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ABSTRACT: Boron (B) retranslocation may confer greater tolerance to B deficiency or toxicity,
resulting in plants and fruits with better nutritional quality. Most plants do not demonstrate phloem mobility for
B; however, some plants have natural mobility and others express it under stress conditions, such as nutritional
stress. Therefore, we investigated the phloem mobility of B in cherry tomato plants with different nutritional
status. The plants were cultivated in nutrient solution with adequate and insufficient doses of Potassium (K) and
B. Furthermore, the plants received foliar fertilization with B in a mature leaf (F) in a localized form. The B
content and amount in leaves near F were compared with leaves of the same age and position on control plants.
The experiment was carried out in a protected environment and conducted in a randomized complete block
design in a subdivided plot scheme with four replicates. Re-translocation of B between neighboring leaves was
observed when the plant was without K deficiency and with B deficiency. In this nutritional status, leaves next
to fertilized leaf with B (F) showed higher B amount when compared to leaves of the same position of control
plants. Evidence suggests that retranslocation of B over relatively short distances (between leaves) can be

influenced by the nutritional status the cherry tomato plants.
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INTRODUCTION

Boron (B) is an essential element in higher
plants, and among its various functions, cell walls
formation, sugar transport, plasma membrane
stability among others still not well known are stand
out (CAKMAK; ROMHELD, 1997; TANAKA;
FUJIWARA 2008; REID, 2014).

Reid (2014) states because cells depend on
cell wall structure, B must be efficiently distributed
in all plant tissues. In this context, the translocation
of this element may confer better tolerance to
deficiency or toxicity (BROWN; SHELP, 1997).
However, depending on the species, it is considered
a low mobile or immobile element in phloem (VAN
GOOR; LUNE, 1980; BROWN; SHELP, 1997). In
summary, B translocation involves active efflux
channels and pumps with specific expression
patterns depending on internal and external factors
(LEAUNGTHITIKANCHANA et al. 2013).

In addition to being an essential element,
potassium (K) is also mentioned because of its
relationship with B, as its deficiency can reduce the
photosynthesis (PEOPLES; KOCH, 1979) and
affect the export capacity of sucrose in phloem (HU

et al. 2017). Keller and Shrestha (2014) reinforce
this information by finding a positive correlation
between sugars present in the vacuole and the K*
concentrations, indicating an influx of sugar and
potassium  coupled  through the  phloem.
Furthermore, Samet, Cikili and Dursun (2015)
observed that the addition of K not only attenuated
the inhibitory effect of excess B in pepper plants,
but also decreased leaf amount and promoted a
higher balance of other nutrients.

Tomato (Solanum lycopersicum L.) is one
of the main vegetables produced in the world and
among the different groups, cherry (S. lycopersicum
var. cerasiforme) has the main characteristics of
good productivity and higher concentration of
soluble solids when compared to other groups (PEK
et al.,, 2014; SANTIAGO et al.,, 2018). Recent
studies have shown the effect of B on cherry
tomatoes, such as increased shelf life and vitamin C
content (ISLAM et al., 2016; ISLAM et al., 2018).
However, there are few studies that relate the
transport mechanisms of B related to K content and
nutritional status as a whole.

In view of the above, the aim of this study
was to evaluate the phloem mobility of B in cherry
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tomato plants and, mainly, to investigate B mobility
according to the nutritional status of K and B.

MATERIAL AND METHODS

The experiment was carried out in the Plant
Science Department of the Universidade Federal de
Vigosa, Brazil (20° 45' 37" S 42° 52' 04" W, 648 m
altitude) between the 2015 and 2016 years.

Initially, seedlings of cherry tomatoes
(Topseed Garden®, Blue Line, not hybrid) were
produced by sowing in phenolic foam. After 21
days, the seedlings were transferred to 16 L pots
containing nutrient solution. A modified nutrient
solution by Hoagland and Arnon (1950) was used,
with combinations between two doses of K (1 and 6
mmol L) and two doses of B (< 3 and 46 pmol L~
l), constituting the treatments K-B-; K-B+; K+B-;
K+B+. Two plants were maintained per pot and the

a
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pH solution of all treatments was maintained
between 5.5-6.0 by application of HCl (IM) or
NaOH (1M), when necessary.

