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Running title: BORON TOXICITY AND TOMATO SEEDLING GROWTH

Abstract - With the scarcity of good quality water, plants like tomatoes will be more
susceptible to excess boron (EB) in Mediterranean regions. The effects of EB on the
growth, free, semi-bound, and bound boron (B) concentrations, and macromolecules of
the Solanum lycopersicum L. cultivar Castle Rock, were investigated in this study.
Seedlings were exposed to four levels of EB using boric acid. The results manifested
that EB inhibited tomato growth, total water content, and photosynthetic pigments. EB
harmed the membrane stability, as seen by increased potassium (K) leakage, UV
absorbance metabolites, and electrolyte conductivity (EC) in leaf disc solution. EB
raised concentrations of free, semi-bound, and bound forms of B in seedlings. Fourier
transform infrared spectroscopy (FTIR) data revealed that EB induced uneven wax
deposition, altered the shape of cell walls, and lowered cellulose synthesis in seedlings.
EB affected the amide | and amide Il indicating damage to the protein pools. These
results provide new insights into understanding the specific effects of EB on the
functional groups of different macromolecules of tomato seedlings.

Keywords: excess boron, FTIR analysis, membrane stability, photosynthetic pigments,
plant growth, tomato

Introduction

Boron (B) serves vital tasks in plant life at ideal levels, whereas excess boron (EB)
has negative consequences. The difference in B insufficiency and toxicity levels is
minimal (Fang et al. 2016). B-rich soils can be found all over the world and are
prevalent in arid and semi-arid areas (Ardic et al. 2009). With reduced precipitation in
the Mediterranean area (Cervilla et al. 2012) and irrigation water shortage due to new
dams, demand for desalinated water for agriculture is expected to rise, potentially
raising the level of B in irrigation water. Moreover, rising sea levels (Mediterranean
Sea) can pollute groundwater, resulting in higher B levels in irrigation water (Princi et
al. 2016). Since the cultivated area in Egypt is suitable for intensive cultivation, along
with anthropological activity, all of this may lead to B contamination (Elbehiry et al.
2017). EB produce different physiological and morphological changes in plants,
resulting in decreased plant growth, leaf chlorophyll, membrane stability (EI-Shazoly
et al. 2019), and ultimately reduced production (Metwally et al. 2018).
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Tomatoes are grown in the Mediterranean region, where there is a disturbance with
EB in the soil. Tomatoes are among the most important vegetable crops in Egypt
throughout the year, with a total production of 6,729,004 tons and a total area of
166,206 hectares (FAO 2017). EB led to alterations in tomatoes, including biomass,
membranes, photosynthetic pigments, phenolic compounds, and antioxidant enzymes
(Cervilla et al. 2012, Farghaly et al. 2022b), which led to reduced yields (Kaya et al.
2009).

The advantage of Fourier transform infrared spectroscopy (FTIR) is ability to
produce spectra on different samples such as powders and liquids with minimal sample
preparation, which reduces analysis time (Canteri et al. 2019). FTIR is an appropriate
analytical tool for biological macromolecules, assessing the composition of organic
components (Wu et al. 2017). Absorption outlines show fixed peaks area that identifies
modest modifications of metabolites related to physiological processes after infrared
spectra (400-4000 cm™) pass through plant samples (Renuka et al. 2016). The peak
areas, positions, and bandwidths values are critical to changes in plant macromolecules
(Renuka et al. 2016). However, to our knowledge, there are no reports on the use of this
technique to assess physiological changes produced by excess boron on tomato
seedlings.

In this study, we aimed to focus on how EB treatments alter tomato
macromolecules, assessing the composition of organic components using FTIR
analysis. Additionally, we measured the growth, photosynthetic pigments, membrane
stability, and B forms concentration in tomato seedlings. The findings reveal a fresh
understanding of the various structural responses of tomato seedlings when exposed to
EB.

