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Abstract

A white food-grade waxy sorghum Tw variety, grown in two Mediterranean sites (named Tw1lM and Tw1S) was evaluated for
nutrient composition and fatty acid- and mineral concentrations in order to determine the suitability of producing waxy sorghum
for human uses in southern Italy. The nutritional values of the grains of the Tw inbred line grown in the two trial fields were
substantially the same, except for slight differences in ash level and accordingly slight variation in mineral composition. In samples
from both locations, a higher percentage of K was observed among the nutritionally essential macro-elements, and higher
percentages of Zn, Fe, Mn, Cu, Al among the nutritionally essential micro-element along with a strong difference in Cd content was
among trace elements. Across both sites linoleic, oleic and palmitic were the most abundant fatty acids, while very slight variations
in the content of minerals were found among the two samples examined. These results demonstrate the importance of developing
agronomically productive waxy sorghum varieties suitable for growth in non-traditional sorghum producing regions both as a food
and feed crop (i.e. with good nutritional quality) and for utilization in new products at the industrial level.

Keywords: chemical composition, fatty acids, Mediterranean area, mineral, waxy sorghum inbred line.
Abbreviations: CD_celiac disease; LOA_linoleic acid; OA_oleic acid; PA_palmitic acid; SD_standard deviation.

Introduction

Sorghum [Sorghum bicolor (L.) Moench] is the fifth most potential role of sorghum in human health and disease
important cereal crop in terms of production (+ 58 million prevention in general has gained increased research
tonnes in 2011), with Africa being the major producing attention (Anglani, 1998; Awika and Rooney, 2004; Dicko et
region (>40% of world production) (FAOSTAT, 2013). al., 2006; Taylor et al., 2006; Stefoska-Needham et al., 2015;
Notably, sorghum is highly suited for cultivation in the semi- Pontieri and Del Giudice, 2016; Smolensky et al., 2018).

arid and sub-tropical regions of Africa as it is one of the most The United States is the largest producer and exporter of
drought-tolerant cereal crops (Elhassan et al., 2015; Awika sorghum in the world (Pontieri and Del Giudice, 2016).
and Rooney, 2004; Kresovich et al.,, 2005; Dendy, 1995; Sorghum use in human food products has increased and
Anglani, 1998; Reddy et al., 2009; Ashok-Kumar et al., 2010; expanded from early efforts in the U.S. developing hybrids
Dicko et al., 2006; Pontieri and Del Giudice, 2016). Recently that yield white grain from a tan-color plant (often called
molecular evidence for the absence of toxic gliadin-like “food-grade” sorghum) for production of gluten-free foods
peptides in sorghum has been reported (Pontieri et al., for people with CD (Tuinstra, 2008). Moreover, new
2013), confirming that sorghum can be definitively technologies, aimed at enhancing the nutritional and
considered safe for dietary consumption in people with CD functional values of sorghum proteins in industrial-scale
(Ciacci et al., 2007; Pontieri et al., 2013). In addition to being processes, have been developed (de Mesa-Stonestreet et al.,
a safe food for people with CD, over the past decade the 2010; Taylor et al., 2013). As mentioned above, sorghum is
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also receiving increased attention for many other health
benefits as well and it provides benefits as a gluten-free food
and as a food for all people (Pontieri and Del Giudice, 2016).
Public and private breeding programs have released many
improved sorghum varieties adapted to semi-arid and tropic
environments including cultivars that meet specific food and
industrial requirements (Tuinstra, 2008). Sorghum is known
for its genetic diversity and many thousands of sorghum
accessions and landraces have been collected and developed
and are represented in seed collections around the world,
particularly collections in Ethiopia, China, USA, and
International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) (Rosenow and Dahlberg, 2000).

The genetic diversity of sorghum provides an opportunity to
improve the crop at the genetic level. However, with regards
to grain composition and grain quality, few of the large
numbers of accessions held in seed banks have been
characterized for grain composition and increased
characterization of grain composition and quality in general
has been identified as an important area of research (Bean
et al., 2018). Specifically, for food and feed uses of sorghum,
there is a need for further characterization of the sorghum
collections with respect to food functionality and other
quality attributes such as grain nutrient composition and
overall nutritional quality of sorghum grain. While needed
for sorghum types in general, grain nutritional composition
is even more limited in specialty types of sorghum not
widely grown such as waxy sorghum. Waxy sorghum grains
have been shown to possess a higher nutritive value than
non-waxy grains in both feeding (Sarka and Dvoracek, 2017)
and digestion trials (Mezgebe et al., 2018). The advantage of
waxy sorghum in such areas has been attributed to the type
of starch. Waxy sorghum contains 100% amylopectin,
whereas normal (nonwaxy) sorghum contains 75%
amylopectin and 25% amylose. Sandstedt et al. (1962)
indicated that waxy sorghum starch had a greater rate of
digestibility than normal sorghum starches. However, the
increased nutritional value of waxy sorghum may be due to a
combination of greater starch susceptibility and an
alteration in the structures of the endosperm of the waxy
sorghum kernels (Rooney and Pflugfelder 1986).

