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Abstract: Jojoba (Simmondsia chinensis) is a wax crop cultivated mainly in arid and semi-arid regions.
This crop has been described as an alternate-bearing plant, meaning that it has a high-yield year
(“on-year”) followed by a low-yield year (“off-year”). We investigated the effect of fruit load on
jojoba’s vegetative and reproductive development. For two consecutive years, we experimented
with two high-yielding cultivars —Benzioni and Hazerim —which had opposite fruit loads, i.e., one
was under an on-year load, while the other was under an off-year load simultaneously. We found
that removing the developing fruit from the shoot during an off-year promotes further vegetative
growth in the same year, whereas in an on-year, this action has no effect. Moreover, after fruit re-
moval in an on-year, there was a delay in vegetative growth renewal in the consecutive year, sug-
gesting that the beginning of the growing period is dependent on the previous year’s yield load. We
found that seed development in the 2018 season started a month earlier than in the 2017 season in
both cultivars, regardless of fruit load. This early development was associated with higher wax
content in the seeds. Hence, the wax accumulation rate, as a percentage of dry weight, was affected
by year and not by fruit load. However, on-year seeds stopped growing earlier than off-year seeds,
resulting in smaller seeds and an overall lower amount of wax per seed.

Keywords: Jojoba; alternate bearing; vegetative growth; seed development; sink-source relation-
ship

1. Introduction

Jojoba (Simmondsia chinensis (Link) Schneider) is a wax crop; it is a wind-pollinated,
dioecious perennial evergreen shrub, native to the Sonoran Desert [1,2]. It is mainly culti-
vated in arid and semi-arid regions in Argentina, Mexico, the United States, Peru, India,
South Africa, and Israel [3,4]. Jojoba has been grown in Israel since the late 1980s [5]. In
the first two decades, it was considered as a niche market crop, with a small cultivation
area, but nowadays, due to increased world demand, the cultivated area has grown from
about 730 hectares in 2012 to 2400 hectares in 2021, making Israel a leading jojoba pro-
ducer [6]. The primary market for the odorless wax is the cosmetics industry, but it is a
suitable, high-quality raw material for other sectors, such as biodiesel, pharmaceuticals,
plastics, engine lubricants, and printing ink [4-8]. Jojoba seeds are one of the world’s only
known sustainable sources of liquid wax esters, and they are used as a substitute for the
familiar oils that were once obtained from the sperm whale, which was hunted nearly to
extinction [9]. The wax esters from jojoba seeds are monounsaturated long-chain fatty ac-
ids (C20-C24) and fatty alcohols (C20-C24), which can accumulate to up to 60% of the
seed’s weight [10,11].
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Jojoba plants grow during the spring and autumn. During these growth periods, the
branches elongate, and new nodes, leaves, and flower buds develop; in most female jojoba
genotypes, flower buds differentiate at every second node on the leaf axil [12,13]. This
makes the vegetative development of the current year, i.e., new nodes, an essential trait
for productivity as it represents the following year’s yield potential [14]. In Israel, bloom-
ing occurs in the second half of the winter, from early January till mid-March, depending
on the cultivar and weather conditions [5,15], because jojoba flower buds have a manda-
tory chilling period demand for flower bud dormancy break [14-17]. Fruit development
takes six to seven months from pollination to ripening, depending on fruit load [1]. When
ripe, the capsule dries, and with a gentle shake, the fruits fall to the ground where they
are collected by suitable harvesters.

Jojoba has an alternate-bearing yield pattern, meaning that a high-yield year (“on-
year”) is followed by a low-yield year (“off-year”) [18-21]. There are reports of alternate
bearing in many perennial crops [22-24], including apples, olives, avocados, mangos, pis-
tachios, and more; however, the processes leading to this pattern differ among species.
The regulatory mechanisms of alternate bearing can be divided into environmental trig-
gers, such as winter chilling, and endogenous factors, such as competition for sinks, re-
pression of metabolic pathways, and hormonal regulation [22,23].

