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waterlogging responses of three
kiwifruit rootstocks and
grafting combinations
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Angelo Petrozza2, Stephan Summerer2, Francesco Cellini2

and Bartolomeo Dichio1

1Department of Agricultural, Forest, Food, and Environmental Sciences (DAFE), University of Basilicata,
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Metapontum Agrobios, Metaponto, Italy
Introduction: Kiwifruit species have a relatively high rate of root oxygen

consumption, making them very vulnerable to low root zone oxygen

concentrations resulting from soil waterlogging. Recently, kiwifruit rootstocks

have been increasingly used to improve biotic and abiotic stress tolerance and

crop performance under adverse conditions. The aim of the present study was to

evaluate morpho-physiological changes in kiwifruit rootstocks and grafting

combinations under short-term waterlogging stress.

Methods: A pot trial was conducted at the ALSIA PhenoLab, part of the Phen-Italy

infrastructures, using non-destructive RGB and NIR image-based analysis and

physiological measurements to identify waterlogging stress indicators and more

tolerant genotypes. Three pot-grown kiwifruit rootstocks (‘Bounty 71,’ Actinidia

macrosperma—B; ‘D1,’ Actinidia chinensis var. deliciosa—D; and ‘Hayward,’ A.

chinensis var. deliciosa—H) and grafting combinations, with a yellow-fleshed

kiwifruit cultivar (‘Zesy 002,’ A. chinensis var. chinensis) grafted on each rootstock

(Z/B, Z/D, Z/H), were subjected to a control irrigation treatment (WW), restoring

their daily water consumption, and to a 9-day waterlogging stress (WL), based on

substrate saturation. Leaf gas exchange, photosynthetic activity, leaf

temperature, RGB, and NIR data were collected during waterlogging stress.

Results: Stomatal conductance and transpiration reached very low values (less

than 0.05 mol m−2 s−1 and 1 mmol m−2 s−1, respectively) in both waterlogged D

and H rootstocks and their grafting combinations. In turn, leaf temperature was

significantly increased and photosynthesis was reduced (1–6 mmol m−2 s−1) from

the first days of waterlogging stress compared to B rootstock and combination.

Discussion: The B rootstock showed prolonged leaf gas exchange and

photosynthetic activity, indicating that it can cope with short-term and

temporary waterlogging and improve the tolerance of grafted kiwi vines, which

showed a decrease in stomatal conductance 5 days after the onset of stress.

Morphometric and colorimetric parameters from the image-based analysis

confirmed the greater susceptibility of D and H rootstocks and their grafting
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combinations to waterlogging stress compared to B. The results presented

confirm the role of physiological measurements and enhance that of RGB and

NIR images in detecting the occurrence of water stress and identifying more

tolerant genotypes in kiwifruit.
KEYWORDS

scion-rootstock combinations, water stress, waterlogging tolerance, leaf gas
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1 Introduction

Kiwifruit is a very important fruit crop in Italy, which is actually

the world’s third-largest producer, with 24,040 ha and annual

production of 523,120 tons (FAOSTAT, 2022), gaining

commercial importance and playing a key role in kiwifruit trade

dynamics (Mian et al., 2022a). Recently, the introduction of new

commercially grown kiwifruit cultivars has increased in the yellow-

fleshed category (Burdon et al., 2014), reducing the choice of the

most popular green cultivars. Kiwifruit vines are particularly

exposed and sensitive to climatic conditions (Cradock-Henry,

2017) and to biotic (Vanneste, 2017) and abiotic stresses [e.g.,

water stress (Xiloyannis et al., 2023) and salinity stress (Abid et al.,

2020)]. In recent years, increased solar radiation and summer

temperatures and irregular rainfall distribution, both exacerbated

by climate change, have posed new climatic challenges for kiwifruit

cultivation (Testolin and Ferguson, 2009). Research and selection of

new genetic material (rootstocks and cultivars) is essential to meet

the new challenges posed by changing environmental conditions,

with an increase in extreme events and the emergence of stresses.

Since kiwifruit cultivation has received particular attention,

physiological disorders have been observed in orchards around

the world as a long-term consequence offlooding events (Reid et al.,

1991). In Italy, kiwifruit physiological disorders have been reported

since 2012 and have been referred to as the “kiwifruit vine decline

syndrome” (KVDS), which is seriously threatening many cultivated

areas, rapidly spreading across northern and central Italy (Bardi,

2020). Although a multifactorial origin of this syndrome has been

suggested (Donati et al., 2020; Bardi et al., 2022), waterlogging and

asphyxiating conditions represent triggering factors for the

expression of KVDS (Bardi, 2020; Donati et al., 2020; Savian

et al., 2020; Spigaglia et al., 2020; Sofo et al., 2022; Di Biase et al.,

2023; Prencipe et al., 2023; Sofo et al., 2024). Waterlogging stress

can be injurious or even lethal to crops as water saturates the root

environment, reducing oxygen availability, affecting nutrient and

water uptake, and promoting a shift to the anaerobic metabolism

(Sairam et al., 2008), which lead to potential economic loss in fruit

tree crops (Li Z. et al., 2021). Waterlogging conditions easily occur

in kiwifruit orchards due to extreme meteorological events and

improper and empirical irrigation management (Bardi, 2020; Sofo

et al., 2024), exacerbated by heavy and poorly drained soils
02
characterized by clay-loam to clay textures and low organic

matter content (Domingo et al., 2002). Frequent or long-term

waterlogging conditions also lead to a more or less gradual

deterioration of soil structure and quality and the establishment

of anoxic conditions (Sofo et al., 2022, 2024). Plant growth is

significantly compromised by oxygen deficiency or lack, and roots

only grow in small areas of more oxygenated soil, greatly reducing

the potential for root exploration of the soil volume under aerated

conditions (Sairam et al., 2008). Previous studies demonstrated that

kiwifruit has a high-water requirement (Holzapfel et al., 2000) but,

at the same time, is extremely vulnerable to waterlogging and low

oxygen concentrations in the root zone, which have a detrimental

effect on plant growth and stomatal activity (Savé and Serrano,

1986; Smith et al., 1989, 1990), being one of the most waterlogging

intolerant fruit trees (Bai et al., 2019). Plant responses to

waterlogging and oxygen deprivation involve a wide range of

metabolic, hormonal, and morphological adaptation and

physiological and antioxidative defense processes (Domingo et al.,

2002; Sairam et al., 2008; Li Z. et al., 2021; Zahra et al., 2021). In fruit

tree crops, resistance to waterlogging and consequent oxygen

deficiency can be influenced by the characteristics of the

rootstock (Domingo et al., 2002), which can activate several

mechanisms to delay the abiotic stress-induced effects (Fullana-

Pericàs et al., 2020). Changes in environmental factors due to global

climate change and the specific physiological traits and anatomy of

kiwifruit vines pose emphasis on accurate orchard management and

suitable techniques to avoid reductions in kiwifruit production

areas, which are severely threatened by the rapid spread of

physiological decline, and to increase new plantings in different

climate scenarios. In order to promote the expansion in regions

with soil and other environmental challenging factors, grafting

kiwifruit cultivars on rootstocks with resistance or tolerance

characteristics to different soil stresses could be of great

importance (Mian et al., 2022b). All available measures, from the

adoption of the best agronomic practices to avoid the establishment

of waterlogging conditions to the identification of tolerant

rootstocks, should be implemented to address the current

challenges. Although genetic and breeding programs have

increased the number of cultivars in recent years (Mian et al.,

2022a), few rootstocks are currently commercially available for

kiwifruit propagation (Clearwater et al., 2004; Li D. et al., 2021).
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The main cultivated kiwifruit cultivars, from Actinidia chinensis var.

deliciosa and A. chinensis var. chinensis, are typically grafted onto A.

chinensis var. deliciosa seedlings for commercial planting (Friend

et al., 2014; Li D. et al., 2021). Previous studies focused on the

physiological responses of Actinidia genotypes to waterlogging

stress, including some rootstocks used for kiwifruit cultivation,

with the aim of identifying tolerant genotypes and describing

waterlogging tolerance mechanisms (Li et al., 2020; Li Z. et al.,

2021). Among these, A. chinensis var. deliciosa (cv ‘Hayward’) has

been reported as a sensitive rootstock to waterlogging stress,

showing a rapid decrease in stomatal conductance, transpiration,

and net photosynthetic rate with severe damages to the leaves and

root system a few days after waterlogging stress application (Li Z.

et al., 2021; Kataoka et al., 2021; Beppu et al., 2022). In contrast,

Actinidia macrosperma has a greater tolerance to waterlogging

conditions, maintaining relatively high levels of leaf gas exchange

and photosynthetic activity for a longer time under waterlogging

stress, with rare leaf burn and defoliation processes (Beppu et al.,

2022), whose tolerance has also been reported in the kiwifruit scion

grafted on it (Kataoka et al., 2021). Although several studies have

been carried out to evaluate the molecular and physiological

responses to waterlogging, phenotyping for waterlogging tolerance

has been poorly addressed (Langan et al., 2022). Image-based

phenotyping methods allow the assessment of shoot and root

traits, such as shoot biomass and morphometry, photosynthesis-

related traits, root biomass and architecture, with both advantages

and challenges to detect and improve the characterization of

waterlogging tolerance among crop species (Langan et al., 2022).

