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Summary. The response of the photosynthetic apparatus of different wheat
cultivars (cvs) of Triticum aestivum L. to drought wasinvestigated. The cvs.
were sowed in aspecial “desiccation greenhouse’, i.e. field area covered by
polyethylenein order to prevent plant watering by rain. Photosynthetic CO,
uptake, stomatal resistance and transpiration were measured on the flag |eaf
with a portable photosynthetic system L1 6000 (Li-Cor, USA). It was found
that mild water deficit (WD) decreased therate of photosynthesisto adiffer-
ent extent depending on drought tolerance of the cvs. With the further incre-
ase of drought, the reduction of photosynthetic rate increased and the wheat
cvs. demonstrated rather different drought tolerance compared to mild WD.
In most cases no direct correlation between the extent of reduction in photo-
synthetic rate, transpiration and stomatal resistance was found. On the basis
of the data obtained it was suggested that even under mild WD the stomatal
resistance was not always the main factor limiting photosynthesisin drought-
ed plants. Especially under severe WD the photosynthetic CO, uptake depen-
ded not only on transpiration rate and stomatal resistance. Obviously, under
such conditions non-stomatal factors, e.g. chloroplast capacity to fix CO,
limited to a greater extent the rate of photosynthesis. The differences in
drought tolerance of wheat cvs. in dependrnce of the severity of WD, reported
here may be related to the extent of ” physiological window” (Burke, 1990).
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On the basis of the data characterizing net photosynthetic rate and WUE the
cultivars were divided in three groups.

Key words: wheat, photosynthesi s, stomatal resistance, transpiration, drought
tolerance

Abbreviations: Chl —chlorophyll, C, —intercellular CO,, cv(s) —cultivar(s),
RuBP - ribul ose-1,5-bisphosphate, Rubisco — ribul oso-1,5-phosphate carbox-
ylase-oxygenase, WD — water deficit, WUE —water use efficiency

Introduction.

In the field plants are often exposed to environmental stresses, especially drought,
high light, high and low temperature. As Blum (1996) noted, drought isamultidimen-
sional stress affecting plants at various levels of their organization. At the whole plant
and crop levels, the plant response to drought is complex because it reflects the integ-
ration of stress effects and responsesat all underlying levels of organization over space
and time. At the whole plant level, the effect of stressis usually perceived as a dec-
rease in photosynthesis and growth (Cornic and Massacci, 1996; Mwanamwenge et
al., 1999). Therate of CO, assimilation in the |eaves was reduced at moderate water
deficits (WD) (Kaiser, 1987; Sharkey and Seeman, 1989; Lawlor and Uprety, 1993;
Yordanov at al., 1997) or even before leaf water status was changed in responseto a
drop in air humidity (Bunce, 1981), or in soil water potential (Gollan et al., 1986;
Sociaset d. 1997). Measurements of gas exchange and chlorophyll (Chl) fluorescence
in bean plants during water and high temperature stresses showed that water deficit
(17-20%) caused a significant decrease in the rate of CO, uptake and O, evolution
(Yordanov et a., 1997, 1998).

Severa lines of evidence indicate that a decrease in photosynthesis due to WD
has been attributed to both stomatal and non-stomatal limitations (Graan and Boyer,
1990; Ort at al., 1994; Shangguan et a., 1999). Stomatal closure is the first line of
defense against desiccation, sinceit ismuch quicker than e.g. changesin roots growth,
leaf area, chloroplast ultrastructure and pigment proteins. In many cases the more
drought tolerant species control stomatal function to allow some carbon fixation at
stress, thusimproving WUE or open stomatarapidly when WD isrelieved. Therelat-
ive part of stomatal limitation of photosynthesis depends on severity of WD. At mild
stressit isprimal event, which isthen followed by adecvate changes of photosynthetic
reactions (Cornic and Briantais, 1991). At long-term WD the non stomatal limitation
predominates.

