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Abstract: The photosynthetic properties and photosynthetic responses to drought stress mn the pot experiment
of three chicory (Cichorium intybus L.) strains with different drought resistance, space-mutagenesis-bred
strains PA-82 and PA-43 and their initial strain PA-57 were studied using Li-6400 portable photosynthesis
system. The results showed that diurnal time courses of net Photosynthetic rate (Pn), Transpiration rate (Tr),
stomatal Conductance (Cond) presented as double-peak curves. There was an obvious midday Pn depression,
which was caused by nonstomatal factors. Highest P, Tr and Cond values were observed in PA-82 and lowest
corresponding values in PA-43 (p<0.05). Intercellular CO, Concentration (Ci) of three strains showed an
opposite course to that of Pn which reached its valley at 10:00-12:00. PA-82 had the highest Water Use
Efficiency (WUE), followed by PA-57, then PA-43. Light Saturation Points (LSP) of three strains were between
1207-1264 pmol/m’/sec and Light Compensation Points (LCP) were between 14.55-14.85 umol/m’/sec, both
indicating good adaptation to changes of light intensity. Pn, Tr, Cond, maximal photochemical efficiency of PS
1T in dark adaptation (Fv/Fm), potential photochemical efficiency (Fv/F0) and coefficient of Photochemical
quenching (qP) decreased with the aggravation of water deficit. Among the three strains, the parameters of
PA-43 dropped to a greater extent at a highest speed, followed by PA-57 then PA-82. With the aggravation of
water deficit, Ci and co-efficient of nonphotochemical quenching (gN) increased to a greater extent at a highest
speed in PA-43. The results suggest that PA-82 and PA-57 have higher resistance against severe water deficit
n comparison with PA-43.
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INTRODUCTION

Photosynthesis is the most essential physiclogical
process in the growth and development for plants which
15 closely related to their first productivity. The daily
changes of photosynthesis can be measured by analyzing
specific parameters like net Photosynthesis rate (Pn),
Transpiration rate (Tr), stomatal Conductance (Cond),
intercellular CO, Concentration (Ci) and stomatal limitation
value (Ls). A plant’s photosynthetic capacity varies
according to its genetic traits. As a result, the difference
in plant material would cause disparity in daily
photosynthetic capacity. Therefore, a study on the
changing characteristics of photosynthesis can provide
theoretical and practical evidence to the analysis of plant
productivity. Stomata are apparatus with complicated
regulatory functions in plants which optimally regulate
photosynthesis and transpiration simultaneously and
affect Water Use Efficiency (WUE) greatly. They not only
prevent excessive water loss caused by transpiration but
also ensure acquisition of sufficient CO, for plant

photosynthesis, so as they serve as a key link to regulate
the material and energy exchanges between water loss
and carbon acquisition in the soil-plant-atmosphere
contimium. The study on the responses of stomatal
conductance to the environmental factors will serve as a
of chicory’s
adaptation to different environmental conditions. WUE 1s
a parameter that reflects photosynthesis and transpiration
comprehensively and is defined as the ratio of Pn to Tr
within a given time, namely, the amount of accumulative
dry matter per umt of water loss by transpiration. The
physiological and the ecological parameter used to
describe the relationship between the plant production
and the assimilated CO,. It reflects the amount of
assimilated CO, per umt weight of water used by a plant.
In a similar environmental condition, a high WUE in the
plant suggests the high efficiency of water utilization,
good water conservation capacity and high productivity
in drought. Therefore, WUE acts as an mmportant
parameter in crop farming, strain selection and evaluation
of productivity in drought conditon. Light response

basis to understand the mechamsms
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curve, on the other hand, reflects the variation of
photosynthetic rate of a plant with the changes of light
mtensity. Light Saturation Point (LSP) and Light
Compensation Point (LCP) reflects on the requirement of
a plant to lighting conditions indicating the utilization
capacity of intensive light and weak light, respectively.
Generally, a sciad has low LSP and LCP and a heliophyte
15 the opposite. A plant with low LCP and lugh LSP 1s
highly adaptive to the light conditions whereas a plant
with high LCP and low L8P is poorly adaptive to the light
conditions.