In the present research, a phenotyping approach based on the

identification of both morphometric and colorimetric traits and

indicators, accompanied by monitoring of physiological

parameters, is used for the first time in kiwifruit to improve the

assessment of waterlogging response. A short-term waterlogging

experiment was conducted a) to assess the tolerance/susceptibility

of different kiwifruit rootstocks to waterlogging stress based on

physiological and phenotyping analysis, b) to evaluate the effect of

the rootstock on the responses of the grafted yellow-fleshed

kiwifruit cultivar to waterlogging, and c) to define a methodology

integrating physiological and phenotyping indicators to screen for

more tolerant genotypes to abiotic stress.
2 Materials and methods

2.1 Plant material and growth conditions

The experimental trial was conducted at the ALSIA

‘Metapontum Agrobios’ Research Centre in Metaponto (South

Italy) during the 2023 growing season. A total of 30 two-year-old

self-rooted vines of ‘Bounty 71’ (B) (A. macrosperma), ‘D1’ (D) (A.

chinensis var. deliciosa), and ‘Hayward’ (H) (A. chinensis var.

deliciosa) and 42 one-year-old scions of A. chinensis var. chinensis

(cv ‘Zesy 002,’ also known as ‘G3’) grafted on each rootstock (Z/B,

Z/D and Z/H) were used in the experiment. All kiwifruit vines were

transplanted in March into 3 L pots filled with a mixture of acid peat

and pumice (pH 6, bulk density 0.23 g cm−3, and 90% porosity). The
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under natural light conditions and randomly distributed to reduce

the effect of possible microclimatic variations in the greenhouse

through spatial distribution. All vines were trained with a single

main shoot and tied to a wooden stick support painted blue to allow

image acquisition, segmentation, and subsequent data analysis.

Vines were pruned to a similar leaf area of approximately 10

leaves each. Each pot was identified by a barcode to allow the

platform to automatically read and identify the vines during image

acquisition. From transplanting until the beginning of the

experimental trial, all vines were fully irrigated according to

evapotranspiration demands.
2.2 Experimental design and
irrigation treatments

Before the beginning of the experimental trial, the reference pot

weight, corresponding to the field capacity (FC), was determined by

fully watering each pot and then allowing the excess water to drain

until a stable pot weight was reached. On 10 July, five vines from

each rootstock and seven from each scion–rootstock combination

were subjected to waterlogging stress, while an equal number of

each rootstock and scion–rootstock combination continued to be

optimally irrigated. In particular, the well-watered (WW) vines

were optimally irrigated by maintaining the soil water content of the

pots close to FC, replenishing water lost during the day by

automatically weighing the pots three times a day and restoring

the reference weight at FC. The waterlogging (WL) treatment was

carried out by manually overwatering the vines. For nine

consecutive days of waterlogging stress (referred to as days after

waterlogging, DAW), the substrate was kept continuously saturated.

Each vine was placed in a plastic container filled with water to a

height of 1/3 of the pot to simulate soil conditions, which are one of

the factors that trigger physiological decline in the field.
2.3 Leaf gas exchange measurements

Stomatal conductance (gs) and transpiration (E) were measured

during the day at approximately 3-h intervals for rootstocks (9:00,

11:00, 14:00, and 16:00 h, solar time) and scion–rootstock

combinations (8:00, 10:00, 13:00, and 15:00 h, solar time) at 1, 2, 3,

and 4 DAWand at the hours of maximum efficiency (10:00–12:00 h) at

5, 7, and 9 DAW using a portable handheld LI-600 porometer system

integrated with a fluorometer (Li-Cor Biosciences, Lincoln, USA).

Photosynthesis (A), internal CO2 concentration (Ci), and leaf

temperatures (Tleaf) were measured during the day at approximately

3-h intervals for rootstocks (9:00, 11:00, 14:00, and 16:00 h, solar time)

and scion–rootstock combinations (8:00, 10:00, 13:00, and 15:00 h,

solar time) at 1, 2, 3, and 4 DAW using a portable photosynthesis

system Li-Cor 6800 (Li-Cor, Inc., Lincoln, NE, USA). Leaf gas

exchange measurements were taken at an ambient (CO2) of 400

µmol mol−1, with temperature and external ambient photosynthetic

photon flux density (PPFD) maintained at the prevailing external

environmental conditions and the operating flow rate set at 500 mmol
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s−1. To minimize the potential effects of leaf position and

developmental age, all the gas exchange measurements were taken

on a fully expanded and exposed leaf, with no visual symptoms of

stress, from the mid-shoot region of four randomly selected vines for

each irrigation treatment, rootstock, and scion–rootstock combination.

The intrinsic water-use efficiency was calculated as WUEi = A/gs

(Bellasio, 2023).
2.4 High-throughput plant phenotyping

Phenotyping measurements, based on the morphological and

physiological characterization of the vines, were carried out non-

destructively through plant imaging. Five vines per irrigation

treatment from each rootstock and scion–rootstock combination

were imaged at 1, 2, 3, 4, 7, and 9 DAW using a Scanalyzer 3D

plant phenotyping platform (LemnaTec GmbH, Aachen, Germany),

which is part of the Phen-Italy platform located at ALSIA

‘Metapontum Agrobios.’ The vines were automatically transported

by a conveyor belt into the two imaging chambers with two types of

illumination, broad-spectrum halogen lighting for the near-infrared

(NIR) chamber and fluorescent white lighting for the visible light

(RGB) chamber, and identified using a barcode and RFID tracking

system. The NIR chamber was equipped with NIR cameras operating

in the 900–1,700 wavelength range (VDS Vosskühler GmbH NIR-

300P), and the images were used to assess the water content of plant

tissues, as reported in Petrozza et al. (2014). The visible light chamber

for RGB imaging was equipped with cameras with a resolution of

approximately 2 megapixels (Basler scA1600-28gc). The images were

used to evaluate the health status and stress responses of the vines by

analyzing color (i.e., green color corresponding to healthy tissue and

degree of yellowing indicative of chlorotic tissues) and morphometric

parameters such as projected shoot area and solidity. Three images

were acquired from each chamber, one from the top of the plant (top

view, TV) and two from the lateral sides at an orthogonal angle (0° and

90° side view, SV), to provide an average plant area correction for

possible leaf overlap and then a robust representation of the total plant

area (Golzarian et al., 2011). NIR acquisitions were taken at 2, 3, and 9

DAW and simultaneously with RGB images.
2.5 Image analysis

Image segmentation, which separated the plant from the

background by creating sufficient contrast, and subsequent image

analysis were performed using Python v3.9 and PlantCV v3.11

open-source software (Fahlgren et al., 2015). In particular, the sum

of the number of pixels corresponding to the plant object area,

derived from the RGB images of the two orthogonal SVs and the

TV, was converted into cm2 using a calibration factor (Golzarian

et al., 2011) and referred to as the projected shoot area (PSA),

determined following a procedure similar to that reported by

Genangeli et al. (2023):

PSA = Area(TV) + Area(0 ° SV) + Area(90 ° SV) (1)
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Where the result is the sum of the three target plant areas from

the top and from the side views expressed in cm2.

How much of the hull area of the plant is covered by the leaves

was identified through the solidity (S) and calculated as the ratio of

the plant pixel area to the convex hull shape pixel area containing all

plant pixels from plant images (Petrozza et al., 2023).

