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Sulfur (S) deficiency in soils and plants has been increased in the recent decade which is reducing crop
yield and quality. Unfortunately, no extensive study has been conducted on S nutritional status of plants
in Turkey. In this study, soil and plant samples were collected from Çukurova, Central Anatolia and GAP
regions where wheat is extensively cultivated. Plant samples either as flag leaf or the whole shoot were
collected depending on growth stage of wheat crop at sample collection. Similarly, surface (0–20 cm) and
sub-surface (20–40 cm) soil samples were collected from plant sampling sites and a total 963 plant and
1947 soil samples were collected during the study. The S concentration in flag leaf samples varied
between 0.18 and 0.67%, 0.11–0.59% and 0.17–0.82% for central Anatolia, Çukurova and GAP regions,
respectively. According to S concentration in flag leaf samples, 99% of the plants in Çukurova region were
found sufficient in S nutrition. However, 49% of the samples collected from central Anatolia and GAP
regions were deficient in S. Critical N:S ratio indicating S nutrition status of plants was lower than the
widely accepted critical value of 17. This low N:S ratio was a consequence of deficient N nutrition rather
than S nutrition. Moreover, it was observed that plant available SO4-S concentration of soils varied within
and among sampled provinces with an average value of 20.6 and 31.6 mg kg�1 for surface and sub-
surface samples, respectively. The SO4-S concentration increased with increasing soil depth. The results
indicate a significantly positive correlation between S concentration in plant shoot and plant available
SO4-S concentration in soils. In conclusion, S-containing fertilizer use in central Anatolia and GAP regions
must be considered as an important approach for the prevention of yield and quality losses. Furthermore,
rapid and sensitive plant and soil analysis methods are needed, which must also consider the local and
site-specific conditions.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sulfur (S) is an essential nutrient required for all plants and ani-
mals (Sager, 2012). It is involved in the structure of cysteine,
methionine, many co-enzymes (such as biotin, co-enzyme A, thi-
amine, pyrophosphate and lipoic acid), thioredoxins and sulfolipids
(Bouranis et al., 2020). In addition, there are many S-containing
compounds that are not vital for plants; however, play an impor-
tant role in the defense mechanism against pathogens, pesticides
and weeds. Moreover, these compounds give plants a special taste
and fragrance (Capaldi et al., 2015; Hasanuzzaman et al., 2018).
Apart from these, S has important effect on the quality of wool pro-
duct due to its important roles in amino acid synthesis, proteins
and some secondary metabolites (Stahl et al., 1949).

Although S has long been known to play an important role in
plant growth and development, S-deficiency in plants was men-
tioned in Europe until a decade ago (Bloem et al., 2015;
Haneklaus et al., 2008). Many plants require S in the similar quan-
tity as of phosphorus (P). However, due to the lack of importance
given S-fertilization, its deficiency is becoming common. Sulfur-
deficiency is common in the UK and many European countries in
agricultural lands and meadows (Tisdale et al., 1986; Wilhelm
Scherer, 2009). One of the main reasons for this is the decrease
in S coming from the atmosphere and applied to soil through fer-
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tilization. For example, SO2 emissions have decreased by 40% in the
UK since the early 1970s, due to environmental pollution (Vieno
et al., 2014). Similar trends have been observed in other Western
European and North American countries (Galloway et al., 1992).
In addition, it is known that fertilizers containing significant
amounts of S such as ammonium sulfate and mono super phos-
phate are replaced little or no S-containing fertilizers.

Although grain crops do not require much S (15–20 kg ha�1) for
optimum growth, S-fertilizer increase yield and productivity of
these crops (Aula et al., 2019; Pias et al., 2019). It was found S
application increased yield of rapeseed and legumes (Grant et al.,
2012; Wen et al., 2003). Sulfur-deficiency decreases yield and qual-
ity of the crop plants (Bloem et al., 2005; Fismes et al., 2000; Malhi
et al., 2007; Wilson et al., 2020). However, S also increases the gel
protein content of wheat flour, while decreases elasticity strength
(Wilson et al., 2020). In this context, S is an element that has both
negative and positive effects on plants. For example, S-nutrition
plays an important role in improving yield and quality of wheat
(Wilson et al., 2020). Excessive S application reduces quality of
some plants (for example, oily rape) as it increases glucosinolate
concentration. Besides, high glucosinolate concentration has a pos-
itive effect on plants as it produces a special aroma (Falk et al.,
2007; Kopsell et al., 2007; Schonhof et al., 2007).

Sulfur-deficiency in wheat not only reduces the concentrations
of protein and amino acids, but also worsens the bread making
properties of wheat flour (Filipek-Mazur et al., 2019; Rossini
et al., 2018). The volume of bread in the form of a loaf increased
with S application performed on 4 of the 7 field trials conducted
on hard bread wheat in the UK during 1995–1996 (Zhao et al.,
1999b). The elasticity of the dough made from wheat flour grown
in S-deficient soils decreases resistance to kneading (Moss et al.,
1981).

There are limited studies exploring the impact of S-fertilization
on plant growth, yield and quality in Turkey. Besides, limited the
atmospheric SO2 has reduced the use of S-fertilizers in the country
(Inal et al., 2003). The studies dealing with S nutrition status of
plants in Turkey are direly needed. However, rare studies have
been conducted in the country. Inal et al. (2003) assessed the
impact of S-fertilization on yield of wheat in Ankara province. This
study aimed to determine the S and nitrogen (N) nutritional levels
of wheat plants in wheat production areas of central Anatolia, GAP
and Çukurova regions in Turkey. For this purpose, flag leaf and
whole shoot samples were collected during stem elongation to
heading period. Surface (0–20 cm) and subsurface (20–40 cm) soil
samples were also taken from the plant sampling locations.
2. Materials and methods

2.1. Materials

To determine S nutrition levels of wheat production areas in
central Anatolia (Konya, Karaman, Aksaray, Niğde and Nevs�ehir),
GAP (S�anlıurfa and its districts) and Çukurova region (Adana and
its districts, Adana-Osmaniye road) plant and soil samples were
collected. Sampling was conducted at the beginning of heading
stage. When there were no plants that have completed heading,
whole shoot samples were collected at booting stage. Flag leaf
and whole shoot samples were evaluated separately and classified
as adequate (optimum) and insufficient (incomplete) according to
the reference limit values specified in the literature. A total 963
plant samples, including 916 flag leaves and 47 whole shoot were
collected. Surface (0–20 cm) and subsurface (20–40 cm) soil sam-
ples were also taken. A total 1009 surface (0–20 cm) and 938 sub-
surface (20–40 cm) soil samples were collected.
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2.2. Method

2.2.1. Sulfur analysis
Plant samples were washed with distilled water and dried at

70 �C for 24 h. After drying, grinding process was started. The
ground samples were burned in a mixture of H2O2-HNO3 acid in
the microwave oven (Milestone) for half an hour according to the
wet burning method and filtered through a blue-banded filter
paper. The final volume of the filtered samples was completed to
20 ml with distilled water and S analysis was performed in ICP
at a wavelength of 182.037 nm (Zhao and McGrath, 1994).