The alternate-bearing pattern is prevalent in jojoba’s native environment, where 2.7
times and even five times higher yields have been found in years following low yield
[21,25]. Purcell et al. [13], who conducted eight years of research with 100 jojoba cultivars,
found that in off-years, the yield is only 10% to 50% of that in on-years. Nelson and Watson
[19] suggested that jojoba retains this characteristic after observing an alternate-bearing
yield pattern in their nitrogen fertilization experiment. Abd El Mohsen and Abd Allatif
[26] also reported an alternate fruit-bearing pattern in 26 different jojoba cultivars in
Egypt.

Fruit load in jojoba affects seed size and weight, which are smaller in high-yield sea-
sons [18] and can therefore cause problems for mechanical harvesting. The harvester col-
lects the seeds from the ground and separates them from the soil particles; this is more
challenging with small seeds and can result in yield losses. In addition, high fruit load
delays ripening, pushing it closer to the rainy season, which can damage the seeds lying
on the ground or induce germination [27].

Understanding the plant’s behavior under variable fruit load will shed light on the
mechanisms controlling alternate bearing in jojoba; in addition, it can help improve agro-
management and provide economic benefits for the farmers. Despite its importance, there
are only a few studies on this subject in jojoba, and the factors controlling alternate bearing
in this plant are unknown. We hypothesized that competition between sinks is the main
factor affecting the rate of vegetative development, thus controlling the following year’s
productivity. The objective of this work was to investigate the yearly cycle of commercial
female jojoba cultivars by studying their vegetative and reproductive development, rela-
tive to fruit load, under field conditions.

2. Materials and Methods
2.1. Plant Material

Female plants of two local commercial cultivars, Benzioni and Hazerim, were moni-
tored in two adjacent plots over two consecutive seasons, 2017 and 2018. Each year, a dif-
ferent set of plants was measured. The orchard was located in an arid zone (mean annual
precipitation of 195 mm), next to Kibbutz Hazerim (31°14'45.9” N 34°43’18.2” E) in the
northern Negev Desert region of Israel. Cv. Benzioni was planted in 2009 and cv. Hazerim
in 2007, at a density of 1100 plants/ha, ~5% male plants, planted in separate rows. The
plants were irrigated and fertilized according to common practice: 750 mm/year with re-
claimed wastewater. Fertilizer was applied from March till November via the irrigation
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system (fertigation) to final doses of 250, 100-150, and 250 kg/ha per year of nitrogen,
phosphorus, and potassium (NPK), respectively [21].

2.2. Yield

The plots had opposite yield loads, as 2017 was an on-year for Hazerim and an off-
year for Benzioni, and vice versa in 2018. Hazerim yielded 7070 and 2770 kg seeds ha in
2017 and 2018, respectively. Benzioni yielded 3060 and 4180 kg seeds ha™ in 2017 and
2018, respectively. The yield data were collected by the grower’s commercial harvesting
array [27].

2.3. Vegetative Growth Measurements

We measured six plants of each cultivar, which were separated from each other by
one non-sampled plant. After pruning (in December), on each plant, six branches per side
(east and west) with young, developed leaves were marked with tape behind the second
node. We counted the nodes and measured the length of each main branch. In February,
at anthesis, flower buds from three branches on each side were removed (fruit removal
treatment). We calculated the seasonal branch elongation by subtracting the last (October
9, 2017, and August 20, 2018) from the first measured length for each season, and the av-
erage node length by dividing the branch length by the number of nodes.

