
 
Mn deficiency and toxicity are two nutritional disorders 
affecting the growth of many plant species. Most studies 
concerning these two disorders have been limited to eva-
luations of growth, yield, visual symptoms, and photo-
synthetic rates. In general, photosynthetic rates, growth, 
and yield of plants suffer from Mn deficiency and those 
in plants grown in soils with excessive Mn availability 
are lower compared to plants grown under adequate Mn 
(Ohki 1981, 1985, Nable et al. 1988, Macfie and Taylor 
1992, González and Lynch 1997, 1999, Subrahmanyam 
and Rathore 2000, Singh et al. 2001, Henriques 2003). 
However, no information exists concerning the effects of 
Mn toxicity on in vivo photosystem 2 (PS2) activity 
which can be measured easily using fluorometers, in spite 
of their increased physiological significance. Instead, 
little information exists about the characteristics of PS2 
of some plant species suffering from Mn deficiency 
(Jiang et al. 2002, Henriques 2003). Furthermore, no 
study exists in which both the effects of Mn deficiency 
and toxicity on various PS2 activity parameters have been 

investigated together under the same experimental con-
ditions. This is why we tried to find whether the Mn 
status of plants affects the irradiance in which the pheno-
menon of photoinhibition occurs. 

Chlorophyll (Chl) fluorescence measurement is rapid, 
extremely sensitive, and non-destructive since it can be 
performed on intact, attached leaves. It is an important 
tool in the study of photosynthesis, in particular the func-
tioning of PS2 (Schreiber et al. 1995). In general, fluores-
cence can give insights into the ability of a plant to toler-
ate environmental stresses and into the extent to which 
those stresses have damaged the photosynthetic apparatus 
(Maxwell and Johnson 2000). The fluorescence measure-
ments also allow predictions of specific physical, energe-
tic, and dynamic parameters of a sample under a given  
situation. The yield of Chl fluorescence emission from 
photosynthetic organisms is determined by two distinct 
processes, photochemical (qP) and non-photochemical 
(qN) quenching (Genty et al. 1989, Havaux et al. 1991). 
Efforts to quantify the relationships between these 
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fluorescence quenching processes and electron transport  
in vivo have led to the proposal that a component of non-
photochemical quenching associated with activation of 
thylakoids is associated with a thermal deactivation of 
PS2 excitation, and consequently produces a decrease  
in the quantum efficiency of PS2 photochemistry (Genty 
et al. 1990). Overall, this technique improved understand-
ing of photochemical and non-photochemical processes 
occurring in thylakoid membranes of chloroplasts 

(Roháček 2002). Finally, a relatively new fluorescence 
method assessing the state of the photosynthetic appa-
ratus of plants is the photon response curves where many 
physiological parameters associated with the function of 
PS2 are recorded across different irradiances (White and 
Critchley 1999). 

The objective of the present study was to investigate 
the effects of Mn nutrition on PS2 activity of C. volk-
ameriana (L.) plants under different irradiances. 

 
Materials and methods 
 
Plants and Mn treatments: Seedlings of Citrus 
volkameriana (L.) with a pair of leaves were grown in 
white plastic pots containing 1 200 cm3 of modified 
Hoagland No. 2 nutrient solution (Hoagland and Arnon 
1950), prepared with double distilled water. All macro-
nutrients and micronutrients, except Mn, were supplied at 
half strength of this nutrient solution. The Mn was 
supplied at six concentrations (treatments), i.e. 0, 2, 4, 98, 
and 686 μM (Mn0, Mn2, Mn14, Mn98, and Mn686, respect-
ively). For each treatment, 5 pots (replications) were 
used. In each pot, 5 seedlings were grown. The seedlings 
were grown for 43 d in a growth chamber under constant 
environmental conditions (temperature 25±1 ºC; irra-
diance 270–300 μmol m–2 s–-1; light : dark, 16 : 8 h), 
which were controlled electronically. The liquid solution 
(pH 5.8) of each pot was aerated on a 24-h basis with air 
pumps. The solution volume was maintained constant by 
daily addition of double-distilled water to cover the 
quantity of water lost by transpiration. Every fourth day, 
the solutions were renewed completely. 

