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Abstract

Maize silage is widely used due to its high fermentability but requires protein supplementation,
commonly from soybean meal (SBM). Rising costs have driven interest in alternative protein sources,
while microbial inoculants are used to improve silage fermentation and stability. This study
evaluated the effects of partially replacing SBM with marula oilcake (MOC), with or without bacterial
inoculants, on maize silage fermentation characteristics, nutrient preservation, aerobic stability, and
in vitro digestibility. Whole-crop maize (<38% dry matter) was supplemented with SBM or MOC,
treated with either Lalsil Fresh or Sil-All 4x4®, and ensiled anaerobically for 90 days. Post-ensiling
analyses included chemical composition, fermentation end-products, microbial populations, aerobic
stability, volatile fatty acid profiles, gas production, and in vitro digestibility. Fermentation quality,
nutrient composition, and aerobic stability differed significantly among treatments (P < 0.05). SBM-
based silages exhibited greater lactic acid production, higher crude protein and digestibility, but also
elevated butyric and branched-chain volatile fatty acids, indicating increased proteolysis. In contrast,
MOC-based silages showed lower lactic acid concentrations and digestibility but reduced butyric
fermentation, suggesting improved protein preservation. Microbial inoculants enhanced
fermentation parameters more effectively in SBM than in MOC silages. These results indicate that
protein source and inoculation strategy markedly influence maize silage fermentation outcomes,
highlighting the need for further processing of alternative protein supplements to optimize silage
quality.

Keywords: maize silage; protein supplementation; microbial inoculants; fermentation characteristics;
aerobic stability; in vitro digestibility

1. Introduction

Forage-based diets underpin ruminant production systems by supplying most nutrients
required for animal maintenance, growth, and production. In most ruminant systems, forages
contribute between 40 and 90% of total feed intake, highlighting their central role in livestock
productivity and sustainability [1,2]. In semi-arid and seasonally variable regions, such as Southern
Africa, the preservation of surplus forage during the rainy season is critical to mitigate feed shortages
during dry periods and recurrent droughts [3].

Among forage conservation strategies, ensiling has gained prominence over haymaking due to
its ability to preserve large quantities of forage rapidly, with reduced reliance on favourable weather
conditions and improved palatability resulting from earlier harvest stages [4]. Silage preservation is
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driven by anaerobic fermentation, during which lactic acid bacteria (LAB) convert water-soluble
carbohydrates (WSC) into organic acids, primarily lactic acid, resulting in a rapid decline in pH that
stabilises the ensiled biomass [5]. However, the success of this process depends on crop
characteristics, microbial dynamics, and management interventions.

Maize (Zea mays L.) is the dominant silage crop in Southern Africa, with South Africa being the
principal producer in the region [6]. Its high WSC concentration and favourable fermentability make
maize particularly suitable for ensiling and widely adopted in intensive and semi-intensive livestock
systems [7]. Nevertheless, maize silage presents inherent limitations. High lactic acid concentrations
and residual sugars, although indicative of efficient primary fermentation, have been strongly
associated with poor aerobic stability during feed-out due to rapid proliferation of yeasts and moulds
[8]. This challenge is exacerbated under warm climatic conditions, where spoilage microorganisms
thrive at temperatures between 20 and 30 °C [9].

In addition to stability concerns, maize silage is intrinsically low in crude protein (CP), typically
containing less than 100 g CP/kg DM [10]. This necessitates supplementation with external protein
sources to meet ruminant nutritional requirements, particularly in production systems where
protein-rich forages are scarce. While soybean meal (SBM) is widely used for this purpose, its
increasing cost and reliance on imports have driven interest in alternative plant-based protein
supplements. The use of urea has also been explored; however, its narrow safety margin and risk of
toxicity limit its practical application.

Microbial inoculants are commonly employed to improve silage fermentation efficiency and
aerobic stability. Homofermentative LAB are primarily used to enhance lactic acid production and
accelerate pH decline, thereby suppressing undesirable microorganisms [11,12]. In contrast,
heterofermentative LAB convert lactic acid to acetic acid and other metabolites that inhibit yeasts and
moulds, improving aerobic stability but sometimes at the expense of dry matter (DM) recovery [13].
The relative merits of these inoculants remain debated, particularly when silage composition is
altered through nutrient supplementation, as conflicting results have been reported regarding
fermentation efficiency, nutrient preservation, and stability.

Agro-industrial by-products with moderate to high CP content have emerged as potential
alternatives to conventional protein supplements. Marula oilcake (MOC), a by-product of marula oil
extraction, contains 340-370 g CP/kg DM and is comparable to other commercial oilseed meals such
as canola and sunflower oilcakes [14-16]. Despite its nutritional potential, limited information exists
on how MOC interacts with maize silage fermentation, particularly when combined with microbial
inoculants. The effects of such supplementation on fermentation pathways, aerobic stability, and
nutrient degradability remain poorly understood.

