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ABSTRACT

An investigation was carried out in the years 2006-2008 in order to compare the chemical com-
position of sweet sorghum stems. Two varieties of sweet sorghum: Sucrosorgo G-1990 (photope-
riodically sensitive — headless) and Sucrosorgo 506 (photoperiodically insensitive — headed) were
tested. Samples of large and small diameter stems were collected from both types of sorghum,
from different parts of stem (lower, medium and top internodes). Each internode was fractionated
into three stem part: leaves, the outer (rind) and the inner part (pith). The effect of the part of
a stem and the place from which internodes were collected on the chemical composition was
determined. The content of crude fibre and its fractions: neutral detergent fibre (NDF), acid
detergent fibre (ADF), hemicellulose, crude proteins, carbohydrates: total carbohydrates, sucrose,
reducing sugars and macroelements was determined in the plant material. The largest diversity
in proportions of the chemical compounds was observed in the pith. Amounts of the NDF frac-
tion in the rind depended on a stem’s diameter. The site from where an internode sample was
collected had the greatest effect on the chemical composition, mostly the concentrations of
macroelements (N, P — in all three stem parts, K and Mg — in the pith, Ca — in leaves and the
rind, Na — in leaves). The diameter of a stem had a negative effect on the chemical composition
and deteriorated the technological value of sorghum, since the content of crude fibre and its
fraction increased.
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INTRODUCTION

Sweet sorghum, owing to its ability to accumulate due large amounts of
sugars in stems, is used worldwide for the energy, industry purposes and as
a fodder for livestock (Yu et al. 2012). In the production of ethanol, the stem
of sweet sorghum is the most important fermentation biomass (TSUCHIHASHI,
Goto, 2005). In one of the sorghum processing technologies leaves and the
rind of sorghum, which contain large amount of fibre, are separated and
juice (for ethanol production) is obtained only from the inner parts of stems
(WoRLEY et al. 1991, DomincuEz et al. 2001, Kunbpivana et al. 2010). The stem
juice of sweet sorghum may be used directly for fermentation to ethanol or it
can be first concentrated and then submitted to fermentation (RiTTER et al.
2007, Wana, Liu 2009). Birra et al. (1997) claim that the inner part, rich in
water and soluble sugars, makes up 65% of the stem’s fresh matter. The rind
of the stem contains fibre and cellulose, hence it is difficult to obtain juice
from this part of the plant (ZHao et al. 2009). Reduction in the content of
fibre, i.e. by breeding other types of varieties (BMR — brown mid-rib) is used,
as it increases the efficiency of obtaining plant juice (WORLEY et al. 1991,
MUuRRAY et al. 2008).

The fibre content and its fractions are significant for plant morphology
as well as for animal feeding. NDF determines feed intake and ADF decides
about its digestibility. The contribution of the NDF fraction in biomass
depends on sorghum varieties and water availability, but not on the seeding
density (JEoN et al. 1992, Carmi et al. 2006). The higher ratio of leaves to
steams shows a negative correlation with digestibility and a positive one
with the content of NDF (REDY et al. 2003). Sorghum is a high yielding crop,
and the uptake of minerals (macro- and microelements) as well as their par-
titioning are essential for the biomass quantity, quality and ethanol produc-
tion effectiveness (Han et al. 2011, CHMIELEWSKA et al. 2014). The mineral
uptake by sorghum and dynamics of minerals (mostly nitrogen) in soil
influence the environmental pollution and nitrogen transformation processes
(KaBara et al. 2017).

MATERIAL AND METHODS

The experiment was conducted in the years 2006-2008, on the experi-
mental fields in Pawlowice (51°09' N; 17°06’ E), a research station owned by
the Institute of Agroecology and Crop Science, Wroclaw University of Envi-
ronmental and Life Sciences, Poland. The investigations were carried out on
loamy sand classified as Brunic Gleic Arenosols.

Nitrogen (130 kg ha'), phosphorus (39.5 kg P ha') and potassium fertil-
isers (100 kg K ha') were applied before sowing and then incorporated into
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the soil using an aggregate (a Howard harrow with a toothed packer roller).
The sowing (20 germinated seeds m?) was performed in between 10 and 20
May, using a Wintersteiger seed drill.

