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Abstract

Biomass sorghum stands out for its high dry matter yield and ratooning ability, enabling ad-
ditional harvests and silage production. This study evaluated the productive potential and
fermentation quality of silages from ratoon biomass sorghum hybrids. A 5 x 2 factorial
randomized block design was used, with five hybrids (CMSXS5039, CMSXS5044, CM-
5X57102, CMSXS7103, and BRS 716) grown in two municipalities of Mato Grosso do Sul,
Brazil (Dourados and Jatef). Dry matter production (DMP) did not differ (p > 0.05) among
the hybrids within each municipality; however, overall yield was higher in Jatef, averaging
12 t DM/ha. In Dourados, CMSXS5039 and CMSXS5044 showed the highest lactic acid
concentrations (46.71 and 59.73 g/kg DM), whereas in Jatei, CMSXS7102, CMSXS7103, and
BRS 716 stood out (45.70, 44.78, and 40.77 g/kg DM, respectively), among the sites, Jatef
had the greater lactic acid production (49.95 g/kg DM). Aerobic stability (AS) averaged
28.5 h, with higher values in Dourados (p < 0.05), about 16 h longer than in Jatei. BRS 716
and CMSXS5044 presented the highest crude protein contents (115.17 and 118.33 g/kg
DM). CMSXS5039 grown in Jatef had the lowest neutral detergent fiber and the highest
starch and non-fiber carbohydrate values. Biomass sorghum hybrids exhibited good yield
potential and good silage quality even under low rainfall conditions, with CMSXS5039 best
suited for more energetic diets and BRS 716 and CMSXS5044 for more proteic diets.

Keywords: agronomic characteristics; ensiling; forage conservation; Sorghum bicolor

1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) has stood out as a promising versatile crop
in agricultural production given its adaptability to different climate and soil conditions,
in addition to its efficient water use [1,2]. Among the several sorghum types, biomass
sorghum has received special attention in the agricultural and livestock sector, particularly
for silage production [3,4].

The choice of biomass sorghum for silage production is justified by its superior agro-
nomic characteristics such as high biomass productivity, good nutritive value, and resis-
tance to pests and diseases [5,6]. Furthermore, biomass sorghum has excellent capacity to
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adapt to more arid environments or seasons, which makes it a viable choice for regions
where other forage crops (such as corn) lack satisfactory performance [7] according to the
Agricultural Climate Risk Zoning,.

A notable advantage of biomass sorghum is its capacity to ratoon after cutting, en-
abling two consecutive harvests within the same growing season [8]. Although the second
harvest typically yields less biomass than the first, the combined production from both cuts
can substantially increase total sorghum output per unit area, thereby reducing the cost per
ton of biomass produced [8,9].

However, ratoon sorghum often exhibits marked differences in chemical composition
compared with the first cut. Several studies have reported that ratooning tends to have
lower dry matter concentrations and reduced levels of water-soluble carbohydrates, along
with potential changes in fiber composition and lignification patterns [9]. These compo-
sitional shifts can impair the ensiling process by limiting the availability of fermentable
substrates for lactic acid bacteria, potentially leading to slower pH decline, suboptimal
fermentation profiles, and reduced aerobic stability (AS) of the resulting silage [10].

Given these constraints, there is a pressing need for breeding programs aimed at
developing biomass sorghum hybrids that combine high ratoon yield with favorable
chemical characteristics to support efficient fermentation and stable silage quality [11].

In face of that, the present research had the following hypotheses: (i) biomass sorghum
hybrids sustain satisfactory ratoon yield, justifying an additional harvest; (ii) the silages of
new hybrids CMSXS5039, CMSXS5044, CMSXS7102, and CMSXS7103 (in pre-launch phase)
have superior nutritive value over silages produced from BRS 716 (commercial hybrid).
Therefore, the present study aimed to assess the productive potential and fermentation
quality of silages from ratoon biomass sorghum hybrids so as to identify which of those are
the most promising for silage production.

2. Materials and Methods

The trial was simultaneously conducted in two regions of the state of Mato Grosso
do Sul, Brazil. The first region was a farm located in the municipality of Jatef (22°26/57" S,
54°20'11"” W, and 396 m above sea level), which has dystroferric Red Yellow Latosol—LVAd
soil type according to the Brazilian Soil Classification System—SiBCS Ref. [12], equivalent
to Typic Hapludox in the Soil Taxonomy Ref. [13], with 12% clay.

The second region was the experimental area of Brazilian Agricultural Research
Corporation (Empresa Brasileira de Pesquisa Agropecudria—EMBRAPA) located in the
municipality of Dourados (22°16'44” S, 54°49'10” W, and 430 m above sea level), which has
eutrophic Red Latosol—Lve soil type according to the SiBCS Ref. [12], equivalent to Rhodic
Eutrudox in the Soil Taxonomy Ref. [13], with 75% clay. The climate in both sites is Cwa (hu-
mid mesothermic, with wet summers) according to the Képpen classification [14]. Figure 1
shows the rain regime throughout the experimental period and the historical rainfall.