The present study therefore aimed to evaluate the effects of protein supplementation and
microbial inoculation on the fermentation characteristics, aerobic stability, and in vitro nutrient
degradability of maize silage. By integrating established fermentation theory with emerging
alternative protein strategies, this work provides new insight into how silage additives and
supplements interact to shape fermentation outcomes.

2. Materials and Methods

2.1. Ethical Approval

All experimental procedures were approved by the Animal Ethics Committee of the Agricultural
Research Council-Animal Production (ARC-AP), Irene Campus (APIEC 26/08), and the Tshwane
University of Technology Animal Ethics Committee (PO24/04).

2.2. Study Site and Experimental Design

Silage production was conducted at the ARC-Animal Production, Irene Campus, South Africa,
while chemical analyses and in vitro digestibility assays were performed at the University of Pretoria,
Nutrilab. The experiment followed a 2 x 3 factorial design to evaluate the effects of protein source
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(5BM or MOC) and microbial inoculation on maize silage fermentation, nutrient composition, and
aerobic stability.

2.3. Silage Preparation and Treatments

Whole-crop maize (Zea mays L.: Senkuil, Sensako, Brits, South Africa) was grown at ARC-AP
and harvested at <38% dry matter using a precision forage harvester (5 mm chop length). Chopped
maize was supplemented with either SBM or MOC and treated with either a heterofermentative
inoculant (Lactobacillus buchneri; Lalsil Fresh) or a homofermentative inoculant (Sil-All 4x4®), with
untreated controls included. Inoculants were applied according to manufacturers’ recommendations.
Treated materials were compacted into 1.5 L anaerobic jars and ensiled for 90 days, with triplicate
jars also opened at 7, 14 and 21 days for pH determination.

2.4. Chemical Composition and Fermentation Analysis

Samples collected before and after ensiling were analysed for dry matter, crude protein, ether
extract, gross energy, organic matter, and fibre fractions (aNDF, ADF, ADL) using AOAC procedures
[17-19]. Fermentation characteristics were assessed by measuring pH, WSC [20], lactic acid (LA)
[21]as modified by [22], ammonia-nitrogen (NHs3-N) [17,23], microbial populations, and volatile fatty
acids (VFA) using gas chromatography [24].

2.5. Aerobic Stability

Aerobic stability was evaluated by exposing silage samples to air at 28 °C for five days.
Temperature rise, pH changes, and carbon dioxide (CO:z) production were monitored, and aerobic
stability was defined as the time required for silage temperature to increase by >2 °C above ambient
[25].

2.6. In Vitro Digestibility and Gas Production

In vitro organic matter digestibility (IVOMD) was determined using the two-stage technique of
[26] with rumen fluid collected from cannulated sheep. Incubations were conducted at 39 °C for 24 h
under anaerobic conditions. Gas production was measured using calibrated glass syringes and
expressed as cumulative gas volume following [27].

3. Results

3.1. Chemical Composition

The chemical composition of MOC and SBM is presented in Table 3.1. Marula oilcake contained
significantly higher DM, ether extract (EE), gross energy (GE), and acid detergent lignin (ADL)
compared with SBM (P<0.05), indicating a more energy-dense but fibrous supplement. In contrast,
SBM exhibited significantly greater CP and ash contents and a higher IVOMD (P<0.05), reflecting its
superior protein quality and digestibility. Acid detergent fibre (ADF) and neutral detergent fibre
(NDF) concentrations did not differ between protein sources (P>0.05).

Table 3.1. Chemical composition (% unless otherwise stated) of protein sources (SBM) and (MOC)] (n=3).

Parameters Protein sources SEM P-value

SBM MOC Treatment Linear
DM 92.32° 95.692 0.106 <0.001 <0.001
Ash 6.142 4.65° 0.067 <0.001 <0.001
CP 51.182 39.100 0.294 <0.001 <0.001
EE 1.98> 41.132 0.829 <0.001 <0.001
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GE 19.02° 24.492 0.041 <0.001 <0.001
aNDF 7.002 14.502 6.940 0.340 0.340
ADF 4.902 7.802 2.870 0.368 0.368
ADL 5.45b 10.922 0.513 <0.001 <0.001
IVOMD 94.832 81.97° 1.950 0.003 0.003

DM, dry matter; CP, crude protein; EE, ether extract; GE, gross energy; aNDF, acid detergent fibre;
ADF, acid detergent fibre; ADL, acid detergent lignin; IVOMD, in vitro organic matter digestibility.

