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ABSTRACT ARTICLE HISTORY
Blossom-end rot (BER) is a physiological disorder in tomatoes caused by Received 26 February 2025
calcium (Ca) deficiency, often due to factors like poor irrigation, salinity, and Accepted 3 August 2025
high humidity that disrupt transpiration of plants. This study evaluated the KEYWORDS

effects of Pelletlzeq Shegp Wool (!’§W) on BER in tomatoes, enhancing fruit Boron; calcium deficiency;
yield, and influencing mineral nutrition. PSW was applied to tomato plants at FTIR; waste management
levels of 5, 10, and 20g kg™', and the number of BER, as well as the

concentrations of Ca, Mg, N, K, and B in the leaves and fruits, were deter-

mined. FTIR analysis was conducted on the upper and bottom parts of the

tomato fruits to assess the effects of the treatments on the fruit's functional

groups. PSW treatments effectively reduced BER, with 0% BER observed in the

PSW 5 and 10g kg™' doses, and only 5.26% in the PSW 20g kg™' dose,

compared to 20% in the control group. PSW treatments increased tomato

fruit weight, with fruit fresh weight rising from 164 g in control to 239 g in the

PSW 20 treatment. While PSW positively affected Ca, B, and N concentrations.

FTIR analysis showed that PSW treatments influenced the biochemical com-

position of the fruits, with significant changes in lipid and protein content,

particularly in the bottom parts of the fruits. These findings suggest that PSW

is a promising natural amendment for improving tomato fruit yield and

preventing BER, with potential impacts on cell walls and metabolic processes.

Introduction

Blossom-end rot (BER) is one of the most severe physiological disorders affecting various crops,
particularly tomato, as well as pepper, watermelon, and eggplant (Hagassou et al. 2019; Zhang
et al. 2019). This disorder is primarily caused by Ca deficiency, often exacerbated by moisture stress,
irregular watering practices, high relative humidity, and saline soil conditions (Hagassou et al. 2019;
Reitz, Shackel, and Mitcham 2021). Water uptake, movement, and plant-water relations play essential
roles in Ca absorption and distribution within plant tissues, plants absorb Ca from the soil or growing
media and transfer it to the root xylem and further transport in leaves or fruits occurs via both
apoplastic and symplastic pathways (Clarkson 1984; Hocking et al. 2016; Sethi, Dhaka, and Bari 2024)

Calcium is a key nutrient required for the cell wall structure, signaling and stress response,
cell growth, plant tissue development, and membrane stability (Dodd, Kudla, and
Sanders 2010). Regulation of Ca ion concentrations in the cytoplasm, apoplast, and organelles
is used by the plant as a signaling mechanism (Marschner 2012). Furthermore, Ca stabilizes
the plasma membrane and pectin constituents in the cell wall (Hocking et al. 2016).
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Tomato fruit growth and development are predominantly associated with cytosolic Ca con-
centration. Several studies signify that the main cause of BER is a localized deficiency of Ca in
the distal fruit tissue, due to defective local Ca transport or imbalanced incorporation of Ca
with the pectin, a cell wall component (Adams and El-Gizawy 1988; de Freitas et al. 2012;
Taylor and Locascio 2004).

