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Abstract The native alpine plant Saussurea superba is

widely distributed in Qinghai–Tibetan Plateau regions. The

leaves of S. superba grow in whorled rosettes, and are

horizontally oriented to maximize sunlight exposure.

Experiments were conducted in an alpine Kobresia humilis

meadow near Haibei Alpine Meadow Ecosystem Research

Station (37�290–37�450N, 101�120–101�330E; alt. 3200 m).

Leaf growth, photosynthetic pigments and chlorophyll

fluorescence parameters were measured in expanding

leaves of S. superba. The results indicate that leaf area

increased progressively from inner younger leaves to out-

side fully expanded ones, and then slightly decreased in

nearly senescent leaves, due to early unfavorable envi-

ronmental conditions, deviating from the ordinary growth

pattern. The specific leaf area decreased before leaves were

fully expanded, and the leaf thickness was largest in mature

leaves. There were no significant changes in the content of

chlorophylls (Chl) and carotenoids (Car), but the ratios of

Chl a/b and Car/Chl declined after full expansion of the

leaves. The variation of Chl a/b coincided well with

changes in photochemical quenching (qP) and the fraction

of open PSII reaction centers (qL). The maximum quantum

efficiency of PSII photochemistry after 5 min dark relax-

ation (F(v)/F(m)) continuously increased from younger

leaves to fully mature leaves, suggesting that mature leaves

could recover more quickly from photoinhibition than

younger leaves. The light-harvesting capacity was rela-

tively steady during leaf expansion, as indicated by the

maximum quantum efficiency of open PSII centers (F0
v/

F0
m). UV-absorbing compounds could effectively screen

harmful solar radiation, and are a main protection way on

the photosynthetic apparatus. The decline of qP and qL

during maturation, together with limitation of quantum

efficiency of PSII reaction centers (L(PFD)), shows a

decrease of oxidation state of QA in PSII reaction centers

under natural sunlight. Furthermore, light-induced (UNPQ)

and non-light-induced quenching (UNO) were consistent

with variation of L(PFD). It is concluded that the leaves of S.

superba could be classified into four functional groups:

young, fully expanded, mature, and senescent. Quick

recovery from photoinhibition was correlated with protec-

tion by screening pigments, and high level of light energy

trapping was correlated with preservation of photosynthetic

pigments. Increasing of UNPQ and UNO during leaves

maturation indicates that both thermal dissipation of

excessive excitation energy in safety and potential threat to

photosynthetic apparatus were strengthened due to the

declination of qP and qL, and enhancement of L(PFD).
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Abbreviations

SLA Specific leaf area

LWR Ratio of dry to fresh weight of leaves

Chl Chlorophylls

Car Carotenoids
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Chl a/b Ratio of chlorophyll a to chlorophyll b

Car/Chl Ratio of carotenoids to chlorophylls

qP Photochemical quenching coefficient

NPQ Non-photochemical quenching coefficient

qL Fraction of opened PSII reaction centers

F(v)/F(m) Maximum quantum efficiency of PSII

photochemistry after 5 min dark relaxation

F0
v/F0

m Maximum quantum efficiency of PSII

photochemistry at given light

L(PFD) Relative limitation of quantum efficiency of

PSII reaction centers

UNPQ Quantum yield of light-induced PSII regulatory

energy dissipation

UNO Quantum yield of non-light-induced PSII non-

regulatory energy dissipation

UPSII Actual quantum yield of PSII photochemistry

QA Primary quinone electron acceptor of PSII

Introduction

Plants absorb sunlight to drive photochemical reactions of

photosynthesis, and absorbed sunlight may also lead to

deleterious effects on photosynthetic performance. Under

natural conditions, plants often absorb sunlight energy

exceeding what the photosynthetic apparatus can utilize,

and onset of photoinhibition is strongly correlated with the

absorption of excess excitation energy for photosynthesis

(Murchie and Niyogi 2011). The term of photoinhibition

has been characterized as depression of net photosynthetic

rates and reduction of photochemical efficiency of PSII

(Tikkanen et al. 2014), which could be indicative of either

an injurious effect, or a regulatory process of rearrange-

ment PSII and consequently an expression of a photopro-

tective energy dissipation (Demmig-Adams and Adams

2006; Sáez et al. 2013).

Because only part of the absorbed light energy can be

utilized in photochemical reactions, excess energy needs to

be harmlessly dissipated. Excess excitation energy causes

production of reactive oxygen species (ROS), and results in

damage on photosynthetic apparatus (Demmig-Adams and

Adams 1992; Müller et al. 2001; Jiang et al. 2005; Asada

2006). Careful regulation of the transition between two

alternative states of the photosynthetic machinery is con-

sidered essential to both utilize and dissipate energy in

continuously changing environments (Demmig-Adams

et al. 2012). Usually, when the whole plant is exposed to

excess solar irradiation, differently developed leaves may

exhibit different photosynthetic activity even irradiated by

nearly similar actinic light intensity. Till now, few studies

have focused on photosynthetic performance during leaf

expansion (Sperdouli and Moustakas 2012), especially

regarding the relationship between growth and leaf pho-

tosynthetic pigments content in natural environments.