2.2.2. Total nitrogen analysis with Kjeldahl method
Total N analysis was conducted by Kejldahl distillation method

(Bremner, 1960). The basis of this method is to transform the
organic N in plant sample burned with H2SO4 into NH4-N. The
chemicals used in this method were concentrated H2SO4, 33%
NaOH, 4% boric acid-indicator mixture solution and Kejldahl tablet
[(potassium sulfate (K2SO4), copper sulfate (CuSO4�5H2O) and sele-
nium blends tablet)].

The dried and ground 0.2 g plant sample was weighed and
placed into the Kjeldahl tubes and placed in incinerator. After-
wards, half Kejldahl tablet and 5 ml concentrated H2SO4 were
added to the samples. Then, the incineration process was started
at 385 �C. The burning process continued until approximately 1–
2 ml of clear liquid remained in the sample tube. After the burning
phase, the distillation process was started with 15 ml of boric acid-
indicator solution. Distillation continued until the pink boric acid
turned green. In the last stage, the green boric acid-indicator solu-
tion was titrated with 0.1 N H2SO4 solution and turned into pink
color again. When the color is pink, the H2SO4 consumption was
replaced with the formula below and the total N% in the plant
was calculated.

Total nitrogen in plant sample ðNÞ% ¼ ðT� BÞ �N� 1:4=S
Here; T = Acid used in titration (ml), B = Acid used in witness

titration (ml), N = normality of the acid and S = sample quantity (g).

2.2.3. Determination of the available S concentration in soils
The method of Blair et al. (1991) modified by Bloem et al. (2002)

was used to determine S concentration of soil samples. According
to the method modified by Bloem et al. (2002), 10 g of soil passed
through a 2 mm sieve and 50 ml of 0.025 M KCl solution was added
to it. Afterwards soil-KCl suspension was shaken at 100 rpm in a
horizontal shaker for 3 h at room temperature. The suspension
was then filtered through blue band filter paper and the resulting
filtrate was measured on ICP (Inductively-Coupled Plasma).
3. Results

3.1. Sulfur and nitrogen nutrition status of wheat crop in central
Anatolia

A total 287 flag leaf and 10 whole shoot samples were collected
from Konya province, which is one of the major crop production
center in Turkey. While S concentration in flag leaf samples col-
lected from Konya province varied between 0.18 and 0.67%, the
mean was 0.32%. The S range in whole shoot samples was 0.12–
0.21% with the mean S accumulation of 0.15% (Table 1).

The sampling sites within Konya province varied in terms of S
concentration of flag leaf samples. While the lowest average S con-
centration in the flag leaf was found in samples collected from
Hüyük district (0.23%), the highest average was found in the sam-
ples collected from Konya-Merkez (0.36%) and Çumra (0.36%) dis-
tricts (Table 1). Kadınhanı district had the lowest average S (0.12%)
in whole shoot samples, whereas Konya-Merkez, Çumra and



Table 1
Average sulfur (S) and nitrogen (N) concentrations and N:S ratio in flag leaf and whole shoot samples collected from wheat production areas in different locations of Konya
province.

Location Sample n S concentration (%) N concentration (%) N:S ratio

Mean Range Mean Range Mean Range

Akören Flag leaf 4 0.24 0.24–0.27 2.75 2.35–3.20 12 11–12
Aks�ehir Flag leaf 11 0.30 0.23–0.42 4.26 3.00–6.15 14 10–21
Altınekin Flag leaf 26 0.35 0.23–0.54 4.02 2.99–4.75 12 9–15
Beys�ehir Flag leaf 7 0.28 0.23–0.37 3.32 2.74–4.09 12 11–14
Cihanbeyli Flag leaf 41 0.30 0.18–0.46 3.78 1.90–4.71 13 10–15
Cihanbeyli Whole shoot 2 0.17 0.14–0.21 2.21 1.76–2.65 13 12–13
Çumra Flag leaf 24 0.36 0.25–0.67 3.86 1.64–5.54 11 5–15
Çumra Whole shoot 2 0.17 0.12–0.21 1.89 1.48–2.30 12 11–12
Emirgazi Flag leaf 7 0.28 0.19–0.43 3.05 2.31–3.69 11 9–13
Ereğli Flag leaf 6 0.33 0.26–0.43 3.54 2.92–3.91 11 9–12
Hüyük Flag leaf 4 0.23 0.18–0.27 2.91 2.42–3.23 13 12–14
Ilgın Flag leaf 5 0.35 0.30–0.39 4.19 3.83–4.42 12 11–13
Kadınhanı Flag leaf 27 0.34 0.22–0.42 3.99 2.81–5.12 12 9–14
Kadınhanı Whole shoot 1 – 0.12 – 1.20 – 10
Karapınar Flag leaf 14 0.30 0.19–0.44 3.47 2.76–4.18 13 8–19
Konya-Merkez Flag leaf 44 0.36 0.21–0.66 3.81 1.93–4.63 11 7–14
Konya-Merkez Whole shoot 2 0.17 0.15–0.19 1.79 1.35–2.22 11 9–12
Kulu Flag leaf 10 0.27 0.21–0.32 3.48 2.82–4.26 13 11–14
Kulu Whole shoot 1 – 0.13 – 1.35 – 10
Sarayönü Flag leaf 20 0.29 0.19–0.40 4.08 2.65–4.97 14 12–16
Sarayönü Whole shoot 1 – 0.13 – 1.69 – 13
Seydis�ehir Flag leaf 5 0.29 0.25–0.32 3.61 3.30–3.97 13 11–13
Seydis�ehir Whole shoot 1 – 0.15 – 1.02 – 7
Tuzlukçu Flag leaf 8 0.30 0.25–0.37 3.77 3.19–4.55 13 12–14
Yunak Flag leaf 24 0.30 0.21–0.43 3.75 1.93–4.69 13 8–16
Mean Flag leaf 287 0.32 0.18–0.67 3.79 1.64–6.15 12 5–21
Mean Whole shoot 10 0.15 0.12–0.21 1.70 1.02–2.65 11 7–13
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Cihanbeyli districts had the highest average S (0.17%) in whole
shoot samples (Table 1).

The S concentration in flag leaf and whole shoot samples col-
lected from Konya was evaluated for critical S limit values given
by (Westfall et al., 1990). According to the aforementioned litera-
ture, the S concentration required in the flag leaf of the plant at
the beginning of the heading and in the whole plant at harvest
should be 0.19%.

There was hardly any flag leaf sample having lower S percent-
age than the critical S value collected from Konya province. On
the other hand, 70% of the samples collected during heading stage
were fed well with S, while 30% were undernourished according to
the critical limit value for S.

The average S concentration in the flag leaf and whole shoot
samples collected from Aksaray province was 0.27% and 0.17%,
respectively (Table 2). Compared to Konya, average S in flag leaf
samples of Aksaray province was lower than Konya, while whole
shoot samples of both provinces had almost similar S. The S defi-
ciency was higher in flag leaf and whole shoot samples collected
from Karaman province compared with Konya province. While S
deficiency in the flag leaf was 4% in Karaman, it was 1% in Konya
province. For whole shoot, S deficiency reached 80% in Karaman,
Table 2
Average sulfur (S) and nitrogen (N) concentrations and N:S ratio in flag leaf and whole sh
province.