The experiment adopted a 5 x 2 factorial randomized block design comprising five
biomass sorghum hybrids (CMSXS5039, CMSXS5044, CMSXS7102, CMSXS7103, and BRS
716) sowed in two distinct regions of the state of Mato Grosso do Sul, Brazil (Dourados and
Jatef). Variation in soil fertility in the area was the blocking factor.

The soil analysis of the experimental area in Jatef had the following result: sand:
848 g/kg; silt: 32 g/kg; clay: 120 g/kg; pH CaCl?: 4.7; AI**: 0.07 cmolc/dm3; Ca?*:
0.76 cmolc/dm3; Mg2+: 0.38 cmolc/dm?3; H* + AP*: 2.93 cmolc/dm3; K* 0.80 cmolc/dm3;
P (Mehlich): 35.6 mg/dm3; sum of bases: 1.94 (cmolc/dm?); cation exchange capacity:
4.87 cmolc/dm?; base saturation: 39.84%; and organic matter: 13.76 g/kg.



Fermentation 2025, 11, 540

30f15

Rainfall, (mm)

200

180

160

140

120

100

80

60

40

20

EHDourados
@ Jatei

Historical Rainfall

i | ‘ r'"'l. i
T T T

Nov. 2021 Dec. 2021 Jan.2022 Feb.2022 Mar. 2022 Apr. 2022 May. 2022 Jun. 2022 Jul. 2022 Aug. 2022

Month/year

Figure 1. Rainfall (mm) recorded in Dourados and Jatei throughout the experimental period, and
historical rainfall of the region (2002-2022).

The soil analysis of the experimental area in Dourados had the following result: sand:
205 g/kg; silt: 158 g/kg; clay: 637 g/kg; pH CaCl?%: 4.9; AI**: 0.07 cmolc/dm?; Ca*:
3.10 cmole/dm?; Mgz*: 1.36 cmolc/dm3; H* + AI**: 4.15 cmolc/dm3; K* 0.64 cmole/dm3;
P (Mehlich): 9.30 mg/dm3; sum of bases: 5.10 cmolc/dm?); cation exchange capacity:
9.25 cmolc/dm3; base saturation: 55.14%; and organic matter: 27.89 g/kg. All physical
and chemical soil analyses were carried out according to the methodology described by
Ref. [15]

The hybrids were sown in the municipalities of Jatei and Dourados on 5 and 23
November 2021, respectively, using a SHM 1517 seed drill (Semeato Inc., Passo Fundo, RS,
Brazil) with a row spacing of 45 cm. Fertilization was applied following recommendations
based on soil chemical analysis and according to Ref. [16]. At planting, 300 kg/ha of
fertilizer with an 8-20-20 (N-P-K) formula was applied. Subsequently, 20 days after plant
emergence, a topdressing fertilization was carried out with 140 kg/ha of nitrogen in
the form of ammonium sulfate. Sorghum density was set at 100,000 plants/ha, with an
allowable margin of error of +2.5%. Each experimental plot was composed of seven, 8 m
rows. Six experimental plots were sowed per treatment.

The first sorghum harvest took place on 6 March 2022 in Jatef and on 12 April 2022
in Dourados. Fourteen days after cutting, top dressing at 140 kg/ha N, in the form of
ammonium sulfate, was applied. The second harvest, after ratoon of the hybrids, took
place on 19 July 2022 in Jatef and on 24 August 2022 in Dourados (Figure 2).

In order to assess the productive characteristics of the hybrids, a sample of 2 linear
meters was collected from one of the central rows in each plot for morphological separation
and determination of dry matter (DM) values of each plant part. The sorghum plants were
split into leaf, stem with sheath, and panicle. Plant height was measured with a measuring
tape and the stem diameter, with digital calipers. Forage yield per hectare was estimated
by multiplying the total plant weight harvested in each plot by its respective content of
DM. The results were expressed in tons of DM per hectare (t DM/ha).
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Figure 2. Representation of the production and harvest steps of the different biomass sorghum
hybrids assessed in the municipalities of Jatei and Dourados, MS, Brazil.

