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Abstract

Late season dehydration (LSD) is a type of berry shrivel in wine grapes occurring at the end of
ripening as a result of cell death in the mesocarp of mature berries and is accelerated by late
season water deficits. Increasing temperatures and erratic precipitation are projected for
California’s winegrowing regions this century, rendering grapevines more vulnerable to late
season dehydration and consequently growers to yield losses. This study sought to investigate
whether augmented volumes (‘pulses’) of irrigation prior to (the early treatment) or during (the
late treatment) the onset of cell death would effectively postpone it. Water potential and gas
exchange measurements were compared to mesocarp cell death, degree of berry shrivel, and
chemical agents and products of cell death. Our study found that a 40% difference in irrigation
volume for our pulses did not effect changes in water potential, stomatal conductance, or
photosynthesis, however the late treatment significantly slowed the rate of cell death and yielded
more turgid berries at harvest. Other aspects of berry quality, at harvest, (°Brix, TA, pH) did not
respond to our treatments. We observed a spike in H20: at the onset of cell death and found
significant correlation between tissue vitality and H202 concentrations throughout the
experimental period. Thus, our study confirmed the relationship between H202 accumulation
and berry shrivel, and found a potential irrigation strategy for mitigating LSD-related yield
losses. A complete picture of the mechanism of LSD is needed to fully explain how shrivel
responds to irrigation: future studies on this topic could provide an account of water dynamics in
the berry in relation to cell death and irrigation by additionally monitoring hydraulic conductivity
in the pedicel. Further investigation into transcriptional changes before and during the onset of
cell death will also be needed to determine the contribution of programmed cell death late in

berry development.



Introduction

The Problem of Late Season Dehydration

The Mediterranean growing conditions of California’s wine regions, characterized by wet
winters and hot dry summers, are predicted to be exacerbated by climate change within this
century. These conditions require irrigation to meet target yields and achieve desired grape
quality for winemaking. Warming trends since 1880 have caused consistent increases in
temperatures in California that are projected to continue through the next century, with the
number of hot (>95°F) days predicted to increase by up to three weeks by 2040 (Livneh et al.
2015; Rasmussen et al. 2016). Consequently, climate change has increased the frequency of
extreme weather events, with northern coastal regions being the second the most effected by
heatwaves in the California (Gershunov and Guirguis 2012). Precipitation in California is
projected to increase, on average, but become more variable, rendering vineyard land more
vulnerable to drought in dry years, especially in the face of increasing restrictions on using
groundwater for irrigation (Swain et al. 2018). Vineyard land that relies on snowpack from the
Sierras for irrigation will also become more vulnerable to drought, as the snowpack supply for all
of the western United States has been projected to diminish by 60% in the next 30 years (Fyfe et
al. 2017; Berg and Hall 2017). Given the likelihood of increasing drought conditions and water
restrictions for winegrowers throughout the state, the judicious use of irrigation will become

paramount to mitigating impacts on yield and wine quality.

One issue affecting ripening grapes in Mediterranean regions that reduces yield, affects berry
quality, and has been linked to plant water stress is late-season dehydration (Keller, 2010;

Bonada et al. 2013b; Chou et al. 2018; Bondada et al., 2017). Late-ripening Vitis vinifera



cultivars, which constituted at least 29% of 2022 California Crush (i.e. Zinfandel, Cabernet
Sauvignon, Cabernet Franc, Petite Verdot, Petite Syrah and Syrah), are especially susceptible to
late season dehydration (LSD) due to changes in climate and winemaking styles (CDFA 2022).
Harvested as late as October-November, their ripening has traditionally occurred in cooler fall
months during which, now, we observe warmer temperatures. Despite evidence that
anthropogenic greenhouse gases have pushed forward grape harvests throughout the world, one
would be wrong to assume that overall warmer temperatures have caused these grapes to be
harvested significantly earlier (Webb et al. 2012, Cook et al. 2016). Stylistically, there has been a
shift in the desired characteristics of wines that necessitates extended hangtime (Alston et al.
2011). For example, the average °Brix at harvest for Cabernet Sauvignon in California has
increased from 22.0 in 1975 to 25.2, and similar trends exist for total red and white grapes
(Alston et al. 2011; CDFA, 1975-2023). Such lengthened ripening periods leave grapes more
vulnerable to LSD, likely requiring additional irrigation to compensate (especially in the face of

heatwaves and drought).

Effects on Fruit Composition and Wine

The consequences of LSD for winemakers concern the chemical as well as sensory properties of
berries and wine. The progression of LSD is strongly correlated to the overall flavor intensity of
Syrah grape berries (Bonada et al. 2013a; Bonada et al., 2015). While that may be a favorable
outcome with respect to wine quality, LSD also staggers the development of seed tannin
(accelerated) and skin/pulp attributes (relatively delayed), two sensory properties winemakers
often rely on to gauge overall fruit maturity (Bonada et al., 2013a). Furthermore, for red wine

grapes, shriveled berries can cause dramatic shifts in °Brix once in tank, requiring unexpected



must treatment and reducing overall predictability of initial conditions for fermentation. In terms
of berry chemistry, LSD-stricken berries have lower tartaric and malic acid concentrations, and
higher calcium and potassium concentrations, all of which can increase the likelihood of
unwanted fungal/bacterial growth during fermentation (Bondada and Keller, 2012; Bondada et

al., 2017).

In the vineyard, LSD can cause yield losses between 10-30% with the greatest losses occurring
in vulnerable cultivars like Syrah (Keller, 2010; Tilbrook and Tyerman, 2009; Rogiers and
Holzapfel, 2015). While fruit shrivel of any kind reduces yield, LSD is one of the better
understood forms of shrivel in terms of developing prevention strategies compared to the
nebulous genetic disorders Bunch Stem Necrosis and Sugar Accumulation Disorder (SAD).
Sunburn shrivel is commonly solved through shade cloth and cultural practices whereas for LSD,
irrigation has been the go-to strategy attempted by growers as well as the main target of research

concerning this problem.

In quantifying the effects of LSD experimentally, cell vitality, correlated with LSD shrivel in 22
grape cultivars (Fuentes et al., 2010), has been measured in berries as a response to varying
levels of abiotic stress. Syrah berries were observed to undergo a faster rate of cell death when
subjected to either stronger deficit irrigation or elevated temperatures (Bonada et al., 2013ab).
Likewise, Mendez et al. found that augmenting irrigation at 20 °Brix resulted in a greater berry
weight (10%), while also suggesting an even greater need for irrigation in vines with greater crop
load to prevent LSD-related loss—another study similarly demonstrates this strategy of ramping

up irrigation post veraison (from 25% ET to 100%) resulting in increased berry weight by 13%



(Keller et al., 2016). Nevertheless, it would be prudent to determine the optimal timing and
minimum threshold of post-veraison irrigation for postponing LSD considering the likelihood of

increased water restrictions on growers in the future.

Berry Hydraulics and Phenology

Our current physiological understanding of berry hydraulics and ripening post-veraison explains
why irrigation, and precise irrigation timing, could be critical to reducing late-season

dehydration.