The experiment was carried out in a split-plot design with five replica-
tion. Every year, before harvest, 10 stems were collected from each hybrid,
divided according to the stem’s diameter, and sampled from the internodes.
In both varieties of sorghum, the lower internode was the first fully deve-
loped one above soil surface and the middle internode was separated at
a halfway of the stem’s length and the upper internode (the first fully deve-
loped one below the head). The upper internode was isolated only from the
headed sweet sorghum. Every internode was fractionated into leaves, outer
part (rind) and the inner part (pith) of the stem.

The results are presented according to the following design of the factors:

— Parts of a plant:

— leaves,

— outer part of the stem — rind,
— inner part of the stem — pith.
Sweet sorghum variety:

— headed sorghum — Sucrosorgo 506 (Ss506),
— headless sorghum — Sucrosorgo G-1990 (G1990).

Stem thickness:

— small diameter @ < 2 cm,

— large diameter & > 2 cm.

The place from which the internode was collected (part of the stem):

— upper,

— middle,

— lower (only for Sucrosorgo 506).

The samples were taken when the variety of Sucrosorgo 506 was in the
phase of grain filling and the variety of Sucrosorgo G-1990 was in the vege-
tative stage of the growth. Fresh biomass material was cut to an average
particle size of 5-6 mm. The samples for chemical analyses was oven dried at
70°C for 24 h. The dried sorghum plant material was ground and sieved
through a 1 mm screen.

The dry matter content was analysed to determine the following:

— protein, using the Kjeldahl method, after mineralization with sul-

phuric acid and perchlorate;

— the crude fibre content using the Hennenberg-Stohmann method;

— neutral detergent fibre NDF and acid detergent fibre ADF with the

van Soest method,;

— hemicellulose content calculated as a difference between the NDF and

ADF fibre fraction content (ANIOL et al. 2015);

— crude ash — by burning in an oven in 600°C for 4 h;
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— phosphorus content — by colorimetry using the vanadium-molybdenum
method,;

magnesium content — by colorimetry with titanium yellow;

— potassium, calcium and sodium content using the flame method;
carbohydrates (total, sucrose and reducing sugars) were marked in the
dry matter by the Lane-Eynon method (ADAMCZEWSKA-SOWINSKA,
Turczuk 2016).

The results were statistically analysed using Statistica 9.0 software, and
ANOVA/MANOWA variance analysis was performed. Significant intervals
were tested according the Duncan’s test at a significance level a = 0.05. Only
the results of the measurements from the lower and middle internode were
used in the statistical analysis of the data aimed to demonstrate differences
between the varieties. Analysis of the correlation and regression was done
between the dry matter content and the crude protein content.

RESULTS

The content of crude fibre and the fraction of fibre in headed and head-
less sorghum show significant differences in the inner part (Table 1).
Table 1
The effect of varieties and internode parts on chemical composition (g kg* DM).
Average for years 2006-2008

Leaves (a) Rind (a) Pith (a) Significant
Parameters Ss506 | G1990 | Ss506 | G1990 | Ss506 | G1990 for for
(b1) (b2) (b1) b2) (b1) b2) b a-b
Crude protein 73.Ta 83.7a 42.6a 49.5a 43.7a 59.2b n.s. *
Crude fibre 299.4a | 304.0a | 358.3a | 348.5a | 141.6a | 183.1b n.s. n.s.
NDF 658.5a | 705.7a | 697.2a | 727.4a | 331.6a | 433.3b n.s. n.s.
ADF 403.0a | 339.2a | 424.9a | 458.2a | 160.7a | 228.2b n.s. n.s.
Hemicellulose | 255.5a | 366.5a | 272.3a | 269.2a | 170.9a | 205.1b n.s. n.s.
Sugars total 102.5a | 110.7a | 184.7a | 171.1a | 413.5a | 344.9a n.s. n.s.
Saccharose 82.1a 75.9a 142.0a | 116.7a | 296.5a | 210.0a n.s. n.s.
Reducing sugar| 22.5a 30.8a 35.2a 48.2a 101.4a | 123.9a n.s. n.s.
N 13.1a 11.8a 6.8a 7.9a 7.0a 9.5b n.s. *
P 2.1b 1.5a 1.6a 1.6a 1.5a 1.2a * n.s.
K 7.3a 7.6a 4.6a 8.0 13.5a 12.1a n.s. n.s.
Mg 3.5b 2.7a 2.0a 2.4a 1.9a 2.9b n.s. *
Ca 5.7a 5.3a 1.0a 1.3a 1.7a 2.5b * n.s.
Na 0.3a 0.3a 0.3a 0.3a 0.3a 0.3a wEE n.s.