Growing global waste generation is one of the most pressing environmental challenges
today. This trend is primarily driven by population growth, economic development, and rapid
urbanization, particularly in developing countries. It is projected that by 2050, annual global
waste generation will reach 27 billion tons (Kumar and Agrawal 2020). As a result, there is an
urgent need for effective solutions and technologies to minimize waste, focusing on proper
waste disposal management and waste-to-value processes (Akca et al. 2023; Midolo et al.
2024). Sheep wool is a keratin-rich by-product of sheep farming and the textile industry. Due
to the complex structure of keratin, these wastes are highly resistant to degradation (Petek and
Marin$ek Logar 2021). As a result, most of these waste materials are either incinerated or sent
to landfills, raising environmental concerns. However, these wastes hold potential as effective
fertilizers and soil conditioners (Akca et al. 2023). As SW is increasingly becoming a waste
material, recent studies have been conducted to determine the effectiveness of this valuable
material as a fertilizer and soil conditioner (Akca et al. 2023; Broda et al. 2023; Cetin Karaca,
Chalabee, and Saba 2023; Taskin 2024). Among these studies, Akca et al. (2023) and Taskin
(2024) found that the application of SW positively affected Ca nutrition in sugar beet leaves.
The improvement in Ca nutrition in sugar beets may be attributed to the ability of SW to
increase and maintain the availability of usable water in the soil. Under normal conditions,
SW is a hydrophobic material (Erkmen and Sari 2023; Rajabinejad, Buciscanu, and Maier
2019), however, when compressed into pellets, it becomes an organic material with high water
retention capacity. When applied to soil, SW can provide the following advantages. The
fibrous structure of sheep wool allows it to retain water in the soil, making it available for
plant roots (Haque and Naebe 2022; Marczak et al. 2023). This is particularly beneficial in
light textured soils, where it can prevent rapid drainage and enhance the water-holding
capacity of soils. As an organic material, SW improves the physical structure of soils, helping
water to distribute more evenly (Juhos et al. 2023; Kadam et al. 2014). This facilitates deeper
water infiltration and reduces water loss through evaporation. When SW is applied as
a surface layer, it can reduce water evaporation and help maintain soil moisture for extended
periods (Sharma, Sahoo, and Chand 2019). A more stable moisture level in the soil can
facilitate the uptake of Ca and other nutrients by plant roots (Marschner 2012). This, in
turn, contributes to the prevention of physiological disorders such as BER in tomato. These
effects can vary depending on factors such as the decomposition rate of the SW, the applica-
tion rate, and the initial properties of the soil. This study aims to evaluate the effectiveness of
PSW as a soil amendment in mitigating BER in tomatoes by improving Ca availability and
plant transpiration under conditions.

Materials and methods
Chemical analysis and characterization of sheep wool

Pelletized sheep wool (PSW) used in this study was purchased from a private company. PSW was digested
with an acid mixture of HNO5-HCIO, (4:1) on a hot plate at 100°C. P, K, Ca, Mg, Fe, Zn, Cu, Mn and
B concentrations in the digested sample were determined by ICP-OES (Perkin Elmer Optima 2100 DV,
USA). Total N was determined according to the Kjeldahl method (Moore et al. 2010). The total macro and
micro element concentration of SW was given in Table 1. The functional groups of PSW were analyzed
using Fourier Transform Infrared Spectroscopy (FTIR). IR spectra within the range of 500-4000 cm™"
were obtained using a Shimadzu Infinity FTIR Spectrometer equipped with three reflective ATR units.
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Table 1. Some physical and chemical properties of the experimental soil and
pelletized sheep wool (PSW).

Properties (Method) Soil PSW
Texture (Bouyoucos) C -
pH (1:2.5 water/1:5 water) 8.28 9.55
EC (1:2.5 water/1:5 water), dS m™' 0.32 137
CaCo; (Scheibler), g kg™ 82.1 -
Organic matter (Walkley-Black), g kg™ 10.5 -
Organic matter (loss of weight 550 °C), g kg™ - 827
Total N, g kg™ 3.30 98.0
P (NaHCOs), mg kg™ 3.93 -
Total P, g kg™ - 143
K (NH4OAc-extractable), mg kg™ 868 -
Total K, g kg™ - 473
Ca (NH4OAc-extractable) mg kg™ 6811 -
Total-Ca, g kg™ - 214
Mg (NH4OAc-extractable), mg kg™ 1321 -
Total Mg, g kg™ - 4.78
Zn (DTPA-extractable), mg kg™ 0.42 -
Total Zn, mg kg™’ - 139
Fe (DTPA-extractable), mg kg-' 1.90 -
Total Fe, g kg™ - 3711
Cu (DTPA-extractable), mg kg™ 1.70 -
Total Cu, mg kg™ - 14.2
Mn (DTPA-extractable), mg kg™ 5.58 -
Total Mn, mg kg™ - 101
B (NaOAc-extractable), mg kg™ 1.50 -