With the aim of selecting improved waxy sorghum varieties,
determining the nutritional composition of inbred waxy
varieties for use in breeding programs is one strategy of
improving the beneficial nutritional aspects of waxy
sorghum lines, while minimizing the agronomic problems of
reduced yield and stand establishment (e.g. Jampala et al.,
2012). Thus, the purpose of this research was to evaluate
the nutritional properties of a waxy inbred Tw sorghum line
grown in two Mediterranean sites of southern Italy, a region
that does not typically produce sorghum grain, but that has
been shown suitable for sorghum grain production (Pontieri
et al., 2010; 2011; 2012; 2014; 2016) and thus may benefit
from production of waxy sorghum with improved nutritional
attributes.

Results
Nutrient composition

The waxy sorghum Tw inbred line (Table 1) was replicated in
two separate trial fields, named TwlM and TwilS,
respectively, and the results of the nutritional values
between the two locations were compared. As can be seen
in Table 2, the nutritional profiles of the waxy grain coming
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from the two locations were similar. A slight variation was
observed in the ash content was seen, with ash content
higher in the grain from TwlM compared to grain sampled
from Tw1S location, probably due to a slight difference in
the composition of the soil.

Fatty acid composition of total lipids

Fatty acid composition of total lipids from the two sorghum
samples is presented in Table 3. OA was the predominant
fatty acid in all extracts, followed by LOA and PA This result
agreed with those previously reported for non-waxy
sorghum (Osagie, 1987; Serna-Saldivar and Rooney, 1995;
Pontieri et al., 2011). The percentage of both OA and PA was
similar in samples from both locations, while the percentage
of LOA of the TwlM sample was higher in comparison with
that of the Twi1S sample. The results in Table 3 are also
illustrated by bar graph (Fig. 1).

Mineral grain concentrations

Results of macro-element, micro-element, and trace
element analyses of the waxy sorghum grown at both field
locations are reported in Fig. 2, in Fig. 3 and in Fig. 4,
respectively. The content of macro-elements followed the
sequence K > Mg > Ca > Na in the analyzed samples. Micro-
elements and heavy metals content followed the sequence
Zn > Fe > Mn > Cu> Al > Cr > Ni> Ba > Mo > Pb> Ag > As > Sn
> Co > Se > Be > V > Tl. The content of toxic trace elements
followed the sequence Cd> Hg > U> Sh. Slight variations in
the content of the elements were found between the two
locations, except for Cd whose content in the waxy sorghum
grown at location Tw1S was more than double that of the
sample from Tw1lM. The most abundant macro-element in
samples from both locations was K, with Zn and Cd the most
abundant micro element and trace element respectively for
both field locations. Potassium and sodium contents of both
the Tw1lM and Tw1S samples varied from 16.30 to 16.12 g
Kg'1 and 0.17 to 0.09 g Kg’l, respectively. The potassium
content of both the samples from Tw1lM and Tw1S locations
ranged on average about 124-fold higher than that of
sodium. Therefore, the K:Na ratio was similar or higher than
the recommended ratio 5.0 for the human diet (Szentmihalyi
etal., 1998).

Discussion

There is strong interest in the developing the cultivation of
white, tan-plant, food-grade sorghum lines for production in
the Mediterranean area (Pontieri et al. 2010, 2011, 2012,
2014, 2016). Accordingly, research has focused on selecting
white food-grade sorghum varieties with improved
nutritional characteristics and high yielding capacity. It has
long been reported that waxy grains have been shown to
possess a higher nutritive value than nonwaxy grains (Sarka
and Dvoracek, 2017; Mezgebe et al., 2018). However waxy
sorghum grain has not been widely utilized due to yield
penalties, though research has suggested it may be possible
to overcome these limitations with dedicated breeding
efforts (Jampala et al., 2012). Due to the potential for waxy
sorghum starch to have unique functional properties (Bean
et al.,, 2019) as well as increased digestibility, the present
research work was aimed at evaluating the nutritional



Table 1. Tw waxy sorghum inbred line used in this study.