Except by increased diffusive resistance (Faver et al., 1996; Herpich and Peck-
mann, 1997), photosynthesis may also be controlled by the chloroplast’ s capacity to
fix CO,. The non stomatal limitation of photosynthesis may be attributed to reduced
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carboxilation efficiency (Wise et al., 1991), reduced ribul ose-1,5-bisphosphate (RuBP)
regeneration (Gimenez at al., 1992; Tezaraand Lawlor, 1995), or to areduced amount
of functional Rubisco (Kanechi et al., 1995).

There are experimental data showing that each stress monitored under controlled
conditions in the laboratory might be quite different from the plant response in the
field where several factors interact. Therefore, the aim of this investigation was to
compare the drought tolerance of 23 cultivars (cvs), growing in the field with that
observed in laboratory conditions at controlled light and temperature. As acriterion
we used the functional activity of photosynthetic apparatus (PSA), evaluated by dif-
ferent methods and parameters.

Materials and Methods

The experiments were carried out at the Institute of wheat and sunflower in Dobrich.
Thefollowing 23 cultivars (cvs) were studied: Aglika, Albena, Bezostaya 1, Charo-
deika, Elitsa, Flamura 80, Yantar, Kristal, Laska, Murgavets, Mustang, Prelom, Pliska,
Pobeda, Preslav, Priaspa, Sadovo, Slavianka 196, Spartanka, Svilena, Todora, Vratsa
and Zora.

Thewheat cvs were sowed at the end of October in four replications (0.5 m?each)
in a specia “desiccator greenhouse” in lines of one meter long and 20 cm between
the lines. Each replica containd 200 plants. The “desiccator greenhouse” area was
covered by polyethylene in order to prevent plants watering by rain. The penetration
of water from control plots into those of droughted wheat plots was prevented by
drenaige. The seedlings germinated in the second half of October and spent the winter
good developed in the phase tillering, without injuries caused by low temperatures.
During the whol e vegetation the plants received 81.8 L.m2 water . The last watering
was at the end of thefirst decade of March. The symptoms of WD were observed in
thefirst decade of April when all plantswere in the phase onset of shooting. The WD
was about 10-15% after 30 days of drought (mild water stress) and varied between
25 and 30% after 40 days of drought (strong water stress) when measurements were
carried out.

Photosynthetic CO, uptake, stomatal resistance and transpiration were measured
with a portabl e photosynthetic system LI-6000 (Li-Cor, USA) at aleaf temperaturein
the range of 32—-35°C and natural photon flux density (PFD) 1000-1200 pmol.m2s™,
The CO, concentrationin the leaf chamber was about 350 pl.I=% ppm. Water deficit
of leaves was cal culated according to the following formula:

(water content at full turgescence - real water content)

(water content at full turgescence)
Data are the means of measurements of 6-8 plants.

WD [%] =

100
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Statistics: Values obtained were expressed as mean + SE from measurements
of five plants of each variant.

Results

Changes in photosynthetic CO, uptake. Therate of photosynthesis of control and
experienced not very severe WD plants of different cultivars(cvs) isshownin Table 1.
Therate of photosynthesisin the control well watered mature flag leaf varied in the
range of 0.961mg.m=.s* (cv Kristal) to 0.496 mg.m2.s1 (cv.Murgavets). Three of
the cvs — Laska, Mustang and Pliska photosynthesised at rates over 0.800 mg.m—=2.s 7,
wheras Sadovo, Albena, Aglika, Vratsa, Besostaya—over 0.7 mg.m2.s. Most of the
cvs — Slavianka, Priaspa, Predav, Pobeda, Yantar, Prelom, Zora, Flamura, Elitsa —
photosynthesised at rates over 0.6 mg.m—=2.s2.

Ten days later, the rate of photosynthesis of control flag leaf was over 0.9mg
CO,.m2s?in Elitsaand Vratsa cvs, over 0.8mg CO,.m2.stin cvs Yantar, Elitsa
and Laska, over 0.7 mg CO,.m2.s in Charodeika, Svilena, Pliska, Todora, Prelom,
Sadovo and Aglika. Aagain, the rate of photosynthesis of control flag leaf in most
wheat cvs— Priagpa, Zora, Pobeda, Slavianka, Albena, Mustang, Spartanka) was over
0.6mg CO,.m2.sL. Only in 3 cvs— Besostaya, Kristal and Murgavets it was below
0.6mg CO,.m2.s™,