Values with the same letter within treatment are not significantly different;
* significant at probability p < 0.05, ** significant at probability p < 0.01, *** significant at
probability p < 0.001, n.s. — no significant
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The content of macroelements in leaves and in the rind was also less diverse
than in the pith of the stem. The inner part of Sucrosorgo G1990 was
observed to contain more total protein (by 15.5 g), crude fibre (by 41.5 g),
NDF fraction (by 101.7 g), ADF fraction (by 67.5 g), hemicellulose (by 34.2 g),
nitrogen (by 2.5 g), magnesium (by 1.0 g) and calcium (by 0.8 g kg DM)
than that of the variety Sucrosorgo 506. Significantly more phosphorus
(by 0.6 g kgt DM) and magnesium (by 0.8 g kg'' DM) was observed in leaves
of the variety Sucrosorgo 506. In the rind, there was significantly more po-
tassium (by 3.4 g kg DM) in Sucrosorgo G-1990. Differences between the
varieties were significant in the content of macronutrients P, Ca and Na,
which was higher in Sucrosorgo 506. Interaction between parts of the plant
among the varieties was only observed in the content of total protein and Mg.

The content of crude fibre was significantly higher of the stem with low
diameter in leaves (by 31.7 g kg'! DM) and the pith (by 35.4 g kg! DM).
The concentration of NDF was extensively higher in the rind part of the
stem with small diameter (by 63.7 g kg! DM) than in stems with larger
diameter (Table 2). Moreover, these stems were showing significantly lower
content of protein (by 14.0 g kgt DM in the rind and by 20.2 g kg'* DM in the
pith). Small diameter stems had extensively higher content of fibre and its
fraction. In the other organic and minerals compounds no significant diffe-
rences between plant parts and diameter.

Table 2
The effect of stem thickness and internode parts on chemical composition (g kg DM).
Average for years 2006-2008

Leaves (a) Rind (a) Pith (a) Significant
Parameters .large _small .large .small _large .small for for
diameter | diameter | diameter | diameter | diameter | diameter
(c1) ) (1) (c2) (c1) &) N
Crude protein 90.1a 79.4a 52.4b 38.4a 65.6b 45.4a n.s. | n.s.
Crude fibre 281.5a 313.2b 338.3a 370.4a 144.4a 179.8b wx n.s.
NDF 674.4a 692.9a 677.4a 741.1b 380.2a 444.5a * n.s.
ADF 370.6a 352.2a 398.6a 477.9a 187.3a | 259.4a *** | n.s.
Hemicellulose 303.8a 340.7a 278.8a 263.2a 192.9a 185.1a *x n.s.
Sugars total 134.2a 77.4a 179.5a 178.9a 431.1a 341.0¢ | n.s. | n.s.
Saccharose 100.5a 58.8a 132.5a 131.2a 317.9a 205.8a | n.s. | n.s.
Reducing sugar 28.5a 28.5a 40.0a 40.8a 96.4a 124.4a | n.s. | n.s.
N 14.4a 12.7a 8.4b 6.1a 10.5b 7.3a n.s. | n.s.
P 1.8a 2.1a 1.6a 1.6a 1.5a l.4a n.s. | n.s.
K 8.2a 6.8a 6.1a 5.8a 13.0a 11.3a n.s. n.s.
Mg 2.9a 3.1a 2.4a 1.9a 2.7a 2.5a n.s. | n.s.
Ca 5.2a 4.8a 1.2a 1.0a 2.1a 2.0a n.s. | n.s.
Na 0.3a 0.3a 0.3a 0.3a 0.3a 0.3a n.s. | n.s.