Alpine plants often experience extreme variations in

temperature, water availability and sunlight. Although

alpine plants are well adapted for living in such harsh

environmental conditions, photoinhibition can still be a

significant phenomenon affecting the photosynthetic

activity. Thick blade and heavy pigmentation have been

considered as main photoprotective mechanism, and heavy

pigmentation might have compensated the protective

effects of a stronger leaf thickness (Rikkinen 1995).

The Qinghai–Tibetan Plateau is the highest and

youngest plateau in the world, and is known as the third

pole due to its fragile and sensitive characters during pre-

sent global environmental changes (Yu and Lu 2011).

Saussurea superba plants mainly grow in alpine meadow

grassland, and are widely distributed on the Qinghai–Ti-

betan Plateau. Rosette whorled phyllotaxy of S. superba

exhibits a series of developed leaves from inner younger to

outside senescent ones. Expanding leaves of most

dicotyledonous plants show increases in leaf area, thick-

ness, chlorophyll contents, and photosynthesis rates, along

with a decrease in dark respiration (Catský and Šesták

1996). Maximum photosynthesis rates and photochemical

activity are typically reached before leaves fully expand

(Choinski et al. 2003). But few studies have focused on the

differences of harmless dissipation of excess solar energy

during leaf ontogeny, and its physiological significance of

non-radiative thermal dissipation.

The present study is aimed at characterizing phototol-

erance and susceptibility among differently developed

leaves which mainly based on the analysis of chlorophyll

fluorescence parameters. The objectives of this study are:

(1) to examine differences of PSII photochemistry during

leaf expansion; (2) to determine the development of pho-

tosynthetic activity and its acclimation to harsh environ-

mental factors; and (3) to investigate light-induced and

non-light-induced non-photochemical quenching. Based on

our findings, the potential eco-physiological roles of leaf

thickness and UV-absorbing substances are discussed.

Materials and methods

Field sites and growth conditions

The experiments were conducted in the research and obser-

vation field site of the Haibei Alpine Meadow Ecosystem

Research Station, the Chinese Academy of Sciences. The

research area is located at the northeast of Qinghai–Tibetan

Plateau, and south hillside of the Leng-Long-Ling mountain

which is at the east side of the Qilian Mountains, 37�290–
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37�450N, 101�120–101�330E; altitude 3200 m. The research

region is situated in the inland with a typical plateau conti-

nental climate. As influenced by higher elevation, the daily

variation of air temperature is very large, and climate can

only be separated into cold and warm seasons. The annual

average air temperature is -1.7 �C, with the warmest month

at 9.8 �C in August, and the coldest month at -14.8 �C in

January. The annual precipitation is about 600 mm with

nearly 80 % in the plant growing season from May to

September. The air is thin with annual average of the baro-

metric pressure at 691.4 hPa.

AlpineKobresia humilismeadow community is one of the

main vegetation types in this area, containing various

perennial grasses and forbs that mainly depend on grazing

intensity. From July to August, it is the luxuriant growth

period of alpine K. humilis meadow. The canopy structure of

this plant community is simple, and plant height is low, so the

primary productivity is small (Zhao and Zhou 1999). S.

superba is one of the main accompanied native alpine plants

which is widely distributed in Qinghai–Tibetan Plateau

meadow regions (Fig. 1). Its rosette whorled phyllotaxis

exhibits continuously developing leaves from inner younger

to outside senescence, successively grown in extremely short

stem. S. superba is a perennial herb, its short stem is usually

sturdy and buried under the soil of 2–4 cm depth during the

early developing stage before flowering, its long petiole

grows up nearly vertically to soil surface and then bents into

horizontal direction, especially for mature leaves (Fig. 1a–

d). Horizontally oriented leaves are fully exposed to sunlight,

so it is easy and convenient to identify the changes of leaf

growth property and its regulation of photosynthetic light

harvesting in terms of developed leaf stages.

Soil type is mainly alpine meadow soil. Soil thin, usu-

ally with depth 60 cm and rich in organic matter (refs).

Root grows densely and tight turf is formed from live and

dead roots.

Fig. 1 Alpine plant S. superba and its separation of whole leaves.

a the flowering S. superba plant in the field site; b an representative

plant separated from other accompanying plants; c excavation from

soil; d separated S. superba plant; e an representative plant with root

appendages; f separation of all leaves in a sequential manner

Acta Physiol Plant (2015) 37:235 Page 3 of 14 235

123



Experimental setup

The experiments were conducted mainly from the middle

of July to early August. S. superba plants were selected

from the flat and uniform meadow area. For the most

mature and healthy S. superb plants, the leaf number was at

least 10–14 even if the youngest leaves were not counted.