Photosynthesis System II (PS II) 1s the first protein
complex in the serial photochemical reactions which
catalyzes light-driven oxidation of water and reduction
of plastoquinone m the photosynthesis (Nelson and
Ben-Shem, 2004). It 1s believed that PS II plays a
significant role in plants’ responses to environmental
stress (Baker, 1991). In the recently years, determination
of chlorophyll fluorescence has been used in a variety of
areas in plant physiology and physiological ecology.
Development of fluorescence measuring instruments,
helps the researchers not only can study the effects of
different environmental stresses on photosynthesis
(Andrews et al., 1995; Tsonev et al., 1999) but also to
investigate the absorbance, transportation, dissipation
and distribution of light energy in photosynthesis
systems using the methods of chlorophyll fluorescence
dynamics. Chlorophyll fluorescence dynamics technology
is therefore regarded as a quick and non-intrusive probe
to study the photosynthesis pattern. Under the condition
of water deficit, the effect of water stress on PS II
can be evaluated by measuring various parameters
like chlorophyll initial Fluorescence (F0), maximal
Fluorescence (Fm), coefficient of Photochemical
quenching (gP) and coefficient of Nonphotochemical
quenching (gN) and by calculation of varnable
Fluorescence in dark adaptation (Fv), maximal
photochemical efficiency of PS 1T in dark adaptation
(Fv/Fm) and potential photochemical efficiency (Fv/F0)
(Flexas et al., 1998; Inamullah, 2005; Zlatev, 2009).

Li-6400 portable photosynthesis system is equipped
with two independent absolute open-path non-diffusible
mnfra-red analyzers for the determination of absolute
concentrations of CO, and H,0O, respectively. In the
system, the environmental factors around the leaf such
as CO, concentration, H,O concentration, atmospheric
temperature, relative humidity, light mtensity and
temperature in leaf chamber could be regulated
automatically or manually. If equipped with 6400-40
fluorescence leaf chamber, the system can be used to
measure simultaneously the gas exchange, respiratory and
fluorescence parameters and it can automatically generate

the light response curve and CO, response curve from
every data collection process. This system has been
widely used m field measurements of photosynthesis in
various environmental conditions (Flexas et al., 2007,
Yang et al., 2008; Wen et al., 2011).

Chicory (Cichorium inmtybus 1.) is a perennial
herbaceous plant which belongs to Compositae family.
Tt is high-quality forage with high production, high
nutrition value, good palatability and good post-mowing
regeneration capacity (Lambert et af., 2004; Kidane ef af .,
2010). The production performance of chicory and its
utility as forage has been mtensively studied i China.
The relationship between nufritious dynamics and
production of Puna chicory during different growth and
development periods has been mvestigated. The use of
chicory as a forage for pigs, chickens and sheep has also
been reported However, there have been limited studies
on its photosynthetic and transpirative properties and
their responses to different environmental changes.
Devacht and colleagues investigated the effect of cold
stress on early vigour, photosynthesis, chlorophyll A
fluorescence and pigment content of industrial chicory
(C. intybus) and also the effect of cold stress and
anthocyamn on industrial chicory using chlorophyll
fluorescence imaging (Devacht ef al., 2007, 2008, 2009).
Monti et al. (2005) studied the relationship between Pn,
Cond and water conditions (Monti ef al., 2005). Currently
researchers succeeded in developing space
mutagenesis breeding of chicory. But the photosynthetic
properties and photosynthetic responses to drought
stress of the initial strain (PA-57) and the mutant strains
(PA-82 and PA-43) have yet need to be comprehensively
studied, especially m terms of chlorophyll fluorescence
changes. In the earlier studies, researchers have compared
leaf xeromorphic structure and percentages of withered
leaves of the three strams and found out that PA-82 was
the most drought-resistant strain, followed by PA-57 and
PA-43. In the recent years, due to climate change the crop
production worldwide 1s heavily affected by the water
shortage which has become a major limiting factor for the
high-efficient and the sustainable development of farming
i many regions. To ensure an appropriate cultivation and

have

propagating techniques for chicory and to provide
high-quality forage to stockbreeding in arid regions, it is
necessary to systematically investigate photosynthetic
properties of these chicory strains under the condition of
drought stress. In the present study, the diurnal changes
of photosynthesis parameters of three clhicory strans
with different drought resistance and their photosynthetic
responses and the changes in chlorophyll fluorescence
parameters in water deficit were studied with an attempt to
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elucidate the relationship between water status and
photosynthetic physiology in chicory, to understand its
anti-drought mechamsms and to provide photosynthetic
evidences for its breeding, cultivation, propagation and
utilization.

MATERIALS AND METHODS

The three strains, one is Puna chicory (PA-57) and its
two mutant strains bred with space mutagenesis breeding
(PA-82 and PA-43) were selected for the study. Plants
were planted in plastic pots with a diameter of 40 cm
and a height of 30 cm. Each pot was filled with 8 kg of
topsoil from experimental field that was pulverized,
blended but not sterilized. Each pot was sowed with 20
seeds that were full, uniform in size and free of pests and
diseases. Each strain was grown in 12 pots. Upon the
emergence of all seedlings, thinming was carried out to a
final plant population of 10 seedlings per pot.