Location Sample n S concentration (%)

Mean Ra

Kazımkarabekir Flag leaf 11 0.26 0.1
Kazımkarabekir Whole shoot 3 0.18 0.1
Sudurağı Flag leaf 5 0.30 0.2
Sudurağı Whole shoot 1 – 0.1
Ayrancı Whole shoot 1 – 0.1
Mean Flag leaf 16 0.27 0.1
Mean Whole shoot 5 0.17 0.1
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while 30% in Konya (Table 2). This reveals that more importance
should be given S nutrition in wheat production areas of Karaman
province.

The S nutrition status in the flag leaf and whole shoot samples
collected from Aksaray, Niğde and Nevs�ehir provinces are pre-
sented in Tables 3, 4 and 5, respectively.

The average S concentration of the flag leaf samples taken from
Aksaray province was the highest among all provinces included in
the study. The average S concentration of the flag leaf samples col-
lected from Aksaray, Niğde and Nevs�ehir provinces was 0.36%,
0.31% and 0.33%, respectively (Tables 3–5).

The S concentration in flag leaf samples collected from all three
provinces was higher than the critical S limit value. Moreover, 99%
of the collected flag samples from these provinces were S-
sufficient, while only 1% of the samples were classified as S-deficit.

Apart from S, N nutrition status of wheat in the central Anatolia
region was also determined. The average N concentration of flag
leaf and whole shoot samples collected from Konya province was
3.79% and 1.70%, respectively (Table 1). Similarly, N concentration
varied between 1.64 and 6.15% and 1.02–2.65% in flag leaf and
whole shoot samples, respectively (Table 1). It has been
understood that N nutrition status of wheat plants under farmer
oot samples collected from wheat production areas in different locations of Karaman

N concentration (%) N:S ratio

nge Mean Range Mean Range

6–0.33 3.18 2.18–4.03 12 9–14
3–0.24 2.40 2.02–3.09 14 13–16
3–0.40 3.74 3.43–4.38 13 11–15
4 – 1.73 – 13
8 – 2.23 – 13
6–0.40 3.35 2.18–4.18 12 9–15
3–0.24 2.23 1.73–3.09 13 13–16



Table 3
Average sulfur (S) and nitrogen (N) concentrations and N:S ratio in flag leaf and whole shoot samples collected from wheat production areas in different locations of Aksaray
province.

Location Sample n S concentration (%) N concentration (%) N:S ratio

Mean Range Mean Range Mean Range

Ağzıkarahan Flag leaf 2 0.32 0.28–0.36 4.17 4.03–4.31 13 13
Güzelyurt Flag leaf 8 0.35 0.26–0.42 3.98 2.91–4.58 11 11
Aksaray-Merkez Flag leaf 6 0.33 0.24–0.38 3.88 2.98–4.71 12 12
Aksaray-Merkez Whole shoot 1 – 0.11 – 1.25 – –
Eskil Flag leaf 12 0.37 0.27–0.48 4.39 3.56–5.86 12 12
Mean Flag leaf 28 0.36 0.24–0.48 4.15 2.91–5.86 12 12
Mean Whole shoot 1 – 0.11 – 1.25 – –

Table 4
Average sulfur (S) and nitrogen (N) concentrations and N:S ratio in flag leaf and whole shoot samples collected from wheat production areas in different locations of Niğde
province.

Location Sample n S concentration (%) N concentration (%) N:S ratio

Mean Range Mean Range Mean Range

Altunhisar Flag leaf 3 0.26 0.21–0.31 3.19 2.49–3.63 12 11–14
Bor Flag leaf 6 0.34 0.22–0.45 3.54 2.82–4.18 11 8–14
Çiftlik Flag leaf 1 – 0.18 – 2.83 – 16
Çiftlik Whole shoot 2 0.29 0.23–0.34 2.80 2.49–3.12 10 9–11
Misli Ovası Flag leaf 17 0.31 0.19–0.45 3.91 2.26–4.73 13 10–15
Misli Ovası Whole shoot 3 0.15 0.12–0.21 1.90 1.27–2.55 12 10–15
Mean Flag leaf 27 0.31 0.18–0.45 3.71 2.26–4.73 12 8–16
Mean Whole shoot 5 0.21 0.12–0.34 2.26 1.27–3.12 11 9–15

Table 5
Average sulfur (S) and nitrogen (N) concentrations and N:S ratio in flag leaf and whole shoot samples collected from wheat production areas in different locations of Nevs�ehir
province.

Location Sample n S concentration (%) N concentration (%) N:S ratio

Mean Range Mean Range Mean Range

Acıgöl Flag leaf 4 0.32 0.23–0.39 3.59 2.51–4.83 11 10–13
Avanos Flag leaf 2 0.39 0.39–0.44 3.66 3.31–4.02 9 9–10
Derinkuyu Flag leaf 1 – 0.23 – 3.96 – 14
Derinkuyu Whole shoot 2 0.29 0.28–0.31 3.40 3.39–3.42 12 11–12
Güls�ehir Flag leaf 4 0.34 0.31–0.39 3.50 3.22–4.14 10 8–12
Hacıbektas� Flag leaf 5 0.3 0.24–0.37 4.03 3.82–4.31 14 12–16
Hacıbektas� Whole shoot 2 0.12 0.12–0.13 1.99 1.87–2.11 16 16
Mean Flag leaf 16 0.33 0.23–0.44 3.74 2.51–4.83 12 8–16
Mean Whole shoot 4 0.21 0.13–0.31 2.70 1.87–3.42 14 11–16
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conditions is quite different. These results were compared with
critical limit values recommended for N in wheat proposed by
Westfall et al. (1990). The N concentration should be 3.5–4.5%
and 3.0–4.0% in the flag leaf and at heading stage, respectively.
According to these critical values, flag leaf samples collected from
Konya were sufficient in N; however, whole shoot samples were N-
deficient. This finding for the adequacy or insufficiency of N con-
centration in the flag leaf and the whole plant was also obtained
for the S concentration in the same samples. This result may be
due to the difficulty of finding and sampling plants at the same
period under farmer conditions and/or the fact that most of the
N has been moved to flag leaf.

The N concentration in flag leaf and whole shoot samples col-
lected from Karaman province was 3.35% and 2.23%, respectively
(Table 2). Both of these mean values below the critical level
accepted for optimum N in wheat. This average N value, which is
lower than the critical limit value in the flag leaf in Karaman, dif-
fered from the other sampled provinces. The average N value in
the flag leaf samples was higher than the critical limit value in
the literature in the rest of the sampled provinces.

The whole shoot samples collected from Nevs�ehir province dif-
fered from other provinces with higher N concentration than the
critical limit value. While the average N concentration of wheat
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samples at the end of heading period in Nevs�ehir province was
2.70%, it was 1.25% and 2.26% in samples collected from Aksaray
and Niğde, respectively (Tables 3, 4 and 5).

