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Abstract

The aim of this study was to investigate the effects of cultivar and transplant age on the ele-
mental composition of broccoli (Brassica oleracea L. var. italica).) and to evaluate the suitability
of wavelength-dispersive X-ray fluorescence (WDXRF) as a quantitative method for mineral
analysis in broccoli samples. Three broccoli cultivars were used in the field experiment: Jade F,,
Monaco F,, and Monopoly F,. The results showed that all the elements were present at consi-
derable levels. Among the factors assessed in the experiment, cultivar had the greatest impact
on the elemental composition, followed by year and transplant age. The Monopoly F, cultivar
generally showed a greater ability to accumulate multiple elements. P, S, and CI contents were
significantly affected by the year factor, underscoring the importance of environmental factors
in nutrient absorption. Higher concentrations of P, S, and Cl were also associated with
an increasing transplant age. Principal component analysis (PCA) further showed that the
nutrient composition of broccoli varied depending on the interaction between genotype, trans-
plant age and experiment year, with some nutrients being more closely associated with specific
combinations of genotype and transplant age. Additionally, the findings indicate that WDXRF
is a rapid and accurate method for determining the elemental makeup of broccoli samples.
Overall, the findings imply that the mineral composition of broccoli is influenced by a combina-
tion of developmental, environmental, and genetic factors.
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INTRODUCTION

Vegetables are an important part of the human diet, providing a sub-
stantial amount of minerals, vitamins and dietary fibres (Kaymak et al.
2020, 2025, Stansluos et al. 2026). Mineral nutrients act as electrolytes
in tissues and fluids, where they play a key role in maintaining acid-base
balance, regulating osmotic pressure and regulating cell membrane permea-
bility. In particular, macro-minerals such as Ca, P, Na, and I are essential
for the proper functioning of these physiological processes. And also some
elements participate in enzymatic reactions; Cu and Mn function as enzyme
activators, while Zn and Mn are integral parts of metalloenzyme structures.
Consequently, minerals play a fundamental role in sustaining human health
and normal physiological functioning (L6pez-Alonso et al. 2025).

The human body requires essential mineral nutrients in different quan-
tities, generally ranging between 50 pg and 18 mg per day, and more than
twenty chemical elements are recognized as important components of a bal-
anced human diet. Insufficient intake of one or more of these elements can
result in significant physiological disorders, including conditions such
as anemia, osteoporosis, and goiter (Ali 2023). These minerals occur widely
in various foods, especially in plant-derived products such as leafy green
vegetables, tea leaves, and other plant materials (Castagnino et al. 2023,
Nurzynska-Wierdak 2025).

Recently, increasing attention has been drawn to establishing criteria for
the development of novel “functional foods” that may help reduce the risk
of specific cancers. Epidemiological findings indicate that a high intake of
Brassica vegetables, including broccoli, is strongly linked to a lower risk
of several cancers, particularly those of the lung, stomach, colon, and rectum
(Zhang et al. 2018, Baladia et al. 2024). Several studies suggest that Brassica
vegetables, and especially broccoli, contribute to cancer prevention in humans.
This protective effect is largely associated with their substantial mineral
composition and high levels of biologically active compounds, including
flavonoids, vitamins, and glucosinolates (Li et al. 2022, Gudino et al. 2024).
Furthermore, the pharmaceutical importance of broccoli arises not only from
its anticancer effects, but also from its antimicrobial, antioxidant, immuno-
modulatory, antidiabetic, hepatoprotective, cardioprotective properties (Syed
et al. 2023).

Broccoli (Brassica oleracea var. italica), a member of the Cruciferae fam-
ily within the genus Brassica, is widely consumed as a nutritious vegetable.
The edible part of broccoli mainly consists of sprouts and florets that collec-
tively form the inflorescence. This vegetable is largely composed of water
(89.30%) and contains very low levels of fat (0.37%). Furthermore, Li et al.
(2022) discovered that it supplies vitamins, minerals, proteins, dietary fiber,
and carbohydrates. Due to its rich mineral content, broccoli is considered
an important source of key micronutrients such as Na, K, Ca, Cl, P, and S,
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as well as trace elements such as Fe, Zn, Mn and Cu, which play important
roles in human nutrition and health (AlJuhaimi et al. 2024, Ramos-Salazar
et al. 2025). However, the mineral content of broccoli can vary considerably
depending on the environmental and agronomic conditions in which it is
grown. Factors such as seasonal variation, low and high temperatures, low
relative humidity and transplant age can significantly influence the accumu-
lation of mineral elements in broccoli tissues (Albaladejo-Marico et al. 2025).

