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Abstract: Metamitron is an apple (Malus domestica Borkh.) fruit thinner that acts by reducing the
photosynthetic capacity of trees. Relative humidity may influence thinning efficacy; however, the broadness
of this effect is not yet fully understood. Trials were set in Sint-Truiden (Belgium) in 2018 and Lleida and
Girona (Spain) in 2019, using 4-year-old cvs. Braeburn and Elstar trees in Belgium, and 16-year-old cv.
Golden Reinders trees in Spain. Four treatments were implemented at the stage of 12-14 mm fruit diameter:
(a) CTR—control, trees under natural environmental conditions; (b) HH—high humidity, trees submitted
to artificially increased air relative humidity applied for 3 h prior to the beginning of the experiment;
(c) MET—trees sprayed with 247.5 mg/L metamitron; (d) MET + HH—trees submitted to the combination
of increased humidity (HH) and metamitron (MET) application. In Belgium, metamitron absorption by
leaves was greater than in Spain. This might be related to morphological characteristics of the leaves
which developed under greater natural relative humidity levels in Belgium than in Spain. Compared to
MET alone, ‘Braeburn’ and “Elstar” demonstrated significantly greater metamitron absorption, 59% and
84%, respectively, under MET + HH, accompanied by declines in leaf net photosynthesis (10% and 32%,
respectively) and sucrose (31% and 26%, respectively). At harvest, MET + HH treatment reduced yield by
24% and 32% in ‘Braeburn’ and ‘Elstar’, respectively, when compared with MET alone. A large reduction
(considered over thinning) in the yield of ‘Elstar’ occurred. In contrast, metamitron absorption by ‘Golden
Reinders’ using MET alone was similar to MET + HH; however, there was a slight foliar sugar reduction
in the latter treatment. In addition, both treatments enhanced shoot growth and increased fruit abscission
with similar improvements in fruit weight and size. In this study, high relative humidity enhanced fruit
thinning efficacy under certain circumstances, such as age or genetic predisposal, which left the tree
more susceptible to a negative carbohydrate balance. For instance, ‘Braeburn” and “Elstar” were easier to
thin when compared to ‘Golden Reinders’. In addition, this study raises a question that requires further
research regarding the impact of HH before and after spraying as well as its effect in combination with
higher temperatures.
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1. Introduction

Apple (Malus domestica Borkh.) growers’ profits are increasingly dependent on management
strategies that prioritize apple fruit quality for fresh consumption, such as fruit size, to increase the
economic value of the apples. One of the most important practices to achieve good fruit size is
thinning. There are several thinning techniques, although the chemical strategy is the most widely
used. The efficacy of a chemical compound can change between years, orchards, and cultivars [1,2].
Thus, unveiling the factors that can directly enhance the efficacy of chemical thinners is of extreme
importance to provide a practical way of predicting the effects and obtaining a result as close as possible
to the optimal goal.

Metamitron, a systemic triazinone herbicide, is one of the most common thinners used in intensive
apple growing systems. Metamitron acts by inhibiting photosystem (PS) II and disrupts thylakoid
electron transport by blocking the electron transfer between the primary and secondary quinones of
PSII [3,4], leading to the closure of the reaction centers and, ultimately, inhibiting photosynthetic carbon
fixation [3,5]. This will restrict carbohydrate availability, causing a negative carbohydrate balance and
an enhancement of fruit drop [6-9].

Shoot growth might also contribute to a negative carbohydrate balance, as during the early
phase of fruit development, there is a strong competition between the vegetative parts of the tree
and the fruitlets [10]. In the apple tree, shoot growth has priority over fruit growth for carbohydrate
partitioning during the first 40 days after full bloom (DAFB), which strongly contributes to a greater
fruit fall under high vegetative growth [1,11,12]. In addition, orchard-related factors, such as rootstock,
tree age, vigor, bloom density, crop load, and presence of pollinators, should also be considered when
deciding the thinning strategy due to their effects on carbohydrate availability [13,14].

Cultivar traits canlead to different responses to thinning applications [13,15]; therefore, adjustments
are often made depending on the cultivar thinning susceptibility, which can be classified as easy
(‘Braeburn’), average, or difficult (‘Golden Reinders’) to thin [16]. Associated with specific plant
responses, the variability of a chemical compound’s uptake is highly dependent on the meteorological
conditions before, during, and after application, namely the air relative humidity [17,18].

A high relative humidity affects the drying period at the leaf surface after chemical application.
The longer the drying period, the greater the chemical penetration, with the epicuticular wax and
cuticle becoming softer and more predisposed to absorption [19,20]. In addition, a high relative
humidity maintains the turgor pressure of the guard cells, keeping the stomata open, which could
also allow for a greater absorption of chemicals. Absorption occurs through a diffusion process,
from a more concentrated area (leaf surface) to a less concentrated area, through water with a low
diffusion resistance.

If the vapor pressure deficit (VPD) on the leaf surface is low, stomatal conductance is higher [21,22],
and the water gradient will facilitate the penetration of the chemical. Along with the possible entry via
open stomata, the diffusion process happens rapidly [23,24]. Consequently, a high relative humidity
may enhance metamitron absorption, and thus photosynthesis inhibition, increasing the competition
between fruitlets for the reduced available photosynthates. Therefore, as glucose is necessary for
sucrose and sorbitol synthesis, we hypothesized that a decrease in these sugars may be enhanced
by metamitron application under high relative humidity conditions, resulting in a more pronounced
thinning effect.