2.4. Fruit Development

Developing fruit and mature seeds were collected from plants in the row adjacent to
that in which vegetative development was measured. Five fruits from each of the six
plants were randomly picked during their development, starting from fruit set until seed
maturation (12 and 10 times in 2017 and 2018, respectively). After seed maturation, seeds
were randomly collected from the ground. Twelve fruits per cultivar were randomly sam-
pled for fruit and seed mass on each sampling date. We weighed the seeds before and
after drying in a 70 °C oven for three days to determine dry seed mass (DW) and to calcu-
late the water content. The following equation was used to calculate seeds per plant:

seed yield "9/, )

Dry seed mass (g) (1)
No.plants (ha™1)

2.5. Wax Content Analysis

Twenty dried seeds (as described in the previous section) per cultivar were ground
to a powder in a coffee grinder. The sample was then placed in a paper tube capped with
cotton wool, weighed, and transferred to a Soxhlet extractor apparatus heated to 70 °C
and filled with n-hexane for 6 h. The paper tubes were then transferred to a 40 °C oven to
dry overnight, then weighed again, and the mass difference represented the mass of wax
removed from the sample.

2.6. Statistical Analysis

All statistical analyses were performed in R 3.6.1 (R Core Team, 2019). To understand
the effect of fruit removal on node development and branch elongation, and to test the
effect of fruit load on seed development traits, two-tailed Student’s t-tests were per-
formed. To test the effect of the interaction between season and fruit removal treatment
for each cultivar, two-way ANOVA tests were performed. In all of the tests, we used an
alpha level of 0.05.

3. Results

Vegetative growth of Hazerim in the 2017 season (on-year) was similar for both the
control and fruit removal treatments, with an average of ca. 4.5 new nodes developing
during the season (December-September) (Figure 1a). In the following season (2018, off-
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year), fruit removal led to an increase in node development, i.e., 7.9 new nodes in com-
parison to 5.6 in the control treatment (P = 0.083). The difference between treatments
started in March, one month after removing the developing fruit. In contrast to the prior
season, in 2018, vegetative growth did not cease in April; it continued throughout the seed
development period in both treatments, but at a higher rate in the fruit removal treatment.

Benzioni, which had an alternate-bearing pattern opposite to that of Hazerim, showed
an increase in the number of new nodes in the 2017 season (off-year) with an average of
ca. 7.5 new nodes on the fruit removal branches compared to ca. 5.8 new nodes in the
control treatment (P = 0.16) (Figure 1b). In 2018 (on-year), the development of the new
nodes was similar, with an average of ~5.3 in both treatments. In Benzioni, unlike
Hazerim, node development stopped during the summer (May-July), regardless of
treatment or fruit load (Figure 1). In both cultivars, vegetative growth started earlier in
2018 than in 2017, probably due to the warmer winter in 2018.
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Figure 1. Effect of fruit removal on node number in cvs. Hazerim (a) and Benzioni (b). Values are
mean * SE of six plants per cultivar. Data are presented for 2017 (black lines) and 2018 (red lines).
We measured 12 branches on each plant, six of which had their fruit removed in February (dashed
lines), and six that were untreated (solid lines). *Significant difference (P < 0.05, t-test) between
treatments in the same year for the same cultivar.

The number of nodes was lower for the control groups in the on-year than in the off-
year in both cultivars. (Table 1). In Hazerim, a two-way ANOVA test revealed that there
was no significant interaction between year and treatment. The effect of year was signifi-
cant (P <0.05), and the effect of treatment was not. Seasonal branch elongation showed a
trend similar to that of node development. In both cultivars, removing the fruit in an off-
year resulted in longer branches. In 2017, the average gain in length for Hazerim was 4.3
cm for both treatment and control groups; in 2018, elongation was higher for the fruit
removal treatment than for the controls; however, the differences were not significant (P
= 0.25, t-test; Table 1). Branch elongation in Benzioni was higher for the fruit removal
treatment than for the controls in 2017 (P = 0.093, t-test) and about the same for both treat-
ments in 2018 (Table 1). In Hazerim, the effect of the year on branch elongation was sig-
nificant (P < 0.05, two-way ANOVA), but in Benzioni, the fruit removal treatment had a
stronger effect, although not significant (P = 0.064, ANOVA).