By the start of veraison, grape berries have completed the first segment of a double sigmoidal
growth curve by the end of which cell division is complete and maximum berry size is fixed.
This initial growth is due to the water potential in berry cells dropping as they accumulate solutes
thereby drawing in water osmotically and increasing turgor pressure (Coombe 1980). It is not
until veraison where berry elasticity and turgor pressure drop significantly before observed
transcriptional changes occur to loosen cell walls for expansion—interestingly, it is not yet
accounted for why turgor pressure drops prior to cell wall loosening (Castellarin et al., 2015).
Berry turgor pressure continues to decline throughout ripening even as it achieves maximum

volume.

After veraison, the last phase of berry cell expansion and growth is powered by sap transport into
the berry through the phloem. The completion of veraison sees an important shift in the pathway
of water transport into grape berries from the xylem to the phloem, reflecting a transition in

phloem unloading from a symplastic to an apoplastic pathway that allows sugar to be unloaded



into the berry parenchyma cells against a concentration gradient. A proposed model by Keller et
al. (2015) suggests that negative xylem water potentials from the canopy down to the berry exert
a pulling force on water stored as sap in the parenchyma cells, drawing water through the
apoplast into the xylem to be transpired in the canopy. Xylem backflow during ripening has been
directly observed by Keller et al. (2006) and the relationship between xylem water potential,
phloem unloading is evidenced by the observed increase in phloem flow into berries under
drought stress (Keller et al., 2015). Similar to preparing a sauce reduction from simmering broth,
grapevines start with a dilute sap unloaded by the phloem in the berry and leverage
evapotranspiration in the canopy to concentrate sugars in the mesocarp. Thus, xylem backflow is

a necessary to enable grapevines to reach sugar concentrations suitable for winemaking.

Once berries reach maximum size, usually at 24-25 °Brix, phloem transport and skin
extensibility decline and further increases in sugar concentrations come from berry dehydration,
either through xylem backflow or transpiration through the berry surface, though the latter
declines steadily during ripening (Bonada et al., 2017; Matthews et al., 1987; Keller, 2010).
Around this time, typically 90-100 days after anthesis depending on the variety, berries begin to
lose weight and slowly shrivel. Mesocarp cell death, closely correlated with shrivel (Fuentes et
al. 2010), begins near the seeds, eliminating what little turgor pressure is left and accelerating
backflow through the xylem (Krasnow et al. 2008). Given that berry water potentials are not
negative enough to slow down xylem backflow and phloem inflow is marginal, it is likely too
late at this point for irrigation to effectively rehydrate berries. Alternatively, one way grapevines
can reduce shrivel is to simply decrease hydraulic conductivity in the pedicel. Chardonnay has

been shown to plug up xylem conduits in cane tissue with tyloses, which would reduce backflow



and therefore delay LSD, however it remains unclear whether this occurs in the pedicel and if
other varieties demonstrate this tendency (Tilbrook and Tyerman 2009; Choat et al. 2009; Sun et

al., 2008).

Cell Death Mechanism

There are at least two related metabolic pathways that occur at the onset of ripening that could
contribute to the process of mesocarp cell death. For the first pathway, grape berries undergo a
significant change in metabolism where malate is catabolized into pyruvate, which increases the
respiratory quotient (i.e., the ratio of the amount of CO2 produced to O2 consumed) and
diminishes the O2 concentration in the berry to the point of hypoxia (Farmiani et al. 2013; Xiao
et al., 2018Db). Increasingly hypoxic conditions in the center of the mesocarp were correlated with
greater cell death in Chardonnay and Syrah, with completely hypoxic conditions occurring at
~100 DAA, within the observed period of cell death in Syrah (Xiao et al., 2018a; Bonada et al.
2013a; Tilbrook and Tyerman 2008). This suggests that cultivar differences in onset and rates of
cell death are in part due to variation in oxygen availability. Internal Oz concentration is affected
by the number of lenticels (pores) on the pedicel, which varies between varieties. For example,
Xiao et al. (2018) found that the total surface area of lenticels on the pedicels was 10-fold larger
in Chardonnay than Syrah, which could explain why Chardonnay exhibits slower rates of cell
death (Bonada et al., 2013Db; Tilbrook and Tyerman 2008). This process could also explain why
higher nighttime as well as daytime temperatures accelerate cell death, since most berry
respiration occurs at night (Bonada et al., 2013a). While seed respiration could to the post-
veraison respiratory quotient shift. but respiration rates between seeded and seedless varieties do

not significantly differ, suggesting that the vast majority of respiration occurs in the mesocarp



not the seeds (Xiao et al. 2018Db). Seed respiration is significantly more active before veraison

and declines once ripening commences (Harris et al., 1971).

A second pathway that is a main contributor to CO2 production and malate degradation during
ripening is ethanolic fermentation, which is needed to maintain cellular function as conditions
become increasingly hypoxic (Terrier and Romieu, 2001). The increase in ethanolic fermentation
increases the synthesis of alcohol dehydrogenase (ADH) to convert acetaldehyde to ethanol. This
process generates hydrogen peroxide as an intermediate, which spurs negative feedback
regulation of the attenuator of ROP-GTPase, thereby increasing ADH production (Fukao and
Bailey-Serres 2004; Baxter-Burnell et al. 2002). This could account for how cell death persists

and expands throughout the mesocarp.

Other research has posited that mesocarp cell death is not simply a consequence of normal berry
metabolism, but another instantiation of the ubiquitous plant phenomenon of programmed cell
death (PCD), the genetically regulated, physiological process of lysing unwanted cells via
reactive oxygen species (ROS). In plants, ROS are metabolic by-products that serve as signals
for biotic/abiotic stress responses and key phenological events. For example, stress from
excessive light can cause singlet oxygen and hydrogen peroxide (H202) to accumulate in the
reaction centers of the chloroplasts, though H20: typically plays a larger role in signaling for
stress responses as the more stable intermediate (Triantaphylides and Harvaux, 2009; Petrov and
Van Breusegem, 2012; Mansoor et al., 2022). H202 also begins to accumulate at non-toxic levels
in the skin at the onset of ripening for grapes and tomatoes, coinciding with transcriptional

changes in ROS-regulating and oxidative stress-related genes (Pilati et al., 2007; Pilati et al.,



2014; Jimenez et al., 2002). The known role of ROS as signaling molecules (in plants generally)
and the timing of its accumulation at veraison led Pilati to conclude that H202 is likely
functioning as a signaling molecule at this time, though no direct evidence has been presented.
Histone methyltransferases have been demonstrated to play regulatory roles in strawberry
ripening (Gu et al. 2016) and their homolog in grapevines, VVH3K4s, was identified in table
grapes by Liu et al. (2021) and shown to be regulated by H202. Only one study thus far has
measured ROS and cell death in winegrapes, where Gowder (2022) found significant correlation
between H202 and cell vitality in Syrah fruit in combined skin and mesocarp samples, still not
indicating precisely enough whether mesocarp concentrations of ROS are connected to cell
death. ROS damage in grape berries can be quantified indirectly through cell vitality staining and
measured directly by the thiobarbituric acid assay which measures the lipid peroxidation product

malondialdehyde (MDA) (Krasnow et al., 2008; Xi et al., 2017).

