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Abstract

Aims: Theam of this paper isto eva uate the photoinhibition capability,
CO2 fixation activity and some adaptive mechanisms external to the
photosystem |1 reaction centresin Sangiovese grapevine subjected to
drought conditions.

Methodsand results: The diurnal time courses of gas-exchange and
chlorophyll fluorescence parameters were monitored on free (natural
position) and artificialy retained (horizontal ) leavesin Sangiovese potted
vinesmaintained at 90 % and 40 % of maximum water availability from
fruit-set to veraison. Changesin leaf and shoots characteristicswere dso
monitored. Under drought, theinhibition of photosystem 1 in Sangiovese
leaves may be severe and persistent according to lesf position (besdl leaves
with chlorossand necrosis) and ability to avoid direct light (medid leaves
with amore vertica position followed by lower temperatures and higher
COz fixation capability and water use efficiency during the hottest hours
of the day).

Conclusion: In the Sangiovese |eaves developed under drought, the
protectiveeffect of increasing leaf anglewith amorevertical position and
the energy costs saved by reducing photosynthetic pigments formation,
changing leaf optica properties, diminishing xylem and shoot growth and
|eaf areadevelopment and limiting down-regulation of photoassimilation
help maintain high physiological efficiency indl the distal leaves.

Significance and impact of study: The resultsindicate that cultivar
Sangiovese exhibit high adaptation to dry conditions.

Key words: lesf orientation, chlorophyll fluorescence, net photosynthess,
somatal conductance, photosynthetic pigments

Résumé

Objectif : L'objectif de cette recherche est d'évaluer, chez le cépage
Sangiovese, la capacité de photo-inhibition, I'activité de fixation du CO2
et certains mécanismes extérieurs aux centresréactionnelsdu PSI1 en
conditions de sécheresse.

Méthodes et résultats: Aprésavoir misen pot des branches devigne
(cépage Sangiovese) en leur assurant une disponibilité en eau de 90 % et
40 % delanouaison alavéraison, I'on alaissé certanesfevillesen position
naturelle et maintenu artificiellement les autres en position horizontale,
pour y monitorer I’ évolution diurne des parametres d'échange de gaz et de
fluorescence chlorophyllienne, ains quelamodification des caractéristiques
desfeuilles et des pousses. En situation de sécheresse, il peut seproduire
uneinhibition grave et persistante du PSII suivant laposition desfevilles
(chlorose et nécrose desfevilleshasaes) et leur capacité déviter lalumiére
directe (feuilles médianes en position plus verticae, températures plus
basses, capacité defixation du CO2 pendant les heures les plus chaudes
delajournée).

Conclusion : Chez lesfeuilles de Sangiovese qui se sont développéesen
conditions de scheresss, |'effet de protection obtenu en augmentant I'angle
desfeuilleslesplusverticales e, par ailleurs, les économies d'énergie
découlant de différentsfacteurs (diminution delaformation de pigments
photosynthétiques, modification des propriétés optiques de lafeuille,
diminution de la croissance du xyléme et des pousses, limitation de la
régulation négative de photoassimilation) aident amaintenir aun niveau
éevél'efficience physiologique desfevillesdistales.

Signification et impact del'é&ude: Lesrésultats montrent quele cépage

Sangiovese présente une haute capacité d'adaptation aux conditions de
Scheresse.

Mots-clés : orientation des feuilles, fluorescence chlorophyllienne,
photosynthése nette, conductance stomatale, pigments photosynthétiques
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INTRODUCTION

The maintenance of high photosynthetic capacity in
the canopy is one of the magjor aims of grapevine
cultivation for ensuring optimal yield and high grape
compogtion. Indl placeswherethe grapevineiscultivated
without irrigation or in conditions of high thermal and
rediative regimesthe photoinhibition phenomena, resulting
from down-regulation of COz fixation or photosystem 11
(PSI1) damage, drastically reduces canopy efficiency.
This type of dysfunction is normally related to high
irradiance and temperature, which cause light-induced
oxidative stress, and it isgreatly amplified by water stress
(Powles, 1984). Apart frominternd adaptive mechanisms
evolved to protect againg photoinhibition (Osmond, 1994;
Giardi et al., 1996; Medrano et al., 2002), some processes
external to the PSII reaction centres, such as leaf
movements, may exert an efficient non-radiative energy
dissipation (Gamon and Pearcy, 1989). The purpose of
thisstudy wasto assesstheimportance of lesf movements
and some morphofunctional changes at |eaf and shoot
level on photoinhibition and gas exchange in water-
stressed vines of Sangiovese, a drought-avoidance
grapevinecultivar (Silvestroni et al., 2005; Pdliotti et al.,
2007) which is cultivated on 69,750 ha (10.3 % of the
total ltalian vineyard acreage), and to verify if these
movements and changes play a protective role by
increasing heet dissipation and reducing or avoiding down-
regulation of photoassimilation.

