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A B S T R A C T   

A comprehensive study of sorghum bran and flour was performed to explore the secondary 
metabolite profiles of differently coloured genotypes and to evaluate the variability in the anti-
oxidant properties based on differences in polarity and solubility. This research included one red 
variety and one white variety. Among the samples, the red variety contained significantly greater 
amounts of secondary metabolites than did the white variety, with total polyphenol contents of 
808.04 ± 63.89 mg.100 g-1 and 81.56 ± 3.87 mg.100 g-1, respectively. High-molecular-weight 
condensed tannin-type flavonoid extracts with high antioxidant activity were obtained by using 
relatively low-polarity acetone-water solvents, which was reflected by the measured antioxidant 
values. Among the methods used, the electron-donating Trolox equivalent antioxidant assay 
provided the highest antioxidant capacity, with values ranging from 118.5 to 182.6 μmol g− 1 in 
the case of the red variety, in accordance with the electron donor properties of condensed tannins. 
Key secondary metabolites were identified using MS techniques and quantified using HPLC. 
Catechin and procyanidin B1 were found in the red variety at concentrations of 3.20 and 96.11 
mg.100 g-1, respectively, while the concentrations in the white variety were under the limit of 
detection. All four tocopherols were found in sorghum, with the red variety containing a higher 
amount than the white variety, but the vitamin B complex concentrations were higher in the 
white variety. Overall, the red sorghum variety proved to be a better source of secondary me-
tabolites with potential health benefits and could be used as a nutrient-rich food source.   

1. Introduction 

Currently, alternative grains and pseudocereals such as sorghum (Sorghum bicolor (L.) Moench.) are being cultivated in increasing 
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amounts, as agricultural sustainability and adaptation to the ever-changing climate are becoming increasingly important [1–4]. S. 
bicolor is an ancient grain originating from the tropical region of Northeast Africa and is now the fifth most widely grown cereal 
worldwide. In addition to its tolerance against drought, heat, and poor soil conditions, it is also a highly nutritious source of food for 
both humans and animals. In Asia and Africa, it is used mostly as a food source, while in Western countries, it is considered mainly as 
animal feed or industrial material [5–7].As the dietary habits of modern society have changed and the prevalence of food-related 
allergies and intolerances has increased, it has become necessary to provide a new, nutritious and safe ingredient for the food in-
dustry. Sorghum is one of the most important alternative cereal grains and is composed of highly beneficial starch, notably containing 
15–30 % resistant starch, but it also contains as much as 65 % total starch [8,9]. This not only provides an easy food source for the 
human microbiota but also significantly decreases the glycaemic index of flour. Sorghum is also gluten free, so people with celiac 
disease can consume it. Furthermore, sorghum is highly rich in unique secondary metabolites, mainly polyphenolic components, with 
several verified positive physiological effects, such as anti-inflammatory and antioxidant effects [10–17]. 

These metabolites can be grouped according to their solubility. Among water soluble compounds, the most important are small- 
molecular-weight phenolic acids (ferulic acid, caffeic acid, cinnamic acid), flavones (luteolin, apigenin), flavanones (naringenin), 
and B vitamins (B1, B2, B6). The less water soluble components include high-molecular-weight proanthocyanidin oligomers and 
polymers such as condensed tannins (CTs), while the apolar components include tocopherols (vitamin E) [18–22]. In terms of 
physiological effects, the most important group comprises flavonoids, which are responsible for most of the health benefits associated 
with sorghum [23,24]. 

Tannins are divided into hydrolysable tannins (HTs) and condensed tannins. In the case of sorghum, CTs are more relevant than 
HTs. During synthesis, naringenin and anthocyanidins are considered the main branching points for the synthesis of different flavo-
noids [25,26]. Sorghum contains a unique amount of CTs compared to other cereals, which makes it especially important in the feed 
and food industries. CTs are polyhydroxy-flavan-3-ol oligomers and polymers with C4–C6 or C4–C8 hydrogen bonds and a high mo-
lecular weight of 120–3000 Da. These compounds mostly accumulate in the pigmented testa layer, develop from the inner integument 
of the seed coat, and are absent in seeds without this layer. Procyanidin oligomers and polymers (B1, B2, etc.) are the main types of CTs 
in sorghum. The chemical structure of CTs influences the pharmacological characteristics of these compounds. Owing to their many 
free hydroxyl groups, they are important electron donors in redox processes, such as free radical scavenging; thus, they are important 
antioxidants and anti-inflammatory agents [27–41]. Furthermore, the notable property of CTs is their ability to chelate metal ions and 
proteins by bonding to them via covalent bonds, thus inhibiting pathological bacterial activities and inhibiting enzymatic activities 
such as salivary and pancreatic amylases. This inhibition is often unwelcomed in animal husbandry since it not only prevents the 
growth of the animal but also, with excess gas production due to indigestible carbohydrate–tannin complexes in the gut, can also lead 
to the death of the animal. However, from the perspective of human dietary and therapeutic aspects, these properties, when combined 
with an appropriate CT concentration, can regulate energy intake during food consumption with slower, smoother glucose absorption 
in people with obesity and diabetes [42–45]. Their diverse and complex chemical structure also influences their solubility in organic 
matter. Size and polymerization degree of CT compounds are key factors determining their activity, digestibility, and bioavailability in 
living systems. For this reason, choosing the correct type and ratio of solvents in chemical analysis is a necessary step to investigate 
their biological effect accurately [46–49]. 

Cereals such as sorghum are usually B vitamin accumulators. These vitamins are stored in the bran of the seed; thus, refined flours 
tend to contain a low amount of B vitamins. The most important group of proteins are the enzyme cofactors. Thiamine (B1) is a cofactor 
of many enzymes (pyruvate dehydrogenase and α-ketoglutarate dehydrogenase) of the citric acid cycle and the pentose phosphate 
cycle of carbohydrate synthesis, as well as amino acid metabolism and gluconeogenesis [50,51]. Pyridoxine (B6) is a cofactor in the 
transsulfuration pathway and folate cycle and is a key cofactor of serine hydroxymethyltransferase, cystathionine-β-synthase and 
cystathionine-gamma-lyase enzymes in the methionine cycle. A lack of these cofactors can lead to neurological disorders, haemato-
logical problems, the development of mental illnesses, and a lack of endogenous synthesis of H2S, which can cause severe cardio-
vascular problems such as hypertension or atherosclerosis [52–54]. The recommended daily dose of these cofactors is 1–2 mg, 
depending on sex and age, and sorghum can provide 20, 7, and 30 % of the daily intake of B1, B2, and B6, respectively [22]. Another 
important secondary metabolite is tocopherols or vitamin E, which are fat-soluble, methylated phenol compounds with four known 
variants (α, β, γ, δ). α-tocopherol is considered to be a vitamin E with high antioxidant potential because only the carrier protein 
alpha-TTP can be carried throughout the human body; however, according to recent studies, other forms, such as β- and γ-tocopherols, 
are also potential antioxidants that are found mainly in the human gut [55,56]. 