Plant growth conditions and treatments

The experiment was conducted in 12kg pots (29.5cm length, 34.0cm top and 25.5cm bottom
diameter) under controlled greenhouse conditions at the Department of Soil Science and Plant
Nutrition, Ankara University, Turkey, from May 19, 2023, to August 18, 2023, with tomato (Solanum
lycopersicum, cv. Tomks) plant. The soil used in this study was obtained from the plow layer (0-20 cm)
of an experimental field located at the Department of Soil Science and Plant Nutrition, Ankara
University, Turkey (coordinates: 39° 57’ 44.51" N, 32° 51’ 46.95" E). The soil samples were air-dried
and sieved to a particle size of 2 mm to determine chemical properties, following the method described
by Page and Keeney (1982) and some soil properties were presented in Table 1. In the experiment, no
basic fertilization was applied, only KNOj fertilizer was applied in solution form with 100 mg N kg ™" as
top-dressing fertilizer. The treatments included: (i) Control (ii) 5 g kg™' PSW; (iii) 10 g kg™' PSW; (iv)
20g kg™' PSW. The selected doses, previously used in our study (Akca et al. 2023), were weighed
accordingly, and the specified amounts of PSW were thoroughly mixed into the soil. One tomato
seedling was sown in each pot. During the experiment, randomly selected pots were weighed every day.
Tap water was added to all pots at the volume required to reach 70% of field capacity. During the
harvest period, shoot and fruit sections were sampled separately. Shoot and fruit fresh weights were
determined, and then the shoot and fruit samples were washed with tap and distilled water and then
dried (65 °C) in an air-forced oven until moisture was completely removed. To determine the dry
weight, dried shoot and whole fruits were weighted with precision balance (accuracy: 0.001 g). The dried
samples were ground and passed through a 0.20-mm sieve for further analysis.

Chemical analysis in shoots and fruits

Plant samples were digested with HNO3;-HClO, acid mixture (Kalral997). Total Ca, Mg and
B concentrations were determined by ICP-OES (Perkin Elmer Optima 2100 DV, Waltham,
MA, USA) and total N was determined according to the Kjeldahl method (Moore et al. 2010).
The peach leaves received from the National Institute of Standards and Technology were used
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as the standard reference material with the code of 1547. The nutrient content was calculated
as a function of their concentration and respective dry weights. The functional groups of dried
tomato fruits (upper and bottom parts) were analyzed using FTIR. A Shimadzu Infinity FTIR
Spectrometer, equipped with three reflective ATR units, was used to obtain IR spectra in the
range of 4000-500 cm™'.

Experimental design and statistical analysis

The experimental design was a randomized complete plot design (RCPD) with four treatments and
four replications. The significance of treatments was determined with one-way ANOVA, using
ORIGINPRO 2021 software (Origin Lab Inc., Northampton, MA, USA). The significant differences
among the treatment means were calculated by Tukey’s honestly significant difference (HSD) test at
p <.05 and descriptive statistics (+ SE). The principal component analysis (PCA) was created using
ORIGINPRO 2021 software.

Results
FTIR spectra of pelletized sheep wool

Fourier transform infrared spectra of biological materials like PSW are used to determine the
presence of various functional groups and chemical bonds (Figure 1). The PSW used in the
study exhibited distinct peaks at 3275, 2918, 2850, 2357, 2328, 1633, 1541, 1394, 1026, and
873cm .

Blossom end-rot symptoms

During the experiment, the percentage of fruits affected by BER among the total fruit count was
determined. Accordingly, BER was observed in 20% of the fruits in the control group, whereas in the
PSW 5 and 10g kg™ treatment doses, the BER rate was 0, and in the highest PSW dose, it was
determined to be 5.26%.

Vegetative and fruit weights of tomato

The fresh weight of tomato shoots decreased in the PSW5 and PSW10 treatments, while at the
PSW20 dose, the dry weight of the plants was the same as that of the control group. The dry
weight of the shoots was lower only in the SW10 treatment compared to the other treatments.
Unlike the shoot part, the fruit weight of tomatoes significantly increased with SW treatments
compared to the control. While the fresh fruit weight in the control group was 164 g, it was
determined to be 199g, 221g, and 239g with the SW5, SW10, and SW20 treatments,
respectively (Table 2). The shoot dry weight and fruit dry weights were also highly consistent
with the fresh weights. The reason we have provided the fresh weights of the fruits here is to
be able to determine the nutritional value of tomato fruits in their fresh state, if necessary.