Our results showed also that relatively mild WD caused a decreasein the rate of
photosynthesisto a different extent, depending on the drought tolerance of cultivars
(Table 1). The reduction of CO, uptake varied from 17% (cv Todora) to 85% (cv
Pliska). The most drought tolerant were the plants of cv. Todora. The photosynthetic
rate of their flag leaf was reduced only by 17% compared to control. Intherest 9 cvs
—Priaspa, Flamura, Zora, Svilena, Laska, Slavianka 196, Preslav, Mustang and Vratsa,
the reduction of CO, uptake caused by WD was below 50%. An inhibition of photo-
synthetic rate over 50 to 60% was observed in cvs Murgavets, Elitsa, Albena, Spar-
tanka, Sadovo, Aglika, Pobedaand Charodeika. The strongest inhibition of photosyn-
thesis of the flag leaf was observed in plants of cvs Yantar, Prelom, Kristal and Pliska.

With the further increase of drought the inhibition of photosynthetic rate increas-
ed (Table 2) and was in the range of 37% (cv. Zora) to 91% (cv.Pliska). Itisaso in-
teresting to mention that under severe drought stress the cultivars demonstrated rather
different drought tolerance. Some cvs showing the highest degree of resistance at mild
WD, exhibit then the highest inhibition of photosynthesis. For example, under mild
drought cv. Todora showed aminimal inhibition (17%), but under severe drought the
inhibition was among the highest ones (88%).

Hence, under strong drought conditions some of cvs. change their posittion with
respect to their drought tolerance (compare Table 1 and Table 2).
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It isinteresting to note that from 23 cvs investigated the photosynthetic rate of
11 cvs endured mild WD was inhibited less than 50% compared with the respective
controls (Table 1). After very strong drought, however, only four of them —Mustang,
Elitsa, Vratsa and Charodeika were included in the first group of 11 cvs (Table 2).
At the same time, some of cvs showing higher sensitivity to mild WD demonstrated
higher drought tolerance under severe drought (cvs Albena, Spartanka, Murgavets,
Elitsa, Charodeika, Sadovo and Yantar). Under strong WD only 3 of the investigated
cvs—Zora, Albena and Spartanka— photosynthesised at rates more than 50% of the
respective controls (100%). In other 5 cvs: Murgavets, Elitsa, Vratsa, Slavianka 196
and Charodeika, under the same conditions, CO, uptake was reduced about 3-fold.
In7 cvs: Mustang, Preslav, Todora, Kristal, Aglika, Pobeda and Pliskatheinhibition
of the rate of CO, uptake was more than 80%.

The comparison of the extent of the the photosynthetic rate reduction caused by
mild WD with the transpiration rate showed that, in most cases, there was no direct
correlation between these two parameters. For example, in some cases, when the trans-
piration rate in droughted plants was higher (109.5%) than in the respective control,
the reduction in photosynthesiswas only 17% (cv. Todora), while at similar or higher
transpiration rate the reduction in photosynthesis was two- or more fold higher (e.g.
in cv Pobeda, where the transpiration rate was 118%, and the inhibition of photosyn-
thesiswas 63%). Furthermore, there was no correlation between the reduction of trans-
piration rates and the rates of photosynthesisin plants experienced WD. At the same
reduction of transpiration rate (with about 10% compared with respective control),
therate of photosynthesis decreased by 27% in cv. Flamura, but by 53%in cv. Sadovo.
In other cases however, when the transpiration rate was close to the control, the rate
of photosynthesiswasinhibited to adifferent extent (compare cvsKristal and Priaspa).
In most of the droughted cvsthe stomatal resistance increase did not exceed the respec-
tive control value (100%). The only exception were cvs Albenaand Kristal — 220%
and 218% respectively.

There was no good correlation between increased stomatal resistance in droughted
flag leaf and decreased photosynthesis. In two cvswith different stomatal resistance
(cvsLaska0.25cm.s™, 25% higher than the respective control; and Slavianka 196 —
0.72, 71% higher then the control) the inhibition of photosynthesis was 34%. On the
other hand, the inhibition of photosynthesisin cvs Albenaand Kristal with identical
stomatal resistance (220 and 219%) was 56 and 72%, respectively.