The chemical composition of pre-ensiled whole-crop maize treatment diets is shown in Table
3.2. Diets supplemented with SBM contained higher (P<0.05) CP, WSC, and LA concentrations than
MOC-based diets, suggesting greater availability of fermentable substrates prior to ensiling.
Conversely, EE content and microbial counts, including lactic acid bacteria (LAB) as well as yeast and
mould populations, were higher (P<0.05) in MOC-based treatments. The highest (P<0.05) EE content
and LAB population were observed in the non-inoculated MOC treatment (treatment 4), indicating
that residual oil in MOC may have influenced microbial proliferation prior to ensiling.

Table 3.2. Chemical composition (% unless otherwise stated) of pre-ensiled chopped whole crop maize with

bacterial inoculants (n = 3).

P Treatments

arameters T1 T2 T3 T4 T5 Té
DM 36.11 31.68 35.53 35.72 37.98 31.34

Ash 5.06 6.93 5.03 4.90 419 451
cP 22.40 18.92 21.21 18.12 11.56 15.86
EE 3.29 3.83 3.05 36.33 12.70 10.58
aNDF 33.97 37.27 39.62 30.71 38.22 31.64
ADF 19.99 20.24 21.75 18.18 20.00 18.37
ADL 2.99 2.46 371 463 9.60 401
WSC 0.15 0.14 0.05 0.03 0.02 0.04

pH 557 5.70 5.77 5.73 5.73 490

LAB log cfu/sg 6.20 7.52 6.42 8.31 8.22 7.91
LA log cfu/g 3.90 1.16 2.98 1.64 0.09 1.10
Y &Mlog cfu/g  2.32 3.69 6.14 6.02 5.12 4.90

Parameters are expressed in % dry matter except pH, yeast and mould (Y & M) and lactic acid bacteria
(LAB). DM, dry matter; CP, crude protein; GE, gross energy; EE, ether extract; aNDF, acid detergent
fibre; ADF, acid detergent fibre, ADL, acid detergent lignin; WSC, water soluble carbohydrates; LA,

lactic acid.

3.2. Silage Fermentation, Nutrient Composition, and Aerobic Stability

Table 3.3 presents the fermentation characteristics, nutrient composition, and aerobic stability of
whole crop maize silage. Results indicate that treatment 2 and 6 were significantly higher (P<0.05)
in WSC content than other treatments. The LAB population was highest (P<0.05) in the control
treatments (treatments 1 and 4) than the treated silages, while LA concentration was dominant
(P<0.05) only in treatment 1 than other treatments. Inoculation reduced (P<0.05) yeast and mould
population in treatments 2 and 3 that were comparable to the yeast and mould in positive control.

The DM content of treatments was improved (P< 0.05) by bacterial inoculation except for
treatment 6. Treatment 3 CP content was increased (P<0.05) by bacterial inoculation. In contrast, OM,
NDF and ADF contents in treatment 2 were enhanced (P<0.05) by bacterial inoculation, while the GE,
NDF, ADF and ADL were highest (P<0.05) in treatment 4. Bacterial inoculation increased (P<0.05)
IVOMD of treatment 3, which was similar to that of control. The inoculation decreased (P<0.05)
(NH3)-N in all treatments with the lowest concentration observed in treatment 3 and highest in
positive control (Table 3.3). While production of CO: during fermentation was similar (P>0.05) across
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treatments, pH was lowest in treatments 3, while LAB and yeast and mould were highest (P<0.05) in
treatments 4 and 6 than other treatments.

Table 3.3. Effect of bacterial inoculant on the fermentation characteristics, nutrient composition, and aerobic

stability (%, unless otherwise stated) of chopped whole crop maize silage (n = 3).

Treatments SE P-value
Parameters
T1 - T3 T4 s Te M Treat Linea Quadr
ment r atic
Fermentation characteristics
WSC 0.42° 2.052 0.07¢ 0.17° 0.902° 228 044 <0.001 0.043 0.006
7
LAB log!® 7.022 6.04> 6.03v 6.982 5.91b 6.55®  0.25 <0.001 0.260 0.041
cfu/g 8
LA 0.242 0.19» 0.084 0.11¢ 0.05¢ 0.03f  0.00 <0.001 <0.001 <0.001
3
Y &M 3.10¢ 3.26¢ 3.13¢ 4.34° 5.172 427> 0.11 <0.001 <0.001 0.074
log! cfu/g 3
Nutrient composition
DM 40972 41.95®  41.24*®  39.13° 4555+  28.87¢ 1.89 <0.001 <0.001 <0.001
7
CP 26942  23.54° 26.942 9.04¢ 11.55¢  17.68< 043 <0.001 <0.001 <0.001
9
GE 20.12¢ 18584  21.12° 24.822  21.85>  2457» 028 <0.001 <0.001 0.425
4
OM 3.44b 10.562 3.90° 4.61° 4.60° 485>  0.61 <0.001 0.005 0.035
4
aNDF 39.02>  59.152  43.76° 63.952 39.53>  43.13> 212 <0.001 0.102  <0.001
1
ADF 22.53<  39.34>  2513bc  37.36* 2385¢ 2729* 1.14 <0.001 0.084  <0.001
6
ADL 7.92¢ 17.70° 8.06¢ 24.774 10.26¢  16.62* 1.16 <0.001 <0.001 <0.001
9
IVOMD 83.752  68.28° 79.022 40.014¢ 56.02<  51.75¢ 1.17 <0.001 <0.001 <0.001
2
(NHs)-N as  45.15*  23.80° 6.26f 9.49¢ 13.61¢ 1558 0.52 <0.001 <0.001 <0.001
% of TN 8
Aerobic stability
pH 3.734 4.10¢ 4.30°0 3.874 447~ 427> 0.07 <0.001 <0.001 0.292
7
CO: 16.53®  12.05®  39.46* 1.810 24.17®¢  1.12  0.012 0.134 0.171
3.56P

