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Abstract

Grapes (Vitis spp.) are one of the most important horticultural crops worldwide.
Commercial cultivars are mainly derived from the European grape, V. vinifera and its
hybrids with American grape, V. labrusca. The hybrid grapes are widely cultivated in
Taiwan and other subtropical regions, due to their better tolerance to humid climates.
The hybrid cultivars ‘Golden Muscat’ and ‘Black Queen’ inherited the leaf abaxial
trichomes from V. labrusca. The leaf trichome may affect leaf gas exchange and has
been identified as an indicator of drought tolerance. This thesis aimed to reveal the gas
exchange differences between ‘Golden Muscat’, ‘Black Queen’ and V. vinifera
‘Riesling’ and their responses to drought. In this study, light response and CO; response
(4-C) curves of gas exchange behaviors of potted vinifera ‘Riesling’ and two hybrid
cultivars, ‘Black Queen’ and ‘Golden Muscat’ vines were measured at air temperature
25°C. Data were fitted to a modified Farquhar, von Caemmerer, and Berry biochemical
model (FvCB) to estimate mesophyll conductance (gm) and biochemical parameters. In
the first experiment, gas exchange at ambient CO> concentration (Ca, 400 pmol-mol ™)
was measured under well-watered condition. The results showed that ‘Riesling’
exhibited the highest net assimilation rate (4) and stomata conductance (gs). Water use
efficiency (WUE;) was positive related to gm /gs, which ‘Golden Muscat’ had the highest
intrinsic water use efficiency (WUE;) and gm /gs. The data were further analyzed with
a numerical integration approach and the result showed that the biochemical factor
maximum electron transport capacity under saturating light (Jmax) was the major
contributor to the lower A of the hybrid cultivars. In the second experiment, the effect of
gm on WUE;, was investigated on vines subject to various drought indicated by gs. The
results showed that at ambient CO> concentration (C,, 400 umol-mol™), A, Jmax, and the
initial slope of electron transport rate versus light (¢) decreased in all three cultivars in
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vines suffering moderate drought stress. The positive relationship between g /gs and
WUEi was maintained under water deficiency. 4 of ‘Golden Muscat’ was less
influenced by drought stress and superior then that of ‘Riesling’ at extreme water
deficiency. the data were further analyzed using a numerically integrated method and
the results showed that as the drought stress increased, diffusional factors (gs and gm)
were the major contributors to the decrease in 4 in the two hybrid vines but had little
influence in ‘Riesling’ vines. However, in the extreme drought stress, gm Was the main
positive contributor maintaining a rather stable 4 of the two hybrids over ‘Riesling’.
The trichome densities were positive correlated to WUE;, which ‘Golden Muscat’ was
the highest of all. This thesis suggests hybrid cultivars have a better photosynthetic

response to extreme water deficiency by maintaining gm and WUE;.

Keywords: FvCB model, mesophyll conductance, maximum electron transport capacity,

numerical integration approach
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Chapter 1 Literature review and hypothesis
Introduction

Grapes (Vitis spp.) are one of the most important horticultural fruit crops in the
world. The world’s production reached 78 million tons in 2021 (FAO, 2021), and wine
grapes accounted for 57% of that (OIV, 2019). In the wine grape industry, the major
cultivated species is vinifera grape (Vitis vinifera L.), which originated in the Middle
East and adapted to the dry summer weather in the Mediterranean region (Keller, 2010).
The grape cultivars dominant in Taiwan are complex hybrids between vinifera grapes
and American-derived species, which are adapted to humid summers (Yang, 2005).
According to statistics from the Ministry of Agriculture in Taiwan (2021), the major
varieties of wine grape in Taiwan were ‘Golden Muscat’ and ‘Black Queen’, which
parents were vinifera grape and V. labrusca (Maul, 2023). Consequently, the hybrid
cultivars have the leaf structure inherited from V. labrusca, with trichomes on the
abaxial side. The trichome density on the lower side of the leaf varies among Vitis
species (Keller, 2010). For instance, the trichome density of V. vinifera is less than 1
mm on the leaf abaxial side, whereas that of ¥/ labrusca is more than 1000 mm™
(Kortekamp and Zyprian, 1999). This characteristic makes leaf hair density a specific
identification marker in Vitis (Keller, 2010). Leaf trichomes provide grapes with
physiological resistance to diseases such as downy mildew (Kono et al., 2018;
Kortekamp and Zyprian, 1999), and affect the leaf gas exchange trait and water usage
(Werker, 2000). In some plants, trichomes is also an indicator of stress tolerance.
Drought tolerance has been brought to the attention of cultivation because of
frequent extreme weather events (FAO, 2017). In this study, two hybrids ‘Golden
Muscat’ and ‘Black Queen’ and one vinifera grape ‘Riesling’ were evaluate to determine
the limiting factors in CO; assimilation by using gas exchange techniques. Second, their

1
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responses under water stress were examined to gain insight into leaf water and gas

usage.

1.2. Photosynthesis response of grapes under water stress
1.2.1. Gas exchange of grapes in response to drought

As photosynthesis provides the materials for plant growth, it is an important index
of plant growth, crop yield and stress response (Farquhar and Sharkey, 1994). The net
assimilation rate (4) of grape leaves is greatly affected by water availability. As the
irrigation of grapes stopped, stomatal conductance (gs) and 4 decreased in both potted
and field-grown grapes (Bota et al., 2001; Da Silva et al., 2017; Flexas et al., 2009;
Flexas et al., 1999). A reduction in gs from 0.5 mol-m+s™! resulted in a decline of 4
from 15 pmol-m-s! as the soil water content decreased (Flexas et al., 2002).
Additionally, transpiration rate (E) also decreased from 5 mmol-m™+s™! to I mmol'-m?-s°
!'(Flexas et al., 1999). Decreases in 4, gs, and E have also been observed as irrigation
was restricted for several days (Chaves et al., 2007; Martinez-Luscher et al., 2015;
Patakas et al., 2005). Moreover, during the growing season, non-irrigated or irrigation-
restricted grapes showed lower 4, gs and E than well-irrigated grapes (Tzortzakis et al.,
2020; Zufferey et al., 2017). Following gs, CO2 concentration in the intercellular space
(C) and at the carboxylation site (Cc) decreased as the soil water content decreased
(Martinez-Luscher et al., 2015; Tzortzakis et al., 2020). However, in some cases, C; was
not significantly lower under drought stress in comparison to well-watered condition
(Salazar-Parra et al., 2015). C; showed a wide range from 270 umol'm?2-s! to 90
umol-m~-s™! as g5 decreased to 0.05 mol-m?-s”! (Flexas et al., 2002). This variation in C;
resulted in the restriction of mesophyll conductance (gm) to leave gas exchange (Flexas

etal., 2002).
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gm 1s often used to describe the efficiency of CO» diffusion from the intercellular
space to the carboxylation site in a leaf. As water supply stopped, gm decreased with gs
(Flexas et al., 2002). In grapes, gm stayed at around 0.17 pmol-m™-s™! in the beginning
of drought stress and then started to decrease to around 0.05 pmol'm?s! as drought
occurred for several days (Flexas et al., 2009; Perez-Martin et al., 2009). Mesophyll
resistance, the reciprocal of gm, was doubled in non-irrigation vines in the field at the
end of the growing season (Zufferey et al., 2017). These results showed that drought
stress not only affects gs but also affects the CO» transportation in mesophyll. Changes
in gm versus gs showed a positive relationship in grape vines under drought condition
(Perez-Martin et al., 2009). Additionally, some cultivars displayed higher 4 and gm
when restricting gs at 0.05 mol'm-s!, which led to higher intrinsic water use efficiency
(WUE;, 4/gs) and the ratio of gm to gs (Tomas M. et al., 2014). Overall, the interaction

between gm and gs was important in analyzing the A response to water deficiency.

1.2.2. Photosynthetic biochemical processes of grapes in response to drought

Not only gas transportation but also the biochemical processes involved in
response to photosynthetic efficiency in grapes. Flexas et al. (2009) found that the
maximum carboxylation rate (¥cmax) remained unaffected at around 250 umol-m2-s! in
the beginning of drought and higher than that of the well-watered vines at the third to
seventh day of drought. The Rubisco carboxylation and day respiration rate of potted V.
labrusca showed a decline after 12 days of non-irrigation (Da Silva et al., 2017). On the
other hand, the electron transport rate calculated from chlorophyll fluoresce (Jr) showed
a similar trend to gm, i.e., little changed in the beginning and a declined after prolonged
restriction of water supply (de Souza et al., 2005; Flexas et al., 2009). Moreover, the

3
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carboxylation efficiency, which was analyzed by the initial slope of the 4-C¢ curve,
remained unchanged until severe drought (Flexas et al., 2002). However, the decline in
biochemical factors was not always found under drought conditions. Perez-Martin et al.
(2009) revealed that Vemax Was not different between vines grown in well-irrigated and
those in half field water capacity soils. Meanwhile, keeping the water availability at
40% of pot water capacity, Vemax and Jmax were unaffected after 10 and 20 days of
treatment (Salazar-Parra et al., 2012). These diverse responses of biochemical processes

emphasize the impact of biochemical process to photosynthetic response under drought.

1.2.3. Variability in the photosynthetic responses of grape cultivars to water
deficiency

The photosynthetic strategies of the grapevines differed among cultivars. Bota et
al. (2001) studied the gas exchange response of 20 local cultivars and two widespread
cultivars of V. vinifera after irrigation was stopped and soil moisture was reduced to
60% of the well-watered condition. Their results showed that even with the same
predawn water potential at drought condition, some cultivars maintained gs and 4 as
high as those in well-watered condition, whereas the other cultivars reduced gs by over
40% in comparison to that of well-watered condition (Bota et al., 2001). Florez-Sarasa
et al. (2020) studied the photosynthetic response of the local and wide-spread cultivars.
Under drought conditions, the local cultivars had a 4 of 9.08 pmol-m™-s™! and the
widespread cultivar ‘Merlot’ had a 4 of 5.14 pmol'm-s’'. On the other hand, 4 of the
hybrid cultivar ‘Red Double Tase’ decreased from 7.5 umol'm™-s! to 1.5 pmol-m2-s™! as
the relative soil water content dropped from 85% to 65%. In contrast, 4 of the vinifera
grape ‘Cabernet Sauvignon’ only decreased from about 4.5 pmol'm™-s! to 3.0 pmol-m
2.5"! (Guan et al., 2004). On the other hand, C; showed a different trend in the two

4
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cultivars, which maintained high in ‘Red Double Tase’ but decreased in ‘Cabernet
Sauvignon’ under slight drought conditions (Guan et al., 2004). These diverse responses
of biochemical processes emphasize the need to understand the impact of water stress

on photosynthetic efficiency.

1.2.4. Effect of trichomes to leaf water use and gas exchange

Cultivars derived from hybridization between V. vinifera and V. labrusca often
have abaxial trichomes inherited from V. labrusca. Trichomes are modified single or
multiple epidermal cells that make the plant surface hairy (Werker, 2000). Depending on
their structure, the functions of trichomes include secreting plant secondary metabolites
by glandular trichomes and providing physiological protection to plants from pathogens
and light by non-glandular trichomes (Werker, 2000). Leaf trichomes also influence gas
exchange characteristics, with high density thickening the boundary layer of the leaf and
decreasing the incident light to the leaf surface, whereas low density may cause greater
air turbulent, increasing CO; uptake and water loss through transpiration (Schreuder et
al., 2001; Schuepp, 1993). For example, pubescent trichomes protect leaves from
intense incident light and lower 4 in Encelia farinosa (Ehleringer et al., 1976). The
transpiration rate of Wigandia urens leaves with trichomes was lower than that of
smooth leaves (Perez-Estrada et al., 2000). However, pubescent milkweed species
(4sclepias spp.) showed higher 4 than glabrous species (Agrawal et al., 2009). In
Metrosideros polymorpha and Tillandsia spp., although the gas exchange resistance of
leaf trichomes and boundary layers increased in pubescent leaves, the influence was
relatively small (Amada et al., 2017; Benz and Martin, 2006). In grapes, the trichomes
were mostly determined to be resistant to downy mildew and other fungal diseases
(Kono et al., 2018; Kortekamp and Zyprian, 1999), but their effect on gas exchange was

5
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less studied.