On the basis of the data obtained, it can be suggested that under mild WD the
stomatal resistance wasthe mgjor factor limiting the rate of photosynthesisin droughted
plants. It can also be concluded that even under moderate WD the wheat cvsinvestigat-
ed manifested different drought tolerance. Under severe WD, the transpiration rate
of droughted plants in most cvs was changed in the range of 70 to 90% (Table 2).
Only in cvs Laskaand Aglikait was alittle higher compared to the controls.
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Again, there was not a direct correlation between the transpiration rate and the
reduction of photosynthesis. For example, at equal rates of transpiration (87.7% of
the control) the rate of photosynthetic CO, uptake in cvs Zora and Besostaya was
63.8% and 27.8% respectively.Besides, the drought tolerance of some cultivarswas
better expressed under strong WD.

Theresults on the correl ation between photosynthetic rate and the stomatal resis-
tance of plants experienced strong WD showed similar tendency to above mentioned
(compare Table 1 and 2). In plants of cv. Svilena, flag leaf of which had stomatal resis-
tance 1.12cm.s (254,5%, control 100%) photosynthetic rate was inhibited by 41%.
The same extent of inhibition wasfound in theflag leaf of cv. Spartanka plants which
stomatal resistance was approximately two fold lower (131,6 against 254,5%).

These results support our conclusion that under strong drought non-stomatal fac-
torslimit to agreater extent the rate of photosynthesis. At severe stress photosynthesis
might be controlled by chloroplast’s capacity to fix CO, rather than by a diffusive
resistance increase (Faver et al., 1996; Herppich and Peckmann, 1997). Severe WD
may also affect photosynthetic capacity per se and therefore, alter both the C,/C,
(=intercellular/ambient air CO,) ratio and stomatal conductance, g, (Pereira and
Chaves, 1993)..

It was also interesting to compare the photosynthesi S/transpiration ratio, asamea-
sure of water use efficiency (WUE) (Table 1 and 2). It can be seen that in all cvs at
both mild and severe WD the WUE was higher in the control plants. The datashowed
alsothat, asarule, at the second measurement, when the flag |eaf was 10 days ol der,
the WUE in control plants was higher compared with that observed 10 days earlier
with the exception of 4 cvs- Slavianka, Mustang, Kristal and Pliska—wherethe WUE
wasalittlelower. The highest level of WD led in most cvsto astrong reduction (from
2 to 4-fold) of WUE (cvs Todora, Flamura, Preslav). In other cvs (Zora, Svilena,
Vratsa, Sadovo, Murgavets, Spartanka) the values for WUE were equal at both mea-
surements. The drought toleranceis caused to agreat extent by the capability of plants
to regulate their water relations. In drought tolerant plants the WUE efficiency was
higher, unlike the sensitive plants haracterized by alower WUE value (see Table 2).
There are a number of possihilities which can help the plants to retain their photo-
synthetic rate near to normal even under strong soil water deficit. For example, the
development of rich and deep root system during long-term drought enhances syn-
thesis of osmolytesimproving the water-holding (retaining) ability of cellsand tissues
and the regul ation of water relations (Yancey 1994).

Theledf intrinsic gas exchange efficiency (A/g,) i.e. carbon assimilation rate/stom-
aa conductanceispresented in Table 1. In plants of all cvs, experienced mild drought
the A/gratio was either equal or lower as compare to the respective controls. In some
cases (cvs Vratsa, Elitsa, Aglika,Pobeda, Besostaya, Pliska) it was two or more fold
lower than in their respective controls. Only in two cvsthisratio was a little higher
in droughted plants (Table 2).
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Similar results concerning A/ggratio were found also in plants experienced strong
water deficit (Table 2). Under these conditionsthisratio was higher only in cvs Zora
and Svilena. Inall other cvsit was lower than controls. Asarule, this reduction paral-
leled with the inhibition of photosynthetic rate, caused by WD. These data did not
support the results of Osorio et a. (1998), obtained with rooted cuttings of three Eucal-
iptus globulus clones. In their experimentsthe A/g,ratio valuesincreased under water
stress.

