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Abstract: The shift to cultivation of banana (‘Musa (AAA) Cavendish subgroup’) in screenhouses in
Israel has resulted in a significant increase in plant height and, consequently, increased maintenance
costs. Here, we evaluated the genetic approach to reducing plantation height. Advanced selections of
the local cultivars “Adi’, ‘Zelig’, and ‘Gal’, selected for reduced height, were evaluated in the field.
Growth and yield parameters were recorded and compared with the industry standard cv. ‘Grand
Naine’ for four crop cycles. “‘Adi” and ‘Zelig’ were shorter than ‘Grand Naine’, by 20% and 10%,
respectively, whereas ‘Gal’ lost its short stature over the years. In addition, leaf area was reduced in
the low-stature cultivars. Cumulative yield of “Adi” and ‘Zelig’ was higher than that of ‘Grand Naine’,
by 8.8% for “Adi” and 5.0% for ‘Zelig’, due to higher plant density and number of harvested bunches.
This multiyear study highlights ‘Adi” and ‘Zelig’ as short-stature, highly productive cultivars with
the potential for improved water-use efficiency.
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1. Introduction

Banana (Musa spp.) is ranked first in global production among fruit crops, with
114 million tons produced in 2017 [1]. Banana is also the largest fruit crop in Israel in terms
of production, with ca. 180,000 tons produced in a 3100 ha cultivation area in 2019 [2].
Local selections of cv. ‘Grand Naine’ (genome AAA) are responsible for ca. 95% of banana
production in Israel, due to their relatively short crop cycle, high fruit quality, and high
yields under the limiting subtropical environmental conditions [2,3].

The large and thin banana leaves are prone to shredding by wind, reducing photo-
synthetic efficiency and, consequently, productivity [4]. To reduce wind damage, at the
beginning of the century the Israeli banana industry shifted cultivation from open fields
to screenhouses. Inside the screenhouses, the plants became healthier and more robust,
and productivity improved by 30% due to higher bunch weight and a drop in bunch loss.
Additional benefits included ca. 25% water savings due to net shading, which significantly
reduced evapotranspiration, the ability to grow in plots exposed to high winds that were
not suitable for open-field cultivation, improved fruit quality, and prolongation of the
harvest period [5].

However, the transition to cultivation inside screenhouses has one major downside:
the robust plants are about 50 cm taller than those grown in the open field; plant leaf area
and leaf area index are higher, resulting in higher co-shading [5,6]. The excessive plant
height also results in additional production costs: the need to build high (reaching 6 m)
and expensive screenhouses, and extra labor costs for plantation maintenance, especially
bunch-related actions: propping, bagging, dehanding, and harvesting. Moreover, to reduce
overshading by the bigger plants growing inside the screenhouse, planting density must
be reduced, resulting in a lower number of harvested bunches per unit area. Therefore,
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a significant reduction in plant height and canopy area is urgently needed in the Israeli
banana plantations. Common effective agrotechnical practices used for height and size
control in other fruit crops are not available for banana: grafting—and therefore the use
of dwarfing rootstocks—is challenging in monocots due to the lack of cambium tissue [7].
Topping, a common practice for height and size control in woody plantations and orchards,
is not realistic in plantations of the herbaceous banana, and the application of growth
retardants results in the reduced size of all organs, including bunches, probably due to the
determinate growth habit of the banana ([8], Galpaz N, unpublished data).

In contrast to indeterminate plants, in which competition for assimilate allocation
can occur between the vegetative and reproductive phases, in banana, as a determinate
plant, there is normally a strong positive correlation between plant vigor and bunch size,
and pseudostem circumference and height are good predictors of bunch weight [9,10].
This correlation holds true at the cultivar level. However, the strong correlation between
vegetative and reproductive traits are sometimes uncoupled at the inter-cultivar level, and
short-stature mutants bearing bunches with similar weight to the taller parent plants have
been selected and have served for the development of short-stature high-yielding cultivars,
e.g., dwarf mutants of cvs. ‘Gros Michel” and ‘Gruesa Palmera’ [11,12].

Along with the introduction of agrotechnical innovations, the development of new
banana cultivars is a major driving force for improved productivity and profitability of the
banana industry worldwide. Field trials with banana cultivars have been reported over the
years in many countries, e.g., the Canary Islands, Turkey, Puerto Rico, Australia, and South
Africa [9-11,13-16] to identify cultivars with superior performance under local conditions.