Although the direct influence of trichomes on gas exchange is still under
investigation, some relationships exist between trichomes and leaf water use and stress
tolerance. In olive (Olea europaea L.) and potato (Solanum tuberosum L.), the cultivars
exhibited better drought tolerance with higher leaf trichome density than the susceptible
species (Boguszewska-Mankowska et al., 2018; Boughalleb and Hajlaoui, 2011). In
tomato (Solanum lycopersicum), the density of leaf trichome and the ratio of trichome
to stomata were positively related to the intrinsic water use efficiency (WUE;) (Galdon-
Armero et al., 2018). In the tropical rainforest, the canopy and emergent trees that are
taller than the surroundings showed a positive relationship between WUE; and trichome
density (Ichie et al., 2016). Kenzo et al. (2008) reported that removal of the leaf
trichome from Mallotus macrostachyus decreased WUE;. In olive (Olea europaea L.)
and Wigandia urens, leaf trichomes provided a protective layer against water loss, and
cultivars with better water stress tolerance increased the number of trichomes on leaves
when drought occurred (Boughalleb and Hajlaoui, 2011; Ennajeh et al., 2010; Guerfel et
al., 2009; Perez-Estrada et al., 2000). This had also been observed in silver birch, and
the increase in trichome density was especially on the abaxial side, suggesting that
trichomes are an indicator of drought tolerance (Thitz et al., 2017). The hybrid cultivars
of V. labrusca had higher trichome densities on the leaf back and were more adapted to
the environment in Taiwan, which might have made them have a better response to

drought.

doi:10.6342/NTU202400535



1.3. Modelling leaf gas exchange
1.3.1. Farquhar, von Caemmerer, and Berry (FvCB) model

Gas exchange measurements and the derived models have been widely used for
investigating plant leaf photosynthesis processes. Farquhar, von Caemmerer, and Berry
(1980) developed a model (FvCB) to describe biochemical processes of photosynthesis.
This model separates photosynthetic assimilation rate (4) into two processes: Rubisco
carboxylation and RuBP (ribulose-1,5-bisphosphate) regeneration. After that, Sharkey
(1985) added the third process, triose phosphate utilization. Therefore, the final 4 is
determined by the limitations of these three processes. Under the limitation state, the
processes described by the photosynthetic properties are shown in the following

formulas (1) to (3), respectively.

chax(cc_r*)
A.=———%—Ry (1
¢ CC+KC(1+K—OO> a ()

_J(c-r)
A = rrer  Ra ()

Ap, =3TPU — R4 (3)

where A., 4j, and A represent as limitation in Rubisco carboxylation, RuBP
regeneration, triose phosphate utilization phases, respectively, to photoassimilation. I~
is the CO2 compensation point in the absence of photorespiration; Kc and Ko are the
catalytic constants for the carboxylation and oxygenation reactions of Rubisco; O is the
mole fraction of O at the carboxylation site; and TPU is the rate of phosphate release in
triose phosphate utilization. By fitting the CO» response curve to this model, the
maximum rate of Rubisco at the carboxylation site (Vemax), the photosynthetic electron
transport rate (J), the day respiration rate (Rq), and the CO> concentration at the

carboxylation site (C¢) can be obtained, where C. is calculated as formula (4),

Ac
C=G-2 @
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where Ci is the intercellular CO> concentration, and gm is the mesophyll conductance.

Followed the original FvCB model, other modified models and methods have been
published to obtain additional biochemical parameters in the photosynthesis process.
The following modified equation (Caemmerer, 2000) describes the relationship between

J and photosynthetic photon flux (PPF, inc):

_ ]max+(PIinc—\/(]max+‘Plinc)2_49]max(PIinc 5
j= = (5)

where ¢ is the initial slop of the relationship between J and /inc, € is the convexity factor,
and Jmax 1S the maximum electron transport rate.

By fitting the data of 4 versus /inc to this equation and adjusting ¢ and 6 to fit the J
calculated from 4 in equation (2), the Jmax at saturated light can be estimated. other
methods combining the gas exchange with simultaneous chlorophyll fluoresce
measurement provide additional information on the relationship between the electron
transport rate and carbon assimilation (Caemmerer, 2000). Genty et al. (1989) proposed
an approach to calculating electron transport rates from chlorophyll fluoresce (Js),
described as equations (6) and (7).

Jr = aBlincdpsn  (6)

FS
Ppsp =1 — o (7)

m

where Jr is closely correlated with J calculated by rearranging equation (2) from the
CO; assimilation (Genty et al., 1989). This relationship allows the estimation of some

parameters other than the gas exchange measurement.

1.3.2. Estimation of the FvCB parameters

In consideration of the influence of gm on Vemax and J, it 1s advised to estimate gm

8
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rather than assume an infinite gm (Sharkey, 2016; Sun et al., 2014). Though it is possible
to estimate gm directly by replacing Cc in equation (4) into (1) and (2), it is
recommended to use methods combined with carbon isotope discrimination or
chlorophyll fluorescence if available (Pons et al., 2009). The carbon isotope
discrimination method was first used by Evans et al. (1986), based on the fractionation
of >C measured simultaneously with gas exchange. The drawback of this method is that
it is equipment-intensive (Sharkey et al., 2007). There are two methods to estimate gm
by combining gas exchange measurement with chlorophyll fluoresce: the constant J
method and the variable J method (Harley Peter C. et al., 1992; Loreto et al., 1992). The
chlorophyll fluoresce method was preferred for its availability compared with the
carbon isotope method, but it still has a drawback in that the measurable leaf area is
relatively small, which may cause leaks of the gas as measured (Pons et al., 2009).
Moreover, the estimation of Jr relies on the exact estimates of o and S in the variable J
method (Caemmerer, 2000). To solve this problem, Moualeu-Ngangue et al. (2017)
introduced a modified fitting process by estimating af simultaneously, which was used

in this thesis study.

In addition to gm, Rq is also recommended to be estimated separately to reduce the
uncertainty of fitting too many parameters at the same time. There are three methods to
estimate Rq: Kok (1948), Laisk (1977), and Yin et al. (2009) methods. Kok (1948)
published a method based on the linear correlation of 4 to light at low irradiance, in
which Rq is the intercepted value of 4 versus light regression line. Laisk (1977)
estimated Rq by the intersection point of A-C; curves under various light intensities,
where the fixed CO> was photorespiration and the CO; released was Rq. The drawback
of the Laisk’s method is that the measurement was done under low Cj, which requires

9
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correcting the CO; leakage of the leaf chamber. Yin et al. (2009) also published a
method using the light curve combined with chlorophyll fluoresce, which estimates Rq
by the interception of the linear regression between A and lincgppsi/4 at low light
conditions. Yin’s method considers the difference of ¢psi at low light, thus having a
wider range of data and yielding a better estimation of Rq compared to Kok’s method
(Yin et al., 2011). This thesis used chlorophyll measurements to estimate gm; therefore,

this thesis also used Yin’s method to estimate Rg.

1.4. Analyze the limitations and contribution of individual variables to
photosynthesis

As the parameters of the photosynthetic process can be calculated, attention had
been drawn to identifying the limitations and quantifying the contribution of individual
parameters to variations in 4. Farquhar and Sharkey (1982) proposed a simple method
to identify the stomatal limitation by modeling the 4-C; curve. On a given 4-C; curve
where stomata limitation existed, C; was lower than ambient CO> concentration (Ca)
because CO> diffusion was resisted by stomata. As a result, if CO; had no obstacle, 4
without any limitation could be obtained from where C, equals C; on the A-C; curve.

The stomatal limitation (/s) can be demonstrated by the following equation:

A'-4A
ls =7 (8)

where A4’ is the non-limited 4.

Similarly, the limitation of mesophyll(/m) can also be calculated with the 4-C.
curves, where the limitation of mesophylls occurred when CO; diffused from the
intercellular space to the carboxylation site. This method has been used to estimate the

limitations of photosynthesis (Bernacchi et al., 2002; Olsovska et al., 2016; Silim et al.,
10
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2010). However, this method is only applicable to the diffusional limitation but unable
to estimate the biochemical influence of photosynthesis. On the other hand, Jones
(1985) developed a partial derivate method to partition the changes in 4 into the percent
contribution of individual parameters. Grassi and Magnani (2005) modified this method
by assuming that changes in 4 were the result of a combination of gs, gm, and
biochemical factors. In the photosynthesis process under the light-saturated condition
(Rubisco carboxylation stage), the partition changes of 4. are demonstrated by equation

(9). Dividing dA. by A. to express the changes into relative terms is shown as (10):

dA. = (;;Scc) dgsc + (g;:l) dgm + (ai:ax) AVemax (9)

dAc

=S, +M, +B, =1,-cy 29my )  Lemax (10

c Isc Im Vemax

Where S, M;, and B, refer to the contributions of gs, gm and Vemax to Ae, s, In, and /5 are
corresponding relative limitations, and g is stomatal conductance to CO2 (gs/1.6). The

relative limitations are displayed as follows (Jones, 1985; Wilson et al., 2000):

Jtot, 04

_ _9sc 9Cc
L= 2% (1))
Grottae,

Jtot, 04

L = -42-235 (12)

Grottae.

Iy = —57 (13)

Grot+ye.

L -+ 1 (14
Jtot Isc Im

where gio refers to the total conductance of CO; from the leaf surface to the
carboxylation site. To apply this approach, Grassi and Magnani (2005) defined the
changes of 4 as the relative changes between reference 4 and comparison A (denoted as

R and C), where relative limitation (/) is approximated by the averages of the two points

(0.
11
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% ACR ACC (15)
Ac AcR

AcR—AcC 7 [ 9scR—Isc,C T ImR~YIm,C 7 Vmax,R—Vmax.c
AoR~Aec o T, (seRbsec) 4 (LmR9me) 1] . maxk—VmasC (1)

Acr gscR JmR max,R
Chen et al. (2014) modified this method for non-saturated light conditions by replacing
the 4. condition with 4;j and including biochemical factors Jmax and J. These methods
have been widely used to distinguish the contributions of parameters to the
photosynthesis process (Flexas et al., 2009; Galle et al., 2009). However, Buckley and
Diaz-Espejo (2015) described how this method actually partial derivates the natural
logarithms of A4 rather than 4 itself. Equation (10) is actually rewritten by d4/4=dlnA,
into:
dinA. =lidIngs. + l,,dIngy, + L,dInVoax (17)
This may result in a bias when performing the derivation of 4. Therefore, Buckley and
Diaz-Espejo (2015) introduced a numerical integration method that integrated equation

(9) into the following term (18):

C C

0A
[anc= (5
R R

C C
C)d +f(aAc>d +f( 04 )dv (18)
sc gSC ) agm gm ) al/(;max cmax

The limits of the integration refer to reference and comparison points. Then, taking
stomatal COx conductance (gsc) as an example, the integration could be approximated

as

c

A
E Z(AA Lt Y 9)

R

where ‘k and k+1" refer to the changes AA. at constant gm and Vemax. Taking this
concept into account, the contribution of variable x; to 4 in percentage of reference A

(4r) was defined as the following equation:

12

doi:10.6342/NTU202400535



n-1
100
by = ) lsalsx " @0)
k=0

Therefore, this method estimated the contribution of each variable to the overall 4
directly by the photosynthetic model, which could invite more parameters under

multiple environments such as light intensity and temperature.