Materials and methods

Growth conditions

Vegetables Department, Faculty of Agriculture, Assiut University gave seeds of
Solanum lycopersicum L. (tomato), cultivar Castle Rock. Under a laminar airflow hood,
seeds were surface sterilized for 15 minutes with a 5% NaClO solution and rinsed four
times with sterile water. We wanted to achieve data without any extraneous influences
and repeat the experiment under the same settings, so we did it in vitro. Sterilized seeds
were grown on sterile, half-strength Murashige and Skoog (MS) medium (Murashige
and Skoog 1962). The medium was supplemented with 2.2 g Lt MS, 3% sucrose,
various concentrations (0, 2, 4, and 6 mM) of H3BOs, and 0.3% gelatin added after
adjusting the pH to 5.7. The medium was sterilized for 15 min at 121 °C, pressed at 105
kPa, and allowed to cool to room temperature. Seedlings were cultured in a growth
chamber at 25 + 1 °C, 65-70% relative humidity, and a photoperiod of 16/8 h with 30
uM m2 St illumination.

After 20 days, some seedlings were separated into shoots and roots, weighed
quickly to estimate the fresh weight (FW), and stored at -80 °C. Other seedlings were
oven-dried at 60 °C to determine the dry weight (DW). The total water content (TWC)
of shoots and roots was determined using the following formula:

TWC = FW - DW

Photosynthetic pigments

Using a spectroscopic approach, photosynthetic pigments, including chlorophyll a
(chl @), chlorophyll b (chl b), and carotenoids (carot), were determined (Lichtenthaler
1987). 0.1 g of a fresh leaf was dropped in 5 mL of 95% ethanol at 60 °C until colorless,



and the volume was then finished to 10 mL using 95% ethanol. Using a
spectrophotometer (Unico UV-2100), the concentrations of carotenoids and
chlorophylls were determined using formulas:

Chla= (13.36*A663) — (5.19*A644)

Ch' b = (27.49* A644) — (8.12* Ases)
Carot = {(1000*Ays,) — (2.13* Chl. a) — (9.76* Chl. b)}/209.
Results were expressed as mg g Fw.

Cell membrane stability

Different parameters were assessed, including electrical conductivity (EC%),
potassium leakage (K leakage), and UV-absorbing metabolites (metabolite leakage) for
determining the cell membrane stability.

The percentage of injury (electrical conductivity; EC) was measured according to
the Premachandra et al. (1992) method. Fresh leaf discs (2.1 cm) were soaked in 10 mL
of distilled water for 24 h at 10 °C. After measuring the initial electrical conductivity
(ECa) of all test tubes at 25 °C, the leaf discs were autoclaved for 15 min, cooled to 25
°C, and then the last EC2 was measured again. The cell membrane stability index was
estimated using a percentage of damage:

Electrical conductivity (%) = (EC1/EC2) x100

Potassium leakage was measured using a flame photometer in the same
conductivity solution before and after sterilization (Williams and Twine 1960).

Metabolite leakage was assessed using the Navari-1zzo et al. (1989) method in the
same solution of conductivity measurements.

Boron analysis

Boron forms were extracted, according to Du et al. (2002) and Li et al. (2017). 5
mL of distilled water was added to 0.2 g of powdered dry seedlings, shaken at 25°C for
24 h, filtered, and the free B was measured. The residue was shaken at 25 °C for 24 h
in a plastic tube with 1 M NaCl, filtered, and then semi-bound B was quantified in the
filtrate. Finally, the residue was shaken at 25 °C for 24 hours in a plastic tube with HCI
(1 M), filtered, and then the bound B was quantified in the filtrate.

According to Mohan and Jones (2018), B concentration was quantified using the
curcumin-acetic acid method and detected at 550 nm. The curcumin-acetic acid (1 mL)
solution was added to 1 mL of filtrates and 0.25 mL of concentrated H2SO4, shaken for
30 min, and diluted with 95% ethanol to 5 mL after 30 min read at 550 nm using H3BOs
as a reference.

Fourier transform infrared spectroscopy (FTIR) analysis

To analyze macromolecular alteration, we employed Fourier transform infrared
spectroscopy (Nicolet IS 10 FTIR) in Chemistry Department. A translucent,
homogeneous tablet was prepared by a tablet-making machine using a little amount of
the finely powdered sample (approximately 100 pg) mixed with KBr (1: 100 p/p). The
absorbance of spectra was measured (400-4000 cm™) against an ordinary KBr pellet
(blank), then the resolution was 4 cm™. The functional groups of the sample were
determined when comparing the spectroscopic result with a reference.