The main aim of this study was to evaluate the secondary metabolite profile of sorghum, particularly that of condensed tannins, 
which are important compounds both for their anti-nutritive effects and for their great health benefits in terms of human and animal 
consumption. The main objectives of this research were to develop a selective preparation method for CTs and to investigate the 
bioactive profile and antioxidant properties of red and white sorghum varieties by spectrophotometric and HPLC methods. 

2. Materials and methods 

2.1. Experimental design 

Red and white (Zádor, Albita) sorghum samples were obtained from small experimental field plot (47◦17′27.2″N, 20◦53′27.8″E) at 
the Research Institute of Karcag in 2019. All the samples had a moisture content typical of cereals (9.5–11 %) and did not receive any 
nutritional supplementation. The white variety “Albita” was domesticated mainly for animal feed and had an extremely low tannin 
content, while the red variety “Zádor” was intended for general use and had a low tannin content. The experimental area is located in 
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Hortobágy and Nagykunság, Hungary, and has clay-loam meadow chernozem soil. According to our soil analysis, this soil is a good 
source of phosphorous and potassium and has a decent humus content. The temperature during the growing season was favourable, 
with an average temperature of 19 ◦C, while the rainfall levels were low during summer, which was complemented by relatively high 
precipitation in the spring pre-sowing season. 

2.2. Sample preparation 

The samples were peeled using a laboratory-scale Satake rice peeler (SATAKE, Hiroshima, Japan) at maximum output for 50 s. The 
bran was separated from the kernel, which was milled using a laboratory-scale roller mill. The flour and bran were stored at − 20 ◦C in a 
plastic bag until further analysis. The moisture content of the flour was determined using a thermogravimetric method with a drying 
oven. A fixed amount of sample was dried in an oven for 3 h at 105 ◦C, after which the moisture content was calculated from the 
difference in weight. 

2.3. Extraction of polyphenols using methanol as a solvent for preliminary measurement 

Methanol extraction was used to determine the total amount of polyphenols in the sorghum samples. A 0.5 g sample was weighed, 
and 5 mL of a methanol-distilled water mixture (80:20 v/v%) was added. The mixture was vortexed for 30 s and put into an ultrasonic 
water bath (25 ◦C) for 20 min. After extraction, the samples were centrifuged using a Frontier 5000 centrifuge (Ohaus Europe, 
Nänikon, Switzerland) at a maximum of 4500 rpm for 10 min, after which the supernatants were saved for analysis. The results of this 
measurement together with other varieties are published in the following article referenced here as a part of another evaluation [57]. 

2.4. Extraction of condensed tannins using methanol for preliminary measurement 

A preliminary measurement was performed to estimate the amount of condensed tannins in the studied samples. During extraction, 
5 ml of methanol was added to 0.5 g of bran, which was subsequently vortexed for 30 s and put into an ultrasonic water bath for 20 
min. The extracts were centrifuged at 4500 rpm for 10 min, and the supernatants were used for further analysis. The results of this 
measurement together with other varieties are published in the following article referenced here as a part of another evaluation [57]. 

2.5. Extraction of condensed tannins using an acetone-water solvent 

Our main aim here was to ensure all CTs with different degree of polymerization, molecular weight, and solubility are extracted 
from the sample matrix to investigate the antioxidant activities. Acetone is an excellent solvent for the extraction of several poly-
phenolic compounds, especially larger tannin molecules, because of its lower polarity, thus it was chosen as a main solvent for 
extraction of sorghum tannins. Ratios of 50:50 to 90:10 acetone (AC)-distilled water (DW) were used to extract tannins from sorghum 
according to the methods of Hagerman (2002). Solvents with different acetone-water ratios were as follows (%): AC1, 50:50; AC2, 
60:40; AC3, 70:30; AC4, 80:20; and AC5, 90:10 Since phenolic compounds accumulate mainly in the bran fraction and preliminary 
studies have shown that flour contains negligible amounts of condensed tannins, the bran fraction was used for preparation. Two-gram 
samples were weighed in triplicate into 50 ml centrifuge tubes, and 20 ml of solvent was added to each sample. The mixture was shaken 
using an ultrasonic water bath for 30 min, and the extracts were centrifuged at 2500 rpm for 10 min. The supernatant was saved, and 
extraction was carried out three additional times, for a total of 4 extraction steps. The extracted supernatants were pooled and 
evaporated to dryness using a rotary evaporator. Twenty millilitres of the extracts were separated for MS/MS analysis. The dried 
extracts were stored at − 20 ◦C until analysis. 

2.6. Extraction of flavonoid compounds for HPLC analysis 

Acidified methanol extraction was used to extract flavonoids from sorghum samples because it is often used to ensure the stability 
of flavonoid compounds. Ten grams of bran was weighed and extracted with 100 ml of 5 % HCl-methanol for 2 h on a magnetic stirrer. 
The extracts were centrifuged at 4500 rpm for 10 min, after which the supernatants were removed and evaporated to dryness. The 
dried extracts were stored at − 20 ◦C until analysis. 

2.7. Extraction of tocopherols 

The tocopherol distribution was analysed in the flour and bran fractions of the samples. Extraction was performed according to Bíró 
et al. (2015) with some modifications [58].Samples (20-20 g) were weighed and extracted with 150 ml of hexane for 25 min on a 
magnetic stirrer and 25 min in an ultrasonic bath (25 ◦C). The samples were centrifuged at 4500 rpm for 10 min, the supernatants were 
decanted, and the extraction was repeated with the same parameters. The supernatants were filtered through cellulose filtration paper 
(with 34–42 μm retention), evaporated to dryness and stored at − 20 ◦C until further analysis. 