1.4.2. Photosynthetic limitation under drought

Flexas et al. (2009) showed that the main photosynthetic limitations of
photosynthesis under stress were both gs and gm in V. berlandieri x V.rupestris. At the
beginning of the water deficiency, gs was the dominant limitation to photosynthesis. The
limitation of g, was raised later on and shared nearly the same as gs did (Flexas et al.,
2009). Wheat (Triticum aestivum L.) and tobacco (Nicotiana sylvestris) exhibited
similar patterns, indicating the importance of gm in gas exchange under drought (Galle
et al., 2009; Olsovska et al., 2016). Grapes displayed a varied value of C; under drought
suggesting that the decrease in 4 was not only due to limitations imposed by the
reduction of g5 (Flexas et al., 2002). However, the limitation of gn might be affected by
the environment, which showed the limitation effect of biochemical factors rather than
gm (Galle et al., 2009). Overall, the limitation of photosynthesis in water stress was not
only caused by gs;. Non-stomatal limitations such as biochemical processes also played

a big role.

1.5. Objective and hypothesis

The grape industry in Taiwan is dominated by hybrid cultivars (V. vinifera x V.
labrusca), which have denser trichomes on the leaf abaxial side than V. vinifera.
Moreover, the reduction of photosynthesis in V. labrusca was due to mesophyll

13
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conductance (Patakas et al., 2003). As previously stated, these differences contribute to
differences in gas exchange on diffusional factors and better leaf water use under
drought conditions. To understand the difference in gas exchange between hybrid
cultivars and V. vinifera, the gas exchange measurement was conducted on two hybrid
cultivars, ‘Golden Muscat’ and ‘Black Queen’, and the vinifera grape ‘Riesling’ in the
summer of 2021. Further, to understand the leaf water use under drought, the gas
exchange measurement on drought stress was conducted on the three grape cultivars in
spring 2022. The gas exchange parameters in both experiments were modeled to get
FvCB variables by Sharkey (2016) and Moualeu-Ngangue et al. (2017), and then the
contribution of each parameter to photosynthesis changes was analyzed by a numerical
integration method (Buckley and Diaz-Espejo, 2015). The analysis of photosynthetic
response can be an identification of drought tolerance cultivars for future breeding

programs.

14
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Chapter 2. Materials and Methods
2.1. Plant materials

The vinifera grape (Vitis vinifera) ‘Riesling’ (‘RS”) and hybrid cultivars (V. vinifera
x V. labrusca) ‘Black Queen’ (‘BQ’) and ‘Golden Muscat’ (‘GM’) were used in this
study. The plant materials were 2-year-old self-rooted cuttings planted in 2.5 L pots in
an plastic greenhouse at National Taiwan University, Taipei, Taiwan (121°E, 25°N, 15m
altitude). The planting medium was a commercial mixture of peat moss, vermiculite,
and perlite (King Root No. 3, King Root Gardening Co., Ltd.). The grapevines were
trained into two canes and pruned every spring and summer. The buds on canes were
forced to burst by 20% (v/v) 2-chloroethanol immediately after pruning. After forcing
bud break, each pot was added 5g organic fertilizer and 2g Patentkali (K>O 30%, MgO
10%, SOs 44%, K+S Aktiengesellschaft, Germany). Plants were regularly irrigated and
fertilized with 0.1% (v/v) No. 43 fertilizer (N:P:K=15:15:15) (Taiwan Fertilizer Co.,

Ltd.) once a week.

2.2. The leaf gas exchange behavior of hybrid and vinifera grapes
This study included two experiments: experiment 1 (Exp.1) compared the gas
exchange behavior of the hybrids and vinifera grapes; experiment 2 (Exp.2) was the gas

exchange behavior of the grapes at various water contents.

2.2.1. The leaf gas exchange behavior of hybrid and vinifera grapes under well-
watered condition

In Exp.1, leaf gas exchange measurements were made in September 2021 (5 weeks
after summer pruning). Three vines with more than10 leaves from each cultivar were
randomly chosen for the measurement. The grapevines were watered to full soil water
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capacity in the evening before the measurements to maintain the well-water condition of

the grapevines.

2.2.2. The leaf gas exchange behavior under drought

Leaf gas exchange measurements for Exp.2 were made in April and May 2022, 6
weeks after spring pruning. Three vomes with 10-15 leaves from each cultivar were
randomly chosen for the measurement. The vines were watered the night before the
measurement. Water supply was stopped after measuring the well-water condition, and
gas exchange was measured every other day. As plants reached the water-deficient
condition, which was indicated by a gs decrease of over 20% compared to the well-
water condition, the measurements were made every day due to the rapid decline in the
medium water content. According to the gas exchange measurement, the water
deficiency level that the grapevine encountered was divided into four groups by gs. The
gs of the well-watered condition was used as the standard in each cultivar, gs reduced
less than 20% indicating slightly water deficiency (D1), reducing less than 50%
indicating moderate water stressed (D2), and more than 50% indicating extreme stress

(D3).

2.3. Gas exchange measurement

Leaf gas exchange behavior was measured using a potable infra-red gas exchange
system (LI-6400, Li-Cor, Lincoln, Nebr, USA) equipped with a leaf chamber
fluorometer (L16400-40, Li-Cor, Lincoln, Nebr, USA). Three plants per cultivar were
randomly chosen as repeats (n=3). However, in Exp. 2, the extreme stress (D3) of ‘BQ’
and ‘RS’ were 2 repeats because the 4 was too low to measure the curves. The
measurements were taken on the 3™ to 5™ fully expanded leaf, which had no disease
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spots or insect infestation. The measurements were made in the laboratory from 8:00 to
14:00 to avoid the unstable environment and the circadian rhythm. The temperature in
the environment was 25-26 °C, with the leaf chamber set to 25 °C. During the

measurement, the relative humidity in the leaf chamber was controlled at 50+10% by

the desiccant scrolls. The light intensity was controlled by the LED light resource in

LI6400-40, and the ratio of red light to blue light was 9:1.

Each measurement included the CO; response curve (4-C; curve), the light
response curve, and the simultaneous chlorophyll fluorescence. Before the
measurement, the chosen leaf was clapped on the leaf chamber for 15 to 30 minutes
with a light intensity set to 1200 pmol-m+s™! for light adaptation. The curves were
measured by the functions “Flr A-Ci curve” and “Flr light curve” in an auto program in
LI-Cor OPEN 5.3.2 system. The CO, response curves were measured at 300 umol-s™!
flow rate, and 1200 umol-m-s! light intensity. The series of ambient CO;
concentrations (Ca) were: 400, 300, 200, 0, 100, 250, 400, 400, 600, 800, 1000, 1200,
1500 umol-mol™'. The two 400 umol-mol™! in the middle of the series was set to make
more adaptation time for leaves as Ca increase. The light curves were measured at 300
umol-s flow rate, and 400 pmol-mol™! CO> concentration. The series of light intensities
in Exp.1 were: 1200, 900, 700, 500, 300, 200, 150, 100, 70, 50, 40, 30, 10, 0 pmol'm"
2.571, To obtain a clear light saturation point in Exp. 2, the light incident series from
1200 to 200 pmol-m-s™! were adjusted into 1200, 900, 600, 400, 300, 200 pmol-m>-s!,
The waiting time for every point on the curves was set to 3-5 minutes. The parameters
including net assimilation rate (4), stomata conductance (gs), intercellular CO»
concentration (Cj), transpiration rate, and intrinsic water use efficiency (WUE;, 4/gs)

were obtained from the C,=400 points in the 4-C; curves (n=3).
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2.4. Leaf gas exchange model fitting

After data were collected from the gas exchange measurements, the curves were
fitted with the Farquhar, von Caemmerer, and Berry (FvCB) model (Farquhar et al.,
1980) and derived methods (Moualeu-Ngangue et al., 2017) to generate other
photosynthetic parameters. The FvCB model describes photosynthesis with three
processes: Rubisco carboxylation, RuBP (ribulose-1,5-bisphosphate) regeneration, and
triose phosphate utilization. 4 was therefore determined by the minimal assimilation

rate in the three processes, shown as equations 2.1-2.4.

chax CC_F*
4, = Yol&T) R

Cc+Kc(1+%)
_J(c-r7)
i = acrer Ry (2.2)

A, =3TPU — Ry (2.3)

Ac
Co=C—22 (24)

The photo assimilation rate is represented as Ac, 4j, and A4p as being limited in the
Rubisco carboxylation, RuBP regeneration, and triose phosphate utilization phases,
respectively. I" " is the CO» compensation point in the absence of photorespiration; K¢
and Ko are the catalytic constants for the carboxylation and oxygenation reactions of
Rubisco; O is the mole fraction of O; at the carboxylation site; and TPU is the rate of
phosphate release in triose phosphate utilization. A list of the symbols was showed in
table 2.1. As equation 2.4 showed, the CO> concentration at the carboxylation site (Cc)
was generated by mesophyll conductance (gm), Ci and 4.. By introducing C; into the
formulas, the maximum rate of Rubisco at the carboxylation site (Vemax), the
photosynthetic electron transport rate (J) and the day respiration rate (Rq¢) were obtained

by fitting the 4-C; curve to this model.
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In this study, the CO: response curves were fitted for the gm and Vemax using the
Microsoft Excel VBA published by Moualeu-Ngangue et al. (2017). This derived
method uses equation 2.5 with chlorophyll fluorescence (Jr) to estimates J in equation

2.2, and rearranges equation 2.2 into 2.7 to estimate gm.

Jr = aBlinc@psi (2.5)

Fg
¢psy =1 — F (2.6)
Gm = A(Tlincprsi—4(4+Rq)) 2.7)

Tine®psn(Ci—I*)—4(C;+2r*)(A+Ry)

In equation 2.5, a represents the light absorptance of the photosystem; B is the
partitioning factor between photosystem I (PSI) and photosystem II (PSII); Zinc 1s the
light incident irradiance; and ¢psy; represents the photochemical yield of PSII, which is
estimated from chlorophyll fluorescence measurement (equation 2.6). Fj is the steady-
state fluorescence, and Fin’ is the maximal fluorescence during a saturating light flash. o
and B were hard to estimate; thus, this method introduced t=af to represent the fraction
of light harvested by PSII in equation 2.7. Thereafter, 4, Ci and gpsn of the A-Ci curve
were input into Excel and solved to generate the fitting results of gm and Vemax. The Ca =
0 points in the curves were not included in the fitting process to reduce the instability of
the fitting caused by equipment error at low Ca, as well as the Ca = 1500 points in some
curves if the instability of that point lead to high sum of square error. The results of gm
there were influenced by C;, thus, gm in each repeat was obtained from the average of Ca

=400.

As Moualeu-Ngangue et al. (2017) suggested, the day respiration rate (Rq) was

generated separately in this study. The light intensity below 200 pmol-m™-s! in the light
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curve was used to generate Rq by Yin’s method (Yin et al., 2011). The liner relation
formula (equation 2.8) of 4 and lincgpsi/4 was calculated by the Microsoft Excel liner

regression function, and the intercept was Rq.

A = s(Ijncpsu/4) — Rq (2.8)

After gm and Rq were obtained, the two parameters were used in the fitting process
of the light curve. The maximum electron transport rate (Jmax), initial slope of electron
transport rate versus light (¢) and the convexity factor of electron transport rate versus
light (6) were obtained by fitting the light curves into the Microsoft Excel VBA
published by Sharkey (2016). This method is based on the J estimated from equation
2.9, and the inputs were A4, C; and light intensity of the light curve. Then fitting the J

with calculated J from equation 2.2 by adjusting the variables ¢, 8 and Jmax.

] — ]max+fp1inc_\/(]max;‘;PIinc)z_49]max(l’1inc (29)

All the variables were adjusted to leaf temperature 25°C by equation 2.10

published by Harley P. C. et al. (1992),

(=#r)
Adjust parameter = e_—_AH_d>
1+e RTk

(2.10)

Where c is a scaling constant, AH, is an enthalpy of activation, AHq is enthalpy of
deactivation and AS is entropy. R is molar gas constant (8.314 J-mol'-K™") and T is the
leaf temperature in Kelvin (0°C = 273.15 K). To obtain the adjust variables, the
variables in the measuring leaf temperature were divided by the adjust parameter in
Appendix 1. Greer (2018) have reported that Kinetic constants of tobacco (Walker and

Ort, 2015) fit well with the Chardonnay and Merlot grape leaves in the photosynthesis

modeling processes, thus, Ko, Kc and I" “ were adopted from tobacco to all of the fitting
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processes in this experiment, which were also showed in Appendix 1.