RGB images were then analyzed with the hue component,

which corresponds to an angular position around a central point,

scaled in degrees from 0° to 360°, with different degrees indicating

different colors. Leaf and total plant color were obtained by

calculating the weighted mean value from the histogram of the

hue channel in the hue saturation value (HSV) color space, resulting

in a value from 0° to 360° (Petrozza et al., 2023). Usually, leaf color

is included in the hue range from 120° (green—healthy tissue) to

60° (yellow—chlorotic tissue). The component hue (in degrees) was

then used to calculate the green and the greener fractions as the sum

of green pixels included in the hue angle ranges of 60° ≤ hue ≤ 180°

and 80° ≤ hue ≤ 180°, respectively. These fractions were used to

calculate the senescence index (SI), which indicates the degree of

plant senescence, as follows (Genangeli et al., 2023):

SI = (GAS�GerAS)=GAS (2)

where GAS is the green area calculated from the side view,

corresponding to the sum of the pixels in the hue angular region

from 60° to 180°. GerAS is the greener area calculated from the side

view, corresponding to the sum of the pixels in the hue angular

region from 80° to 180°.

NIR images were acquired from a side view. The final results

were expressed as NIR intensities obtained at the typical water

absorption wavelength of 1,450 nm as previously reported in Kim

et al. (2020). An increased level of absorption determines a reduced

level of reflectance in the NIR spectrum, corresponding to an

increased water content of plant tissues. Vine tissues with a high-

water content showed a low NIR intensity.
2.6 Data analysis

Statistical analysis was performed using the R software (4.3.3

version, R Foundation for Statistical Computing, Vienna, Austria),

and data were plotted using SigmaPlot 15.0 (Systat Software, Inc.,

San Jose, CA, USA). Both physiological and phenotyping

measurements were reported as mean values and standard error

of the means (± SE). The normal distribution of the data was

evaluated both visually (QQ-plot) and statistically (Shapiro–Wilk

normality test). Levene’s test was used to check for homogeneity of

variances. Two-way ANOVA analysis was used to determine the

effects of irrigation treatments and cultivars on physiological and

phenotypic parameters at each DAW. One-way ANOVA was used

to examine the differences between irrigation treatments within

each cultivar at each DAW. Multiple comparisons of means

between irrigation treatments and cultivars within each DAW

were made using Tukey’s honest significant difference (HSD)

post-hoc test with p-values <0.05 considered significant.
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3 Results

3.1 Effect of waterlogging on the
photosynthetic capacity

The WW vines showed a similar behavior for both the D and H

rootstocks, with values of gs approximately 0.1–0.14 mol m−2 s−1

and E approximately 2.3–3.5 mmol m−2 s−1. The B rootstock was

characterized by slightly higher values, peaking at 0.2 mol m−2 s−1

and 4.6 mmol m−2 s−1, respectively. A significant effect of cultivar

was observed throughout the experiment for gs and E, with a lesser

treatment effect appearing from DAW 5 and 4, respectively. WL

vines of the D and H rootstocks showed a significant and

progressive decrease in gs and E from DAW 4. Instead, vines of

the B rootstock subjected to waterlogging showed gs and E values

similar to those of WW vines, with no significant differences on all

days of stress (Figure 1). In particular, significant reductions of

approximately 80%–85% in gs and 70%–75% in E were observed in

WL vines of the D and H rootstocks at the end of the waterlogging

stress experiment (DAW 9) (Figures 1A, B).

Z/D and Z/H combinations showed a similar behavior in gs and

E, both under well-watered and stressed conditions. The Z/B

combination was characterized by slightly higher values in WW

vines compared to the other combinations and a slower decline in

physiological parameters in WL vines compared to WW vines

(Figure 2). A consistently significant (p < 0.001) effect of the
Frontiers in Plant Science 05
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from the start of stress application for both physiological indicators.

Minimum gs values, less than 0.05 mol m−2 s−1, were reached inWL

vines of all combinations at the end of the waterlogging stress

experiment (DAW 9). In the Z/B combination, gs of WL vines

remained within the range of control values from DAW 1 to DAW

4, then started to decrease significantly at DAW 5. A minimum of

0.03 mol m−2 s−1 was reached in the Z/B combination after 9 days of

waterlogging stress, with a reduction of approximately 86%

compared to WW vines. For the Z/D and Z/H combinations, WL

vines already had gs values below 0.05 mol m−2 s−1 from DAW 2

and DAW 5, respectively. Reductions in gs of approximately 93%

and 87% compared to WW vines were achieved in Z/D and Z/H

combinations, respectively, at the end of the waterlogging stress

experiment (Figure 2A). Minimum E values of less than 1 mmol

m−2 s−1 were reached inWL vines of the Z/D and Z/H combinations

between DAW 7 and DAW 9, while minimum values of

approximately 2 mmol m−2 s−1 were reached in the Z/B

combination from DAW 5. At the end of the experiment, E was

reduced by approximately 51%, 78%, and 65% in the Z/B, Z/D, and

Z/H combinations, respectively (Figure 2B).

Diurnal trends of gs, E, and A measured 3 days after

waterlogging stress are shown in Figure 3 to highlight the

physiological behavior of the WW and WL vines of rootstocks

and scion–rootstock combinations throughout the day. The

physiological activity of the WW rootstocks appeared to be less
FIGURE 1

Effects of waterlogging stress on (A) stomatal conductance (gs) and (B) transpiration (E) of different rootstocks (B, D, H) during waterlogging days
(11:00 h). Two-way ANOVA p-values are shown in the tables for both gs and E and for each DAW. Asterisks denote significant differences according
to one-way ANOVA between WW and WL for each parameter and rootstock. Data shown are means ± standard error of the means (n = 4).
T, treatment effects; C, cultivar effects; ns, not significant at p≥0.05.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1499432
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Calabritto et al. 10.3389/fpls.2025.1499432
intense than that of the combinations, with slightly lower values for

gs, E, and A. In addition, the rootstocks appeared to be more

resilient to waterlogging stress than the combinations, which

showed a more pronounced decrease in physiological parameters

under waterlogging stress. Stomatal conductance was higher in the

morning hours and started to decrease from the early afternoon in

WW vines of all rootstocks (Figure 3A) and Z/D and Z/H

combinations (Figure 3D). In the Z/B combination, gs reached

higher values in the early afternoon (Figure 3D). The WL vines of

the D and H rootstocks and the Z/D and Z/H combinations showed

an almost constant gs throughout the day, reaching values greatly

reduced compared to the WW vines. On the other hand, the WL

vines of the B rootstock and the Z/B combination behaved similarly

to the WW vines, and only a slight reduction in gs was observed in

the afternoon hours for the Z/B combination (Figures 3A, D). The E

of the WW vines followed the gs, increasing slightly in the middle

hours of the morning, when light and other environmental

parameters become more demanding, and then starting to

decrease from the early afternoon. The WL vines of the Z/D

combination had the lowest E values, which were almost constant

throughout the day (Figures 3E). The A showed a similar behavior

to the gs and was strongly affected by waterlogging stress

(Figures 3C, F). In particular, greater reductions in A were

observed in WL vines of the D and H rootstocks (Figure 3C) and

the Z/D and Z/H combinations (Figure 3F), while WL vines of the B
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rootstock and the Z/B combination maintained values similar to

those of WW vines.

The D and H rootstocks had similar A values, while slightly

higher values were generally observed in the B rootstock, with

significant differences between rootstocks at DAW 2. As reported in

Table 1, A of the D and H rootstocks gradually decreased with

prolonged waterlogging exposure. A significant reduction in A due

to waterlogging stress was observed in the D and H rootstocks at

DAW 4, with values reduced by approximately 63% and 47%,

respectively, compared to WW rootstocks. The B rootstock was

unaffected by waterlogging, with values similar to those of the WW

rootstocks (Table 1). All WL rootstocks showed no changes in Ci

values during the first 4 days of waterlogging stress, suggesting that

the stress had not yet affected the balance between CO2 intake

(controlled by stomatal conductance) and CO2 fixation (controlled

by photosynthetic capacity). However, significant differences in Ci

were observed between B and D and H rootstocks at DAW 3 and

DAW 4, with the B rootstock showing slightly higher values, which

may be associated with the higher gs (Figure 1A) and then CO2

intake (Table 1). The WUEi was not affected by waterlogging stress

during the first 4 days of the experiment for any of the rootstocks.