Calcium, magnesium, nitrogen and boron concentration of tomato shoots

Pelletized sheep wool applications significantly increased the shoot calcium concentration in toma-
toes. Similarly, the application of 5g kg ' increased the boron concentration in tomato shoots
compared to the control. In contrast, PSW applications did not have a significant effect on the
shoot magnesium and nitrogen concentrations (Table 3).
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Table 2. The effect of increasing doses of pelletized sheep wool (PSW) applications on fresh and dry weight of tomato

shoots and fruits.

PSW Shoot Total Fruit

Treatments, Fresh Dry Fresh Dry
gkg™' weight, g weight, g weight, g weight, g

0 227 £12.2a 38.6 = 1.49 164 + 15.5b 14.9 + 1.68b
5 168 + 16.1b 31.3+2.3% 199 + 10.6b 21.4+1.28ab
10 135+ 143b 20.5+1.70b 221+12.5a 24.7 +1.38a
20 183 £ 11.5ab 31.7+251a 239 +7.90a 22.0+2.13a
F 7.86* 13.0%* 7.44% 6.22*

The values are means of four replicates + standard errors. Different letters in each column represent significant
difference at p < .05 level based on Tukey’s honestly significant difference (HSD) test. *p <.05; **p < .01.

Table 3. The effect of increasing doses of pelletized sheep wool (PSW) applications on calcium and magnesium, nitrogen and

boron concentration of tomato shoots.

Shoot
PSW Mg N B
Treatments, Ca concentration, concentration, concentration, concentration,
gkg™' gkg™' gkg™' gkg™' mg kg™
0 36.8+1.28c 9.22+043 22.8+£0.49 43.4+4,05b
5 37.9+£1.39bc 9.85+0.71 23.2+£0.96 56.0 + 2.06a
10 50.1 £ 4.62ab 9.79+0.72 21.9+1.41 323+ 1.61c
20 51.5+3.24a 9.03 +£0.66 241+£135 304+ 1.61c
F 6.89*% 0.55™ 0.64" 21.5%*%

The values are means of four replicates + standard errors. Different letters in each column represent significant difference at
p < .05 level based on Tukey’s honestly significant difference (HSD) test. ns: not significant; *p < .05; **p <.01.

Calcium, magnesium, nitrogen and boron concentration and content of tomato fruits

The concentrations of Ca, Mg, N, and B in tomato fruits were determined by separating the fruits into
equatorial, upper, and bottom sections. Since the applications increased fruit size, the contents of these
elements were calculated based on their concentration and dry weights (Table 4).

PSW treatments resulted in an increase in the Ca concentration of the upper part of the fruit, but
this increase was not statistically significant. However, with PSW applications, the Ca content, which
was 5.86 mg fruit dry weight in the control, doubled. In the bottom section of the fruit, no significant
difference was observed in terms of calcium concentration and content. It is noteworthy that the Ca
concentrations in the lower sections of the fruits were clearly lower than those in the upper sections.

Table 4. The effect of increasing doses of pelletized sheep wool (PSW) on calcium (Ca) and magnesium (mg) concentration and

content of bottom and upper part of tomato fruits.

Bottom part of fruit

PSW
Treatments, Ca concentration, Ca content, Mg content,
g kg™ gkg™ mg fruit™, dw Mg concentration, g kg™ mg fruit™, dw
0 0.56 +£0.07 444 +0.56 1.56 +0.11 1291244
5 0.45 + 0.04 4.36+0.38 1.51+£0.11 14.7 £0.79
10 0.44 £0.02 4.59+0.30 1.26 +£0.24 12.9+2.60
20 0.41 £0.04 3.86 £0.55 1.50 £ 0.09 14.2+£1.62
F 2.00™ 0.46 ™ 0.85™ 0.20™

Upper part of fruit
0 0.86 +£0.07 5.86+0.95b 1.06+0.03 b 7.18+0.90 b
5 1.12+0.14 12.8+2.08 a 139+£0.13 a 158+2.15a
10 1.00 + 0.05 142+0.46 a 1.27 £0.02 ab 181+132a
20 0.90 + 0.07 114+185a 1.11£0.05 ab 139+ 1.64a
F 1.72™ 5.98* 4.10% 8.96*

The values are means of four replicateststandard errors. Different letters in each column represent significant difference at p <.05
level based on Tukey's honestly significant difference (HSD) test. ns: not significant; *: p <.05. dw: Dry weight.
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Table 5. The effect of increasing doses of pelletized sheep wool (PSW) applications on boron (B) and nitrogen (N) concentration and
content of bottom and upper part of tomato fruits.