2.5. Contribution of the variables to the change of the A

To understand the impact of variables on A, the parameters include gs, gm, Jmax,
Vemax, Ra, @ and ¢ were analyzed for their contribution to 4 changes. The average of the
variables in each cultivar was analyzed by a numerical integration method (Buckley and
Diaz-Espejo, 2015). Rather than a partial derivate of 4, this method computed the

contribution of the variables to the overall 4 directly:

k+1
k

P _ 100
x]—AR

YRod[6A|6x] T (2.11)
Where the contribution of variable x; is expressed as pxj (p[xj]) in percentage, which

represents the variable that contributed to the difference of 4 between reference 4 (Ar)
and comparison 4. To estimate the CO> conductance, gs was converted to stomatal CO>

conductance (gs) by dividing gs with 1.6 (the diffusion rate of CO»).

The contribution of the variables can be divided into two groups: diffusional
factors and biochemical factors. The contribution of diffusional factors is represented as
p[DIFF], which is the sum of p[gsc] and p[gm]. The contribution of biochemical factors
(p[BIO]) is the sum of p[Jmax], p[Vcmax], p[Rd], p[theta], and p[phi]. The
contributions of boundary layer conductance (g») and O were neglected because they
were constant in the leaf chamber. The contributions of Ko, K¢ and I'" stayed at 0

because these variables were the same during the model fitting processes.

To understand the variables that caused the difference in 4 between the hybrid
cultivars and vinifera grapes, the Ar in Exp. 1 was ‘Riesling’. In Exp. 2, the Ar was not

only set by ‘Riesling’ in the same water condition but also by the well-water condition
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in each cultivar to understand the water deficient stress response of the individual

cultivar.

2.6. The soil water content

The soil water content (8,) of Exp. 2 was measured by a gravimetric method (Weil
and Brady, 2017). The whole pot was weighted after every measurement (Wr). At the
end of the experiment, the plants were took out of the pot and separate the roots form
the media in the laboratory. The pot (W), fresh weight of the plant (Wp), and media
(Ws) were separate and weighted. A sample of 50g of the media (Wsam) was collected

and oven-dried at 105°C for 24 hours (no more weight loss). After drying, the weight of

the sample is represented as W4, and the water content at the end of the experiment is
counted from equation 2.12. Therefore, the dry medium weight (Wq) of the potted plants
was calculated by equation 2.13. Assume that the only weight loss during the
measurements was caused by water loss; the water content during the measurements

was calculated by equation 2.14.

0y = =m0 % 100% (2.12)

9 sd
Wm
Wa = 1o (2.13)
g, = L DWa o 1009, (2.14)
Wq

2.7. Trichome density

To understand the relationship between gas exchange behavior and trichome
density, the leaves of three cultivars were observed (Johnson, 1975). Three plants in
each cultivar were chosen randomly in October 2022 (8 weeks after summer pruning).

In each pot, a leaf of the 3™ to 5™ node was observed with the abaxial side under the
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dissecting microscope (Nikon SMZ-10, Nikon Co., Tokyo, Japan) with ocular lens of
10X and objective lens of 3X magnification. Every leaf was observed from 3 different
site and recorded by the Canon EOS M100. Each sight was 44.5 mm?. The trichomes

were counted for number on the open-source software Inkscape, and the data was

converted to per cm?.

2.8. Stomata density

Stomata density was also observed in this study to better understand the impact of
stomata density on photosynthetic behavior (Galdon-Armero et al., 2018). Due to the
protruding vein and trichomes on the abaxial leaf side, the stomata were observed by a
clearing technique (Vasco et al., 2014) rather than the impression method. Each cultivar
selected one leaves from 3™ to 5™ nod in 3 different pots (n=3). Before sampling, the
trichomes of ‘Golden Muscat’ were picked off with tape and tweezers. For sampling, a 1
cm? square was cut from each leaf in 5 different locations away from secondary veins.
These sample pieces were soaked in 95% ethanol in 20 ml vails and heated in boiling
water. During the heating process, the ethanol was refreshed several times until it no
longer changed color. Then the solution was replaced with 4% (v/v) NaOH and heated
to 50°C. The NaOH solution was changed daily until the color no longer changed,
which determined that the clearing process was done. 3 pieces of leaf tissue were
observed by an optical microscope (Nikon, Nikon Co., Tokyo, Japan) with ocular lens
10X and objective lens 10X magnification. Pictures of the samples were taken, and the
stomata were counted and labeled on the open-source software Inkscape. Each sight was

0.5 um?, and the data was converted to per um?.
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2.9. Data analysis

The results of gas exchange and modeling, soil water content, trichome density,
and stomata density were analyzed for significance using ANOVA and the least
significant difference test at P<0.05 in SPSS25. The mean and standard error were
calculated using Microsoft Office Excel. To comprehend the relationship between the
gas exchange variables and the FvCB variables, a Pearson correlation matrix and scatter
graph for the correlation of the variables were also created in Excel. The data for the
Pearson correlation were created from the repeats of each variable in Experiment 1 and
from the means of the variables in Experiment. The mean gas exchange data from

Experiment 1 were used to analyze the relationship with trichomes.
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Table 2.1. List of the symbols.

Symbol Description

A Net assimilation rate

Ca Ambient CO; concentrations

gs Stomata conductance in H2O

G Intercellular CO; concentration

WUE; Intrinsic water use efficiency (A4/gs)

r’ CO:z compensation point in the absence of photorespiration
Kc Catalytic constants for the carboxylation reactions of Rubisco
Ko Catalytic constants for the oxygenation reactions of Rubisco
(0] Mole fraction of O at the carboxylation site

TPU rate of phosphate release in triose phosphate utilization
Ce CO; concentration at the carboxylation site

Zgm mesophyll conductance

Vemax the maximum rate of Rubisco at the carboxylation site
J photosynthetic electron transport rate

Rq day respiration rate

Jr chlorophyll fluorescence electron transport rate

o light absorptance of the photosystem

B partitioning factor between PSI and PSII

Tine light incident irradiance

dpsn photosystem II (PSII) electron transport efficiency

F steady-state fluorescence

F’ the maximal fluorescence during a saturating light flash
T the fraction of light harvested by PSII (af)

Jmax the maximum electron transport rate

7 initial slope of electron transport rate versus light

0 convexity factor of electron transport rate versus light
pxi (P[x3]) The contribution of the variable x; to the difference of 4
Zsc stomatal CO2 conductance

AH, enthalpy of activation

AHq enthalpy of deactivation

AS entropy

0. soil water content
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Chapter 3. Results
3.1. Gas exchange measurements of the hybrid and vinifera grape cultivars
3.1.1. Gas exchange behavior

To understand the gas exchange behavior of the hybrid and vinifera grapes, light
curves (Fig. 3.1) and CO; response (4-C;) curves (Fig. 3.2) in experiment 1 were
measured under well-water condition. The light curves are shown in Fig. 3.1. The net
assimilation rates (4) of the three cultivars were similar to each other at low light
intensities. In the light intensity > 400 pmol-m™-s’!, ‘Riesling’ (‘RS’) showed
significantly higher 4 than the two hybrid ‘Black Queen’ (‘BQ’) and ‘Golden Muscat’
(‘GM”). At saturating light intensity (photosynthetic photon flux density (PPFD) >
500pumol-m2-s1), 4 of ‘RS’ was around 10 umol-m™2+s’!, while ‘GM’ and ‘BQ’ were at 6

pumol-m2-s1,

Fig. 3.2 displayed the A-Ci curves. At intercellular CO2 concentration (Ci) above
200 pmol-mol™!, the difference between ‘RS’ and hybrid cultivars in 4 was noticeable. 4
of ‘RS’ was 5 umol-m+s™! at C;= 200 umol-mol™! and climbed to 20 umol-m>-s at C;=
1000 pmol-mol™'. 4 of hybrid cultivars were 3 umol-m+s™ at C=200 umol-mol™! and

rose to 14 pmol-m-s™' at C;=1000 pmol-mol™.

The gas exchange variables at 400 pmol-mol™! ambient COx concentration (C,)
were observed to understand the gas exchange behavior of the three cultivars at optimal
temperature (25 °C) and saturating light (Table 3.1). 4 of ‘BQ’ and ‘GM’ were 7.48 and
7.39 pmol-m2-s!, respectively, while that of ‘RS’ was 11.59 pmol-m?s™!, which was
significantly higher than the hybrid cultivars. In addition to 4, ‘RS’ had higher stomata
conductance (gs, 0.26mol-m™-s!) and transpiration rate (E, 4.36umol-m-s!) than the
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hybrid cultivars. ‘GM’ had the highest intrinsic water use efficiency (WUE;, 68.65
umol-mol™). Though ‘BQ’ had higher gs than ‘GM’, it had A the same with ‘GM’. ‘BQ’
had lower g than ‘RS’ but similar C; (307.58 pmol-mol ™) at C,=400 umol*mol ™. The
photosystem II electron transport efficiency (¢psi) of the both hybrid cultivars were
lower than ‘RS’. Vapor pressure deficiency based on leaf temperature (VPD) showed a
significant difference between the three cultivars, with ‘RS’ having the lowest value of

1.71 kPa and ‘GM’ with 2.04 being the highest.

3.1.2. Farquhar, von Caemmerer, and Berry (FvCB) model fitting variables

The day respiration rates (Rq) of the three cultivars were similar to each other
around 0.95 umol COz ‘m™s™! (Table 3.2). From the A-C; curves, gm and the maximum
rate of Rubisco carboxylation (Vemax) were derived by Moualeu-Ngangue et al. (2017),
which were shows in Table 3.2. The fitting results of gm showed a rather wide range,
which led to non-significance amongst the three cultivars. ‘RS’ had Vemax of 80.64
umol'm-s!, which was significantly higher than ‘GM’ (56.21 pmol'm™s’!), and ‘BQ’
was between them. The differences in ¢ and € among the three cultivars were not
significant (Table 3.2). While Jmax was significantly different from ‘RS’ and the hybrid
cultivars ‘GM’ and ‘BQ’, which reported values of 99.58, 64.30 umol-m™-s™!, and 53.40

umol-m?2-s7!, respectively (Table 3.2).

3.1.3. The correlation between gas exchange and FvCB variables

The Pearson correlation between gas exchange and FvCB variables revealed
positively linear correlations between A and gs, E, gm, and Jmax, and negative
correlations between A4 and 6 (Table 3.3). Ci had a positive relationship with gs and E.
WUE; and the ratio of gm to gs (gm/gs) were both substantially negatively correlated to C;
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with correlation coefficients of -0.998 and -0.920, respectively. With a correlation
coefficient 0.909, WUE; demonstrated a linear relationship to gm/gs, highlighting the
importance of gm to leaf water use. Positive correlations existed between the

biochemical processes Jmax and Vemax as well as Jmax, € and ¢.

A and leaf water use were strongly correlated with gm and gw/gs, despite the fact
that there was no statistically significant difference in gm between the three cultivars.
The scatter graph (Fig. 3.3) demonstrated that ‘RS’ had a relatively high 4 with gm even
though gm was not significantly different between the three cultivars. Although WUE;
did not have linear correlation to gm, it was highly correlated to the gm/gs ratio. In
comparison to the other two cultivars, ‘GM’ displayed a greater WUE; at the same gw/gs

ratio.