 
Chl fluorescence: Forty-three days after the beginning of 
Mn treatments, the youngest and fully expanded leaf 
blade of 5 plants from each treatment was used for deter-
mination of various parameters related to PS2 activity. In 
vivo PS2-Chl fluorescence was measured by a modulated 
(1.6 kHz) and low-intensity beam from light-emitting 
diodes (excitation wavelength 655 nm, detection above 
700 nm) using a portable pulse-amplitude-modulated 
fluorometer (PAM-2000; Walz, Effeltrich, Germany), as 
described by Schreiber et al. (1986). The minimum fluo-
rescence yield (F0) of the plants adapted to darkness was 
determined under weak red modulated radiation. The 
mid-part of the front was held in the leaf clip of the fluo-
rometer at a standard distance from the optic fibre probe 
and a weak 5-s far-red (735 nm) pulse was sent to fully 
oxidize the electron transport chain. The maximum fluo-
rescence yield (Fm) of the dark-adapted plants was 
reached by exposing PS2 to a saturating pulse (0.8 s) of 
“white light”. The difference between Fm and F0 gave 
variable fluorescence (Fv). The maximum quantum yield 
of PS2 photochemistry was calculated as the ratio of vari-
able fluorescence to maximal fluorescence (Fv/Fm) and 
represents the efficiency of open PS2 in the dark-adapted 

state. We also calculated the ratio between the parameters 
Fv and F0 (Fv/F0). 

After these dark measurements, the plants were ex-
posed to increasing actinic irradiances (66, 96, 136, 226, 
336, 536, 811, 1 211, 1 911, and 3 111 μmol m–2 s–1 
marked as I with the respective index). At the end of each 
irradiation period that lasted 60 s, the operating PS2 
efficiency (ΦPS2), the electron transport rate (ETR), qP 
and qN were determined. The value of ΦPS2, which is the 
average photochemical efficiency of PS2 units in the light 
(including closed and open ones), was determined by the 
equation: ΦPS2 = ΔF/Fm΄ = (Fm΄ – Ft)/Fm΄ (Genty et al. 
1989), with measurements under actinic irradiation of the 
steady state fluorescence yield (Ft) and of the maximum 
fluorescence yield (Fm΄) obtained using a 0.8-s saturating 
pulse. Furthermore, ETR and thus the overall photosyn-
thetic capacity in vivo (Genty et al. 1989) was calculated 
by the equation: ETR = ΦPS2×PFDa×0.5, where PFDa 
was the absorbed photosynthetic flux density [μmol m–2 
s–1] measured using an integrating sphere, and 0.5 is a 
constant that accounts for partitioning of energy between 
PS2 and PS1 (Maxwell and Johnson 2000). Furthermore, 
qN, which is related to energy dissipation by other means 
than photochemistry and fluorescence, was calculated 
according to the equation: qN = (Fm – Fm΄)/Fm΄, using the 
initial Fm measured after the long darkness period and 
using the Fm΄ measured after irradiation (Bilger and 
Björkman 1990). Another widely used fluorescence para-
meter measuring photochemistry is qP which was 
calculated as: qP = (Fm΄ – Ft΄)/(Fm΄ – F0΄) (Maxwell and 
Johnson 2000). 

 
Chl content: Chl of the same leaves, which were used for 
the measurements of various fluorescence parameters, 
was extracted with ethanol (96 %) after incubation in a 
water bath (78 ºC). Chl amount was calculated according 
to Wintermans and Mots (1965) and expressed on a dry 
mass (DM) basis. 

 
Statistical analysis: The data were subjected to analysis 
of variance (ANOVA) using the SPSS 11.0.1 for 
Windows statistical package (SPSS, Chicago, USA). For 
comparison of the means, the Duncan's multiple range 
test (p≤0.05) was employed. 
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Results 
 
Mn deficiency and toxicity symptoms in the leaves: At 
the end of the experiment, Mn0 and Mn686 plants 
presented visible symptoms of Mn deficiency (leaves 
with mild interveinal chlorosis) and toxicity (small, 
crinkled, and very chlorotic leaves), respectively. 

 

 
 
Fig. 1. Effects of Mn concentration in the nutrient solution [μM] 
and irradiance [μmol m–2 s–1] on the fluctuation of ETR (A), 
ΦPS2 (B), qP (C), and qN (D) values. 
 