Treatments: For all the strains, 4 different treatments of
water conditions were set according to a randomized
complete-block design in the experiment with four
replicates for each. The field moisture capacity of
treatment A (no drought stress) was controlled at 75-80%,
treatment B (mild drought stress) at 65-70%, treatment C
(moderate drought stress) at 55-60% and treatment D
(severe drought stress) at 40-45%. Before treatment, the
soil 1 each pot was saturated with water and were
allowed it to dry naturally until the field moisture
capacity reached the indicated treatment levels and then
maintained. Water gradients formed on 10th JTune and
drought stress started. The amount of water in each pot
was control by using the weighing method. Every day the
water was supplemented through pierced holes in the
so1l at 17:00 m the evening pots were moved to plastic
greenhouse during ramy weather conditions. The
parameters were measured after the field moisture capacity
of the treatments has reached the indicated levels for
15 days.

Measured parameters and methods

The measurements of daily photosynthetic progression:
Net Photosynthesis rate (Pn, umol/m’/sec), Transpiration
rate (Tr, mmol H,O/m*sec), stomatal Conductance (Cond,
mol H, O/m’/sec), intercellular €O, concentration (1, umol
CO,/mol), Photosynthetically Active Radiation (PAR,
umol/m*/sec), atmospheric Temperature (Ta,°C), Relative
Humidity (RH, %) and atmospheric CO, concentration of
each treatment were measured in sunny weather using
L1-6400 Portable Photosynthesis System. The measuring

duration was between 8:00 and 20:00 with an intermittence
of 1 h. Data were collected from the third mature leaf
counted from the top of the healthy plants of similar
performance. Five plants were selected and their mean
was calculated. The formulae used for calculation of WUE
was as follows: WU E = Pn/Tr. Stomatal limitation value
(Ls) was calculated by using the equation:

_(Ca—Ci)
Ca—1]

Ls

Where:
Ca = Atmospheric CO, concentration
Ci = Intercellular CO, concentration

Both the datas were exported from Li-6400 System. T
was CO, compensation point which was negligible here.

Measurement of light response curve: Parameters of
chicory such as Pn, Cond and Ci were measured during
9:00-11:00 at a CC, concentration of (4004+10) umol mol™
when the photon wradiation gradient in leaf chamber was
setas 2000, 1800, 1600, 1400, 1200, 900, 700, 500, 200, 150,
100, 50 and 0 pmol/m*/sec. The response progressions
were fitted in the equations v = at+bx and y = ax*+bx+c,
respectively to calculate LCP and LSP.

Photosynthetic responses of chicory in drought stress:
Pn (umol/m*sec), Tr (mmol H,O/m*sec), Cond (mol
H,O/m%sec) and Ci (umel CO/mol) of chicory were
measured during 9:00-11:00 with Li1-6400 Portable
Photosynthesis System after the field moisture capacity
of the treatments had reached the indicated levels for
15 days. During the measurement of photosynthetic
responses, the light intensity was set at 1200 umol/m*/sec
and CO, concentration at 400 pmol CO,/mol.

Measurements of chlorophyll fluorescence parameters:
The chlorophyll fluorescence parameters of functioning
leaves in the four treatments were measured by using
Li-6400 Portable Photosynthesis System after 24 h dark
adaptation of the leaves. The parameters measured were
initial Fluorescence (Fo), maximal Fluorescence (Fm),
coefficient of Photochemical quenching (gP) and
coefficient of Nonphotochemical quenching (gN). Variable
fluorescence 1n dark adaptation (Fv = Fm-Fo), maximal
photochemical efficiency of PS II m dark adaptation
(Fv/Fm) and potential photochemical efficiency (Fv/Fo)
were also calculated.

Data analysis: All data and statistical analysis was
conducted using Excel and SPSS Software. Graphs were
processed in MS Hxcel.
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RESULTS AND DISCUSSION

Daily changes of major meteorological factors:
Photosynthetically Active Radiation (PAR) mcreased
gradually after sunrise. Tt peaked at around 10:00 ina
day and then decreased. The range of changing was
763.61-1418.96 umol/m*/sec. Atmospheric temperature
started rising in the early morming. It reached a summit at
13:00 and started to decline with a range of changing from
26.10-34.46°C. There was a relatively high concentration
of atmospheric CO, in the early morming hour and reached
a valley at approximately 10:00 before starting to rise
again. It pesked at 13:00 and rose slightly with a
fluctuation range of 383.34-388.43 ymel mol™. The data
were collected during hot and sunny weather season.
Changes of meteorological factors were summarized in
Table 1. Diwrnal time courses of photosynthetic properties
i chicory.