MATERIALSAND ANALYTICAL
AND EXPERIMENTAL METHODS

1. Experimental conditions

Thetrid was carried out in 2006 using twenty 4-year-
old potted (50 1) vines of cv. Sangiovese, clone VCR30
grafted on 1103 Paulsen, clonel SV 1 rootstock grownin
an outdoor area closeto the faculty of Agriculture of
the University of Perugia(Umbriaregion, centrd Italy).
All the potswerefilled with aloamy soil of field capecity
of 30.2 % [(vol water/vol soil) x 100] and wilting point
of 16.7 %. In February, each vine was pruned retaining
three spurswith 2 buds each. All shoots were oriented
up-right using suitable stakes. Ten vineswere maintained
at about 90 % of maximum water availability (well-
watered vines) and 10 pots received, from fruit-set to
veraison, 40 % of maximum water availability (water-
stressed vines). During water limitetion, al stressed pots
were covered with aplagtic filmto avoid interference due
torainfdl and soil water evaporation. At theonset of water
stress, thewater supply corresponding to each treatment
regimewas determined every three daysin June and every
two daysin July and August.
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2. Gas exchange and chlorophyll fluorescence

After three weeks of water deprivation, the diurnal
time courses of net photosynthesis (Pn) and stomatal
conductance (gs) (using aportable open-systeminfra-red
gasanayser, LCA3, Anditicad Development Company,
Hoddesdon, Hertz, UK), operating in the open mode,
chlorophyll fluorescence parameters (with a portable
continuous excitation type fluorimeter, Handy-PEA,
Hansatech Ingt., UK), leaf temperature (with aninfrared
thermometer, Mod. TM909L9, Assi-control, Italy) and
incident photosynthetic photon flux density (PPFD, using
aLi-190SB point quantum sensor, Li-Cor, USA) were
evauated onfree(naturd position) and artificialy retained
(horizonta) meture leavesin both well-watered and water-
stressed vines. The horizontal |eaves were retained by
sandwiching them between nylon stripsand across-shaped
wood frame. Measurements were taken at three-hour
intervals, between 08.00 and 17.00 h. Fifteen maturefree
and horizontal leaves per treatment were selected and
used for physiologica measurements. Moreover, between
13.00 and 14.00 h, leaf water potential was measured
onthreeleavesper trestment using aportable Scholander
type pressure chamber (model 1000; PM S Instrument
Co., USA) and rdlative water content was determined on
twenty leaf discsper treatment as. (FW-DR)/(TW-DW) x
100, where FW isfresh weight, DW isdry weight after
3daysoaf drying a 80 °C and TW isturgid weight obtained
after 24 h in digtilled water at 4 °C in the dark. All
measurements were taken during the first week of July
2006, after having maintained the leavesin ahorizonta
position for three consecutive days characterized by clear
skies, high air temperature and no rainfall. Fluorescence
parameters, such as Fo (ground fluorescence), Fm
(maximum fluorescence) and Fv (variable fluorescence,
Fm- Fo) yield, were collected using the method described
by Strasser et al. (1995) by exposing the leavesto actinic
light of 3000 umol photons mr2 s'1 &fter 20 min of dark
adaptation. FvIFmratio, indicating the maximum quantum
yield of PSIl (Russel et al., 1995), was calculated
automatically by the Handy-PEA fluorimeter, such as
Areaover fluorescence curve between Fo and Fm, which
indicates the pool size of plastoquinone on the reducing
sdeof PSI.

3. Leaf and shoot characteristics

Just before grape ripening, shoot length and the |esf
area per vine, separated into leaves from primary and
laterd shoots, from three potted vines per trestment kept
out of thetria weremeasured using an areameter (Hayashi
Demco C., mod. AAM-7). The number of laterals per
shoot and the mean vine lesf Size were also measured.