Despite the prevalence of ROS throughout major cellular components, plant cells prevent ROS
from building up to toxic levels through ROS scavenging, using enzymatic (e.g. superoxide,
peroxidase, catalase) and non-enzymatic (e.g. glutathione, ascorbic acid, phenolic compounds)
mechanisms (Mansoor et al., 2022). However, the ROS scavenging capacity of grape berries
becomes increasingly impaired over the course of ripening. Extractable tannins and procyanidins
decrease sharply, largely due to the oxidation of phenolic compounds in the seed, which reduces
ROS scavenging capacity right next to the area where mesocarp cell death begins (Ristic and
Illand, 2005; Kennedy et al., 2000). Also, Shiraz berries have been reported to progressively
decline in both their Ferric Reducing Antioxidant Potential and Diphenyl Picryl Hydrazyl

Radical Scavenging ability (Shivashankara et al., 2013). However, the regulatory networks



regulating the scavenging and production of ROS are extremely complex and our understanding

of specific mechanisms, including berry cell death, is limited.

Considering the extensive presence of PCD genes found in other plants, comparatively few have
been identified in grapevines and none have been measured alongside an analysis of cell vitality
dynamics. The first observations of PCD-related genes were reported by Pilati et al. (2007) who
found that those associated with PCD suppression were downregulated and those associated with
activation were upregulated between just before veraison and mid-ripening of Pinot Noir berries.
Sweetman et al. (2012) published a transcriptome of Syrah that described an increase in the
abundance of VVBAP1 by an order of 7 from pre-veraison to full ripeness. Considering the
proclivity of Syrah to shrivel, it may seem as though VVBAPL1 is a positive regulator of PCD,
however Cao et al. (2019) further investigated this gene and found the opposite. Examining its
expression in Syrah, the relative expression of VVBAP1 was correlated with the degree of
mesocarp cell death, and significantly downregulated at 92 DAA in a drought stress treatment,
almost the exact time of cell death onset found by Bonada et al. (2013b). This negative
regulation of PCD was further confirmed in other organisms: its expression in Arabidopsis,
tobacco, and yeast significantly improved tolerance to H20z, resulting in plant tissue and cells
with less oxidative damage. It was previously mentioned that H202 can act as a benign signal at
low concentrations, however it has also been observed to function as a trigger for programmed

cell death via a signal transduction pathway (Levine et al., 1994; Neill et al., 2002).

The typical parameters used to monitor the ripening of commercial wine grapes are acid

catabolism (declining TA/increasing pH), sugar accumulation, the accumulation of phenolic



compounds, seed maturity, and flavor development. As was previously shown, the latter two are
physiologically and sensorily implicated in the onset of mesocarp cell death and late season
dehydration. Delaying the onset of cell death would enable winemakers to continue the practice
of extended hangtime for desired wine characteristics while preventing unwanted yield losses for
growers. When during ripening is the optimal time to relieve water stress and how much relief is
needed in the form of irrigation volume has yet to be elucidated. A more nuanced picture of the
timing and bare minimum amount of irrigation needed will prepare growers for a likely future

under water restrictions.

As a first measure, we set out to investigate whether additional pulses of irrigation prior to or
during the onset of cell death in Cabernet Sauvignon berries would either postpone onset or
delay the rate of cell death. We hypothesized that an early pulse two-weeks prior to projected
cell death onset would relieve water stress and hold over triggers for programmed cell death. A
later pulse of irrigation concurrent with projected cell death onset was expected to insufficiently
compensate for accelerated xylem backflow at a time of diminishing phloem inflow. We
addressed the need to connect ROS in the mesocarp to cell death by measuring H202 and MDA
concentrations in skinned and seeded grape samples, anticipating that their accumulation would

coincide and track with the progression of mesocarp cell death.

10



Materials and Methods

Plant Material and Irrigation Treatments

This study used mature Cabernet Sauvignon grapevines planted on 420A rootstock growing in an
experimental vineyard on the University of California, Davis campus in Davis, CA. Vines were
cane pruned and trained to a VSP system planted 7 feet apart with 11 feet between rows. Canopy
and pest management followed standard commercial practices. Anthesis occurred on May 15™
2022 and veraison, defined by 50% of the clusters with at least one colored berry, occurred at

approximately 58 days after anthesis (DAA).

Vines from one row were randomly assigned to either a control, early, or late irrigation treatment
(N = 5 vines/treatment). Vines from different treatments were separated by two buffer vines,
each subjected to the same irrigation regime as the adjacent experimental vine. The control
treatment used a standard regulated deficit irrigation regime for a hot growing region. Prior to the
experimental period, vines were irrigated weekly starting one month before anthesis at 35%
replacement of evapotranspiration (RDI), which was estimated using a crop coefficient-based
ETec, vineyard spacing, and precipitation as parameters. One month after bloom and through
veraison, RDI was increased to 50% and further increased to 70% in anticipation of forecasted
heatwaves. Irrigation frequency was increased to every 2 — 3 days during the experimental period
(July 25 to August 26, 2022), to ensure the treatments had enough time to affect soil moisture in
the root zones. Control vines received 0.45in for the first week of the experimental period, then
0.34in for the rest of the period (Fig. 1). Vines in the early and late treatments received the same
irrigation as the control, except for an additional ‘pulse’ that increased irrigation to 0.54in/week

for two weeks. The early treatment ‘pulse’ was applied in the two weeks before the expected

11



onset of cell death (July 25 to August 5) and the late treatment ‘pulse” was applied in the two
weeks after (August 8 to August 22). The projected cell death onset for our study was based on
the only other study tracking phenology and cell death (due to late-season dehydration) of

specifically Cabernet Sauvignon fruit (Krasnow et al. 2008).

During the first week of the first irrigation treatment pulse a 20% difference in irrigation volume
was applied to the vines, with the early vines received 0.56 in while the late and control
treatments received 0.45 in. After seeing little remediation of water stress by the end of the first
week, that difference was increased to 40% the second week by reducing the water applied to the
late and control vines to 0.34 in (Figure 1). This difference was maintained for the late irrigation

pulse, yet in the final week of sampling the weekly volume was reduced to .22 in.

0.15
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0
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B e
0
0.00
71 73 75 78 80 82 85 87 89 92
DAA
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Figure 1 Irrigation volumes over the experimental period. Vines were watered 3x/week
except for the final week (100-102 DAA) they were watered twice.
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Gas Exchange and Water Potential

Vines were monitored for water stress by measuring gas exchange and midday stem and pre-
dawn water potentials weekly over the experimental period. Pre-dawn leaves were sampled from
0400+r to 05001k and placed in a humidified bag immediately after excision from the shoot (N =
2 leaves/vine). Midday leaves were sampled and measured for gas exchange from 1200 to
1330+r and were covered in a humidified, foil-wrapped bag for 20 minutes before excision to
equilibrate water potential in the stem and the leaf (N = 30 leaves). Leaf selection was limited to
sun-exposed, mature leaves at a distance of 8-12 leaves from the shoot tip. Bagged leaves were
immediately placed in a cooler after excision, then transported to the lab and measured for water
potential with a pressure bomb within one hour of sampling. Photosynthesis (A) and stomatal
conductance (gs) were measured weekly at the same time and in the same manner as midday

water potential sampling using a LICOR 6800 gas exchange system.