Meteorological conditions play a crucial role in a tree’s carbon balance [25-27] and could change the
efficacy of metamitron from no thinning response to over-thinning. Evaluating the interactions between
relative humidity and the metamitron thinning effect is, therefore, relevant for understanding reason(s)
for variable thinning efficacies, along with other aspects of the tree response through characterization
of physiological and biochemical parameters for the single and combined applications of metamitron
and high air relative humidity.
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2. Materials and Methods
2.1. Trial Design and Plant Material

2.1.1. Plant Material

In 2018, two trials were performed in Sint-Truiden, Belgium, and, in 2019, one trial was performed
in Girona and one in Lleida, Spain. Trials were held in the experimental orchards of the PCFruit Research
Station—Proefcentrum Fruittteelt vzw, Sint-Truiden, Flanders, Belgium (50°45’49” N/05°09'26” E, 97 m
altitude), with ‘Braeburn’ and ‘Elstar’ trees in separate orchards, grafted on M9 rootstocks, planted in
2014 (4 years old), spaced 3.5 x 1.0 m, with ‘Granny Smith” as the pollinator. The two orchards were
located in the same field, side by side.

In 2019, the trials were performed in the experimental orchards of the IRTA—Lleida research
station, Mollerussa, northeast Spain (41°61’96.37” N/0°87'66” E, 245 m altitude), and at the IRTA
Mas Badia research station, Girona, northeast Spain (42°03’97” N/3°03’13” E, 12 m altitude). In both
locations, ‘Golden Reinders’ apple trees were used, planted in 2003 (16 years old). In Lleida, the trees
were grafted on M9 rootstocks, spaced 4 X 1.4 m, with a canopy height of 3 m and ‘Gala Brookfield”
as the pollinator, while in Girona, the trees were grafted on M9 NAKB rootstock, spaced 3.8 x 1.1 m,
with a canopy height of 2.5 m and ‘Granny Smith” as the pollinator. Both orchards were trained as a
central leader system.

For biochemical evaluations, the leaves were quickly cleaned with a water-wet tissue before being
frozen in liquid Ny. All leaves were finely powdered with a mortar and pestle in liquid N; and kept at
—80 °C until analysis.

2.1.2. Treatment Implementation and Experimental Design

Four treatments were implemented: (a) CTR—control, corresponding to trees under natural
environmental conditions; (b) HH—high humidity, trees submitted to artificially increased air relative
humidity applied for 3 h prior to the beginning of the experiment; (c) MET—trees receiving 247.5 mg/L
metamitron applied as described below; (d) MET + HH—trees receiving the combination of increased
air relative humidity (HH) and metamitron (MET) application.

The MET application was performed at a fruit diameter of 12-14 mm. All sprays were made
using the recommended dose of 247.5 mg/L metamitron—as the active ingredient of Brevis® (ADAMA,
Telaviv, Israel)—per 1000 L ha™!, using a hand-gun sprayer. Metamitron and/or relative humidity
treatments were imposed between the 29th of April and the 16th of May.

In Sint-Truiden, to raise the relative humidity, a plastic cover was placed over the trees. The relative
humidity was increased by two centrifuge humidifiers of type EPA with foggers with an output of
2-20 L/hour (JDK, Sint-Truiden) placed in the middle of the area. Due to the high relative humidity
outside on the application day (65.9%), in addition to the 3 h of increased relative humidity prior
spraying, it was also increased for 1 h after the metamitron was applied. In Girona and Lleida, a similar
plastic cover was used, but the high relative humidity was achieved with irrigation sprinklers Super 10
(Novagric, Almeria, Spain), placed at a 1 m distance on both sides of the trees. The irrigation system
was connected to a water tank coupled to a tractor working at 4.5 bar.

To monitor the environmental conditions in each trial, sensors for the temperature and relative
humidity record were installed inside and outside the structures on both sides and in the middle
(with and without HH); in each case in the upper (2 m) and lower (1 m) levels of the trees. In Girona,
six EasyLog USB Data Loggers (Lascar Electronics, Wiltshire, UK) were used; in Lleida, six Testo
177-h1 sensors were used (Testo, Titisee-Neustadt, Germany); and six Testo 174H sensors (Testo,
Titisee-Neustadt, Germany USA) were used in Sint-Truiden.

The initial number of flower clusters per tree was homogeneous among treatments in each orchard.
The experimental design in each orchard was a randomized complete block, with four blocks each with
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four trees per treatment in each block, in which the two central trees of each set of four were measured,
for a total of eight measured trees per treatment.

2.2. Metamitron Concentration

Leaf samples for the metamitron and its main metabolite concentration, desamino-metamitron,
were collected two days after spraying (DAS). Each sample was a pool of three shoot leaves from the
top, middle, and bottom part of each tree, with one sample taken from the eastern and another from
the western side of the canopy, for a total six repetitions per treatment.

Metamitron extraction was conducted according to the QUEChERS method [28] (quick, easy,
cheap, effective, rugged, and safe) using 500 mg fresh weight (FW) of frozen leaf powder and 3 mL of
acetonitrile. The samples were shaken manually for 1 min, after which, 1.95 g of extraction Supel™ QuE
Citrate Extraction Tube (Sigma-Aldrich, Missouri, United States of America) was added, containing1.2 g
of magnesium sulfate, 0.3 g of sodium chloride, 0.15 g of sodium citrate dibasic sesquihydrate, and 0.3 g
of sodium citrate tribasic dehydrate. The samples were further shaken manually for 1 min and
centrifuged (6000x g, 5 min, 4 °C). An aliquot of 1.2 mL of the supernatant was transferred to a
2 mL Supel™ QuE Verde clean-up tube (Sigma), vortexed, and further centrifuged (6000x g, 5 min,
4 °C). The obtained supernatant was filtered (0.45 um filter, PTFE), and injected on a LC-MS/MS
(Waters, USA). Standard curves were used for the quantification of metamitron (Sigma-Aldrich,
Missouri, United States of America) and desamino-metamitron-desamino (LGC Standards, USA).