Diurnal time courses of Pn, Tr and Cond in leaves of
different chicory strains: Figure la shows the diurnal
time courses of Pn mn chicory leaves that were presented
as double-peak curves in all three strains. The first peak
appeared at 10:00 and the valley at 12:00, followed by
the second peal at 14:00. Of the three strains, PA-83
displayed the highest peak wvalue of Pn (31.2 pmol
CO,/m*/sec) whereas PA-43 had the lowest peak value of
Pn (27.3 pmol CO,/m*sec). Figure 1b shows the diurnal
time courses of Tr in the chicory leaves which has
double-peak curves with a similar pattern to that of Pn.
The first peak appeared at 11:00 and the second peak at
16:00 both were 1-2 h belind the peaks of Pn curve,
respectively. PA-83 showed the highest peak value of Tr
(5.6 umol/m?®) and PA-43 had the lowest peak value of Tr
(4.5 pmol/m?*/sec). Figure lc shows the diurnal time
courses of Cond 1n chicory leaves which has double-peak
curves with a similar pattern to that of Pn. The first peak
appeared at 10:00 and the second at 14:00. PA-83 has
shown the highest peak value of Tr (0.44 mol/m*sec)
and PA-43 showed the lowest peak value of Tr
(0.31 mol/m*/sec).

The diurnal time courses of Ci and Ls in leaves of
different chicory strains: Figure 1d shows the diumal
time courses of Ci in chicory leaves which reached their
valleys at 10:00 and their peak at 12:00. The time courses
were of a pattern opposite to that of Pn and Cond.
Farquhar and Sharkey suggested that the trends of Ci
and Ls were two reliable criteria when judging the
decrease of Pn which could be caused by stomatal factors
or nonstomatal factors like: decrease in Ci and increase in
Ls indicates that reduced stomatal conductance was
responsible for Pn depression whereas increase in Ci and
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decrease in Ls indicates that nonstomatal factors plays a
major role (Farquhar and Sharkey, 1982). The trends of Ls
and Ci were analyzed. Tt is shown in Fig. 2 that Ts values
of Pa-57, PA-82 and PA-43 declined and C1 values rose at
12:00. Tt indicates that reduction in Pn was caused by
nonstomatal factors. Moreover, Pn and Cond of chicory
leaves dropped to the lowest point at 12:00 in three strains
suggesting that nonstomatal factors were responsible for
the midday depression of Pn.

Diurnal time courses of WUE in different chicory
strains: As shown in Fig. 3, the WUE time courses of the
three strains had a similar pattern to that of Pn time
courses which were presented as double-peak curves.
WUE of the studied strains started rising at 8:00 in the
morming, peaked at 10:00 and then declined to the first
valley at 12:00. WUE rose again until it reached the

Table 1: Changes of meteorological factors

Photosynthetically Atmospheric Relative Atmospheric
active radiation C(), concentration hurnidity termperature
{(umol/m?¥/sec) (umol/mol) (%) °C)
763.61-1418.96 383.34-388.43 42.93-59.27 26.10-34.46
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Fig. 1: a) Diurnal time courses of net photosynthetic rate
mn leaves of three chicory strains. b) Diurnal time
courses of net transpiration rate in leaves of
three chicory strains. ¢) Diurnal time courses of
stromatal conductance in leaves of three chicory
strains. d) Diurnal time courses of mtercellular CO,
concentration in leaves of three chicory strains
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Fig. 2: Diurnal time courses of stromatal limitation value
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Fig. 3: Diumnal time courses of water use efficiency in
leaves of three chicory strains

second peak at 14:00 before it fell. PA-82 showed a lugh
WUE value (p<<0.05), representing the highest water
saving capacity, drought productivity and drought
resistance among the three strains. PA-57 took the second
place with moderate water saving capacity and drought
productivity. The lowest WUE value was found in PA-43,
implying poor water saving capacity, low productivity in
drought and drought resistance.