3.1.4. Contribution of the variables to the A difference on hybrid cultivars

To understand the photosynthetic differences between ‘RS’ and the hybrid
cultivars, the 4 of ‘RS’ was used as the reference point for the numerical integrated
method (Fig. 3.4). The results showed that the RuBP (ribulose-1,5-bisphosphate)
regeneration process differentiated the differences in 4 among the three cultivars, and
that Vemax did not contribute to the variations in A. The result showed that 4 of ‘BQ’ was
41% and ‘GM’ was 37% lower than 4 of ‘RS’ (Fig. 3.1). The majority of the factors
resulted in a negative change in 4 of the hybrid cultivars with the exception of 8, which
made a positive change of 3% in ‘BQ’ and 1.5% in ‘GM’. R4 also had a 0.5% slight
beneficial influence in ‘GM’. Jmax of ‘BQ’ and ‘GM’ contributed 32% and 21%,
respectively, to the less efficient 4 in comparison to ‘RS’. The stomata conductance in
CO2 (gsc, or g5/1.6), and gm also had a significant impact on the inferior 4 of the both
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hybrids. gsc contributed 11% to the lower 4 in ‘GM’, while gsc and gm shared the similar
impact in ‘BQ’. In summary, 4 of ‘BQ’ was 41% lower than that of ‘RS, with 11%
contributed by the diffusional factors and 30% by the biochemical factors. A of ‘GM’
was 37% less efficient than that of ‘RS’, with 19% and 18%, respectively, contributed

by biochemical and diffusional factors.

3.2. The gas exchange behavior of the hybrid and vinifera grape under various
drought conditions

Table 3.4 displays the medium water content that the three cultivars underwent the
various soil water availability. At the same level of stress, the medium water contents of
the three cultivars did not significantly differ. The water content was over 100% under
well-watered (WW) conditions and dropped to approximately 50% under slightly
drought (D1) conditions. The water content continued to drop to approximately 30%
under moderate drought (D2) conditions and reached approximately 25% under extreme

drought (D3) conditions.

3.2.1. Gas exchange measurement under various drought conditions

The light curves of three cultivars at various drought conditions are depicted in
Fig. 3.5. As the drought stress escalated, A of the three cultivars at the light saturated
point declined. ‘RS’ had the greatest 4 of the three cultivars under WW conditions,
measuring roughly 10 umol-m-s! at light intensities exceeding 500 pmol-m™-s™!. In
contrast, 4 of ‘BQ’ was the lowest (6 pmol-m?-s!). At D1, light saturated 4 for ‘RS’
reduced slightly to 8 umol-m?s™! | whereas ‘GM’ fell to 6 pmol-m™+s™'. At the moderate
drought (D2) condition, light saturated 4 of the three cultivars dropped to 4 to 6
umol-m>-s!, and ‘GM’ emerged as the cultivar with the greatest 4 among the three at
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saturating light. Three cultivars’ 4 fell to 2 pmol-m™-s! at the extreme drought (D3).

The COz response curves are shown in Fig. 3.6. Both Ci and 4 decreased with
increasing drought stress. At the WW conditions, ‘RS’ had the highest A among the
three cultivars at C;= 1000 pmol-mol™'. At stage D1, light saturated 4 of ‘RS’ reduced to
about 15 pmol-m™+s™!, which was comparable to ‘GM’. From WW to D1, the saturated
A of ‘GM’ did not decline. At D2, the highest C; of the three cultivars dropped from
1200 pmol-mol ! to roughly 900 pmol-mol™!. In contrast to the other three stages, Ci was
low at D3, and 4 was not stable. At D3, saturated 4 of the three cultivars dropped to 5

pumol-m2-s1,

Table 3.5 and Fig 3.7. shows the gas exchange behavior of the three cultivars under
saturated light and C, of 400 pmol-mol™!. 4 of the three cultivars fell as drought stress
increased, particularly in ‘RS’, which had a sharp decline from 10.66 pmol-m™-s! to
1.62 umol'm?-s'. At WW stages, 4 of ‘RS’ had the highest value, ‘GM’ with 8.63
pumol'm+s’!, was in the middle, and ‘BQ’, with 6.93 pmol-m-s’!, was the lowest. The
changes in Cj in response to water deficiency varied among the three cultivars. ‘BQ’
exhibited the greatest C;i (300.3 umol-mol ™) among the three cultivars at the WW stage.
The lowest C; of ‘BQ’ during drought was determined at D2, and C; rose at D3. The
highest C; of ‘RS’ during drought conditions was 293.6 umol-mol™ at D3. g fell as the
result of drought, and there was no significant difference among the three cultivars in
the same water stress conditions. At WW stages, E of ‘RS’ was 2.82 mmol-m-s,
which was significantly higher than that of ‘BQ’. The WUE; also demonstrated |
differences in the WW stage, with ‘GM’ significantly higher than ‘BQ’. The three
cultivars’ WUE; tended to be highest at the D2 stage, despite the fact that ‘GM’ and ‘RS’
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did not significantly differ between the drought stages. The photosystem II electron
transport efficiency (¢psu) roughly declined with drought conditions in ‘GM’ and ‘RS’.
While ¢psi did not show a significant decline in ‘BQ’. At WW and D1, ‘BQ’ had the
lowest ¢gpsn compared with ‘GM’ and ‘RS’. All three cultivars measured the increase in
VPD with water deficiency and had the highest VPD at D3. At D2, VPD of ‘GM’ with

1.78 kPa was significantly lower than the other two cultivars.

3.2.2. FvCB variables of three grape cultivars under various drought conditions
The Rq of ‘BQ’ increased with drought. However, R4 of the hybrid cultivars
remained consistent in the drought conditions (Table 3.7 and Fig. 3.8). At D3, gm of the
three cultivars showed a drop; prior to that, gn did not show a significant decline. At the
WW stage, gm was 0.054 mol'm™-s" in ‘BQ’ and 0.077 mol'm™s™ in ‘GM’, which were
much lower than ‘RS’. gm of the hybrid cultivars tended to slightly rise at the D2 stage,
while that of ‘RS’ decreasing with increasing drought through all the stages. Vemax of
‘GM’ and ‘RS’ decreased as the drought increased, while that of ‘BQ’ rose to 72.21

umol'ms! at D1 stage.

The results of light curves fitting were displayed in Table 3.7 and Fig. 3.8. As the
drought stress increased, Jmax and ¢ of the three cultivars reduced. While the hybrid
cultivars and ‘RS’ responded differently to 6. In hybrid cultivars, 6 decreased at D2,

whereas ‘RS’ declined at D3.

3.2.3. The correlation of gas exchange variables and the FvCB variables under
various drought conditions
According to the correlation matrix (Table 3.9), 4, gs, E, ¢psii, gm, Jmax and ¢ had
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positive correlations with one another. The positive correlation of Jmax to gs and Vemax,
and WUE; with gm/gs, were demonstrated as drought occurred. The negative correlation
of Ci to WUE; and gm/gs were observed at various drought conditions. The variations in
R4 were observed at various drought stress, which negatively correlated to C;, gs, E,

WUE; and ¢.

3.2.4. Contribution of the variables to the A difference under various medium
water contents

Modeling results of numerical integrating the gas exchange variables revealed that
A was mostly limited by RuBP (ribulose-1,5-bisphosphate) regeneration process, with
the exception of that of ‘BQ’ at WW stage, which was limited by Rubisco carboxylation
process. Compared to WW, 4 of ‘BQ’ and ‘GM’ declined by 72% and 74%,
respectively, at D3 (Fig. 3.9). 4 of ‘RS’ at D3 decreased 90% of that at WW, which was
the greatest drop of the three cultivars. In all three cultivars, gsc, gm and Jmax were the
main variables affecting the decrease in 4 at D2 and D3 (Fig. 3.9). With the grapevines
suffering from drought, the contribution of gsc and Jmax on the reduction in 4 was
increased. In ‘GM’ and ‘RS’, the negative effect of gm on 4 reduced to 4.6% from D1 to
D2. On the other hand, in ‘BQ’, gm showed a 11% positive effect at D2. At D3, gm
reduced 4 in ‘BQ’ and ‘RS’ by 20%, and ‘GM’ by 26%. In all three cultivars at D2,
biochemical factors were the main factor of the decline in 4. In the extreme water
deficient condition (D3), the hybrid cultivars demonstrated that the diffusional factors
caused 4 to decrease by 40% and 45% in ‘BQ’ and ‘GM’, respectively, accounting for
50% to 60% of the overall contribution. While in ‘RS’, the 4 decrease was mainly

caused by biochemical factors.
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3.2.5. Contribution of the variables to A response to various drought conditions of
hybrid cultivars and vinifera grapes

The photosynthesis of ‘RS’ was used as the reference point to understand how
different cultivars preformed in specific drought conditions (Fig. 3.10). 4 of ‘BQ’ and
‘GM’ were 37% and 18%, respectively, less efficient than ‘RS’ at the WW condition.
The modeling results showed that the hybrid cultivars had roughly double the 4 of ‘RS’
at the extreme drought (D3). At WW and D1, the hybrid cultivar’s gm contributed 5% to
17% on its 4 being lower than ‘RS’. At D3, gm of the hybrid cultivars was the main
factor that contributed to the greater 4 than ‘RS’. At D2, € contributed to 10% and 17%

negative effect on 4 of ‘BQ’ and ‘GM’, respectively.

In ‘BQ’, biochemical and the diffusional factors had similar impact on the negative
A to ‘RS’ at the WW condition (Fig. 3.10). The impact of biochemical factors increased
at D1 and D2, with the Jmax and 8 accounting for the majority of the effect. In ‘GM’,
diffusional factors, particularly gm, were the primary cause of the less efficient 4 at WW
and D1. At D3, ‘BQ’ had 4 70% greater than ‘RS’, with biochemical and diffusional
factors accounting for 27.5% and 42.5%, respectively, of the difference. Regarding to

‘GM’, the two groups had an equal impact on its higher 4 than ‘RS’.

3.3. Trichome density and stomata density of the hybrid and vinifera grapes

The hybrid cultivars ‘BQ’ and ‘GM’ both had trichome on the abaxial side, while
‘RS’ was glossy (Fig. 3.11). Trichomes were found in significantly different numbers on
the leaf back of the hybrid cultivars ‘BQ’ and ‘GM’, with 71 and 259 cm, respectively
(Table 3.10). There were none or 1 trichome on the leaf back of ‘RS’ (Fig. 3.11). The
stomata were observed by the optical microscope with cleaning technique showed in
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Fig. 3.12. The stomata density of the three cultivars ranged from 121 to 132 um™ in
each observation (Table 3.10), which did not show a significand difference between

them.

3.3.1 Relationship of trichome densities and gas exchange variables

A scatter graph of the gas exchange variables in relation to the trichome densities is
shown in Fig. 3.13. VPD and WUE; were highly correlated with trichome densities with
correlation coefficients (r) of 0.942 and 0.975, respectively. 4 and gs tended to

negatively correlated with trichome densities.
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Table 3.1. Gas exchange variables of well-watered ‘Black Queen’, ‘Golden Muscat’ and ‘Riesling’ grape leaves. Photosynthesis
assimilation rate (4), intercellular CO> concentration (Cj), stomatal conductance (gs), transpiration rate (£), intrinsic water use efficiency
(WUE;, A/gs,), photosystem II (PSII) electron transport efficiency (¢psi), and leaf vapor pressure deficit (VPD) were measured at ambient

CO; concentration (Ca, 400 pmol-mol ™) and saturating photosynthetic light intensity of 1200 pmol-m2-s.

A Ci E WUE;

. gS
Cultivars (umolCO;m™?-s!)  (umol'mol!)  (mol H,O'm?s?) (mmol'm?s!) (umol CO2:mol H2O™) drsi VPD (kPa)

Black Queen 7.48+1.07 b*  307.58+10.68 a 0.161+0.002 b  3.05+0.08 b 46.78+6.29 b 0.099+0.009B 1.90+0.02b
Golden Muscat  7.39+0.28 b  272.93+12.31 b 0.110+0.008 ¢ 2.24+0.16 ¢ 68.65+7.73 a 0.113£0.010B 2.04+0.07a
Riesling 11.59+£0.64 a 307.10£4.29 a 0.260+0.014 a 4.37+0.24 a 45.58+247 b 0.160+0.007A 1.71+0.01c

* Data represented mean + standard error (n = 3). Lower case letters indicate significant difference between cultivars by LSD test (P < 0.05).
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Table 3.2. FvCB variables of well-watered ‘Black Queen’, ‘Golden Muscat’ and ‘Riesling’ grape leaves. Day respiration rates (Rq) were
obtained by Yin’s method (Yin et al., 2011). Mesophyll conductance (gm) and maximum rate of Rubisco carboxylation (Vemax) were
generated using the approach published by Moualeu-Ngangue et al., 2017. Maximum electron transport capacity at saturating light (Jmax)

and initial slope of electron transport rate versus light (¢) were generated using the model by Sharkey et al., 2016.