Several investigations have reported on the effect of transplant age on
yield and growth of broccoli. While some studies indicate a decrease in yield
and quality with increasing seedling age in broccoli, other studies report that
younger seedlings yield more. For example, yield increased with increasing
seedling age in broccoli seedlings at 14, 21, 28, and 35 days old, with the
highest yield obtained from 35-day-old seedlings (Moon et al. 2025). Similarly,
the highest yield per plant was reported from 35-day-old broccoli seedlings,
compared to those in the 21- and 28-day-old age groups. It was declared that
the reason for this could be that older seedlings in the evaluated age groups
adapt more easily and better to field conditions than younger seedlings
(Yasmin et al. 2021). However, sometimes young seedlings can perform
better than older seedlings in parameters such as yield and growth charac-
teristics. Indeed, Soniya et al. (2019) reported that the highest yield was
obtained from 30-day-old seedlings and the lowest yield from 40-day-old
seedlings. Also, in similar research, which used 20-, 30-, and 40-day-old
broccoli seedlings, the highest yield and performance were obtained from
30-day-old seedlings (Sonia et al. 2019). Briefly, there are studies that have
been conducted about the effect of transplant age on yield and growth
parameters; however, it is still unclear whether younger or older transplants
have an effect on the elemental composition of broccoli.

There is insufficient information on the effects of transplant age on the
nutritional content of broccoli. The use of direct and multi-elemental analysis
methods of food samples including X-ray fluorescence spectrometry (XRF)
has increased over the last few years. Simplicity of sample preparation,
minimum need for manipulation, speed and opportunity of analysing several
different elements have promoted XRF as a useful alternative to conven-
tional spectroscopic techniques (Margui et al. 2022). Therefore, the objective
of this study was to determine the effects of transplant age on the elemental
composition of broccoli cultivars, and to evaluate the applicability of the
WDXRF technique for mineral analysis in broccoli samples.

MATERIALS AND METHODS

Plant material

This study was conducted out both in field conditions and in XRF labora-
tory at Atatiirk University, Erzurum, Turkiye. In this study, three broccoli
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(Brassica oleracea L. var. italica) cultivars (Monaco F,, Monopoly F, and
Jade F)) were used.

Growing plants

The field experiment was conducted on a loamy Lithosol soil with a pH
of 6.5. Soil analyses indicated that the organic matter content ranged
between 4.25 and 4.60%, while available phosphorus (P,0,) and potassium
(K,0) levels varied between 42.5-45.6 kg ha' and 210-287 kg ha™, respectively.
Each experimental plot received 200 kg ha' nitrogen (N) and 200 kg ha'!
phosphorus (P,0,) in the form of ammonium nitrate and triple superphos-
phate, respectively (Tripathi et al. 2020). Prior to planting, the entire
amount of P,0, was applied to the soil surface and incorporated into the soil.
The N fertilization was split into two applications (Frieman et al. 2026).
Half of the nitrogen fertilizer was applied with transplanting; the remaining
nitrogen was top-dressed at the onset of head formation of plants.

Seeds of all cultivars were initially sown in multi-cell trays containing
peat as the growing medium and maintained in an unheated greenhouse.
The seedlings were then transferred to field plots of 6 m2 Seeds were sown
on 24-25 April in the experimental years. To obtain seedlings aged 30, 40,
and 50 days, transplanting was performed at 10-day intervals starting from
23-24 May. Plants were spaced 30 cm between rows and 45 cm within rows
(Singh et al. 2022). Irrigation was provided by means of furrow irrigation
throughout the experiment, and regular crop management practices were
maintained on each plot.