Node length in Hazerim was affected by yield load, but not by treatment, as both
groups showed similar results within the same season (Table 1). In 2017, the average node
length was ca. 1.5 cm, but in 2018 (off-year), it increased, albeit non-significantly, by 12%
(Table 1). In Benzioni, however, the treatment had an effect during the low-yield year, as
removing the fruit increased the length of the node by 12% compared to the control (P =
0.08, t-test; Table 1). Under the high-yield load, this effect was not evident, with a similar
average length for both treatments (Table 1). The Benzioni control treatment showed a
significant difference (P < 0.05, t-test) in node length between seasons, with longer nodes
in the on-year (Table 1).
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Table 1. Effect of yield load and fruit removal on number of nodes, branch elongation, and node
length in Hazerim and Benzioni. Values are means of six plants per cultivar + SE. We measured 12
branches on each plant, six that bore fruit (control), and six with fruit removed (fruit removal).
Presented data are for the last day of measurement in each year: Oct. 9, 2017 and Aug. 20, 2018.

Seasonal Branch

. No. of Nodes . Node Length (cm)
. Sea- Yield Elongation (cm)
Cultivar
son Load Fruit Fruit Fruit
Control Control Control
removal removal removal

4.69 +0.47 4.83 +0.77

Hazerim 2017 High 4.31 +0.62 437 +092 1.48+0.08 1.52+0.08
B B
5.66 +0.91 8.03+1.81 11.90 +

Hazerim 2018 Low 7.90 +1.20 1.66 +0.08 1.66 £0.10
A A 257

Benzioni

2017 Low 5.81+046 7.54+102 552+072 886+156 1.32+0.03 1.48=+0.07
Benzioni 2018 High 5.26+0.16 5.63+046 6.17+038 6.62+071 1.50+0.05 1.47+0.03

* represents a significant difference (P < 0.05, t-test) between years for the same treatment of the
same cultivar. No significant difference was found between treatments. Different letters represent
a significant effect of the year (P <<0.05, two-way ANOVA). The treatment or the interaction be-
tween year and treatment did not have a significant effect.

Fruit development in the 2018 season started ca. one month earlier than in 2017 in
both cultivars (Figure 2). Although Hazerim and Benzioni were under opposite fruit loads
(on/off-year), within the same season, seed development parameters showed similarities
in the dates of trend shifts and wax accumulation rates. There was a change in seed size
and color as its development progressed. In June, when wax accumulation reached ~50%,
the seed color changed from green to light brown (Figure 3), and later in August, at full
maturation, it shifted to dark brown.

Fruit mass (including seed, seed coat, and pedicel) (Figure 2a) for both cultivars in-
creased gradually from late March until late June in 2017 and late May in 2018, followed
by a moderate decrease due to drying of the seed coat. The ratio of fruit mass (Figure 2a)
to seed mass (Figure 2b) in May showed that the seed constitutes ~35% of the fruit mass,
whereas in July 2017 and August 2018, it amounted to ~65% of the fruit mass. In July 2017
and August 2018, it was not possible to take unbiased fruit samples because ~20% of the
seeds had matured, dried, and fallen to the ground.

In parallel to the drying of the fruit capsule, the seed mass continued to build as the
dry seed mass increased, peaking at the end of July in 2017 and the end of June in 2018.
Seed development, from fruit set to maximum mass, was 77 days for both cultivars in
2017, and 89 and 98 days in 2018 for Hazerim and Benzioni, respectively (Figure 2c). Water
content (Figure 2d) decreased linearly during seed development from 70% to 3% in ma-
ture seeds, reaching its minimum level on August 23 and July 23, in 2017 and 2018, re-
spectively.

Wax content (Figure 2e) reached the reported limit of ~50% dry weight [19] at the
beginning of June, but wax mass (Figure 2f) continued to increase in July due to the in-
crease in seed mass (Figure 2c).
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Figure 2. Seed development parameters for cvs. Benzioni (black) and Hazerim (red) in 2017 (solid lines) and 2018 (dashed
lines). Fruit mass (a), seed mass (b), dry seed mass (c), and seed water content (d) values are the means of 12 seeds. Seed
wax content (e) and wax mass produced (f) were calculated from a sample of 30 seeds. Seed maturation seemed to take
place one month earlier in 2018 than in 2017. DW, dry weight.