Entry Pedigree Source Type Origin
Tw B.T x ARG-1 WL08-712 waxy food grade M. Tuinstra
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Fig 1. Bar graph of fatty acids contents (g/100g raw fat) of the Tw waxy sorghum inbred line grown at TwlM and Tw1S field
locations showing, in particular, the concentrations of OA, LOA and PA. Values are means of four replicates + SD (5 replicates).

Asterisk (*) indicates p-value<0.05, ** indicates p-value>0.01, *** indicates p-value>0.001.

Table 2. Nutritional values of the Tw waxy sorghum inbred line grown at TwlM and Tw1S field locations. Asterisk (*) indicates p-

value<0.05.
*TwiM *Tw1Ss TwiM Twils
% % g100 g raw fat g 100 g" raw fat
Moisture 11.540.8 11.8+0.8
Ash 2.0+0.1 1.740.1*
Total proteins 12.1+1.5 11.840.8
Total fats 2.79+0.17 2.53+0.20
Total carbohydrates 71.61+6.44 71.65+6.45
Sugars 1.5+0.2 1.3+0.1
Fiber 2.90+0.35 2.62+0.21
Saturated fats 0.35+0.02 0.36+0.04
Monounsaturated fats 1.19+0.12 1.09+0.10
Polyunsaturated fats 1.25+0.09 1.08+0.10
*TwlM and "Tw1S represent the two sites in which the Tw waxy sorghum inbred line was cultivated.
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Fig 2. Bar graph of nutritionally essential macro-elements content (g Kg'l) of the Tw waxy sorghum inbred line showing the
concentrations of macro-elements Na, Mg, K and Ca. The content of each macro-element followed the sequence K>Mg> Ca >Na in
the waxy line grown at both TwlM and Tw1sS field locations. Values are means of four replicates + SD (5 replicates). Asterisk (*)

indicates p-value<0.05, ** indicates p-value>0.01.
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Table 3. Fatty acid content (g/100 g raw fat) of the waxy sorghum Tw inbred line grown at Tw1lM and Tw1S field locations. Asterisk
(*) indicates p-value<0.05, ** indicates p-value>0.01, *** indicates p-value>0.001.

“TwiM *Tw1s
Myristic 0.055+0.004 0.070+0.006*
Palmitic 12.380+0.867 12.680+1.522
Palmitoleic 0.320+0.035 0.580+0.070**
Margaric 0.026+0.02 0.07+0.006*
Margaroleic 0.040+0.03 0.07+0.006
Stearic 0.063+0.05 1.110+0.089***
Oleic 42.320+3.386 42.330+3.810
Linoleic 41.850+5.022 40.450+4.854
Linolenic 1.760£0.176 1.670£0.117
Arachidonic 0.024+0.02 0.160+0.014***
Eicosanoic 0.220+0.026 0.230+0.023
Behenic 0.076+0.08 0.000+0.000*
Lignoceric 0.054+0.06 0.064+0.007
Erucic 0.001+0.000 0.006%0.000

*TwiM and °Tw1S represent the two sites in which the Tw waxy sorghum inbred line was cultivated.
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Fig 3. Bar graph of nutritionally essential micro-elements content (mg Kg'l) of the Tw waxy sorghum inbred line showing the
concentrations of micro-elements Zn, Fe, Mn, Cu, Al. The content of each microelement followed the sequence Zn > Fe > Mn > Cu>
Al in the waxy line grown at both Tw1lM and Tw1S locations. Values are means of four replicates + SD (5 replicates). Asterisk (*)
indicates p-value<0.05, ** indicates p-value>0.01, *** indicates p-value>0.001.
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Fig 4. Bar graph of toxic trace elements content (ug Kg'l) of the Tw waxy sorghum inbred line showing the concentrations of trace
elements Cd, Sb, Hg, and U. The content of each microelement followed the sequence Cd> Hg > U> Sb in the waxy line grown at
both TwlM and Tw1s field sites. Values are means of four replicates + SD (5 replicates). Asterisks *** indicates p-value>0.001.
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properties of a waxy sorghum variety developed in the USA
and grown in the Mediterranean environment of southern
Italy at two field locations as it is well known that sorghum
grain composition varies significantly due to genetics and
environment (Serna-Saldivar and Rooney, 1995; Bean et
al.2018).