2.3. Leaf Net Photosynthesis

Leaf net photosynthesis measurements (P,) were performed in Sint-Truiden five and seven
days after spraying (DAS) in recently fully developed shoot leaves at about 1.5 m in height with a
portable Infrared Gas Analyzer (IRGA) LCi Ultra Compact Photosynthesis System (ADC BioScientific,
Hoddesdon, UK), under ambient conditions of irradiance, air humidity, temperature, and CO; supply,
between 10:00 and 12:00. In each of the four blocks, one evaluation in the eastern and one in the
western side of the canopy were performed, totaling eight measurements per treatment.

2.4. Leaf Soluble Sugars

Leaf sampling for non-structural sugar quantification was performed five and seven days after
spraying (DAS) in Sint-Truiden and 2, 5, and 10 DAS, in Lleida and Girona, always between 11:00 and
12:30 h. In Sint-Truiden, six repetitions of a pool with two shoot leaves and two cluster leaves were used.
In Lleida and Girona, sampling consisted of ten separate shoot leaves per treatment. The quantification
of sucrose, fructose, glucose, and sorbitol was based on the method described by [29], using about
150 mg FW frozen leaf material. The separation of sugars was performed using a Sugarpakl column
(300 x 6.5 mm, Waters) at 90 °C, with H,O (containing 50 mg EDTA-Ca L‘l) as the eluent, at a flow rate
~! in an HPLC system equipped with a refractive index detector (Model 2414, Waters,
Milford, USA). Standard curves of each sugar were used for quantification.

of 0.5 mL min

2.5. Shoot Growth

Shoot growth was measured in Girona and Lleida using eight bourse shoots per block (total 32 shoots
per treatment). The shoot length was measured on the day of metamitron application and 10 days after
spraying (DAS).

2.6. Yield Parameters

All fruit was harvested from each tree at harvest. The number of fruit per tree, yield, fruit weight, and
distribution per fruit size were determined using a commercial sorting machine (Maf Roda Agrobotic,
Montauban Cedex, France).
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2.7. Statistical Analysis

Data were subjected to an analysis of variance, through a one-way ANOVA, to evaluate the
differences between treatments on one single day after spraying, or a two-way ANOVA to evaluate
the differences between the four treatments, across the several days after spraying. Means were
compared by Tukey’s Honestly Significant Difference (HSD) test at « = 0.05. Each ANOVA was
performed independently for each of the trials. The statistical analysis was performed using Statistix 9
(Analytical Software, Tallahassee, FL, USA).

3. Results

3.1. Environmental Conditions

A brief characterization of the environmental conditions in the four trials is shown in Table 1.
For the global irradiance, the night temperature before application, and the diurnal temperature on
the day of application, the values were very homogeneous between the two years and locations.
The average night temperature after application was always lower than 13.5 °C, although it was higher
in Girona by 3 °C compared with the other locations. The highest relative humidity increase was
registered in the trial performed in Girona (35.3%).

Table 1. Summary of the meteorological conditions in each trial: the cultivar, fruit diameter at the time
of metamitron application, average of daily irradiance during 5 days after spraying (DAS) (MJ/m?2),
average night-time temperature from 20:00 to 8:00 h during 5 nights before and after spraying (°C),
average diurnal temperature from 8:00 to 20:00 h on the spraying day (°C), and average air relative
humidity during the 3 h prior spraying (%) in environmental conditions (Control) and high relative
humidity conditions (HH).

Global Irradiance  Night Temperature  Night Temperature . Relative
. T 2 ° ° Diurnal Temperature . qe
Location/ Fruit Diameter MJ/m*—5 C—5 C—5 °C—Application Da Humidity
Cultivar (mm) Days After Nights Before Nights After PP y %
Control Control Control Control Control HH
2018
Sint-Truiden/ 14+0.1 217 £ 06 12106 9.7 +09 172409 659436 739+27
Braeburn
,Sélr;'aTr’,‘“de“/ 13+0.1 21706 121406 9.7+09 172409 659436 739+27
2019
Giona/ - yh01 214+24 12.0 %09 134+04 169 +0.8 408+10 76137
Golden Reinders'
Lleida/
P . , 12+0.2 214+19 11.1+1.1 103 +1.1 185 +1.0 443+14 58.0+3.3
Golden Reinders'

In Sint-Truiden, the relative humidity was increased by an average of 8% for 3 h prior to spraying.
However, as described above, the relative humidity was also increased during the 1 h after spraying,
from 48.6% to 68.6%. Along with the relative humidity increase, there was an average temperature
increase of 7.5 °C (Figure 1). In the case of Lleida and Girona, the relative humidity was raised 13.7%
and 35.3%, respectively, and the temperature inside the structure was 1 °C less in both locations.
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Figure 1. Difference in relative humidity and temperature between the outside and the inside of
the plastic covered trees during the humidity increase period in Sint-Truiden, Belgium, in 2018 (m),
and Girona (A), and Lleida (e), Spain, in 2019. The solid line represents the air relative humidity (%),
and the dashed line represents temperature (°C).