Explamations under Table 1
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Table 3

The effect of internode place collection and internode parts on chemical composition (g kg DM).
Average for years 2006-2008

Leaves (a) Rind (a) Pith (a) Significant

Parameters | Jower |middle| upper | lower |middle| upper | lower |middle| upper | for | for
@) | @ | @ | @) | @ | @ | @ | @ | @ | d |a-d

Crude protein| 56.6a | 98.8b [113.16| 40.1a | 40.8a | 65.2b | 54.2a | 48.7a | T1.8b | *** | ***
Crude fibre  [325.6b|277.7a{280.0a|352.8a|364.8a|336.6a|148.9a(175.8¢|161.3a| n.s. | *
NDF 719.6a|644.6a|689.1¢|697.4a|724.8a|701.9a|364.9a|399.9a|531.9b| ** *
ADF 428.3a|313.9a|322.5a|425.3a|473.7a|393.4a|189.7a(199.3¢|338.9a| n.s. | *
Hemicellulose|291.3a|330.7a|366.6a|272.1a|251.1a|308.5a|291.3a|330.7a|366.6a| n.s. | *
Sugars total |100.5a|129.8a| 68.5a |186.7a|183.3a|156.0a|335.5a|448.7a|362.0a| n.s. | n.s.
Saccharose 83.1a | 92.7a | 46.8a [132.6a|134.9a|124.3a|329.1a|329.1a|250.2a| n.s. | n.s.

El‘fg;‘?ing 92.6¢ | 32.3¢ | 19.3¢ | 47.1a | 41.4a | 25.2a |102.24|108.6¢| 98.6¢ | n.s. | n.s.
N 9.0a | 15.8b | 18.1b | 6.4a | 6.5a | 10.4b | 8.7a | 7.8a | 11.5b | *** | ***
P 1.5a | 2.1b | 2.3b | 1.5a | 1.3a | 2.1b | 1.5a | 1.2b | 2.0c | *** | **
K 6.6a | 83a | 7.8a | 59a | 6.2a | 5.6a | 14.76 | 10.8a | 9.8a | n.s. | *
Mg 3.2a | 3.0a | 2.6a | 2.0a | 2.1a | 2.8a | 2.2a | 2.6a | 3.5b | n.s. | **
Ca 6.3b | 4.7ab | 3.1a | 1.0a | 1.0a | 1.5b | 2.3a | 1.8a | 1.9a | n.s. | **
Na 0.4b | 0.3a¢ | 0.3a | 0.3a¢ | 0.3a | 0.3¢ | 0.3a¢ | 0.3a | 0.3a | n.s.| *

Explamations under Table 1

The greatest variation in the chemical compound was observed in the
place of internodes collection from the stem (Table 3). Significantly more
protein was noted in the upper internode in leaves (113.1 g kg!' DM), rind
(65.2 g kgt DM) and pith (71.8 g kg* DM) and in the middle internode in
leaves (98.8 g kg’ DM) relative to lower internode. The disparity in the con-
tent of NFD fraction of fibre was observed only in the inner part. In the up-
per internode found significantly more NDF content than in the other stems
part. Macronutrients concentration in some of stems was diverse. Leaves in
the upper and middle part displayed higher concentration of nitrogen and
phosphorus. The rind and pith of the upper internode showed more concen-
tration of nitrogen and phosphorus. The place from where the internode was
collected displayed significant difference in the content of total protein, crude
fibre, NDF fraction and phosphorus, potassium, magnesium, calcium and
sodium. The statistical analysis showed interaction between the place where
the internode was collected and the part of the stem regarding the content of
total protein, crude fibre, NDF and ADF fraction and all macroelements.

All compounds showed significant differences between the parts of the
plant (Table 4). Leaves displayed the highest concentrations of protein, hemi-
cellulose, P, Mg, Ca, and Na. Higher concentrations of fibre and its fraction
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The effects

Table 4

of internode parts on chemical composition (g kg DM) (analysis of means).
Average for years 2006-2008

Parameters Leaves Rind Pith Significant
Crude protein 84.8 45.4 55.5 kel
Crude fibre 297.3 354.3 162.1 wEE
NDF 683.5 709.3 412.3 ok
ADF 361.4 438.2 223.3 ok
Hemicellulose 322.1 271.1 189.0 bl
Sugars total 105.8 179.2 386.1 R
Saccharose 79.6 131.9 261.9 wrk
Reducing sugar 25.8 40.4 110.4 ok
N 13.6 7.3 8.9 ek
P 1.9 1.6 1.5 i
K 7.5 6.0 12.2 ek
Mg 3.0 2.2 2.6 ko
Ca 5.0 1.1 2.0 ok
Na 0.33 0.28 0.31 *

were found in the rind part of stems. The pith of stems was characterised by

a higher cont

ent of carbohydrates and potassium.