The following measurements were taken one week
before veraison on the same free-to-move leaves from
both well-watered and water-stressed vines used for
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physiologicd traits: 1) chlorophyll aand b, and carotenoid
contents on ten leaf discs (1.76 cm?2 each) per treatment
according to Lichtenthaler and Wellburn (1983); 2) optical
characteristics, i.e. reflectance, transmittance and
absorptance, on twenty leaves per trestment, using aproper
tripod and L1-190S Quantum Sensor (Li-Licor, Lincoln,
USA) (Schultz, 19964); 3) proline contentson fiveleaves
per trestment according to Bateset al. (1973) and Claussen
(2005); 4) sometadensity and Sze by impression method
using clear nail polish painted onthe abaxia leaf surface
(themean stomatal Szewas cal culated from Somatalength
x width x 0.785, the sandard formulafor an élipse); 5) leef
orientation, between 13.00 and 14.00 h on one hundred
leaves per treatment, by measuring the angles between
the main vein of the leaves relative to the horizon (0°)
using acompass protractor. Moreover, shoot and xylem
cross-sectional areas and the areas of single xylematic
vessel were measured at the middle portion just after leaf
fall. Shoot sectionsabout 0.5 mm thick from 5 shoots per
treatment were cut using a microtome midway to
internodes. Sections were directly observed with a
stereomicroscope.

Physidlogicd detaare presented asthe mean + sandard
error (SE), whereas data concerning leaves and shoots
were subjected to analysis of variance and differences
between water supply level were determined using the
t-test or Student-Newman-Keulstest at 0.05 level.
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Figure1- Diurnal time coursesof incident
photosynthetic photon flux density (PPFD)
and leaf temperaturein freeand horizontal leaves

from well-water ed and water -stressed vines.
Each point isthe mean of five replicates + SE.
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RESULTSAND DISCUSSION

1. Chlorophyll fluorescence and gas exchange
analyses

Asfound in amature vineyard of cv. Sangiovese
during the summer of 2003 (Silvestroni et al., 2005),
during thefirst week of July 2006 aso in water-stressed
potted vines of Sangiovese approximately 40 % to 60 %
of the basal |eavesfirst became chlorotic followed by
necross. At the sametime, contrary to well-watered vines,
aconspicuousdown-reguletion of PSII activity wasfound
at midday on green basal leaves of water-stressed vines,
emphasized by high depression of the Fv/Fmratio with
avaueof 0.56. Thedecreasein the Fv/Fmyield wasdue
to highvauesof Fo (570 in arbitrary units, AU) and low
vauesof Fm (1310 AU) and Area (just 24500 AU). These
changesin fluorescence parameters suggest initia PSI|
photodamage, a diminished non-radiative energy
dissipation and areduced pool size of plastoquinone,
respectively (Osmond and Grace, 1995; Strasser et al.,
1995). Parallelly, the net photosynthesis and stomatal
conductance were also drastically reduced, with values
lower than 1 umol CO2 m2 s and 0.025 mol H,O m2

s1, respectively.

During the hottest days of July, at midday the media
leaves from stressed vineswere in asignificantly more
vertica position compared to well-watered vines, precisaly
+12° with the horizon (table 2), whichisin contrast to
the mgjority of basal leaves, which wereirreversibly
photoinhibited with chlorosis and necrosis. This
mechanism affected leaf light interception and |eaf
temperature, especially during the hottest hours of the
day (figure 1), and induced asignificant reductionin Pn,
and gs during the whole day in comparison to medial
leavesfrom well-watered vines, without changethe WUE
(intrinsic water use efficiency caculated as Pn/gsratio)
(figure2).

Considering al the treatments, a close, curvilinear
correlation between gsand Pn (r2 = 0.821) was assessed
and according to Escalonaet al. (1999) and Cifre et al.
(2005) in free leaves from water-stressed vines the
variation of Pn appearsto be amost fully caused by gs
changes (somatal limitations), asindicated by increased
WUE (figures2 and 3). The high WUEI found onthese
leaves during the entire day in comparison to horizonta
leavesfrom water-stressed vines seemsto reflect an high
ability to maintain high stomatal activity under these
drought conditions (figures 2 and 3).

Contrary to horizontal leaves from water-stressed
vines, where during the hottest hoursa severe water stress
took placewith gslower than 0.05 mol H,O m2s1and
non-stomatal limitationsto Pn become dominant (Cifre
et al., 2005), the free leaves from water-stressed vines
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Table 1 - Chlorophyll fluorescence parameters(in arbitrary units) in freeand horizontal restrained leaves
from well-watered and water-stressed vinesat 14.00 h.

Each point isthe mean of ten replicates + SE.