Discussion

Water deficit reduces transpiration rate, stomatal conductance, net CO, uptake and
growth of crop plants (Scheuermann et al., 1991). During the period of WD, water
potential, and relative water content (RWC) decreased with an associated decrease
of Rubisco activity, Chl and protein content (Castrilo and Trujillo, 1994). These
authors have found asignificant correlation among the components of |eaf water status
and the measured photosynthetic parameters.

Our results showed that under normal water supply the cvs. investigated were
characterized by rather different rates of photosynthesis. As drought developed, net
CO, fixation rate decreased in al cultivars, although not to the same extent, due to
decreasing stomatal conductance and transpiration rate. The decrease of photosyn-
thesis caused by WD has been attributed to both stomatal (restricted CO, availability)
and non-stomatal limitations (Ort et al., 1994, Srivastavaand Strasser, 1997, Shang-
guan, 1999). Stomatal closure wasthe most prominent determinant for the increased
transpiration efficiency observed in plants experienced not very strong WD (Osorio
et al., 1998). In addition, our results support their observationsthat transpiration effici-
ency did not differ significantly between two levels of soil WD and thisfact emphasiz-
ed the remarkable capability of acclimation of the species to decreased soil water
availability. There are also observations that in response to soil drying stomatal con-
ductance is reduced to 50% before any substantial changes in water potential are
detected. Socias et al. (1997) showed that the decline in the rate of photosynthetic
CO, uptakein thefirst week of drought was less pronounced compared with stomatal
conductance, thus increasing WUE.

Cornic and Briantais (1991) found that stomatal conductance in three bean cul-
tivars declined before RWC was affected. Although stomatal closure generally occurs
when plants are exposed to drought, in some cases e.g. severe stress, photosynthesis
may be controlled by the chloroplast capacity to fix CO, (non-stomatal limitation)
rather than by theincreased diffusive resistance (Faver at a. 1996, Herppich and Peek-
mann, 1997). It has been shown that non-stomatal limitation of photosynthesisin sun-
flower leavesisattributed to reduced carboxilation efficiency (Wiseet al., 1991), red-
uced RuBP regeneration (Gimenez et al. 1992; Tezara and Lawlor, 1995), or to a
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reduced amount of functional RuBPCase (Kanechi et al., 1995). According to Lal et
a. (1996) there is no evidence that the capacity for RUBP regeneration becomes a
limiting factor during drought. It is noteworthy to mention that the inhibition of photo-
synthesis by drought is a complex phenomenon, since it can be caused by different
limitations, stomatal closure (stomatal conductance) and transpiration being only part
of them. It was shown that maximal Rubisco activity decreased slightly at moderate
WD and sharply at severe drought. The decrease at moderate WD seems to be due
to a decrease of Rubisco protein in leaves while at severe drought to a decrease in
both Rubisco protein and Rubisco specific activity (Marques et al. 1995). The reduc-
tion in the rate of reactions catalysed by Rubisco could be caused either by changes
in the availability of CO, at chloroplast level or the availability of RuBP, or loss of
Rubisco capacity (Lal et a., 1996). Their resultsindicate that the primary mechanism
for inhibition of photosynthesis under both mild and severe WD is a reduced CO,
supply to Rubisco (under stress the intercellular CO, decreases). The ratio of RuBP
pool to substrate binding site on Rubisco remains reasonably constant during drought.
There are also experimental data showing that Rubisco capacity isnot the major lim-
itation during stress (Sharkey, 1987; Sharkey and Seeman, 1989). La et al. (1996)
showed that in Vicia faba photosynthesis began to decrease 2 days after withholding
of water, whereas RuBPCase activity did not decrease after 7 days. In experiments
of Sharkey (1987), Sharkey and Seeman (1989) Rubisco content and activity were
not affected by mild WD. By contrast, according to Vu et a. (1998) both ahigh CO,
concentration and severe drought decreased the activity and content of Rubisco.