The N:S ratio was computed for all the collected plant samples
in the study. This ratio is one of the important parameters used to
determine S nutritional status of plants. If this ratio is >17, it is
accepted that the plants are deficient in S (Zhao et al., 1999a). Aver-
age N:S ratio for whole shoot and flag leaf samples was <17 (Tables
1–5). According to these results, N:S ratios of flag leaf and the
whole shoot samples indicate that plants are S-sufficient. In con-
trast, 64% of the whole shoot samples were S-deficient.

It is mentioned above that the average N concentration of
whole plant samples in all provinces except Nevs�ehir was lower
than the critical N concentration (3.0–4.0%). Assuming that S
nutrition status of plants is accepted as such and N nutritional
level of the plant during heading period ,s within the optimum
limits (3.0–4.0%), it has been observed that the N:S ratio can
be >17. For example, while the average S and N concentrations
in whole shoot samples collected from Konya were 0.15% and
1.70%, respectively, N:S ratio was 11 (Table 1). When N concen-
tration was 3.0%, N:S ratio increased to 20, the same ratio
increased to 23 when N concentration was 3.5% and to 27 with
4.0% N concentration.
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3.2. Sulfur and nitrogen nutrition status of wheat crop in Çukurova
region

A total 362 flag leaf samples were collected from Çukurova
region to determine S nutrition status. The S concentration ranged
from 0.11% to 0.59% in the collected samples (Table 6). Further-
more, the average S concentration was 0.34% in the collected sam-
ples (Table 6). Except for one of the flag leaf samples collected in
Adana, all samples had higher than the adequate S concentration.

Average N concentration in flag leaf samples collected from
Adana province was within the optimum limit. The N concentra-
tion in flag leaf samples collected from all locations in Adana
except _Imamoğlu was higher than sufficient N level (3.5–4.5%)
(Table 6).

According to the collected flag leaf samples from Adana, there
was no N and S nutrition problem in the region. A similar finding
was observed when N:S ratio was considered as all samples had
<17 N:S ratio (Table 6). However, these results should not mean
that there is no S nutrition problem in wheat growing areas of
Adana province. Like central Anatolia region, a significant S-
deficiency was recorded in whole shoot samples collected from
Adana province.
3.3. Sulfur and nitrogen nutrition status of wheat crop in GAP region

A total 180 flag leaf and 22 whole shoot samples were collected
from GAP region to determine S nutrition status. S�anlıurfa province
observed the greatest change in S nutrition in the studied samples.
The average S concentration in the samples collected from Akça-
kale district in S�anlıurfa had quite high S and the average S concen-
tration in flag leaf samples was 0.40. This value is the highest
location average among all provinces. Hilvan district had the low-
est S average (0.29%) among the studied locations in S�anlıurfa pro-
vince (Table 7).

Considering the flag leaf samples, no S nutrition problem
existed in wheat production areas of S�anlıurfa province. In con-
trast, 32% of the whole shoot samples indicated S deficiency. The
results obtained from S�anlıurfa confirm the contradiction between
flag leaf and whole shoot samples for S nutrition.

Based on flag leaf samples collected from all three regions and
whole shoot samples collected from central Anatolia and GAP
regions, it can be concluded that there is no significant S problem
in wheat production areas according to the S concentration in the
flag leaf. However, according to the S concentrations whole shoot
samples, it is concluded that 49% of wheat plants in central Anato-
lia and GAP regions have S deficiency.
Table 6
Average sulfur (S) and nitrogen (N) concentrations and N:S ratio in flag leaf and whole s
province.

Location Sample n S concentration (%)

Mean Ran

Ceyhan Flag leaf 124 0.32 0.22
Ç.Ü.Z.F.Çiftliği Flag leaf 13 0.39 0.33
_Imamoğlu Flag leaf 22 0.28 0.22

Karaisalı Flag leaf 51 0.35 0.25
Karatas� Flag leaf 44 0.35 0.24
Kozan Flag leaf 7 0.31 0.22
Adana-Osmaniye Flag leaf 12 0.32 0.25
Yenice Flag leaf 53 0.37 0.25
Yüreğir Flag leaf 36 0.34 0.11
Mean Flag leaf 362 0.34 0.11
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3.4. Sulfur concentration of soils in wheat production areas of central
Anatolia, Çukurova and GAP regions

A total 1009 surface (0–20 cm) and 938 subsurface (20–40 cm)
soil samples were collected from wheat production areas in central
Anatolia, Çukurova and GAP regions. Soil sampling sites were clas-
sified on the basis of provinces and districts.

The available SO4-S concentration in the tested soil samples had
a very wide range. The SO4-S concentration range for soil samples
collected from Konya was 6.4–3202.1 mg kg�1 (Table 8), 8.9–22.9
mg kg�1 for Karaman (Table 9), 4.9–38.1 mg kg�1 for Aksaray
(Table 9), 2.7–26.4 mg kg�1 for Niğde (Table 10), 4.5–28.6 mg kg�1

for Nevs�ehir (Table 10), 6.7–133.1 mg kg�1 for Adana (Table 11)
and 8.0–1446.9 mg kg�1 for S�anlıurfa (Table 12).

The highest variation in available SO4-S concentration range
was recorded for Konya and S�anlıurfa provinces. The sampled loca-
tions within these provinces also had quite different S concentra-
tions from each other. The highest SO4-S concentration
(134.1 mg kg�1) in the surface soil samples was recorded for Çumra
district, whereas Ilgın district recorded the lowest (10.7 mg kg�1)
SO4-S concentration (Table 8). Akçakale district in S�anlıurfa pro-
vince had the highest (87.0 mg kg-l) SO4-S concentration, whereas
the lowest SO4-S concentration (14.2 mg kg-l) was noted for Cey-
lanpınar district (Table 12).

The highest average S concentration was recorded for the sur-
face and subsurface soil samples collected from Çumra, Konya-
Merkez and Cihanbeyli districts in Konya province and Akçakale
district in S�anlıurfa. Another finding obtained from soil samples
is that the S concentration of soils increased with increasing depth.
This increase was noted for surface and subsurface soil samples
taken from all provinces. (Figs. 1 and 2).

According to literature, 6.5 mg kg-l is the critical S value for soil
samples. The surface and subsurface soil samples with 6.5 mg kg�l

S are sufficient in with 99% accuracy. According to limit value for
light soils, Niğde and Nevs�ehir soils had no significant S nutritional
problems. While the rate of samples with sufficient S concentration
in the surface soil samples in two provinces is 83%, this value is
17% in soils containing insufficient S. The same values for the sub-
surface soil samples were 87% and 13%, respectively.

Blair et al. (1991) found that available S concentration in the soil
having the highest relationship between the dry matter yield and
available SO4-S concentration was 6.5 mg kg�1. According to the
results soil samples collected from Konya, Karaman, Aksaray,
Adana and S�anlıurfa were S-sufficient.
4. Discussion

The results of the plant sample analyses indicated that there is
no S deficiency in the studied regions. However, according to the
hoot samples collected from wheat production areas in different locations of Adana

N concentration (%) N:S ratio

ge Mean Range Mean Range

–0.45 3.72 2.03–5.40 12 6–15
–0.45 4.64 4.14–4.93 12 10–13
–0.39 3.16 1.43–4.27 12 4–16

–0.53 3.93 3.03–4.61 11 8–13
–0.58 4.36 3.30–5.77 13 6–18
–0.43 3.52 2.73–4.41 12 10–13
–0.39 3.52 2.16–4.54 11 8–13
–0.53 3.94 2.41–5.31 11 5–13
–0.59 3.97 2.42–4.96 12 7–27
–0.59 3.87 1.43–5.77 12 4–27



Table 7
Average sulfur (S) and nitrogen (N) concentrations and N:S ratio in flag leaf and whole shoot samples collected from wheat production areas in different locations of S�anlıurfa
province.