PSW Bottom part of fruit
Treatments, B content, N concentration, N content,
g kg™ B concentration, mg kg™’ ug fruit™, dw g kg™ mg fruit™", dw
0 20.2+2.15 162+22.9 289+1.89b 240+453
5 234+3.25 236 +48.0 30.9+0.79 ab 303+19.8
10 34.1+7.03 347 +64.7 339+3.18a 357 +33.1
20 29.5+1.32 279+33.7 329+ 1.68 ab 310+33.7
F 2.34™ 2.98™ 4.64* 1.96"™

Upper part of fruit
0 26.7 +2.68 179+245c 26.4+0.66 b 177+£17.6 c
5 39.9+2.06 332+6.60 b 284+134ab 318+214b
10 32.7+3.07 458+248 a 314+031a 478+242a
20 26.2+2.78 325+330b 29.7+0.71 ab 372+36.7 ab
F 1.30™ 22.1%% 6.41* 19.2%*

The values are means of four replicateststandard errors. Different letters in each column represent significant difference at p < .05
level based on Tukey’s honestly significant difference (HSD) test. ns: not significant; *p <.05; **p <.01. dw: Dry weight.

The Mg concentrations and contents in the upper parts of the fruits increased regardless of the
PSW doses. No significant difference was observed in the Mg concentrations and contents in the
bottom parts of the fruits (Table 4).

While PSW treatments had a positive effect on the B concentration in both the upper and bottom
sections of the fruits, these effects were not statistically significant. However, the B content in the
upper parts of the fruits significantly increased with PSW applications (Table 5).

The N concentration in the fruits significantly increased with the 10 g kg™' dose of PSW compared
to the control. The N contents also increased in response to increasing PSW doses (Table 5).

FTIR spectra of upper and bottom part of tomato

The peaks obtained by FTIR reflect the functional groups of the chemical components present in the
tomato fruit. In tomatoes grown in the control group, the peaks identified at 2920 and 2850 cm ™'
correspond to C-H stretching vibrations, which are found in organic compounds such as lipids and
carbohydrates (Figure 2(A)). These peaks can be specifically associated with saturated and unsaturated
fatty acids. They were prominently measured in both the upper and bottom parts of the fruits. Similar
peaks were also observed in PSW treatments (Figure 2(B-D)). In the control group, the peak observed
around 1732 cm™" in the upper part of the fruit corresponds to C = O (carbonyl) stretching vibrations,
which are characteristic of functional groups found in esters or lipids. In the bottom part of the fruit,
this peak was detected at 1718 cm™", where it appeared weaker. However, in PSW treatments,
especially at 5 and 10 g kg™' doses of PSW, these peaks were found to reappear around 1735 cm ™"
in the bottom part of the fruit. In the control group, the peak identified around 1606 cm ™" is associated
with aromatic C = C bonds or amide I bands in proteins. It was found to be more prominent at 1612
cm™" in the bottom part of the fruit. These peaks were observed closer to 1600 cm ™', and they were
more pronounced in both the upper and bottom parts of the fruit in PSW treatments. The
C-H bending vibrations at 1394 and 1361 cm™"' were detected in both parts of the fruit. Similar
peaks were also observed in PSW treatments at nearby spectral regions. The C-O stretching vibration
at 1230 cm™' may be related to phosphate groups or polysaccharides, which are particularly found in
cell wall components. This peak was weakened in the lower part of the fruit. Similar peaks in close
spectral regions were also observed in PSW treatments. The C-O and C-O-C stretching vibrations at
1037 cm™" are common in carbohydrates and polysaccharides, originating from cellulose, hemicellu-
lose, and pectin. Similar peaks in close spectral regions were also detected in PSW treatments
(Figure 2).
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Figure 1. Fourier transform infrared spectroscopy spectrum of pelletized sheep wool (PSW).