LAB log?® 0.92b¢ 1.522b 1.42:0 1.962 0.58¢ 1.89= 023 <0.001 0.040 0.230
cfu/g 2
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Y &M 0.53b¢ 1.142® 1.032® 1.552 0.24¢ 1.352 022 <0.001  0.106 0.080
log'® cfu/g 6

3.3. In Vitro Nutrient Digestibility

Table 3.4 presents the in vitro nutrient digestibility of whole-crop maize silage. Dry matter
digestibility differed (I’<0.05) among treatments at 0 h of incubation, but no differences (P<0.05) were
observed from 3 to 48 h. Gross energy digestibility was consistently highest (P<0.05) in treatments 4
and 6 across all incubation times. Organic matter digestibility did not differ (P>0.05) among
treatments at 3 h or from 24 to 48 h; however, it was higher (P<0.05) in treatment 6 at 6 h and in
treatment 2 at 12 h.

Neutral detergent fibre (NDF) digestibility was higher (P<0.05) in treatment 2 at 6 h compared
with other treatments but did not differ (P>0.05) from 12 to 48 h of incubation. Acid detergent fibre
(ADF) digestibility differed (P<0.05) among treatments from 0 to 6 h but was similar thereafter
(P>0.05). Acid detergent lignin (ADL) digestibility did not differ (P>0.05) among treatments from 0 to
12 h; however, it increased in treatment 5 after 6 h and in treatment 6 after 24 h (P<0.05). At48 h, ADL
digestibility increased (P<0.05) in all treatments except treatment 5.

Table 3.4. Effect of bacterial inoculant on nutrient digestibility (% unless otherwise stated) of chopped whole
crop maize silage. (n=10).

Para Incub Treatments SE P-value
mete ation M
s time Treat Lin Quad
(h.) T1 T2 T3 T4 T5 T6 ment ear ratic
DM 0 90.7 93.000 91.17° 91.11> 91.84®> 88.75¢ (0.5 <0.00 <0. <0.00
9b 66 1 001 1
3 979 98302 98.65= 98.86= 9851= 9830 0.7 0.525 03 0.092
2a 00 64
6 975 9795  97.162 97.64=  98.08= 9818 0.6 0310 0.1 0.260
8a 75 82
12 93.8 98.062 97452 96.41= 95992 96452 1.8 0.079 0.4 0.051
3a 87 69
24 96.5 97.80a 96.81®> 97.71a 96.19®> 95.77> 0.8 0.013 0.0 0.011
2ab 16 38
48 98.0 98292 98192 9731= 97.87= 96.81= 0.8 0.171 0.0 0.331
3a 65 35
CpP 0 154 31.01=  2.33¢ 12.05> 14.88> 32.05= 3.0 <0.00 0.0 <0.00
2b 67 1 31 1
3 18.8 34.89>  6.07¢  16.13¢ 3248 4020 1.0 <0.00 <0. <0.00
Qe 78 1 001 1
6 233 38.88> 19.944  3259¢ 3599 47.01= 14 <0.00 <0. <0.00
3d 06 1 001 1
12 28.3 48.07» 26.85¢ 3590 45.13> 5743« 15 <0.00 <0. <0.00
0d 63 1 001 1
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24 342 51.28> 33.45¢ 41734 4749 58770 1.0 <0.00 <0. <0.00