Location Sample n S concentration (%) N concentration (%) N:S ratio

Mean Range Mean Range Mean Range

Akçakale Flag leaf 16 0.4 0.23–0.82 3.61 2.55–4.91 10 4–15
Bozova Flag leaf 20 0.29 0.17–0.47 3.16 1.67–4.40 11 7–14
Bozova Whole shoot 6 0.19 0.14–0.25 1.79 1.46–2.56 10 8–12
Ceylanpınar Flag leaf 15 0.36 0.29–0.42 3.56 1.69–4.57 10 4–13
Harran Flag leaf 21 0.34 0.25–0.44 3.48 2.74–4.19 10 7–13
Harran Whole shoot 2 0.19 0.18–0.19 2.09 1.77–2.40 11 10–12
Hilvan Flag leaf 66 0.29 0.19–0.41 3.67 2.81–4.37 13 9–17
Hilvan Whole shoot 10 0.2 0.13–0.28 2.46 1.48–3.26 12 9–15
Siverek Flag leaf 5 0.33 0.26–0.42 3.11 1.94–3.80 9 7–11
Siverek Whole shoot 2 0.24 0.22–0.26 2.28 2.18–2.38 10 8–10
Suruç Flag leaf 22 0.3 0.23–0.39 3.29 1.96–3.99 11 6–14
Suruç Whole shoot 1 – 0.2 – 1.92 – 10
Virans�ehir Flag leaf 15 0.35 0.20–0.57 3.52 2.35–4.34 11 6–16
Virans�ehir Whole shoot 1 – 0.22 – 2.21 – 10
Mean Flag leaf 180 0.32 0.17–0.82 3.5 1.67–4.91 11 4–17
Mean Whole shoot 22 0.2 0.13–0.28 2.19 1.46–3.26 11 8–15

Table 8
Average SO4-S concentration of 230 surface (0–20 cm) and 220 sub-surface (20–40 cm) soil samples collected from different locations in Konya province.

Location Depth (cm) n SO4-S Concentration (mg kg�1)

Mean Min-Max values

Akören 0–20 4 12.3 9.6–13.8
20–40 4 11.9 9.7–13.5

Aks�ehir 0–20 11 10.9 6.8–14.6
20–40 11 13.1 5.8–37.6

Altınekin 0–20 27 15.4 8.4–27.7
20–40 26 20.2 11.2–56.2

Beys�ehir 0–20 8 14.7 8.4–18.4
20–40 8 14.5 8.4–17.9

Cihanbeyli 0–20 43 17.0 6.5–174.5
20–40 41 43.7 4.8–874.1

Çumra 0–20 28 134.1 8.1–3203.1
20–40 27 209.4 7.5–3663.9

Emirgazi 0–20 7 12.4 6.4–17.2
20–40 7 15.7 6.9–35.0

Ereğli 0–20 7 13.4 9.3–19.4
20–40 7 15.8 10.6–26.8

Hüyük 0–20 4 13.6 11.1–16.2
20–40 3 12.4 9.9–14.0

Ilgın 0–20 5 10.7 7.4–12.8
20–40 5 12.1 8.4–15.8

Kadınhanı 0–20 28 15.8 9.1–48.3
20–40 26 20.6 8.9–88.9

Karapınar 0–20 15 17.6 6.6–52.4
20–40 14 20.6 7.0–66.7

Konya Merkez 0–20 47 39.7 6.6–453.7
20–40 45 102.3 6.9–1138.7

Kulu 0–20 11 11.6 9.7–14.0
20–40 11 12.5 9.5–16.4

Sarayönü 0–20 22 13.3 10.2–15.9
20–40 20 14.3 9.3–28.9

Seydis�ehir 0–20 6 11.3 8.1–15.2
20–40 6 12.0 8.9–15.6

Tuzlukçu 0–20 8 12.3 8.9–15.2
20–40 8 12.8 10.5–16.3

Yunak 0–20 24 13.5 8.1–39.2
20–40 23 13.9 8.8–35.0
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critical limit value, 49% of the samples collected from Central Ana-
tolia and GAP region had S deficiency. Similar results have been
reported for S nutrition status in wheat crop grown in Ankara pro-
vince of Turkey (Inal et al., 2003).

The contradictory results for S concentration between flag leaf
and whole shoot samples observed in this study are actually not
too surprising. Generally, critical S concentration depends on plant
species, part of the plant sampled, developmental period and crop
4812
yield level (Bouranis et al., 2020; Wen et al., 2003; Wilson et al.,
2020). Researchers recommend that younger parts of the plants
must be sampled in order to determine the S nutritional status dur-
ing the period of high S requirement. This time is period from flow-
ering to heading and vegetative organs are not ideal for
determining S nutrition status (Courbet et al., 2019). Sampling
whole shoot before the appearance of the flag leaf in monocotyle-
dons is regarded as the best period for the determination of S nutri-



Table 9
Average SO4-S concentration of 54 surface (0–20 cm) and 51 sub-surface (20–40 cm) soil samples collected from different locations in Karaman and Aksaray provinces.

Province Location Depth (cm) n SO4-S Concentration (mg kg�1)

Mean Min-Max values

Karaman Ayrancı 0–20 3 13.6 11.5–16.4
20–40 3 19.1 12.9–27.6

Kazımkarabekir 0–20 15 13.7 8.9–22.9
20–40 14 15.5 8.3–32.5

Sudurağı 0–20 6 13.0 11.6–14.9
20–40 6 15.4 13.0–22.8

Aksaray Ağzıkarahan 0–20 2 13.8 13.7–13.9
20–40 2 14.9 13.0–16.7

Aksaray Merkez 0–20 7 19.5 11.0–29.8
20–40 6 32.2 16.0–78.9

Eskil 0–20 12 22.7 11.6–38.1
20–40 11 28.5 14.3–50.5

Güzelyurt 0–20 9 11.7 4.9–22.1
20–40 8 17.0 4.0–29.3

Table 10
Average SO4-S concentration of 59 surface (0–20 cm) and 54 sub-surface (20–40 cm) soil samples collected from different locations in Nevs�ehir and Niğde provinces.