Each measuring plant was chosen with nearly the same leaf

number and size. The leaf development stages were

determined by leaf size, leaf color and luster along with the

order and marked with capital letters from A to L to

classify leaves from younger to older. Very small leaves

marked A01 and A02 were included only in growth anal-

ysis. When measuring photosynthetic pigments and UV-

absorbing compounds, the leaves were combined into AB,

CD, EF, GH, IJ, KL groups because of shortage of leaf

material for leaf disc punching. The combined capital let-

ters of AB, CD, EF, GH, IJ, and KL approximately rep-

resented the development stages from younger, expanding,

fully expanded, mature, fully mature and senescent. The

senescent leaves marked KL were not suitable for chloro-

phyll fluorescence because of irregular distribution of

brown patches.

S. superba plants were picked up in the morning. For

determining the photosynthetic pigments and UV-ab-

sorbing compounds, the plant materials were collected

before 9:00 in the morning in a clear day. When collecting,

each plant was cleaned with soft brush in the field and

some damaged older leaves were removed. The plants were

sealed in plastic bags and immediately stored in an ice

chest and then returned to the laboratory for leaf mea-

surements. Chlorophyll fluorescence parameters were

measured on attached leave in the field. To avoid chronic

photosynthetic photoinhibition, only data measured in the

morning from 9:00 to 11:30 were used for chlorophyll

fluorescence analysis.

Leaf growth analysis

In the cold room with subdued light, individual leaves were

separated and marked (Fig. 1e, f). After removing the

petiole, leaf area was determined with Li-COR 3000 area

meter, and weighed on an electronic scale. Plants were

dried in an electric oven at the temperature of 100 �C for

30 min and then kept at 75 �C for nearly 24 h till steady

weight. The specific leaf area (SLA) was expressed as the

leaf area based on dry weight unit, and the leaf weight ratio

(LWR) was expressed as the ratio of dry to fresh weight.

Leaf thickness measurement

Leaf thickness was measured with an electronic digital

thickness caliper in the cold room using another group of S.

superba. Individual leaves were separated from outside one

by one, and then measured on both right and left sides of

blade in middle parts avoiding the main vein. For younger

and very small leaves, the measurement position was

around middle of whole leaf. Total 3–6 data were collected

in each blade and average value was calculated for further

statistical analysis.

Photosynthetic pigments measurement

The content of photosynthetic pigments was expressed on

leaf area basis. Differently developed leaves were identi-

fied from outside mature to inner younger leaves except for

some older and damaged outside leaves. Leaf discs of

0.5 cm diameter were punched, and eight of them were

immersed in a bottle containing 10 mL of ace-

tone:ethanol:water (4.5:4.5:1 by volume) mixture. The

bottle was sealed tightly and kept in a dark room with air

temperature below 10 �C, and left them for pigment

extraction for about 10 days until the leaf discs were col-

orless (Shi et al. 2004). Because of shortage of leaf mate-

rial, in particular for younger leaves, two neighboring

blades were combined together when punching leaf discs

and usually A01 and A02 leaves were included in AB

groups. The typical absorption spectrum of leaching solu-

tion is shown in Fig. 2 and chlorophyll and carotenoids

contents were estimated spectrophotometrically by the

absorbance and equation of Zhu (1990) and Wellburn

(1994), as below:

Chl a ¼ 12:71D663�2:59D645

Chl b ¼ 22:88D645�4:67D663

Car ¼ 1000D470�2:86Chl a�129:8Chl bð Þ=245
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Fig. 2 Absorption spectrum of photosynthetic pigment extracted

from leaves of S. superba using acetone:ethanol:water (4.5:4.5:1 by

volume) mixed liquor
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UV-absorbing compounds measurement

The content of UV-absorbing compounds was analyzed in

terms of leaf area units. Leaf discs of 0.5 cm diameter were

punched and classified like measurement of photosynthetic

pigments. Eight leaf discs were immersed in a bottle con-

taining 10 mL of acidic methanol (MeOH:H2O:

HCl = 79:20:1 by volume). The lid was tightly sealed,

kept and extracted in dark room with air temperature below

10 �C for about 10 days. UV-absorbing compounds were

determined using spectrophotometer UV-1601 (Day et al.

1994; Shi et al. 2004), and the content was expressed as

absorbance value at 305 nm and average absorbance value

was calculated between 255 and 355 nm in 5 nm steps.