After 40 days of cultivation, the first fully
expanded leaf, counted from the apex, received on
both sides the volume of 400 pL of boric acid
solution (0.340 g L' H;BO;) (GONDIM et al.
2015). The localized foliar fertilization was carried
out with the aid of a micropipette and an anti-drip
brush.

The evaluation of the phloem mobility of B
was carried out by comparing the B content and
amount of the neighboring leaves, immediately
above and below the fertilized leaf (F) with H;BO;
(Figure 1b) in relation to leaves of the same age and
position of control plants (Figure 1a). The evaluated
leaves were called indicator leaves and numbered 1
and 3 in the control plants and 2 and 4 in the plants
that received application of B via foliar (Figure 1).

b

Figure 1. Schematic representation of the control plant (without foliar application of B) (a) plant that received

foliar fertilization of B (b).

Young leaf of the control plant (1); Young leaf of the plant fertilized with B (2); Mature leaf of control plant (3); Mature leaf

fertilized with B (4); Fertilized leaf with B (F).

After 24h of foliar application of B, the
leaves of all indicated positions were harvested,
calcined and subjected to acid digestion with HCL
Then, B (azomethine-H) and K (flame photometer)
were dosed into the plant tissue as described by
(SILVA, 2009).

Although the B in the fertilized leaves with
B (F) was measured, their amount was not included
in the descriptive and inferential statistics. They
were shown for informational purposes only, since
the B of leaf F may have been the result of retention
of the element on the leaf surface or in the cuticle,
not representing B effectively absorbed by the leaf.

The experiment was conducted in a
randomized complete block design (CBD) in
subdivided plots. The nutritional status constituted
in the plots and the indicator leaves in the subplots.
Four replicates were used per treatment.

The response variables were the K and B
content and amount in the indicator leaves (Figure
1). The amount was obtained by multiplying the

nutrient content by the dry matter mass of the
sampled leaf.

Variance analysis (ANOVA) was performed
without data transformation, provided that the
response variables showed normal distribution
(Kolmogorov-Smirnov, a = 5%) or homogeneity of
variances (Levene, a = 5%). The means were
compared by the Scott-Knott test (p < 0.05), in order
to avoid overlapping groups of means. Statistical
analyses were carried out in software R.

RESULTS AND DISCUSSION

As expected the B amount in the cherry
tomato leaves was higher in the treated plants with
the presence of B (K-B+ and K+B+), with means of
0.17 and 0.26 mg leaf', respectively. However, in
the K+B+ treatment this value was higher,
indicating that the presence of K positively affects
the B amount (Figure 2A).
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Figure 2. Simple effects of nutritional status (K-B-; K-B+; K+B-; K+B+) in B (A and C) and K (B and D)

content and amount in cherry tomato leaves.

Means followed by the same letter do not differ statistically from each other at 5% of probability by the Scott-Knott test.

(Bars: standard error).

Considering the B content, an average value
of 427 mg kg™ was observed, being higher in the K-
B+ treatment (Figure 2C). The mean B content was
higher than that observed in the conventional tomato
(209 mg kg') (FERNANDES et al., 2002) and
cherry tomato cultivated in different substrates (115
mg kg') (FERNANDES; CORA; BRAZ, 2006).
This result may have been due to the characteristics
of the cultivar and the hydroponic cultivation
system used.

Although, it was observed a higher B
amount in K+B+ treatment (Figure 2A), the content
was higher in K-B+ (Figure 2C). That is related a
higher B concentration per unit mass of the sampled
plant tissue, due to the reduced plant growth
(concentration effect), which is related to K
deficiency. In this context, the use of the variable
amount was more adequate compared to content. It
is worth noting that concentration or dilution effect
can induce misunderstandings in the interpretation
of B mobility between leaves, especially when there
are factors under study that drastically influence the
development of plants, such as nutritional or
climatic factors.