Province Location Depth (cm) n SO4-S Concentration (mg kg�1)

Mean Min-Max values

Nevs�ehir Acıgöl 0–20 5 12.4 4.5–25.5
20–40 5 15.5 5.3–30.6

Avanos 0–20 2 11.6 10.3–12.8
20–40 2 15.7 14.6–16.8

Derinkuyu 0–20 3 9.6 6.4–12.8
20–40 3 14.9 9.4–22.8

Güls�ehir 0–20 4 17.5 12.1–28.6
20–40 4 23.3 15.2–35.4

Hacıbektas� 0–20 8 16.2 13.0–18.4
20–40 7 15.7 13.0–18.5

Niğde Altunhisar 0–20 3 7.6 3.3–11.1
20–40 3 8.0 3.3–11.4

Bor 0–20 6 16.2 8.6–26.4
20–40 6 19.9 9.6–27.9

Çiftlik 0–20 5 7.9 3.8–10.6
20–40 4 10.7 6.7–14.5

Misli Ovası 0–20 23 9.5 2.7–23.6
20–40 20 9.8 3.1–21.5

Table 11
Average SO4-S concentration of 309 surface (0–20 cm) and 288 sub-surface (20–40 cm) soil samples collected from different locations in Adana province.

Location Depth (cm) n SO4-S Concentration (mg kg�1)

Mean Min-Max values

Ceyhan 0–20 90 12.8 7.8–19.1
20–40 89 12.9 7.6–33.8

Ç.Ü.Ziraat Fak. Çiftliği 0–20 13 12.2 9.3–15.0
20–40 13 12.9 9.3–18.4

_Imamoğlu 0–20 22 12.4 9.1–18.5

20–40 21 12.2 8.1–15.9
Karaisalı 0–20 38 11.1 6.8–27.9

20–40 34 14.0 7.2–85.2
Karatas� 0–20 44 17.1 8.7–133.1

20–40 44 19.9 7.2–81.9
Kozan 0–20 7 13.1 10.3–15.6

20–40 6 14.5 10.7–21.9
Adana-Yenice 0–20 47 12.1 7.3–19.0

20–40 39 14.7 7.7–46.1
Yüreğir 0–20 36 13.3 8.0–25.7

20–40 30 16.2 53.7–9.1
Adana-Osmaniye 0–20 12 10.6 6.7–13.8

20–40 12 10.5 6.5–14.0
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tion status. It is understood from the literature that sampling times
were carefully selected in this study. The S concentration decreases
with increasing plant age (Robson et al., 1995). In dicotyledons,
sampling is recommended for young leaves that have fully grown.
4813
It is further suggested that the sampled plant part and sampling
time should be standardized in order to reduce the difficulties in
interpreting analytical data (Jones, 1986).



Table 12
Average SO4-S concentration of 282 surface (0–20 cm) and 254 sub-surface
(20–40 cm) soil samples collected from different locations in S�anlıurfa
province.

Location Depth (cm) n SO4-S Concentration (mg
kg�1)

Mean Min-Max values

Akçakale 0–20 25 87.0 11.0–1446.9
20–40 16 295.0 13.2–2397.9

Bozova 0–20 49 15.6 8.4–18.9
20–40 43 15.8 11.5–19.2

Ceylanpınar 0–20 15 14.2 12.6–15.7
20–40 12 17.0 13.8–23.9

Harran 0–20 33 19.2 12.5–57.7
20–40 33 24.9 13.8–58.9

Hilvan 0–20 92 15.1 8.0–29.7
20–40 87 15.4 8.0–39.5

Siverek 0–20 9 15.5 12.9–16.6
20–40 8 15.1 13.2–16.2

Suruç 0–20 41 15.0 10.6–18.3
20–40 37 15.0 10.1–21.4

Virans�ehir 0–20 17 16.1 11.6–29.2
20–40 16 16.8 14.1–25.5

Fig. 1. Total SO4-S concentration in surface (0–20 cm) and sub-surface (20–40 cm) soil samples collected from different provinces.
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TheSconcentration ingreenpartsof theplant changesdepending
on the growth period. This means it is not possible to sample from
plants that are at the same growth point or period, especially in
the flag leaf, under farmer conditions. It is impossible that flag leaf
at heading initiation and grain-filling period contain same amounts
of S or other nutrients. For example, Spencer et al. (1984) reported
that although total Swas used as a criterion for the nutritional status
4814
of plants, the most important controversy was the S concentration
during the growth period. Freney et al. (1978) found that the total
S concentration of wheat in all green parts at the end of germination
periodwas 2.5 g kg�1 dryweight,which reduced to 1.1 g kg�1 during
middle development and 0.8 g kg�1 during grain-filling period. Gen-
erally, critical total S concentration is 2 g kg�1 dry matter, but can
vary between 1 and 3 g kg�1.



Fig. 2. Total SO4-S concentration in surface (0–20 cm) and sub-surface (20–40 cm) soil samples collected form Konya and S�anlıurfa provinces after removing outliers.
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Some researchers have argued that the conflicting results in
determining the S nutritional level of plants may be due to the total
S concentration; thus, determining SO4-S may be more accurate.
Large differences were reported between the concentrations of
SO4

-2-S in plant tissues with and without S-deficiency. It is reported
that SO4-S concentration in plants is compatible with S concentra-
tion in soil in legumes (Wen et al., 2003), annual grasses and rape-
seed (Grant et al., 2012; Robson et al., 1995). When the SO4

concentration in vacuoles is close to the phosphorus concentration,
S is a reliable parameter for determining nutrition status (Bouranis
et al., 2020). Moreover, after the removal of the stored SO4 in the
roots and green parts, S is mobilized for a few days. Consequently
S concentration is increased in old leaves, while decrease is noted
in young leaves (Bouranis et al., 2020).

Apart from these two parameters, it is suggested that the ratio
of SO4 to total S should be considered as an indicator of S-
deficiency (Bouranis et al., 2020). However, considering this ratio
would not provide much advantage, it is argued that this ratio is
impractical since the difference is due to changes in the SO4 con-
centration and requires at least two separate analyses (Blake-
Kalff et al., 2000).

In this study, S and N concentrations in the green part of the
plant and N:S ratio were determined to reveal S nutritional status
in wheat from different regions. According to this ratio, it is
revealed that the plants do not have S-deficiency, but this is related
to insufficient available N. Several studies have reported similar
results. When factors other than S are optimum, it is assumed that
the critical N:S ratio values are more stable than total S in the
plant. Therefore, N:S ratio is a much better indicator than total S
in wheat. Besides, one of the problems in using N:S ratio is that
4815
when one of these elements is in excess, the other is interpreted
as deficient. Another problem is that S is relatively less mobile in
plants and its concentration is higher in older leaves than in
younger leaves, whereas N concentration remains opposite. For
this reason, it is not correct that N:S ratio gives more accurate
results than total S or SO4 concentration, regardless of plant age
and sampling period. In contrast, Spencer et al. (1984) reported
that N:S ratio was less affected by the age of the plant. Thus, N
amount would be a more useful indicator than S concentration
for determining S-deficiency in cereals and legumes.