Most of the commercial banana cultivars dominating global production, includ-
ing ‘Williams’ and ‘Grand Naine’, are triploid and sterile [17]. Therefore, conventional
breeding through crosses is not a common practice in bananas. The biotechnological
approach—genetic engineering—is a promising tool for precise banana breeding [18] but
is currently performed only on a limited scale due to technological complexities and regu-
lations, as well as public acceptance issues. Most of the genetic variations generated during
in vitro propagation—designated somaclonal variations—result in inferior horticultural
performance. However, banana breeders have harnessed somaclonal variation as an al-
ternative approach to classical breeding by deliberately increasing somaclonal variation
frequencies and screening for rare somaclonal variants that exhibit desirable traits, such as
disease tolerance [19] and improved fruit quality [20]. Thus, over the years, short-stature
and high-yielding somaclonal variants have been selected in Israeli banana plantations.
The most promising ones were subjected to a continuous process of clonal evaluation
and genetic improvement, through several selection cycles of individual plants showing
improved performance, resulting in the release of short-stature, high-yielding selections.
In the present study, the horticultural performance of three advanced selections of cvs.
‘Adi’, “Zelig’, and ‘Gal” was compared with the industry standard, cv. ‘Grand Naine’. ‘Gal’,
selected in 1977, and ‘Zelig’, selected in 1980, are variants of ‘Williams” and ‘Grand Naine’,
respectively. Their major characteristics were low-to-moderate stature and heavy and
compact bunches. ‘Adi’, selected at the beginning of the 2000s, is a Cavendish variant, also
bearing a compact and heavy bunch [21]. These three cultivars are currently being grown
in Israel on a limited scale. The purpose of this study was to evaluate the horticultural
performance of advanced selections of these cultivars as a means of lowering screenhouse
height and reducing labor costs.

2. Materials and Methods
2.1. Plant Materials

Four advanced selections of cvs. ‘Grand Naine’, ‘Adi’ (Selection no. 9108), ‘Gal’, and
‘Zelig’ were evaluated in this study. Tissue-cultured plants were obtained from Rahan
Meristem Ltd. (Rosh Hanikra, Israel) and were then hardened for 12 weeks at the hardening
facility of Kibbutz Kinneret before planting.
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2.2. Experimental Design

The study was conducted between August 2015 and July 2020, in a 6 m high screen-
house plot in Kibbutz Kinneret (32°70" N, 35°59’ E; 200 m below sea level), located in the
Jordan Valley, Northern Israel. Net type was polyethylene ‘Cristal-Leno” 10% shading
(Ginegar Agro, Ginegar, Israel). Tissue-cultured plants 40-50 cm in height and grown in
1.2 L pots were planted on 18 August 2015. Plant spacing was 3 m between mats along
rows and 3.5 m between rows, with 2 or 3 plants per mat, alternately. Plant density was
2380 plants/ha. The experiment was conducted following a randomized complete block
design, with six replicates. In each replicate, data were collected from 20 plants per cultivar,
for an overall 120 plants per cultivar.

2.3. Plantation Cultivation

The plantation was subjected to standard agronomic practices in the Jordan Valley,
Israel, which included the incorporation of 200 m>/ha cattle manure and 1200 kg/ha super-
phosphate into the soil before planting and nitrogen (300 kg N /ha per year as NH4NO3),
potassium (450 kg K/ha per year as K,O), and phosphorus (50 kg P/ha per year as P,Os)
application via a drip irrigation system. The plantation was drip irrigated daily during the
dry period (from April to November), for a total annual amount of ca. 1700 mm. Cultivation
was almost chemical-free, with one annual application of 1 L/ha neonicotinoid (Confidor)
in the autumn through the irrigation system.

Soil physical properties and mineral content in the research plot were typical of the
Jordan Valley (Table S1). The climate in the Jordan Valley is characterized by two distinct
periods: rainy and relatively cold (November—-March) and dry and hot (April-October).
Meteorological data, collected for the years 2000-2020, are presented in Table S2.

2.4. Data Collection

Data were collected over four crop cycles: parent crop (PC) and the following three
ratoon cycles (R1-R3). Recorded parameters were: pseudostem height and circumference at
1 m after bunch emergence; bunch emergence date and harvest date; number of hands per
bunch and bunch weight; and finger weight of the middle finger from the outer whorl of
the third basal hand. Yield was calculated from the sum of the gross weight of all bunches
harvested from each experimental plot. In Israel, where most of the fruit is marketed as
whole bunches, this gives a close approximation of commercial yield. Maximal length and
width of the third and sixth youngest leaves were recorded for 10 plants with bunches
that emerged between 20 September 2020 and 30 September 2020. Leaf area per plant was
calculated as: leaf length X leaf width x 0.82.