2.8. Extraction of vitamin B 

Four B vitamins, namely, thiamine (B1), niacin (B3), pyridoxine (B6), and riboflavin (B2), were evaluated in the sorghum samples. 
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Extraction was performed according to the methods of Nemes (2015) with some modifications. Five grams of bran and flour were 
weighed, and 50 ml distilled water was added before extraction on a magnetic stirrer for 1 h. Extraction was performed in a dark bottle 
under a nitrogen atmosphere to protect the samples from light and oxidation. After extraction, the samples were centrifuged at 4500 
rpm for 10 min, and the supernatants were filtered through cellulose filtration paper. The filtrates were evaporated to dryness and 
dissolved in 1 ml distilled water. The samples were centrifuged again at 10000 rpm for 5 min. The concentrated samples were purified 
on a Strata-X-C solid-phase extraction column (Phenomenex, Aschaffenburg, Germany). The columns were activated by 2 ml of 
methanol and 2 ml of 1 % formic acid before the samples were mixed with an equivalent amount of formic acid and eluted on the 
column using a vacuum pump. Two fractions were obtained using methanol and 2 % ammonium-hydroxid:methanol (1/1 v/v%) 
solutions. The fractions were evaporated to dryness and dissolved in 2 ml of distilled water. The samples were subsequently centrifuged 
again at 10000 rpm for 5 min. The samples were stored at − 20 ◦C until analysis. 

2.9. Measurement of the total phenol content of the methanol extracts 

Total phenolic content (TPC) analysis was carried out by the Folin–Ciocalteu method according to Singleton and Rossi with 
modifications by Nemes et al. (2018) [59]. For measurement, a SpectroStar nanospectrophotometer (BMG Labtech, Ortenberg, Ger-
many) was used with a microplate reader and a TPP-96 plate. An aliquot of 10 μl of methanol extract was added to the wells, together 
with the required reagents described previously. The absorbance values were measured at 765 nm after 10 min of incubation at 45 ◦C. 
Gallic acid was used as a standard (Merck, Darmstadt, Germany), and the results are expressed as milligrams per 100 g gallic acid 
equivalent (GAE). All reagents and chemicals were of analytical grade. The samples were stored at − 20 ◦C until analysis. The results of 
this measurement together with other varieties are published in the following article referenced here as a part of another evaluation 
[57]. 

2.10. Measurement of extractable condensed tannins from methanol extracts 

The vanillin-HCL method was used for tannin evaluation according to Price (1978), with some modifications [60]. An aliquot of 10 
μl of methanol extract was put into a TPP-96 plate, together with the required reagents described previously. The mixture was 
incubated at room temperature for 15 min, after which the absorbance was measured at 500 nm. Catechin (Extrasynthese, Genay, 
France) was used as a standard. The results are expressed as milligrams per gram catechin equivalent. The samples were stored at 
− 20 ◦C until analysis. The results of this measurement together with other varieties are published in the following article referenced 
here as a part of another evaluation [57]. 

2.11. Measurement of antioxidant capacity using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 

Acetone extracts were used for antioxidant capacity measurements via three commonly applied assays. DPPH antioxidant assays 
were performed according to Blois (1958) with modifications by Nemes et al. (2018) [59]. A 2,2 diphenyl-1-picrylhydrazyl (DPPH) 
radical solution was prepared immediately before the measurement and stored in an amber bottle. The dried extracts were dissolved in 
methanol and centrifuged again at 2500 rpm for 10 min. A 2 ml sample was transferred by an automatic pipette to an Eppendorf tube. 
Samples were analysed in triplicate at 517 nm after 30 min of incubation at 25 ◦C on a TPP-96 plate. Trolox, a vitamin E analogue, was 
used as a standard to prepare a calibration curve. 

2.12. Measurement of antioxidant capacity using the TEAC assay 

Similar to the DPPH assay, this method also uses an artificial free radical, 2-2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid), to 
measure antioxidant properties. This radical was prepared one day prior to mixing it with an equal volume of potassium persulfate 
solution. Before the measurement, the solution was diluted twentyfold with 80 % ethanol. The reaction mixture was put together again 
on a TPP-96 plate using re-dissolved acetone extracts, and absorbance values were taken at 734 nm after 30 min of incubation at 25 ◦C. 
A Trolox standard was used to prepare the calibration curve. The results are expressed as μmol Trolox equivalent (TE) g− 1 values for 
both assays. 

2.13. Measurement of antioxidant capacity using the FRAP assay 

The third assay was the ferric reducing antioxidant power (FRAP) assay, an appropriate method for measuring water-soluble, iron- 
reducing antioxidant agents. Dried acetone extracts were dissolved in distilled water instead of methanol, and after centrifugation, the 
supernatant was used for analysis. The FRAP reagent was prepared immediately before measurement with acetate buffer, iron(III) 
chloride, and 2,3,5-triphenyltetrazolium chloride (TPTZ). TPP-96 plates were used for the reaction medium, and absorbance values 
were measured at 593 nm after 8 min of incubation at 37 ◦C. Ascorbic acid was used as a standard for the calibration curve. Values are 
expressed as μmol ascorbic acid equivalent (AAE) g− 1. 

2.14. Qualitative analysis of condensed tannins and flavonoids of sorghum using UHPLC-ESI-ORBITRAP-MS/MS 

Qualitative analyses were performed using UHPLC‒ESI‒MS/MS with a Dionex Ultimate 3000RS UHPLC system (Thermo Fisher, 
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USA) coupled to a Thermo Q Exactive Orbitrap hybrid mass spectrometer equipped with a Thermo Accucore C18 analytical column 
(2.1 mm × 100 mm, 2.6 μm particle size). The flow rate was maintained at 0.2 ml min− 1. The column oven and postcolumn cooling 
temperatures were set to 25 ◦C ± 1 ◦C. The mobile phase consisted of methanol (A) and water (B) (both acidified with 0.1 % formic 
acid). The gradient program was as follows: 0–3 min, 95 % B; 3–43 min, 0 % B; 43–61 min, 0 % B; 61–62 min, 95 % B; and 62–70 min, 
95 % B. The injection volume was 2 μl. The mass spectrometer was equipped with an ESI source; thus, the samples could be measured 
in both positive and negative ionization modes separately. The resolutions for both ionization modes were 35000 and 17500. The 
scanning mass interval and collision energy were set to 100–1500 m/z and 30 normalized collision energy (NCE) units, respectively. 
The data were acquired and processed using Thermo Trace Finder 2.1 software based on our own and internet databases (Metlin, Mass 
Bank of North America, m/z Cloud). After processing, the results were manually checked using Thermo Xcalibur 4.0 software (Thermo 
Fisher Scientific, USA). 