Chlorophyll fluorescence parameters analysis

Chlorophyll fluorescence was measured on leaves at vari-

ous stages of expansion with FMS-2 portable pulse

amplitude modulation fluorometer (Hansatech Instruments

LTD, Norfolk, UK). Plants were chosen to make sure that

all leaves were exposed to sunlight during most of daytime.

A leaf clip holder was clamped in the middle of the left or

right side of leaf, avoiding the midrib and main branch

vein. Leaves were classified as for the measurement of

photosynthetic pigments except senescent leaves KL.

The PSII maximal fluorescence yield (F0
m) and steady-

state fluorescence yield (Fs) were measured at three con-

secutive 30 s intervals with the leaf spot fully exposed to

natural sunlight, then adapter/fiber combination (opening

type) of fiber optic probe was covered immediately with a

dark adaptation sealer for accurately 5 min, the minimal

fluorescence yield (F(o)) and the maximum fluorescence

yield (F(m)) of PSII reaction centers were determined. The

maximum quantum efficiency of PSII photochemistry after

5 min dark adaptation was expressed as F(v)/F(m), here

F(v) = F(m) - F(o).

Fully relaxed maximum quantum efficiency of PSII

photochemistry Fv/Fm was measured on other healthy

plants of S. superba in a nearby area in the afternoon before

sunset. Mature leaves were darkened for about 4 h to

determine the initial fluorescence yield (Fo) and the max-

imum fluorescence yield (Fm) of PSII reaction centers in

the evening at about 21:00. Saturating flash light flashes of

approximately 6500 lmol photons m-2 s-1 during a 0.7 s

pulse were used for determination of Fm, F(m) and F0
m. The

value of minimal level of fluorescence during illumination

(F0
o) was estimated using the approximation of Oxborough

and Baker (1997), F0
o = Fo/(Fv/Fm ? Fo/F0

m).

Maximum quantum efficiency of PSII photochemistry

during illumination was expressed as F0
v/F0

m, here

F0
v = F0

m - F0
o. Actual photochemical quantum yield of

PSII electron transfer is UPSII = (F0
m - Fs)/F

0
m (Genty

et al. 1989). Photochemical and non-photochemical

quenching coefficients were calculated as qP = (F0
m - Fs)/

(F0
m - F0

o) and NPQ = Fm/F0
m - 1 (Bilger and Björkman

1990). Relative limitation of quantum efficiency of PSII

reaction centers was calculated as L(PFD) = 1 - (qP 9 F0
v/

F0
m)/0.83, 0.83 being the optimum quantum efficiency of

PSII reaction centers. Relative photoinhibition was esti-

mated according to the method of Dodd et al. (1998),

100 - [(F(v)/F(m) after 5 min darken)/(Fv/Fm at

2100 hours)] 9 100. Fraction of open PSII reaction centers

(qL) was estimated according to the formula given by

Baker (2008), qL = qP 9 (F0
o/Fs). Quantum yield of light-

induced PSII regulatory energy dissipation (UNPQ) and

quantum yield of non-light-induced PSII non-regulatory

energy dissipation (UNO) were calculated according to the

formula given by Kramer et al. (2004): UNO = 1/

[NPQ ? 1 ? qL 9 (Fm/Fo - 1)]; UNPQ = 1 - UPSII -

1/[NPQ ? 1 ? qL 9 (Fm/Fo - 1)].

Statistical analysis

The data were analyzed by one-way ANOVA. All analyses

were performed with SPSS (version 16.0) software, and the

results were expressed as average values and their standard

error of mean (SE), least-significant difference (LSD) were

used to compare the mean values among different devel-

oped leaf groups.

Results

Leaf growth analysis

Rosette whorled leaves of S. superba showed significant

difference in leaf size. Leaf area increased from younger to

maturity, and slightly declined after full expansion

(Fig. 3a). The leaves marked A01 and A02 were smaller

than 5 cm2, and these leaf blades were not suitable for

chlorophyll fluorescence measurement and even not

enough for photosynthetic pigment analysis. The SLA

declined during leaf expansion. Although there were no

significant changes when leaves gradually became senes-

cent, a small increasing trend could be identified (Fig. 3b).

There were no significant changes in the LWR among

differently developed leaves (Fig. 3c). An opposite ten-

dency in leaf area and SLA appeared through the entire

period of leaf expansion until close to senescence.

Although statistical analysis was not all significant, leaf

thickness increased gradually during leaf expansion until

leaves fully maturation, and then a slight decrease took

place (Fig. 4). Younger leaves of A01, A02 and A were
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significantly thinner than fully expanded leaves, and there

was no significant difference between mature and older

leaves. As seen in Figs. 3a and 4, the changes of leaf area

and leaf thickness showed similar trend, and the correlation

coefficient for linear correlation (R2) was 0.893.

