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Introduction

One of the most significant challenges of modern
agriculture is to meet the growing demand for food,
while the area allocated for crops has mostly stayed
the same. In recent decades, apple orchards have
shown a significant increase. Therefore, developing
genotypes that combine high yield and soil and water
use optimization is crucial (Reig et al., 2018; Reig et al.,
2020). These genotypes allowed for the increase in plant
density in commercial crops (Robinson et al., 2011).

The grafting technique is essential in pomiculture,
mainly in high density systems, as it presents greater
initial economic return; however, there are also risks
(Autio et al., 2017). Thus, combining traits, such as
resistance to biotic and abiotic stresses, has become
significant (Reig et al., 2018). Besides, vigor control of
the canopy cultivar and root system efficiency improves
fruit quality (Fazio and Robinson, 2008; Reig et al.,
2019; Reig et al., 2020). In this sense, the choice of
scion cultivar, rootstock, and conduction system should
meet the edaphoclimatic requirements of the producing
region for an economic return (Reig et al., 2019).

Apple orchards in Brazil follow the trend of
the main genotypes used worldwide, predominantly
Marubakaido (Malus prunifolia Borkh.) and 'M-9' (Malus
pumila) rootstocks, as well as the combination of these
through the intergrafting technique. The Geneva® Series
rootstocks have attributes that best meet Brazilian
production's demands; some have already been
introduced to the market (Denardi et al., 2017).

Water availability is a determining factor in the
resumption of tissue growth in temperate species, as it
influences carbohydrate mobilization during the hibernal
rest phase. Many variables, including vigor, affect the
olerance of rootstocks to water stress (Corso and Bonghi,

Sci. Agric. v.80, e20220224, 2023

Brazil, in terms of hydraulic conductivity (K) and percentage loss of conductance (PLC), during
the winter period in two different years. The G.213 rootstock presented the best performance
for the variables analyzed; however, higher values of xylem functionality loss were observed in
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2014). In vigorous plants, the xylem is composed by
cells with a larger diameter, optimizing water transport
(Xu and Ediger, 2021); however, these cells are prone
to cavitation and thus to embolism under water deficit
conditions. Embolism impairs xylem functionality and
transportation of water and solutes, affecting sprouting
and buds differentiation. Assuming that the water flow
in the xylem is not interrupted during winter, this study
aimed to evaluate four rootstocks of Geneva® Series in
terms of hydraulic conductivity and percentage loss of
conductance.

Materials and Methods

Plant material and experimental design

The study was conducted during the winter cycle
of plants in the years 2019 and 2021, during July,
Aug, and Sept. Plant material was collected in an
experimental orchard (34°40'04" S, 56°2027" W,
altitude 36 m), located in the district of Rincén del
Colorado, department of Canelones, Uruguay, with
an average annual temperature of 15 °C and average
annual precipitation of 1100 millimeters (mm). The site
has an average accumulation of chill hours (CH) of 565
CH. At the same time, the climate of the region is Cfa,
a subtropical climate with hot summers, according to
Koéppen-Geiger climate classification (Peel et al., 2007).
Samples were collected on 18 July, 15 Aug, and 12 Sept
in 2019 (accumulation of 578 CH and 1053.5 mm until
the last collection) and on 16 July, 13 Aug, and 14 Sept in
2021 (accumulation of 548 CH and 1011 mm until the last
collection) (INIA, 2022). The measures to fight the SARS-
CoV-2 and closing Uruguayan borders to foreigners did
not allow collecting and evaluations in 2020. The target
rootstocks of this study were G.41, G.202, G.213, and
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G.814, from a sow farm. The experimental design was
completely randomized and consisted of four treatments
(rootstocks), each with four branches from which two
segments were obtained for hydraulic conductivity
(K) and percentage loss of hydraulic conductance
(PLC) readings, thus composing eight replications per
treatment (n = 32).

Semi-woody branches, approximately 0.5 m in
length and 0.4 cm in diameter, were collected between
07h00 and 08h00 in the morning. The branches were
chosen randomly regarding their position in the plant.,
Immediately after cutting, they were placed in a
container with enough water to cover the basal portion
and prevent air entrance. Subsequently, the bases of the
branches were placed in contact with wet newsprint, all
wrapped in plastic film to prevent dehydration. There,
the branches were stored and packaged, as described
above, in a thermal box with ice and then evaluated for
their hydraulic conductivity. The data obtained were
submitted to the analysis of variance (ANOVA) using
the Student’s t test at 0.05 probability and tested for
normality using the Shapiro-Wilk test. When significant,
the means were submitted to the Tukey test (p < 0.05).