R4 Im Vemax Jimax

Cultivars o %

(umol CO2'm?s")  (mol CO;m?s!)  (umol'm?s™) (umol'm?2-s)
Black Queen 0.974+0.203 a* 0.064+0.021 a 58.07+8.46 ab 53.40+4.87 b 0.238+0.013 a 0.902+0.066 a
Golden Muscat  0.945+0.248 a 0.064+0.007 a 56.21£3.86 b 64.30+6.01 b 0.273+0.018 a 0.819+0.048 a

Riesling 0.962+0.048 a 0.088+0.020 a 80.64£7.30 a 99.58+15.13 a 0.288+0.019 a 0.708+0.085 a
* Data represented mean + standard error (n = 3). Lower case letters indicate significant difference between cultivars by LSD test (P < 0.05).
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Table 3.3. The correlation matrix of leaf gas exchange and FvCB variables of the tree tested grapevine cultivars at well-watered condition.
Data represent the Pearson correlation between the two variables, and the dark blue represent the higher liner correlation. The correlation

was counted by every repeat of the three cultivars.

A Ci Os E WUE; ¢PSII VPD R4 Om Vemax Jmax @ 0 gm/gs

A
Ci
Os
E

WUE;

Ppsu
VPD
Rqg -0.191 0.517 0.099 0.122 0503 -0.180 -0.123

gn | O.776% -0.236 0427 0463 0176 0515 -0.191

-0.169

Vers« 0497  0.372 -0.392

Jmax 0.169 -0.207

0] -0.232 0.248 0.257 0.193

0 0.080 -0.498  -0.043 0.160 -0.287 -0.503

gm/gs  -0.026 -0.513 0519 0471 0540 -0282 0200 0.024

* represents the Pearson correlation of the two variables by t-test (P < 05) with degrees of freedom = 9-2.
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Table 3.4. The media water contents of the three cultivars during the experiment.

Cultivar Condition medium water content (%)
Black Queen @ WW 198+£23 a A*
D1 64+2 a A
D2 40£1 Db A
D3 262 c A
Golden Muscat WW 258+11 a A
D1 47£3 b A
D2 3542 Db A
D3 2582 ¢ A
Riesling WW 19849 a A
D1 54+11 b A
D2 3748 b A
D3 2746 b A

*Data represented mean + standard error (n = 3).. Lower case indicated significant difference of
the treatment in the cultivar, and capital case indicated significant difference of same treatment
between the cultivars by LSD test (P < 0.05).
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Table 3.5. Gas exchange variables of ‘Black Queen’ (BQ), ‘Golden Muscat’ (GM) and ‘Riesling’ (RS) vines, well-watered (WW), or
subjected to mild (D1), moderate (D2), or extreme (D3) drought condition. Photosynthesis assimilation rate (4), intercellular CO>
concentration (Cj), stomatal conductance (gs), transpiration rate (E), and water use efficiency (WUE;, 4/gs,) were measured at ambient CO»

concentration (C, 400 pmol-mol™') and a saturating photosynthetic light intensity of 1200 umol-m™-s™.

Cultivar Condition (umongz-m'z-s'l) (umolc;lnol") (molegOS-m'2~s'2) (mmoll-;m'z-s'l) (umolC\(glfnllzcl)leo'l) desu VPD (kPa)
BQ WwW 6.93+0.23 a B* 300.3+9.1 a A 0.136x0.011 a A 235+£0.09 a AB 5246+£541 ¢ B (.073+0.008 abB 1.74£0.06 b A
D1 6.82+0.76 a A 301.9+9.8 a A 0.136x0.017 a A 233+£021 a A 51.55£592 Cc A (.080+0.005 & B 1.72£0.06 b A
D2 5.88+0.55 a A 256.2+11.7 b A 0.075£0.013 b A 146+£022 b A 81.11£7.52 a A  (.076+0.006 abA 1.94+0.04 a A
D3 1.90£0.59 b A 281.3+17.4 abA  0.027£0.005 ¢ A 0.5420.11 ¢ A  66.49+10.86 b A  (0056£0.005 b A 1.97+0.03 a A
GM  WW 8.63+0.93 a AB275.3+62 a B 0.129+0.011 a A 208+0.16 a B 67.87£3.76 a A (11620012 2 A 1.62£0.02 b A
DI 7.70£0.27 ab A 281.148.6 a A  0.121+£0.005 a A 205+0.12 a A 64384503 a A (114+0.005 @ AB 1.70£0.06 b A
D2 6.58+0.33 b A 2554+135 a A 0.084£0.014 b A 149+022 b A 81.28+894 a A (.099+0.009 abA 1.78+0.05 abB
D3 2574046 ¢ A 256.9+129 a A  0.031x0.003 ¢ A 0.60+0.03 ¢ A 81.87+8.37 a A  (.075+0.007 PCA 1.95+0.08 a A
RS Ww 10.66£0.66 a A 278.8453 b AB 0.164+0.010 a A 282+0.14 a A 66.092.97 a AB (0139+00]0 2 A 1.73£0.04 b A
D1 8.97+1.33 abA 280.9+13.3 b A 0.148+0.033 abA 248+0.50 a A 69.59£12.09 a A (12240016 2DA 1.71£0.05 b A
D2 6.16£0.86 b A 263.4+22.8 b A  0.083+0.011 bcA 154+020 abA  76.70£14.17 a A (08440013 D A 1.84£0.03 b A
D3 1.62£0.34 ¢ A 293.6£23 a A  0.026:0.006 ¢ A 0.5240.10 bc A 56.44£1.26 a A (069+0.021 P A 1.98+0.02 a A

X Data represented mean + standard error (n = 3). Lower case indicated significant difference of the treatment in the cultivar, and capital case indicated
significant difference of same treatment between the cultivars by LSD test (P < 0.05).
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Table 3.6. Pooled data of the gas exchange variables in Table 3.5.

A G o E WUE;
(umolCO>m™-s")  (umol-mol™) (moleg-m'z-s‘z) (mmol'm?-s")  (umolCO,molH,0) drsu TRy

Cultivars

Black Queen 5.36+0.67b 286.1+7.6a  0.094+0.015a  1.67+0.23 ab 62.13+4.87a 0.072+0.004 b 1.85+0.04 a

Golden Muscat 6.37+0.74 ab 267.2+5.7b 0.091+0.012 a 1.56+0.19b 73.80+3.77a 0.101+£0.006 a 1.77+0.04b

Riesling 7.20+1.09a 277.2+7.3ab  0.110+0.018 a 1.924+0.05 a 69.01+4.95a 0.107+0.010 a  1.80+0.03 ab
Condition

Ww 8.74+0.64a 284.84+5.3a 0.143+£0.007 a  2.42+0.13 a 62.01+3.19b 0.109£0.011 a 1.70£0.03 ¢

D1 7.73£0.52a 286.9+6.6a 0.132+0.011 a  2.244+0.17 a 62.85+5.16b 0.104+0.008 ab 1.72+0.03 ¢

D2 6.18+0.33b 257.9+8.4b 0.0810.007 b 1.49+0.11 b 79.70£5.35a 0.087+0.006 b 1.85+0.03b

D3 2.02+0.30 ¢ 277.949.5ab  0.029+0.002 ¢ 0.57+0.04 ¢ 68.58+6.21 ab 0.067£0.006 ¢ 1.97£0.03 a
Cultivar *y 0.49 n.s. n.s. 24.3 *okx n.s.
Condition sksksk k sksksk sksksk n.s. sksksk sksksk
Cultivar x condition n.s. n.s. n.s. n.s. n.s. n.s. n.s.

* Data represented mean + standard error. Lower case indicated significant difference of the treatment in the cultivar, and capital case indicated
significant difference of same treatment between the cultivars by LSD test (P < 0.05).
Yoo ke kiR indicate significant at P < 0.05,0.01,0.001; n.s. non-significant.
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Table 3.7. FvCB modeling of ‘Black Queen’ (BQ), ‘Golden Muscat’ (GM) and ‘Riesling’ (RS) grapevines, well-watered (WW), or

subjected to mild (D1), moderate (D2), or extreme (D3) drought condition. Day respiration rates (R4) obtain by Yin’s method (Yin et al.,

2011). Mesophyll conductance (gm) and maximum rate of Rubisco carboxylation (Vemax) were generated using the approach published by

Moualeu-Ngangue et al., 2017. Maximum electron transport capacity at saturating light (Jmax) and initial slope of electron transport rate

versus light (p) were generated using the model by Sharkey et al., 2016.

. .. R m cmax max

Cultivar Condition (umolCOdz ‘m?2s!) (mongz-m‘zs‘l) (pmcﬁ-m'z-s‘l) (umo{-m‘z-s") 4 0

BQ WW 0.647+£0.047 ¢ Ax 0.054+0.017 ab B 39.0943.22 b B 62.22+£7.53 a A 0.275£0.008a A  0.726+0.050 a A
D1 0.702+£0.162 bc A 0.069+0.011 ab A 72214445 a A 52.74+6.98 ab A  0.239+0.027 ab A  0.840+0.047 a A
D2 0.982+0.060 b B  0.096+0.022 a A 45574343 b B 45.1548.62 ab A  0.179£0.032 b AB 0.472+0.085b A
D3 1.399+0.082a A 0.017+0.013b A 45324941 b A  2575£3.41 b A 0.092+0.001 ¢ A  0.747+0.149 ab A

GM WW 1.010£0.155a A 0.077#0.014a B 72.89£5.81 ab A 75.77£10.60a A 0.306+£0.025ab A  0.807+£0.077 a A
DI 1.077£0.103a A  0.055+£0.005a A 94.0248.30 a A  70.52+£1590a A 0.221+0.023 bc A  0.939+0.013 2 A
D2 1.29840.047a A  0.05840.007 a A 69.05£15.68 ab AB 55.3849.26 ab A  0.201+0.012¢c A  0.051+0.276 a A
D3 1.097+£0.242a A 0.014+£0.002b A 49.00£8.48 b A  3351+£739 b A 0.140£0.049c¢ A  0.530+0.279a A

RS WwW 1.009+£0.163a A 0.141+£0.013a A 64.64+4.08 a A  84.13+3.81 a A 0287£0.016 a A 0.724+0.114a A
DI 1.141£0.288 a A  0.096+0.024 a A 76.57£7.16 a A  86.68£19.18a A 0.214+0.040a A 0.837+0.022a A
D2 1.451£0.082a A 0.022+0.017a A 67.73£3.30 a A 51424624 ab A 0.117£0.002b B  0.927+0.025a A
D3 1.231£0.029a A  0.007+0.001 b A 46.50£12.23 b A 22254089 b A 0.047£0.047b A  0.389+0.171 b A

Cultivar n.s.” * ok n.s. n.s. n.s.

Condition * koK KoKk oKk oKk n.s.

Cultivar x Condition n.s. * n.s. n.s. n.s. n.s.

* Data represented mean =+ standard error (n = 3). Lower case indicated significant difference of the treatment in the cultivar, and capital case indicated
significant difference of same treatment between the cultivars by LSD test (P < 0.05).
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Table 3.8. Pooled data of FVCB variables in Table 3.7.