Lower WUEi values were observed for the B rootstock compared to

the D and H rootstocks throughout the 4 days, with significant

differences at DAW 3 and DAW 4, suggesting a lower water use

efficiency for the B rootstock (Table 1). In particular, high gs values
FIGURE 2

Effects of waterlogging stress on (A) stomatal conductance (gs) and (B) transpiration (E) of different scion–rootstock combinations (Z/B, Z/D, Z/H)
during waterlogging days (10:00 h). Two-way ANOVA p-values are shown in the tables for both gs and E and for each DAW. Asterisks denote
significant differences according to one-way ANOVA between WW and WL for each parameter and scion–rootstock combination. Data shown are
means ± standard error of the means (n = 4). T, treatment effects; C, cultivar effects, ns, not significant at p≥0.05.
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in the B rootstock resulted in increased CO2 intake through the

open stomata, but at the same time, more water was lost through

transpiration. Higher values of Ci indicated the inability of the

photosynthetic apparatus to use the increased CO2 effectively,

leading to an accumulation of CO2 in the leaf, and lower values

of WUEi indicated that the vines used more water (high gs, E) to

assimilate the same amount of carbon. A significant increase in Tleaf

due to waterlogging stress was observed at DAW 4, with values

increased by approximately 2% and 1% in WL vines of D and H

rootstocks, respectively, compared to WW rootstocks. The Tleaf of

the B rootstock was not affected by waterlogging and showed values

in the range of the WW rootstock (Table 1). Lower values of Tleaf

were generally observed for the B rootstock, followed by the H and

D rootstocks, suggesting that higher gs and E increased the cooling

effect of the leaves in the B rootstock (Figures 1A, B).

Waterlogging caused significant changes in A of the scion–

rootstock combinations during all the first 4 days of the experiment.
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In particular, the reductions in A were more pronounced in the Z/D

and Z/H combinations, where A decreased from DAW 1, and with

prolonged waterlogging exposure, by approximately 89% and 52%,

respectively, at DAW 4 (Table 2). Higher values of A were generally

observed in the Z/B combination, with significant differences at

DAW 3 and DAW 4, reinforced by the little or no effect of

waterlogging on the Z/B combination compared to Z/D and Z/H

combinations. Slight reductions in A were observed in the Z/B

combination only at DAW 1, consistent with the response in gs and

E (Figures 2A, B), and at DAW 4, but with no significant differences.

The Ci values were significantly lower in the WL treatment at DAW

1, consistent with the reductions in gs and E observed in the

combinations (Figures 2A, B). This suggests that lower gs affected

CO2 intake, leading to a decrease in Ci, which in turn limited

photosynthetic activity due to less CO2 available for fixation

(Table 2). This tendency of Ci is maintained in the Z/D and Z/H

combinations until DAW 3 and DAW 4, respectively, supporting
FIGURE 3

Diurnal trends of (A, D) stomatal conductance (gs), (B, E) transpiration (E), and (C, F) photosynthesis (A) of the different rootstocks (B, D, H) and
scion–rootstock combinations (Z/B, Z/D, Z/H) 3 days after waterlogging stress. Data presented are means ± standard error of the means (n = 4).
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the occurrence of moderate water stress during which the WL vines

initially showed a decrease in Ci due to partial stomatal closure

(Figure 2A). After 4 days of waterlogging stress, an inverse trend for

Ci was observed in the WL vines of the Z/D combination, which

showed significantly higher values compared to the WW vines. At

this time, a more severe water stress condition occurred, as

indicated by the rapid decrease in A (equal to 1.30 mmol m−2 s−1)

and the strong impairment of the photosynthetic apparatus, which

was no longer able to fix CO2, leading to an increased Ci

concentration. The Z/B combination showed no changes in Ci

values for the remaining days (DAW 2–4), suggesting that the stress

had not yet affected the balance between CO2 intake and CO2

fixation, as supported by the still control values of gs and A
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(Figure 2A; Table 2). Different from the rootstocks, the WUEi of

the rootstock–scion combinations was affected by waterlogging

stress. Higher values were observed in the Z/D and Z/H

combinations under waterlogging until DAW 3 and DAW 4,

respectively, suggesting a more efficient use of water from water

lost through transpiration (low gs) and carbon assimilation. An

inverse trend, as for Ci, was also found for WUEi 4 days after

waterlogging stress in the Z/D combination, which decreased,

confirming the severe impairment of the photosynthetic

apparatus (Table 2). For the Z/B combination, higher WUEi

values were observed in the WL vines compared to the WW vines

on DAW 1 and DAW 4, confirming the observations related to

other parameters on these days and suggesting that DAW 4
TABLE 1 Effects of waterlogging stress on photosynthesis (A), internal CO2 concentration (Ci), intrinsic water use efficiency (WUEi), and leaf
temperature (Tleaf) in different rootstocks (B, D, H) during the first 4 days of the experiment (11:00 h).

Treatment Rootstock Treatment Rootstock
Treatment

B D H B D H

A (µmol m−2 s−1) WUEi (mmol CO2 mol−1 H2O)

DAW 1 Well-watered 10.55 ± 0.34 8.46 ± 0.56 10.09 ± 1.19 9.70 ± 0.49 79.44 ± 2.06 85.69 ± 6.39 81.04 ± 7.90 82.06 ± 3.23

Waterlogged 8.01 ± 1.45 7.03 ± 1.72 8.43 ± 1.31 7.82 ± 0.80 74.43 ± 3.05 92.93 ± 3.86 90.58 ± 5.04 85.98 ± 3.26

Rootstock 9.28 ± 0.84 7.75 ± 0.88 9.26 ± 0.88 – 76.94 ± 1.95 89.31 ± 3.72 85.81 ± 4.70 –

DAW 2 Well-watered 9.73 ± 1.03AB 9.47 ± 1.23AB 7.96 ± 0.73AB 9.05 ± 0.58 75.69 ± 6.54 80.46 ± 3.69 74.02 ± 7.51 76.72 ± 3.31

Waterlogged 11.44 ± 1.78A 4.65 ± 0.89B 6.14 ± 1.37AB 7.41 ± 1.14 63.03 ± 3.56 86.82 ± 7.61 74.74 ± 6.81 74.86 ± 4.38

Rootstock 10.58 ± 1.01a 7.06 ± 1.15b 7.05 ± 0.80b – 69.36 ± 4.19 83.64 ± 4.10 74.38 ± 4.70 –

DAW 3 Well-watered 9.76 ± 1.10 9.51 ± 0.38 9.38 ± 1.04 9.55 ± 0.47 72.12 ± 7.40 81.34 ± 2.74 78.43 ± 4.39 77.30 ± 2.96

Waterlogged 10.67 ± 0.76 7.64 ± 0.84 5.29 ± 1.60 7.87 ± 0.89 61.81 ± 1.64 93.46 ± 8.33 66.10 ± 6.15 73.79 ± 5.28

Rootstock 10.21 ± 0.64 8.58 ± 0.55 7.34 ± 1.18 – 66.97 ± 4.01b 87.40 ± 4.66a 72.26 ± 4.20ab –

DAW 4 Well-watered 11.43 ± 1.26A 8.58 ± 1.12AB 8.48 ± 0.40AB 9.50 ± 0.67a 70.84 ± 6.87 91.73 ± 3.97 85.18 ± 3.42 82.58 ± 3.70

Waterlogged 11.78 ± 1.16A 3.16 ± 0.59C 4.48 ± 0.85BC 6.47 ± 1.24b 70.00 ± 3.57 89.24 ± 7.97 82.52 ± 6.87 77.59 ± 4.94

Rootstock 11.61 ± 0.79a 5.87 ± 1.18b 6.48 ± 0.87b – 65.92 ± 4.04b 90.49 ± 4.15a 83.85 ± 3.59a –

Ci (µmol mol−1) Tleaf (°C)

DAW 1 Well-watered 260.92 ± 3.56 253.60 ± 9.44 258.74 ± 13.26 257.76 ± 5.11 32.45 ± 0.03 32.88 ± 0.13 32.59 ± 0.07 32.64 ± 0.07

Waterlogged 271.91 ± 3.75 243.81 ± 4.20 245.61 ± 8.14 253.78 ± 4.89 32.61 ± 0.21 33.03 ± 0.11 32.91 ± 0.18 32.85 ± 0.10