Statistical analysis

The studies (25 jars/each treatment) were repeated at least twice, with the findings
being an average + standard deviation (SD) of four biological replicates. Charts were
generated by Origin 8.6 and Microsoft Excel 2010. Using SPSS Statistical Package
22.0, a one-way analysis of variance test was performed and followed by a Tukey's test
for significant differences (P < 0.05) to compare the means. The correlation between
the mean values of different parameters of tomatoes under EB treatments was
determined using Pearson's correlation analysis.

Results

Growth

EB affected all growth parameters of the tested tomato seedlings, including FW,
DW, and TWC of shoots and roots (Figs. 1A-D, On-line Suppl. Fig. 1). Compared to
control, tomatoes treated with 2 mM B showed a slight or considerable increase in FW,
DW, and TWC of shoots and roots. In contrast, treatments with 4 and 6 mM B lowered
FW, DW, and TWC of shoots and roots. After exposure to 6 mM B, the highest DW
reductions of 56.90% and 86.52% were recorded in shoots and roots, respectively.
Further, treatment with EB showed a significant negative association between shoots
and roots, FW, DW, TWC, and an increase in free, semi, and bound B contents.
However, the shoot/root ratio was positively and strongly associated with free, semi-
bound, and bound B concentrations in the shoots (0.907**, 0.922**, and 0.646*,
respectively, On-line Suppl. Tabs. 1, 2). Although the correlations between bound B
and growth parameters were significant, they were the weakest of all the growth criteria
associations.

Photosynthetic pigments

EB had varied effects on the contents of chl a, b, a+b, and carot pigments in leaves
(Fig. 2A). Compared to control, EB at a low-level (2 mM) stimulated chl a content in
leaves by 31.28%, but at a high-level (6 mM), it significantly reduced it by 48.34%. In
the shoots, there were strong negative associations between chl a and free, semi-bound,
and bound B content (-0.768**, -0.822**, and -0.812**, respectively, On-line Suppl.
Tab. 1).

Low EB treatments promoted the synthesis of chl b in tomato leaves. Compared to
control, the rise in chlorophyll b content at low EB levels (2 and 4 mM) was
considerable (129.45% and 66.23%, respectively), but there was no significant increase
at a high EB level (6 mM). Insignificant relationships between chl b and free, semi-
bound, and bound B levels in shoots confirmed these findings (-0.224, -0.311, and -
0.341, respectively, On-line Suppl. Tab. 1).

6 mM B reduced chl a + b concentration by 42.69% compared to control. The
moderate treatment (4 mM B) showed a lower increase in the chl a + b content (0.63%)
compared to exposure to 2 mM B, which resulted in a 40.66% rise compared to control.
Moreover, results revealed a strong negative association between chl a + b and free,
semi-bound, and bound B content in shoots (-0.704*, -0.767**, and -0.675**,
respectively, On-line Suppl. Tab. 1).

Regarding carotenoids, EB boosted carot content by 37.18% at a low-level (2 mM)
but lowered them by 44.72% at a high level (6 mM) compared to control. Carotenoids
and free, semi-bound, and bound B levels had negative associations (-0.655*, -0.593*,
and -0.686*, respectively), similar to chlorophylls (On-line Suppl. Tab. 1). Moreover,
the data revealed a significant and positive relationship between chl a, a + b, carot, and



shoot DW (0.669*, 0.734**, and 0.785**, respectively), except for chl b, which was
not.

Boron concentrations

The most important for measuring a plant's tolerance to EB is the B concentration
in its tissues. Therefore, the B forms in tomatoes grown under various EB treatments
were measured (Fig. 2B). Our results indicated that free B content was higher than the
content of semi-bound and bound in seedlings. Our results indicated that free B content
was higher than the content of semi-bound and bound in seedlings. With increasing EB
concentrations, the accumulation of all B forms also increased. Compared with optimal
B concentration, EB at the low level (2 mM) increased free, semi-, and bound B by
25.41%, 37.40%, and 88.61%, while the high level (6 mM) increased it by 149.69%,
134.98%, and 367.93%, respectively.