Berry Sampling

Four clusters per vine were marked for repeated sampling (N = 20 clusters/treatment). 1
berry/cluster was sampled each for FDA staining and ROS analyses on 9 dates over the
experimental period (N = 20 berries/treatment). 1 berry/cluster was sampled for transcriptomics
on 3 dates before and after the expected onset of cell death (August 3, 10, and 22). Size, color,
and softness were used to select berries that were relatively advanced in maturity. Berries were
excised with the pedicel attached and transported on ice to the laboratory. Sampling continued
until total soluble solids (TSS) reached 27 °Brix, at which point the rest of the cluster was

crushed, and the grape must analyzed for TSS, titratable acidity (TA), and pH.

13



Cell Vitality Staining

The FDA staining technique from Krasnow et al. (2008) was used to quantify berry cell vitality.
First, we made a transverse cut with a razor blade to remove 1-2 mm from the pedicel end of the
berry, to locate the seeds. We then cut the berry in half longitudinally between the seeds, keeping
the blade as close to the center of the berry as possible. One half of each berry was then placed in
a humidified petri dish and refrigerated and the other half was crushed and the juices
homogenized with the other berries from the same vine. Juice samples were measured for
osmotic potential with a VVapro 5600 vapor pressure osmometer. The refrigerated halves were
stained with a 9.6 uM FDA solution prepared by adding 2ul of 4.8mM FDA stock solution (in
acetone) to 1ml of sucrose solution with the same osmotic potential as the juice samples, to avoid
cell death from osmotic shock. Preliminary trials by Krasnow et al. (2008) showed that
variability in osmotic potential between berries from the same vine was small and that using
homogenized samples did not make differences between solutions and berry osmotic potentials
larger than 0.5 MPa thresholds are recommended to avoid osmotic shock. Berry halves were
blotted with a Kimwipe dipped in the staining solution to remove cellular debris and sectioned
again to obtain a 2-3 mm thick longitudinal cross section without seeds. Sections were then
abundantly coated in the staining solution and allowed to take up the solution for 30 minutes

before imaging.
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Figure 2a Fluorescein Diacetate-stained berries at Figure 2b A berry image in color, grayscale, then
progressive stages of cell death originating deep in finally subjected to a pixel-intensity threshold. Berries
the mesocarp tissue near the seeds. measured for perimeter and area measurements
were traced differently, not omitting the pedicel area,
as shown above, to accurately measure perimeter.

Microscopy

Stained berry sections were visualized with fluorescent microscopy (Figure 2a) using a Leica
DM4000B microscope equipped with a Leica DFC 320 camera and Leica GFP filter cube. The
camera was operated with Leica Application Suite Software (version 7.4). Camera settings,
including gamma, exposure, gain, and contrast, were held constant for all images. Each berry
was photographed at 1.4x magnification in four images that were stitched together with Adobe

Photoshop (version 23.5.3).

Cell Vitality and Berry Shrivel Analyses

Percent cell vitality and berry perimeter (P) and area (A) were measured with ImageJ software
(NIH). Berry perimeters were traced by hand on the stitched images before the image was
converted to grayscale, then a pixel intensity threshold was chosen to accurately capture the

proportion of living tissue in the original image (Figure 2b). Thresholds were typically set just

15



after the first peak (thresholds descending) in the Set Threshold function. Removing noise did
not significantly alter either measurement.

Perimeter and area were then used to calculate the Berry Shrivel Index from Fuentes et al (2010):

R_A
P

ShI = - Rmin

Rmax - Rmin

where R is the A/P ratio for an individual berry and Rmax and Rmin are the maximum and
minimum ratios across the entire dataset. Berry Shrivel Index ranges from 0-1, with 0

representing a completely shriveled berry, and 1 a fully turgid berry.

Hydrogen Peroxide/Malondialdehyde Analysis

Berries sampled for ROS and lipid oxidation products (MDA) were immediately frozen in liquid
nitrogen and stored in a -80°F freezer. The mesocarp tissue was isolated by peeling the frozen
berries with a scalpel, then gently breaking and deseeding the frozen pulp. The four berries
sampled per vine were then homogenized and ground to a fine powder in liquid nitrogen (N =5
vines/treatment). H202 concentrations were measured with an Amplex®Red Hydrogen
Peroxide/Peroxidase Assay Kit, following Pilati et al. (2007). This is a fluorimetric assay
quantifying the absorbance of 10-acetyl-3,7-dihydroxyphenoxazine, which fluoresces red when
oxidized in the presence of H202 and peroxidase. 0.2g of powder was solubilized in 0.5ml of
50mM phosphate buffer (pH 7.4) and kept on ice for 5 minutes. The mixture was centrifuged at
20,000 g for 15 minutes, after which 0.4 ml of supernatant was extracted, mixed with 0.4 ml of

2:1 (v/v) chloroform:methanol mixture, and centrifuged at 12,000 g for 5 minutes. 50ul of

16



supernatant was combined with 50ul of Amplex®Red working solution, which was prepared
according to manufacturer instructions, in a black 96-well plate with a transparent flat bottom.
Absorbance was read using an Epoch-2 microplate reader at 560nm. For H202 quantification, a

standard curve was generated following the manufacturer’s instructions.

The method of Sun et al. (2011) was followed to measure MDA content for grape berries. Frozen
grape powder (0.25g) was homogenized for 10min in 0.1% (w/v) trichloroacetic acid and then
centrifuged at 10,000 g for 5 minutes. ImL of the supernatant was combined with 4mL 20%
(w/v) trichloroacetic acid containing 0.5% (w/v) thiobarbituric acid, then the mixture was heated
for 15 minutes at 95°C then immediately cooled in an ice bath for 5 minutes. After centrifugation
at 10,0009 for 10 minutes, 100uL of supernatant was plated into a Corning® black-walled, clear,
flat-bottomed 96-well plate and absorbance were read at 532 and 600 nm. Concentration was
calculated using the MDA molar extinction coefficient 155,000 M-tcm* with the following
equation: MDA concentration (nmol/g FW) = (Asz2-600/155,000)+10%°, accounting for aliquot

volumes and dilution factors.

Statistical Analysis

The effect of the irrigation treatments on indicators of vine water stress, hydrogen peroxide/lipid
oxidation products, and osmotic potential in the berry was examined through one-way analysis of

variance for each sample date.