Rootstock 266.42 ± 3.17 248.71 ± 5.13 252.18 ± 7.62 – 32.53 ± 0.10b 32.95 ± 0.08a 32.75 ± 0.11ab –

DAW 2 Well-watered 272.33 ± 9.54 264.71 ± 5.02 277.02 ± 12.44 271.35 ± 5.19 32.34 ± 0.09 32.59 ± 0.17 32.48 ± 0.18 32.47 ± 0.08

Waterlogged 289.96 ± 4.96 260.60 ± 13.06 278.00 ± 12.05 276.19 ± 6.64 32.24 ± 0.18 33.07 ± 0.16 32.73 ± 0.21 32.68 ± 0.14

Rootstock 281.15 ± 5.99 262.66 ± 6.52 277.51 ± 8.02 – 32.29 ± 0.10b 32.83 ± 0.14a 32.61 ± 0.14ab –

DAW 3 Well-watered 277.25 ± 10.72 262.75 ± 4.66 267.71 ± 7.82 269.23 ± 4.61 32.50 ± 0.09 32.65 ± 0.21 32.47 ± 0.09 32.54 ± 0.08

Waterlogged 292.33 ± 1.83 245.65 ± 12.69 292.35 ± 10.33 276.78 ± 8.29 32.41 ± 0.05 32.93 ± 0.04 32.41 ± 0.24 32.58 ± 0.10

Rootstock 284.79 ± 5.79a 254.20 ± 7.04b 280.03 ± 7.59a – 32.45 ± 0.05 32.79 ± 0.11 32.44 ± 0.12 –

DAW 4 Well-watered 272.39 ± 9.82 242.75 ± 6.09 253.49 ± 5.45 256.21 ± 5.34 33.06 ± 0.12 33.74 ± 0.19 33.46 ± 0.08 33.42 ± 0.11b

Waterlogged 288.45 ± 6.15 252.79 ± 13.08 262.44 ± 11.35 267.89 ± 7.16 32.98 ± 0.07 34.31 ± 0.08 33.77 ± 0.17 33.69 ± 0.17a

Rootstock 280.42 ± 6.16a 247.77 ± 6.94b 257.97 ± 6.07b – 33.02 ± 0.06c 34.03 ± 0.14a 33.61 ± 0.11b –
The means of each rootstock are compared within the same row, the means of each irrigation treatment are compared within the same column, and the interaction between all values is assessed
using Tukey’s honest significant difference (HSD) comparison test (p < 0.05). Different lowercase letters indicate significant differences in the means of each treatment and each rootstock, while
different uppercase letters indicate significant differences of the interaction (n = 4 ± SE). Note that letters were not reported when there were no significant differences.
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TABLE 2 Effects of waterlogging stress on photosynthesis (A), internal CO2 concentration (Ci), intrinsic water use efficiency (WUEi), and leaf
temperature (Tleaf) in different scion–rootstock combinations (Z/B, Z/D, Z/H) during the first 4 days of waterlogging (10:00 h).

Treatment Scion–rootstock combination Treatment Scion–rootstock combination Treatment

Z/B Z/D Z/H Z/B Z/D Z/H

A (µmol m−2 s−1) WUEi (mmol CO2 mol−1 H2O)

DAW 1 Well-watered 13.63 ± 1.43 10.05 ± 1.52 12.58 ± 1.10 12.09 ± 0.84a 62.28 ± 4.79 81.86 ± 2.20 76.50 ± 4.66 73.55 ± 3.27b

Waterlogged 8.25 ± 0.72 7.72 ± 0.71 8.63 ± 1.49 8.20 ± 0.56b 77.40 ± 6.11 93.68 ± 3.48 92.76 ± 4.62 87.95 ± 3.39a

Combination 10.94 ± 1.26 8.89 ± 0.89 10.61 ± 1.14 –

69.84
± 4.59b

87.77
± 2.93a 84.63 ± 4.32a –

DAW 2 Well-watered
12.79 ± 1.46AB 13.41 ± 1.55A 14.69 ± 1.28A

13.63 ± 0.79a
90.81
± 24.91 80.51 ± 4.45 65.96 ± 6.12 79.09 ± 8.43

Waterlogged
11.61 ± 1.09AB 5.32 ± 0.94C 7.46 ± 1.25BC

8.13 ± 0.98b 62.06 ± 3.84
109.06
± 7.69

113.08
± 14.62 94.73 ± 8.65

Combination
12.20 ± 0.87 9.36 ± 1.75

11.07 ± 1.60 –

76.44
± 12.87 94.78 ± 6.78

89.52
± 11.54 –

DAW 3 Well-watered 14.25 ± 1.62A 15.48 ± 1.50A 13.61 ± 0.82A 14.45 ± 0.75a 60.52 ± 3.04 68.06 ± 7.85 64.10 ± 7.53 64.23 ± 3.53b

Waterlogged
15.12 ± 0.64A 3.96 ± 0.76B 6.17 ± 0.69B

8.42 ± 1.50b 58.22 ± 3.29 95.65 ± 8.56
87.95
± 11.03 80.60 ± 6.51a

Combination 14.68 ± 0.82a 9.72 ± 2.31b 9.89 ± 1.49b –

59.37
± 2.12b

81.85
± 7.49a

76.02
± 7.65ab –

DAW 4 Well-watered 14.04 ± 1.60A
11.62

± 0.94AB
11.99

± 1.36AB 12.55 ± 0.76a
62.29
± 5.90B

82.94
± 5.88AB

79.21
± 5.87AB 74.81 ± 4.10

Waterlogged 11.95 ± 2.30AB 1.30 ± 0.64C 5.71 ± 0.85BC 6.32 ± 1.52b
74.60

± 7.48AB
50.23

± 14.68B
102.00
± 7.66A 75.61 ± 8.41

Combination 13.00 ± 1.35a 6.46 ± 2.02b 8.85 ± 1.40b –

68.45
± 4.98b

66.58
± 9.58b 90.61 ± 6.21a –

Ci (µmol mol−1) Tleaf (°C)

DAW 1 Well-watered 284.96 ± 6.14 259.02 ± 4.54 263.45 ± 7.92 269.15 ± 4.76a 32.10 ± 0.27 32.29 ± 0.13 32.39 ± 0.14 32.26 ± 0.11b

Waterlogged 267.84 ± 9.27 241.47 ± 6.39 243.04 ± 5.59 250.78 ± 5.26b 32.44 ± 0.25 32.79 ± 0.09 32.52 ± 0.14 32.58 ± 0.10a

Combination 276.40 ± 6.08a
250.25
± 4.92b 253.25 ± 5.92b – 32.27 ± 0.18 32.54 ± 0.12 32.45 ± 0.09 –

DAW 2 Well-watered 245.23 ± 38.35 260.34 ± 6.63 281.11 ± 9.18 262.23 ± 12.85
31.66
± 0.11B

31.90
± 0.07AB

31.88
± 0.25AB 31.81 ± 0.09b

Waterlogged 285.92 ± 7.35
225.25
± 13.02

216.29
± 22.48 242.49 ± 12.38

31.30
± 0.14B

32.57
± 0.20A

32.46
± 0.14A 32.11 ± 0.19a

Combination 265.58 ± 19.64 242.80 ± 9.47
248.70
± 16.63 –

31.48
± 0.11b

32.24
± 0.16a 32.17 ± 0.17a –

DAW 3 Well-watered 293.59 ± 4.27
277.18
± 10.75

285.97
± 12.12 285.58 ± 5.44

31.57
± 0.16C

31.93
± 0.23BC

31.87
± 0.11BC 31.79 ± 0.10b

Waterlogged 293.78 ± 5.13
256.50
± 10.89

254.25
± 15.28 268.18 ± 8.02

31.69
± 0.08BC

33.17
± 0.35A

32.56
± 0.18AB 32.47 ± 0.22a

Combination 293.69 ± 3.09a
266.84
± 8.09b

270.11
± 10.84ab –

31.63
± 0.09b

32.55
± 0.30a 32.22 ± 0.16a –

DAW 4 Well-watered 284.13 ± 8.31AB
253.97
± 8.15B

259.44
± 8.19AB 265.84 ± 5.84

32.01
± 0.18C

32.43
± 0.10BC

32.65
± 0.16BC 32.36 ± 0.11b

Waterlogged 266.88 ± 9.81AB
315.88
± 23.51A

230.97
± 11.83B 271.24 ± 13.48

32.31
± 0.17C

33.82
± 0.25A

33.19
± 0.18AB 33.11 ± 0.21a

Combination 275.50 ± 6.78ab
284.92
± 16.42a 245.21 ± 8.56b –

32.16
± 0.13b

33.12
± 0.29a 32.92 ± 0.15a –
F
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The means of each scion–rootstock combination are compared within the same row, the means of each irrigation treatment are compared within the same column, and the interaction between all
values is assessed using Tukey’s honest significant difference (HSD) comparison test (p < 0.05). Different lowercase letters indicate significant differences in the means of each treatment and each
scion–rootstock combination, while different uppercase letters indicate significant differences of the interaction (n = 4 ± SE). Note that letters were not reported when there were no
significant differences.
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represented the beginning of the stress response for the Z/B