For silage production, a sample of the central plants from each experimental plot was
processed using a stationary forage grinder (JE model 5D), which chopped the material to
an average particle length of 1.5 cm. The material from each plot was homogenized and
used to fill the experimental silos. During filling, forage samples from each treatment were
collected and frozen at —18 °C for later analysis of chemical composition, pH, and buffer
capacity. The ground forage mass was ensiled in laboratory experimental silos built using
PVC pipes (10 cm diameter and 50 cm height) with useful volume of 3.8 L. The material
was manually compacted using wood rods to achieve mean density of 270 kg DM/m?. At
the bottom of each experimental silo, 300 g sand was placed for effluent drainage, separated
from the forage by a thin piece of fabric mesh. After filling, the experimental silos were
sealed with double-faced (black and white) plastic film and adhesive tape and stored in the
laboratory at room temperature.

To calculate fermentation losses, all silo components (silo, sand, and fabric), as well as
the ensiled TMR mass, were weighed before and after ensiling. Dry matter recovery (g/kg
of ensiled DM), gas losses (g/kg of ensiled DM), and effluent losses (g/kg of ensiled forage)
were calculated according to the equations proposed by Ref. [17]. Dry matter recovery was
calculated using the following formula:

DMR = 100 — (DMI_DMF X 1oo>

DMI

where DMR = dry matter recovery (% of initial DM mass); DMI = initial DM mass (kg of
DM placed in the silos); and DMF = final DM mass (kg of DM removed from the silos).

Gas losses were calculated using the following formula:

SWI — SWF
GL = oM X 100

where GL = gas loss during storage (% of initial DM mass); SWI = weight of the sealed
silo at the beginning (kg); SWF = weight of the sealed silo at the time of opening (kg); and
DMI = initial DM mass (kg of DM placed in the silos).

Effluent losses were calculated using the following formula:

SWF — SWI
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where EP = effluent production (kg/t of DM); SWF = final weight of the set (silo + sand + fabric)
in kg; SWI = initial weight of the set (silo + sand + fabric) in kg; and DMI = initial DM mass (kg
of DM placed in the silos).

The silos were then opened and the material inside them was removed and homog-
enized for sample collection. The samples of each of the silages produced were sent to a
partner laboratory for chemical composition analysis. Another portion of the samples was
frozen for later pH analysis.

The chemical composition of both silage and fresh forage samples was determined
using a Foss 5000 Transport near-infrared reflectance spectrophotometer (NIRS; Eden
Prairie, MN, USA) with calibrations (WinISI version 4.6.11, FOSS Analytical A /S, Hillered,
Denmark) provided by the Dairy One Forage Laboratory (Ithaca, NY, USA). The analyses
included determination of dry matter (DM), crude protein (CP), neutral detergent fiber
(NDEF), ether extract (EE), soluble carbohydrates (SC), non-fiber carbohydrates (NFC), and
starch. Model performance was verified through cross-validation and, when applicable,
external validation, considering the coefficient of determination (R?), standard error of
validation (SEV), and residual predictive deviation (RPD), with minimum acceptance
criteria of R? > 0.90 and RPD > 3.0.

A portion of the frozen samples was processed to obtain an aqueous extract, which was
used to determine pH (in fresh forage and silage), buffering capacity (only in fresh forage),
and organic acids (only in silage). For extract preparation, 25 g of forage were diluted in
225 mL of distilled water and manually homogenized for approximately 20 min. The pH
of the extract was measured using a digital potentiometer (mPA210, MS Tecnopon), and
buffering capacity was determined according to the method described by Ref. [18]. Acetic
acid and butyric acid concentrations were quantified using a gas chromatograph with a
mass spectrometry detector (GCMS QP 2010 Plus, Shimadzu, Kyoto, Japan) equipped with
a capillary column (Stabilwax, Restek, Bellefonte, PA, USA; 60 m x 0.25 mm ID, 0.25 um
polyethylene cross-bond carbowax glycol). Lactic acid concentration was determined by
the colorimetric method described by Ref. [19].

Aerobic stability was determined in all silages after the silos were opened. Samples
(2 £ 0.005 kg) of each replicate of each treatment were freely placed in clean experimental
silos. Temperature sensors were placed in the geometric center of the silages and a double
layer of gauze was placed on top of each experimental silo to prevent drying and contami-
nation while allowing for air penetration. Room temperature, as well as the temperature
of each silage, was recorded every minute using a datalogger (RC-4, Elitech®, San Jose,
CA, USA). Aerobic stability was defined as the number of hours the silage remained stable
before rising by more than 2 °C above the ambient temperature [10].