Principle component analysis of experiment

Two components were derived from the PCA analysis of the tomato plant’s upper and bottom mineral
concentrations, accounting for 55.6% (PC1 = 38.1%; PC2 =17.5%) (Figure 3). The component load-
ings indicated that shoot DW had the highest score (0.37) on component 1, followed by shoot FW (g)
(0.34), upper N (g kg_l) (0.33), and fruit DW (g) (0.32). Loads on component 1 indicate a positive
correlation of fruit DW with fruit FW, upper Ca, upper Mg, upper N, upper B, bottom N, bottom B,
shoot Ca, and shoot Mg; fruit DW (g) indicates a negative correlation with shoot DW, bottom Ca,
bottom Mg, shoot N and shoot B (Figure 3).

Discussion

The FTIR peak identified at 3275 cm™" in PSW corresponds to N-H stretching vibrations (amino
groups), indicating the presence of amino groups or proteins such as keratin in the wool. The
peaks at 2918 cm™' and 2850 cm™' correspond to C-H asymmetric and symmetric stretching
vibrations and can be associated with the fats in the wool. The distinct peaks at 2357 cm™' and
2328 cm™! correspond to C = O stretching vibrations, which may indicate the presence of carbo-
nates or organic acids. The peak at 1633 cm ™' represents the Amid I band, which points to protein
structures, particularly keratin. The Amid II band peaks observed at 1541 cm™" confirm the
presence of protein structures in the sheep wool. The C-H bending vibration observed at 1394
cm™" is related to the bending motion of methylene groups and indicates the presence of alkyl
groups or lipids in the sheep wool. The C-O stretching vibration identified at 1026 cm™" in the
FTIR spectrum could indicate the presence of carbohydrates or alcohols in the wool. Since wool
contains both protein and sugar components, this band could refer to wool structures. Finally, the
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Figure 2. Fourier transform infrared spectroscopy spectrum of tomato fruits.

C-H bending vibration observed at 873 cm™' is associated with the bending of alkyl groups
(especially methyl and methylene groups), which may be linked to some structural components
found in wool fibers. These peaks reveal the complex biological structure of PSW (proteins, fats,
carbohydrates, and other organic compounds) and the presence of various functional groups. The
FTIR spectrum is an effective tool for determining the structural characteristics and chemical
groups of these components. The FTIR spectra identified in this study are in accordance with our
previous work (Akca et al. 2023) and the findings of other researchers (Atbir et al. 2023; Enkhzaya
et al. 2021).

This study investigated the effectiveness of PSW treatments in preventing BER in tomatoes. The
analysis focused on Ca, Mg, B, and N, both in the plant and in the upper and bottom parts of the
tomato fruits. Additionally, for the first time in the literature, FTIR measurements were conducted on
tomato fruits to identify the changes caused by Ca deficiency. Blossom-end rot in fruits is primarily
caused by insufficient Ca transport to the fruit, a critical element for cell wall strength and stability.
Calcium deficiency leads to cell breakdown and tissue decay. However, this deficiency is often not due
to a lack of Ca in the soil but rather to inadequate transport within the plant. Factors such as irregular
watering, whether the soil is too dry or too wet, can impede Ca uptake. Furthermore, excessive
N fertilization accelerates plant growth, favoring leaf development over fruit growth, thus hindering
Ca allocation to the fruits. Salinity also suppresses Ca absorption (Hagassou et al. 2019; Reitz, Shackel,
and Mitcham 2021). Both Ca and B significantly influence various fruit quality parameters, such as
fruit cracking, color, firmness, BER, and sugar content in crops like tomatoes and strawberries (Huang
and Snapp 2009; Woéjcik and Lewandowski 2003). The occurrence of BER is influenced not only by Ca
but also by B (Ashraf et al. 2018).