Leaf photosynthetic pigments and screening

pigments

The content of photosynthetic pigments in relation to leaf

area did not show any significant difference among differ-

ently developed leaves (Fig. 5a, b). Although the content of

chlorophyll a and chlorophyll b also did not show significant

variation (Fig. 5c, d), the ratio of chlorophyll a to chloro-

phyll b (Chl a/b) decreased after leaves fully expanded, and

there was no difference from younger (AB) to fully expanded

leaves (EF) (Fig. 5e). The ratio of carotenoids to chloro-

phylls (Car/Chl) did not show significant changes (Fig. 5f). It

seems that the ratio of Car/Chl was at maximum in fully

expanded leaves EF, and showed a declining trend when

leaves tend to senescence.

The content of UV-absorbing compounds in the younger

leaves was lower compared to that in expanded and mature

leaves. When the leaves tend to senescence (KL), the

content of UV-absorbing compounds exhibited a declined

tendency in the 305 nm wavelength (Fig. 6a) and also a

little decreased in average absorbance value determined in

the range from 255 to 355 nm (Fig. 6b).

Maximum quantum efficiency of PSII

photochemistry

The maximum quantum efficiency of PSII after 5 min

dark adaptation (F(v)/F(m)) increased with leaf maturity

(Fig. 7a). Referring to fully relaxed maximum quantum
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efficiency of PSII photochemistry Fv/Fm after nearly 4 h

adaptation in the evening, the relative photoinhibition was

estimated using data in Fig. 7a according to the method of

Dodd et al. (1998). The results indicated that percentage

of photoinhibition was at 10.00, 9.87, 8.00, 7.23 and

6.54 % in developed groups from AB to IJ, respectively,

which were coincident with increases in F(v)/F(m) during

leaf expansion. Although there were no significant dif-

ference among differently developed leaves, the maxi-

mum efficiency of PSII reaction centers that were open

under steady sunlight (F0
v/F0

m) was a little higher after full

expansion of leaves, and giving only 2.4 % relative

increase when compared with younger leaves (Fig. 7b).

Distribution of excitation energy in PSII reaction

centers and its limitation of photochemistry

The coefficient of photochemical quenching (qP) gradually

declined when leaves progressed from fully expanded EF to

completely mature leaves IJ (Fig. 8a), but the non-photo-

chemical quenching coefficient (NPQ) was not significantly

dependent on leaf developmental stage (Fig. 8b). In most
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cases, NPQ was a little higher in younger and expanding

leaves than in fully expanded leaves. In fully expanded

leaves (EF), qP was higher but NPQ was a little lower; and in

fully mature leaves (IJ), both qP and NPQ were lower.

There was an inverse relationship between the relative

limitation of quantum efficiency of PSII reaction centers

(L(PFD)) and the fraction of open PSII reaction centers (qL)

(Fig. 9a, b). In fully expanded leaves EF, L(PFD) was lower but

qL was higher; conversely, in fully mature leaves IJ, L(PFD) was

higher but qL was lower. Clearly, contrasting tendencies could

be observed when leaves developed from fully expanded stage

to completely mature stage, but no difference inL(PFD) between

younger and expanding leaves, andqL showed a little increasing

trend from younger leaves AB to fully expanded ones EF.

Light-induced and non-light-induced components

of non-photochemical quenching

Excitation energy dissipation by non-photochemical path-

ways can be resolved into light-induced PSII regulatory

energy dissipation and non-light-induced PSII non-regula-

tory energy dissipation (Baker 2008). The quantum yield of

light-induced quenching (UNPQ) was low in fully expanded

leaves (EF), and increased with leaf maturity to completely

mature stages (IJ) (Fig. 10a). The quantum yield of non-

light-induced quenching (UNO) also increased when leaves

developed from fully expanded leaves (EF) to completely

mature stages (IJ), but there was no difference among

younger, expanding and fully expanded leaves (Fig. 10b).
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Both UNPQ and UNO were significantly higher when leaf was

fully mature (IJ), and their percentage increase relative to

fully expanded stage was in 21.6 and 22.2 %, respectively.

Discussion

Leaf growth, photosynthetic pigments and screening

pigments with leaf maturity

Usually, growth includes not only the increase of cell

number but also cell enlargement, and is considered as an

irreversible process of increase in volume and weight,

accompanied by the development and differentiation of

individual cells. In S. superba, there simultaneously exist

differently developed leaves, from inner younger to outside

almost senescent ones. The leaf area enlarged significantly

from younger leaves (2.1 cm2) to fully expanded leaves

(17.7 cm2), and then showed small continuous tendency to

decrease to nearly senescent leaves (12.9 cm2). The leaf

life-span of S. superba is longer as compared with other

alpine plants, especially for species growing during a short

luxurious period from early July to the end of August. The

slow late reduction of leaf area results mainly from low

precipitation and low temperature prior to the luxuriant

growth period (Shi et al. 2001a). The development of leaf

thickness follows the same course, a little delayed in

comparison to leaf area expansion.