3.2. Metamitron Concentration in Leaves

In the trials in Sint-Truiden, the increased relative humidity significantly increased the metamitron
absorption (MET + HH), 59% and 84%, and increased desamino-metamitron formation, 49% and 58%,
in ‘Braeburn” and ‘Elstar’, respectively, as compared to MET alone (Figure 2), observed by 2 DAS when
the maximal absorption is expected to occur, as previously found in our preliminary experiments
(data not shown). In Girona and Lleida, the metamitron and desamino-metamitron content did not
significantly differ in the MET or MET + HH treatments. Metamitron absorption by ‘Golden Reinders’
(Lleida and Girona) was similar to that by ‘Elstar” (Sint-Truiden); however, the desamino-metamitron
content was higher when compared with the trials in Sint-Truiden. Among the cultivars, ‘Braeburn’
showed 50% higher absorption than the other cultivars.

100 - (A)

Metamitron (mg g'' DW)

‘Braebum’ ‘Elstar' ‘Golden’ ‘Golden’
Sint-Truiden  Sint-Truiden Lleida Girona

s MET SMET+HH

w
(=
o

(8)

N
o
o

Desamino-metamitron (ug g! DW)

100 N

\

b 2 a \

b \
I\ NN N N
‘Braebum’ ‘Elstar’ ‘Golden’ ‘Golden’
Sint-Truiden  Sint-Truiden Lleida Girona

aMET oMET+HH

Figure 2. (A) Metamitron and (B) desamino-metamitron evaluated 2 days after spraying (DAS), in the
trials with ‘Braeburn’ and ‘Elstar” apples in Sint-Truiden, Belgium, and with ‘Golden Reinders’ apple
in Girona and Lleida, Spain. For each parameter, the mean values + SE (n = 6) with different letters
express significant differences between treatments within each cultivar/location using Tukey’s HSD test
(a-value < 0.05). No letters indicate no significant difference between means.
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3.3. Leaf Net Photosynthesis

The HH treatment did not affect the P, values of the cultivars ‘Braeburn’ and ‘Elstar’;
however, MET significantly decreased P, by 62% and 50% at 5 DAS and 33% and 35% at 7 DAS,
in ‘Braeburn’ and ‘Elstar’, respectively, as compared to the CTR (Figure 3). The majority of the apparent
MET recovery was related to a P, reduction in CTR and HH from 5 to 7 DAS, due to cloudy conditions.

N w
o o
L M

P, (Mmol CO, m2 s'1)
> o

[8)]

7

o

'‘Braebum’

mCTR mHH OMET AMET+HH

Figure 3. Leaf net photosynthesis (P) (umol CO, m~2s71) evaluated 5and 7 days after spraying (DAS),
in the trials with ‘Braeburn” and ‘Elstar” apples in Sint-Truiden, Belgium. For each parameter, the mean
values + SE (n = 8) followed by different letters express significant differences between treatments
within each day (a, b, and c), or between days within each treatment (A, B), using Tukey’s HSD test
(a-value < 0.05). Treatments were control (CTR), increased relative humidity for 3 h prior spraying
(HH), metamitron application at 247.5 mg/L (MET), and their combination (MET + HH).

Concerning MET + HH, ‘Braeburn’ and “Elstar” exhibited a tendency to a further P,, decrease than
compared with MET 5 and 7 DAS, although this was significant only for the latter.

3.4. Leaf Soluble Sugars

The HH treatment led to only a few modifications in the leaf soluble sugar content. The only variation
registered was an increase in sorbitol in ‘Braeburn’, both at 5 and 7 DAS (Table 2). Metamitron (MET)
significantly reduced the sucrose, fructose, sorbitol, and total sugar content at 5 and 7 DAS in ‘Braeburn’.
‘Elstar’ showed similar trends, with significant reductions in sucrose (5 DAS), fructose (7 DAS), as well
as of sorbitol, and the total sugars on both days (Table 2). In ‘Golden Reinders’ at Girona and Lleida,
MET also reduced the sucrose content to one third and one fourth at 2 DAS, in Girona and Lleida,
respectively, compared to the CTR (Table 3). At 5 DAS, these differences were somewhat reduced in
Girona, whereas, in Lleida, the trees still presented a reduced content of sucrose of 50% compared to the
CTR (Table 3). A similar reduction was observed in the sum of all analyzed sugars in Lleida and Girona
(2 DAS) and in sorbitol and total sugars, in Lleida and Girona, respectively (5 DAS). However, the effect
on these sugars was not as strong as with sucrose. In general, the lowest sugar contents were observed
between 5 and 7 DAS. In contrast, the fructose content increased significantly in ‘Golden Reinders’ at
Lleida and Girona at 2 and 5 DAS.
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Table 2. The sucrose, glucose, fructose, sorbitol, and total sugar concentration in the leaves (mg g~! dry

weight (DW)) evaluated 5 and 7 days after spraying (DAS) in trials with ‘Braeburn” and ‘Elstar” apples

in Sint-Truiden, Belgium.