The inbred Tw line of white food-grade sorghum (Table 1)
was grown in 2018 in southern Italy in two separate field
trials named TwlM and Tw1S, respectively. As shown in
Table 2, the chemical composition of the waxy sorghum
grown at both TwlM and TwlS were comparable. A slight
difference was observed in both the ash content and fiber
levels with the sample grown at TwlM having higher levels
of both than the sample grown at Twi1S. That difference
could be due to a slight disparity in soil composition as the
cultivation of the Tw sorghum variety was carried out in two
separate locations where the clay loam soil composition is
known to be slightly different (Pontieri et al., 2016).

As shown in both Table 3 and Fig. 1, OA was the
predominant fatty acid in both field trials, followed by LOA
and PA, which was consistent with previous results (Osagie,
1987; Serna-Saldivar and Rooney, 1995; Pontieri et al, 2011).
The fatty acid composition for samples from both TwlM and
Tw1S locations was qualitatively and quantitatively similar
with only very slight variations. Furthermore, it should be
emphasized that the levels of protein, fat, fiber and LOA in
the waxy line grown at both TwlM and Tw1S locations were
higher than those of the Macia nonwaxy variety previously
cultivated in southern Italy (Pontieri et al., 2011).

From these data, it was noted that the monounsaturated
fatty acid level in the Tw waxy sorghum line was about
42.30% on average between the TwlM and Tw1S locations
and was essentially composed of OA. The polyunsaturated
fat content was about 41.15% on average between the
Tw1lM and Tw1S locations and composed primarily of LOA.
Unsaturated fatty acids are of great importance to the
human diet, as they are significant components of biological
membranes and play a key role as fluidity modulators (Avato
et al., 1990). Moreover, unsaturated fatty acids are not
cholesterogenic (unlike saturated fatty acids), and lower the
risk of thrombosis, due to their anti-aggregating activity on
blood lipoprotein particles (Del Giudice and Pontieri, 2017).
These two features make intake of unsaturated fatty acids
strongly recommended to reduce the risk of atherosclerosis
(Dicko et al., 2006; Stefoska-Needham et al., 2015).

For the concentrations of macro-elements, Fig. 2 shows that
they followed the sequence K > Mg > Ca > Na in the waxy
line grown at both TwlM and Tw1S field locations. The most
abundant mineral was K, followed by Mg, consistently with
literature data (Afify et al., 2012; Pontieri et al., 2014). As for
the micro-elements, the content followed the sequence of
Zn >Fe >Mn > Cu > Al > Cr > Ni >Ba > Mo >Pb > Ag > As >
Sn > Co > Se > Be >V > Tl again across both TwlM and Tw1S
locations (Fig. 3). The most abundant micro-element was Zn,
which was different from that of previous findings
(Jambunathan, 1980; Afify et al, 2012; Pontieri et al, 2014).
Finally, for trace element, the sequence was Cd > Hg > U > Sb
in the sample from both Tw1lM and Tw1S locations

With regards to macro-element content, the present study
showed a K:Na ratio higher than the recommended ratio for
the human diet in the waxy sample at both TwlM and Tw1S
locations (Szentmihalyi et al., 1998). In fact, it is well known
that an improved K:Na ratio in the diet may benefit bone
health, reduce muscle loss, as well as mitigate other chronic
diseases such as hypertension and stroke (Arbeit et al.,
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1992). Moreover, the magnesium content in the waxy
sorghum from both TwlM and Tw1S locations was higher
than those reported for corn flour (on average, 0.47 g Kg’l)
and wheat flour (on average, 0.25 g Kg'l) as reported in
Danish Food Composition Databank (Saxholt et al., 2008).
Since the samples grown at both TwlM and Tw1S locations
have higher magnesium contents, they could be considered
as sources of magnesium, which is required for the function
of many enzyme systems in human metabolism (Saxholt et
al., 2008).

Regarding micro-element content, the results reported in
the present study show high content of both Zn and Fe in
the waxy sample from both TwiM and Tw1sS field sites. The
latter two elements are essential micro-elements in human
nutrition, and their deficiencies are major public health
threats worldwide (Ashok-Kumar et al.,, 2010). With
reference to the Cd, Hg, U, Sb levels, these trace elements
could be toxic to human health at concentrations higher
than critical limits. However, the concentrations of trace
elements in the waxy sorghum Tw from both TwiM and
Tw1S sites analyzed in this study did not exceed the
maximum permitted by Regulation (CE) n. 1881/2006.
Sorghum is a major source of calories and protein for over
half a billion people in the semiarid countries (Duressa et al.,
2018). Sorghum is suited for cultivation on marginal lands in
hot and dry areas where other major cereal crops such as
maize, wheat, and rice do not thrive. In sub-Saharan Africa
and Southeast Asia, sorghum is grown primarily as a food
crop by small-scale subsistence farmers in some of the
world’s most fragile agroecosystems. In other parts of the
world, sorghum is principally grown as animal feed, although
there is a growing interest in recent years to use sorghum in
food, fuel and industrial products (Wang et al.,, 2017;
Duressa et al., 2018, Mezgebe et al., 2018).