2.15. Sorghum-specific condensed tannin and flavonoid measurements using an HPLC–PDA and UHPLC-PDA system 

The previously acquired acetone-water extract (AC3) was used for quantification of specific flavonoids. The dried extract was 
resuspended and purified using a C18 silica solid-phase extraction column. Identification and measurement were performed via an RP- 
HPLC instrument equipped with a PDA detector on a Hypersil ODS 5 column. The mobile phases were methanol (Solvent A) and 3 % 
formic acid (Solvent B). Separation was performed using an eluent gradient with the following settings: 0–16 min, 15 % A; 16 min, 
15–28 % A; 16–20 min, 28–30 % A; 20–25 min, 30–35 % A; 25–30 min, 35–40 % A; 30–33 min, 40–48 % A; 33–37 min, 48–50 % A; 
37–40 min, 50 % A; 40–41 min, 50–15 % A; and 45 min, 15 %. A 10 μl sample was injected at a flow rate of 1 ml min− 1. Detection was 
performed at wavelengths of 280, 340, and 350 nm. The components were identified and quantified by retention time, spectrum, and 
area under the curve using external standards such as procyanidin B1 and catechin (Extrasynthese, Genay, France). 

Other flavonoid compounds, such as naringenin, apigenin, and luteolin, that are found in sorghum according to literature were also 
quantified. Samples prepared previously using acidified methanol were resuspended in methanol, and an RP-UHPLC-PDA system with 
a Hypersil ODS 5 column was used. All the parameters were the same as detailed above. 

2.16. Measurement of tocopherols by a UHPLC-PDA system 

The prepared dried extracts were resuspended in 2 ml of dichloromethane (DCM) and purified on an SPE silicate column. The 
purified samples were measured on an RP-UHPLC-PDA system with a Hypersil ODS 5 column. The mobile phase was an acetonitrile- 
methanol-dichloromethane (65:35:5) mixture. A 10 μl sample was injected with a 1 ml min− 1 isocratic flow rate. Identification was 
performed by a PDA detector at 295 nm. The components were identified and quantified by retention time, spectra, and area under the 
curve using external standards of α-, β-, γ-, and δ-tocopherols (Merck, Darmstadt, Germany). 

2.17. Measurement of vitamin B concentrations using an HPLC-UV/VIS system 

Identification and quantification of vitamin B compounds were performed via an HPLC system (Waters 2695 Separation module) 
equipped with a two-channel UV/VIS detector (Waters, 2487). The mobile phase consisted of methanol (Solution A) and 50 mM 
sodium acetate buffer (Solution B) solution. A 10 μl sample was injected at a flow rate of 1 ml min− 1 using the following eluent 
gradient: 0 min, 10 % A–90 % B; 4 min, 50 % A–50 % B; 15 min, 50 % A–50 % B; 16 min, 10 % A–90 % B; and 25 min, 10 % A–90 % B. 
The total length of the chromatogram was 40 min with 25 min of elution and 15 min of washing with ethanol. The following external 
standards were used for identification: thiamine-hydrochloride, pyridoxine, nicotinamide, and riboflavin (Merck, Darmstadt, Ger-
many). The compounds were detected at 254 nm. 

2.18. Statistical analysis 

The results were analysed using IBM SPSS Statistics version 24 software, using a completely randomized design, and GraphPad 
Prism 8 software. Two-way analysis of variance (ANOVA) with Tukey’s test and unpaired t tests were applied for comparison of the 
data. 

3. Results and discussion 

3.1. Extraction efficiency and variety characterization 

The polarity of the extractants strongly determines the amount and type of extractable compounds from any material. Due to their 
numerous polar hydroxyl groups, polyphenols and flavonoids are soluble mainly in polar solvents such as water, alcohol, or acetone. 
However, as the molecule size increases to that of oligomers and polymers, the solubility and thus extraction efficiency also change, 
which is increasingly important for condensed tannin (CT) - type molecules. These CTs are often oligomers and polymers made from 
several subunits and complex structures, which impedes their solubility in water compared to that of smaller polyphenols. Their 
synthesis pathway can be seen at Fig. 1. 

Several studies have suggested the use of acetone, a universal solvent with medium polarity, as an extractant for CTs and flavo-
noids. The amount of extracted material can be seen in Fig. 2. In terms of yield, there were several similarities between the varieties. In 
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both cases, the AC1 extraction had the highest amount of extract, while the AC4 extraction had the lowest amount. In the case of AC1, 
due to its high polarity, in addition to flavonoids, several other water-soluble compounds were also extracted. Hence, a high amount of 
sample was extracted with the solvent AC1. By reducing the water ratio, yields were also reduced, but this also affected the 
composition of the extracts. Furthermore, the reduction in polarity allowed for more efficient extraction of high-molecular-weight 
tannin oligomers and polymers, as shown by the high extraction yield observed with AC3 extraction for the red sorghum variety, 
and these polymers were not present in the white sorghum variety. Therefore, we considered the AC3 extraction to be the most efficient 
among all the variations. 

3.2. Measurement of antioxidant capacities 

Sorghum is an excellent source of antioxidants, which makes it an important functional ingredient in the current food industry. 
Several analytical methods, including fluorescence-based methods and colorimetric methods, are available for measuring antioxidant 
potential. We used colorimetric methods for measurement. Among them, the TEAC and DPPH assays are considered mixed assays 
based on electron and hydrogen transportation, where TEAC is primarily an electron-donating compound and DPPH is somewhat 
similar to a hydrogen (proton)-donating molecule. These two methods are able to detect different types of antioxidants, and they are 
more suitable for measuring fat-soluble antioxidants. The FRAP assay is considered to be an electron transfer method, and it is an 
appropriate method for measuring water-soluble ferric ion-reducing antioxidants [64]. 

Flavonoids, especially CTs, are strong antioxidants that can quench several free radicals per molecule due to their several free 
hydroxyl groups. The measured antioxidant capacity values are shown in Figs. 3–5 for TEAC, DPPH, and FRAP, respectively. Due to 
differences between the two sorghum varieties, significant differences were observed between the antioxidant capacities of extracts 
from the Zádor and Albita varieties. Zádor is described as a “low-tannin genotype” by the breeder, while Albita is described as a 
“tannin-free variety” and contains extremely low amounts of tannins. Among the three applied methods, TEAC was the most efficient, 
with a maximum value of 182.64 ± 14.91 μmol TE g− 1 DM for Zádor, and there were statistically significant differences in TEAC 
activity between the different extracts. The antioxidant activity of the AC3 extract of Zádor was significantly lower than that of the 
other extracts, with a value of 118.50 ± 14.49 μmol TE g− 1 DM, despite AC3 being the solvent ratio recommended in the literature for 
the extraction of strong antioxidants such as tannins and flavonoids. The increase in antioxidant capacity can be explained by the 
increasing proportion of less polar oligomers and polymers with multiple radical binding ability. The results for the Albita variety 