The use of critical values used in determining S nutritional level
may be misleading. These values should be considered as more
guiding and represent an approximate range (Melsted et al.,
1969). However, successful diagnosis of S deficiency depends on
selected critical limit value. If the critical limit value chosen for S
is too high, many production areas will be unnecessarily fertilized.
On the other hand, if the critical limit value is too small, it will not
be possible to determine the S-deficiency. An additional problem is
that for a successful critical limit value correct analysis must be
done. It has been reported that small deviation from the required
critical limit value has great impact on determining whether the
samples are S-sufficient or deficient. For example, a standard could
not be set among laboratories for determining total S concentra-
tion in plant samples. Even samples analyzed from different com-
mercial plant and soil analysis laboratories give varying results for
the same samples (Crosland et al., 2001). Total S concentration for
grasses varied between 0.15% and 0.23%, while in wheat grain sam-
ples variation was between 0.8% and 0.14%. The critical limit value
for wheat grain is accepted as 0.12% (Westfall et al., 1990). Accord-
ing to this limit value, S values of 3 commercial laboratories show
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that the concentration is sufficient, while the other 7 laboratories
indicated that samples were S-deficient. These results show that
besides the difficulties caused by the plant, there may be some
technical difficulties in determining the nutritional level of plants
with S.

Sulfur fertilization is the leading measure against S-deficiency.
Significant yield increase has been noted with S fertilization in dif-
ferent plant species and different soils or regions. Although S
requirement is lower for rapeseed, S-deficiency in grains was
reported in Scotland 15 years ago (and studies showed that S appli-
cation increases yield. In the trials conducted in 44 locations in
North Oregan, when grain yield of wheat <2 tons S application
had no impact on wheat yield. However, when yield was >2 tons,
27% yield increase was reported in the region with S application.

The yield increase was achieved with S application in other
plants except wheat. For example, studies conducted in the north-
east of Scotland where atmospheric S intake is extremely low, four-
fold increase in yield was reported with correct S application in
rapeseed (Walker and Booth, 1994).

In pot experiments conducted by Scherer and Lange, (1996)
with different legume plant species, S-deficiency was observed
during early growth phase where S was not applied. In the late
growth period plant growth was adversely affected. On the other
hand, the yields of legumes in optimum S application were differ-
ent from each other. This shows that S requirements of legumes are
different from each other.

5. Conclusion

The results revealed that the studied region had no S-deficiency
problem according to flag leaf samples. However, whole shoot
samples indicated that central Anatolia and GAP regions had S-
deficiency problem. In conclusion, S-containing fertilizer use in
central Anatolia and GAP regions must be considered as an impor-
tant approach for the prevention of yield and quality losses. Fur-
thermore, rapid and sensitive plant and soil analysis methods are
needed, which must also consider the local and site-specific
conditions.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

The authors extend their sincerest thanks to TÜB_ITAK for fund-
ing this study with project number TOG-TAG 2913.
References

Aula, L., Dhillon, J.S., Omara, P., Wehmeyer, G.B., Freeman, K.W., Raun, W.R., 2019.
World sulfur use efficiency for cereal crops. Agron. J. 111, 2485–2492.

Blair, G.J., Chinoim, N., Lefroy, R.D.B., Anderson, G.C., Crocker, G.J., 1991. A soil sulfur
test for pastures and crops. Soil Res. 29, 619–626.

Blake-Kalff, M.M.A., Hawkesford, M.J., Zhao, F.J., McGrath, S.P., 2000. Diagnosing
sulfur deficiency in field-grown oilseed rape (Brassica napus L.) and wheat
(Triticum aestivum L.). Plant Soil 225, 95–107.

Bloem, E., Haneklaus, S., Schnug, E., 2015. Milestones in plant sulfur research on
sulfur-induced-resistance (SIR) in Europe. Front. Plant Sci. 5, 779.

Bloem, E., Haneklaus, S., Schnug, E., 2005. Influence of nitrogen and sulfur
fertilization on the alliin content of onions and garlic. J. Plant Nutr. 27, 1827–
1839.

Bloem, E., Haneklaus, S., Schnug, E., 2002. Optimization of a method for soil sulphur
extraction. Commun. Soil Sci. Plant Anal. 33, 41–51.

Bouranis, D.L., Malagoli, M., Avice, J.-C., Bloem, E., 2020. Advances in plant sulfur
research.
4816
Bremner, J.M., 1960. Determination of nitrogen in soil by the Kjeldahl method. J.
Agric. Sci. 55, 11–33.

Capaldi, F.R., Gratão, P.L., Reis, A.R., Lima, L.W., Azevedo, R.A., 2015. Sulfur
metabolism and stress defense responses in plants. Trop. Plant Biol. 8, 60–73.

Courbet, G., Gallardo, K., Vigani, G., Brunel-Muguet, S., Trouverie, J., Salon, C., Ourry,
A., 2019. Disentangling the complexity and diversity of crosstalk between sulfur
and other mineral nutrients in cultivated plants. J. Exp. Bot. 70, 4183–4196.

Crosland, A.R., Zhao, F.-J., McGrath, S.P., 2001. Inter-laboratory comparison of
sulphur and nitrogen analysis in plants and soils. Commun. Soil Sci. Plant Anal.
32, 685–695.

Falk, K.L., Tokuhisa, J.G., Gershenzon, J., 2007. The effect of sulfur nutrition on plant
glucosinolate content: physiology and molecular mechanisms. Plant Biol. 9,
573–581.

Filipek-Mazur, B., Tabak, M., Gorczyca, O., Lisowska, A., 2019. Effect of sulfur-
containing fertilizers on the quantity and quality of spring oilseed rape and
winter wheat yield. J. Elem. 24.

Fismes, J., Vong, P.C., Guckert, A., Frossard, E., 2000. Influence of sulfur on apparent
N-use efficiency, yield and quality of oilseed rape (Brassica napus L.) grown on a
calcareous soil. Eur. J. Agron. 12, 127–141.

Freney, J.R., Spencer, K., Jones, M.B., 1978. The diagnosis of sulphur deficiency in
wheat. Aust. J. Agric. Res. 29, 727–738.

Galloway, J.N.O., Penner, J.E., Atherton, C.S., Prospero, J.M., Rodhe, H., Artz, R.S.,
Balkanski, Y.J., Bingemer, H.G., Brost, R.A., Burgermeister, S., 1992. Sulfur and
nitrogen levels in the North Atlantic Ocean’s atmosphere: a synthesis of field
and modeling results. Global Biogeochem. Cycles 6, 77–100.

Grant, C.A., Mahli, S.S., Karamanos, R.E., 2012. Sulfur management for rapeseed. F.
Crop. Res. 128, 119–128.

Haneklaus, S., Bloem, E., Schnug, E., 2008. History of sulfur deficiency in crops.
Sulfur A missing link between soils. Crop. Nutr. 50, 45–58.

Hasanuzzaman, M., Hossain, M.S., Bhuyan, M.H.M.B., Al Mahmud, J., Nahar, K.,
Fujita, M., 2018. The role of sulfur in plant abiotic stress tolerance: molecular
interactions and defense mechanisms. In: Plant Nutrients and Abiotic Stress
Tolerance. Springer, pp. 221–252.

Inal, A., Günes, A., Alpaslan, M., Sait Adak, M., Taban, S., Eraslan, F., 2003. Diagnosis
of sulfur deficiency and effects of sulfur on yield and yield components of wheat
grown in Central Anatolia, Turkey. J. Plant Nutr. 26, 1483–1498.