Responses of different chicory strains to changes of light
intense: Pn was tested at a series of PAR, using the red
and blue light sources mstalled m Li-6400 System. The
light response curves of the three chicory strams
(Fig. 4a and b) shows that in a given range of PAR, Pn in
leaves of different chicory strains increased with the
ascending of PAR until light intensity reached a certain
point (light saturation point, LSP) where Pn stopped
increasing and was saturated; photosynthesis of chicory
was inhibited by excessive high light intensity and Pn
dropped to different extents in the tested strains,
presenting as binary curves. L3P of three chicory strams
can be generated from light response curves and Light
Compensation Pomt (LCP) was calculated with the
regression equations (Table 2 and 3). When the light
intensity was <200 umol/m¥sec, Pn had a linear
relationship with PAR and while calculating, it was fitted
into a linear equation.

As shown in Table 4, the range of LSP in three
chicory strains was 1207-1264 pmol/m*sec and the range
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Fig. 4. a) Light response curves of three chicory strains.
b) Light response curves of three chicory strains
at a low light intensity of 200 umol/m*/sec

Table 2: Binary regression equations of Pn-PAR in three chicory strains
Multiplecorrelation

Strains  Binary regression equation Value coefficient
PA-57 v = -2B-05¢+0.0497x-0.9475 1242 R= 0947
PA-82 y = -2E-05x*+0.0506x-0.5507 1264 R=0.936
PA-43 v = -2B-05¢+0.0483x-1.3061 1207 R=10.912

Table 3: Unary linear regression equations of Pn-PAR in three chicory

strains
Strains  Unary regression equation Multiple correlation coefficient
PA-57 v = 0.0488x-0.72 R=0.929
PA-82 y =0.0552x-0.82 R=0.872
PA43 y = 0.0426x-0.62 R =10.964

of LCP was 14.55-14.85 pmol/m*/sec. A low LCP and a
high LSP indicates a high apparent quantum yield,
thus a good adaptation to light intense. .LCP is one key
parameter to evaluate the plant’s utilization capacity of
weak light. The lower the LCP, the higher the utilization
capacity of weak light is. When I.CP exceeds L.SP, Pn is
no longer limited by photochemical reactions but by
enzymatic process and CO, supply. Maximum quantum
efficiency 1s the maximal light use efficiency before the
appearance of photoinhibition and reflects a plant’s
maximum utilization capacity of light quantum. The
Apparent Quantum Yield (AQY) of PA-57, PA-82 and
PA-43 were 0.049, 0.055 and 0.043, respectively. These
similar AQY values (p=0.05) indicate a high use efficiency
of intensive light in the studied chicory strains.
Responses of Pn, Tr, Ci and Cond in leaves of
different chicory strains to drought stress. Figure Sa
shows the Pn values of different chicory strains at
different water status. Under the condition without
drought  stress, PA-82 had the highest Pn value
(28.7£0.12 pmel/m’/sec), followed by PA-57 (Pn =
4.840.09 pmol/m?sec). PA-43 had the lowest Pn value
{19.8£0.10 ymol/m*sec). Pn of the three chicory strains
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Table 4: Photosynthetic characteristic parameters of chicory

Maximum net photosynthetic rate Apparent Quantum Yield Light Saturation Point Light compensation point
Strains (P-max) (umol/m*/sec) (AQY) (CO-/photon) (LSP) (umol/m’/sec) (LCP) (umel/m’/sec)
PA-57 29.92 0.049 1229 14.75
PA-82 31.45 0.055 1247 14.85
PA-43 27.85 0.043 1202 14.55
gg: (a) O PA-S7 W PAR2 O PA43 different water status was illustrated in Fig. 5b. Under the
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Fig. 5: a) Net photosynthesis rate of three chicory strains
under different drought stress. b) Transpiration
rate of three chicory strains under different
drought stress. ¢) Intercellular CO, concentration
i leaves of three chicory strains under different
drought stress. d) Stromatal conductance in leaves
of three chicory strams under different drought
stress

dropped dramatically when the drought stress became
severe. Pn of PA-43 dropped at a faster rate than those of
the other two strains. Especially in conditions of moderate
and severe drought stress, Pn of PA-43 decreased by
51 and 62%, respectively to the values <10 pmol/m*/sec.
Other two strains underwent less reduction m Pn. In
PA-57, Pn is decreased by 18, 27 and 37% under mild,
moderate and severe drought stress, respectively when
compared with control (treatment A). While Pn of PA-82
dropped by 11, 19 and 25% under mild, moderate and
severe drought stress respectively when compared with
control. The changes in Tr of three chicory stains at