Rq

gm

chax

Jmax

(umolCOz2 'm?s!) (molCO»m?>s?)  (umol'm?>-s™) (umol'm?2-s™) v P

Cultivars

Black Queen 0.890+0.097 b 0.064+0.011 b 51.02+4.63 ¢ 48.34+5.04b 0.206+0.023 a 0.692+0.055 a

Golden Muscat 1.121+0.073 a 0.052+0.008 b 71.24+6.50 ab 58.76+6.90 ab 0.217+£0.022 a 0.696+0.102 a

Riesling 1.206+0.096 a 0.093+0.016 a 65.44+4.14 b 64.66+9.17 a 0.047£0.030 a 0.749+0.069 a
Condition

WW 0.889+0.090 ¢ 0.092+0.015 a 58.87+5.58 a 74.04+£5.05a 0.289+0.010 a 0.753+0.044 ab

D1 0.974+0.121 bc 0.076+0.010 a 80.93+4.77 b 69.98+8.94a 0.22440.016 b 0.872+0.023 a

D2 1.244+0.076 a 0.081+0.011 a 60.78+6.07 a 50.67+4.34b 0.166x0.016 ¢ 0.636+0.111 b

D3 1.222+0.107 a 0.015+0.004 b 47.23+4.69 a 28.05+£3.52 ¢ 0.100+0.027 d 0.552+0.129 b
Cultivar n.s.” * ** n.s. n.s. n.s.
Condition * keksk keksk keksk keksk n.s.
Cultivar x condition n.s. * n.s. n.s. n.s. n.s.

* Data represented mean =+ standard error (n = 3). Lower case indicated significant difference of the treatment in the cultivar, and capital case indicated
significant difference of same treatment between the cultivars by LSD test (P < 0.05).
yoeke s arde s ekxk indicate significant at P < 0.05,0.01,0.001; n.s. non-significant.
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Table 3.9. The correlation matrix of leaf gas exchange and FvCB variables under various drought conditions. Data represent the Pearson
correlation between two variables. Dark blue represents the higher liner correlation. The correlations were counted by the mean of the data

of three cultivars under the various media water content.

A Ci Os E WUE; ¢PSII VPD Rd Om Vemax Jmax 4 0 gm/gs

0.337
0.317

-0.334 -0.315

-0.086

-0.279
Ri  .0376 -0.528 0.551

on [ 0g43* 0171 0.174

Ve 0475 0143 0464 0426 -0.166

Jmax 0.102 -0.091
7 0.179 -0.206 0.440

0 0350 0414 0453 0441 -0382 0225 -0.416 0185 0240 0479 0431 0276

gn/gs 0249 -0651* 0049 0102 | 0.664% (134 0169 0243 | 0.666* -0.265 105 -0.018

* represents the Pearson correlation of the two variables by t-test (P < 0.05) with degrees of freedom = 12-2.

0.087
0.292

-0.050
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Table 3.10. Trichome and stomata numbers of the three grape cultivars. Trichomes were
observed under the dissecting microscope with 30X magnification. Stomata were

observed under the optical microscope with 100X magnification.

Cultivars Trichome (number cm™) Stomata (number pm)
Black Queen 71£17 b* 12146 a
Golden Muscat 259+£19 a 12846 a
Riesling 0+0 ¢ 132410 a

* Data represented mean + standard error (n = 3). Lower case letters indicate significant
difference between cultivars by LSD test ( P < 0.05).
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Fig. 3.1. Net assimilation rates (4) of ‘Black Queen’ (BQ), ‘Golden Muscat’ (GM) and
‘Riesling’ (RS) grape leaves against photosynthetic photon flux density (PPFD) at 25°C,
400 pmol-mol™! CO; and optimal water status. Each data show as mean with stander

error (n=3).
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Fig. 3.2. COxzresponse curve (4-C; curve) of ‘Black Queen’ (BQ), ‘Golden Muscat’
(GM) and ‘Riesling’ (RS) leaves at 25°C, light intensity 1200 umol-m-s™! and optimal

water status. Each data show as mean with stander error (n=3).
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Fig. 3.3. Functions of (A) photosynthetic assimilation rate (4) against mesophyll
conductance (gm) and (B) intrinsic water use efficiency (WUE;) against ratio of gm to
stomatal conductance (gs) in ‘Black Queen’ (‘BQ’), ‘Golden Muscat’ (‘GM”) and
‘Riesling’ (‘RS’) grape leaves. Gas exchange measurements were taken in well-watered
condition. Each data show as mean with stander error (n=3). 4 = 63.884gm + 4.2275,

r=0.776. WUE=67.126gm/gs + 23.697, r = 0.909.
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Fig. 3.4. The contribution of gas exchange variables of ‘Black Queen’ (BQ) and
‘Golden Muscat’ (GM) to the difference in 4 between these two hybrids and the vinifera
‘Riesling’ at well-watered condition. Leaf gas exchange of well-watered vines was
measured at 25°C, light intensity 1200 umol-m-s’'. The net assimilation rates for
‘Riesling” were used as the reference. The left bar of each cultivar shows partition
change of individual variables, p[x] indicate the contribution of variable x to 4.
p[phi]=initial slope of electron transport rate versus light, ¢; p[thetaj]=convexity factor
of electron transport rate versus light; p[Rd]=day respiration rate, Rq; [Jm]= maximum
electron transport capacity at saturating light Jmax; p[gm]=mesophyll conductance, gm;
p[gsc]=CO: stomatal conductance, gs.. The right bar of each cultivar shows total change
of A (p[TOT]), contribution of biochemical factors (p[BIO]=p[phi]+

p[thetaj]+p[Rd]+p[Jm]) and diffusional factors (p[ DIFF]=p[gm]+p[gsc]).
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Fig. 3.5. Net assimilation rates (4) of ‘Black Queen’ (BQ), ‘Golden Muscat’ (GM) and
‘Riesling’ (RS) leaves against photosynthetic photon flux density (PPFD) at 25°C, 400
pmol-mol! CO» under various drought conditions. WW, well-watered condition; D1,

slight stress; D2, moderate stressed; D3, extreme stress. Each data show as mean with

stander error (n=3).
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Fig. 3.6. COxzresponse curve (4-C; curve) of ‘Black Queen’ (BQ), ‘Golden Muscat’
(GM) and ‘Riesling’ (RS) leaves at 25°C, light intensity 1200 umol-m™-s™! under under
various drought conditions. WW, well-watered condition; D1, slight stress; D2,
moderate stressed; D3, extreme stress. Each data show as mean with stander error

(n=3).
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Fig 3.7. Gas exchange variables of Black Queen’ (BQ), ‘Golden Muscat’ (GM) and
‘Riesling’ (RS) at ambient CO, concentration (Ca, 400 umol-mol ™) saturating light 1200
pmol-m+s! and 25°C under various drought conditions. A: Photosynthesis assimilation
rate (4); B: intercellular CO> concentration (Ci); C: stomatal conductance (gs); D:
transpiration rate (£); E: intrinsic water use efficiency (WUE;, 4/gs,); F: photosystem II
(PSII) electron transport efficiency (¢psi). WW: well-watered condition; D1: slight
stress; D2: moderate stressed; D3: extreme stress. Data from table 3.5. Each data show
as mean with stander error (n=3). Lower case letters indicate significant difference

between cultivars by LSD test (P<0.05) in the same water condition.
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Fig. 3.8. FvCB variables of Black Queen’ (BQ), ‘Golden Muscat’ (GM) and ‘Riesling’
(RS) under various drought conditions. A: Day respiration rates (Rq) obtain by Yin
method (Yin et al., 2011). B: mesophyll conductance (gm) and C: maximum rate of
Rubisco carboxylation (Vemax)generated by Moualeu-Ngangue ef al. (2017). D:
maximum electron transport capacity at saturating light (Jmax), E. initial slope of
electron transport rate versus light (¢) and F: convexity factor of electron transport rate
versus light (0) obtain by Sharkey et al. (2016). WW, well-watered condition; D1, slight
stress; D2, moderate stressed; D3, extreme stress. Data from table 3.7. Each data show
as mean with stander error (n=3). Lower case letters indicate significant difference
between cultivars by LSD test (P<0.05) in the same water condition.
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Fig. 3.9. The contribution of gas exchange variables to the changes of 4 in ‘Black
Queen’ (BQ), ‘Golden Muscat’ (GM) and ‘Riesling’ (RS) under various drought
conditions. Leaf gas exchange of vines was measured at 25°C, light intensity 1200
pmol'm2-s™!. A-C p[x] indicate the contribution of variable x to 4. p[phi]=initial slope
of electron transport rate versus light (¢); p[thetaj]=convexity factor of electron
transport rate versus light (6); p[Rd]=day respiration rate (Rq); p[Jm]=maximum
electron transport capacity at saturating light (Jmax); p[gm]=mesophyll conductance
(gm); p[gsc]=CO2 stomatal conductance (gsc). D-F shows total change of 4 (p[TOT)),
contribution of biochemical factors (p[BIO]=p[phi]+ p[thetaj]+p[Rd]+p[Jm]) and
diffusional factors (p[DIFF]=p[gm]+p[gsc]). WW, well-watered condition; D1, slight

stress; D2, moderate stressed; D3, extreme stress.
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Fig. 3.10. The contribution of gas exchange variables to the changes of 4 in ‘Black
Queen’ (BQ), ‘Golden Muscat’ (GM) compare with ‘Riesling’ under various drought
conditions. Leaf gas exchange of vines was measured at25°C, light intensity 1200
pumol'm2-s”!. A-D p[x] indicate the contribution of variable x to A. p[phi]=initial slope
of electron transport rate versus light (¢); p[thetaj]=convexity factor of electron
transport rate versus light; p[Rd]=day respiration rate, (Rq); p[Jm]=maximum electron
transport capacity at saturating light (Jmax); p[gm]=mesophyll conductance (gm);
plgsc]=COz stomatal conductance (gsc). E-H shows total change of 4 (p[TOT]),
contribution of biochemical factors (p[BIO]=p[phi]+ p[thetaj]+p[Rd]+p[Jm]) and
diffusional factors (p[DIFF]=p[gm]+p[gsc]). WW, well-watered condition; D1, slight

stress; D2, moderate stressed; D3, extreme stress.
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dissecting microscope (B, D, and F). A and B: ‘Black Queen’; C and D: ‘Golden

Muscat’; E and F: ‘Riesling’.

55
doi:10.6342/NTU202400535



‘Riesling’

(B), and

b

Black Queen’ (A), ‘Golden Muscat

1 side of ¢

1a

. The abax

12

Fig. 3

ique

techn

ing

fied by clean

th 100X magni

i

(C) w

56

10.6342/NTU202400535

do



0.3
12 { 4 L 0.25
10 -
= - 02, 4
24 .- .
= - 015 T
6 e
~ L 0.1 E,i
4 ®BQ “
| mGM L 0.05
ARS
0 0
2.3 A - 70 é
2.1 4 60 O
— o
o] [
=
% 1.9 A 8 | Fs0 2
S A N:
17 & L4 O
]
=3
1.5 4 L 30 <
0.0 T . . . . . . . . . l o
0 50 100 150 200 250 0 50 100 150 200 250 300

Trichomes (cm2)

Trichomes (cm 2)

Fig. 3.13. Functions of (A) photosynthetic assimilation rate (4), (B) stomata

conductance (gs) (C) vapor pressure deficient based on leaf temperature (VPD) and (D)

intrinsic water use efficiency (WUE;) against trichomes in ‘Black Queen’ (‘BQ’),

‘Golden Muscat’ (‘GM’) and ‘Riesling’ (‘RS’) grape leaves. Gas exchange data was

taken from table 3.1 in well-watered condition, and trichome densities were taken from

table 3.10. Each data show as mean with stander error (n=3). 4 =-0.013trichome +

10.249, r=0.724. g; = -0.0005trichome + 0.2338, r=0.820. VPD = 0.0012trichome +

1.7551, r=0.942. WUE; = 0.0947trichome + 43.258, r = 0.975.
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Chapter 4. Discussion
4.1. Gas exchange behaviors of grapes under well-water condition

In both experiments, A4 at saturated light of vinifera grape ‘Riesling’ (Vitis vinifera,
‘RS’) was greater than that of hybrid cultivars (V. vinifera X V. labrusca), ‘Golden
Muscat’ (‘GM’) and ‘Black Queen’ (‘BQ’), under well-watered conditions (Table 3.1
and Table 3.5). According to the measurement and FvCB modeling results (Table
3.1,3.2, 3.5 and Table 3.7), ‘RS’ also had higher gs, ¢psi, gm, and Jmax. A higher 4 of V.
vinifera compared with V. labrusca has been reported (Patakas et al., 2003). Although in
experiment 1 (Exp.1), gm was not different between the three cultivars, gm was
significantly higher in ‘RS’ than in the hybrid cultivars in the well-watered condition in
the second experiment. The difference in gm may be due to leaf anatomical differences,
such as chloroplast surface area exposed to the intercellular airspaces per unit leaf area
(S¢), cell wall thickness, and cell wall components (Clemente-Moreno et al., 2019;

Knauer et al., 2022; Tomas Magdalena et al., 2013).