Fig. 1. Biosynthesis of proanthocyanidins through the shikimate-phenilpropanoid pathway. Note: The scheme was constructed based on the 
following methods [25,26,61–63]: ACCase: acetyl-CoA carboxylase; TAL: tyrosine ammonia lyase; PAL: phenylalanine ammonia lyase; CAL: 
cinnamate-4-hydroxylase; CoA-L: coenzyme-A ligase; CHS: chalcone synthase; CHI: chalcone isomerase; FNS: flavone synthase; IFS: isoflavonoid synthase; 
F3H: flavonoid-3-hydroxylase; F3′H: flavonol-3-hydroxylase; DFR: dihydroflavanol 4-reductase; LAR: leucocyanidin 4-reductase; LDOX: leucocyanidin 
deoxygenase; ANS: anthocyanidin synthase; ANR: anthocyanidin reductase; ADT: arogenate dehydratase. 
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showed similar antioxidant properties for every extraction, with slight differences attributed to the lack of tannins. The TEAC values 
were in accordance with the extraction solvent ratios: as the polarity of the solvents decreased, the ratio of larger, less water-soluble 
oligomers and polymers increased, represented by the increase in antioxidant power. Chiremba et al. (2009) published results with 
similar ABTS values from different sorghum varieties. TEAC values were reported between 13 and 370 μmol E g− 1 [65]. Awika and his 
coworkers have compared several antioxidant methods for sorghum, and they published TEAC values between 230 and 768 μmol TE 
g− 1 [66]. 

An inverse relationship was observed for the DPPH assay, especially for the Zádor samples, which had a richer bioactive compound 
profile than the Albita samples. Here, extracts from AC1 to AC3, which have more polar compositions, had significantly greater 
antioxidant capacities than did AC4, and AC5 had a greater ratio of acetone. The DPPH radical scavenging capacity decreased in Zádor 
samples as the ratio of acetone increased. The highest DPPH values were experienced for AC4 and AC5 samples with values of 72.79 ±
1.59 and 67.84 ± 5.52 μmol TE g− 1 DM respectively. For Albita, there were no significant differences between the extracts except for 
AC5, and the antioxidant potential of these extracts was markedly lower than that of Zádor extracts, with a maximum value of 5.20 ±
0.81 μmol TE g− 1 DM in AC5. Furthermore, the DPPH radical scavenging capacity was considerably lower than the TEAC radical 
scavenging capacity for all samples. These differences are caused by the differences between the two assays. The DPPH assay is pri-
marily based on proton (H+) donation, and because of the distinct shape of the DPPH radical used for measuring the size of the 
molecule, interactions with the radical are limited during the reaction. DPPH assays have provided lower values mostly because CT 
oligomers and polymers were too large for proper interaction during the incubation period. Thus, the TEAC assay is more appropriate 
than the DPPH assay for measuring sorghum antioxidants because it is based mainly on electron transfer. Extracts from AC1 and AC2 

Fig. 2. Extraction yield of different acetone-water ratios for red (Zádor) and white (Albita) sorghum. Note: Values with the same lowercase letters are 
not significantly different. Legend: AC1 = 50:50 acetone-water v/v%, AC5 = 90:10 acetone-water v/v%. Statistical analysis was conducted for each va-
riety separately. 

Fig. 3. TEAC antioxidant properties of red (Zádor) and white (Albita) sorghum samples extracted by different solvents. Notes: Values with the same 
lowercase letters are not significantly different. Legend: AC1 = 50:50 acetone-water v/v%, AC5 = 90:10 acetone-water v/v%. Statistical analysis was 
conducted for each variety separately. 
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exhibited proton-donating tendencies, while those from AC4 and AC5 seemed to exhibit electron-donating characteristics. Other 
studies have reported significantly different DPPH radical scavenging capacity values for sorghum varieties than those reported in this 
study. Choi et al. (2019) reported DPPH radical scavenging values between 0.7 and 40 μmol TE g− 1, while Awika et al. (2003) reported 
values between 6 and 716 μmol TE g− 1 DM depending on the genotype and fraction examined [66,67]. Moreover, Dykes et al. (2005) 
published results similar to our values for red sorghum, where a 2-fold difference was observed between the TEAC and DPPH values 
[68]. 

There was no difference in the antioxidant power determined by the FRAP assay between the different extraction methods. The 
Zádor variety had higher antioxidant values than did the Albita variety, as was observed for the other assays. AC1 had the highest ferric 
reducing antioxidant power, at 38.97 ± 3.49 μmol.AAE g− 1 DM. 

Based on the results of these 3 antioxidant assays, sorghum was determined to have a significant amount of high-molecular-weight, 
non-water-soluble antioxidants, which are most accurately measured with the TEAC assay, as their ferric reducing ability is relatively 
low. The extract of AC3 produced high values for both the TEAC and DPPH assays, while the AC4 and AC5 extracts had high TEAC 
values. These findings indicate an increase in polymer size in components of the AC4 and AC5 extracts, while in the AC3 extract, there 
are likely CT oligomers of medium molecular size, and they are able to interact with both TEAC and DPPH radicals freely. These CTs 
contain several accessible hydroxyl groups, which makes them effective antioxidants with the ability to quench multiple free radicals 
at once. These characteristics can explain the especially high TEAC values measured for the AC3-AC5 extracts. Furthermore, we found 
high FRAP values for the Zádor variety, especially in of the AC1 and AC2 extracts, which implies that there are some water-soluble 

Fig. 4. DPPH antioxidant properties of red (Zádor) and white (Albita) sorghum samples extracted by different solvents. Notes: Values with the same 
lowercase letters are not significantly different. Legend: AC1 = 50:50 acetone-water v/v%, AC5 = 90:10 acetone-water v/v%. Statistical analysis was 
conducted for each variety separately. 

Fig. 5. FRAP antioxidant properties of red (Zádor) and white (Albita) sorghum samples extracted with different solvents. Notes: Values with the same 
lowercase letters are not significantly different. Legend: AC1 = 50:50 acetone-water v/v%, AC5 = 90:10 acetone-water v/v%. Statistical analysis was 
conducted for each variety separately. 
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antioxidants that have the ability to reduce ferric ions. Several other articles have reported similar results. Sreeramulu et al. (2009) 
reported a FRAP value of 66.90 μmol g− 1 in sorghum, while Huo et al. (2016) described varieties with a FRAP concentration of 77.01 
μmol.FE g− 1 [69,70]. 

All these results indicate that the red sorghum variety, Zádor, is rich in CT oligomers and polymers, as well as other valuable 
antioxidant compounds such as phenolic acids, flavonoids and vitamins. This property makes it an excellent candidate both for human 
physiology and animal health, and consuming these components can play a great role in the treatment of infection, inflammation, and 
related diseases. These compounds can also replace antibiotics additives in animal feeds because of their antibacterial and antiviral 
effects [71,72]. However, the anti-nutritive effects of CTs should be noted, as they can inhibit important enzyme activities and the 
digestion of macro- and micronutrients, thus decreasing digestion and growth efficiency. According to the results of this study and of 
other studies, we proceeded with the AC3 fraction for further analysis. 