The data were analyzed using the statistical program Sisvar 5.8 (Build 92). When the
interaction of factors was significant (x < 0.05), the factors were analyzed separately. In
the case of non-significant interaction, the factors were analyzed by principal component
analysis. The means were compared by Scott-Knott test at 5% level of significance. The
data were analyzed according to the following model:

Yijk = u + Bk + Si + SAj + S * SAjj + €ijk,

where Yijk = dependent variable, 1 = overall average, 3k = block effect (random effect; k = 1,
2,3,4,5,and 6), Si = effect of different hybrids (fixed effect; i = CMSXS5039, CMSXS5044,
CMSXS7102, CMSXS7103, and BRS 716), SAj = site effect (fixed effect; j = Dourados and
Jatei), S * SAij = effect of the interaction between hybrids and sites, and ¢ijk = random error
associated with each observation.
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3. Results
3.1. Productivity and Morphological Characteristics of the Biomass Sorghum Hybrids

No significant difference was observed for DM production (DMP) among the biomass
sorghum hybrids. However, significant difference was found in DMP between the produc-
tion sites, with Jatef having higher productions (Table 1).

Table 1. Agronomic characteristics and chemical composition of different biomass sorghum hybrids
assessed in ratoon crops in the municipalities of Jatef and Dourados, MS, Brazil, 2022.

(H) (S) p-Value

Parameters SEM

H5039 H5044 H7102 H7103 H716 Jatei Dourados H S H xS

Agronomic characteristics
DMP, t/ha 7.49 8.04 7.74 7.26 8.38 12.55 3.00 020 085 <0.01 0.708
HS, m 1.80a 1.46 b 192a 1.87 a 1.81a 2.44 1.10 0.08 <0.01 <0.01 0.069
SD, mm 1241 a 11.03b 9.77 ¢ 9.56 ¢ 10.71b 12.39 9.00 051 <0.01 <0.01 0.449
Stem, % 47.06 47.49 45.71 47.30 47.16 43.02 50.87 032 081 <001 0.181
Leaf, % 22.74 b 28.80 a 19.97b 2193 b 23.55b 16.06 30.73 147 0.02 <0.01 0.227
Panicle, % 30.20 23.71 34.32 30.77 29.29 40.92 18.40 4.03 <0.01 <0.01 <0.01
Chemical composition

DM (g/kg FM) 320.04b 31423b 356.18a 37044a 32452b @ 397.26 264.11 10.21 <0.01 <0.01 0.054
CP (g/kg DM) 112.25b 120.01a 95.00c 1055b 118.25a 121.90 94.10 199 <0.01 <0.01 0.078
SC (g/kg DM) 68.25b 7350 b 45.75 ¢ 62.00 b 92.00 a 75.10 57.50 9.75 0.04 0.07 0.128
ST (g/kg DM) 125.25a 52.25¢ 97 b 101.25b 70.5¢ 125.90 52.60 736 <0.01 <0.01 0.547
EE (g/kg DM) 23.750 27.50 21.50 22.75 27.25 30.90 18.20 193 018 <0.01 0.216
NEC (g/kg DM) 242.75 193.50 181.00 199.50 204.75 246.40 16220 1336 0.07 <0.01 0.402
NDF (g/kg DM) 59425b 642.02a 669.75a 64825a 622.75b  577.00 693.80 12.03 0.01 <0.01 0.677

H = Hybrid; S = Site; H5039 = CMSXS5039; H5044 = CMSXS5044; H7102 = CMSX7102; H7103 = CMSXS7103;
H716 = BRS716; HS = Plant height in meters; SD = Steam diameter in millimeters; DMP = total dry matter
production; DM = dry matter; FM = fresh matter; CP = crude protein; NDF = neutral detergent fiber; ST = Starch;
EE = ether extract; NFC = non-fiber carbohydrate; SC = soluble carbohydrate. SEM = standard error of the mean.
Means followed by different letters differ according to Scott-Knott test at 5% probability.

Hybrid CMSXS5044 had the shortest mean height (1.46 m) and highest leaf proportion
(28.8%) when compared with the other hybrids assessed. The sites also significantly im-
pacted (p < 0.01) plant height and leaf proportion, with the plants grown in Jatef being taller
(2.44 m) and having higher leaf proportion (30.73%). Stem diameter (SD) was influenced
both by the hybrids and the sites (p < 0.01), with the largest SD found for CMSXS5039 and
the largest mean SD found in the plants grown in Jate.

A significant interaction (p < 0.01) was observed between the hybrids and sites regard-
ing panicle proportion (Table 1 and Figure 3). Hybrids CMSXS5039 and CMSXS7102 stood
out for having the highest panicle proportions (p < 0.01) when grown in Jatei.

£ Dourados W Jatei
Aa

Panicle, (% DM)
w o
6] o

[
(==}

CMSXS 5039 CMSXS 5044 CMSXS 7102 CMSXS57103  BRS 716

Figure 3. Panicle percentage in different biomass sorghum hybrids assessed in ratoon crops in
the municipalities of Jatei and Dourados, MS, Brazil, 2022. Means followed by different letters
differ according to Scott-Knott test at 5% probability. Capital letters compare sites and small letters
compare hybrids.
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Concerning chemical composition (Table 1), hybrids CMSXS57103 and CMSXS7102
had the highest DM values at 356.18 g/kg fresh matter (FM) and 370.44 g/kg FM, re-
spectively, 15.17% higher than hybrid CMSXS5044, which had the lowest DM content
(314.23 g/kg FM).