Jones, M.B., 1986. Sulfur availability indexes. Sulfur Agric. 27, 549–566.
Kopsell, D.A., Barickman, T.C., Sams, C.E., McElroy, J.S., 2007. Influence of nitrogen

and sulfur on biomass production and carotenoid and glucosinolate
concentrations in watercress (Nasturtium officinale R. Br.). J. Agric. Food
Chem. 55, 10628–10634.

Malhi, S.S., Gan, Y., Raney, J.P., 2007. Yield, seed quality, and sulfur uptake of
Brassica oilseed crops in response to sulfur fertilization. Agron. J. 99, 570–
577.

Melsted, S.W., Motto, H.L., Peck, T.R., 1969. Critical plant nutrient composition
values useful in interpreting plant analysis data 1. Agron. J. 61, 17–20.

Moss, H.J., Wrigley, C.W., MacRichie, R., Randall, P.J., 1981. Sulfur and nitrogen
fertilizer effects on wheat. II. Influence on grain quality. Aust. J. Agric. Res. 32,
213–226.

Pias, O.H. de C., Tiecher, T., Cherubin, M.R., Mazurana, M., Bayer, C., 2019. Crop yield
responses to sulfur fertilization in Brazilian no-till soils: a systematic review.
Rev. Bras. Cienc. do solo 43.

Robson, A.D., Osborne, L.D., Snowball, K., Simmons, W.J., 1995. Assessing sulfur
status in lupins and wheat. Aust. J. Exp. Agric. 35, 79–86.

Rossini, F., Provenzano, M.E., Sestili, F., Ruggeri, R., 2018. Synergistic effect of
sulfur and nitrogen in the organic and mineral fertilization of durum
wheat: Grain yield and quality traits in the Mediterranean environment.
Agronomy 8, 189.

Sager, M., 2012. Levels of sulfur as an essential nutrient element in the soil-crop-
food system in Austria. Agriculture 2, 1–11.

Scherer, H.W., Lange, A., 1996. N 2 fixation and growth of legumes as affected by
sulphur fertilization. Biol. Fertil. Soils 23, 449–453.

Schonhof, I., Blankenburg, D., Müller, S., Krumbein, A., 2007. Sulfur and nitrogen
supply influence growth, product appearance, and glucosinolate concentration
of broccoli. J. Plant Nutr. Soil Sci. 170, 65–72.

Spencer, K., Freney, J.R., Jones, M.B., 1984. A preliminary testing of plant analysis
procedures for the assessment of the sulfur status of oilseed rape. Aust. J. Agric.
Res. 35, 163–175.

Stahl, W.H., McQue, B., Mandels, G.R., Siu, R.G.H., 1949. Studies on the
microbiological degradation of wool. I. Sulfur metabolism. Arch. Biochem. 20.

Tisdale, S.L., Reneau Jr, R.B., Platou, J.S., 1986. Atlas of sulfur deficiencies. Sulfur
Agric. 27, 295–322.

Vieno, M., Heal, M.R., Hallsworth, S., Famulari, D., Doherty, R.M., Dore, A.J.,
Tang, Y.S., Braban, C.F., Leaver, D., Sutton, M.A., 2014. The role of long-
range transport and domestic emissions in determining atmospheric
secondary inorganic particle concentrations across the UK. Atmos. Chem.
Phys. 14, 8435–8447.

Walker, K.C., Booth, E.J., 1994. Sulphur deficiency in Scotland and the effects of
sulphur supplementation on yield and quality of oilseed rape. Nor. J. Agric. Sci.,
97–104

Wen, G., Schoenau, J.J., Mooleki, S.P., Inanaga, S., Yamamoto, T., Hamamura, K.,
Inoue, M., An, P., 2003. Effectiveness of an elemental sulfur fertilizer in an
oilseed-cereal-legume rotation on the Canadian prairies. J. Plant Nutr. Soil Sci.
166, 54–60.

Westfall, D.G., Whitney, D.A., Brandon, D.M., 1990. Plant analysis as an aid in
fertilizing small grains. Soil Test. plant Anal. 3, 495–519.

http://refhub.elsevier.com/S1319-562X(21)00379-X/h0005
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0005
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0010
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0010
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0015
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0015
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0015
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0020
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0020
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0025
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0025
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0025
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0030
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0030
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0040
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0040
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0045
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0045
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0050
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0050
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0050
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0055
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0055
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0055
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0060
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0060
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0060
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0065
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0065
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0065
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0070
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0070
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0070
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0075
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0075
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0080
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0080
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0080
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0080
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0085
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0085
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0090
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0090
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0095
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0095
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0095
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0095
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0100
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0100
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0100
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0105
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0110
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0110
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0110
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0110
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0115
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0115
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0115
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0120
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0120
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0125
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0125
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0125
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0130
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0130
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0130
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0135
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0135
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0140
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0140
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0140
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0140
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0145
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0145
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0150
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0150
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0155
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0155
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0155
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0160
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0160
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0160
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0165
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0165
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0170
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0170
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0175
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0175
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0175
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0175
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0175
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0180
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0180
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0180
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0185
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0185
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0185
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0185
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0190
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0190


Kemal Yalçın Gülüt and B. Hos�gökdelen Saudi Journal of Biological Sciences 28 (2021) 4807–4817
Wilhelm Scherer, H., 2009. Sulfur in soils. J. Plant Nutr. Soil Sci. 172, 326–335.
Wilson, T.L., Guttieri, M.J., Nelson, N.O., Fritz, A., Tilley, M., 2020. Nitrogen and sulfur

effects on hard winter wheat quality and asparagine concentration. J. Cereal Sci.
93, 102969.

Zhao, F., McGrath, S.P., 1994. Extractable sulphate and organic sulphur in soils and
their availability to plants. Plant Soil 164, 243–250.
4817
Zhao, F.J., Hawkesford, M.J., McGrath, S.P., 1999a. Sulphur assimilation and effects
on yield and quality of wheat. J. Cereal Sci. 30, 1–17.

Zhao, F.J., Salmon, S.E., Withers, P.J.A., Monaghan, J.M., Evans, E.J., Shewry, P.R.,
McGrath, S.P., 1999b. Variation in the breadmaking quality and rheological
properties of wheat in relation to sulphur nutrition under field conditions. J.
Cereal Sci. 30, 19–31.

http://refhub.elsevier.com/S1319-562X(21)00379-X/h0195
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0200
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0200
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0200
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0205
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0205
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0210
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0210
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0215
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0215
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0215
http://refhub.elsevier.com/S1319-562X(21)00379-X/h0215

	Sulfur and nitrogen nutrition status in flag leaf and shoot samples collected from wheat growing areas in Çukurova, Central Anatolia and GAP regions of Turkey
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Method
	2.2.1 Sulfur analysis
	2.2.2 Total nitrogen analysis with Kjeldahl method
	2.2.3 Determination of the available S concentration in soils


	3 Results
	3.1 Sulfur and nitrogen nutrition status of wheat crop in central Anatolia
	3.2 Sulfur and nitrogen nutrition status of wheat crop in Çukurova region
	3.3 Sulfur and nitrogen nutrition status of wheat crop in GAP region
	3.4 Sulfur concentration of soils in wheat production areas of central Anatolia, Çukurova and GAP regions

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References