5 DAS
Treatment *
Sucrose Glucose Fructose Sorbitol Total
‘Braeburn’
CTR 328+23 aAY 287+24 NS 32+05 aA 85.7+54 bB 150.6 + 10.1 aA
HH 320+ 1.6 aA 319+ 1.8 31+0.3 aA 98.4+35 aB 166.2 £ 6.7 aA
MET 234+22 bA 282+0.9 23+04 bA 75.8 +£5.2 cB 131.7+7.6 bA
MET + HH 17.7+18 cA 314+24 30+0.6 aA 70.0 £ 3.6 cA 122.0+6.2 bA
‘Elstar’
CTR 36.6 + 1.8 aA 39.6+24 aA 78+0.5 aA 100.7 + 2.8 aA 184.7 +4.6 aA
HH 340+15 aA 409+23 aA 6.8+0.7 aA 99.6 +3.3 aA 181.2 + 6.1 aA
MET 30.2+25 bA 39.8+2.6 aA 6.4+0.5 aA 82.6 +3.4 bA 159.0 £ 8.2 bA
MET + HH 226+1.2 cA 394+19 aA 34+05 bA 822+3.6 bA 147.6 + 4.8 bA
7 DAS
Sucrose Glucose Fructose Sorbitol Total
‘Braeburn’
CTR 15.7 £ 0.6 abB 309+13 NS 24+0.2 aA 98.0 £2.1 bA 1471 + 34 bA
HH 19.7+23 aB 342+25 26+0.7 aA 1225+ 6.5 aA 179.0 £9.3 aA
MET 13.1+0.8 bB 28.6 +2.8 19+04 bB 86.0 + 5.0 cA 129.7 + 6.7 cA
MET + HH 10.6 £ 1.6 bB 28.0+3.5 1.6+04 bB 77.3x7.3 cA 1175+ 11.8 cA
‘Elstar’
CTR 294 +4.1 aA 394+24 aA 93+19 aA 102.6 +£ 3.2 aA 191.0 £ 49 aA
HH 31.0+1.2 aA 383+22 aA 6.1+04 abA 98.4 +3.7 aA 1739+ 7.0 bA
MET 259 +1.1 aA 34.1+0.8 aA 52+05 bA 88.3+4.0 bA 1535 +5.2 cA
MET + HH 16.5+29 bB 26.7 +4.1 bB 41+0.6 bA 64.9 +10.2 cB 1123 +17.6 dB

* Treatments were control (CTR), increased relative humidity for 3 h prior spraying (HH), metamitron applied at
247.5 mg/L (MET), and their combination (MET + HH). Y For each parameter, the mean values + SE (1 = 6) followed
by different letters indicate significant differences between treatments within each day (a, b, and c), or between days
within each treatment (A, B), using Tukey’s HSD test at & < 0.05. NS indicates no significant difference among values.

Table 3. The sucrose, glucose, fructose, sorbitol, and total sugar concentration in the leaf (mg g_1 DW)

evaluated 2, 5, and 10 days after spraying (DAS) in the trials with ‘Golden Reinders’ apple in Lleida

and Girona, Spain.

2 DAS
Treatment *
Sucrose Glucose Fructose Sorbitol Total

Leida
CTR 19.0+ 1.3 aBY 275+1.2 aA 72+05 bA 62.1+3.7 aB 1223 +25 aA
HH 215+14 aB 266 +14 aA 8.0+0.7 bA 66.2 +2.3 aB 115.8 +3.9 abA
MET 148+ 1.6 bA 252 +14 aA 9.8+1.0 aA 56.3 + 3.6 aB 106.1 + 3.7 bB
MET+HH 152 +2.6 bA 250+1.3 aA 87+0.8 abA 60.4 + 3.1 aB 1105+ 2.6 bB

Girona
CTR 16.6 £ 0.9 aA 21.7+£1.0 aA 72+04 bA 53.8 +2.0 NS 99.3 +2.1 aA
HH 137+ 1.0 aA 20.6 +1.2 aA 72+04 bA 60.0 +2.7 101.6 + 2.5 aA
MET 9.7 £0.7 bA 19.7 £ 0.7 aA 92+0.6 aA 55.1+1.2 938+ 1.7 bA
MET+HH 10.0 £ 1.0 bA 18.1 £ 0.8 aA 10.3 £ 1.0 aA 60.9 +1.8 99.2 +2.0 aA

5DAS
Sucrose Glucose Fructose Sorbitol Total

Leida
CTR 29.3+19 aA 21.8+05 abB 6.2+ 0.6 bA 76.3 +£3.2 aA 129.7 +5.8 aA
HH 31.7+£22 aA 23.8+09 aA 59+02 bB 752 £ 3.7 aA 133.2+5.8 aA
MET 16.5+ 2.5 bA 19.3+£09 bB 9.6+1.2 aA 68.2 £ 6.6 bA 120.7 £4.7  abA
MET+HH 153+ 1.8 bA 19.2+0.7 bB 87+0.8 aA 62.6 +3.6 bB 105.8 + 4.5 bB

Girona
CTR 134 +09 aA 243 +0.6 aA 72+04 bA 58.6 +1.9 NS 103.7 £ 2.5 aA
HH 135+ 0.6 aA 21.6 £0.7 abA 59+04 bA 55.3+2.0 96.3 +1.9 abA
MET 88+1.0 bA 19.8 +1.0 bA 84 +07 aA 56.7 £ 2.7 93.6 £3.2 bA
MET+HH 94+08 bA 19.5+09 bA 71+£0.8 bB 544 +25 88.7+1.9 bB
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Table 3. Cont.