combination, although no significant differences were already

observed. Higher Tleaf was found in the WL treatment compared

to the WW treatment on all 4 days of waterlogging stress. In

particular, Tleaf increased progressively in Z/D and Z/H

combinations under waterlogging from DAW 2, reaching

increases of approximately 4% and 2%, respectively, compared to

the WW vines at DAW 4. The Z/B combination generally showed

lower values of Tleaf compared to other combinations, andWL vines

maintained values similar to those of the WW vines during the first

4 days of waterlogging stress (Table 2).

Relationships (linear or quadratic) between A and gs, as well

as between E and gs, were found in both WL and WW vines of

different rootstocks and scion–rootstock combinations

(Figure 4). The results indicated that the reduction in gs could

be related to a decrease in E and A activity of the vines, which

differed according to the cultivar and treatment. No substantial

differences in the relationships between A and gs and between E

and gs were observed between WW and WL vines of the B
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rootstock (Figure 4A) and the Z/B combination (Figure 4D),

indicating a similar behavior between treatments within the B

cultivar. The relationships obtained for the D and H rootstocks

showed very similar behavior of these rootstocks to waterlogging

stress (Figures 4B, C). The WW vines of the different

combinations showed similar relationships between A and gs

and between E and gs, whereas the WL vines showed a different

behavior (Figures 4D–F).
3.2 RGB image-based morphometric and
colorimetric parameters

RGB image-based parameters that explain plant morphological

and color characteristics, in particular PSA, S, plant color (HUE),

and SI, were used to study the response of kiwifruit vines to

waterlogging. The WW vines of the B and D rootstocks showed a

progressive increase in PSA values over the following days of

analysis. PSA differed between cultivars, with D and H showing
FIGURE 4

Relationships of stomatal conductance (gs) with photosynthesis (A) and transpiration rate (E) in waterlogged (WL) and well-watered (WW) vines for
each rootstock (A) ‘Bounty71’ (B), (B) ‘D1’ (D), (C) ‘Hayward’ (H) and scion–rootstock combination (D) ‘Zesy/Bounty71’ (Z/B), (E) ‘Zesy/D1’ (Z/D), and
(F) ‘Zesy/Hayward’ (Z/H). Data of all the vines collected during the 9-day waterlogging experiment are shown as individual points.
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the highest values approximately 280–335 cm2 and 250–270 cm2,

respectively, and B showing the lowest values approximately 95–140

cm2 (Figure 5A). A predominant effect of the cultivar was observed

for PSA throughout the experiment, with the treatment effect

appearing only from DAW 7. PSA started to differ significantly

between WW and WL vines of the D and H rootstocks from DAW

7 and DAW 9, respectively, reaching values reduced by 56% and

32% compared to WW vines (Figure 5A). Projected shoot area and

convex hull area from plant images were used to determine leaf

density and spread, expressed by the S indicator. S was similar

between WW and WL vines of the B and H rootstocks, with no

significant differences along the days of waterlogging stress and

values approximately 0.3–0.4 and 0.4–0.5, respectively. Instead, it

started to differ significantly between WW and WL vines of the D

rootstock from DAW 4, resulting in an increase under waterlogging

stress. The predominant effect of cultivar was also reported for S

and with a lesser effect of treatment (Figure 5B).

Color changes in kiwifruit vines resulting from the presence of

healthy green plant tissue, leaf discoloration, yellowing, or

browning of plant tissue were determined by analyzing RGB

images with the hue component. During the waterlogging

experiment, HUE showed no significant differences between WW

andWL vines of each rootstock. However, WL vines of the D and H

rootstocks showed a progressive decrease in HUE from DAW 4,

whereas those of the B rootstock remained at almost constant

values. The WW vines of the D and H rootstocks were similar

with values approximately 55°–58°, while those of the B rootstock
Frontiers in Plant Science 11
were slightly higher, above 60° (Figure 6A). The proportion between

the green and the greener areas was used to determine the SI. No

significant differences were found between WW and WL vines of

each rootstock during the days of waterlogging stress (Figure 6B).

The B rootstock had the lowest SI compared to the D and H

rootstocks, and the analysis confirmed the prevailing effect of the

cultivar for both colorimetric parameters, i.e., HUE and SI,

throughout the experiment.

PSA also varied considerably between the scion–rootstock

combinations, with scions grafted on the D and H rootstocks

showing the highest values approximately 270–300 cm2 and 330–

340 cm2, respectively, and those grafted on the B rootstock showing

the lowest values approximately 210–240 cm2 (Figure 7A). A

significant effect of the cultivar on PSA was confirmed, with the

treatment effect only appearing from DAW 4 and with consistent

differences from DAW 7 (p < 0.001). Significant differences in PSA

between WW and WL vines of the Z/D combination were found

from DAW 2, with a decrease of approximately 70% compared to

WW vines at the end of the waterlogging experiment. PSA started to

decrease in WL vines of the Z/H combination from DAW 4, but

with no significant differences compared to WW vines, and

remained almost similar between WW and WL vines of the Z/B

combination throughout the experiment (Figure 7A). S was similar

between WW and WL vines of each scion–rootstock combination,

with no significant differences along the days of waterlogging stress

and values approximately 0.4–0.5, 0.3–0.5, and 0.45–0.6 for the Z/B,

Z/D, and Z/H combinations, respectively (Figure 7B).
FIGURE 5

Morphometric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per rootstock (B, D, H):
(A) projected shoot area (PSA) and (B) solidity (S). Two-way ANOVA p-values are shown in the tables for both PSA and S and for each DAW. Asterisks
denote significant differences according to one-way ANOVA between WW and WL for each parameter and rootstock. Data shown are means ±
standard error of the means (n = 5). T, treatment effects; C, cultivar effects; ns, not significant at p ≥0.05.
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The HUE of WW vines was almost similar between the different

scion–rootstock combinations, showing a slight decrease from

DAW 4 in all combinations. No significant differences in HUE

were found between WW and WL vines of the Z/B combination.

HUE in WL vines of the Z/D and Z/H combinations started to

decrease from DAW 4 and differed significantly from WW vines at

DAW 9, where both treatment and cultivar had a significant effect

(Figure 8A). No significant effects of cultivar and treatment on SI

were found by two-way ANOVA analysis, and no differences were

found between WW and WL vines of each scion–rootstock

combination during the days of waterlogging stress (Figure 8B).
3.3 Near-infrared imaging

NIR imaging analysis is a common tool used to assess the water

content of plants. During the waterlogging days, NIR intensity was

similar between WW and WL vines of each rootstock, with no

significant differences (Figure 9A). However, regardless of the

irrigation treatment applied, the B rootstock showed the highest

NIR intensity, with values close to 200, and thus a lower water

content in plant tissues compared to the D and H rootstocks, with

values between 150 and 170 (Figure 9A). In the scion–rootstock

combinations, NIR intensity reached higher values in all WL vines

compared to WW vines (Figure 9B). During the last day of

waterlogging stress (DAW 9), NIR intensity differed significantly

between WW and WL vines of the Z/D combination, indicating a
Frontiers in Plant Science 12
reduced water content of the vines achieved after the application of