2.5. Data Analysis

All data were subjected to analysis of variance (ANOVA) through JMP version 10 (SAS
Institute, Cary, NC, USA). When the variance was significant, the treatment means were
grouped and analyzed by Tukey test at 5% error probability. Correlations between plant
height and bunch weight were calculated using the multivariate function in JMP. In light
of the high variability in the measured traits between the various crop cycles, each of the
cycles was independently statistically analyzed.

3. Results
3.1. Growth Parameters

7

Cvs. “Adi’ and ‘Zelig’” were consistently significantly shorter than ‘Grand Naine’. “Adi
was the shortest among the tested cultivars. Its average pseudostem height over the four
crop cycles was 57 cm lower than that of ‘Grand Naine’, whereas ‘Zelig’ was shorter by
27 cm than the industry standard cultivar (Table 1). ‘Gal’ was shorter than ‘Grand Naine’ in
the PC and R3 cycles, but in the other two cycles it was taller, and on average, it was taller
by 1 cm (Table 1). The average pseudostem circumference of ‘Adi’ was very similar to that
of ‘Grand Naine’ (Table 1). Trends of increased and decreased pseudostem circumference
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were monitored for ‘Gal” and ‘Zelig’ (Table 1). “Adi” was the sturdiest cultivar, with the
lowest four-cycle average pseudostem height-to-circumference ratio (Table 1), resulting
from a combination of short and wide pseudostem. The height-to-circumference ratio
of cv. “Zelig’ was similar to those of the taller cultivars ‘Gal’ and ‘Grand Naine’, due to
intermediate height and low pseudostem circumference (Table 1).

Table 1. Growth parameters for the various cultivars in each crop cycle and average of all cycles
(n = 60 plants/cultivar for pseudostem height and circumference and 10 plants/cultivar for third-
youngest leaf dimensions and area). AVG is the mean of the four cycles. Values in a row followed by
the same letter are not significantly different (p > 0.05).

Pseudostem Height (cm)

Pseudostem Circumference (cm)

Cycle Grand Naine Gal Zelig Adi Cycle Grand Naine Gal Zelig Adi
PC 290 a 283 ab 266 b 238 ¢ PC 68.5 ab 6:53 70.1a 66.3b
R1 300 a 300 a 270b 240 ¢ R1 71.6a 70.8 a 68.4a 715a
R2 298 b 316 a 272 ¢ 241d R2 68.9Db 73.6a 67.2b 69.7 b
R3 304 a 298 a 275b 243 ¢ R3 73.0a 728 a 693 a 684 a

AVG 298 299 271 241 AVG 70.5 71.6 68.8 69.0

Pseudostem Height: Circumference Ratio Third Youngest Leaf, Dimensions and Area

Cycle Grand Naine Gal Zelig Adi Grand Naine Gal Zelig Adi
PC 423 a 4.08a 3.79a 3.59b Length (m) 2.32a 244 a 2.14b 193¢
R1 419a 424a 3.95a 3.36b width (m) 0.96 a 0.95a 0.88b 0.92 ab
R2 433a 429a 4.05a 3.46Db area (m?) 2.68 a 28la 2.28b 215b
R3 416a 4.09a 3.97 a 3.55b Leneth/width ratio 241a 2.55a 243 a 2.10b

AVG 4.23 4.18 3.94 3.49 8

Length and width of the third youngest leaf were measured after bunch emergence,
and leaf area per plant and length-to-width ratio were calculated. As reported by Satco
et al. [16], cultivar height is positively correlated with leaf dimensions. The maximal
length of leaf 3 in ‘Grand Naine’ and ‘Gal’ was significantly higher than the short-stature
cultivars “Adi” and ‘Zelig’ (Table 1). Leaf maximal width was identical in ‘Grand Naine’
and ‘Gal’, whereas ‘Zelig’ leaf width was the smallest, and ‘Adi’ exhibited intermediate
width (Table 1). Leaf length-to-width ratio is a useful parameter for discriminating between
banana cultivars. ‘Grand Naine’, ‘Gal’, and ‘Zelig’ leaf length-to-width ratios were similar
(Table 1) and resembled their respective ratios reported from the Canary Islands [16],
whereas the ratio in ‘Adi’ was lower (Table 1). This suggests that the source of ‘Adi’ is
‘Dwarf Cavendish’, whereas the other cultivars are derived from the Cavendish cultivars
‘Williams’ (Gal) and ‘Grand Naine’ (Zelig). Despite these differences in leaf dimensions,
the area of leaf 3 in the short-stature cultivars “‘Adi’ and ‘Zelig” was significantly lower
compared with ‘Grand Naine’, 20% and 15%, respectively, whereas ‘Gal’ leaf area per plant
was 5% higher than ‘Grand Naine’ (Table 1). The dimensions and area of the sixth youngest
leaf were similar to the dimensions recorded for the third youngest leaf in all cultivars (data
not shown).