3.3. Measurement of the total phenol and condensed tannin contents of methanolic sorghum extracts 

Colour is a key marker for evaluating the bioactivity of a seed or fruit. In addition to their important physiological properties, 
anthocyanins and proanthocyanidins also function as pigments, giving seeds a reddish hue. Polyphenols also dissolve well in alcohol; 
thus, they are easily extractable using an alcohol solution. The total phenol and condensed tannin contents of the two varieties are 
shown in Fig. 6. It is observed from the measured total phenol and CT contents that the two varieties are significantly different from 
each other. The total phenol content of the Zádor variety was 808.04 ± 63.89 mg.100 g-1 DM, while that of the Albita variety was only 
81.56 ± 3.87 mg.100 g-1 DM. These compounds are stored mainly in the seed coat, with minimal amounts found in the endosperm. 
This was supported by our preliminary analysis, in which there was no traceable tannin content in the refined sorghum flour, and the 
total phenol content was low. The CT content of the samples varied between 8.81 ± 1.74 mg g− 1 DM for the Zádor variety and 0.65 ±
0.05 mg g− 1 DM for the Albita variety, as expected. The Albita variety was reported to be a tannin-free variety, and the low values can 
be explained by environmental effects or interference from other compounds in the applied measurement methods. 

Therefore, there are significant differences in the total phenol and tannin contents depending on the variety and seed colour, as 
supported by the literature. Our results were in line with those of previous research performed on sorghum. Dykes et al. (2005) 
evaluated several sorghum genotypes and reported that the highest tannin content occurred in red sorghum, in which the catechin 
equivalent (CE) concentration was 11–12 mg g− 1. The plants of both varieties were shown to have a specific layer of tannin accu-
mulation, named the pigmented testa under the seed coat [68]. In the case of white sorghum varieties, Afify et al. (2012) published 
research on exploring their bioactive profiles. The authors found CT contents as high as 0.013–0.21 mg g− 1 CE [73]. Further research 
has also established that the change in tannin content occurs broadly depending on the genotype and environmental factors, exhibiting 
a range of 1.2–30 mg g− 1 [74,75]. Shen et al. (2018) explored the total phenol and flavonoid contents of several sorghum varieties and 
genotypes and reported phenol contents between 174 and 1240 mg.GAE 100 g− 1 DM [76]. Ghimire et al. (2021) also reported sig-
nificant differences between sorghum varieties worldwide (USA, Korea, India), with values ranging from 10 to 300 mg.GAE g− 1 [77]. 
These findings are of particular importance because they determine the utilization potential of a specific sorghum variety. Due to their 
complex structure, CTs can chelate most macro- and micronutrients as well as metal ions, thus producing hard-to-digest complexes; 
additionally, CTs have high physiological importance. The anti-nutritive effects of CTs are undesirable because they inhibit animal 
growth and decrease feed efficiency. For these reasons, white sorghum varieties are generally more commonly used than red sorghum 
varieties in animal husbandry as feed. Moreover, a low tannin content can be exploited to decrease energy intake by creating slowly 
digestible starch (SDS) and resistant starch (RS), slowing glucose absorption and thus lowering the glycaemic index of foods [78–80]. 

Fig. 6. Total polyphenol and condensed tannin contents of red and white sorghum varieties. Note: *** = p < 0.001. The results of this measurement 
together with other varieties are published in the following article referenced here as a part of another evaluation [57]. 
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3.4. Determination of the bioactive profiles of red and white sorghum varieties using UHPLC-ESI-ORBITRAP-MS/MS 

The MS/MS technique was used for qualitative analysis, and all identified compounds are shown in Table 1. The red variety 
contained multiple isomers of procyanidin dimers and trimers (procyanidin A, B, and C) with retention times of 12–19 min, as well as 
catechin monomers, which are the building blocks of these procyanidins. Sorghum-specific eriodictyol and its derivatives were also 
found in the Zádor variety. The Albita variety did not contain any procyanidin-type tannins, but both varieties had common flavones or 
flavanones (naringenin, luteolin, apigenin) and sorghum-specific 3-deoxyanthocyanidins (luteolinidin, apigeninidin, and their 
methylated forms). The extraction solvent did not influence the flavonoid profile of the different samples; thus, it was not selective for 
CTs. 

Xiong and his co-researchers (2020) studied sorghum varieties from Australia via an HPLC-DAD-ESI-QTOF-MS/MS system for their 
phenolic acid and flavonoid profiles. These authors found flavone, flavanone, 3-deoxyanthocyanidins and their derivatives, such as 
apigenin, luteolin, naringenin, and eriodictyol, in brown and red sorghum varieties. Kang et al. (2016) reported similar results. Both 
studies revealed similar compounds in different varieties, as we observed in our research, and we also identified some procyanidin 
isomers only in the red genotype [81,82]. 

During digestion, the polymerization degree and size of a molecule are among the factors that determine whether a nutrient can be 
absorbed in the gut. CTs and other flavonoid oligomers can be absorbed, generally, as dimers or trimers due to partial or complete 
hydrolysis steps. Tannins above this size are strong chelators that inhibit enzymes and can form complexes. These products are digested 
only in the colon by fermentation to produce beneficial short-chain fatty acids (SCFAs) [83]. 

3.5. Quantitative measurement of sorghum flavonoids using the HPLC-PDA and UHPLC-PDA systems 

Sorghum-specific flavonoids, namely, procyanidin B1, catechin, naringin, luteolin, and apigenin, were quantified using HPLC, the 
results of which can be found in Table 2. There were significant differences between the varieties. The red variety, Zádor, contained a 
high amount of procyanidin B1, with a concentration of 81.03 mg.100 g-1, and catechin, with 11.84 mg. 100 g− 1 DM. This variety also 
contained a higher concentration of naringenin than did the Albita variety. Despite the presence of apigenin, which was above the limit 
of detection in this system for both varieties, the concentration was below the MS/MS detection limit. 

Taleon et al. (2014) published similar results for seven sorghum varieties (red, yellow) for the flavonoid profile [41]. Our findings 
were consistent with those of other studies on naringenin and procyanidin B1 concentrations. The highest value of naringenin 
measured was 640 μg g− 1 DM, while the total procyanidin B1 content was as high as 10 mg g− 1 depending on the variety [75,84,85]. 