Chl fluorescence parameters measured in the leaves of 
dark-adapted plants, i.e. Fv, Fm, F0, Fv/Fm, and Fv/F0, were 
not significantly affected by Mn concentration in the 
nutrient solution (data not shown). The fluctuation of the 
other fluorescence parameters (ETR, ΦPS2, qN, and qP) in 
relation to 10 different irradiances and to Mn concen-
tration in the nutrient solution are shown in Fig. 1. The 
analytical values of these parameters with the statistical 
analysis concerning all irradiances across the different 
Mn treatments are also presented in the Table 1. 

For all Mn treatments, the increment of irradiance 
resulted initially in a progressive increase of ETR up to a 
maximum value, which was Mn-dependent; further 
increase of irradiance caused a progressive decrease of 
ETR (Fig. 1). The maximum ETR values were recorded 
at I336, I536, and I811 in Mn0, Mn686, and Mn2–Mn98 plants, 
respectively. In general, ETR values were significantly 
lower in the treatment Mn0 compared to the other Mn 
treatments for all tested irradiances except for I66, where  

Table 1. ETR, ΦPS2, qN, and qP values as affected by Mn concentration 
[μM] in the nutrient solution and irradiance I [μmol m–2 s–1] where the 
plants were exposed. For each irradiance, the values of each parameter 
marked with the same letter(s) do not differ from each other for p≤0.05 
(Duncan’s multiple range test); n = 5. 
 

Irradiance Mn ETR ΦPS2 qP qN

I66 Mn0   20.8a 0.631a 0.956a 0.418b 
 Mn2   23.4a 0.708a 0.916a 0.118a 
 Mn14   24.4a 0.738a 0.965a 0.040a 
 Mn98   23.9a 0.724a 0.942a 0.125a 
 Mn686   23.3a 0.706a 0.920a 0.124a 
I96 Mn0   31.6a 0.659a 0.950a 0.395b 
 Mn2   36.1b 0.751b 0.964a 0.085a 
 Mn14   35.5b 0.739b 0.973a 0.070a 
 Mn98   36.3b 0.755b 0.982a 0.126a 
 Mn686   35.3b 0.736b 0.957a 0.116a 
I136 Mn0   44.5a 0.655a 0.958a 0.355b 
 Mn2   50.7b 0.745b 0.957a 0.091a 
 Mn14   49.2b 0.723b 0.956a 0.084a 
 Mn98   50.6b 0.744b 0.969a 0.127a 
 Mn686   49.5b 0.728b 0.950a 0.133a 
I226 Mn0   60.3a 0.533a 0.837a 0.457b 
 Mn2   75.0b 0.664b 0.901a 0.256a 
 Mn14   76.2b 0.675b 0.909a 0.152a 
 Mn98   79.5b 0.704b 0.947a 0.237a 
 Mn686   77.8b 0.689b 0.918a 0.204a 
I336 Mn0   60.5a 0.360a 0.692a 0.679a 
 Mn2   88.5b 0.527b 0.879b 0.580a 
 Mn14   88.8b 0.529b 0.852b 0.513a 
 Mn98   96.9b 0.577b 0.900b 0.530a 
 Mn686   94.7b 0.564b 0.821b 0.419a 
I536 Mn0   56.1a 0.209a 0.478a 0.774a 
 Mn2   96.0b 0.358b 0.805b 0.780a 
 Mn14   95.9b 0.358b 0.863b 0.791a 
 Mn98 103.6b 0.387b 0.816b 0.763a 
 Mn686   96.1b 0.359b 0.746b 0.754a 
I811 Mn0   52.1a 0.129a 0.342a 0.825a 
 Mn2   96.7bc 0.239bc 0.661b 0.849a 
 Mn14   97.9bc 0.241bc 0.838c 0.880a 
 Mn98 107.3c 0.265c 0.723bc 0.847a 
 Mn686   87.9b 0.217b 0.587b 0.842a 
I1211 Mn0   42.5a 0.070a 0.209a 0.852a 
 Mn2   93.2c 0.154c 0.516bc 0.888a 
 Mn14   86.7bc 0.144bc 0.589c 0.905a 
 Mn98   92.3c 0.153c 0.500bc 0.879a 
 Mn686   75.7b 0.125b 0.399b 0.876a 
I1911 Mn0   30.3a 0.032a 0.109a 0.883a 
 Mn2   84.4c 0.089c 0.336b 0.904a 
 Mn14   76.8bc 0.081bc 0.391b 0.922a 
 Mn98   81.0c 0.085c 0.323b 0.903a 
 Mn686   67.4b 0.075b 0.285b 0.903a 
I3111 Mn0   31.4a 0.021a 0.071a 0.884a 
 Mn2   80.5d 0.052d 0.230b 0.922a 
 Mn14   65.7c 0.042c 0.238b 0.936a 
 Mn98   67.6c 0.043c 0.187b 0.917a 
 Mn686   54.4b 0.035b 0.159b 0.921a 
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non-significant differences were observed between the 
Mn treatments (Table 1). 