Correlations between pseudostem height and bunch weight in the R1 crop cycle were
calculated. A strong correlation was detected for all cultivars. Interestingly, correlations
were higher in the short-stature cultivars ‘Zelig’ (r*> = 0.86) and ‘Adi’ (r* = 0.84), compared
with those of the taller cultivars ‘Gal’ (r? = 0.73) and ‘Grand Naine’ (r? = 0.76).

3.2. Reproductive Parameters

In Israel, the cycles consisted of a major parent plant population, with bunch emer-
gence from July—August, and a minor, follower plant population, with bunch emergence
from October-November (Figure 1a).
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Figure 1. Reproductive traits. (a) Bunch emergence distribution in cycle R1 expressed in number of
bunches on each of the bunch emergence dates (dd/mm/yyyy), (b) cumulative number of emerged
bunches per hectare over PC-R3 crop cycles, and (c) cumulative number of harvested bunches per
hectare over PC-R3 crop cycles.



Horticulturae 2022, 8, 619

6 of 10

In the PC cycle, the bunch emergence date of cv. “Adi’ was significantly delayed, by
12 days, compared with ‘Grand Naine’ (Table 2). However, the average delay over the
R1-R3 cycles was only 3 days. ‘Gal” and ‘Zelig’ bunch emergence date was the same as
that of ‘Grand Naine’ in the PC cycle, and average bunch emergence date compared with
the reference cultivar in the R1-R3 cycles was identical in ‘Zelig” and 3 days earlier in
‘Gal’ (Table 2). Differences in bunch emergence date among the tested cultivars did not
result from variation in the proportions of parent plant and follower populations in each of
the crop cycles. Figure 1a, depicting bunch emergence distribution in R1, clearly shows
earlier bunch emergence of ‘Zelig’ plants in the major peak from July-August. All cultivars
showed a minor, second peak of bunch emergence from October-November, generated by
the followers (Figure 1a).

Table 2. Reproductive parameters for the various cultivars in each crop cycle and average of all
cycles (n = 150 plants/cultivar for bunch emergence date and bunch-filling duration in the various
cycles). AVG is the mean of R1-R3 (bunch emergence date and bunch-filling parameters) and PC-R3
(emerged bunches per hectare and harvested bunches per hectare) cycles. Values in a row followed
by the same letter are not significantly different (p > 0.05).

Bunch Emergence Date (dd/mm/yy) Bunch-Filling Duration (days)

Cycle  Grand Naine Gal Zelig Adi Cycle Grand Naine Gal Zelig Adi
PC 06/08/16b  06/08/16b 07/08/16b 18/08/16 a PC 144 ab 143 ab 133b 162 a
R1 08/08/17a  28/07/17a 03/08/17a 09/08/17 a R1 102 a 99 a 106 a 106 a
R2 28/07/18a  22/07/18a 20/07/18a 31/07/18a R2 116 a 106 a 113 a 114 a
R3 02/08/19a  10/08/19a 14/08/19a 07/08/19a R3 121a 116 a 117 a 128 a

AVG 08/02 07/30 08/02 08/05 AVG 113 107 112 116

Emerged Bunches/ha Harvested Bunches/ha

Cycle  Grand Naine Gal Zelig Adi Cycle Grand Naine Gal Zelig Adi
PC 3691 a 3135 a 3671a 3631a PC 2460 a 2421 a 2381 a 2540 a
R1 2718 a 2817 a 2659 a 2500 a R1 2421 a 2520 a 2381 a 2180 a
R2 2480 b 2420 b 2896 a 2956 a R2 2381 b 2301 b 2933 a 2837 a
R3 2599 b 2738 b 2996 a 3055 a R3 2539b 2619b 2837 a 2936 a

AVG 2872 2778 3056 3036 AVG 2450 2465 2633 2623

Bunch-development rate is expressed as: bunch-filling duration—the number of days
between bunch emergence and harvest. In the PC cycle, ‘Adi’ showed the slowest bunch
development, 19 days more than ‘Grand Naine’, whereas ‘Zelig’ showed the fastest bunch-
filling rate (Table 2). As expected, the following R1-R3 crop cycles were much faster. ‘Adi’
took slightly longer on average, whereas ‘Gal’ and ‘Zelig’ bunch development was 6 days
and 1 day faster than ‘Grand Naine’, respectively (Table 2).