9 days of waterlogging stress (Figure 9B). NIR intensity was then a

good indicator of plant stress response, in accordance with the

changes in morphometric and colorimetric parameters in response

to waterlogging in kiwifruit.
4 Discussion

The results of the present study outlined the differential

response of kiwifruit rootstocks and grafting combinations to

waterlogging stress. Physiological and phenotypic traits of the

vines were combined to increase knowledge of vine physiological

behavior and RGB and NIR image-based indicators for assessing

waterlogging tolerance/susceptibility in kiwifruit genotypes.
4.1 Physiological waterlogging response

Stomatal closure is widely recognized as one of the most rapid

responses of many species to waterlogging stress (Kozlowski, 1997;

Parent et al., 2008; Xu et al., 2022; Topali et al., 2024). Stomata are

responsible for regulating A and E by opening and closing

(Kozlowski, 1997), and their rapid response is correlated with an

early reduction in A since the beginning of waterlogging (Xu et al.,

2022). Results showed that gs and therefore E were affected by

waterlogging from the first days of the experiment in both D and H
FIGURE 6

Colorimetric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per rootstock (B, D, H):
(A) weighted mean value of the hue channel (HUE) and (B) senescence index (SI). Two-way ANOVA p-values are shown in the tables for both HUE
and SI and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and
rootstock. Data shown are means ± standard error of the means (n = 5). T, treatment effects; C, cultivar effects; ns, not significant at p ≥0.05.
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rootstocks, but not in the B rootstock. Stomatal closure shortly after

waterlogging and a decrease in net photosynthesis have been

previously reported in kiwifruit (Li et al., 2020; Li Z. et al., 2021)

and in other fruit tree species such as Prunus spp (Domingo et al.,

2002; Pimentel et al., 2014; Zhang et al., 2023). This tendency was

confirmed as the values of A generally decreased with those of gs,

specifically from DAW 4 in the D and H rootstocks and from DAW

2 in the Z/D and Z/H combinations.

A more rapid decrease in gs was induced under waterlogging in

all grafting combinations and slightly delayed in the Z/

B combination.

This suggests that the B rootstock may be more tolerant to

waterlogging stress than the D and H rootstocks and that the

rootstock may influence the response of the grafted cultivar when

exposed to waterlogging stress. Rootstocks with different

waterlogging tolerance were found to influence the photosynthetic

capacity of the scion, maintaining it for a longer time under

waterlogging stress in peach (Zhang et al., 2023), and to improve

the physiological, biochemical, and molecular responses of the scion

in kiwifruit (Bai et al., 2022). This influence, which is only reflected

in the Z/B combination, may be of great importance in increasing

the potential tolerance of kiwifruit to excess water in poorly

structured soils and should therefore be taken into account in the

genotypic selection of the rootstock. However, the waterlogging

tolerance of the B rootstock is not fully reflected in the

grafting combination.
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In particular, gs followed by a rapid decrease in A was

previously observed in 3-month-old plants of ‘Hayward’ under

waterlogging stress, suggesting a high sensitivity of this rootstock

to waterlogging conditions (Li Z. et al., 2021). Although no

information is available specifically for the D rootstock, the data

analyzed suggest that the D and H rootstocks behave similarly

under waterlogging stress, identifying them as waterlogging-

sensitive rootstocks. Both rootstocks belong to A. chinensis var.

deliciosa which has been found to have a low tolerance to

waterlogging (Youn-Seop et al., 2008; Bai et al., 2019; Kataoka

et al., 2021; Beppu et al., 2022). The observed physiological behavior

of the B rootstock, which was not affected by the 9-day waterlogging

treatment, was consistent with previous studies showing that A, gs,

and E in A. macrosperma were maintained at relatively high levels

even under waterlogging stress (Kataoka et al., 2021; Beppu et al.,

2022), together with high root activity (Bai et al., 2019).

Furthermore, Kataoka et al. (2021) found that grafting ‘Hayward’

onto A. macrosperma rootstock allowed greater tolerance to be

expressed in the grafted kiwifruit scion. This is consistent with the

results of the present study, where the physiological responses of the

scion grafted on the B rootstock to waterlogging stress were delayed

in time compared to other grafting combinations.

Maintaining an efficient and effective photosynthetic activity

and undamaged photosynthetic apparatus is extremely important

for plant growth and development (Zhang et al., 2023).

Photosynthetic gas exchange parameters can be used to assess
FIGURE 7

Morphometric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per scion–rootstock
combination (Z/B, Z/D, Z/H): (A) projected shoot area (PSA) and (B) solidity (S). Two-way ANOVA p-values are shown in the tables for both PSA and S
and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and scion–
rootstock combination. Data shown are means ± standard error of the means (n = 5). T, treatment effects; C, cultivar effects; ns, not significant at
p ≥0.05.
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plant tolerance to waterlogging. Waterlogging stress can induce

stomatal closure, which limits leaf gas exchange and leads to

reduced CO2 absorption, thereby affecting photosynthetic rate

(Pan et al., 2021). The initial reduction in A is reported to be

highly correlated with stomatal closure, but after prolonged periods

of waterlogging, the rate of A also decreases due to the inhibitory

effects on the photosynthetic process (Kozlowski, 1997). By

analyzing the different trends in Ci values, it is possible to detect

the presence of mechanisms other than gs (non-stomatal factors)

that influence the assimilation process and thus photosynthetic

rates. Lower Ci values in the WL vines of the Z/D and Z/H

combinations supported that the leaves were CO2-limited due to

lower gs. Conversely, Pimentel et al. (2014) found increased Ci

values in waterlogged plants of Prunus species, suggesting that the

leaves were not CO2-limited and that lower A was determined by

non-stomatal factors. Similar results were instead found by Baldi

et al. (2024) in ‘Hayward’ kiwifruit, where high reductions in A were

observed in plants exposed to waterlogging, mainly associated with

significantly lower gs, resulting in lower Ci values. The higher Ci

value found in WL vines of the Z/D combination at DAW 4

indicated the occurrence of non-stomatal factors, identifying a

later stage of waterlogging stress when photosynthetic metabolism

was almost irreversibly damaged, as indicated by very low A.

Instead, WL vines of the Z/H combination maintained a lower Ci

also at DAW 4, confirming the effect of lower gs on the assimilation
Frontiers in Plant Science 14
process and thus no damage to the photosynthetic apparatus

already at this time. On this basis, a slightly lower sensitivity of

the Z/H combination to waterlogging stress compared to the Z/D

combination is suggested. The results concerning WUEi are

consistent with Xu et al. (2022), who showed that some peach

rootstocks maintained high levels of WUE before gradually

declining until the end of the stress and that very low values may

indicate irreversible damage to photosynthetic properties. Lower

WUEi values in WL vines of the Z/D combination at DAW 4 may

indicate the beginning of a damage process to the photosynthetic

system. Mature leaves of kiwifruit vines are characterized by large

dimensions and an orbicular shape in the D and H rootstocks and

in the grafted yellow-fleshed cultivar, features that contribute to

increased leaf temperatures (Smith et al., 1989). Significant

differences in Tleaf between WW and WL vines can be attributed

to significant reductions in gs and E, which determine the

attainment of lethal temperatures in parts of the leaves that can

be irreversibly damaged (Smith et al., 1989). In the present study,

the physiological responses to waterlogging stress varied between

the three kiwifruit rootstocks and grafting combinations. Early

reductions in leaf gas exchange under waterlogging stress were

observed in the D and H rootstocks compared to the B rootstock,

which was not affected throughout the experiment. In particular,

the reductions were more pronounced in the grafting combinations

where the influence of the rootstock on the scion was evident.
FIGURE 8

Colorimetric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per scion–rootstock
combination (Z/B, Z/D, Z/H): (A) weighted mean value of the hue channel (HUE) and (B) senescence index (SI). Two-way ANOVA p-values are shown
in the tables for both HUE and SI and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for
each parameter and scion–rootstock combination. Data shown are means ± standard error of the means (n = 5). T, treatment effects; C, cultivar
effects; ns, not significant at p ≥0.05.
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4.2 Image-based parameters to phenotype
for waterlogging stress

Many studies have used image analysis to investigate the

responses of plants to various abiotic stresses (e.g., drought, heat,

and salt stress) (Briglia et al., 2019, 2020; Kim et al., 2020; Carvalho

et al., 2021). Non-destructive and non-invasive phenotyping

assessment of waterlogging responses using a high-throughput

plant phenotyping platform in fruit tree crops has been poorly

addressed, and the results obtained in the present study represent a

novelty for the kiwifruit crop.