Treatment Fo Fm Fv Area
Watered free 557+ 11 2878 £ 61 2320 + 82 63600 £4510
Stressed free 599 + 14 2880+ 45 2281 +£51 69720 + 3620
Watered horizontal 660+ 18 2450 £ 58 1790 £ 65 31680 £ 2760
Stressed horizontal 666 + 24 2217+ 67 1551+ 74 34745 + 2450
10
K 8 i
g 4| ;N
0 =
=¥
2L
030 1 1 1 1 1 1 1 1 1 1 -2 ) )
025 0.00 0.05 0.10 0.15 0.20 0.25 0.30
:: 020 gs (mol H,0 m? s'l)
?}- 0.15 |- Figure 3 - Relationship between somatal conductance
2 o0l (99) and net photosynthesis (Pn)
% W (y =- 2.87+67.9x- 1131 %, r2= 0.821)
0.05 . .
in freeand horizontal leaves
R from well-water ed and water -stressed vines
= 45k of Sangiovesecultivar.
E Each pointisthemean (n=5+ SE) of morning (8.00 and 11.00 h)
S or and afternoon (14.00 and 17.00 h) readings.
= 15 -
;: ;Z photoinhibition (figure4). Infact, contrary to freeleaves,
E '45 o a midday the horizontal |eaves showed photoinhibition,
U7 08 0 10011 12 13 14 15 16 17 18 with Fv/Fmvaluesof 0.73 and 0.69 in well-watered and
Time of day (h) water-stressed vines, respectively, followed by light

Figure 2 - Diurnal time cour sesof net photosynthesis
(Pn), stomatal conductance (gs) and intrinsic water use
efficiency (WUEI) in freeand horizontal leaves

from well-water ed and water -stressed vines.
Each point isthe mean of five replicates + SE.

were able to maintain good values of gsand positive
Pn activity during the entire day (figures2 and 3).

As expected, the horizontal leaves from both
treatments experienced higher incident PPFD and |leaf
temperature than the free leaves, especiadly during the
hottest hours of the day (figure 1), and in conditions of
low water availability these leaves annulled the CO2
fixation ability and exerted high respiration activity, up
to 1.42 pmol CO2 m2 s'1 (figure2). In the horizontal
leaves, the low water availahility limits photosynthetic
energy conversion and the high incident light enhances
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recovery during the afternoon. Therecovery of the Fv/Fm
ratio found in the horizontal leaves from the medial
position of the shoat, irrespective of water regime, together
withthe Fv/Fmvaluesearly inthemorning very closeto
that of free leaves, suggests that down-regulation rather
than photodamage occurred.

As found in basal leaves, aso in medial leaves
maintained in horizontal position thelow Fv/Fmratio
values are due to a concomitant increase in Fo and
decrease in Fmin comparison to free leaves (table 1).
Moreover, in these horizontal leavesthe Fv and Area
parameterswere dso greetly reduced, suggesting alower
impairment of PS]| activity and areduction in the pool
sizeof plastoquinone, respectively (Strasser et al., 1995).
Changesin Fo and Fmfound in « Sangiovese » leaves
were Smilar to those reported by Medrano et al. (2002)
in water-stressed vines of cv. « Tempranillo ».
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Table2 - Vinegrowth and mor pho-functional changesin leavesand shoot

of Sangiovese grapevine developed after the onset of water stress.

Well-watered Water-stressed | -test
vines vines

Primary shoot length (cm) 223.0 137.2 *
Lateral shoot length (cm) 12.7 7.8 *
Lateral shoots (n°/vine) 30.1 18.7 *
Leaf arca (m’/vine) 3.68 1.92 *
Areas in lateral shoots (%) 33.7 19.6 *
Leaf size of primary shoots (cm®) 155.1 112.9 *
Leaf size of laterals (cm?) 71.4 53.1 *
Leaf angle (° with the horizon)® 76 88 *
Stomata size (um?) 181.7 1342 *
Stomatal density (n°/mm?) 171.1 193.0 *
Area occupied by stomata (%)b 3.11 2.59 *
Chlorophyll a (mg/dm”) 1.16 0.79 *
Chlorophyll b (mg/dm?) 0.64 0.42 *
Carotenoids (mg/dm®) 0.52 0.39 *
Proline (umol g fresh weight) 2.26 2.50 n.s
Absorptance (%) 80 70

Transmittance (%) 9 21

Reflectance (%) 11 9 n.s
Shoot cross-sectional area (mm?) 37.9 293 *
Xylem cross-sectional area (mm?) 19.1 10.6 *
Vessels diameter (um) 62.8 23.2 *

Asreported by Schultz (1996b) for Grenache cultivar,
aso in Sangiovese Fv/Fm yield was significantly
correlated to leaf temperature, and when it become higher
than 37-38 °C, astrong reduction of Fv/Fmyield occurred
and photoinhibition begins (figure 5).