We determined the onset and rate of berry cell death, shrivel, and ROS accumulation by fitting

piecewise linear regression models (using the ‘segmented’ package in R, version 4.3.1) between
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time and percent cell vitality, the berry shrivel index, and H202 concentrations. The onset is the
date these variables transitioned from relatively constant to rapidly changing, defined as the
fitted breakpoints of the piecewise regression models, and the rate is the slope of these variables
over time after onset. We tested for significant irrigation treatment effects on onset and rate by
examining their 95% confidence intervals for overlap. Furthermore, Correlation between shrivel
and % living tissue and peroxide and % living tissue was determined through the Standardized

Major Axis Tests and Routines (SMATR) package in R using the sma function.

We also tested for significant treatment differences between treatments by one-way analysis of

variance for TSS, TA, and pH at harvest, when they are most relevant to growers.

Because 7/25 was not used for perimeter analysis, nor was 8/1 for cell vitality, both sets of data
were omitted in order to achieve a date-by-date correlation. Out of 540 berries sampled, 248
cross sections were viable for image analysis due to damage incurred in the mesocarp from the
razor blade hitting and dislodging seeds. Measurements of percent living tissue and
perimeter/total area were taken on different yet mostly overlapping subsets of images due to a
fraction (32%) of images lacking a smooth perimeter or consistent dye stain. For cell vitality
analysis, n = 68, 65, and 72 for treatments 1, 2, and 3 respectively; and for the shrivel index
analysis, n = 74, 65, and 78 for treatments 1, 2, and 3 respectively. In tracing representative areas
of the berry for cell vitality analysis, the selected area routinely excluded the pedicel residue,
which did not typically take up the stain. Due to the violations of equal variance caused by these

asymmetries, the non-parametric One-Way test in R was used for both percent living tissue and
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shrivel index on the last sampling date, and, likewise, the Games-Howell test was used as a post-

hoc test to compare treatment groups.

Results

Water Stress Indicators

Midday and pre-dawn stem water potentials (ymd and ypd) were similar between treatments, and
typical for commercially-grown winegrapes (Girona et al., 2006) in the late ripening period
between veraison and harvest (Table 1). Treatment means for ypd ranged from -0.34 to -0.61
MPa and for ymd ranged from -1.07 to -1.45 MPa over the experimental period (Table 1). ymd
generally increased during the experimental period, ranging from -1.19 to -1.71 on the first
sampling date and from -0.77 and -1.40 MPa on the last, while there was little change in ypd
(Figure 3). The early and late augmented irrigation treatments did not cause significant

differences in ymd or ypd for all sampling dates (p > .05).

The irrigation treatments also did not produce significant differences in gas exchange. Treatment
means ranged from 11.4 to 16.7 umol m2 s for photosynthesis (A) and from 0.18 to 0.27 mol
m2 s for stomatal conductance (gs) over the study period (Table 2). Photosynthesis and stomatal
conductance were only significantly different between treatments during the early irrigation
‘pulse’, but, contrary to expectation, were only significantly higher for the late treatment vines,
which were not receiving additional irrigation on these dates (Figures 4,5). Gas exchange rates
decreased and converged between treatments over the experimental period, and gas exchange

was not significantly different between treatments on any other sampling dates.
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Onset and Rate of Cell Death

Our augmented irrigation regimen commencing on the estimated date of onset, i.e. the late
treatment, was effective in significantly reducing the rate but not the onset of cell death. Onset
was defined as the fitted breakpoint of the piecewise linear regression (PLR) models, when the
rate of change in cell vitality significantly increased. The onset of cell death occurred 92 + 1
(mean + standard error) DAA for the control, 89 + 8 DAA for the early treatment, and 83 + 4
DAA for the late treatment (Table 3). The 95% confidence intervals for these estimates
overlapped, indicating that onset was not significantly different between treatments. The fitted
slope after the breakpoint indicates the rate of cell death after onset. Post-onset slopes were -2.06
+ 0.22 for the control, -1.21 + 0.53 for the early treatment, and -0.90 £ 0.11 for the late treatment
(Table 3). The significance of the late treatment’s effect on the rate of cell death is demonstrated
by the non-overlapping 95% confidence intervals between the control and late treatment. There
were no final treatment differences found on cell vitality for the last sampling date. Figure 6

displays the cell vitality means (+ se) while Figure 7 shows the segmented fit over the means.

Shrivel Index

At harvest, the late treatment was determined to be significantly less shriveled than the early
treatment. Contrary to the expectation that berry turgidity and the shrivel index would
continually decline over the ripening period, tracking the decline in cell vitality, the shrivel index
fluctuated over time (Figure 8). By PLR analysis, the breakpoint of the control was 89 DAA with
initial/final slopes m = 0.007 and m’=-0.021, while the early and late treatments respectively
were 74 DAA with slopes m = 0.02 m’=-0.011, and 79 DAA with slopes m = 0.001 and m’= -

0.014 (Table 3). We did not find significant correlation overall between cell death and shrivel (p
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> 0.05) through our SMATR analysis (Figure 11), however only for the control treatment was

significant correlation found (p < .05).

Hydrogen Peroxide and MDA

Approximately concurrent with the onset of cell death, H202 began an upward trend at 85 DAA
(Figure 9) and significantly correlated with cell vitality (Figure 12). Peroxide content was
initially ~1.7 nmol/gFW, and generally increased to ~3nmol/gFW. One-way analysis of variance
revealed no treatment effects for all dates, nor did a PLR model reveal a similar breakpoint to
observed cell death. SMATR analysis revealed a significant correlation between H202 and cell

death for the late treatment and control (p < .05).

MDA on the other hand did not persistently accumulate in the mesocarp but in general fluctuated
throughout ripening (Figure 10). Mean concentration at 71 DAA was ~1.4 nmol/g FW,

approximately the same as at 96 DAA vyet slightly increased later at 99 DAA to ~1.5 nmol/g FW.
Two-way ANOVA yielded no significant treatment differences in MDA concentration for any of

the dates.

Osmotic potential

Osmotic potentials were not found to be significantly different between treatments by one-way
ANOVA for all sample dates. Osmotic potential measurements were used for creating FDA
solutions and tracking berry maturity (Figure 13), as osmotic potential is directly correlated with
soluble solids in the berry. Figure 14 displays Brix values obtained from our osmotic potential

measurements using a linear equation from Bondada et al. (2017) modeling Merlot grapes.
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Fruit Quality At Harvest

Remaining fruit on the last day of sampling was harvested and pressed by hand into composite
vine samples. Final Brix values observed were in the target range, ~27, mimicking typical ranges
of those found in wineries producing Cabernet Sauvignon wines from a warm climate. Juice

analysis revealed no significant differences in Brix, pH and TA, as shown in Table 4.

Discussion

Cell Death and Shrivel

Our late irrigation treatment, a 40% augmented pulse starting at the beginning of cell death,
generated two significant effects in our experiment: it reduced the rate of cell death in the berry
mesocarp tissue and produced less shriveled, more turgid berries at harvest. We also
hypothesized that the early treatment would preemptively reduce water stress and postpone cell
death. We correctly anticipated the date of cell death onset (~90 DAA), yet despite the optimal
timing of our treatments the early irrigation regime was not successful in reducing water stress or
cell death. While the late pulse reduced the rate of cell death, its effect on shrivel at harvest was
not present for the rest of the experiment. This asymmetry is highlighted by the lack of overall
correlation between shrivel and cell death for the late pulse, and the lack of a steady decline in
turgidity (Figure 6). It was only for the control that significant correlation was observed, which
may be explained by the lower error observed in the piecewise linear regression model for the
control than the late or early treatments (Table 3). Unexpectedly, the greater turgidity in the late

treatment berries was not reflected in the osmotic potential, °Brix, or TA measurements at
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harvest, when we would have expected solutes to be more dilute than treatments with greater
shrivel (Table 4). While significant, difference in shrivel were not great enough to affect solute

concentrations.