The values of CP, NDF, SC, and starch were influenced by both the hybrids and sites.
Hybrid BRS 716 had the highest CP content, followed by hybrids CMSXS5039, CMSXS5044,
CMSXS7103, and CMSXS7102, in that order. Hybrids BRS 716 and CMSXS5044 had the
lowest starch values but stood out with the highest SC values. Hybrids CMSXS7102,
CMSXS7103, and CMSXS5044 had the highest NDF values, whereas hybrids CMSXS5039
and BRS 716 had the lowest NDF values. On average, the plants grown in Jatef had the
highest values of CP, starch, and SC and the lowest NDF values when compared with those
grown in Dourados.

3.2. Fermentation Parameters and Chemical Composition of Silages from Different Biomass
Sorghum Hybrids

A significant interaction (p < 0.05) was observed for EP between the hybrids and
growth sites (Table 2 and Figure 4). Hybrids CMSXS5039 and CMSXS5044 grown in Doura-
dos had the highest EP values (p < 005). However, no significant differences were observed
for EP among silages produced with the different hybrids in Jatel. DMR was influenced
exclusively by the hybrids, with CMSXS7102 having the lowest values (840.28 g/kg DM),
approximately 3.56% lower than the average of the other hybrids. No differences (p > 0.05)
were observed between hybrids and growth sites regarding GL. The average GL value
found was 28.49 g/kg DM among the treatments (Table 2).

Table 2. Fermentation parameters and chemical composition of silages of different biomass sorghum
hybrids assessed in ratoon crops in the municipalities of Jatei and Dourados, MS, Brazil, 2022.

(H) S) p-Value

Parameters H5039 H5044  H7102  H7103  H716 Jatei  Dourados oM ~ H S HxS
EP (kg/t DM) 59.66 51.75 46.13 44.06 4123 439 9274 462 <001 <001  0.022
DMR (g/kg DM) 858.74a 87133a 84028b 860.96a 860.73a  859.64  857.18 431 004 0688  0.136
GL (g/kg DM) 25.57 38.23 2453 2335 30.78 26.07 3092 055 006 0173 0073
pH 384b  382b  39la  380c  3.77c 3.91 374 007 <001 <001  0.065
Lac. Ac. (g/kg DM) 4671 59.73 45.7 44.78 40.77 49.95 4513 056 002 0181  <0.01
Ace. Ac. (§/kgDM)  12.39 12.28 19.14 15.48 12.37 1221 1646 018 <001 001  <0.01

But. Ac. (5/kg DM)  140a 043¢ 129b  144a  088b 1.04 114 002 <001 0433 021

NH3-N (g/kg TN) ~ 948a  50lc  947a  792a  671b 9.12 647 008 <001 <001 031
S (h 25.55 31.98 28.29 28.9 27.75 20.78 3671 361 051 <001 0341
DM (g/kg FM) 30100 30792 35108 34034 31142 3996 2451 979 <001 <001  <0.01
CP (g/kg DM) 11350b 11833a 109.75¢ 11058c 11517a 12857 9837 298 004 <001  0.074
EE (g/kg DM) 3825b  465a  3817b  3725b  3658b 4476 322 18 005 <001 0516
Starch (g/kg DM) 1315 6400 11217 102 50.67 14467 4307 784 <001 <001  <0.01
NFC (g/kg DM) 279.83 2285 23533 2415 22958 27043 21547 185 <001 <001  <0.01
NDF (g/kg DM) 537.83  577.92 58583 57833 58958 53193 61587 927 <001 <001  <0.01

H = Hybrid; S = Site; H5039 = CMSXS5039; H5044 = CMSXS5044; H7102 = CMSXS7102; H7103 = CMSXS7103;
H716 = BRS716; EP = effluent production; DMR = dry matter recovery; GL = gas loss; pH = potential of hydrogen;
Lac. Ac. =lactic acid; Ace. Ac. = acetic acid; But. Ac. = butyric acid; NH3-N = ammoniacal nitrogen;
AS = aerobic stability; DM = dry matter; FM = fresh matter; TN = total nitrogen; EE = ether extract; NFC = non-
fiber carbohydrate; NDF = neutral detergent fiber; SEM = standard error of the mean. Means followed by different
letters differ according to Scott-Knott test at 5% probability.