The water status of the leaf was significantly
influenced by leaf orientation morethan by water regime
(figure 6). During the 13.00-14.00 hintervd, the horizontd
leaves from water-stressed vines showed significantly
lower leaf water potential and relative water content,
whereasin well-watered conditions lesf orientation had
no effect interms of |eaf water potentid or rdlativewater
content.

2. Leaf and shoot characteristics

The growth of primary and lateral shootsaswell as
the number of laterds per shoot and per vinefrom water-
stressed vines were significantly reduced in comparison
towell-watered vines (table 2). Early water stress caused
aggnificant reductioninleaf areadueto fewer leaves per
vineand smaller leaf sizein both primary and latera
shoots. In the water-stressed vines, mean primary and
laterdsleaf number per vinewere 14 % and 60 % lessin
comparison to well-watered vines, respectively, and
primary and |ateral leaveswere 28 % and 26 % smaller,

respectively (table 2).

- 45 -

Besdeanincreased laminainclination, in Sangiovese
leaves which devel oped after the onset of water stress,
early and constant water limitation, like that which
occurred in water-stressed vines, produced asignificant
reduction in stomatal size (-26 %) and a significant
increaseinthestomata dendty (+13%) (table2). These
changes reduce the area occupied by the stomata from
3.11 % to 2.59 %, helping the water preservation. At
the same time, the chlorophyll a, b and carotenoid
concentration was aso sgnificantly reduced, whereasno
change occurred in the proline content. As expected from
the reduction of photosynthetic pigments concentration,
the leaf optical properties were also affected by water
availability during leaf development; indeed, significant
reduction in absorbance and significant increase of
transmittance were found in leaves from water-stressed
vinesin comparison to homologous leaves from well-
watered vines.

In comparison to well-watered vines, early water
limitation significantly reduced also the cross-sectional
areas of primary shoots and xylem tissue and the mean
diameter of xylematic vessals(table 2). Theselast reslts
suggest thet the shoots from water-stressed vines exhibit
areduction of hydraulic conductance and risk of cavitaion
and embolisms, sincevulnerability to cavitation hasbeen
shown to be negetively correlated with vessel diameter
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Figure4 - Diurnal time coursesof Fv/Fmyield
in freeand horizontal leaves from well-water ed

and water-stressed vines.
Each point isthe mean of ten replicates+ SE.

within aspecies (Schultz and Matthews, 1988; Lo Gullo
etal., 1995; Lovisolo and Schubert, 1998; Schultz, 2003).

Theseresultsindicate that some adaptive mechanisms
external to the PSII reaction centres used by cultivar
Sangiovese, which exhibits high adaptation to dry
conditions, seem to bemainly those characterized by low
energy requirements. The energy costs saved by reducing
photosynthetic pigmentsformation, changing leaf optica
properties, limiting totdl transpiring lesf area, diminishing
xylem and shoot growth and leaf area devel opment and
limiting both down-regulation of photoassimilation and
chronic photoinhibition by leaf movementshelp maintain
high physiological efficiency inal thedistal leaves.

In water-stressed vines, the protective effect of
increasing leaf angle with amore vertical position led
to lower leaf temperatures, which with the combination
of thereduction of photosynthetic pigmentsincreased the
light-avoiding capability and assured a higher gsand
FvIFmyield compared with horizontally fixed leaves.
Thisbehaviour leadsto abetter CO2 fixation and WUE
ability under theselimiting environmenta conditionsand
limitsthe negative effectson vineyield and grape qudlity,
which can be expected from severe drought conditions,
at least like those studied here.

CONCLUSIONS

In drought-avoidance grapevine cultivars, such as
Sangiovese, theinhibition of photosystem [ may be severe
and perdstent according to leaf pogition (basd leaveswith
chlorosis and necrosis) and ability to avoid direct light
(medid leavesby modificationinlesf [aminaorientation)
andincreasethelight-avoiding capability (by significant
changesin several morphofunctiona characteristics of
leavesand shoots). Theresultsindicatethat cv. Sangiovese
exhibit high adaptation to dry conditions. Thereduction
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Figure6 - Leaf water potential and relative water
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from well-watered and water -stressed vines.
Different letters show significant differencesat P< 0.05 (Student-
Newman-K eulstest).

of leaf areaby chronic photoinhibition of large amounts
of basal leaves, not found in other grapevine cultivars(i.e.
Montepul ciano and Pignoletto) (Silvestroni et al., 2005;
Palliotti et al., 2007), must be considered an important
drought-avoi dance mechanism, which reduceswater loss
by transpiration process, enabling the vine to withstand
long water limitation periods while kegping the medial
leaves with good photosynthetic behaviour.
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