condition without drought stress, PA-82 had the
highest Tr (7.3£0.08 umol/m’/sec), followed by PA-
537 (Tr = 634005 pmol/m*sec) then PA-43 (Tr =
5.940.07 umol/m*sec). When the severity of drought
stress was increased, Tr level in the three strains fell
substantially. Tr of PA-43 dropped at the highest rate by
16.9, 31 and 41% under mild, moderate and severe drought
stress, respectively i comparison with control whereas
other two strains underwent less reduction in Tr. Tr of
PA-57 declined by 11, 16 and 25% under mild, moderate
and severe drought stress respectively in comparison
with control. While in PA-8, Tr dropped by 8, 15 and
21% under mild, moderate and severe drought stress,
respectively in comparison with control. Results of
variance analysis showed that in each strain, there was
significant differences among Tr values of clhicory at
different water status (p<0.05) indicating a marked effect
of drought stress in soil on chicory plants. Figure 5¢
shows changes in Ci values of different chicory strains at
different water status. When there was no drought stress,
PA-43 had the highest C1(237+1 .02 pmol/mol) followed by
PA-57 (Ci = 189£1.05 umol/mol) then PA-82 (Ci =
17541.09 umol/mol). With the aggravation of drought
stress, C1 mn three strains showed a trend of ascending.
Among the three strains, Ci of PA-43 rose at a fastest
speed and increased by 13, 25 and 35% under mild,
moderate and severe drought stress respectively when
compared with control. Other two strains underwent less
increasing rate in Ci Ci of PA-57 rose by 11, 22 and
27% under mild, moderate and severe drought stress
respectively in comparison with control. And Ci of PA-82
was mmcreased by 9, 16 and 24% under mild, moderate and
severe drought stress respectively when compared with
control. Results of variance analysis showed that in each
strain, there were significant differences among Ci values
of chucory at different water status (p<0.05). The changes
in Cond of three chicory stains at different water status
are shown in Fig. 5d. In the absence of drought stress,
PA-82 had the highest Cond among three strains
(4.4+0.03 mol/m*/sec), followed by PA-57 (Cond =
4.0+0.05 mol/m*sec) and then PA-43 (Cond = 3.6+0.06
mol/m®*sec). When the severity of drought stress
increased, Cond in three chicory strains dropped. Among
them, Cond in PA-43 dropped at the highest speed and
decreased by 27, 38 and 53% under mild, moderate and
severe drought stress, respectively when compared to
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control. Other two straing underwent relatively less
reduction in Cond. Cond of PA-57 descended by 15, 27
and 37.5% and Cond of PA-82 by 14, 25 and 34% under
mild, moderate and severe drought stress respectively
in comparison with control. Results of variance analysis
showed that in each strain, there were significant
differences among Cond values of chicory at different
status  (p<0.05). Resompses of chlorophyll
fluorescence in leaves of different chicory strains to
drought stress.

water

Changes of Fv/Fm and Fv/Fo leaves of different chicory
strains: I'v/Fm is generally used to evaluate the primary
conversion efficiency of light energy of PS 1T and
indicates the utilization capacity of PS II and the extent of
photoinhibition. Fv/Fo reflects, on the other hand, the
potential activity of PS II. Both are the important
parameters that reflect the photochemical conditions.
Regardless of species and growth conditions, Fv/Fm
seldom changes when there 1s no environmental stress.
But the parameter changes dramatically in leaves undergo
photoinhibition and is therefore a good parameter and
probe. In the study, Fv/Fm and Fv/Fo of three strams
decreased substantially to different extents under drought
stress (Fig. 6a and b). Fv/Fm and Fv/Fo of PA-82 had a
smallest decline and those of PA-43 underwent the
largest reduction. In other words, the strain that has low
resistance against drought stress had a larger extent of
decrease in Fv/Fm and Fv/Fo and its chlorophyll
fluorescence is affected by drought stress to a larger
extent. In comparison with control, the rates by which
Fv/Fm m three stramns decreased under mild, moderate
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g 0.75
= 0.701
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Fig. 6: a) Effect of water stress on Fv/Fm. b) Effect of
water stress on Fv/Fo

and severe drought stress are as follows: PA-57 (8.2, 11.3
and 16.7%), PA-82 (5.6, 9.8 and 10.5%), PA-43 (10.6,17.2
and 26.3%). In comparison with control, the rates by
which Fv/Fo in three stramns decreased under mild,
moderate and severe drought stress are as follows: PA-57
(8.7,15.2and 28.3%); PA-82 (6.7, 11.1 and 17.6%), PA-43
(17.2, 30.3 and 36.8%). The above data shows that in low
drought-resistant chicory strains, drought stress can
reduce the primary conversion efficiency of light energy
of PS5 1T and the damage potential activity of PS I to a
greater extent as compared to high drought-resistant
chicory strains.