Past research has shown that the waxy sorghum grains
possess a higher nutritive value than nonwaxy grains in both
feeding trials (Sarka and Dvoracek, 2017) and digestion trials
(Mezgebe et al., 2018). Improving the functionality of
sorghum protein and starch in waxy sorghum hybrids with
regards to food production and quality (both technical and
nutritional) would also be of benefit, especially for areas of
the world that rely on these crops as basic food staples
(Bean et al.,, 2019). The present study evaluated the
nutritional quality and composition of grain from an inbred
waxy sorghum variety grown in the Mediterranean region of
southern ltaly with the aim of selecting the best white
sorghum waxy varieties for both nutrient content and high
yield capacity. The results also build on previous works
(Pontieri et al., 2010, 2011, 2012, 2014, 2016) on the
possibility of expanding sorghum cultivation in the
Mediterranean for human use and demonstrate the
possibility of producing waxy sorghum grain with good
nutrient composition as an alternative or compliment to
non-waxy sorghum in this region of the world.

Materials and Methods
Sorghum cultivars

The white food-grade waxy sorghum Tw variety and seed
source employed in this study is described in Table 1. Full
field cultivation was carried out in two separate sites of San
Bartolomeo in Galdo (BN), southern Italy (41°25’N, 15°01’E
and 597 m a.s.l.), where soils are predominantly clay loam,
deep and with good water holding capacity during 2018.



Flour sample preparation

Approximately 1000 g of grain samples for each replication
were milled into flour with a two-roll mill (Chopin mod.
Moulin CD1). Subsequently, these flours were passed
through a planetary sieve (Buhler), with a 120 um2 sieve
opening.

Moisture content

Flour moisture was determined according to the AOAC
method 925.09 (AOAC, 1995) as described by Pontieri et al.
(2011).

Ash

For ash measurement, sorghum samples (~ 3g each) were
weighed into an ashing dish that was ignited at ~550°C,
cooled in a desiccator, and weighed soon after reaching
room temperature (AOAC, 1923).

Protein content

Nitrogen concentration was obtained by the Kjeldahl
method 920.87 (AOAC, 1920), and total protein content was
estimated using a conversion factor of 6.25. Sorghum
samples (2 g each) were analyzed using a Mineral Six
Digester and an Auto Disteam semi-automatic distillation
unit (International PBI, Milan, ltaly).

Total lipid content

Lipid content in the grain samples was determined as
described by Pontieri et al. (2010). About 3 g each sample
was ground with liquid nitrogen in a mortar and lyophilized
using an FTS-System FIex—DryT'\'I instrument (FTS Systems,
Stone Ridge, NY). The samples were extracted using a
Soxhlet apparatus with chloroform (CHCI3) for 4 hrs, then
dried using a rotary evaporator to obtain the crude extracts
which were weighed to obtain the amount of extracted fat.

Gas Chromatography of fatty acids

Esterification of fatty acids and subsequent analysis using
gas chromatography was carried out as described by Pontieri
et al. (2011).

Carbohydrates
Total carbohydrates were  determined by ion
chromatography as described by Arienzo et al. (2003).

Fiber

Fiber was determined according to the AOAC method 962.09
(AOAC, 1995). Specifically, fiber was considered to be the
loss, after incineration, of the sample digested in acid (0.255
N H,S0,), followed by an alkaline digestion in 0.223 N NaOH.
Digestion was obtained with an automatic digester (Velp
Scientific mod. FIWE3).
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Total minerals determination

The determination of the mineral elements of interest was
performed according to Tenore et al. (2012) as described by
Pontieri et al. (2014).

Statistical analysis

All analyses were performed in quintupled (n=5), and the
results are presented as mean + SD. Data distribution were
evaluated by means of Shapiro-Wilks test. Since not all the
data resulted in normal distribution, differences in means
were investigated using the non-parametric U test of Mann-
Whitney. No significant G x E interaction was observed.
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