10 DAS
Sucrose Glucose Fructose Sorbitol Total
CTR 16.8 £0.7 aB 23.0+1.1 aB 6.6 0.6 aA 80.7 £2.9 aA 126.0 £2.0 aA
HH 175+ 0.8 aB 24.0+09 aA 73+04 aA 81.1+32 aA 132.0+2.7 aA
MET 15.8 £ 0.8 aA 243 +1.0 aA 75+05 aB 76.6 £2.8 aA 1241+ 3.0 aA
MET+HH 16.8 £ 0.9 aA 242 +09 aA 6.8 +0.5 aB 78.6 3.1 aA 126.3 £ 3.0 aA

* Treatments were Control (CTR), increased relative humidity for 3 h prior spraying (HH), metamitron applied at
247.5 mg/L (MET), and their combination (MET+HH). Y For each parameter, the mean values + SE (1 = 6) followed
by different letters indicate significant differences between treatments within each day (a and b), or between days
within each treatment (A, B), using Tukey’s HSD test at a < 0.05. NS indicates no significant difference among values.

The combined exposure to metamitron and high relative humidity conditions (MET+HH)
significantly exacerbated the MET impact on sucrose reduction in both cvs. at 5 DAS and on ‘Elstar” at
7 DAS (Table 2). Sucrose content was significantly lower in ‘Braeburn’ (31%) and “Elstar” (26%) than
under MET. For many other sugars, values observed in the MET + HH treatment did not always differ
from the MET alone treatment (Tables 2 and 3). Additionally, at 7 DAS, “Elstar” presented significantly
lower values for all sugars except fructose under MET+HH conditions when compared with MET.
Notably, in Lleida, differences observed among the four treatments until 5 DAS were no longer present
at 10 DAS for all of the sugars.

3.5. Shoot Growth and Yield Parameters

The increase of relative humidity (HH) did not alter the daily shoot growth rate; however, both MET
and MET+HH treatments induced significant increases of 40% in ‘Golden Reinders’ at Lleida
(both treatments), and 120% in MET, and 96% in MET+HH in Girona compared to the CTR (Figure 4).

Figure 4. The daily shoot growth rate (mm~! day) evaluated 10 days after spraying (DAS), in the
trials with ‘Golden Reinders’ apple at Lleida and Girona, Spain. Mean values + SE (n = 32)
followed by different letters express significant differences between treatments within each day
using Tukey’s HSD test (@ < 0.05). Control (CTR), increased relative humidity for 3 h prior spraying
(HH), metamitron 247.5 mg/L (MET), and their combination (MET+HH).

The HH conditions did not significantly affect the yield parameters, regardless of the year and
cultivar (Table 4). In contrast, MET significantly decreased the number of fruits and the yield and,
consequently, improved the fruit quality in all the parameters analyzed in Sint-Truiden in ‘Braeburn’ and
‘Elstar’, while in Girona and Lleida, in ‘Golden Reinders’, the same tendency was observed although not
significantly (except for an increase in the percentage of fruits in the fruit size class >70 mm, in Girona).
MET strongly reduced the number of fruits per 100 flower clusters, 60% and 51%, in ‘Braeburn” and
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‘Elstar’, respectively, with a consequent improvement in the percentage of fruits larger than 70 mm of
20% in both cultivars.

Table 4. The number of fruits per 100 flower clusters, fruit weight (g), yield per tree (kg), and fruits in
the fruit size class >70 mm (%) at harvest, in trials with ‘Braeburn” and “Elstar” apples performed in
Sint-Truiden, Belgium, and with ‘Golden Reinders’ in Lleida and Girona, Spain.

Location Cl;let:;ar Treatment ? Floljvnelrlt(sj/lluos(:ers Fruit Weight (g) Yle:lc(lgree f;r::t;
CTR 62.0 +5.4 a¥ 1660+44 b  147+09 a 759+33 b
‘Braeburn’ HH 580 +5.5 a 1701+45 b 144+13 a 799+46 b
2018 MET 27.1+57 b 2148+78 a 74+09 b  944+46 a
. . MET+HH 20.6 +4.4 b 2418+54 a  78+13 b  989x11 a
Sint-Truiden
CTR 104.3 + 12.2 a 121.0+65 b 98+06 a 679+91 b
‘Elstar’ HH 101.0 + 14.2 a 1253+67 b  88+12 a 603+54 b
2018 MET 624+123 ab 151051 a  69+10 ab 839%26 a
MET+HH 425442 b 1571+45 a 47+06 b 877+30 a
, CTR 1416+85 NS 1267+50 NS 482+35 NS 226+63 b
Girona ggﬁ;, HH 1432479 129.4 +4.8 411+41 284+45 b
MET 126.7 + 9.0 141.6 + 8.5 38.1£4.0 430+26 a
2019 MET+HH 1294 +4.38 1432429 347 +26 26+34 a
, CTR 1378+69 NS 1131+47 NS 451+35 NS 44173 NS
. Golden iy 127.0+ 9.5 118.8 +3.2 452+ 4.1 462 +34
Lleida Eoe;gders MET 1064 + 6.2 129.4 2.8 39.1+0.8 61.3 +2.0
MET+HH 104.0 + 14.6 127.6 + 4.9 38.1+33 58.3 + 4.0

* Treatments were Control (CTR), increased relative humidity for 3 h prior spraying (HH), metamitron applied at
247.5 mg/L (MET), and their combination (MET+HH). Y For each parameter, the mean values + SE (1 = 8) followed by
different letters indicate significant differences between treatments using Tukey’s HSD test at & < 0.05. NS indicates
no significant difference among values.