Effect of drought stress on qP and gNN in leaves of chicory
strains: Coefficient of Photochemical quenching (gP)
reflects the redox conditions of primary electronic receptor
QA m PS II and the number of open centers m PSII. A
high gP value represents a good electronic transporting
activity (Kramer et al., 2004). Reduction in gP under
drought stress indicates the inhibition of the electronic
transferring from the oxidization side to reaction centers
in PSIT. gN reflects the portion of the energy absorbed by
antenna pigments that is not used for photochemical
electronic transferring but dissipated as heat. The
escalated gN helps dissipate excessive exciting energy
and emolliates the environmental effects on
photosynthesis.  Nonphotochemical
therefore a self-protection mechamsm wlich protects
photosynthetic apparatus.

As shown m Fig. 7a, qP values of three clucory
drought stress exhibited a trend of

quenching  1s

strains  under
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0.90

0 85
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Fig. 7: a) Effect of water stress on coefficient of
photochemical quenching. b) Effect of water stress
on coefficient of nonphotochemical quenching
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reduction. Under mild drought stress, gP values of PA-82
and PA-57 underwent a small reduction and decreased by
58 and 6.7%, respectively as compared to control.
The gP value of PA-43 dropped by 11.3% compared to
control. The P values of three chicory strains declined
substantially under moderate drought stress with the
highest reduction i PA-43 (by 25.4%) and the lowest
reduction in PA-82 (8.9%) as compered with control.
Under severe drought stress, P values of PA-82, PA-37
and PA-43 fell dramatically by 11.5, 14.6 and 21.2% in
comparison with control. Results of variance analysis
showed that in PA-57 and PA-43, there was significant
differences among gP values of different treatments
(p<0.05). For PA-82, the differences of gP values between
treatments of moderate and severe drought stress were
not sigmficant (p=0.05) but there was a significant
difference among gP values of other treatments (p<<0.05).
These results show that drought stress influenced the
electronic transferrmg activity m PS II of clicory
leaves to a larger extents. Among the tested strains,
PA-82 underwent the smallest reduction in gP indicating
a lesser influence by drought stress whereas PA-57 was
affected by drought stress to a greater extent and PA-43
to the greatest extent.

The ¢N reflects the portion of the energy absorbed
by antenna pigments that is not used for photochemical
electronic  transferring  but  dissipated as heat
(Henriques, 2009). The gN increases when a plant 1s under
environmental stress. The results showed that gN values
in all three chicory strains increased when compared to
control. PA-57 and PA-82 mcreased largely in gN than
PA-43 did (Fig. 7b). These data indicate that there 1s high
degree of openness of reaction centers in PS TI of the
high drought-resistant chicory strain which ensures high
electronic transferring and heat dissipating capacities,
thus protects photosynthetic apparatus from excessive
light energy.

The decrease in Pn can be ascribed to stomatal and
nonstomatal factors. Farquhar and Sharkey earlier
proposed that the trends of Ci and Ls were the two
reliable criteria when judging whether the decrease of Pn
was caused by stomatal factors or nonstomatal factors:
decrease in C1 and inerease m Ls mdicates that reduced
stomatal conductance was responsible for Pn depression
whereas increase in Ci and decrease in Ls indicates that
nonstaomatal factors plays a major role. Nonstaomatal
factors also include mcrease m intercellular space
between mesophyll cells and CO, diffusion resistance,
reduction in PS 1T and photophosphorylation activities,
decrease in RuBP carboxylase and FBPaes activities
and the blockage of RuBP regeneration (Farquhar and
Sharkey, 1982). Researchers observed m the study an

increased Ci and decreased Ls when the Pn dropped at
12:00 of the day suggesting that nonstomatal factors
could be responsible for the suppressed photosynthesis.
In other words, the midday Pn suppression in chicory was
caused by nonstomatal factors. Furthermore, Tr time
course reached its pealk at 12:00 in the studied strains.
Chicory plants were probably mfluenced by high
atmospheric temperature at noon which leads to
strong transpiration and declined water potential. The
photophosphorylation was  subsequently suppressed,
resulting in the reduction in Pn.

Under the same growmg conditions, a lugh WUE
means good water use efficiency, water saving capacity
and productivity in drought. WUE is therefore an
important parameter in crop farming, strain selection and
evaluation of plant productivity under drought stress
(Kumar et af., 2001). PA-82 had the highest WUE among
all the three strains, suggesting that it has a high water
saving capacity and productivity under drought stress.
A-57 had a moderate WUE value which indicates that it
has modest water saving capacity and productivity in
drought stress. A lowest WUE value was found in PA-43
which indicates its low water saving capacity and
productivity under drought stress.