The number of emerged bunches per hectare in cvs. ‘Adi’ and ‘Zelig’ in the PC and R1
crop cycles was slightly lower than in ‘Grand Naine’. However, in the R2 and R3 cycles,
this trend was notably reversed, with the cumulative number of emerged bunches per
hectare in the four cycles (12,142 for ‘Adi’ and 12,222 for ‘Zelig’) being 5.7% and 6.4%
higher, respectively, than in ‘Grand Naine’ (Table 2, Figure 1b). ‘Gal’ appeared to be less
productive, with a 3.3% lower cumulative number of emerged bunches compared with
‘Grand Naine’ (Table 2, Figure 1b).

All tested cultivars outperformed ‘Gal’ in terms of cumulative number of harvested
bunches. ‘Zelig’ ranked first, with 10,592 bunches/ha (7.4% more bunches than ‘Grand
Naine’), followed by ‘Adi’ (10,493, 7.1%), ‘Gal’ (9861, 0.6%), and ‘Grand Naine’, with
9801 bunches (Table 2, Figure 1c).
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3.3. Yield Traits

Average bunch weight in the four crop cycles was highest in ‘Gal” among the tested
cultivars (Table 3). Interestingly, heavy bunch crop cycles (PC and R2) were followed by
reduced bunch weight in the following crop cycles (Table 3). ‘Adi” presented stable and
consistently higher bunch weight than ‘Grand Naine’ in all crop cycles, whereas ‘Zelig’ was
slightly inferior for all cycles (Table 3).

Table 3. Yield parameters for the various cultivars in each crop cycle and average of all cycles
(n =150 plants/cultivar). AVG is the mean of PC-R3 for all traits. Values in a row followed by the
same letter are not significantly different (p > 0.05).

Bunch Weight (kg) Yield (ton/ha)

Cycle Grand Naine Gal Zelig Adi Cycle Grand Naine Gal Zelig Adi
PC 29.6 b 334a 29.0b 31.4ab PC 795a 794 a 80.1a 774 a
R1 294 a 293 a 294 a 30.4a R1 71.1a 739 a 69.8 a 66.2a
R2 31.0 bc 33.6a 29.6 c 31.7b R2 734b 772 ab 83.9 ab 93.2a
R3 27.8 a 294 a 26.8a 28.7 a R3 70.8 a 76.7 a 75.8 a 84.2a

AVG 29.5 31.4 28.7 30.6 AVG 73.6 76.7 77.2 80.2

Hand Number in Bunch Finger Weight (g)

Cycle Grand Naine Gal Zelig Adi Cycle Grand Naine Gal Zelig Adi
PC 123 a 11.8a 119a 121a PC 148 a 158 ab 147 ab 136 b
R1 119a 11.8 a 116a 12.1a R1 173 a 181 a 177 a 178 a
R2 126a 13.1a 123 a 13.0a R2 177 a 185 a 170 a 161 a
R3 123 a 126a 11.7 a 123 a R3 156 a 153 a 151a 146 a

AVG 12.3 12.3 11.9 124 AVG 164 169 161 155

Yield in the trial plot was high in all cycles. Accordingly, all tested cultivars out-
performed the industry standard cv. ‘Grand Naine’ in terms of cumulative yield. The
highest-yielding cultivar was ‘Adi” due to its cumulative yield of 320.1 ton/ha (8.8% higher
yield than ‘Grand Naine’), followed by ‘Zelig’ (309.5 ton/ha, 5%) and ‘Gal’ (307.2 ton/ha,
4.2%) (Figure 2).

350
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< 200
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>
> 150
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2 100
£
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“ 50
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Grand Naine Gal Zelig Adi
mPC ER1 mR2 R3

Figure 2. Cumulative yield (ton/ha) over the four crop cycles in the various cultivars.
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Finger weight is an important trait in banana, directly affecting fruit price. Although
only statistically significant in the PC cycle, a trend of lower finger weight was recorded
in “Adi’, with an average finger weight reduction of 5.1% compared with ‘Grand Naine’,
whereas ‘Gal’ fingers were 3.4% heavier than those of ‘Grand Naine’ (Table 3). Number of
hands in the bunch was similar in all tested cultivars, except ‘Zelig’, which was slightly
inferior to ‘Grand Naine’ (Table 3).