These results further support that white sorghum varieties are more suitable than coloured varieties for animal feed use due to the 
low CT content, but these varieties have poorer antioxidant properties. Red varieties can be used for food fortification with 

Table 1 
Identified flavonoid compounds of the evaluated varieties.  

Flavonoid group Name Formula Variety Retention time [M − H]- 

Flavans, flavan-3-ols, flavan-4-ols Catechin C15H14O6 Zádor 14.19 289.07121 
Luteoforol C15H14O6 Zádor, Albita 19.55 289.07121 
Luteoliflavan (Proluteolinidin) C15H14O5 Zádor, Albita 21.50 273.07630 

Deoxyantocianidin Luteolinidin C15H10O5 Zádor, Albita 21.53 269.04500 
Apigeninidin C15H10O4 Zádor, Albita 22.59 253.05008 
Methoxyapigeninidin C16H12O4 Zádor 23.24 267.06573 
Methoxyluteolinidin C16H12O5 Zádor, Albita 22.34 283.06065 
Gesnerin (Apigeninidin-5-O-glucoside) C21H20O9 Zádor, Albita 26.98 415.10291 

Flavanone Eriodictyol-O-glucoside C21H22O11 Zádor 19.35 449.10839 
5-O-Glucosylluteoliflavan-(4->8)-eriodictyol isomer 1 C42H44O21 Zádor 19.86 883.22968 
5-O-Glucosylluteoliflavan-(4->8)-eriodictyol isomer 2 C42H44O21 Zádor 20.96 883.22968 
Naringenin (4′,5,7-Trihydroxyflavanone) C15H12O5 Zádor, Albita 27.79 271.06065 

Flavone Luteolin (3′,4′,5,7-Tetrahydroxyflavone) C15H10O6 Zádor, Albita 28.48 285.03991 
Apigenin (4′,5,7-Trihydroxyflavone) C15H10O5 Zádor, Albita 30.30 269.04500 
Tricin (3′,5′-Dimethoxy-4′,5,7-trihydroxyflavone) C17H14O7 Zádor, Albita 30.49 329.06613 
Chrysoeriol (3′-Methoxy-4′,5,7-trihydroxyflavone) C16H12O6 Zádor, Albita 30.54 299.05556 

Proanthocyanidin Procyanidin A isomer 1 C30H24O12 Zádor 14.66 575.11896 
Procyanidin A isomer 2 C30H24O12 Zádor 17.56 575.11896 
Procyanidin A isomer 3 C30H24O12 Zádor 18.01 575.11896 
Procyanidin A isomer 4 C30H24O12 Zádor 19.25 575.11896 
Procyanidin A isomer 5 C30H24O12 Zádor 23.24 575.11896 
Procyanidin B isomer 1 C30H26O12 Zádor 12.31 577.13460 
Procyanidin B isomer 2 C30H26O12 Zádor 13.08 577.13460 
Procyanidin B isomer 3 C30H26O12 Zádor 17.91 577.13460 
Procyanidin C isomer 1 C45H38O18 Zádor 13.39 865.19799 
Procyanidin C isomer 2 C45H38O18 Zádor 13.75 865.19799 
Procyanidin C isomer 3 C45H38O18 Zádor 14.96 865.19799  
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antioxidants, but there should be awareness about the CT content of these seeds. Additionally, a sufficient naringenin content in seeds 
is a key factor for 3-deoxyanthocyanidin synthesis. 

3.6. Evaluation of tocopherol distribution in red and white sorghum seeds 

Whole-grain flours are important sources of fibre and vitamin because they contain whole seed components rather than only 
selected components. Sorghum flour is usually available as a whole-grain flour, is an important source of vitamin B and vitamin E and 
is also rich in vitamin A and other carotenoids. Vitamin E comprises 4 distinct forms of tocopherol (α, β, γ, δ) commonly found in plants. 
These tocopherols are soluble in fat; thus, they accumulate in oily seeds or in the seed germ [86–89]. Among tocopherols, α-, and 
γ-tocopherols are considered as primary vitamin E source with high antioxidant power, as they have the highest vitamin activity in 
blood plasma. Vitamin E is also important for maintaining redox homeostasis and preventing lipid peroxidation [90–93]. However, 
recent studies have shown that these tocopherols can also exhibit beneficial effects mainly in the colon; regulating gut microbiota and 
preventing colon cancer [94–99].The tocopherol distribution was determined from both the bran and flour fractions, and the results 
are shown in Fig. 7. All four tocopherols were detectable in both varieties using HPLC. Due to structural similarities, β - and γ-to-
copherols were difficult to separate, and they constituted the vast majority of the tocopherol content for both varieties, with values of 
6.68–7.75 μg g− 1 DM for Zádor bran and flour and 2.95–5.78 μg g− 1 DM for Albita bran and flour. Additionally, there were significant 
differences between varieties (p < 0.001). Delta-tocopherol was found only in the flour fraction, with concentrations of 0.42 and 0.53 
μg g− 1 in Albita and Zádor flours, respectively. There was no statistical significance between the varieties. The alpha-tocopherol 

Table 2 
Red (Zádor) and white (Albita) sorghum flavonoid content measured by HPLC-PDA.  

Variety Component Concentration mg.100 g-1 DW 

Zádor Procyanidin B1 81.03 
Catechin 11.84 
Naringenin 19.88 

Albita Naringenin 2.05  

Fig. 7. Distribution of tocopherols in red (Zádor) and white (Albita) sorghum bran and flour. Note: ****p < 0.0001, ***p < 0.001. ns =
not significant. 
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content ranged between 2.75 and 1.37 μg g− 1 in the bran samples, with significant differences (p < 0.001), and between 1.7 and 1.44 
μg g− 1 in the flours, with no significant differences. These results suggest that germ fragmentation occurs during the peeling process, 
which results in the loss of tocopherols in refined flour. 

Pinherio et al. (2021) reported similar alpha-tocopherol contents in sorghum at a concentration of 2.8 μg g− 1, while other 
tocopherol forms were present at concentrations below 1 μg g− 1. In contrast, Cardoso et al. (2015) studied more than 100 sorghum 
genotypes with beta-, gamma-, and delta-tocopherol contents ranging from 0 to 7.80, 1.74–21.09, and 0–3.79 μg g− 1, respectively [55, 
100,101]. According to our results and the literature, S. bicolor belongs to the gamma- and beta-tocopherol accumulator group, and 
sorghum consumption can be beneficial for colon health. 