Relative to K, were observed mean values
of amount and content of 16.7 mg leaf' and 36.9 g
kg', respectively. The K content and amount
provided similar information (Figures 2B and 2D).
Plants cultivated with inadequate doses of B and K
showed deficiency symptoms for both nutrients
(data not shown). The observed symptoms are in
accordance with those described by Malavolta
(2006), such as the shading and chlorosis in apical

leaves of B deficient plants and reduced vegetative
growth and necrosis at the edges of the basal leaves
in K deficient plants.

In general, the results for the amount for
both nutrients are in agreement with the expected,
evidencing the presence of different populations of
plants (different status of K or B), which allows the
interaction study. The ANOVA showed that there
are significant differences for the B and K content
and amount (p<0.00), in the different nutritional
status (K-B-; K-B+; K+B-; K+B+) (Table 1).

The B mobility can be easily verified by the
difference in the B amount or content between
mature and young leaves (MINCHIN et al., 2012;
HAJIBOLAND et al, 2013). In this study, B
mobility as a function of the nutritional status of the
plants can be verified by means of the interaction
effect, which was significant among the indicator
leaves within the nutritional status of the plant
(Table 1).

By means of the Scott-Knott test, it could be
seen that in the K+B- treatment the mature (3) and
young (1) leaves of the control plants presented
lower amount (Figure 3A) and content (Figure 3B)
of B when compared to mature (4) and young (2)
leaves neighboring F (fertilized leaf with B).

This result indicates that cherry tomato
plants retranslocated B in the presence of adequate
K and inadequate B amounts. Furthermore, it can be
seen that B retranslocation occurred in both
directions (above and below) in relation to F leaf
(Figure 3). In general, nutrient retranslocation is
known to be enhanced under deficient conditions.
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According to Eggert and von Wirén (2017),
nutritional status B causes coordinated changes in
plant hormone metabolism as a prerequisite for an
adjusted growth response. In this context, it was
observed that B influenced the nutritional status and
nutritional efficiency in pepper plants, with different
responses depending on genotype, B concentration
and the nutrient (SARAFI et al., 2018). Thus, B
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deficiency in K+B- treatment could have promoted
the retranslocation in cherry tomato plants as a
physiological response, such as observed in radish
plants (TARIQ; MOTT, 2006). In soybean plants
cultivated at different concentrations of ''B (0, 10,
30 and 100 pM) the "B retranslocation (foliar
application) among the leaflets was higher in plants
grown at 0 uM of ''B (WILL et al., 2011).

Table 1. Summary of the variance analysis (p-value) of B and K content in indicator *leaves of cherry tomato
cultivated in different nutritional 'status for 41 days in hydroponic system.

Source of variation Content Amount
B K B K
'Nutritional status <0.00] *%* <0.00] *%* <0.00]1 *%** <0.00] *%*
*Indicator leaves 0.89 0.46 0.059 0.51
Nut. status x Ind. leaves 0.0016* 0.057 0.03* 0.59
Ind. leaves/K-B- 0.057 - 0.54 -
Ind. leaves/K-B+ 0.096 - 0.0139* -
Ind. leaves/K+B- 0.0011%* - 0.0141* -
Ind. leaves/K+B+ 0.89 - 0.36 -

"Nutritional status (K-B-; K-B+; K+B-; K+B+). ’Indicator leaves (1; 2; 3; 4; see Figure 1). *** significant at level of 0.1 % of
probability (p< 0.001), * significant at level of 5 % of probability (0.01 <p< 0.05).

Indicator leaves
L |

03 04 05 06

B amount (mg Ical")

Control plant

0.7

0.8

0.4 0,6

B content (g kg’l)

0.8

Plant fertilized with B

Figure 3. B amount and content in cherry tomato leaves of unfertilized plants and those fertilized with B.
Young leaf of the control plant (1); Young leaf of the plant fertilized with B (2); Mature leaf of control plant (3); Mature leaf
fertilized with B (4); Leaf that received application B (F). Means followed by the same letter do not differ statistically from
each other at 5% of probability by the Scott-Knott test (Bars: standard error).