An analysis of the correlation and regression chart showed the depend-
ence of total protein on the content of dry matter in particular parts of the
plant (Figure 1). In leaves, rind and pith of stems, the content of protein
decreased with an increase in the content of dry mass. The largest decline
was observed in leaves, which was the result of their earlier desiccation in
the lower part of the stem.

16.0 T
14.0 T
12.0
10.0 T
8.0 T
6.0 T
4.0
2.0

crude protein content (% DM)

0.0

yleaves = —-0.1211x + 12.82

% ring = —0.1473x + 9.2899
y pith = —0.2093x + 9.4989

0

20 40 60 80 100
DM content (%)

Fig. 1. The effect of dry matter content on crude protein concentration in internodes parts
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DISCUSSION

Sorghum is a plant which contains fibres most densely accumulated in
the rind, which surrounds the main part of the cross-section of the plant,
consisting of core cells with vascular bundles and inner canals (JONES et al.
1979, ZHao et al. 2009). Our results significantly confirmed a higher content
of crude fibre and its fraction in rind parts of the stem. BiLra et al. (1997)
achieved similar results, thus verifying that the rind part of sorghum is
richer in cellulose, hemicellulose and lignin (which equalled 19.2, 17.5 and
8.8% DM, respectively).

BirLra et al. (1997) indicated that the pith contained on average 80.4%
of carbohydrates in dry mass, whereas the outer parts had 76% of these com-
pounds. The highest share consisted of glucose (59.2% in the rind and 49.7%
in the inner part) and xylose (15.1 and 23.3%, respectively). KRISHNAVANI
et al. (1984) stated that most carbohydrates were generally observed in the
middle part of the stem (from 52.8% to 54.4% DM). In our research, the tested
varieties of sorghum contained far less of carbohydrates, which reached up to
448.7 g kgt D.M. in the pith of the middle internode. REppy at al. (2003)
concluded that the content of carbohydrates was positively correlated with
high digestibility and a low concentration of the NDF fraction in the stem.
A similar relationship can be found in our research, particularly with respect
to the pith, which is rich in carbohydrates in general, and contains signifi-
cantly less NDF than the other parts of the plant. Vieror at al. (2010)
showed that the NDF content ranged from 576 to 640 g kg! DM in leaves
and from 419 to 542 g kg! DM in stems, depending on a variety. In our
research, leaves contained far more NDF (683.5 g kg DM on average) and
the content of this fraction in the rind was significantly higher (709.3 g kg DM)
than in the pith (412.3 g kgt DM). ZieLEwicz, Kozrowski, (2008) showed that
the variety Sucrosorgo 506, in the dough stage, had more total protein, phos-
phorus, potassium, calcium and sodium in leaves (156.20, 2.52, 19.62, 11.62,
0.69 g kgt DM, respectively). ZHAo et al. 2009 confirm the previous findings
by other authors, as they notede that the content of cellulose and hemicellu-
lose in stems of sweet sorghum decreased at the generative growth stage,
when sugar accumulation was usually the highest. The stem fibre content
was negatively correlated with sugar concentration (MURRAY et al. 2008).

HaN et al. (2011) indicated less nitrogen and phosphorus in stems than
in leaves in all early sorghum varieties. In our research, such a relathionship
was only observed in the content of nitrogen, which was higher in leaves of
the early maturing variety. The potassium concentration was lower in the
late maturing varieties (Han et al. 2011). Our results showed that the rind of
the stem contained more potassium in the late maturing Sucrosorgo G1990
variety.
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CONCLUSION

The diversity of chemical compounds in the tested varieties of sorghum
should be taken into account while making a decision about the use of the
crop. The headed variety of sorghum contained more carbohydrates, especial-
ly in the inner part of the stem, and therefore can be recommend for bioeth-
anol production. The variety Sucrosorgo G-1990, characterized by a high
contribution of leaves to total biomass and a high content of total proteins,
should be grown for feeding purposes. Sorghum cultivated for forage or as a
biotechnological feedstock should be seeded at a lower plant density. A small-
er stem’s diameter lowers the technological value of sorghum, since the con-
tent of crude fibre and its fraction are higher. Sorghum leaves are the main
source of protein. The rind of the stem contains a high amount of fibre and
its fraction. The pith is the most useful part of sorghum for a technological
purpose when making syrup or ethanol because its soluble sugar content is
the highest, higher by 115% than in the rind and by 265% than in leaves.
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