6° 88 1 001 1
48 35.5 54520 35.73¢ 43484 50.66c 60.38= 1.1 <0.00 <0. <0.00
9e 47 1 001 1
GE 0 199 18414 21.07>< 24.800 21.85> 24.600 03 <0.00 <0. 0.747
9¢ 61 1 001
3 18.0 17.36c 18.46c 23.41» 20.73> 2138 03 <0.01 <0. 0.007
3¢ 23 001
6 18.3 17.93¢  18.43< 23500 20.84> 2195> 0.2 <0.00 <0. 0.032
4 81 1 001
12 19.8 18244  18.87«d 22,6226 21.73%c 24.46> 0.7 0.001 <0. 0.023
3bed 91 001
24 199 1771 1977 22812 2243+ 23.84> 05 <0.00 <0. 0.070
op 75 1 001
48 19.3 18.77¢  19.55¢ 25412  22.74> 2408 0.3 <0.00 <0. 0.122
8¢ 46 1 001
oM 0 3.38 10.552 3.71b 4.61° 4.53p 47% 08 0.001 00 0.219
b 40 89
3 270 743 3.99» 4.16° 2.90v 513 0.6 0.003 0.7 0.408
b 52 58
6 521 774 1.33¢ 2.60¢ 4.42°0 6.54> 0.8 <0.00 <0. <0.00
b 40 1 001 1
12 372 7.59 4.74° 4.21° 3.52p 3.73» 05 0.003 00 0.047
b 97 11
24 463 7402 3.33p 422> 403>  4.05® 09 0.051 00 0.782
ab 70 79
48 0.69  9.392 5.02a 4292 2.73v 3.622» 1.6 0.020 05 0.038
b 14 49
NDF 0 39.0 5845 43.12¢ 65.192  39.95¢ 43.67¢ 21 <0.00 02 <0.00
9¢ 12 1 50 1
3 45.7 69.000 46.16c 56.72>  42.52< 4093« 2.7 <0.00 <0. <0.00
7e 50 1 001 1
6 43.7 7491=  48.41> 49.17> 4595 4310 2.0 <0.00 <0. <0.00
9c 55 1 001 1
12 51.6 5730 56.05> 61992 4574~ 51.78 15. 0.775 0.6 0.438
72 93 77
24 58.8 7098  60.83» 43.86= 51.95* 5538 12. 0.097 0.0 0.604
6° 22 90
48 684 67.222  68.602 61.36bc 56.89< 63.962 24 <0.00 <0. 0.126
4a 63 1 001
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ADF 0 224 38.800 24.80c 34.20® 24.26c 3037 3.5 <0.00 0.7 0.048

5¢ 96 1 27

3 26,5 4691 26200 31.56> 25.73> 19.65> 54 <0.00 <0. 0.010
2b 80 1 001

6 245 50.852 2730«  30.02> 28.84b 26594 0.7 <0.00 <0. <0.00
8e 83 1 001 1

12 23.0 39.63» 35.200 37.162 26.69: 34322 12. 0446 0.7 0.257
6 83 22

24 35,5 49.660 37.01> 2741> 3205 37.02®» 75 0.014 00 0.504
6% 40 98

48 442  47.73* 45.022 32.33* 342620 44.25* 9.0 0.130 0.1 0.232
72 40 77

ADL 0 219 31.70°>  19.814 4220 25.60¢ 36.34* 45 <0.00 <0. 0.514

5ed 72 1 001

3 772 7.77° 7.890 21.992  16.74®¢ 15.29® 6.2 0.016 0.0 0.321
b 00 07

6 - 8.110> -1.885¢ 10.880 16.580= 11.920 2.0 <0.00 <0. 0.545
0.95 b b 58 1 001
0c

12 843 1257 16.83%bc 20.15®®  4.05¢ 24.060 6.3 0.003 0.0 0944
be c 70 51

24 561  9.09bc 7.54b 17.822 10.74> 1838 1.8 <0.00 <0. 0.875
¢ 03 1 001

48 199 18262  19.552  24.982 9.18v 25.86> 3.7 <0.00 0.6 0.186
3a 24 1 22

3.4. Volatile Fatty Acids of Whole Crop Maize Silage

Table 3.5 presents the volatile fatty acid (VFA) profiles of whole-crop maize silage. Acetic acid
concentrations differed (P<0.05) among treatments, with the highest values observed in treatment 2
and the lowest in treatment 4. Butyric acid concentrations also varied significantly (P<0.05), being
elevated in treatments 1 and 3 and markedly lower in treatments 4 and 6. Iso-butyric acid
concentration was highest in treatment 2 and lowest in treatment 4 (P<0.05).

Propionic acid concentration differed among treatments (P<0.05), with treatment 2 showing the
highest values, followed by treatments 1 and 3, while treatments 4 and 6 recorded the lowest
concentrations. Valeric acid levels varied (P<0.05) significantly across treatments, with the greatest
concentrations observed in treatments 2 and 3, and very low levels (<0.25%) in treatments 1, 4, and 6.
Iso-valeric acid concentrations were also treatment-dependent (P<0.05), with the highest values in
treatments 1 and 2 and the lowest in treatments 4 and 6.

Table 3.5. Effect of bacterial inoculant on volatile fatty acids of whole crop maize silage expressed in percent (%

unless otherwise  stated) (n =3).