3.7. Determination of vitamin B complex concentrations in sorghum seeds 

Another important vitamin group in cereals is vitamin B complexes. B vitamins commonly found in cereals have been identified 
using an HPLC-DAD system, and the results are shown in Fig. 8. Thiamine (B1), riboflavin (B2), niacin (B3), and pyridoxine (B6) are 
commonly found in cereal grains. Among these compounds, pyridoxine is particularly important because it is a relatively heat stable 
vitamin and does not degrade during the thermal processing of flours. Niacin was also abundant in the bran fraction of the two va-
rieties, with concentrations of 3.45 ± 0.11 μg g− 1 and 9.32 ± 1.71 μg g− 1 for Zádor and Albita varieties, respectively. The thiamine 
content was similar in both bran, with no significant differences, while significant difference (p < 0.05) was observed in flours. 
Riboflavin was found in higher amount with 12 and 8.35 μg g− 1 concentrations (p < 0.05) in Zádor and Albita bran. Pyridoxine was 
found in both flours, and the Albita variety flour contained more pyridoxine than did the Zádor flour. The vitamin content of the flours 
was lower than that of the bran samples, as vitamin B complexes have been determined to be synthesized and stored mainly in the seed 
coat. The lower values observed in the case of the Zádor variety can be attributed to the presence of CTs, which can also form 
complexes with micronutrients. 

During sample preparation, fractionation was also performed with methanol and ammonium hydroxide. B vitamins were detected 
in both fractions at different concentrations. The results can be seen in Table 3. Most B vitamins could be found in both fractions, while 
riboflavin was detected only in bran fractions. Overall, the Albita variety contained more B vitamins than did the Zádor variety. This 
can be attributed to the presence of CTs in the red variety. There was no clear difference between the methanol and ammonium 
fractions. 

The literature data suggest that the B vitamin composition of sorghum is quite diverse. According to the literature, the thiamine 
concentration ranged from 2.32 to 23 μg g− 1, the pyridoxine concentration ranged from 1 to 8.1 μg g− 1, and the riboflavin concen-
tration ranged from 0.5 to 1.42 μg g− 1. Further studies revealed high niacin concentrations, with values between 17 and 30 μg g− 1 

[100,102–104]. Compared to these results, we found a slight increase in the presence of riboflavin in the bran and an increase in the 
thiamine content. Overall, these results suggest that sorghum flour is more advantageous for consumption as a whole grain, as it can be 
a decent B vitamin source for human consumption. 

4. Conclusion 

In this study, the bioactive composition of locally produced red (Zádor) and white (Albita) sorghum varieties were analysed with 
respect to their potential use in human food products and animal feed. We have found that Zádor is a rich source of compounds with 
strong antioxidant properties, most of them belonging to flavonoids and tocopherols. Measured antioxidant capacity was 182.64 ±
14.91 μmol TE g− 1 DM, and 72.79 ± 1.59 μmol TE g− 1 DM for TEAC, and DPPH respectively. Albita had significantly lower antioxidant 
capacity with 7.62 ± 0.80 μmol TE g− 1 DM, and 5.20 ± 0.81 μmol TE g− 1 DM values for TEAC and DPPH. Among flavonoids pro-
cyanidin type condensed tannin dimers, and trimers were most abundantly present in case of Zádor, while Albita proved to be tannin 
free. These condensed tannins are responsible for the high antioxidant values of Zádor, due to their multiple bonding sites. The 
investigated varieties were also rich in vitamins such as vitamin E, and several type of vitamin B. Beta -, and gamma tocopherols were 
the most abundant tocopherols with 6.68–7.75 μg g− 1 DM in Zádor, and 2.95–5.78 μg g− 1 DM in Albita bran and flour fraction 
respectively. Both flour and bran samples contained significant amount of tocopherols. During milling, the germ can be fragmented 
and sieved from the flour during refining, thus causing significant losses in the tocopherol content of sorghum flours. Among B vi-
tamins riboflavin and niacin were the most abundant B vitamins with 12 and 9.32 μg g− 1 DM concentrations in Zádor and Albita brans 
respectively. Contrary to tocopherol composition, Albita showed higher vitamin B content compared to Zádor. 

Based on these results, we concluded although both varieties are fit for human consumption. Zádor has a higher bioactive value due 
to its high antioxidant and tocopherol content, and it can be recommended as a food ingredient for gluten free product development. 
This opportunity is further strengthen by the fact, that it is more and more important to consume food products with high additional 
values such as food rich in minerals or antioxidants. However, the anti-nutritional effects of CTs such as slower glucose metabolism and 
absorption should be taken into account during consumption or utilization. Meanwhile the other variety, Albita is considered as a 
tannin free variety, and it is a suitable candidate for animal feeding purposes. Furthermore, its rich vitamin B content also makes Albita 
a good fit for human consumption as well, despite its lower antioxidant value. It also should be mentioned, that sorghum has excellent 
tolerance against droughts and other severe environmental conditions, which in turn makes its production more cost effective and 
cheaper compared to other grains, and in many areas it is considered as an alternative to maize by farmers and agricultural companies 
as well. 
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Fig. 8. Vitamin B profiles of red (Zádor) and white (Albita) sorghum varieties. Notes: Z. = Zádor, A. = Albita, *: p < 0.05, **: p < 0.01, ***: p 
< 0.001. 

Table 3 
Distribution of vitamin B complexes in red and white sorghum varieties. Notes: Values are shown in μg.g− 1 dry matter.  

Variety Sample type Fraction Niacin Pyridoxine Thiamine Riboflavin 

Albita Bran MeOH 9.32 ± 1.71 nd. nd. 8.31 ± 1.00 
NH4 nd. nd. 3.51 ± 0.58 nd. 

Flour MeOH 0.71 ± 0.12 2.89 ± 0.51 2.41 ± 1.16 nd. 
NH4 0.50 ± 0.02 5.39 ± 1.37 1.21 ± 0.40 nd. 

Zádor Bran MeOH nd. nd. 3.77 ± 0.18 1.89 ± 0.08 
NH4 3.47 ± 0.10 nd. 0.31 ± 0.02 10.10 ± 0.33 

Flour MeOH 0.22 ± 0.02 0.53 ± 0.0.2 0.40 ± 0.03 nd. 
NH4 0.34 ± 0.07 2.02 ± 0.21 nd. nd.  
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and foxtail millet—promising crops for the changing climate in central Europe, in: Alternative Crops and Cropping Systems, IntechOpen, 2016, https://doi. 
org/10.5772/62642. 

[4] M. Trnka, S. Feng, M.A. Semenov, J.E. Olesen, K.C. Kersebaum, R.P. Rötter, D. Semerádová, K. Klem, W. Huang, M. Ruiz-Ramos, P. Hlavinka, J. Meitner, 
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