Hydraulic conductivity and PLC measurements

The Xylem Embolism Meter (XYL'EM-Plus, Bronkhorst)
was used for this activity. Branches were sectioned in a
water container with pruning shears, in 5-cm segments
from the internode portion. The ends were cleaned with
a blade in a thin and precise cut and the samples were
attached to the device, using thread-seal and Hellermann
tapes on the basal portion to prevent the solution flow
from escaping from the sides of the branches. Two
segments were used per branch, totaling eight readings
per genetic material for each collection period. The
solution was composed of Milli-Q water added with
KCl and CaCl, (0.745g L™ and 0.111g L™, respectively),
degassed and filtered (0.22 pm) with the aid of a stirrer
and a vacuum pump for 10 min. Firstly, the reading
was performed at a pressure of 0.06 MPa to measure
the initial hydraulic conductivity of the segments (K. |.
Then, xylem vessels saturation was carried out with a
pressure of 0.2 MPa until the emissions of air bubbles
ceased at the end of the samples. This process, called
flushing, is intended to remove native xylem embolism.
Afterward, four new readings were performed at a
pressure of 0.06 MPa, obtaining the mean value for
K. .. With the difference between K .. and K the
percentage loss of hydraulic conductance was calculated
according to the following formula:

fmCL_(l—lQmmﬂ}*1oo

max

where: PLC: percentage loss of hydraulic conductance.
K, .. initial xylem hydraulic conductance and it can
also be understood as native conductance (K_ . J; K_ :

maximum hydraulic conductance obtained after flushing.
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K . isa function of water flow over the difference
between the inlet and outlet hydrostatic pressure in the
sample. It is expressed in mmol m s™ MPa™ (SI), where
the loss of hydraulic conductivity is the difference
between the initial and final reading after the flushing,
and is expressed as a percentage (Bronkhorst, 2021).

Results

In general, the higher the value obtained for PLC,
the greater the xylem embolism degree. During the
first year of evaluations, G.213 rootstock showed the
highest values of K__in Aug and Sept, while G.202
presented the lowest values for the three collections
in 2019 (Figure 1). However, for the PLC variable,
in the three dates evaluated, G.814 had the highest
values and G.213, the lowest (Figure 2), meaning that
G.213 rootstock had the best indices for hydraulic
conductivity and PLC. Higher volumes of K also
mean a greater water flow transported by xylem
cells. At the same time, lower PLC values (Figure 2)
represent a lower occurrence of native embolism and,
thus, greater xylem functionality.

In 2019, there was a shortage of branches with
a length of 0.5 m; therefore, it was impossible to
standardize the samples'diameters and lignification
degree. This hindered the precision of cuts, so in 2021,
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the authors decided to adjust the methodology used
to obtain greater standardization in the samples and
reduce measurement errors. The adjustments consisted
of collecting only branches with greater flexibility and
a basal diameter smaller than 0.4 c¢m, which avoided
wood splitting at the time of the first cut of the samples.
In addition, the disposal of the basal and apical five
centimeters of the branches was standardized, as these
portions could be easily damaged and thus influence the
results.

Data obtained in 2021 showed that the
methodological adjustments allowed for a trend toward
more consistent values for both variables analyzed.
However, G.202 kept the lowest average values for
K, .- While G.213 had the highest averages for the same
variable. The behavior observed for PLC in 2019 was
also kept in 2021, as G.814 showed the most significant
loss of xylem functionality, while G.213 had the lowest
PLC values in the three periods observed.

Discussion

K_,, is the best parameter to evaluate xylem transport
capacity which is affected by several reasons (Cochard
et al., 2013). PLC can determine the embolism degree,
representing an indirect estimate of the cavitation
percentage in xylem vessels (Cochard et al., 2000).
Generally, the higher the value for K . the greater
the efficiency in transporting water from the plant.
Therefore, given that hydraulic conductivity and PLC
are inversely proportional parameters, higher PLC
values mean a greater occurrence of embolism in the
xylem, implying a deficient water movement in plants.
The same evaluation method showed that plants
gradually increased hydraulic conductance loss with
successive freezing and thawing in high-yield apple
cultivars (Beikircher and Mayr, 2017). This resulted
in accumulation during winter and conductivity was
not fully reestablished before the sprouting period,
reaching PLC values close to 60 % in the 'Braeburn’
cultivar. This increase in PLC was not observed in the
present study, which can be explained by the difference
in climatic conditions between the assessment sites,
since the authors used plants from the Vinschgau
Valley region (Italy), where winter conditions are too
severe when compared to the climatic conditions in the
southern region of Uruguay. In addition, the branches
evaluated were obtained from canopy cultivars and
branches from rootstock were not evaluated.