The cell death onset and rates we found were largely within the range observed in other studies,
but it can be difficult to draw definitive conclusions from comparing the onset and rate of cell
death among experiments with many changing variables (e.g. irrigation design, volume and
timing of additional rainfall, growing degree days, rootstock, cultivar, and calendar units).
Cabernet Sauvignon has only been measured in one other study (Krasnow et al., 2008) with cell
death beginning at 100 DAA and 40 days after veraison (DAV) for field-grown vines in Napa
Valley (Oakville), compared to 92 DAA and 34 DAV for our control vines in Davis (Figure 6).
Given Davis is a warmer climate than Oakville, this may explain why our vines exhibited cell
death onset earlier. These differences could also reflect a lack of precision in estimating onset
dates, since fluctuations in %living tissue measurements can weaken trends with time, as in this
study (Figure 6). This could also reflect differences in growing conditions or typical variation
within cultivars. The reported ranges of cell death onset dates for any given cultivar vary by as
much as 12 days. Syrah (Shiraz) onset tends to fall between 87-96 DAA after which tissue
vitality sharply declines (Bonada et al., 2013b; Xiao et al., 2018; Gowder 2022) while
Chardonnay’s cell death much slower at an approximately constant rate. (Krasnow et al., 2008;

Bonada et al., 2013Db).

Our rates of cell death (Table 3) fell within the reported range of living tissue analysis performed

thus far on grape berries. The Cabernet in Krasnow et al. (2008), between 100-150DAA, lost cell
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vitality at a rate of approximately -0.83 %LT/DAA while our control and early treatments for
Cabernet had a rate of -1.21 and -2.06 respectively. Metabolic processes sensitive to temperature
have been connected to cell death, however Xiao et al. (2018) and Bonada et al. (2013b) have
both observed no impact of elevated temperature on cell death rate. For Bonada et al. (2013b),
within the range of 80-120DAA, Syrah lost living tissue at a rate of -0.62 %LT/DAA and
Chardonnay at -0.53. The greatest rate of cell death was reported by Xiao et al (2018) with living
tissue in Syrah diminishing at rates as high as -5.17 %LT/DAA. Interestingly, Xiao et al. found
that irrigation postponed cell death onset much later than the non-irrigated vines, yet the irrigated
vines crashed twice as fast (-5.17 %LT/DAA) as the non-irrigated vines (-2.35 %LT/DAA),
which may have developed more extensive root systems with greater access to water.
Conversely, our late treatment vines exhibited the slowest cell death and the earliest onset,

highlighting the efficacy in slowing cell death.

Our results for cell vitality and shrivel analysis accord with the reported role that xylem
backflow plays in the relationship between cell death and LSD. Cell death occurs prior to LSD
by reducing turgor pressure and accelerating water loss through xylem backflow, thus a more
negative yxwould enhance the pulling force for water out of the berry (Keller et al., 2015). Since
wmd and berry osmotic potentials were nearly the same across treatments, the observed
differences in cell death rate and shrivel index cannot be attributed to differences in xylem water
potential (yx) or the berry solute concentrations. In the late treatment berries cell death was
slower and cell vitality remained greater (Figure 6) from 92DAA onwards (though not
significantly), which indicates more water retention and less backflow. Less water loss in berries

from cell death supports our finding that the late treatment berries maintained the greatest
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turgidity for almost all dates during that same period, from 92DAA to harvest. Another factor to
consider affecting xylem backflow is pedicel hydraulic conductivity. Xylem blockages
(polysaccharides) that are known to develop post-veraison in grapevines could hinder pedicel
hydraulic conductivity and slow down backflow out of the berry (Knipfer et al., 2015), though
there is no basis for such a physiological response to our late irrigation pulse. There are
established differences in pedicel hydraulic conductivity between grape cultivars post-veraison
and it has been reported that grapevines produce tylose blockages in response to pruning wounds
and bacterial infection (Tilbrook and Tyerman 2009; Tilbrook and Tyerman 2004; Sun et al.,
2008; Sun et al., 2013). Yet, there is no reported evidence of grapevines producing xylem gel-

blockages in relation to water stress during our period of ripening.

For future studies, it may be of interest to track phloem inflow to the berries in response to extra
water availability during cell death. Post-veraison the phloem remains the main source of water
influx into the berry, remaining functional until 25-26 Brix, a range our berries did not exceed
during the late treatment pulse, which suggests the phloem likely remained functional (Bonada et
al., 2017; Keller 2010). Our results have shown vines receiving additional irrigation during the
onset of cell death, despite having an earlier onset of cell death, retained water better than vines
with later onset. Since phloem functionality declines steadily during ripening (Evert, 1982), an
earlier onset of cell death comes at a time of potentially greater phloem hydraulic conductivity,
rendering an irrigation pulse more effective at providing more phloem inflow to compensate for
xylem backflow. Greater sap influx into the berry would introduce more dissolved oxygen and
alleviate hypoxic stress due to respiration and ethanolic fermentation, though this has not been

experimentally determined.
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ROS and MDA

We expected that H20:2 levels to begin to rise at cell death and continue throughout the
experiment. Our H202 concentrations saw an uptick during the onset of cell death and, with
exception of one outlying date, steadily increased throughout cell death proliferation at similar
levels for all treatments (Figure 9). Across the three treatments cell death onset (85-90 DAA)
coincided with the onset of H202 accumulation at 88 DAA (Figure 6; Figure 9). This is
evidenced by the significant correlation found between the two variables for the late treatment
and the control. It should be noted that it is only coincidental that those same two treatment
groups were significantly different in our cell death rate analysis—matching significant H202
correlations and cell death rates would not be causally related findings. Whether the
concentrations found in our study, between 1-3 nmol/g FW, are great enough to cause the degree
of cell death we observed is not clear. Gowder (2022) measured H202 in combined skin and pulp
samples finding concentrations in the range of 4-10 nmol/gFW in Chardonnay, 12-9 in
Grenache, and 15-40 nmol/gFW in Syrah between 90-120 DAA with similar percentages of
living mesocarp tissue to this experiment. We would expect to find lower values in the mesocarp
only given that the skin is known to contain higher levels of H202, yet Pilati et al. (2014) found
values in range of 18-27 nmol/gFW for the mesocarp only of Pinot Noir berries between 70-84
DAA. Interestingly, also in Gowder (2022) the three cultivars expressed no clear relationships
between H202 accumulation and cell death, indicating there is much greater complexity to be
addressed in the sources of H202, its scavenging, and alternative causes of cell death such as
lipoxygenases. That there are wide cultivar differences in these relationships leaves open the