The increase of irradiance caused an analogous de-
crease of real photochemical efficiency of PS2 (ΦPS2) and 
qP, irrespective of Mn concentration in the nutrient solu-
tion. The opposite was observed concerning the values  
of qN; they were increased with increase of irradiance 
(Fig. 1). For irradiances ranging from I  to I96 3111, Φ  
values were significantly lower in the plants grown in 
solutions containing 0 μM Mn compared to the other Mn 
treatments

PS2

. Finally, Mn0 plants had considerably higher 
values of qN at irradiances ≤226 μmol m–2 s–1 and lower 
values of qP at irradiances ≥336 μmol m–2 s–1, compared 
to the treatments Mn2–Mn686 (Table 1). 
 
Leaf Chl content per dry mass was significantly lower in 
the Mn686 plants than in the Mn0 ones. Contrary to these  
 

 
 

Fig. 2. Total chlorophyll contents in the Mn0–Mn686 leaves, 
n = 5. The means marked with the same letter(s) do not differ 
significantly from each other for p≤0.05 (Duncan’s multiple 
range test). 
 
two Mn treatments, significantly higher Chl content was 
found in the Mn2, Mn14, and Mn98 leaves; the differences 
between these treatments were non-significant (Fig. 2). 

Discussion 
 
The values of ETR and ΦPS2 were considerably lower in 
Mn0 plants than in the Mn2–Mn686 ones for I96–I3111. A 
large part of Mn entering into cytoplasm moves and binds 
in the outer side of thylakoid membranes of chloroplasts 
(González and Lynch 1999, Lidon and Teixeira 2000a,b), 
affecting their structure and function (Nable et al. 1988, 
Kitao et al. 1997). Indeed, the portion of chloroplast Mn 
binding strongly in thylakoids participates in the water 
splitting reaction; while the portion of chloroplast Mn 
binding very strongly (more strongly than the previous 
mentioned portion) in thylakoid membranes affects the 
function of the thylakoid bound electron transport chain 
(Kabata-Pendias and Pendias 2001). Therefore, the 
decreased ETR and ΦPS2 at Mn0 was rather related to the 
negative effects of low Mn availability on the reaction of 
water photolysis (Clairmont et al. 1986, Marschner 1995, 
Fageria et al. 1997, González et al. 1998) and on the 
functionality of the thylakoid-bound electron transport 
chain from PS2 to PS1. The analytical fluorescence data 
presented in Table 1 show that up to I226, qΝ was signi-
ficantly higher under Mn0 compared to the other Mn 
treatments. In other words, the decreased ΦPS2 of Mn 
deficient plants (Mn0) under low irradiances (≤I226) was 
due to the fact that high percentage of excess photon 
energy of PS2 was dissipated as heat (qN); under such 
irradiances there were no significant differences between 
the five Mn treatments concerning the values of qP. The 
increased losses of excitation energy of PS2 in the form 
of heat are considered to be a photoprotection mechanism 
of plant cells. The quantity of Mn in leaf cells of the Mn0 
plants was not enough to cover the needs of photosyn-
thetic apparatus and thus the plants were adapted to I270–
I300 existing in the growth chamber. This means that Mn-
deficient plants developed a mechanism by which the 
excitation energy of PS2 was dissipated as heat, 
protecting thus their photosynthetic apparatus from 
photoinhibition under I lower than I270–I300. In general, 

the decrease of ΦPS2 and increase of qN is associated with 
the xanthophyll pigment cycle that provides photo-
protection of photosystem by the dissipation of excess 
absorbed photon energy (Demmig-Adams and Adams 
1992). Furthermore, the fluorescence parameters (Fv/Fm, 
Fv/F0) measured in dark-adapted C. volkameriana plants 
were not affected significantly by the change of Mn 
concentration in the nutrient solution. Yoo et al. (2003) 
also reported that in many studies a decrease in the ΦPS2 
has been observed but with no changes in Fv/Fm. In these 
studies, the reduction of measured efficiency in the light 
but the maintenance of PS2 efficiency in dark-adapted 
leaves was also coupled with an increase in qN. This 
suggests that accessory pigments, particularly carote-
noids, may participate in photoprotection of PS2. Instead, 
at I≥336 μmol m-2 s-1, the reduced values of ΦPS2 that 
were observed in C. volkameriana Mn0 plants compared 
to the other Mn treatments, could be probably ascribed to 
the increase of the percentage of close-reduced PS2 
reaction centres (decreased values of qP) due to 
photoinhibition. The closed reaction centres can not 
utilize effectively any part of the photon energy. 