Figure 3. Benzioni seed development scale in 2018.
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4. Discussion

The two cultivars that were tested in the current study, Hazerim and Benzioni, have
similar productivity levels, and both show significant biennial-bearing behavior [21].
Yield load greatly influenced vegetative development: under the high-yield load, growth
ceased at the beginning of the summer, and only renewed in the following winter. On the
other hand, under the low-yield load, it either extended through the fruit maturation pe-
riod, as in Hazerim, or resumed immediately after it, as in Benzioni (Figure 1). Fruit are
more powerful sinks than vegetative meristems [22,23]; hence, excessive growth in the
off-year suggests that it is part of the regulatory mechanism of alternate bearing, through
control of the number of “flowering sites” and, consequently, potential fruit, as the current
year’s growth expresses the following year’s yield potential. As in most female jojoba gen-
otypes, flower buds differentiate at every second node [1]; thus, we should expect the
number of flowers to be half the number of new nodes per branch. Removal of part of the
new shoots (pruning) before an on-year has recently been tested as an efficient tool to
control biennial bearing in jojoba without long-term yield reduction, as the yield that is
lost in the on-year will be compensated for in the following off-year [21]. Taking these
findings together supports our hypothesis that competition between sinks is the main fac-
tor controlling alternate bearing.

Removing fruit from the shoot in an on-year did not affect vegetative development,
unlike fruit removal in an off-year where the fruitless branches developed ca. two addi-
tional nodes than the fruit-bearing ones. This suggests that fruit removal has a local effect
on the source-to-sink ratio in branches during the off-year, enabling intensive vegetative
growth of fruitless branches. Further evidence for this local effect is the production of ex-
tended nodes after removing the fruit during an off-year, as was found for Benzioni in
2017. This outcome is likely because the fruits on the neighboring branches act as a robust
sink, and the competition for reserves between fruit and vegetative meristems inhibits
growth, as has been reported for avocados and olives [28,29]. Although in Hazerim, fruit
removal did not affect node length in the off-year, it produced longer branches with more
nodes than the control branches. The different growth patterns under fruit load could be
associated with different cultivar characteristics or genetic backgrounds, even though
both cultivars were selected by the same criteria—intense vegetative development and
high yield [5].

Fruit development took from five to six months, from anthesis to mature seed, similar
to wild jojoba populations [1]. Descriptions of the mode of wax accumulation in jojoba
seeds in commercial plantations, as described in detail here (Figure 2), are scarce in the
literature. Initially, the young seed contains mainly water, the content of which decreases
linearly with time, being replaced with wax (Figure 2d and 2e). The wax synthesis path-
way in jojoba has recently been described by Alotaibi et al. [30] and Sturtevant et al. [31].
The fruit and seed reach their peak weight in parallel to wax accumulation reaching ca.
50% of dry weight. Interestingly, unrelated to fruit load, when oil accumulation starts ear-
lier in the season, the final wax content is higher (Figure 2e). The wax mass continues to
increase until the seed water content reaches ca. 2%; thereafter, the seeds continue to dry,
but the seed mass and wax content remain relatively constant. The process of wax accu-
mulation is rapid—it took ca. six weeks in 2017 and ca. nine weeks in 2018 (Figure 2f)—
and requires a large amount of energy. Wallace and Rundel [32] estimated that 30—40% of
the plant’s energetic resources are allocated to reproduction. This high energetic demand
in on-years can be met through intense photosynthetic activity, as reported in olive [33,34],
or through depletion of energy reserves, as found in citrus [22]. There is an indication of
jojoba’s use of reserves, as a previous study found a reduction in nonstructural carbohy-
drates and starch between April and July [35], corresponding to the wax accumulation
period (Figure 2f). Moreover, vegetative development in both cultivars stopped in this
period (Figure 1).