Lal et al. (1996) adduced some evidence that a decreasein CO, supply to Rubisco
is predominantly responsible for adecrease in photosynthesis during drought. Indeed,
the degree of control by Rubisco increases when CO, itself isamajor limiting factor
but this does not negate the fact that CO, itself isthe primary limitation and not Rubis-
co content. Under severe WD the supply of CO, to Rubisco may be limited not only
by stomatal closure but also by stomatal patchiness and tissue shrinkage diminishing
theintracellular air space.

There are enough data showing the existence of adaptive mechanism(s) of land
plantsto protect themselves against different kinds of stress—light, high temperature,
WD (Havaux, 1992; Srivastava and Strasser, 1996). Bgjji et al. (2000) have noted
that in durum wheat the degree of resistance to drought at the plant level depends, at
least in part, on the existence of amechanism operating at the cellular level. In support
of this assumption the authors point out the correl ation between performance of cvs
under drought and the response of callus culture to PEG-induced drought.

It is necessary to note that the antagonism between stress factors plays a very
important role in the adaptation process. It was been found that WD antagonizesthe
effect of heat stress (Havaux, 1992; Srivastava and Strasser, 1996). Preheated adap-
tation changes the conformation (lipid-protein interaction) of PS2 which somehow
resultsin protection of PS2 against strong light and partially against drought. Srivas-
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tava and Strasser (1996) reported that moderate treatment by low light or moderate
temperature and moderate WD induced an extenuation of the buffer capacity of plants
against stress, e.g. light, heat, drought. Hence, the data discussed above point to the
complexity of photosynthetic responses to environmental stresses, the antagonistic
effect of given stress being markedly modulated by another environmental factor(s).
In contrast to the synergistic effect, high light and high temperature pretreatment
(30°C + 30 W.m2, 30 min) resultsin protection of the photosynthetic mechanism ex-
posed to high light.

Metabolic acclimation viathe accumul ation of compatible solutesis also regarded
as abasic strategy for the protection and survival of plants in extreme environment.
The synthesis of betaine in chloroplasts can enhance protection to several types of
stress (Sakamoto and Murata, 2000). The major role of metabolites like betaine, sugar
alcohols, amino acids and their derivativesisto serve as organic osmolytes with com-
patible properties at high concentrations. Such osmolytesincrease the ability of cells
to retain water without disturbing normal cellular functions (Yancey, 1994; Yancey
et al.,1982).

Differences between species can also be due to the operation of additional mech-
anisms functioning in some cultivarsbut not in others. According to Munne-Bosch
and Alegre (2000) the enhanced formation of zeaxanthin in high light and the incre-
ased levels of carotenoids per unit of Chl, observed in WD plants, may help to avoid
phatoinhibitory damage to the photosynthetic apparatus.

Conclusion

Many studies have illustrated the complexity of the photosynthetic responses to en-
vironmental stresseswith the given stress being markedly modified by other environ-
mental factors. Mmild treatment with low light or moderate temperature and moderate
water lossinduces an extension of the buffer capacity of plants against stress. Out of
several mechanisms, the self regulation isthe oneto integrate the complex interactions
and to refine regulations. The results presented in this work suggest that the degree
of toleranceto WD of different wheat cultivarsisthe result of their different plasticity
and ability to short and long-term acclimation and may be connected with the extent
of the “physiologica window” (Burke, 1990) which defines the threshold of drought
tolerance. Our results demonstrate al so that the drought tol erance observed under lab-
oratory conditions does not necessarely correlate with plant response under field con-
ditions. These dataare in support of the conclusion of Srivastavaand Strasser (1997)
that the interaction between different stress factors suggests that each stress monit-
ored under controlled environmental conditions in the laboratory, where the effects
of adefined stress are studied in “one factor - oneresponse” test might be quite differ-
ent from the plant response in the field where several factors usually change simul-
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taneously and interact. On the basis of our data characterizing the rate of photosyn-
thesisand WUE, the cvsinvestigated can be divided in three groups: (1) drought toler-
ant — with representatives cvs Zora, Svilena, Albena, Vratsa, Elitsa, Spartanka; (2)
drought sensitive — cvs Pliska, Pobeda, Kristal, Aglika, Todoraand (3) less sensitive
—cvs Preslav, Prelom, Bezostaya.
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