Hybrids CMSXS7103 and BRS 716 had the lowest (p < 0.05) pH values (3.80 and 3.77,
respectively) while CMSXS7102 had the highest pH (3.91). Lactic acid values showed a signifi-
cant interaction (p < 0.05) between the hybrids and sites. The silages produced by hybrids
CMSXS5039 and CMSXS5044 in Dourados had the highest values of lactic acid (46.71 and
59.73 g/kg DM), whereas in Jatei, hybrids CMSXS7102, CMSXS7103, and BRS 716 produced
silages with the highest lactic acid values (45.70, 44.78, and 40.77 g/kg DM, respectively).
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Figure 4. Effluent production (EP), lactic acid (Lac. Ac.) and acetic acid (Ace. Ac.) values of silages
from different biomass sorghum hybrids assessed in ratoon crops in the municipalities of Jatef and
Dourados, MS, Brazil, 2022. Means followed by different letters differ according to Scott-Knott test at
5% probability. Capital letters compare sites and small letters compare hybrids.

Overall, the hybrids grown in Dourados had the highest acetic acid values, except
for CMSXS5039 and CMSXS7102, which had similar values in both sites. The highest
acetic acid values were found in hybrids CMSXS7102 (Dourados and Jatef), CMSXS7103
(Dourados), and CMSXS5044 (Dourados), at an average of 18.95 g/kg DM. On the other
hand, the lowest acetic acid production was found for hybrid CMSXS5044 grown in Jate,
at an average of 4.55 g/kg DM (Figure 4).

The lowest butyric acid and ammoniacal nitrogen (NH3-N) values were found in
hybrid CMSXS5044 (0.43 g/kg DM and 5.01 g/kg total nitrogen, respectively), with no
significant difference between the sites (Table 2). No statistical difference was found in
AS among the hybrids tested. However, the silages produced in Dourados had higher
(p < 0.05) AS at 16 h longer on average when compared with those from Jatei.

Hybrids CMSXS7102 and CMSXS7103 had the highest DM values, while BRS 716 had
the lowest DM content in Jatei. In Dourados, hybrid CMSXS5039 and CMSXS5044 had the
lowest (p < 0.05) DM content (Figure 5). Overall, all hybrids grown in Dourados had lower
DM values when compared with Jatei.

Crude protein also significantly varied (p < 0.05) among the hybrids tested. Hy-
brids BRS 716 and CMSXS5044 had the highest CP values at 115.17 g/kg DM and
118.33 g/kg DM, respectively. Hybrids CMSXS7102 and CMSXS7103, meanwhile, had
the lowest CP values, approximately 7.25% lower than the highest values observed.
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Figure 5. Contents of dry matter (DM), starch, non-fiber carbohydrates (NFC), neutral detergent fiber
(NDF), and NDF digestibility (NDFD) of silages from different sorghum biomass hybrids assessed in
regrowth in the municipalities of Jatei and Dourados, MS, Brazil. FM = fresh matter. Means followed
by different letters differ according to Scott-Knott test at 5% probability. Capital letters compare sites

and small letters compare hybrids.

Overall, the silages produced in Jatef had the lowest NDF values, with hybrid CM-
5XS5039 having the lowest NDF content among all treatments studied (537.83 g/kg DM).
Ether extract content was higher only for hybrid CMSXS5044 (46.5 g/kg DM). No signifi-
cant difference (p > 0.05) was found for starch or NFC values among the hybrids grown
in Dourados. However, in Jatei, the silages produced from hybrid CMSXS5039 had the

highest starch and NFC values.
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4. Discussion
4.1. Productivity and Morphological Characteristics of the Biomass Sorghum Hybrids

The hybrid grown in Jatef achieved an average yield of 12.0 + 2.3 t DM/ha, which can
be considered high for the season. In contrast, the reduced rainfall in Dourados resulted
in yields of only 3.0 £ 1.5 t DM/ha, indicating that, despite the recognized tolerance
of sorghum hybrids to water stress, adequate minimum temperatures and soil moisture
remain essential to achieve harvestable yields. In a study conducted by Ref. [20] evaluating
four sorghum cultivars (SHS 400, 1G220, BRS 310, and 0992045) in semi-arid regions of
Brazil, grain yields ranged from 1.7 to 5.1 t/ha. The authors reported a strong positive
relationship between water availability and grain yield, with the highest productivity
observed in areas where total precipitation during the crop cycle reached up to 519 mm.

According to Ref. [21], sorghum requires between 450 and 550 mm of water throughout
its growth cycle, with optimal yields occurring when cumulative rainfall exceeds 500 mm.
In the present study, the period from April to August—corresponding to the sorghum
ratoon phase—recorded cumulative precipitation of approximately 430 mm in Dourados
and 527 mm in Jatei, compared with a regional historical average of 562 mm for the
same period (Figure 1—data from 2002 to 2022). These less favorable climatic conditions,
particularly in Dourados, likely reduced yield potential and help explain the lower biomass
production observed in this municipality.