Determination of nutrient element content

Nine plants were randomly selected for sampling in each plot of fifteen
plants. The heads of broccoli obtained from the selected plants were harves-
ted and individually dried in a furnace at 67.5°C until uniform weight was
obtained. After drying, the samples were ground into fine powder in a porce-
lain mortar, and the powder was used for X-ray fluorescent (XRF) analysis.
For the elemental analysis, the XRF laboratory prepared pellets from 2 g
of powdered samples. The pellets with a thickness of 2.5 mm and a dia-
meter of 35 mm were produced by applying a force of 15 t with the Spex
press (Cat. B25). Each pellet was carefully labeled and kept in a desiccator
until the analysis was performed. Before measurement, the pellets were
incubated at 80°C for 20 min to remove any remaining moisture. Elemental
determination was carried out using wavelength-dispersive X-ray fluores-
cence (WDXRF) spectroscopy (Figure 1). During the analysis, LiF, Ge (111),
PET (002), and TAP (100) crystals were used to separate the X-rays emitted
from the sample pellets. The elemental composition of the broccoli samples
was quantified with a WDXRF spectrometer (Rigaku ZSX-100e, Rhodium
target X-ray source), and the results were expressed as weight percentage
(wt%). The instrument was operated and monitored using ZSX software
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Fig. 1. Schematic representation of the spectrometer detection geometry

(Rigaku, Japan). The WDXRF system was equipped with a 4 kW, 70 kV
end-window X-ray tube, enabling the detection of elements ranging from
boron (B) to uranium (U). In addition, the instrument included micro-area
mapping capability down to 0.5 mm, up to five primary beam filters, four
analyzing crystals [LiF, Ge (111), PET (002), and TAP (100)], eight limiting
area diaphragms, optional secondary collimators, an automatic sample
changer, and multi-window fundamental parameter software for elemental
analysis (Margui et al. 2022).

Statical analyses

The experiment was conducted using a randomized complete block de-
sign with three replications. The collected data were analyzed by analysis
of variance (ANOVA), and the differences between treatment means
were determined using the Tukey’s multiple range test at a 5% significance
level. In order to examine the relationships among nutrient elements and
to evaluate the similarities among genotype X transplant age X experiment
combinations, principal component analysis (PCA) was performed.
The resulting principal components were assessed based on their contribu-
tion to the total variance explained, and a biplot was generated using
the first two principal components. All statistical analyses were carried out
using the JMP Pro 14 software package (SAS Institute, NC, USA).

RESULTS AND DISCUSSION

The results showed that nutrient element contents were significantly
affected by cultivar, experiment, and transplant age, although the magnitude
of these effects varied depending on the element (Table 1). Generally, ele-
ments with contents > 0.1 wt% were classified as major elements. Among
the examined factors, cultivar had the strongest effect on mineral composi-
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tion. In particular, the cv. Monopoly F, generally exhibited higher values
for several elements, including S, P, Cl, and Fe, in both experiments.
This finding indicates that genotypic differences play an important role
in nutrient uptake and accumulation. For example, in the second experi-
ment, the P content in the cv. Monopoly F, reached 48.91 wt%, and this
value was statistically higher than those of the other cultivars, although
it was statistically in the same group as the cv. Monaco F,. Similarly, in the
second experiment, the contents of S (24.46 wt%), Cl (12.62 wt%), and
Fe (2.47 wt%) also reached their highest levels in the cv. Monopoly F..
This indicates that the cv. Monopoly F, has a greater capacity for mineral
uptake and accumulation. In contrast, the cv. Monaco F, exhibited higher
values particularly in terms of Ca, Cr, and K content. Notably, in the first
experiment, the highest K content (11.51 wt% and 11.45 wt%) at 30- and
50-day old transplant was recorded in this cultivar. These results indicate
that nutrient element accumulation is largely controlled by genotype and
that cultivars differ in their mineral uptake efficiency.