The ratio of the variable chlorophyll fluorescence to
maximal fluorescence (Fv/Fm) is an important parameter
in studymg the plant under stress which reflects the
excitation energy catching efficiency of open PS II and
can be reduced by any environmental stress that affects
the PS I efficiency. The value of Fv/Fm ratiowas 0.80-0.83
in higher plants when there 1s no environmental stress
(Bjorkiman and Demimig, 1987). In the present research, the
range of the ratio Fv/Fm was 0.808-0.812 in chicory
plants that were not subjected to drought stress. With the
progression of drought stress, the ratio Fv/Fm in three
chicory strams decreased indicating that drought stress
have caused the damage to PS 1T and its potential
activity center and suppressed the light energy primary
conversion efficiency of PS II, there by mlubiting
photosynthetic primary reaction and which in turn
affected the transferring of photosynthetic electrons from
PSTI reactive center to QA, QB and PQ pools. The order
of reduction m the ratio Fv/Fm was PA-43=PA-57
>PA-R2, suggesting that drought stress mfluenced the
photosynthetic efficiency of PS IT in PA-82 to a smallest
extent and influenced that of PA-43 to a largest extent.

Serious photomhibition can result n demaging
reactions such as degradation of reaction centers. In
many cases, non-radiant energy dissipation i3 a
protecting process to prevent reaction centers from the
damage. All higher plants are protected by sophisticated
nonphotochemical quenching mechamsms which can
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consume light energy, catch protein complexes (LHCTI
and LHC I) and absorb excessive light energy through
non-radiant energy dissipation (Badger et al., 2000). The
extent of pf heat dissipation can be evaluated with gN
(Tezara et al., 2005; Henriques, 2009). The results showed
that there was substantial decrease in light energy
primary conversion efficiency of PS TI in the studied
chicory plants indicating the presence of significant
photoinhibition. However, the increased gN as a self-
protection mechanism provided protection to the
photosynthetic apparatus. Of the three strains, the largest
increase of qN was found in PA-43 as compared to control
and the largest increase of gN was found in PA-82. These
results suggest that the electronic transferring and heat
dissipation capacities of PS 1T in the highly drought-
resistant strain (PA-82) were higher on comparison with
the low drought-resistant strain (PA-43). The damage
caused to photosynthetic apparatus was therefore
reduced and the drought resistance enhanced.

The photosynthetic properties and their responses to
drought stress varied in chicory strains of different
drought resistance capacity. PA-82, the strain bred using
space mutagenesis breeding technology had the highest
Pn, Tr, Cond and WUE values. Smallest extent of decrease
in Fv/Fm, Fv/FO, gP and the highest extent of increase in
g were observed in PA-82. From the findings researchers
could say, PA-82 is more drought-resistant than its initial
strain PA-57 and space-mutagenesis-bred strain PA-43.
This 1s consistent with the conclusion about the drought
resistance of the strains drawn from the earlier study on
their leaf xeromorphic structure. In conclusion, the
high drought resistance of the space-mutagenesis-
bred strain PA-82 is associated with photosynthetic
properties, chlorophyll fluorescence characteristics of
photosynthetic centers and the xeromorphic structure of
its leaves.

CONCLUSION

The diurnal time courses of Pn, Cond and Tr in three
chicory strains were presented as double-peak curves.
The first and second peaks of Tr occurred at 1-2 h
behind those of Pn. PA-82 had the highest Pn, Tr and
Cond values and the corresponding values in PA-43 were
lowest among the three strains. PA-43 had the highest Ci
value and the lowest Ci value was found in PA-82. Ci
value was ligher in the moming and at evening i all
studied strains with a daily changing pattern that is
opposite to that of Pn. PA-82 had the highest WUE value,
followed by PA-57 and PA-43.

Three chicory strains had low LSP and high L.CP
values and the differences among the strains were not
significant indicating a higher adaptation capacity to the
light intensity.

Pn, Tr and Cond in three strains decreased to
different extents under drought stress. In terms of Pn, Tr
and Cond in the three strains, PA-82 underwent smallest
and slowest decreases whereas PA-43 underwent the
largest and fastest decreases. It was found that Pn in
three strains was suppressed at 12:00. By analyzing the
changes in Ls and Ci, researchers conclude that the
midday suppression of Pn was caused by nonstomatal
factors.

Fv/Fm and Fv/Fo ratios dropped substantially in
three chicory strams under drought stress. PA-82
underwent the smallest reduction and PA-43 had a largest
reduction in both Fv/Fm and Fv/Fo. Reduced gP and
increased gN were found in three chicory strains under
drought stress.
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