possibility our chosen cultivar, Cabernet Sauvignon, has naturally low concentrations.
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Despite the expectation that the products of membrane lysis would track with its causative
reactive oxygen species, MDA concentrations did not commence at cell death onset or follow
H202 concentrations and similarly saw no differences caused by either irrigation pulses. Like
H202, MDA is a signal and damaging reactive compound subject to regulatory networks
addressing biotic and abiotic stress, thus, accounting for its presence is not straightforward. In its
most reactive state (pH < 4.46) and at high levels, MDA can damage proteins, nucleic acids, and
photosynthesis-related proteins, while at lower levels it can serve as a signal activating (like
H202) alcohol dehydrogenase (ADH). This activation helps achieve redox homeostasis by
producing NADPH, which in turn oxidizes aldehydic compounds like MDA to prevent their
build up to toxic levels (Tagnon and Simeon, 2017; Zhao et al., 2018). Post veraison, cellular
conditions continue to be more favorable for the proliferation of ROS as scavenging and
antioxidant capacity diminishes, whereas MDA may be more favored for degradation as ADH is
more active then due to increased ethanolic fermentation in hypoxic conditions. Considering
these processes we would have expected our MDA values to spike during cell death and then
decline as hypoxic conditions maintained, but they ended the experiment at roughly the initial

levels (Figure 10).

Efficacy of Irrigation Treatments

Our experiment attempted to establish significant differences in water stress before and during
cell death onset to test whether late-season-dehydration-related processes respond to irrigation
pulses at those timepoints. Despite a 40% increase in volume in subsequent two-week periods,
vines under different irrigation regimes showed no treatment effects across all water stress

parameters. The only difference was that the late pulse vines began the experiment with
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significantly higher stomatal conductance and photosynthesis rates (Figure 4ab), yet by the time

the late pulse occurred these differences were erased.

Other experiments investigating the relationship between water stress and cell death maintained
consistent differences in watering throughout the growing season and found significant effects on
both ymd and cell death dynamics (Bonada et al., 2013b, Xiao et al., 2018). We sought a strategy
fit for implementing late in the season when root systems and canopies are fixed, and irrigation
treatments would only affect post-veraison processes related to cell death. Root growth after
veraison is largely inactive as the vine expends more energy into reproductive growth, thus our
water treatments would not have spurred much new root growth but rather provided more water
availability to fixed root systems. This water would be largely available because of the sizable
portion of clay in our soils, though soil moisture probes would be needed to confirm the late
treatment had significantly more water available. The low-vigor rootstock used in this study,
420A, could have limited the efficacy of our treatments due to its lower root hydraulic
conductivity and aquaporin activity, whereas high-vigor, drought-avoidant rootstocks such as
140Ru, could have rendered the treatments more effective (Gambetta et al., 2012). For example,
after irrigating minimally pre-veraison, Netzer et al. (2019) imposed an augmented irrigation
regime of .55in/week during a 45 day period post veraison for Cabernet Sauvignon on 140Ru in
a Mediterranean climate with sandy soils and found continuously improving ymd. A higher-vigor
rootstock could have enabled our vines to transpire all of the water that was available to them,
reduce ymd, potentially prompting a different response. Given Netzer et al.’s success with

alleviating water stress in late ripening, to achieve clarity on the effectiveness of late season

28



irrigation pulses on water stress and cell death, it may be advantageous to use a high vigor

rootstock under stronger drought conditions pre-veraison before irrigation is augmented.

Of additional consideration regarding the similarity of yma across our treatments is that the vines
used in this study were pruned by students, not an experienced crew, which does not guarantee
uniformity in sap flow or canopy environment. Pruning without respect to sap flow—that is,
year-after-year pruning cuts are made adjacent to each other to minimize the redirection of sap
flow—nhas been shown to effect negative changes in xylem hydraulic conductivity in grapevines
(Claverie et al., 2023). The strong relationship found between xylem hydraulic conductivity and
photosynthetic capacity of the canopy indicates this would have also affected our gas exchange
measurements (Brodribb, 2009). Without a consistent approach to pruning among our vines in
this respect, variance in xylem hydraulic conductivity could have created enough statistical noise

to mute differences in gas exchange and water potential.

Conclusion

This study demonstrated that increasing irrigation at the onset of cell death in winegrapes can
delay the rate of cell death and maintain greater membrane integrity. When cell death is reduced,
xylem backflow, which is difficult to compensate for as cell death progresses, is held off and
turgidity is better preserved. Our results also confirm both the approximate range of onset date
for Cabernet Sauvignon and the direct relationship between reactive oxygen species and cell
death. The exact mechanism of cell death remains opaque and many questions remain as to how
cell death ought to be managed, especially in drought conditions. It is ultimately unclear why the

late treatment’s cell death rate was positively affected by the late pulse, as we would expect
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xylem backflow to be too strong to overcome once cell lysis proliferates, considering there was
no difference in water stress across treatments. Nonetheless, we believe this opens the door to
more paths of inquiry in the mechanism of cell death. To investigate why a pulse of irrigation
near cell death can effectively delay cell death without altering gas exchange or stem water
potentials will require monitoring additional parameters, such as xylem/phloem conductivity in
the pedicel or peduncle, dissolved oxygen ingress into the berry, berry respiration/fermentation
rate, and soil moisture. On the other hand, establishing firm differences in water stress prior to
onset would clarify whether the activity of programmed-cell-death-related genes does in fact
respond to increased water stress and account for increased ROS and cell death. Establishing
such differences would also clarify how far in advance a preemptive transcriptional response
occurs, which would inform the timing of proposed irrigation strategies to postpone or delay cell
death onset. A framework for an efficient irrigation regime that postpones cell death onset is
needed to address future water scarcity, and our treatments and the levels of irrigation applied