The SLA and the LWR also varied continuously and

correlated well with leaf area, although their increases were

not pronounced from newly expanding green juvenile

leaves to fully expanded adult ones. The SLA is considered

as a given amount of biomass which can be spread over a
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small or a large area. A thick leaf has low SLA, and a

change in SLA alters the amount of light that can be

intercepted per unit leaf dry mass (Evans and Poorter

2001). The decrease of SLA during leaf expansion is

consistent with the result from Corymbia gummifera

measured in sandstone plateau woodland communities

(Choinski et al. 2003). In fully expanded and mature

leaves, reduction of SLA suggested thicker leaves which

were verified by direct measurement with electronic digital

thickness caliper. The constancy of the LWR points to

stable water content, providing an advantage for metabo-

lism and physiological function (Xu 2002).

Photosynthetic pigments play a key role in determining

the light absorption of a leaf (Evans and Poorter 2001). S.

superba did not show noticeable enhancement in photo-

synthetic pigment content during leaf expansion, in con-

trast to the results reported for C. gummifera (Choinski

et al. 2003). Note that a previous study also shown that

photosynthetic pigment content increases rapidly in

younger leaves under induction of strong sunlight intensity,

whereas there is no pronounced increase during later leaf

growth (Catský and Šesták 1996). This property seen in our

study may be due to the fast development of photosynthetic

apparatus in S. superba leaves. In contrast to SLA, the

content of Chl and Car per unit leaf area does not change

much during leaf maturation. Although low SLA means

increases in the number of chloroplasts and the amount of

photosynthetic enzymes and thereby enhances the photo-

synthetic capacity per unit leaf area, it is confirmed that

SLA does not affect the whole leaf efficiency of light

capture by the pigments (Evans and Poorter 2001). The Chl

a/b was 3.17 before leaf full expansion and then declined to

2.76 in nearly senescent leaves. The decline in Chl a/b after

leaf full expansion was consistent with the result in Nico-

tiana tabacum L. (Dhindsa et al. 1980). The value of Chl a/

b in common healthy leaves is about 3, the relative content

depends on its relative rate of synthesis and decomposition

under different light, temperature, drought and salt stress,

and so on (Xu 2002).

Carotenoids perform many important roles in the pho-

tosynthetic process. Besides acting as essential components

in the light-harvesting complexes of PSII (LHCII) struc-

ture, they also function as accessory pigments in trapping

solar energy, and scavenge active oxygen molecules in

photosynthetic apparatus and carry out the vital role of

protecting membrane system from strong light damage and

other stress factors (Middleton and Teramura 1993;

Solovchenko et al. 2014). It was proposed that the retention

or accumulation of carotenoids could be used as a quanti-

tative measure of leaf senescence (Evans and Poorter

2001). Furthermore, Holleboom and Walla pointed out that

interactions of carotenoids and chlorophylls could con-

tribute the regulation of photosynthetic light harvesting of

plants, and switch photosynthetic apparatus between light

harvesting and excess energy dissipation (Holleboom and

Walla 2014). As a result, reduction of Car/Chl, along with

decreasing in Chl a/b, could provide a possibility to assess

the excess of excited light energy in photosynthetic

apparatus.

UV-absorbing compounds provide effective protection

on photosynthetic apparatus against accompanied strong

ultraviolet radiation (Day et al. 1994; Day and Neale 2002).

UV-absorbing compounds known as screening pigments

mainly exist in the epidermis tissue and have strong

absorption in ultraviolet range, especially in ultraviolet-B

range (UV-B, 280–315 nm). Despite slight difference in

the content of UV-absorbing compounds between the two
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superba during leaf maturity. a changes in light-induced PSII
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yield. Capital letters in horizontal axial from AB to IJ represent the

leaves stages from young to fully matured group. Data are

mean ± SE, sample number is 23 from leaf AB to EF, 35 in GH

and 25 in IJ, respectively. Low-case letters in each vertical bar

represents significantly different means between leaf stages at

p = 0.05 level
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methods for estimating them, the present investigation

shows that younger leaves (AB) and nearly senescent

leaves (KL) were susceptible to solar UV radiation when

leaves of S. superba were fully exposed to strong sunlight,

and in fully expanded and mature leaves, the photosyn-

thetic apparatus in particular thylakoid membrane system

was to be protected by high content of UV-absorbing

compounds. Therefore, UV-absorbing compounds along

with leaf thickness contribute to sunlight defense.