The detrimental effect of waterlogging stress on plant growth

and development is well known (Manghwar et al., 2024), and plant

biomass is an important trait assessed to investigate the

waterlogging response of plants (Langan et al., 2022). Among the

morphological parameters that can be assessed non-destructively by

image analysis, PSA and S may be relevant indicators to evaluate

kiwifruit vine development and changes in leaf density and spread

as influenced by waterlogging. Traditional phenotypic observations

can be influenced by cultivar-specific traits such as leaf surface area

and maturity (Zhang et al., 2023), which in turn affect their

response to waterlogging stress. The waterlogging tolerance or

sensitivity of rootstocks can directly influence scion growth and

development in kiwifruit (Bai et al., 2019).
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Significant differences in PSA and S between rootstocks can be

attributed to differences in leaf number, size, shape, and anatomy,

particularly distinguishing the B rootstock from the D and H

rootstocks. The reductions in PSA that occurred in the D and H

rootstocks under waterlogging showed an effect of waterlogging

stress on total vine area. Previous phenotyping studies have used

PSA or similar indices of plant biomass in several crops and found

similar deleterious effects of drought stress on plant aerial mass

(Danzi et al., 2019; Briglia et al., 2020; Kim et al., 2020; Genangeli

et al., 2023; Petrozza et al., 2023), reinforcing the issue that

waterlogging stress affects leaves in a similar way to drought

stress (Topali et al., 2024). The PSA evaluated in the grafting

combinations confirmed the results found in the rootstocks, with

a more pronounced effect of waterlogging stress on the aerial mass

of the vines of the Z/D and Z/H combinations.

In the present study, the most sensitive D rootstock showed a

higher S under waterlogging stress, as determined by the lower

convex hull area values of WL vines compared to WW vines,

although waterlogging induced a decrease in PSA. Higher values

of S were previously observed in a drought experiment carried out

on tomato plants, where drought-stressed plants lost turgor and

reduced their convex hull area, resulting in increased S (Janni et al.,

2019). However, reduced S has also been suggested as a

consequence of water stress and could be determined by
FIGURE 9

NIR intensities of well-watered (WW) and waterlogged (WL) kiwifruit vines: (A) per rootstock (B, D, H) and (B) per scion–rootstock combination (Z/B,
Z/D, Z/H). Asterisks denote significant differences according to one-way ANOVA between WW and WL vines at each DAW. Black diamond symbols
represent mean values (n = 5).
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decreasing the plant area pixels while keeping the convex hull area

constant (Petrozza et al., 2023). In the case of the grafting

combinations, S values were lower in the WL vines compared to

theWW vines, with a decreasing trend with prolonged waterlogging

exposure in the Z/D and Z/H combinations, indicating a gradual

wilting of the leaves, which is consistent with considering lower S

values as a consequence of stress. Petrozza et al. (2023) used S as an

index of the differential response of tomato plants to drought stress

and reported lower S in sensitive plants under drought conditions,

which was explained as a consequence of the reduced plant pixel

area due to greater wilting of drought-sensitive plants. S is then a

relative index that varies between species and even cultivars

according to the specific behavior of plants to a given stress.

Waterlogging stress often causes leaf chlorosis, wilting, and

yellowing (Langan et al., 2022), reducing green leaf area (Ren et al.,

2023). The leaves turn yellow and develop necrosis as a result of

prolonged exposure to waterlogging at the roots, leading to

abscission (Topali et al., 2024). Furthermore, changes in the

balance of leaf catabolism and anabolism processes during

waterlogging stress have been reported to cause a decrease in leaf

chlorophyll content (Zhang et al., 2023), which could contribute to

reduced photosynthesis and leaf color change, which gradually turn

from green to yellow with prolonged exposure to waterlogging. The

RGB images have great potential not only for morphological

studies, including parameters such as PSA and S, but also for leaf

color estimation. In particular, leaf chlorosis, which is an indication

of the chlorophyll degradation and contributes to a decrease in A,

can be detected by measuring the number of pixels in the green and

yellow regions of the hue channels. Significant differences in HUE

in WL vines of the Z/D and Z/H combinations may indicate the

beginning of a process of leaf chlorosis induced by waterlogging.

Assessment of leaf color, degree of yellowing, or loss of greenness

has been reported as a promising tool to detect the occurrence of

drought stress, as an increasing fraction of the yellow color class was

associated with increasing drought in a grapevine experiment

(Briglia et al., 2019). The SI was used to indicate the senescence

status of the vines. No significant differences in SI were found

between the irrigation treatments, although an increasing trend was

observed in WL vines of all rootstocks and Z/D and Z/

H combinations.

While the effects of waterlogging were registered almost

immediately in the RGB morphometric parameters, the color

changes appeared with a delay and with greater variability

between the vines, in agreement with other studies (Janni et al.,

2019; Genangeli et al., 2023). The results indicate that the RGB

image-based parameters that most accurately represented the

differential response of kiwifruit rootstocks and grafting

combinations to waterlogging were plant PSA and HUE color

class. These parameters can be effective indicators for screening

for more tolerant kiwifruit genotypes using non-destructive and

non-invasive plant phenotyping.

The water content of plant tissues is known to influence spectral

reflectance, and therefore, non-destructive techniques such as those

based on NIR wavelengths are useful for assessing plant water status

(Kim et al., 2020; Danzi et al., 2022). NIR intensity values showed an

increasing trend (lower water content) in all WL vines of the
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grafting combinations, suggesting that waterlogging affected the

water status of the vines as detected by NIR images. The water

content of plant tissues was then reduced under waterlogging stress,

which has been reported as an effect of waterlogging on plants

(Sathi et al., 2022). The occurrence of partial leaf wilting and

increased leaf surface necrosis area contributed to the reduction

in water content of tissues that began to dry out.

Physiological measurements and RGB analysis identified the Z/

D combination as the most sensitive to waterlogging stress, followed

by the Z/H combination. Furthermore, 4 days of waterlogging stress

can be identified as the time when a more severe stress occurred for

the Z/D and Z/H combinations, as all image-based parameters

began to change from the control values. Although the Z/B

combination showed a delayed decrease in physiological activity

compared to the other combinations, it did not show any changes in

morphometric and colorimetric parameters under waterlogging

stress. RGB image-based results confirmed that the B rootstock

enhanced the tolerance of the scion to waterlogging stress.
5 Conclusions

Waterlogging and root hypoxia conditions are predicted to

become more severe due to anomalous climatic conditions, and

represent a serious threat that is increasingly affecting kiwifruit

cultivation. Novel results are presented on the assessment of the

waterlogging response of different kiwifruit rootstocks and grafting

combinations by combining tradit ional physiological

measurements with high throughput phenotypic analysis.

Physiological performances and image-based parameters were

negatively affected by soil waterlogging, but to different extents in

the kiwifruit rootstocks and grafting combinations studied. D and H

rootstocks showed an early reduction in stomatal conductance and

photosynthetic rates, and an increase in leaf temperature already

during the first days of waterlogging stress, confirming that these

parameters are effective indicators of altered behavior caused by

waterlogging, as by other abiotic stresses RGB and NIR image

analysis, through the evaluation of parameters such as projected

shoot area, leaf color, and plant tissue water content, supported the

waterlogging sensitivity of the D and H rootstocks and their

combinations and provided promising indicators to be used in

the evaluation of the waterlogging response of kiwifruit vines.

Instead, B rootstock was unaffected by 9 days of waterlogging

stress in both physiological and phenotyping parameters.

Waterlogging effects were more pronounced in the yellow-fleshed

kiwifruit cultivar grafted on D and H rootstocks than in the cultivar

grafted on B rootstock, suggesting an influence of the rootstock on

the scion. However, stomatal conductance also decreased in the Z/B

combination, suggesting that the B rootstock is more tolerant to

waterlogging, but not able to allow the grafted cultivar to cope with

prolonged and adverse soil conditions. More efforts should be made

to adopt proper orchard management and to promote breeding

research for the selection of well-adapted plant material (rootstocks

and cultivars). The present study reveals the suitability of RGB

morphometric and colorimetric parameters analyzed on kiwifruit

vines under waterlogging stress as promising indicators. In
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conclusion, physiological and phenotyping assessment can be an

effective methodology for screening for more waterlogging tolerant

genotypes for the kiwifruit crop.
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