Based on our results, we can divide the female reproductive cycle in jojoba into three
phases: (i) vegetative growth, anthesis, and fruit set, from December till mid-April; (ii)
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wax accumulation between April and June, along with growth cessation; and (iii) fruit
ripening and renewal of vegetative development between June and August. In an off-year,
vegetative growth starts immediately, whereas in an on-year, growth will resume only at
the end of January of the following year (the beginning of the off-year).

A visual indication of the ripening process is the change in seed color during fruit
development and maturation (Figure 3). Peel color shifts from light green to light brown,
the latter representing maximum weight accumulation of the seed and the beginning of
the drying process; the subsequent dark brown color represents full seed maturation.

With respect to the seeds” developmental parameters, alternate yield load mainly af-
fected the dry seed and wax masses, which were smaller under high load (Table 2). Purcell
et al. [18] described this effect in jojoba, and it occurs in other species as well, such as olive
[36], mango [37], and apple [38]. It is associated with the source-to-sink ratio, as the num-
ber of seeds is higher in the on-year (Table 2). Nevertheless, the higher wax mass per seed
in the off-year did not compensate for the lower number of seeds, and the total wax yield,
which is of interest in this crop, was higher in the on-year.

Table 2. Effect of yield on dry seed mass, wax mass, number of seeds per plant, and wax yield per
plant in Hazerim and Benzioni. Seed and wax mass values are the means of 12 seeds per cultivar.
We calculated the number of seeds per plant by dividing the total yield by the seed mass, and then
dividing by the number of female plants per hectare (Eq. 1). Wax yield per plant was calculated by
multiplying wax mass by the number of seeds.

| DoSeedMas  WaxMaslg NooofSeeds i yiag g pinc
Cultivar Yield load Yield load Yield load Yield load
High Low High Low High Low High Low
Hazerim 0.94 1.11 0.40 0.57 6907 2350 2.76 1.35
Benzioni 0.98 1.15 0.46 0.48 3780 2402 1.74 1.15

Under different yield loads, in both cultivars, seed characteristics, such as water and
wax content, were similar within the same season (Figure 2d and 2e). Moreover, in both
cultivars, seed development occurred about a month earlier in 2018 than in 2017. This
might have been due to the environmental conditions, with a warmer winter in 2018 (Fig-
ure S1), accelerating the flowering and fruit set process. The earlier development in 2018
was also reflected by early vegetative growth (Figure 1). In jojoba, high temperatures
(33/28 °C day/night) during fruit development were found to enhance the rate of dry mat-
ter accumulation in the seed, although the final size of the mature seed was higher under
an 18/13 °C day/night temperature regime [39]. This was attributed to the long develop-
ment period.

5. Conclusions

A two-year study showed that jojoba’s vegetative growth is affected by yield load:
under low yields, the plant produces ~35% more new nodes, which are on average, 12%
longer. The growing period is dependent on yield load as, after an on-year, there is a delay
in growth renewal. As for seed development, there is a decrease in the number of seeds
and an increase in seed wax mass under low yield, but the total wax yield per hectare is
lower than in the on-year. The wax accumulation rate, based on a percentage of dry
weight, was affected by year and not by fruit load. However, on-year seeds ceased grow-
ing earlier, resulting in smaller seeds and an overall lower amount of wax per seed.

Although the yield of Hazerim was 2.5 times higher in the on-year than in the off-
year, whereas that of Benzioni was only 1.3 times higher, the same effects of the higher
load on node development, branch length, and seed mass were apparent. This raises the
question of whether there is a yield load threshold beyond which growth and seed devel-
opment performance decline.
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Supplementary Materials: The following are available online at www.mdpi.com/2073-
4395/11/5/889/s1: Figure S1: Minimum (dashed lines) and maximum (solid lines) temperatures
measured in 2016/17 (black) and 2017/18 (red). Data gathered from ims.gov.il, Beer Sheva station.
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