Therefore, producers intending to use sorghum ratoon as a strategy to increase silage
availability should consider anticipating planting to coincide with the onset of the rainy
season, ensuring that ratoon occurs under still favorable temperature and precipitation
conditions. Alternatively, harvesting at a lower DM content (below 33% DM) may also be
an option to minimize yield losses.

Although they exhibited the same biomass productions, the tested biomass sorghum
hybrids had different heights and leaf proportions. This suggests that while certain mor-
phological parameters may be more stable, others, such as height and leaf proportion,
are highly sensitive both to the genetic material and to the environment [22]. Hybrid
CMSXS5044, which had the lowest height and highest leaf proportion, can be particularly
advantageous in contexts where leaf biomass is preferred. On the other hand, plants grown
in Jatef exhibited greater height and lowest leaf proportions, indicating that the climatic or
edaphic conditions at this site are more favorable for vegetative growth.

Compared to other sorghum types, biomass sorghum has a longer vegetative cycle,
which, combined with its greater plant height, generally results in higher productivity [2,11].
However, the total biomass per area is not influenced only by height Ref. [23], but also
by stem diameter, number of shoots, population density, and photosynthesis efficiency
of the plants [24]. That means a taller plant does not necessarily result in higher biomass
production, thus explaining why in the present experiment hybrids of such different heights
produced similar amounts of biomass.

A study by Ref. [11] showed that biomass sorghum varieties have an important
correlation between plant height and fiber content in the plant. That is because very
tall plants require a higher proportion of fiber for support so as to prevent losses due to
lodging. However, Ref [2] did not find a significant correlation between the height of
biomass sorghum hybrids and their fiber values. Such results suggest other factors such as
hybrid genetics, growth conditions, and maturity stage may also impact the fiber content
of biomass sorghum.

In the context of the present experiment, the plants grown in Dourados had signifi-
cantly lower nutrient values than those grown in Jatei. An example of that difference is in
starch values, where the plants from Jatef, which had higher proportions of panicles, also
had the highest starch values.
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According to Ref. [25], under stress conditions, plants tend to reduce the synthesis
of sugars and proteins, decrease growth, store phenolic compounds, and increase tissue
lignification, which may compromise forage nutritive value. That finding suggests the
water stress in Dourados not only impacted the production of biomass sorghum hybrids
but also compromised the nutritive value of the material produced.

Hybrids CMSXS5044 and BRS 716 stood out for their high CP values, attributed to
the higher leaf proportions at harvest, a desirable characteristic to improve the nutritional
value of the silage, particularly in diets of high-performance ruminants. Overall, the mean
CP values of the hybrids were much higher than those commonly observed in the literature
for biomass sorghum during the main harvest.

The study by Ref. [11] found CP values between 39 and 54 g/kg DM for biomass
sorghum hybrids, which are much lower than the ones in the present experiment. It is
likely that the low stature of the plants during ratoon contributed to the plants having
lower fiber proportions and, consequently, higher protein values. In the experiment by
Ref. [11], height ranged from 4 to 5.5 m and NDF values were approximately 700 g/kg DM.

4.2. Fermentation and Nutritional Parameters of Silages from Biomass Sorghum Hybrids

Effluent production during ensiling may be impacted by several factors that affect both
its biomass accumulation and nutritive value. According to the literature, the main factors
impacting EP are the DM content in the forage, the type of forage, compaction, particle
size, the use of additives, pre-ensiling management, silo type, and climate conditions [26].
In the present experiment, DM content was the only factor that varied among the tested
treatments and, therefore, had the greatest impact in the productions observed.

According to Ref. [26], forages with low DM content (below 30%) have more free
water, which contributes to increasing effluent production and the loss of essential nutrients
via leaching. That suggests the higher water content in the plants harvested in Dourados
favored effluent generation Ref. [26], thus pointing to the need for using dry additives to
adjust moisture and control effluent losses.

In contrast, the minimum GL values observed and the lack of significance among
treatments (hybrids or site) are an indication of the efficiency of the fermentation process.
According to Ref. [27], low GL in silages indicates lower DM losses during the fermentation
process since gases are byproducts of microbial fermentation. Excess GL may indicate
undesired fermentation and, consequently, significant losses of energy and nutrients [28].
Therefore, fermentation that produces less gas is more efficient and better preserves the
quality of ensiled forage, which will often have higher lactic acid concentration in relation
to other fatty acids [27].

In this study, the biomass sorghum silages obtained from ratoon crops showed lactic
acid concentrations lower than those reported by Ref. [29] for the same hybrids in the main
harvest. Nevertheless, the silages maintained a satisfactory fermentation profile Ref. [10],
suggesting that the lactic acid produced was sufficient to ensure preservation and stability
during storage.