4. Discussion

The first standard cultivar in Israel was ‘Dwarf Cavendish’, which was widely grown
in the 1920s. The compact and sturdy plant architecture conferred high wind resistance
and facilitated bunch management. Additional advantages of ‘Dwarf Cavendish’, typical
to short-stature banana cultivars, included fast crop cycles and high planting densities [15].
The demand for improved fruit quality, mainly larger fruit size, resulted in the transition to
cv. ‘Williams’, which had ideal bunch and finger characteristics. This was later replaced by
cv. ‘Grand Naine’, combining good fruit quality, faster cycles, and moderate height [22,23].

In light of the statement by Robinson et al. (1993) that “a clone with ‘Dwarf Cavendish’
stature and ‘Williams’ bunch characteristics would thus be an ideal banana for the subtrop-
ics”, the goal of this study was to identify short-stature and high-yielding alternatives to the
industry standard cv. ‘Grand Naine’. The two cultivars ‘Zelig’ and ‘Adi” were significantly
shorter than ‘Grand Naine’. However, the current clone of ‘Gal’ evaluated in this study has
lost its short stature due to continuous rounds of selection focusing on higher bunch weight
rather than plant height (Gal Or, personal communication). ‘Zelig’ and ‘Gal” were studied
in a field trial in the Canary Islands. In agreement with the current study, ‘Zelig’ had a
shorter stature than ‘Grand Naine’, with a 59 cm reduction in plant height [16]. However,
in the latter study, ‘Gal’ was also shorter than ‘Grand Naine’, highlighting the evolution of
height over the years in cv. ‘Gal’.

Annual yield level is determined by a combination of bunch weight and number of
harvested bunches per unit area. The four-cycle cumulative yields of all tested selections
were higher than that of ‘Grand Naine’. Number of harvested bunches was similar for ‘Gal’
and ‘Grand Naine’. Therefore, the increase in cumulative yield can be explained by heavier
bunches. The two short-stature cultivars, ‘Adi” and ‘Zelig’, produced more harvested
bunches. Although ‘Zelig’ was the fastest producer, in accordance with the results obtained
in the Canary Islands [16], and “Adi” was the slowest, ‘Zelig” did not produce more follower
plants (producing additional bunches harvested in the same year) than “Adi’. Therefore, the
higher number of harvested bunches in these short-stature cultivars presumably resulted
from their reduced co-shading, which allowed a larger number of plants per unit area in
crop cycles R2-R3. These results suggest that ‘Adi’ and “Zelig’ can be successfully grown at
higher planting densities.

Short-stature cultivars are prone to bunch choking and the production of short fingers
in the cold winters of the subtropics [15,24]. Indeed, high levels of choke throat (15-20%
of the bunches), and inferior bunch and finger weight, 9% and 8% less than ‘Williams’,
respectively, were major drawbacks of ‘Dwarf Cavendish’ cultivation in Israel, [22]. The
average four-cycle bunch-loss rates recorded in the present study in the short-stature
cultivars “Adi” and “Zelig’ (13.5% and 13.8%, respectively) were slightly lower than that
for ‘Grand Naine’ (14.7%), suggesting that no massive bunch choking occurred among the
short-stature cultivars in the trial plot. As regards fruit quality, finger weight was slightly
and insignificantly lower in ‘Zelig’ (1.5%) and ‘Adi’ (5%) compared with ‘Grand Naine’.

Water-use efficiency describes the amount of biomass produced per unit of water used
by plants. Most of the water loss in the highly shaded banana plantation soil in Israel is
attributed to leaf transpiration. Measurements of the third leaf’s dimensions revealed a
21% ("Adi’) and 12% (‘Zelig’) reduction in leaf area compared with ‘Grand Naine’. The
area of leaf 3 was used to calculate leaf area per plant [25]. The significant reduction in leaf
3 area observed in this study suggested a potential decrease in leaf area per plant in cvs.
‘Adi’ and ‘Zelig’ compared to the industry standard cv. ‘Grand Naine’. Future detailed
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quantification of plant leaf area, water consumption, and bunch weight should enable
better determination of water-use efficiency in these cultivars.

In the current study, as well as in past studies [9], there was a strong positive correlation
between plant height and bunch weight. We found an interesting trend among the tested
cultivars: the shorter the cultivar, the stronger the correlation. Thus, the highest correlations
were found for ‘Adi’ and ‘Zelig’ (0.84 and 0.86, respectively), and the lowest for ‘Gal’ and
‘Grand Naine’ (0.73 and 0.76, respectively). Through the use of biotechnological tools,
elucidation of the genetic and physiological mechanisms allowing the appearance of short-
stature mutants with no reduction in bunch weight should open new opportunities for the
development of high-yielding short-stature cultivars.