COMMUNICATIONS IN SOIL SCIENCE AND PLANT ANALYSIS . 9

-0,4 -0,2 0,0 0,2 0,4
20 4 0.6 ®  PSWO
18 .
] Shoot B e pswio
16 P PSW20
i; B 04 ®  PSWS5
10 - / 95% Confidence Ellipse for PSW0
1 Bott
8 g 02 95% Confidence Ellipse for PSW 10
—_ ]
X 61 ’ 95% Confidence Ellipse for PSW20
[Ye) 4
~ ‘2" ] 95% Confidence Ellipse for PSW5
N ] / | .
: 0 E aa I Fruit DW 0.0 % Loadings
/ { e i 2
O ] ‘ ‘
g 2 Upper N
-4 4 ShootD Bottom N
-6 Fruit FW
8 -0,2
N / / Shoot Ca
-10 Shoot FW | S/
-12 4 w‘ g
-14 4 0,4
-16 4

-16 -14 -12-10 -8 6 4 -2 0 2 4 6 8 10 12 14 16 18
PC1 (38.1%)

Figure 3. The biplots of principal component analyses (PCA) of increasing doses of pelletized sheep wool (PSW) applications on
tomato plants.

The study assessed the effects of PSW treatments on BER, fruit yield, mineral nutrition and FTIR
spectrums of tomatoes. Data collected during the experiment showed that PSW applications signifi-
cantly reduced BER. While 20% of the control fruits exhibited BER, this percentage was reduced to
zero in the PSW5 and PSW10 applications, and only 5.26% in the PSW20 applications. This indicates
that PSW is highly effective in preventing BER, particularly at low and medium doses. Blossom end-
rot is a physiological disorder linked to Ca deficiency, which arises from various environmental and
nutritional factors that affect Ca transport to the fruits (Hagassou et al. 2019; Reitz, Shackel, and
Mitcham 2021). The study showed that PSW treatments increased Ca concentration in tomatoes, and
the increased fruit size led to a rise in total Ca content. Although PSW applications caused a slight
increase in Ca concentration in the upper part of the fruit, this change was not statistically significant.
However, PSW applications resulted in a two-fold increase in Ca content compared to the control
plants. The lower Ca concentrations in the bottom sections of the fruit compared to the upper sections
are essential for understanding BER formation and support previous studies on the impact of Ca
distribution in fruit on BER development (Franco, Bafién, and Madrid 1994; Topcu, Nambeesan, and
van der Knaap 2022) In our previous study (Akca et al. 2023) and in the studies conducted by Taskin
(2024) with sugar beet, it was determined that PSW applications increased the Ca concentration in the
sugar beet leaves.

In terms of shoot growth, fresh weight decreased in the PSW5 and PSW10 treatments, while the dry
weight in the PSW20 treatment remained like the control group. PSW applications had a significant
positive effect on fruit yield, with the average fruit weight increasing from 164 g in the control group to
199 g, 221 g, and 239 g in the PSW5, PSW10, and PSW20 treatments, respectively. This highlights the
fruit size-enhancing effect of PSW. Some studies on sheep wool indicate that it has growth-promoting
effects, particularly in sugar beet (Akca et al. 2023; Taskin 2024), pepper (Cetin Karaca, Chalabee, and
Saba 2023) and wheat (Broda et al. 2023).

Pelletized sheep wool treatments increased Ca and B concentrations in tomato shoots but had no
significant effect on Mg and N. In fruit tissues, Mg concentrations and contents in the upper sections
of the fruit increased independently of PSW applications, whereas no significant changes were found
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in the lower sections. PSW applications positively influenced B concentrations in both the upper and
lower parts of the fruit, although the effects were not statistically significant. However, B content in the
upper parts of the fruit increased significantly with PSW applications. Regarding nitrogen, the PSW10
application significantly raised N concentration in the fruits compared to the control. Nitrogen
content also increased linearly with higher PSW doses, suggesting that PSW could potentially con-
tribute to N supply. The positive effects of PSW applications on Ca and B, which are immobile
elements in the phloem, can be explained by PSW’s ability to ensure that water remains available to the
plant for a longer period in the soil (Haque and Naebe 2022; Kadam et al. 2014; Sharma, Sahoo, and
Chand 2019).