The experimental factor had a significant effect on nutrient element con-
tents. In particular, P, S, and CI contents reached higher levels in the second
experiment compared to the first one. For example, while the maximum P
content was 29.53 wt% in the first experiment, it increased to 48.91 in the
second experiment. A similar pattern was observed for the content of S,
which increased from 13.28 wt% in the first experiment to 24.46 wt% in the
second experiment. Similarly, the Cl content showed a significant increase
in the second experiment and peaked at 12.62 wt%. These results indicate
that environmental conditions, including annual climatic variation, soil
characteristics and general growing conditions can have a significant influen-
ce on the uptake and accumulation of nutrients. However, only slight season-
al variations were observed for some elements, in particular Ca, indicating
that the accumulation of these elements can be relatively stable in changing
environmental conditions. The effect of transplant age on the content
of nutrients varied according to the element. In general, an increasing trend
was observed in P, S, and Cl contents with increasing transplant age.
In the second experiment, the mean values of P (48.91 wt%), S (24.46 wt%),
Cl (12.62 wt%), and Fe (2.47 wt%) at 50-day-old transplants were statisti-
cally higher than those at other transplant ages. This indicates that plants
at more advanced developmental stages have a greater nutrient uptake
capacity due to their more developed root systems. In contrast, the effect
of transplant age was more limited for certain elements, particularly Se,
and statistically significant differences were not always observed. This sug-
gests that the accumulation of some elements is more strongly controlled
by genetic factors. Additionally, Priyanka et al. (2023) reported that the
amounts of N, P, and K in broccoli ranged from 3.08-3.15%, 0.52-0.68%, and
2.17-2.26%, respectively.

According to the WDXRF analyses, it can be said that broccoli is a good
source of elements such as Ca, Mg, Na, K, Ca, Cl, P, S, Fe, Zn, Mn and Cu,
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which are essential for healthy human nutrition. These results are confirma-
tive the results of AlJuhaimi et al. (2024). Indeed, AlJuhaimi et al. (2024)
reported that broccoli contained 3114.94 mg 100! g P, 29,730.49 mg 100! g K,
3555.67 mg 100! g Ca, 1197.02 mg 100! g Mg, 3935.51 mg 100! g S,
46.60 mg 100" g Fe, 2.73 mg 100! g Cu, 9.61 mg 100! g Mn, 11.88 mg 100! g Zn
and 2.76 mg 100! g B. Similarly, Mn content varied between 0.15-1.79 mg 100! g
under conventional production and 0.04-1.40 mg 100! g under organic
production, while Zn content ranged from 0.20-1.58 mg 100! g and
0.17-1.28 mg 100! g, respectively. Among the macro-elements, K was found
at relatively high levels, ranging from 317.65 to 484.45 mg 100 g in conven-
tionally grown broccoli and from 321.58 to 521.78 mg 100 g' in organi-
cally grown broccoli. Ca content varied widely, ranging from 7.14
to 153.50 mg 100 g in conventional samples and from 9.38 to 131.55 mg 100 g*!
in organic samples. In addition, the levels of Mg and Na also varied signifi-
cantly. Concentrations of Mg ranged from 21.09 to 47.15 mg 100 g! in con-
ventionally grown broccoli and from 29.51 to 61.23 mg 100 g in samples
from organically grown broccoli. Similarly, Na levels in conventional broccoli
ranged from 3.66 to 21.21 mg 100 g' and in organic broccoli from 1.89 to
27.09 mg 100 g'. The results of this study indicate that the mineral content
of broccoli may be significantly affected by the culture system as well as
by environmental and production factors. Similarly, Grabowska et al. (2018)
reported that the age of transplantation has a significant impact on the mine-
ral content of broccoli. Their studies revealed significant differences in a num-
ber of elements, notably P, Ca, Mg, Na and Fe.