The relationship between water flow and vigor
in 'Rocha’ pear trees established on three different
rootstocks in the state of Santa Catarina - Brazil -
showed PLC values of 6.22 % and 19.36 % for plants
on Pyrus calleriana and 'EMA’, respectively (Abreu
et al., 2021). The authors observed that hydraulic
conductivity loss was inversely proportional to plant
vigor, since the rootstock with greater vigor had
a lower PLC value. The Geneva® Series rootstocks
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were classified in increasing order: G.11, G.41, G.16,
G.213, and G.814 vigor compared to M-9, and G.935,
G.222, and G.202 vigor compared to M-26 (Fazio et
al., 2013). In the Brazilian conditions, G.202, G.213,
G.214, and G.814 have been evaluated (Petri et al.,
2019). Plant materials of less vigor tend to have lower
plasticity of xylem vessels, suggesting a lower capacity
to circumvent vessel obstruction caused by embolism.
The data obtained for rootstocks of this study showed
that PLC values remained very close and with slight
variation between the months evaluated. Average
temperatures during the winter period in the region
of this study may explain this minimal variation, since
Geneva® rootstocks were developed in the northern
hemisphere, where winter conditions are somewhat
different from those in South America.

Outside the winter period, plants use the stomatal
closure mechanism to keep the water flow balance in
the xylem and avoid significant variations in pressure
along the conducting vessels. This balance is crucial
for the occurrence of physiological and metabolic
events in plants (Zeiger et al., 1987). Some species can
reestablish flow in the xylem during spring after an
embolism formation in the hibernal period. However,
for species where this is not possible, conductivity loss
during winter affects plant growth and development,
hindering important metabolic processes (Christensen-
Dalsgaard and Tyree, 2014). Therefore, sprouting is
affected by xylem functionality and capacity of species
to form new vessels in spring (Hacke and Sauter, 1996;
Ameglio et al., 2002).

Under adverse conditions, plants may
accumulate solutes for root formation to increase their
water absorption capacity or originate xylem -cells
more resistant to high negative pressures (Taiz et al.,
2017). Crop yield is often limited by the hydraulic
conductance of species (Brix, 1962; Cowan, 1986).
Native embolism in apple trees decreased in spring,
according to Christensen-Dalsgaard and Tyree (2014).
The authors attributed this decrease to the capacity to
reestablish flow in thexylem and to the growth of new
conducting vessels, leading to increased resistance to
cavitation. A positive correlation between the K and
the number of flower primordia in apple trees has been
reported (Lauri et al., 2008).

Plant water movement occurs by diffusion
(Angelocci, 2002) through the gradient created in the
soil-plant-atmosphere system. Water moves from the
soil to the plant, from the plant to the atmosphere
through transpiration, and from the highest to the
lowest water potential (¥ ). In mild winter conditions,
interruptions in water transport due to  gradient
that forms in the soil-plant-atmosphere system are
more recurrent during the spring or summer period.
Vapor pressure deficit (VPD) is directly proportional
to air temperature, decreasing ¥  in the atmosphere
(Pimentel, 2004) and, therefore, influencing the
gradient formed. Water deficit probably impacts a
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cultivar response in different ways according to the
rootstock vigor, preferentially affecting fruit size in
the dwarf genotypes and the number of fruits in the
vigorous ones (Xu and Ediger, 2021).

The xylem is directly influenced by rootstocks
vigor, as the greater the vigor, the greater the xylem
area. This is the vascular system structure, which is
most influenced by the tissue differentiation rate in
the apical meristems and vascular cambium. Hydraulic
resistance is a parameter to be considered when
choosing a particular genotype as a rootstock, since the
anatomical characteristics of the xylem vessel elements
are decisive for water transport plants (Olmstead,
2006; Lucas et al., 2013). A positive relationship has
been reported between hydraulic conductivity and leaf
biomass (Rodriguez-Gamir et al., 2010). The authors
evaluated leaf/root ratio and transpiration in citrus
plants on different rootstocks.

Low hydraulic conductivity can also influence
the concentration of hormones in the sap, such as
abscisic acid (ABA) (Tworkoski and Fazio, 2015). ABA
modulates plant responses to water stress and extreme
temperatures, such as stomatal opening and closing.
High concentrations of ABA also have a negative impact
on breaking dormancy by buds.

Conclusion

The rootstocks studied displayed a consistent pattern of
hydraulic conductivity and PLC during the winter period,
showing that mild winter conditions do not paralyze flow
in the xylem. The genotype G.213 rootstock performed
best, with the highest K . and the lowest PLC values.
Similarly, G.814 showed less hydraulic efficiency with
the highest PLC values and the lowest K ___ indicators,
showing reduced water transport in the months evaluated.
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