Param Treatments SE P-value
eters Treat Line Quad
T5 M
T1 T2 T3 T4 T6 ment ar ratic
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Acetic  3.010>  3.8772  2.960p¢ 25584 2.612«¢  3300> 0.16 <0.001 <0.0 0.001

7 01
Butyri  3.715=  2.855>  3.5672  (0.745¢  2.790>  1.237¢ 0.23 <0.001 <0.0 0.097
c 3 01
Iso- 0.443®>  0.518 0.438® (0.128 0.353>  0.183c 0.04 <0.001 <0.0 0.979
butyric 1 01
Propio 2.607>  3.125¢=  2.585>  1.125¢  1.915¢ 1.343¢ 0.14 <0.001 <0.0 0.843
nic 1 01
Valeric  0.242¢  1.045» 0.978=  0.190c  0.745>  0.250¢ 0.06 <0.001 <0.0 <0.001
1 01
Iso- 1.135%  1.292a  1.105> 0.2624  0.907¢  0.348¢ 0.07 <0.001 <0.0 <0.486
valeric 9 01

3.5. pH of Whole Crop Maize Silage

Figure 3.1 illustrates the pH changes of chopped whole-crop maize silage during ensiling and
aerobic exposure. In treatment 1, pH decreased (P<0.05)with ensiling time. From 3 to 14 days of
ensiling, pH did not differ (P>0.05) among treatments. After 90 days of ensiling, pH values in
treatments 2 and 4 remained unchanged (P>0.05), whereas treatments 3 and 5 showed a further
decline (P<0.05). During aerobic exposure, pH increased in treatments 3 and 5 but declined in the
other treatments, with significant changes occurring only during the 5-day aerobic phase (P<0.05).

6.0
55

5.0

pH

4.5

4.0

3.5

0 3 7 14 90 95

Days of ensiling

—¢=—Treatment 1 —m- Treatment 2 4= Treatment 3

Treatment 4 == Treatment 5 —0— Treatment 6

Figure 3.1. Effect of bacterial inoculant on pH of chopped whole crop maize silage during 90 days of ensiling

and after 5 days of aerobic exposure.

3.6. Whole Crop Maize Gas Production

Figure 3. 2 shows cumulative gas production from whole-crop maize silage during 48 h of
incubation. Bacterial inoculation increased (P<0.05) gas production in treatment 3 between 3 and 6 h
of incubation. At 12 h, gas production did not differ (P>0.05) among treatments. At 24 h, inoculation
resulted in higher (P<0.05) gas production in treatment 2 compared to treatment 3. After 48 h,
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bacterial inoculation increased (P<0.05) gas production in all treatments except treatment 4.

Cumulative gas production at 48 h was highest in treatment 1 and lowest in treatment 4 (P<0.05).

110
100

N O
o o O

Gas production (m1/400 mg DM)
N
IS

50
40
30
20
10
0

3 6 12 24 48 48

Incubation time Cumulative
B Treatment 1 B Treatment 2 Treatment 3
Treatment 4 M Treatment 5 W Treatment 6

Figure 3.2. Effect of bacterial inoculant on total gas production in chopped whole crop. maize silage incubated
for 48 hours (n= 3).

4. Discussion

4.1. Chemical Composition

The exploitation of alternative feed resources remains a viable strategy to mitigate feed shortages
in South African livestock systems. Chemical composition is a primary determinant of the suitability
of novel feedstuffs, as nutrient composition directs dietary inclusion rates and animal performance
[28,29].

Compared with soybean meal (SBM), marula oilcake (MOC) contained higher dry DM, EE, GE,
and ADL (Table 3.1). The elevated EE and GE indicate that MOC has substantial potential as an
energy source in livestock diets. Although CP concentration in MOC (391 g/kg DM) was lower than
that of SBM, it was comparable to commonly used oilseed meals such as canola, cottonseed, and
sunflower meals [30,31], supporting its classification as a viable protein supplement. Slightly higher
CP and EE values for MOC have been reported elsewhere [32], suggesting some variability related to
processing or cultivar differences.

The high ADL concentration in MOC was associated with reduced in vitro organic matter
digestibility (IVOMD), consistent with lignin acting as an indigestible barrier to microbial
degradation. Similar relationships between elevated ADL and reduced IVOMD have been reported
in macadamia oilcake [33]. Despite this limitation, IVOMD values for both SBM and MOC exceeded
50%, the minimum threshold considered suitable for ruminant feeds [34], confirming their nutritional
adequacy. The lack of significant differences in NDF and ADF suggests comparable rumen fill
potential, although in vivo validation remains necessary.

In fresh maize mixtures, SBM-based treatments exhibited higher CP, WSC, and LA, reflecting
the higher protein and fermentable carbohydrate supply. In contrast, MOC-based treatments showed
higher EE, microbial counts, and GE. The unexpectedly low fibre fractions in the MOC-based
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negative control may be explained by interference of residual oil with detergent fibre extraction, as
previously described by [19]. Elevated ADL and DM in some treatments may also reflect lignin—
polyphenol complex formation in plant cell walls [35].