5. Conclusions

The shift to banana cultivation in screenhouses in Israel has resulted in a significant
increase in plant height and a consequent increase in production costs. In the present study,
the genetic approach to plantation-height reduction was considered. Field evaluation of
advanced selections of the local cultivars ‘Adi’, ‘Zelig’, and ‘Gal’, selected for their reduced
height, was carried out. While these advanced selections of ‘Adi” and ‘Zelig’ maintained a
significant short stature compared with the standard cv. ‘Grand Naine’, selection for a ‘Gal’
mutant with bigger bunches resulted in the loss of its short stature. Cumulative yield of
all cultivars was higher than that of the industry standard ‘Grand Naine’, due to higher
plant density for ‘Adi” and ‘Zelig’, and heavier bunches for ‘Gal’. This multiyear study
highlights ‘Adi’ and ‘Zelig” as highly productive short-stature cultivars. The areas of leaves
3 and 6 were reduced in ‘Adi’ and ‘Zelig’, suggesting the potential for improved water-use
efficiency with cultivation at higher densities and reduced transpiration. A comparative
study of water consumption in the low-stature cultivars is ongoing.
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Israel. Data are means of the years 2000-2020.

Author Contributions: LE.: study design, undertaking of the experiment, data collection, and
statistical analysis. A.L., A.R., A.T., G.H.: undertaking of the experiment and data collection. N."G.:
conceptualization of the research, study design, funding acquisition, interpretation of results, and
writing of the article. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Israeli Banana Board and Ministry of Agriculture and
Rural Development, grant no. 21-55-0001.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors extend their thanks to Emi Lahav and Yair Israeli for fruitful
discussions; and to Alex Kaplan and the banana plantation team of Kibbutz Kinneret for trial plot
maintenance and assistance with data collection.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could appear to influence the work reported in this paper.

1.  FAOSTAT 2020. Available online: https:/ /www.fao.org/faostat/en/#home (accessed on 7 June 2022).

2. Bakhshian, O. Review of the banana industry in Israel. Alon H'anotea 2020, 74, 14-16. (In Hebrew)

3. Ticho, R.J. The banana industry in Israel. Trop. Sci. 1960, 13, 289-301.

4 Eckstein, K.; Robinson, J.C.; Fraser, C. Physiological responses of banana (Musa AAA.; Cavendish sub-group) in the subtropics. V.
Influence of leaf tearing on assimilatio potential and yield. J. Hortic. Sci. 1996, 71, 503-514. [CrossRef]


https://www.mdpi.com/article/10.3390/horticulturae8070619/s1
https://www.mdpi.com/article/10.3390/horticulturae8070619/s1
https://www.fao.org/faostat/en/#home
http://doi.org/10.1080/14620316.1996.11515431

Horticulturae 2022, 8, 619 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

Israeli, Y.; Zohar, C.; Arzi, A.; Nameri, N.; Shapira, O.; Levi, Y. Growing banana under shade screens as a mean of saving irrigation
water: Preliminary results. In Proceedings of the Acorbat. Memorias XV Reunion, Realizada en Cartagena de Indias, Colombia,
27 October—2 November 2002; Asociacion de Bananeros de Colombia AUGURA: Medellin, Columbia, 2002; pp. 384-389.
Israeli, Y.; Hudji, ].; Nameri, N.; Shapira, O.; Tanny, Y.; Cohen, S.; Schwartz, A. Water saving in the Jordan Valley banana plantations
by shading nets. Alon H'anotea 2009, 63, 20-21. (In Hebrew)

Reeves, G.; Tripathi, A ; Singh, P; Jone, M.R.W.; Nanda, A.K.; Musseau, C.; Craze, M.; Bowden, S.; Walker, ].E,; Bentley, A.R,; et al.
Monocotyledonous plants graft at the embryonic root-shoot interface. Nature 2022, 602, 280-286. [CrossRef] [PubMed]

El Otmani, M.; Jabri, K.; Sedki, M. Paclobutrazol effect on development of greenhouse-growth banana: 2- year assessments. Acta
Hortic. 1992, 296, 89-96. [CrossRef]

Turner, D.W.; Hunt, N. Growth, Yield and Nutrient Composition of 30 Banana Varieties in Subtropical New South Wales; Technical
Bulletin No. 31; Department of Agriculture: Sydney, Australia, 1984; p. 36.

Daniells, ].W.; O’Farrell, PJ. Yield and plant characteristics of 21 banana cultivars in north Queensland. Qld. J. Agric. Anim. Sci.
1988, 45, 139-143.