Brocceoli plants from older transplants generally tended to accumulate
higher mineral content. For example, the P content of broccoli heads obtai-
ned from transplants at 10 weeks of age was 5724 mg kg, while those from
transplants at 6 weeks of age were approximately 5575 mg kg?!. A similar
pattern was observed for calcium, with an average concentration of 4122 mg kg!
in plants from transplants of 10 weeks of age, compared with 3772 mg kg*!
in plants from transplants of 4 weeks of age. The Mg content followed a sim-
ilar trend, reaching approximately 1648 mg kg in plants from 10-week-old
seedlings, and approximately 1498 mg kg! in plants from transplants from
6 weeks of age. The Fe concentrations were also higher in plants from older
transplants. The highest value (67.16 mg kg') was observed in plants pro-
duced from transplants aged 10 weeks, while plants produced from trans-
plants aged 6 weeks had 60.65 mg kg'. These results suggest that transplant
age has a significant effect on mineral accumulation in broccoli heads. There-
fore, a longer period of growth of the seedlings may contribute to increased
nutrient concentrations, especially of P, Ca and Fe. In line with this finding,
Grabowska et al. (2018) reported that the time of sowing and the age
of transplantation have a significant impact on the nutritional composition of
broccoli. Their study showed that delaying the sowing by about one month
resulted in increased concentrations of several chemical substances in the
broccoli flowers. In particular, late sowing led to higher levels of dry matter
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(83%), P (14%), P (13%), Zn (12%), Fe (8 %) and Mn (9%) in the soil. In addi-
tion, the authors reported that plants from younger transplants (seedlings
aged 4 weeks) had higher concentrations of K (5%), P (6%), Mg (4%),
Na (11%) and Zn (3%) in their flowers compared to transplants from plants
from 10 weeks of age. These results show that both transplant age and time
spent sowing can play a significant role in determining the chemical compo-
sition and nutritional value of broccoli.

The results of the PCA show that the nutrient composition of broccoli
varies depending on the interaction between genotype, transplant age and
experiment year, and that some nutrients are more closely related to specific
combinations of genotype and transplant age (Figure 2). The PCA biplot
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Fig. 2. Relationships among the cultivars, transplant age, experiment and the mineral content

showed that 39.5% of the total variation was explained by the first principal
component (PC1) and 16.5% by the second principal component (PC2).
Approximately 56% of the total variability was represented by these two
factors combined. Elements with comparatively long vectors and similar
orientations along the PC1 axis included Ca, Fe, K, Co, Ni, Ge, Zn, and Cu.
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This distribution shows a positive correlation between these components and
indicates that they contribute significantly to the overall variation. Se, on the
other hand, showed a different distribution pattern than the other elements
because they were located on the negative side of the PC1 axis. The distribu-
tion of the samples on the biplot showed that the 50-day-old transplants
exhibited a more distinct separation. The 50-day-old transplants of the
cv. Monopoly F, and cv. Monaco F,, particularly in the second experiment,
were more closely associated with P, S, Cl, and Cr, whereas the cv. Jade F,
at the same transplant age exhibited a different elemental profile. In con-
trast, the positioning of a considerable proportion of the samples from the
30- and 40-day-old transplants closer to the center indicates that the diffe-
rentiation among elemental profiles was generally more limited in these
treatments. Similarly, a stronger correlation with Ca, Fe, and K is suggested
by the placement of 30-day-old transplants of cv. Monopoly F, in the second
experiment and 40-day-old transplants of cv Monopoly F, in the first experi-
ment on the positive side of the PC1 axis. On the other hand, a number of
combinations, such as 30-day-old transplants of cv. Monaco F, in the first and
second experiment, and 50-day-old transplants of cv. Jade F, in the first
experiment, were located close to the biplot’s center, suggesting a more evenly
distributed and comparable distribution of element concentrations. The dis-
tinct separation of the 50-day-old transplants of cv. Jade F, in the second
experiment on the negative side of the PC1 axis, which sets it apart from the
other samples, is another remarkable aspect of the biplot. This separation
indicates that this treatment has a different elemental profile from the other
combinations.

CONCLUSIONS

The cultivar had the greatest impact on nutrient element contents,
according to the study’s findings, followed by the experiment factor (1 and 2)
and transplant age. Cv. Monopoly F, showed a higher capacity for mineral
accumulation than the other tested cultivars. The experiment factor, which
represents environmental conditions, had a major impact on the contents
of P, S, and Cl. Furthermore, the accumulation of some nutrients, especially
P, S, and Cl, was generally encouraged by an increase in transplant age.
Overall, the findings imply that a combination of developmental, environ-
mental, and genetic factors influence the mineral composition of broccoli.
Furthermore, the elemental composition of broccoli samples could be quickly
and accurately determined using the WDXRF technique.
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