The FTIR analysis of tomato fruits provided valuable insights into the chemical composition
and structural differences between the control group and PSW-treated samples. The spectral data
revealed characteristic peaks corresponding to major biochemical constituents such as lipids,
carbohydrates, proteins, and polysaccharides. The presence of C-H stretching vibrations at 2920
and 2850 cm ™" in both the upper and lower parts of the fruit indicate the abundance of lipids and
carbohydrates. These peaks were also observed in PSW-treated samples, suggesting that the
treatment did not significantly alter the overall lipid and carbohydrate composition but main-
tained the presence of these organic compounds. Given that these vibrations are associated with
saturated and unsaturated fatty acids, it can be inferred that lipid metabolism remained largely
unaffected by PSW treatment. A distinct carbonyl (C = O) stretching peak was identified at 1732
cm™" in the upper part of the fruit in the control group, while a weaker peak at 1718 cm™" was
detected in the bottom part. This peak corresponds to functional groups found in esters and lipids,
potentially arising from pectin, fatty acids, and carbohydrate derivatives. Notably, in PSW treat-
ments, particularly at 5 and 10 doses, the reappearance of this peak around 1735 cm™" in the lower
part of the fruit suggests a possible reinforcement of ester-linked compounds, which could be
linked to modifications in cell wall structure or lipid composition under treatment conditions. The
peak at 1606 cm ™' in the control group, associated with aromatic C = C bonds and amide I bands
in proteins, was found to be more pronounced at 1612cm™" in the lower part of the fruit. This
peak is indicative of phenolic compounds and protein structures. The shift observed in PSW-
treated samples, where the peak appeared closer to 1600 cm™' and became more distinct in both
fruit regions, suggests an increase in phenolic content or modifications in protein conformation,
potentially due to the impact of PSW treatment on metabolic pathways related to secondary
metabolites. The peaks at 1394 and 1361 cm ™', corresponding to C-H bending vibrations asso-
ciated with carboxylate salts and lipids, were present in both fruit regions and were similarly
observed in PSW-treated samples. These findings indicate the continued presence of pectin,
cellulose, and polysaccharides, essential components of the fruit’s structural integrity. The main-
tenance of these peaks across treatments suggests that PSW does not significantly alter the
fundamental polysaccharide composition. The 1230 cm™' peak, indicative of C-O stretching vibra-
tions related to phosphate groups or polysaccharides found in cell walls, showed a weakening in
the lower part of the fruit in the control group. The presence of similar peaks in PSW-treated
samples suggests that while some variations may occur, the overall integrity of the phosphate-
containing polysaccharides remains consistent across treatments. The peak at 1037 cm™', corre-
sponding to C-O and C-O-C stretching vibrations in carbohydrates and polysaccharides, was
detected in both control and PSW-treated samples. This peak, associated with cellulose, hemi-
cellulose, and pectin, highlights the structural components of the tomato fruit. The consistency of
this peak in PSW-treated samples suggests that the treatment does not negatively impact carbohy-
drate integrity but may contribute to maintaining cell wall stability. Overall, the FTIR results
indicate that PSW treatment does not drastically alter the fundamental biochemical composition of
tomato fruits but may influence specific structural and metabolic pathways. The observed peak
shifts and intensities suggest potential modifications in lipid composition, phenolic content, and
cell wall components. There is no study attempting to explain the relationship between Ca
nutrition and BER using FTIR. However, the fundamental FTIR spectra we identified in our
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study were consistent with previous studies (Bunghez et al. 2011; Skolik, McAinsh, and Martin
2019) that determined FTIR analysis results for tomato fruit based on different criteria.

Conclusion

Pelletized Sheep Wool significantly reduced the occurrence of BER in tomatoes, demonstrating its
potential as an effective tool for managing this Ca deficiency-related disorder. The results highlighted
the role of PSW in improving Ca and B concentrations in tomato plants, which contributed to
enhanced fruit quality and increased fruit yield. Additionally, FTIR analysis provided valuable insights
into the structural and biochemical composition of the fruit, revealing modifications in lipid, phenolic,
and polysaccharide content due to PSW treatment. Further studies are needed to investigate the long-
term effects of PSW on nutrient dynamics and plant metabolism to fully understand its potential as
a sustainable agricultural amendment.
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