throughout this experiment are far from optimal to this end.
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Figure 3 Midday and Predawn weekly water potentials, error bars indicate standard
error, n= 30. For each date, One-Way ANOVA determined p>0.05. Vertical dashed
lines indicate treatment periods. The early treatment spanned 71-82DAA and the
late treatment spanned 85-96DAA.
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Figure 4 Comparison of net photosynthetic CO, assimilation rate + standard error,
n = 30. At 74DAA date, One-Way ANOVA and Tukey’s HSD test determined
p<0.05, with the late treatment significantly larger than the control. For all other
dates p>0.05. Vertical dashed lines indicate treatment periods. The early treatment
spanned 71-82DAA and the late treatment spanned 85-96DAA.
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Figure 5 Comparison of stomatal conductance rates + standard error between
treatments, n = 30. At 74DAA date, One-Way ANOVA and Tukey’s HSD test
determined p<0.05, with the late treatment significantly larger than the control.
For all other dates p>0.05. Vertical dashed lines indicate treatment periods. The
early treatment spanned 71-82DAA and the late treatment spanned 85-96DAA.
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Figure 6 Dynamics of cell vitality means + standard error during the
experimental period. Sample size slightly varied by treatment: control n = 68,
early pulse n = 65, late pulse n = 72. Vertical dashed lines indicate treatment
periods. The early treatment spanned 71-82DAA and the late treatment
spanned 85-96DAA.
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Figure 7 Piecewise linear regression model of cell death onset and rate. Breakpoints signify
where the two linear models for each treatment group are joined, in our case this indicates the
approximate onset of cell death. 95% confidence intervals for post onset slopes indicated the
late treatment was significantly slower than the control. Vertical dashed lines indicate treatment
periods. The early treatment spanned 71-82DAA and the late treatment spanned 85-96DAA.
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Figure 8 Shrivel Index means + standard error. Larger index values indicate a more
turgid berry relative to the whole data set. Sample size slightly varied by treatment:
control n = 74, early pulse n = 65, late pulse n = 78. One-Way Test determined p<0.05
at 103DAA and for all other dates p>0.05. Vertical dashed lines indicate treatment
periods. The early treatment spanned 71-82DAA and the late treatment spanned 85-
96DAA.
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Figure 9 Comparison of hydrogen peroxide means + standard error, n = 20. One-
Way ANOVA determined p>0.05 for all dates. A Piecewise linear regression
model applied to this data did not establish significant breakpoints in rate of H,O,
accumulation. Vertical dashed lines indicate treatment periods. The early
treatment spanned 71-82DAA and the late treatment spanned 85-96DAA.

20 - Early Late e Control

® Early
® Late

ikxiﬁ.z\?/i%%;/ N

g —
i)
3 ~ >'< =
£ 1.0 -
£
<
[a]
=
05
0.0
I I I I I I I 1
70 75 80 85 90 95 100 105
DAA

Figure 10 Comparison of MDA means + standard error by treatment, n = 20.
One-Way ANOVA for each date determined p>0.05. Vertical dashed lines
indicate treatment periods. The early treatment spanned 71-82DAA and the late
treatment spanned 85-96DAA.
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Figure 11 SMATR correlation plot of %LT vs Shl. R? values for control,
early and late treatments respectively are: 0.91 (p<.05) , 0.53 (p>.05),
0.53 (p>05). %Cell vitality was scaled to match the Shrivel Index scale.
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Figure 12 SMATR correlation plot of %LT vs H,0,. R?values for control,
early and late treatments respectively are: 0.77 (p<.05), 0.68 (p<.05), .89
(p<.05).
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Figure 13 Osmotic potential + standard error means derived from
composite vine samples. One-way ANOVA for the last date (at harvest)
determined p>0.05. Vertical dashed lines indicate treatment periods. The
early treatment spanned 71-82DAA, the late treatment spanned 85-96DAA.
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Figure 14 Total Soluble Solids + standard error means derived from a Osmotic
Potential with a linear equation from Bonada et al. (2017). Vertical dashed lines
indicate treatment periods. The early treatment spanned 71-82DAA and the
late treatment spanned 85-96DAA.
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Tables

Table 1 Midday and Predawn weekly mean water potentials + standard error (MPa), n= 30. P-values were determined by
one-way ANOVA.
Midday Predawn
Date DAA Control Early Late p-value Control Early Late p-value

28-Jul 74 -1.32+£0.046  -145%+0.058  -1.3+0.033 .07 -0.56 +0.040 -0.61+0.053  -0.54 +0.046 52
4-Aug 81 -132+0.031  -1.20+0.041  -1.29 +0.048 14 -0.65 + 0.051 -0.69+0.048  -0.60 % 0.062 50
11-Aug 88 -125+0.041  -1.20+0.034  -1.23+0.062 77 -0.40  0.030 -0.34+0.03  -0.46 +0.053 11
20-Aug 97 -127+0.079  -128+0.047 -1.26+0.034 .69 -0.46 +0.028 -0.47+0.019  -0.46 +0.046 99
25-Aug 102 | -1.20+0.040 -1.18+0.049  -1.07 +0.05 .16 -0.52+0.021 -0.58+0.024  -0.52%0.025 16

Table 2 Stomatal conductance (gs) and photosynthesis (A) rates + standard error. Asterisks/boldface indicates a

significant treatment effect on gs or A determined by one-way ANOVA and Tukey’s HSD test.

gs (mol m2 s?) A (umol m2 s?)

Date DAA Control Early Late p-value Control Early Late p-value
28-Jul 74 0.18+0.021  0.19+0.015  0.26 + 0.024* .02 13.8+1.1 13.3+£0.7 16.7 + 1.0 .03
4-Aug 81 0.24+0.021 0.24+0.016 0.27 +0.019 .36 155+ 1.1 14.1+0.7 16.7+0.8 13
11-Aug 88 0.18+0.016  0.20+0.016 0.20 + 0.021 58 15.0£ 0.9 14.4+0.7 14.7+0.7 .86
20-Aug 97 0.21+0.022 0.21+0.023 0.21+0.014 .99 120+ 1.1 12.7+0.9 11.7+0.7 74
25-Aug 102 0.19+0.018  0.19+0.019 0.22+0.013 51 12.6+0.8 11.4+1.0 13.7+£0.9 24

Table 3 Confidence intervals (95%) for breakpoints and pre-onset/post-onset slopes (m, m’) in the piecewise linear regression model
for Cell Death, H,O, and Shrivel Index. Breakpoints are in terms of days after anthesis and slopes represent rate of declining %cell
vitality / day after anthesis. Asterisks distinguish non-overlapping confidence intervals signifying significant treatment effects.

Rate of Cell Death Hydrogen Peroxide Accumulation Shrivel Index
Treatment | Slope/Breakpoint Cl_lower Cl_upper Slope/Breakpoint  CI_lower Cl_upper | Slope/Breakpoint ClI_lower Cl_upper

1 -0.42 -0.61 -0.23 -0.003 -0.003 0.054 0.007 -0.005 0.02

m 2 -0.46 -1.36 0.44 0.026 -0.065 0.118 0.02 -0.031 0.071
3 -0.30 -0.86 0.26 0.088 -0.011 0.021 0.001 -0.015 0.018

1 92.4 89.3 95.5 85.9 74.7 97.2 89.0 83.7 94.3

B‘;cffr‘]':' 89.0 67.0 111 94.5 88.8 277.8 86.0 74.2 97.7
3 83.3 73.0 93.6 87.9 84.69 91.2 92.0 79.5 104.5
1 -2.06 -2.68* -1.44* 0.067 0.012 0.121 0.021 -0.0338 -0.008

m' 2 -1.21 -2.7 0.28 0.033 -0.015 0.083 -0.011 -0.0336 0.011
3 -0.89 -1.19* -0.60* 0.074 0.058 0.089 -0.014 -0.0307 0.002

Table 4 Juice analysis of composite vine samples at harvest (103
DAA).
Treatment Brix pH TA (g/L)
Control 26.7+£05 3.54+0.03 6.16 £ 0.10
Early 27.1£03 3.58+0.03 6.04£0.17
Late 25.6+ 0.6 3.56 £ 0.02 6.00 £ 0.15
p-value 454 139 .309
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