The nutritional status of K in the plant also
influences the transport capacity of the phloem.
Saccharose and K ions are the main constituents of
the phloem solution, acting together to maintain
osmotic potential. Thus, the discharge of these
solutes into the phloem decreases its osmotic
potential and favors the formation of the hydrostatic
pressure gradient between the source and the drain,

generating the transport flux in this tissue (TAIZ et
al., 2017).

However, the B transport in plants also
involves other nutrients and compounds. As an
example, the investigation of the phloem solution in
some translocating species of B revealed substantial
levels of polyols, which are able to form complexes
with B (B-polyol) and promote the phloem transport
of B over relatively long distances in plants
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(BROWN; SHELP, 1997; SOUZA; CANESIN;
BUZETTI, 2012). However, in this work the
phloem solution of the cherry tomato was not
characterized and, therefore, it is not possible to
affirm whether the nutritional status in K influenced
the synthesis of polyols.

There is little evidence in the literature
about B retranslocation capacity in plants of the
Solanaceae family, such as tomatoes. Through
genetic manipulation, Brown et al. (1999)
introduced complementary DNA (cDNA) in tobacco
plants (Solanaceae, Nicotianatabacum L.) and the
plants started to synthesize the polyol sorbitol
(sorbitol-6-phosphate dehydrogenase). The plants
showed B phloem mobility and did not show
symptoms of deficiency of this element, even when
subject to inadequate supply of B. On the other
hand, control (non-transgenic) plants showed
symptoms of B deficiency, evidencing the null or
reduced capacity of this species to retranslocate this
element, which may be a possible intrinsic feature
of Solanaceae’s family. However, this work
evidenced the retranslocation of B between
neighboring leaves in cherry tomatoes, occurring in
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a timely way when the plant was at adequate K and
inadequate B levels.

CONCLUSION

The nutritional status of K influences B
retranslocation in cherry tomato plants over
relatively short distances. Further studies are needed
to show that retranslocation occurs at relatively
large distances, attending drainage regions distant
from the fertilized leaf, such as the roots and fruits.
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RESUMO: A retranslocagdo de Boro (B) pode conferir maior tolerancia a deficiéncia ou toxidez de B,

resultando em plantas e frutos com melhor qualidade nutricional. A maioria das plantas ndo demonstra
mobilidade floematica para o B, contudo, algumas plantas possuem mobilidade natural ¢ outras a expressam
sob condigdes de estresse, como o estresse nutricional. Nesse sentido, foi investigada a mobilidade floematica
do B em plantas de tomate cereja com diferentes status nutricionais. As plantas foram cultivadas em solugdo
nutritiva com doses adequada e insuficiente de Potassio (K) e B. Adicionalmente, as plantas receberam, de
forma localizada, fertilizagdo foliar com B em uma folha madura (F). Os teores e os contetidos de B nas folhas
vizinhas a F foram comparados com folhas de mesma idade e posi¢ao de plantas controle. O experimento foi
realizado em ambiente protegido e conduzido no delincamento de blocos casualizados em esquema de parcelas
subdivididas com quatro repeti¢des. Evidenciou-se retranslocagdo de B entre folhas vizinhas quando a planta
estava sem deficiéncia de K e com deficiéncia de B. Neste status nutricional, as folhas vizinhas a folha aplicada
(F) apresentaram maiores teores e contetidos de B quando comparadas as folhas de mesma posicao das plantas
controle. As evidéncias sugerem que a retranslocagdo de B em distancias relativamente curtas (entre folhas)
pode ser influenciada pelo status nutricional de plantas de tomate cereja.

PALAVRAS-CHAVE: Solanum lycopersicum L. var. cerasiforme. Mobilidade floematica. Potassio.
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