4.2. Silage Fermentation, Nutrient Composition, and Aerobic Stability

Silage inoculants are widely applied to enhance fermentation consistency, accelerate pH decline,
and improve nutrient retention [36,37]. However, their effectiveness depends on interactions among
inoculated strains, epiphytic microbiota, and forage chemistry [38]. In the present study, high WSC
availability in several treatments supported fermentation even in non-inoculated silages, consistent
with reports that fermentable substrate supply is a key driver of silage quality [39].

Reduced LA concentrations in MOC-based treatments were likely caused by residual oil limiting
microbial access to substrates or inhibiting LAB activity. Similar inhibitory effects of lipid coatings
on microbial metabolism have been reported previously [40,41]. In treatment 3, lower LA production
was likely linked to higher pre-ensiling fibre concentrations and elevated initial pH, which can delay
fermentation. Enzymatic activity within the inoculant may also have been preferentially directed
toward fibre hydrolysis rather than lactic acid production (Table 3.3).

Although inoculation reduced pH over ensiling time, significant declines were only observed in
treatments 1 and 3 after 90 days. Final pH values (3.73-4.47) were within ranges reported for
acceptable maize silage [42,43] Higher pH in some treatments was associated with increased acetic
acid production, reducing the lactic-to-acetic acid ratio, a pattern typical of heterofermentative
pathways [44].

Dry matter losses varied among treatments and appeared to be influenced more by substrate
availability and microbial activity than by inoculant type alone. Lower DM in Sil-All-treated MOC
silage may indicate secondary fermentation, potentially involving clostridial metabolism of sugars
and lactic acid. While inoculation improved GE in some treatments, reductions in CP suggest ongoing
proteolysis, particularly in oil-rich substrates where microbial efficiency may be constrained.

Measured fibre fractions generally fell within recommended ranges for maize silage [45,46],
although ADL concentrations were unusually low in several treatments. This pattern suggests
enzymatic degradation of lignin-associated structures, particularly in SBM-based silages, where the
absence of residual oil may have enhanced enzyme accessibility (Table 3.3).

4.3. In Vitro Nutrient Digestibility

In vitro techniques provide cost-effective estimates of feed digestibility and energy value [47].
Microbial inoculation did not significantly affect DM digestibility, indicating that structural
constraints rather than microbial efficiency governed DM utilization. Organic matter digestibility,
however, was transiently improved in one inoculated SBM-based treatment (treatment 2), reflecting
enhanced availability of fermentable substrates early in incubation (Table 3. 4).

Improved GE digestibility in MOC-based treatments suggests that oil-rich substrates
contributed rapidly digestible energy fractions. The observed digestibility kinetics, with early
plateaus followed by slower fibre fermentation, are consistent with sequential utilization of soluble
and structural carbohydrates [48]. Crude protein digestibility was notably enhanced by Sil-All
inoculation in MOC-based treatment (treatment 6), indicating that inoculants can partially offset
lipid-related constraints on ruminal protein degradation [49].

Enhanced fibre digestibility in SBM-based inoculated silage during early incubation likely
resulted from rapid acidification and increased microbial colonization, improving access to
hemicellulose and cellulose [50,51]. Improvements in ADL digestibility at extended incubation times
suggest gradual disruption of lignin—carbohydrate complexes, facilitated by enzymatic activity [52].
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4.4. Volatile Fatty Acids

Volatile fatty acid profiles provided clear insights into fermentation quality. Elevated butyric
acid and branched chain VFAs in treatments 1 and 3 indicate clostridial fermentation and extensive
proteolysis, despite relatively high lactic acid concentrations [53]. In contrast, Lalsil-treated SBM
silage showed a shift toward acetic and propionic acid production, consistent with
heterofermentative activity associated with improved aerobic stability [54].

MOC-based treatments exhibited low concentrations of butyric acid and BCVFAs, suggesting
reduced proteolysis and microbial stability. These findings support the hypothesis that oil-rich
substrates may limit clostridial activity, even when total lactic acid production is comparatively low
[43,55].

4.5. pH Dynamics During Ensiling and Aerobic Exposure

Silage pH is a primary indicator of fermentation efficiency and preservation quality, reflecting
the extent of organic acid production and inhibition of undesirable microorganisms [43,56]. The
progressive decline in pH observed during ensiling, particularly in the positive control (treatment 1),
confirms active fermentation driven by adequate WSC and LA production. The similarity in pH
across treatments during the early ensiling phase (3—14 days) suggests that initial fermentation was
largely governed by substrate availability rather than inoculation, consistent with reports that
epiphytic lactic acid bacteria can dominate fermentation when fermentable sugars are sufficient [55].