Moreover, scatter graph of g and 4 (Fig. 3.3 A.) showed that under a similar g,
‘RS’ had higher 4, indicating that the biochemical process also played a major role in
influencing the 4 of ‘RS’. Compared with ‘RS’, the lower efficiency of 4 in hybrid
cultivars was mainly caused by gs, gm, and Jmax (Fig. 3.4). Among them, Jmax was the
dominant variable that made 4 of hybrid cultivars lower than ‘RS’ (Fig. 3.4). The
significant difference in Jmax between the three cultivars (Table 3.2) could be told from
the light curves (Fig. 3.1) that 4 of ‘RS’ at saturating light intensity was superior to the
two hybrid cultivars. The difference in A4 of grapes affected by Jmax and gs was reported
by Greer (2018) who showed that not only diffusional factors (gs and gm) but also

biochemical processes were important influences. Because the modeling method relied
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on ¢psi, the low A of hybrid cultivars might be caused by its low ¢psn at the well-
watered conditions. The difference in Jmax may also lie in the reduction of gm, which
restricts CO» activity at the chloroplast (Ethier and Livingston, 2004). In addition, the
enzymes engaged in the RuBP regeneration process, RuSPK and ATP synthesis, would
limit the photosynthetic assimilation rate (Dias and Briiggemann, 2010; Tezara et al.,

1999).

4.2. Gas exchange and FvCB variables at various water availability

The result of Exp. 1 demonstrated the importance of the biochemical parameters,
particularly the relationship between Jmax and 4, and the variation in WUE; between
hybrid cultivars and vinifera grapes. The experiment 2 (Exp. 2) examined the gas
exchange behavior of the three grape varieties to determine how biochemical processes

and gs, gm affected the 4 under various water availability.

In Exp. 2, 4 and g of all three cultivars decreased as drought increased,
whereas gm and Vemax remained consistent until the extreme drought was imposed (Fig
3.7 and Fig. 3.8). Flexas et al. (2009) showed that as the grapevines encountered
drought conditions, 4 and gs dropped immediately, while g, decreased at the later
stages. In Exp. 2, C; decreased in the medium drought (D2) and increased in the extreme
drought (Fig 3.7). Flexas et al. (2002) reported that the variation of C; as the grapevines
under the severe drought was one of the indicators of the limitation of gm on 4. The
effect of gm on the decrease in 4 was shown in the analysis of the contribution of the

variables to the overall 4 under drought.

To understand the gas exchange behavior of each cultivar that underwent drought
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conditions, the means of the variables were modeled, and the changes in 4 were
calculated using an integrated numerical method (Buckley and Diaz-Espejo, 2015). In
‘BQ’ and ‘GM’, A4 of vines at D3 was 70% less efficient than that of well-watered vines,
while in ‘RS’ 4 of vines at D3 was 90% less efficient than well-watered vines (Fig. 3.9).
Moreover, differences in 4 between the hybrid cultivars and ‘RS’ were reduced as
drought increased (Fig. 3.10). Overall, ‘GM’ having the lowest C; and highest WUE;
among the three cultivars at the well-water stages, performed the best 4 under

extremely drought conditions (Table 3.5).

The partitioning result showed that as drought increased, the drop in 4 in the three
cultivars was caused by gs, gm, and the biochemical factor Jmax. The effect of diffusional
factors (gs and gm) increased under drought in all three cultivars, which was consistent
with previous studies showing that the resistance of gs and gm increased with drought
(Flexas et al., 2009). gm was related to the leaf lamina hydraulic conductance as the
grapes were under drought conditions (Ferrio et al., 2012). Studies of the effect of
aquaporins on gs, gm, and A revealed that water transportation affected CO; diffusion
(Flexas et al., 2006). The production of apoplastic antioxidants, such as peroxidase,
superoxide dismutase, and hydrogen peroxide, which are negatively related to gm, can

also explain the reduction in gm under water stress (Clemente-Moreno et al., 2019).

In addition to gs and gm, the decrease in 4 with drought was highly influenced by
Jmax 1n all three cultivars (Fig. 3.9). In grapevines during drought conditions, Jmax
decreased but Vemax remained consistent (de Souza et al., 2005). With no reduction in
Ru5PK, the decrease in Jmax might be caused by a reduction in ATP synthesis or CO>

diffusion (de Souza et al., 2005). In addition, the modeling results from the numerical
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integration method showed that only the well-watered ‘BQ’ was limited by the Rubisco
carboxylation process, and all other cultivars and water conditions were limited by
RuBP (ribulose-1,5-bisphosphate) regeneration, which depends on the electron
transportation rate. RuBP has been reported as the predominant 4 limitation in the V.
vinifera ‘Chardonnay’ leaf (Greer, 2018). Studies have shown that RuBP regeneration
limited the photosynthesis rate below 30°C (Greer and Weedon, 2012). However, it has
also been reported that 4 in grapevines is usually limited by Rubisco rather than the
RuBP-related process (Flexas et al., 2002; Flexas et al., 2010). Under drought stress, the
reduction in 4 was made by diffusional factor initially, and then the Rubisco activities
and electron transportation were secondary reduced followed by the low gs (Flexas et
al., 2002). In addition to Jmax, ¢ underwent clear alterations with increasing drought
(Fig. 3.8), which led ¢ to a linear correlation with gs and 4 in experiment 2 but not in

experiment 1 (Table 3.3 and Table 3.9).

4.3. Relationship of intrinsic water use efficiency (WUE;) and Ci to gm and gs

The changes in C; and WUE; did not follow the same pattern of the changes in gs
and 4 as drought increased (Fig 3.7). However, under the well-watered conditions,
WUE; showed a negative correlation with Cj, in which ‘GM’ had the lowest C; and
highest WUE; (Fig. 3.4). The results in Exp. 2 (Table 3.9) showed a similar trend to the
well-watered condition. The negative correlation of WUE; to Ci can be described by the

constant ambient CO> concentration (Bunce, 2016).

Despite WUE;, C; was highly correlated with gm/gs in both Exp. 1 and 2 (Table 3.3
and Table 3.9). In addition, the ratio of gm to gs was positively related to WUE;. Scatter

graph of WUE; in gw/gs (Fig. 3.3 B.) showed that ‘GM’ distributed mainly at the higher
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end although ‘RS’ had high gm and 4. This relationship was the same as that in previous
studies on grapevines (Flexas et al., 2010; Tomas M. et al., 2014), which indicates that
an improvement in the gm value would improve the water use of the plant as g5 constant.
These relationships of gm/gs and Ci confirm that the improvement of Ci and gm would be
a possible approach to improve the photosynthetic response under water deficiency

(Flexas et al., 2010).

4.4. Cultivar differences in the photosynthetic response

Several differences in the photosynthetic response between ‘RS’ and the two
hybrid cultivars were observed in this study. During drought conditions, ‘GM’ maintain
a similar C; from WW to D3, while ‘RS’ had its highest C; at D3 and ‘BQ’ had a
decreasing C; at D2. ¢psi roughly declined with water deficient in ‘GM’ and ‘RS’, while
¢psi did not show a significant decline in ‘BQ’, as it was already low at the WW stage.
The difference in response in Ci and ¢psu between the three cultivars (Fig 3.7) might
lead to the different response in the gm and biochemical processes. Moreover, the
modeling result of the cultivars suffered drought indicated that the decreased 4 in
hybrid cultivars was mainly caused by diffusional factors, while the decreased 4 in ‘RS’
was more contributed by biochemical factors (Fig. 3.9). The diffusional factors,
especially for gm, were the main contributors to the higher 4 of hybrid cultivars than
‘RS’ at extreme drought (Fig. 3.10). The difference not only happened between the
hybrid cultivars and the V. vinifera ‘RS’ but also between the two hybrids ‘GM’ and
‘BQ’. From the well-watered stage to medium water deficiency (D2), the decreases in 4
in ‘GM’ were caused by diffusional factors, while in ‘BQ’ was mainly caused by
biochemical factors (Fig. 3.9). In the first experiment, biochemical factors also

contributed to most of the lower 4 efficiency in ‘BQ’ than in ‘RS’. In the two
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experiments, ‘GM’ had a relatively low g5 but similar stomata density (Table 3.10).
Compared with the other two cultivars, ‘GM’ had better WUE; and 4 under drought

stress.

The photosynthetic difference between V. labrusca and V. vinifera has been
reported on the gas conductance in the intercellular space, which was caused by the
mesophyll structure and liquid conductance (Patakas et al., 2003). However, whether

hybrid cultivars inherited the mesophyll structure of V. labrusca still need to be studied.

4.5. Trichome densities and gas exchange behavior

Table 3.10 showed that ‘GM’ had the highest trichome densities. The superior
trichome density and better performance under drought of ‘GM’ was consistent with
previous studies on olive (Olea europaea L.), Arabidopsis lyrata, and potato (Solanum
tuberosum L.) that the presence of trichomes on leaves represented better drought
tolerance (Boguszewska-Mankowska et al., 2018; Boughalleb and Hajlaoui, 2011;
Huttunen et al., 2010). In addition, the trichome densities were negatively related to gs,
and positively related to WUE; in this study (Fig. 3.13), which were consistent with the
studies on tomato (Solanum lycopersicum) (Galdon-Armero et al., 2018). The result of
VPD positively related to trichome density was found by Schreuder et al. (2001) that the
trichomes increased turbulence of the boundary layer and caused the high VPD, which
further leaded the stomata close. However, in tomato, trichomes increased gs (Gasparini
et al., 2021), and Amada et al. (2017) reported that trichomes had small effects on gas
exchange and WUE,. In this study, the correlation between trichome densities and gas
exchange variables were not significant due to the small sample size, which showed

trichomes affected to the gas exchange in grapes need more study.
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Chapter 5 Conclusion

Two experiments in this thesis revealed the difference in gas exchange between
Vitis vinifera ‘Riesling’ and hybrid cultivars (V. vinifera x V. labrusca) ‘Black Queen’
and ‘Golden Muscat’. Under well-watered condition, the hybrid cultivars had lower
photosynthesis assimilation rates than the vinifera ‘Riesling’, which was caused by their
lower stomata conductance (gs), mesophyll conductance (gm), and maximum electron
transport capacity at saturating light (Jmax). However, ‘Golden Muscat’ showed a better
intrinsic water use efficiency (WUE;)), gm to gs ratio, and low C; at well-watered
conditions. On the other hand, ‘Golden Muscat’ had a smaller decrease in A4 than
‘Riesling’ at extreme drought condition. This thesis revealed that the relationship
between gm/gs and WUE; was not only observed in vinifera grape but also in the hybrid
cultivars. The maintenance of gm in the hybrid cultivars under extreme drought
conditions made hybrid cultivars a possible breeding material for the water stress
tolerance. However, the effect of the leaves’ trichomes and mesophyll structure on the

gas exchange of grape leaves remains to be studied.
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Appendix

Appendix 1. Rubisco kinetics value of tobacco (Nicotiana tabacum) from Walker and

Ort (2015) for model fitting and values of ¢, AH,, AHq and AS for adjust parameters to

adjust the variables to leaf temperature 25°C.

Rubisco kinetics value at 25°C c AH, AH4 AS
Kc (Pa) 27.24 35.98 80.99

Ko (kPa) 16.58 12.38 23.72

" (Pa) 3.74 11.89 24.46

Temperature adjusting

Vemax 26.36 65.33

J 17.71 43.90

Rq 18.72 46.39

gm 20.01 49.60  437.40 1.40
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