Membrane stability

To quantify the degree of membrane integrity under EB stress, the EC, K leakage,
and metabolite leakages in seedlings undergoing various treatments were measured
(Figs. 3A-C and On-line Suppl. Tabs. 1 and 2). 6 mM B raised the EC and incidence of
K and UV metabolites in leaves by 67.22%, 101.54%, and 91.99%, respectively.
Furthermore, EC (0.931**, 890**, and 0.724**, respectively), K (0.943**, 0.915**,
and 0.828**, respectively), and metabolite leakages (0.971**, 0.937**, and 0.687*,
respectively) were shown to be strongly connected with free, semi-bound, and bound B
levels in shoots.

FTIR analysis

We employed FTIR analysis to assess the effect of EB on seedling ultrastructure
(Fig. 4 and Tab. 1). EB did not induce extensive alterations within the four peaks at
3405.17 cm?, 2927.25 cmt, 1384.45 cm™, and 825.42 cm™. Treatment with 4 mM B
raised the peak intensity of 3405.17 cm™, but exposure to 2 and 6 mM B lowered it
compared to control. Moreover, treatments with 4 and 6 mM B raised the peak intensity
at 2927.25 cm™ and 1384.45 cmt, respectively, while exposure to 2 mM B lowered
them compared to control. However, EB levels raised the peak intensity of 825.45 cm™
relative to control.

Regarding the peak at 1653.21 cm™ (control), 2 mM B treatment did not
significantly alter its transmission, while 4 and 6 mM concentrations lowered it by -
6.34 cm™ and -12.48 cm™, respectively. Moreover, 4 mM B raised this peak intensity,
although other B treatments did not. Meanwhile, the peak at 1540.60 cm™ (control)
disappeared under B treatments (2, 4, and 6 mM).

The peak recorded at 1058.10 cm* (control) was negatively shifted by -3.20 cm™,
-4.27 cmt, and -4.18 cm™ upon exposure to 2, 4, and 6 mM B, respectively. Moreover,
treatments with 2 and 4 mM B stimulated this peak intensity, but the treatment of 6 mM
EB reduced it.

Compared to the peak recorded at 617.04 cm™ (control), EB treatments increased
from the transmission area by 1.04 cm™?, 5.31 cm™, and 3.75 cm™ at 2, 4 and 6 mM
concentrations, respectively. Furthermore, low levels of EB (2 and 4 mM) increased the
peak intensity, while the treatment with 6 mM B decreased it.

The peaks recorded at 540.52 cm™, 536.78 cm™, and 537.63 cm™ appeared under
treatments with 2, 4, and 6 mM B, respectively. Under the high levels of EB (4 and 6
mM), the 483.52 cm™ and 459.94 cm™* peaks disappeared, while the exposure to 2 mM
B stimulated their values by 0.74 cm™ and 4.26 cm™, respectively.



Discussion

The shoot/root ratio of seedlings was enhanced at the EB lowest concentration,
indicating the higher growth (Figs. 1A-D). Moreover, lower growth at high levels of
EB was linked to the concentration of B forms within the seedlings, demonstrating that
B buildup was limiting growth. As demonstrated by the strong positive relationships
between shoot/root ratio and B level within shoots, the negative B effect was more
evident in tomato roots than in shoots. EB has a comparable negative effect on tomato
growth, according to Kaya et al. (2020). Cell division (Liu and Yang 2000), cell
expansion, cell numbers (Choi et al. 2007), water content (Metwally et al. 2018), and
cell wall matrix stiffness (Farghaly et al. 2022b) are all linked to decreased seedling
growth. Conversely, promoting growth at a low EB level may be associated with active
B influx, which lowers intracellular B levels (Reid et al. 2004, Ardic et al. 2009).