The further pH reduction observed in treatment 3 after 90 days indicates that Sil-All inoculation
enhanced acidification in SBM-supplemented silage, achieving pH values comparable to the
uninoculated control. This supports previous findings that homofermentative inoculants can
accelerate or sustain LA production under favourable substrate conditions [38]. In contrast, the
relatively stable pH in treatments 2 and 4 at 90 days suggests limited additional acid production,
possibly due to a shift toward heterofermentative pathways or inhibition of LAB activity, particularly
in MOC-based silages where residual oil may restrict microbial access to substrates.

During aerobic exposure, pH changes were more distinct, reflecting renewed microbial activity
following oxygen ingress. The increase in pH in treatments 3 and 5 during this phase indicates LA
utilisation by yeasts and other aerobic microorganisms, a process commonly associated with aerobic
deterioration [57]. Conversely, the decline in pH observed in other treatments (1, 2 and 4) suggests
continued production or persistence of organic acids, contributing to short-term stability.

4.6. Total Gas Production

In vitro gas production reflects the extent and rate of microbial fermentation of silage substrates
and is commonly used as an indirect indicator of fermentable carbohydrate availability and energy
release [27,58]. The higher gas production observed in the positive control (treatment 1) throughout
incubation, particularly at 48 h, suggests greater availability of fermentable substrates and higher
overall degradability, consistent with its higher WSC content and LA concentration. Similar trends
have been reported in maize silages supplemented with readily fermentable protein sources, where
increased substrate availability enhances microbial activity and gas production [59].

The early increase in gas production (3—6 h) in Sil-All-inoculated SBM-based silage (treatment
3) indicates accelerated initial fermentation, likely driven by improved accessibility of soluble
carbohydrates and early microbial colonisation. However, the lack of sustained differences beyond
12 h suggests rapid depletion of readily fermentable fractions, after which fermentation kinetics
became similar across treatments. This aligns with the concept that early gas production reflects
soluble substrate fermentation, whereas later stages are dominated by fibre degradation [60].

At 24 h, higher gas production in the Lalsil-inoculated SBM treatment (treatment 2) relative to
treatment 3 indicates a shift towards heterofermentative activity, which may have enhanced
secondary fermentation of structural carbohydrates. Heterofermentative Lactobacillus buchneri has
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been reported to alter fermentation pathways and extend substrate utilisation over time, resulting in
increased gas production at later incubation stages [61].

The consistently lower gas production in the MOC-based negative control (treatment 4),
particularly at 48 h, suggests reduced fermentability, likely due to higher lignin content and residual
oil limiting microbial access to carbohydrates. High lipid concentrations are known to suppress
rumen microbial activity and reduce gas production by coating feed particles and inhibiting fiber-
degrading microbes [41,42]. Despite this, inoculation partially improved gas production in MOC-
based treatments, indicating that microbial additives may mitigate, but not fully overcome, lipid-
associated constraints.

5. Conclusions

Marula oilcake (MOC) demonstrated substantial potential as an alternative protein-energy
supplement in maize silage, with nutrient composition and digestibility comparable to SBM despite
higher lignin content. While residual oil in MOC moderated LA production and influenced
fermentation dynamics, it also appeared to limit clostridial activity and protein degradation.
Microbial inoculation improved specific aspects of fermentation and nutrient utilization, although
responses varied with substrate composition and inoculant type. Overall, the findings support the
feasibility of incorporating MOC into ruminant feeding systems, highlighting its value for
diversifying feed resources in South African livestock production, while emphasizing the need for in
vivo validation and optimization of inoculation strategies.

Moreover, further processing of MOC, particularly complete oil extraction, is recommended to
reduce lipid-related inhibition of lactic acid fermentation and potentially improve silage fermentation
efficiency and nutrient utilisation. Future studies should evaluate defatted MOC in combination with
targeted microbial inoculants under in vivo conditions to optimize its inclusion in maize silage-based
ruminant diets.
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Abbreviations

The following abbreviations are used in this manuscript:

ADF Acid detergent fiber.

ADL Acid detergent lignin.

aNDF Neutral detergent fiber (amylase-treated).

ARC-AP  Agricultural Research Council-Animal Production.
BCVFA  Branched-chain volatile fatty acids.
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CFU Colony-forming units

CO; Carbon dioxide

cpr Crude protein

DM Dry matter

EE Ether extract

GE Gross energy

GP Gas production

IVOMD  In vitro organic matter digestibility
LAB Lactic acid bacteria

LA Lactic acid

MOC Marula oilcake
NH,;-N Ammonia nitrogen

OM Organic matter

SBM Soybean meal

SEM Standard error of the mean

TN Total nitrogen

VFA Volatile fatty acids

WSC Water-soluble carbohydrates

Y &M Yeast and mould
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