The irradiance at which the highest ETR was recorded 
or, in other words, the point of photon energy saturation 
beyond which any further increase of electromagnetic 
irradiation results in reduced ETR, was significantly 
affected by Mn treatment. Indeed, the photoinhibition of 
photosynthesis was observed at lower irradiances (I336) in 
the treatment Mn0 than Mn686 (I536). The corresponding 
irradiance for all the other Mn treatments (Mn2–Mn98) 
was I811. The higher sensitivity of Mn0 plants to photo-
inhibition could be mainly ascribed to the previously 
mentioned negative effects of low Mn on photosynthesis, 
and secondly to other causes such as the lower leaf Chl 
content. Since no differences were observed between 
Mn2, Mn14, Mn98, and Mn686 concerning the values of qP 
and qN, the fact that the photoinhibition in the Mn686 
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plants occurred under lower irradiance (I536) than in the 
Mn2–Mn98 plants (I811) was mainly due to the leaf Chl 
content, that was too low under Mn686. If some other 
limiting factors, except Chl content, existing under Mn686, 
their negative effects on plant photosynthetic performan-
ce would be expected at lower irradiances too, as it hap-
pened in the treatment Mn0. Furthermore, González and 
Lynch (1997, 1999) suggest that Mn toxicity diminishes 
photosynthetic capacity of common bean leaves through  
a reduction of total Chl content. 

Mn is not a structural component of Chl molecule and 
according to Campbell and Nable (1988) no evidence 
exists for its direct involvement in the biochemical path-
ways of biosynthesis and/or destruction of Chl. However, 
leaves with low Mn content are chlorotic because of Chl 
losses (Lerer and Bar-Akiva 1979, Kriedemann et al. 
1985, Ohki 1985, Mercer and Graham 1987, Singh et al. 
2001, Henriques 2003). The improper function under Mn 
deficiency not only of the water splitting reaction but also 
of the photosynthetic electron transport chain increases 
the probability of oxidative stress for leaf chloroplasts. 
Under such stress, molecular O2 operates as an alternative 
acceptor for non-utilized electrons and photon energy 
(Cakmak and Romheld 1997), resulting thus in the 
generation of reactive oxygen species (Cakmak 1994). 
The ability of reactive oxygen species to cause photo-
oxidative damages to organic molecules could probably 

explain the reductions of leaf Chl content under Mn0. On 
the other hand, Horst (1988) reported that under high Mn 
concentrations, Chl biosynthesis is depressed, since Fe 
availability in the leaf tissues decreases sharply. 

In general, the values of ETR, ΦPS2, qN, and qP did not 
differ significantly between the treatments Mn2, Mn14, 
Mn98, and Mn686, although leaf Chl contents were consi-
derably lower under Mn686 than under Mn2–Mn98. In 
other words, despite the severe chlorosis observed in the 
Mn686 leaves, the remaining leaf Chl was sufficient for 
the effective absorption and utilization of irradiances up 
to I536. However, at higher irradiances (≥I811), the values 
of ΦPS2 and ETR in the Mn686 plants were somewhat 
lower than those of Mn2, Mn14, and Mn98 plants; the 
difference became greater as irradiance increased. 
Furthermore, Chl contents and saturation irradiance in the 
treatments Mn2, Mn14, and Mn98 had considerably higher 
values than those of the Mn686 plants. Consequently,  
at I≥811 μmol m–2 s–1 Chl of the Mn686 leaves was not 
enough to absorb the photon energy at the same degree as 
in the Mn2, Mn14, and Mn98 plants. The low irradiances 
(I270–I300) in the growth chamber, where the plants were 
grown for 43 d, did not contribute to the increment of cell 
oxidative stress. Probably, this was the primary reason 
explaining why the functional integrity of photosynthetic 
apparatus was not affected negatively under Mn686. 
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