The primary organelles damaged by EB are the chloroplasts (Landi et al. 2019).
The deficiency of photosynthetic pigments found in this study (Fig. 2A) could be due
to a structural damage to thylakoids as a result of abnormal spongy parenchyma growth
(Papadakis et al. 2004), oxidation of chlorophyll and chloroplast membranes (Aftab et
al. 2012), and a reduction in three types of thylakoid-related proteins (Sang et al. 2015).
Our results match the findings of wheat and tomato, which are vulnerable to EB (El-
Shazoly et al. 2019, Kaya et al. 2020). Thus, EB has a variety of consequences on
photosynthetic processes, including changes in photosynthetic pigment levels, lower
CO2 assimilation, impaired photosystem Il performance, and a decreased electron
transport rate (Landi et al. 2019).

High content of photosynthetic pigments at a low EB level suggests seedling
tolerance. Furthermore, the chloroplasts were less vulnerable to EB since the DW was
high at this level of 2 mM EB. Additionally, strong positive relationships between
pigment contents and shoot DW revealed that pigment preservation is necessary to
stimulate seedling growth. Accordingly, Eraslan et al. (2007) found no significant
changes in chl a and b concentration in carrot plants when exposed to EB.

Boron amount in plants is considered the main physiological feature utilized to
examine tolerance to EB in an environment. Our findings revealed that all B forms were
significantly increased in EB-stressed seedlings, explaining the symptoms of increased
EB (Fig. 2B). Likewise, during exposure to EB, an accumulation of B forms was
previously observed in tomato calli (Farghaly et al. 2021, 2022b). Free B demonstrated
the ability to cross cell membranes and showed promise as being immediately
accessible for potential physiological roles in the cell, according to Dannel et al. (1998).
In this study, the content of semi-bound and bound B forms varied from about 6%-76%
and 2%-119%, respectively. These data may reveal that a small amount of EB was
attached to the cell walls in exchange for increased B availability, but this amount was
too low to actively participate in EB detoxification, as indicated by increased free B
(Dannel et al. 1998, Farghaly et al. 2022b).

lonic solutes and cellular metabolites are widely applied to assess membrane
integrity (Paltaetal. 1977, Navari-1zzo et al. 1993). According to our findings presented
in Figs. 3A-C, the membrane damage worsens as EB levels in the medium increased.
These findings showed that EB had a significant impact on the permeability of tomato
membranes, revealed by the EC and leakage of K and UV metabolites, which were all
confirmed in the prior work with wheat (Metwally et al. 2012).

FTIR spectra revealed further information about the influence of EB on seedling
macromolecules (Fig. 4 and Table 1). Tiirker-Kaya and Huck (2017) correlate the first
peak, recorded at 3405.17 cm™ in control, with O-H and N-H related to alcohol,
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carbohydrates, phenols, and proteins. EB did not affect the wavenumber, indicating that
no alterations in cell wall components and the reduction in bound-B in seedlings may
clarify these findings. Furthermore, EB lowered peak intensity, suggesting that EB may
change the pattern in binding between alcohols, carbohydrates, proteins, phenols, and
components of walls. Riaz et al. (2021) demonstrated that EB increased lignin and
suberin levels in rice plants, perhaps leading to cell wall stiffness. Otherwise, changes
in peak intensity can refer to as changes in cell wall shape (Zuverza-Mena et al. 2016).

The peak found around 3000-2800 cm™ was assigned the C-H stretching area of
lipids, wax, and fats (Legner et al. 2018). EB did not affect this peak's value (3000-
2800 cm™), but the intensity of the peak increased at 4 and 6 mM EB. These data
indicate that no changes were made to wall wax amount, while the shape of wall wax
may only change under EB (Morales et al. 2013). Mesquita et al. (2016) found irregular
wax deposition on the surface of citrus leaves under EB, which might support our
findings.

The peak in the region of 1700-1600 cm™ is characteristic of the C=0 of the amide
| (proteins) (Dumas and Miller 2003). Amide I1 (1480-1580 cm™) is a mixture of N-H
and C-N vibrations that aid in ionic reaction response, although it is less well
understood (Zhao and Wang 2016). The amide | peak value was reduced by high levels
of EB (4 and 6 mM), demonstrating that the protein's structure is changed to chelate
EB, and this explanation might be confirmed by the finding of Farghaly et al. (2022a).
According to Riaz et al. (2021), EB significantly affected the amide protein, amide I,
and amide I11, indicating damage to the protein pools. The disappearance of the amide
Il peak under EB treatments can disclose the binding of B ions to nitrogen amide to
chelate the EB, and plants can use this claw to withstand B toxicity. Dunbar et al. (2012)
reported the disappearance of amide Il (around 1550 cm™; bending of amide N-H)
owing to iminol structural coordination between the amide Il and magnesium, nickel,
and cobalt.