In ‘Golden Reinders’, the tree response to metamitron was lower, resulting in smaller reductions in
the number of fruits per 100 flower clusters, ranging between 10% to 20% in both locations. The outcome
in the fruit size was significant, resulting in 39% and 25% more fruits larger than 70 mm, in Girona
and Lleida, respectively. In Sint-Truiden, MET+HH promoted an even greater reduction of the fruit
yield per tree and a greater fruit quality improvement. The latter contributed a further decrease in
the number of fruits per 100 flower clusters of 31% and 47% in ‘Braeburn’ and ‘Elstar’, respectively,
compared with MET alone. Consequently, a strong yield reduction and quality increment was observed
in the other parameters. In the trials conducted in Lleida and Girona, there were no differences
observed between MET applied alone and the combined exposure (MET+HH). Although the variation
patterns were quite similar to those found in Sint-Truiden, in most cases, there were no significant
differences between all treatments and their respective CTR.

4. Discussion

4.1. Metamitron Absorption

There are many factors affecting leaf chemical uptake dynamics, with relative humidity being
one of them [17-20]. High relative humidity conditions can affect the leaf morphological structure,
reducing the thickness of the parenchyma and both the adaxial and abaxial epidermis [30,31], leaving a
softer and thinner (less waxy and more permeable) cuticle, which is more prone to chemical absorption.
Previous observations [20] confirmed these aspects as a 50% increase of urea leaf absorption was
observed after a relative humidity increase from 35% to 50%. In addition, the relative humidity
influences the number of stomata in the leaf and its state, and drier conditions result in an increase in
the stomatal number and closure [23,30].

High relative humidity conditions allow a liquid layer to remain on the leaf surface, promoting a
chemical in solution to be absorbed over a longer period of time by increasing the drying period [32].
This was verified by Orbovic et al. [20] who observed the longer persistence of a wet layer of urea
solution for 24 h on grapefruit leaves when the relative humidity levels were 80-100%. Leaves
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developed under more humid and cold climates, such as Sint-Truiden, Belgium, by comparison with
Lleida and Girona, Spain, may have different morpho-structural characteristics, such as those described
above, which allow for a greater absorption, justifying the increase of absorption in this location.

These characteristics may also explain the higher concentration of metamitron in leaves from
the combined treatment (MET+HH) observed in both cultivars in Sint-Truiden, but not in Lleida
and Girona. The temperature increase that occurred only in Sint-Truiden (Figure 1) may have also
influenced absorption. An increase in urea absorption was previously verified when the temperature
was 28 °C compared to 19 °C [20]. In Sint-Truiden (‘Braeburn’ and ‘Elstar’), an increase in temperature
occurred during the HH period, from 16 to 23 °C, which may additionally explain the contrast of no
extra absorption caused by HH at Lleida and Girona. This may also be related to ‘Golden Reinders’
leaf characteristics, which may be less susceptible to morphological changes under different relative
humidity conditions, producing more metamitron degradation.

4.2. Leaf Net Photosynthesis

Metamitron significantly reduced the P, by 50-60% (5 DAS); a greater reduction than the 19%
decrease observed by Gabardo et al. [33] using ‘Golden Delicious” apple with a similar 247.5 mg/L
application, or compared with the 30% reduction by 3 DAS of a 350 mg/L dose in ‘Fuji Suprema’
apple trees [34]. In the latter study, a full P, recovery was observed by 7 DAS, whereas our data by
that time still showed P, values one third lower in MET than in the CTR. The combined treatment
(MET+HH) resulted in a tendency for lower Py, rates in ‘Braeburn’ and significantly lower Py, in “Elstar’
at 5 and 7 DAS, which is in line with the greater absorption of metamitron in the MET+HH treatment

(evaluated at 2 DAS) (Figure 2) as compared with the single MET application in these cultivars.

4.3. Leaf Soluble Sugars

Photosynthesis is active primarily in mature leaf mesophyll cells, and sucrose—the primary
photosynthate—is transported to meristems and sink organs. Sugar sensing and signalling are involved
in the control of growth and development during the entire plant cycle, ensuring the optimal use of
carbon and an appropriate response of the metabolism to specific situations, such as the carbohydrate
shortage caused by photoinhibiting thinners and, at the limit, triggering fruit abscission [13,18].

The strong Py, reduction after metamitron application would have limited the photoassimilate
production in accordance with the lower sucrose and sorbitol content found for the MET and MET+HH
treatments, especially at 5 DAS (Tables 2 and 3). By interrupting the thylakoid electron transfer [3],
metamitron impairs ATP and NADPH; and, therefore, CO; fixation. In this case, a shortage in the
soluble sugar production can be expected, as reported by [35] after applying 75, 150, and 300 mg/L
metamitron in mandarin. A reduction in the total sugars was found at 1 DAS, which persisted until
7 DAS with the 300 mg/L application, leading to a 25% reduction in the number of fruits. In our study,
we saw the strongest reduction in sucrose and sorbitol, at 5 days after a single application of MET,
resulting in a sucrose decrease of 27%, 28% and 44%, in ‘Braeburn’, ‘Elstar’, and ‘Golden Reinders” and
a sorbitol decrease of 12% and 18% in ‘Braeburn” and ‘Elstar’.