Changes of chlorophyll fluorescence parameters

among different developed leaf stages and analysis

on non-photochemical quenching precess

Plants cannot avoid biotic and abiotic stressful factors

through movement, so it is common to be influenced by

lots of environmental stresses, especially strong sunlight

irradiation. The responses of light sensitivity are quite

different among plant species, and these responses may

also differ among differently developed leaves. Light

capture ability develops earlier than CO2 assimilation

capacity in newly expanding green leaves (Dillenburg et al.

1995), and juvenile leaves have lower chlorophyll content

and lower photochemical activity than more matured ones

(Choinski et al. 2003). Early studies have proved that K.

humilis meadow community and some of alpine plants

such as Gentiana straminea are susceptible to strong sun-

light intensity in Qinghai–Tibetan Plateau regions and

exhibit a midday depression in photosynthesis. If strong

sunlight is accompanied by other unfavorable environ-

mental factors, chronic photoinhibition is frequently

induced (Shi et al. 1997, 2001b). The field investigation

shows that rosette whorled S. superba leaves are nearly

horizontally oriented and are fully exposed to sunlight

during most of the daytime. Consequently, the extent of

photosynthetic photoinhibition will change among differ-

ently developed leaves.

The maximum quantum efficiency of PSII photochem-

istry after 5 min dark relaxation, F(v)/F(m), provides an

estimate of the relative degree of inactivity or/and damage

of open PSII centers. It is generally considered that the fast

component of non-photochemical quenching can com-

pletely relax in such short time, and differences in F(v)/F(m)

are mainly due to the slow component of photoinhibition

(Quick and Stitt 1989; Galvez-Valdivieso et al. 2009).

Significant increase of F(v)/F(m) from rosette whorled inner

younger leaves (AB) to outside fully mature leaves (IJ)

indicates that the ability of photoprotection and photorepair

all gradually improved, and leaves can recover quickly

from photoinhibitory status with leaf maturity. At the same

time, a small increase of F0
v/F0

m provides a confirmation

that the maximum of open PSII reaction centers is nearly

similar at all leaf stages and its maximum efficiency of

excitation energy capture in the antennae shows small

increasing at nature sunlight condition. These phenomena

partly result from the protection of screening pigments in

epidermis especially higher content existed in fully

expanded leaves and the retention of photosynthetic pig-

ments levels in differently developed leaves (Cha-um et al.

2010; Perez et al. 2014). The reduction of Car/Chl and Chl

a/b might lead to excess of excited light energy in photo-

synthetic apparatus, but these did not cause negative

influence on PSII photochemistry in S. superba. Estimated

relative photoinhibition confirms a chronic photoinhibition

in newly expanding juvenile leaves, and this phenomenon

is caused by seriously slow relaxing quenching processes

(Baker and Rosenqvist 2004). The relative limitation of

quantum efficiency of PSII reaction centers, L(PDF), pro-

vides an estimate of the limitation on actual quantum yield

of PSII photochemistry when compared with the optimum

quantum efficiency of PSII reaction centers (Xu 2002). A

study on C. gummifera showed more variable on actual

quantum yield of PSII electron transport in older and larger

leaves (Choinski et al. 2003), which differs a little from our

study in S. superba. The present investigation shows that

the quantum yield of PSII photochemistry decreased after

leaves were fully expanded, suggesting a decrease in

quantum yield of linear electron flow through PSII centers

(Baker 2008).

Photochemical and non-photochemical quenching are

the two fates of light energy absorbed by PSII complexes

besides small quality of light reemission as chlorophyll

fluorescence which is usually less than 1–2 % of total

absorbed light (Maxwell and Johnson 2000). Frequently,

photochemical quenching coefficient qP is used to estimate

the redox state of the primary quinone acceptor of PSII

centers (QA). Unfortunately, in most cases, qP is not linear

with the fraction of open PSII centers, excepting negligible

excitation energy transfer among individual PSII centers

and associated antennae (Baker 2008). Based on the Stern–

Volmer approach using Lake Model, a modified new flu-

orescence parameter qL was used (Kramer et al. 2004). qL

provides a linear estimation of the redox state of QA and

therefore can give an accurate assessment of the fraction of

open PSII centers (Baker 2008). The variation tendency of

qL and qP was consistent with variation of Chl a/b during

leaf expansion, whether this phenomenon is correlated with

the relative reduction of chlorophyll a molecule (Chl a) in

PSII centers still needs further study.