Wei et al. (2015) assigned the peaks between 1500-1000 cm™ fingerprint regions
of the amide 111, nucleic acid functional groups, and carbohydrates. Our results revealed
that EB treatments induce a change in the intensity of the peak recorded at 1384.45
cmL. The increasing peak intensity might reveal that the additional B has changed the
fingerprint region's components and linked EB with proteins.

EB reduced the 1058.10 cm™ peak, which was attributed to cellulose (Wu et al.
2017), indicating a reduction in cellulose production in seedlings under EB. This peak
intensity was lowered by EB at its maximum level, indicating a decrease in cellulose
synthesis. Similarly, Farghaly et al. (2022b) discovered that EB decreased the cellulose
content of tomato calli in their study.

The peak recorded at 825.42 cm™ in control, which was not affected by EB
treatments, was assigned to the trisaccharide (D-(+)-raffinose pentahydrate) with a-
glycosidic bonds (Wiercigroch et al. 2017). The intensity of this peak was increased,
indicating B binding to the pentahydrate. EB also boosted the 617.04 cm™ peak, which
was assigned to D-(+)-glucose (Wiercigroch et al. 2017), showing the degradation of
cellulose or sucrose into simple monosaccharides. This explanation might confirm a
decrease in the cellulose wavelengths. Under EB, the appearance of additional peaks,
recorded at 540.52 cm™, 536.78 cm™, and 537.63 cm™, may also demonstrate glucose
buildup (Farghaly et al. 2022b). Furthermore, at high EB levels, the disappearance of
ribose peaks (484 cm™ and 460 cm; Wiercigroch et al. 2017) suggested EB binding to
ribose, and this confirmed the ability of EB to stabilize ribose to create a nucleotide of
a borate ester (Grew et al. 2011, Scorei 2012).



In conclusion, EB treatments exhibited unfavorable influences on FW, DW, TWC,
and photosynthetic pigments of tomato seedlings. EB also caused a reduction in
membrane integrity, as seen by higher EC, and K and UV-metabolite leakage. B
absorption matched the B content in the nutritional medium, resulting in increased
accumulation of various B forms in seedlings. EB inhibited cellulose synthesis in
seedlings and altered wax deposition in cell walls. Moreover, EB affected the amide |
and amide Il indicating damage to the protein pools. Finally, our results reveal that
decreased tomato growth under EB might be related to alterations in photosynthetic
pigments, membrane stability, and macromolecules.
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Tab. 1. FTIR spectra showing observed peaks in tomato seedlings grown under 0, 2, 4,
and 6 mM boron for 20 days.

Frequency (cm™)

Excess boron (mM)

Peak 0 2 4 6
1 3405.17 3404.98 3405.43 3406.01
2 2927.25 2927.25 2926.60 2926.75
3 1653.21 1656.79 1646.87 1640.73
4 1540.60 - - -
5 1384.45 1384.28 1384.34 1384.30
6 1058.10 1054.9 1053.83 1053.92
7 825.42 82555  825.68 825.42
8 617.04 618.08 622.35 620.79
9 - 540.52 536.78  537.63
10 48352  484.26 - -
11 459.94  464.20 - -
12 - 453.29 - 453.74
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Fig. 1. Fresh (A), dry weight (B), total water content (C), and shoot/root ratio (D) in
tomato seedlings grown under 0, 2, 4, and 6 mM boron for 20 days. The data are means
+ SD (n =4). Different letters, capital for roots and small for shoots, indicate statistically
significant differences (P <0.05).
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Fig. 2. Photosynthetic pigments (chl a; chl b; chl a + b; carot; A) and boron
concentration (free, semi-bound; and bound B) in tomato seedlings grown under 0, 2,
4, and 6 mM boron for 20 days. The data are means + SD (n = 4). Different letters,
capital for chl a, free B and small for chl b, semi-bound B, small* for chl a + b, bound
B, small? for carot, indicate statistically significant differences (P <0.05).
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Fig. 3. Electrical conductivity (EC; A), potassium leakage (K leakage; B), and UV
absorbing metabolites (metabolite leakage; C) in tomato seedlings grown under 0, 2, 4,
and 6 mM boron for 20 days. The data are means + SD (n = 4). Different letters indicate
statistically significant differences (P <0.05).
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of tomato seedlings grown under 0, 2, 4, and 6 mM boron for 20 days.
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On-line Supplementary material