In the cultivars ‘Braeburn’ and ‘Elstar’, the minimum values of sucrose and sorbitol were observed
between 5 and 7 DAS after application of MET prior to a 3 h period of high relative humidity (MET+HH).
This treatment, resulted in 25% less sucrose content than MET alone in both cultivars, at 5 DAS, and 36%
less sucrose content than MET on ‘Elstar’, at 7 DAS. The differences between the content of sorbitol in
MET and MET+HH were only significant in “Elstar” at 7DAS, with the latter treatment showing 27%
sorbitol than MET alone. These results in sugar shortage are in line with the absorption increase and
consequent stronger P, inhibition in MET + HH.

4.4. Shoot Growth and Thinning Efficacy

In the early phase of fruit development, there exists a strong sink competition for carbohydrates
between the vegetative parts of the tree (shoots) and the small fruitlets. Under a situation of strong
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vegetative growth, a negative carbohydrate balance and induced fruit abscission is more likely [11].
Under limited sugar availability, during the first 40 DAFB, shoot growth has priority over fruit growth
for carbohydrate partitioning [1,11,12]; therefore, this response has a cost, and may contribute to a
negative CH balance that can enhance fruit abscission.

In the present study, the shoot growth increased after metamitron application, that is, in a soluble
sugar limiting context, confirmed by the general sucrose and sorbitol reduction (Tables 2 and 3),
although starch remobilization from the tree structures into soluble sugars might have compensated in
some extent for the decline of photosynthate production [36-38].

The shoot growth could be interpreted as a tree response to MET application by producing more
fully-functioning leaves capable of restoring the tree photosynthetic capacity, which would have
aggravated the competition with the developing fruits, and contributed to the reduction of the number
of fruits per 100 flower clusters in all cultivars in the MET treatment. This was stronger in ‘Braeburn’
and “Elstar’, which was likely linked to higher metamitron absorption (Figure 2). This greater effect on
fruit numbers in these cultivars promoted a significant improvement in the fruit quality (fruit weight
and percentage of fruits in the fruit size class >70 mm) while reducing the global yield per tree to about
half and 2/3, respectively.

These findings were in line with those reporting a decrease in the number of fruits per tree to
about half, and a rise in the average fruit weight and size, accompanied with a 2/3 reduction in yield in
the cultivar ‘Fred Hough’ apple after spraying with 384 mg/L metamitron [39], and with a 11% and
39% decrease in ‘Golden Reinders” after a 247.5 mg/L application at 12 mm [33], in both cases with a
reduction in yield.

When the metamitron application was performed after a 3 h exposure to high relative humidity
conditions (MET + HH) in the present study, the cultivars responded in a different way. In ‘Braeburn’
and ‘Elstar’, this treatment promoted 24% and 32% less fruit per 100 flower clusters with consequent
improvements in the fruit weight and fruit size, whereas in ‘Golden Reinders’, there was no extra
thinning response compared to MET sprayed under environmental conditions. As described in
Section 4.1 above, leaf morphology varies from cultivar to cultivar, resulting in certain cultivars that
are more susceptible to increased absorption under high relative humidity than others. In addition,
‘Braeburn” and ‘Elstar” were also exposed to 1 h of high relative humidity after spraying (average 18.4%,
although half of the 3 h average in Girona, 35%) and higher temperatures (7 °C), which might indicate
that temperature and relative humidity after spraying have a greater effect on the metamitron efficacy.

The genetic factors, which determine the cultivars that are more prone to thinning, are also expressed
as a cultivar susceptibility. ‘Braeburn’ is classified as an easy cultivar to thin, and ‘Golden Reinders’ is
considered more difficult to obtain a thinning response [16], which is in line with our results. In brief,
the thinning efficacy is a result of many environmental and orchard factors that interact with each other.
A tree’s age influences the vigour and tree carbohydrate reserves, which can make the difference between
a strong thinning efficacy and resistance in response to the application of a thinner. The ‘Braeburn’
and ‘Elstar’ trees were 4 years old, consequently with less reserves and less vigour and were likely
more susceptible to thinning. On the other side, the ‘Golden Reinders’ trees were 16 years old, with a
larger trunk diameter, meaning that many carbohydrate reserves were stored, positively influencing
the carbohydrate balance and, hence, increasing the resilience to environmental changes, such as
high relative humidity. Such trees were apparently less sensitive to metamitron, which affects the
thinning response.

5. Conclusions

Environmental conditions change from region to region, which can be translated as different
leaf morphological and structural characteristics with different absorption capacities. In Sint-Truiden
particularly with ‘Braeburn’ apple, there was more absorption than in Girona and Lleida under ambient
relative humidity, likely due to a higher relative humidity during leaf development. Absorption was
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enhanced by short-term high relative humidity conditions. This resulted in greater P, inhibition and a
strong reduction in the leaf soluble sugar content, primarily for sucrose and sorbitol.

This reduction, together with the tree age, resulted in a large fruit abscissionin MET and MET + HH,
the latter with a tendency for lower numbers of fruit, a higher fruit weight, size improvements, and with
a stronger yield reduction compared with MET alone, an over thinning response. Although with
similar tendencies and together with the permanence of shoot growth, less metamitron absorption
(and higher degradation) in ‘Golden Reinders’, along with the older tree age, would explain the smaller
impact on fruit thinning and yield reduction, fruit weight, and % of fruits over 70 mm.

This study indicated that relative humidity for at least 3 h prior to metamitron application may
enhance metamitron thinning efficacy under specific circumstances, such as greater humidity and colder
temperatures that leave a tree more susceptible to thinning and including the cultivar susceptibility
and tree age. In addition, this raises the question of how temperature, in combination with high
relative humidity (either before or after spraying), can affect the thinning results, which should be
further explored.
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