Thermal energy dissipation is one of the mechanisms for

photoprotection, and more photoprotective thermal dissipa-

tion leads to less photodamage. Non-photochemical

quenching NPQ can be used for estimating changes in the

apparent rate constant for excitation delay by heat loss
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induced by light relative to this rate constant in the dark, and

is often used to determine the level of thermal energy dissi-

pation (Baker 2008; Demmig-Adams et al. 2012). NPQ did

not show evident difference among differently developed

leaves of S. superba under natural sunlight, which confirms

that the capacity of NPQ to regulate light capture is saturated

at very high light (Kramer et al. 2004). A small variation of

NPQ mirrors the small variation of PSII maximum efficiency

F0
v/F0

m. It was confirmed that changes of F0
v/F0

m mainly

resulted from the variation of non-radiated heat loss (Max-

well and Johnson 2000; Demmig-Adams et al. 2012), and

calculated parameter 1 - F0
v/F0

m had once been used to

assess the fraction of light absorbed in PSII antenna that

dissipated thermally (Demmig-Adams et al. 1996). Since the

fraction of PSII centers in the open status tends to decrease

with increasing incident actinic light, this parameter has been

considered that it cannot provide an accurate estimation for

the yield of non-radiative decay processes at PSII in light

adapted state (Baker 2008). In other words, the present

finding indicates that changes of F0
v/F0

m reflect the change of

thermal dissipation of excess excitation energy before it

reaches the PSII reaction centers, because measurements at

all leaf stages were conducted under nearly constant sunlight.

Non-photochemical dissipated excitation energy flux can

be resolved into that corresponding to down regulation and

other energy losses (Kramer et al. 2004). These are expressed

as UNPQ and UNO, which are defined as light-induced

quenching process and non-light-induced quenching process

(Baker 2008). The sum of the quantum yield of PSII photo-

chemistryUPSII withUNPQ andUNO equals 1. The increase of

UNPQ and UNO from fully expanded leaves (EF) to fully

mature ones (IJ) is accompanied with the decrease of qP and

qL. This suggests that PSII photochemistry tends to decline

after leaves have fully expanded, and at the same time the

dissipation by down-regulatory and other non-photochemi-

cal losses are both enhanced in S. superba. PSII regulatory

energy dissipation UNPQ reflects all light-induced energy-

dependent quenching qE, photoinhibitory quenching qI,
3Car, 3Chl, etc., or only the rapidly reversible processes

(Kramer et al. 2004), and UNO point to a proportion of

inactive and/or damaged PSII complexes and it may also

have a positive effect by providing effective energy dissi-

pation and photoprotection to the remaining functional PSII

centers (Osório et al. 2013). The enhancement of UNPQ and

UNO demonstrates that both thermal dissipation of excessive

excitation energy in safety and potential threat to photo-

synthetic apparatus approach each other because of notice-

able declination of PSII operating efficiencyUPSII (Sáez et al.

2013). Furthermore, coincident variation of L(PFD) and UNPQ

proposed that PSII regulatory energy dissipation in quantum

yield was the main reason of limitation on PSII photo-

chemistry in alpine plant S. superba, and after leaves were

fully expanded, both UNPQ and UNO could evidently affect

PSII photochemistry.

Comparison of differently developed leaf stages shows

that fully expanded leaves EF can utilize more absorbed

light energy in PSII photochemistry because of higher of qP

and qL, and lower of NPQ, L(PFD) and UNPQ; for mature

leaves GH and IJ, both qL and NPQ are lower, although

F(v)/F(m) and F0
v/F0

m remain a little higher. The decrease of

qL and enhancement of L(PFD) suggest that PSII photo-

chemistry is gradually reduced; leaf stages AB and CD are

identified as young leaves, which exhibit a fast increasing

in leaf area and relative steady in PSII photochemistry and

in two competed non-productive processes, UNPQ and UNO.

Conclusion

Based on the analysis of leaf growth parameters and

chlorophyll fluorescence parameters, the rosette whorled

leaves of S. superba can be resolved into four functional

groups: young (from A to D), fully expanded (from E to F),

mature (from G to J), and senescent (from K to L). At the

fully expanded stage, leaf area and qP and qL reached their

highest value, and lower in L(PFD). Young leaves showed

significant changes in leaf growing, but relative steady in

most of fluorescence parameters. In contrast, mature group

identified as small changes in leaf growth parameters and

significant variations in most of chlorophyll fluorescence

parameters. Both young and mature groups contained more

number of leaves and showed some dynamic changes in leaf

growth parameters. In senescent group, brown patch casu-

ally appeared in leaf blade especially in leaf edge, and that

is not suitable for chlorophyll fluorescence measurements.

Small enhancement of F0
v/F0

m after full expansion, and

quick recovery from photoinhibition at leaf maturity

resulted from the protection by high content of screening

pigments and retention of photosynthetic pigments level.

The Chl a/b coincided well with qP and qL throughout the

entire period of leaf expansion until fully mature. After

leaves were fully expanded, significantly increasing of

UNPQ and UNO indicated that both thermal dissipation of

excessive excitation energy in safety and potential threat to

photosynthetic apparatus were strengthened, and variation

of UNPQ and UNO was the reason affecting PSII photo-

chemistry in alpine plant S. superba.
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