On-line Suppl. Tab. 1. Pearson correlation coefficients obtained for shoots of tomato seedlings under 0, 2, 4, and 6 mM boron for 20 days;
bivariate correlation analysis (n = 4). Measured parameters include fresh weight (FW) and dry weight (DW), total water content (TWC), shoot/root
ratio (S/R ratio), percent of electrical conductivity (EC%), potassium leakage (K leakage), UV metabolites leakage, chlorophyll a (Chl a),
chlorophyll b (Chl b), chlorophyll a+b (Chl a+b), carotenoids (Carot.), free boron (Free B), semi-bound boron (Semi B), and bound boron (Bound
B). ** Correlation is significant at 0.01 level (two-tailed). * Correlation is significant at 0.05 (two-tailed) level.

Shoot

FW DW | TWC | SiRratio| EC% |ea|l<<age '\/:2;12‘328 Chia | Chib | Chlatb | Carot. | FreeB | SemiB | BoundB
FW 1
DW 0.932%* 1
TWC 1.000%* | 0.922% 1
S/Rratio | -0.837** | -0.798** | -0.835** 1
EC% 0.755%% | 0.681* | -0.756%* | 0.827% 1
K leakage | -0.803** | -0.742%* | 0.803** | 0833** | 0.977** 1
“’:2;1%‘3;& 0.865%* | -0.800%* | -0.866** | 0024** | 0926%* | 0.915%* 1
Chla 0.803** | 0.862%* | 0795%% | -0.669% | -0.609* | -0.680* -0.652* 1
Chl b 0.458 0.516 0.452 0111 10,005 -0.087 0.101 0.690* 1
Chlath | 0778 | 08d0=* | 0770** | -0509* | -0527 | -0.604 -0.581* 0.991%% | 0.780%* 1
Carot. 0.715% | 0.783** | 0706* | -0591* | -0514 | -0592* 10,550 0.985%* | 0.720%* | 0.984%* 1
FreeB | -0.896%* | -0.857** | -0.804%* | 0007** | 0.931** | 0943** 0.971%+ 0.768%* | -0224 | -0.704% | -0669* 1
SemiB | -0930%* | -0924%* | -0925%* | 0.022%% | 0890%* | 0915%* 0.937% 0.822%% | 0311 | -0767** | -0.734** | 0965** 1
Bound B | -0.710%* | -0.713* | -0.715% | 0646* | 0724** | 0.828** 0.687* 0812%*% | 0341 | -0765%% | -0.785%* | 0799** | 0.799%* 1
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On-line Suppl. Tab. 2. Pearson correlation coefficients obtained for roots of tomato seedlings grown under 0, 2, 4, and 6 mM boron for 20 days,
bivariate correlation analysis (n = 4). Measured parameters include fresh weight (FW) and dry weight (DW), total water content (TWC), free boron

(free B), semi-bound boron (semi B), and bound boron (bound B). ** Correlation is significant at 0.01 level (two-tailed). * Correlation is significant
at 0.05 (two-tailed) level.

Root
FwW DW TWC Free B Semi B Bound B
FW 1
DW 0.988** 1
TWC 1.000** 0.986** 1
Free B -0.953** -0.930** -0.954** 1
Semi B -0.958** -0.964** -0.957** 0.965** 1
Bound B -0.665* -0.661* -0.655* 0.799** 0.799** 1
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On-line Suppl. Fig.1. Tomato seedlings grown under 0 (control), 2, 4, and 6 mM boron
for 20 days.
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