Cabrera, J.; ‘Gal’an Satico, V. Evaluation of the banana cultivars ‘Zelig’, Grande Naine and Gruesa under different environmental
conditions in the Canary Islands. Fruits 2005, 60, 357-369. [CrossRef]

Rowe, P.; Rosales, F.E. Current approaches and future opportunities for improving Gros Michel (AAA dessert) bananas. In
Proceedings of the New Frontiers in Resistance Breeding for Nematode, Fusarium and Sigatoka, Kuala Lumpur, Malaysia, 2-5
October 1995; pp. 142-148.

Giibbiik, H.; Pekmezci, M.; Erkan, M. Production potential of Cavendish cultivars (Musa spp. AAA) under greenhouse and field
conditions in subtropical areas of Turkey.Acta Agriculturae Scandinavica. Sect. B Soil Plant. Sci. 2004, 54, 249-253.

Irizarry, H.; Rivera, E.; Beauchamp de Caloni, I.; Guadalupe, R. Performance of elite banana (Musa acuminata, AAA) cultivars in
four locations of Puerto Rico. J. Agric. Univ. Puerto Rico 1989, 73, 209-221. [CrossRef]

Robinson, J.C.; Nel, D.J.; Eckstein, K. A field comparison of ten Cavendish sub-group banana cultivars and selections (Musa
AAA) over four crop cycles in the subtropics. J. Hortic. Sci. 1993, 68, 511-521. [CrossRef]

Satco, V.G.; Cabrera, J.C.; Delgado, PM.H.; Pastor, M.C.R. Evaluation of medium-height Cavendish banana cultivars under the
subtropical conditions of the Canary Islands. Acta Hortic. 1998, 490, 103-113. [CrossRef]

Heslop-Harrison, J.S.; Schwarzacher, T. Domestication, genomics and the future for banana. Ann. Bot. 2007, 100, 1073-1084.
[CrossRef] [PubMed]

Wang, X.; Yu, R;; Li, J. Using genetic engineering techniques to develop banana cultivars with fusarium wilt resistance and ideal
plant architecture. Front. Plant Sci. 2021, 11, 617528. [CrossRef] [PubMed]

Hwang, S.C.; Ko, W.H. Cavendish banana cultivars resistant to Fusarium wilt acquired through somaclonal variation in Taiwan.
Plant Dis. 2004, 88, 580-588. [CrossRef] [PubMed]

Smith, M.K,; Drew, R.A. Current applications of tissue culture in plant propagation and improvement. Aust. J. Plant. Physiol.
1990, 17, 267-289. [CrossRef]

Khayat, E. “Adi”": Clone of the Cavendish group: Clonal selection and establishment of a parent plantation. Alon H'anotea 2014, 68,
22-25. (In Hebrew)

Israeli, Y.; Namery, N. y Comparison of six banana cultivars irrigated by sprinkling and flood in the Jordan Valley. In Summary of
Experiments and Observations in the Jordan Valley in 1975-1977; Zemach, Israel, 1978; pp. 92-100. (In Hebrew)

Lahav, E.; Weizman, Z. Test of banana cultivars and clones in the Western Galilee. Alon H'anotea 2004, 58, 18-19. (In Hebrew)
Kuhne, EA.; Green, G.C. Bananas choked by drought. Farming S. Afr. 1970, 410, 1-22.

Kumar, N.; Krishnamoorthy, V.; Nalina, L.; Soorianathasundharam, K. A new factor for estimating total leaf area in banana.
Infomusa 2002, 11, 42-43.


http://doi.org/10.1038/s41586-021-04247-y
http://www.ncbi.nlm.nih.gov/pubmed/34937943
http://doi.org/10.17660/ActaHortic.1992.296.11
http://doi.org/10.1051/fruits:2005041
http://doi.org/10.46429/jaupr.v73i3.6459
http://doi.org/10.1080/00221589.1993.11516379
http://doi.org/10.17660/ActaHortic.1998.490.9
http://doi.org/10.1093/aob/mcm191
http://www.ncbi.nlm.nih.gov/pubmed/17766312
http://doi.org/10.3389/fpls.2020.617528
http://www.ncbi.nlm.nih.gov/pubmed/33519876
http://doi.org/10.1094/PDIS.2004.88.6.580
http://www.ncbi.nlm.nih.gov/pubmed/30812575
http://doi.org/10.1071/PP9900267

	Introduction 
	Materials and Methods 
	Plant Materials 
	Experimental Design 
	Plantation Cultivation 
	Data Collection 
	Data Analysis 

	Results 
	Growth Parameters 
	Reproductive Parameters 
	Yield Traits 

	Discussion 
	Conclusions 
	References