Lactic acid plays a central role in silage quality, as it rapidly reduces the pH of the
ensiled mass, creating an unfavorable environment for undesirable microorganisms such
as Clostridium spp., which are associated with dry matter losses Ref. [27] and with unde-
sirable fermentations, particularly butyric fermentation [10]. Moreover, once ingested by
ruminants, lactic acid is converted into propionic acid, representing an important metabolic
pathway for energy supply [10].

In general, acetic acid productions were low Ref. [10], particularly in the silages
produced in Jatei, which suggests a prevalence of homofermentation (lactic acid only) over
heterofermentation (lactic acid and other products, such as acetic acid) [30-32]. Studies
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have shown that sorghum undergoes significant changes in chemical composition during
ratoon Ref. [9], which may result in changes in the fermentation profile of the silages.

A study by Ref. [33] reported that sorghum silages from ratoon had lower acetic acid
(26 g/kg DM) when compared with sorghum silages from the main harvest (41 g/kg DM).
The authors found that sorghum plants were less productive in ratoon, besides having lower
nutrient values and higher lignin concentration. The same likely happened in the present
experiment, where the lower nutrient availability in the sorghum plants during ratoon
may have favored the growth of strains better adapted to the environmental conditions
(homofermentative strains in this case).

Acetic acid is essential for the AS of the silage as it inhibits the growth of yeasts and
filamentous fungi responsible for spoilage when the silage is exposed to air [27,34]. To
ensure greater AS, acetic acid levels between 15 and 30 g/kg DM are considered ideal [27].
Levels below 15 g/kg DM may not provide sufficient protection, whereas levels above
30 g/kg DM must be monitored as they may compromise silage palatability. This explains
why, overall, the silages of the tested hybrids had low AS values (between 20 and 37 h).
Nevertheless, the highest AS values were observed for the silages with the highest acetic
acid values (silages produced in Dourados).

In order to attempt to solve the low AS issue in sorghum silages during ratoon, the use
of heterofermentative inoculants, such as Letilactobacillus buchneri, would be recommended.
That microorganism favors acetic acid production, thus extending silage AS and reducing
losses after opening [10].

Under ideal conditions, butyric acid concentrations should remain below 5 g/kg DM,
whereas values above 10 g/kg DM indicate inadequate fermentation [27]. Similarly, NH3-N
levels below 10 g/kg TN reflect good protein preservation, while values exceeding this
threshold suggest excessive proteolysis and reduced silage quality [27]. In the present study,
both parameters remained within the recommended ranges, confirming the efficiency of
the fermentation process. Among the hybrids evaluated, CMSXS 5044 stood out with a
low butyric acid concentration (0.43 g/kg DM)—slightly higher than the average reported
by Ref. [29] for the first cut, yet still consistent with high-quality silage standards. These
results highlight the strong ensiling potential of biomass sorghum ratoon, reinforcing its
value as a strategic forage alternative in systems aiming for multiple harvests within a
single growing season.

Hybrids such as BRS 716 and CMSXS55044, which had the highest CP values, are ad-
vantageous because protein is a crucial component in ruminant diets, especially during the
growth phase and milk production. The CP content is directly related to silage nutritional
value as quality protein is essential for good animal performance [35]. On the other hand,
hybrids CMSXS7102 and CMSXS7103 had CP values about 7.25% lower than the highest
values found, which may limit their use in diets that require greater protein supply.

In contrast, hybrid CMSXS5039 had the highest NFC and starch values, which makes
it interesting as those components are highly fermentable by ruminants and, therefore, may
provide more energy than the other hybrids. Moreover, CMSXS5039 had the lowest NDF
values among all hybrids tested, which suggests greater digestibility and, consequently,
greater dietary efficiency of ruminants.

Therefore, from a nutritional standpoint, the choice of sorghum cultivar for ensiling
will depend on the production system and the nutritional needs of the herd. Hybrid
CMSXS5039, with greater digestibility and energetic value, is more indicated to systems
that seek high dietary efficiency. Hybrids such as BRS 716 and CMSXS5044, with higher CP
values, are more appropriate for diets that require greater protein supply. Those variations
highlight the importance of selecting the hybrid according to the specific requirements of
production and local growth conditions [11].
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5. Conclusions

Biomass sorghum hybrids demonstrated high dry matter yield potential even under
low-rainfall conditions. All evaluated hybrids produced silages with satisfactory fermen-
tation quality, with reduced aerobic stability being the only limitation, which could be
mitigated by the use of heterofermentative inoculants. In terms of chemical composition,
CMSXS5039 stood out as the most suitable hybrid for diets targeting higher energy supply,
given its superior starch and non-fiber carbohydrate contents, while BRS 716 and CM-
SXS5044 proved more appropriate for diets demanding higher protein levels due to their
elevated crude protein concentrations.
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