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There is growing interest in identifying alternative sustainable feed ingredients for ruminant diets. This study evaluated four processed pongamia seedcake (PSC) meals—three produced using a proprietary extraction method and one by traditional hexane extraction—in two separate in vitro experiments. Experiment 1 assessed PSC as a partial replacement for conventional protein meals (canola and cottonseed) at total inclusion levels of 0, 4, or 8% DM. Experiment 2 evaluated PSC as a partial replacement for an energy source (barley grain) at final inclusion levels of 0, 12, 15, or 30% DM. There was no interaction between level × processing type (P ≥ 0.10) in either experiment. In Experiment 1, neither the type nor the level of PSC affected methane production (mL/g digested DM). Replacement of canola or cottonseed meal with PSC reduced (P < 0.01) in vitro dry matter digestibility (IVDMD) by an average of 7% across all PSC types and inclusion levels compared with the control. However, total volatile fatty acid (VFA) concentrations were not affected by PSC type or level. In Experiment 2, inclusion of PSC in a barley-based diet increased (P < 0.01) methane production (mL/g digested DM) by up to 20.8% compared with the control. IVDMD was not affected by PSC inclusion up to 15% DM (P > 0.05). Processing type had varying effects: PSC4 (hexane-extracted) had 5.5% greater IVDMD (P = 0.02) than PSC1 and 3.8% greater than PSC2 but was similar to PSC3—all three produced using the novel extraction methods. These findings suggest that PSC processed with novel extraction methods has potential as a feed ingredient, but its application requires careful consideration. While it can replace conventional protein meals without reducing total VFA production, this may occur at the cost of reduced diet digestibility. Furthermore, when PSC replaces barley grain, methane production may increase. The suitability of PSC therefore depends on the extraction method, inclusion level, and the dietary component it replaces.
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1 Introduction


The increasing global demand for livestock products, particularly from the ruminant sector, has intensified the need for more sustainable and efficient feeding strategies. Ruminant production is a major contributor to global food security, providing approximately 45% of the world’s animal-derived protein supply (Mottet et al., 2017). However, this sector faces several significant challenges, among which escalating feed costs are the most critical. Feed can account for 60% or more of total production expenses, with protein sources often representing over 15% of feed costs (Parisi et al., 2020; Greenwood, 2021). In addition to economic pressures, the use of conventional protein sources such as soybean meal (44%–48% crude protein; CP), canola meal (36%–40% CP), and cottonseed meal (40%–44% CP) is increasingly scrutinized due to their environmental footprint. These ingredients are linked to high greenhouse gas emissions and extensive land use and are considered to compete with the human food supply (Kim et al., 2019; Pexas et al., 2023). As a result, there is growing interest in identifying alternative, cost-effective, and environmentally sustainable protein sources that do not compromise animal productivity or health.



Pongamia (Millettia pinnata), a leguminous tree native to South and Southeast Asia and Australia, has gained attention as a potential source of protein-rich feed (Murphy et al., 2012). Pongamia trees can produce up to 30 kg of seed annually, with an oil content reaching 40% of the seed’s weight, primarily composed of oleic acid (47%–60%) (Usharani et al., 2019). Following oil extraction, approximately two-thirds of the seed remains as a by-product known as pongamia seedcake (PSC), which contains 28%–34% CP depending on the extraction method (Dutta et al., 2012).


Earlier extraction methods left residual oil in the PSC containing high concentrations of furanoflavonoids, particularly karanjin (~3,700 ppm) and pongamol (~1,674 ppm) (Housman et al., 2020). These compounds imparted a bitter taste and negatively affected feed intake and rumen fermentation (Gupta et al., 1981; Vinay and Kanya, 2008; Dutta et al., 2012). The processing methods used for the PSC in this study reduced these concentrations to below 165 ppm, a level hypothesized to be below the threshold for adverse effects on rumen microbes or animal intake. Therefore, the present in vitro study was conducted to evaluate three PSCs extracted using novel methods, each differing in karanjin and pongamol content, compared with the traditional hexane extraction method (PSC types), as alternative protein concentrates in cattle feedlot diets. The study assessed the impact of PSC inclusion at varying levels as partial replacements for canola meal or cottonseed meal (protein sources) or barley grain (energy source) on in vitro gas production, digestibility, and rumen fermentation characteristics. We hypothesized that PSC inclusion would not negatively affect rumen fermentation. Regarding methane emissions, we posited a complex outcome: while the residual oil in PSC could potentially reduce methane production, fermentation of its unique fiber components could counteract this effect. Therefore, the net impact on methane production was investigated.






2 Materials and methods


Animals used in this study were housed and cared for at the University of Queensland’s Gatton Campus, Queensland Animal Science Precinct, Gatton, Australia. All animal care and sampling procedures were conducted in compliance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes and approved by the University of Queensland Production Animal Ethics Committee (approval number 2022/AE000541).





2.1 Experimental diets


Canola meal, cottonseed meal, barley hay, barley grain, and four expeller-pressed, solvent-extracted, defatted PSC meals (Terviva Inc., CA, United States) were used as substrates for the in vitro incubations. The test meal (PSC) was manufactured using a proprietary extraction process to meet strict product specifications (Terviva Inc., Alameda, CA, USA). Briefly, beans were harvested, dried immediately after harvest, and stored at ambient temperature in a commercial storage facility. The beans were then pressed to separate oil from solids (presscake). The presscake was extracted using either a proprietary solvent extraction process (PSC1–PSC3) or hexane extraction (PSC4) as an industry-standard control. Residual solvent was evaporated from the resulting meal, and the meal was dried to specification. Karanjin and pongamol concentrations were quantified in each meal by high-performance liquid chromatography using purified karanjin and pongamol as reference standards (Marone et al., 2022). Concentrations for each meal are presented in 
Table 1
. The feed ingredients were dried at 60°C for 48 h and then ground using a cutting mill to pass through a 1-mm sieve. The chemical compositions of the feed ingredients used in the in vitro incubations are presented in 
Table 1
.



Table 1 | 
Chemical composition of the feed ingredients used for 24 h in vitro incubation.





	Parameter

	Barley grain

	Barley hay

	Canola meal

	Cottonseed meal

	Pongamia seedcake type




	1

	2

	3

	4






	Dry matter (DM, %)
	92.00
	92.80
	92.60
	93.80
	92.90
	92.50
	91.80
	94.60



	Ash (%DM)
	3.04
	10.72
	7.35
	4.38
	4.36
	5.16
	4.82
	4.19



	Organic matter (%DM)
	96.96
	89.28
	92.65
	95.62
	95.64
	94.84
	95.18
	95.81



	Crude protein (CP, %DM)
	11.30
	7.80
	43.30
	23.30
	33.60
	37.40
	36.20
	35.00



	Degradable protein (% of CP)
	43.00
	82.00
	53.00
	46.00
	77.00
	76.00
	75.00
	85.00



	Undegradable protein (% of CP)
	57.00
	18.00
	47.00
	54.00
	23.00
	24.00
	25.00
	15.00



	Ether extract (%DM)
	1.81
	1.30
	3.13
	16.67
	10.3
	6.33
	9.56
	1.00



	Neutral detergent fiber (%DM)
	16.2
	61.20
	29.70
	54.40
	9.10
	7.50
	8.00
	9.20



	Acid detergent fiber (%DM)
	5.00
	41.00
	21.10
	38.90
	7.80
	6.30
	6.40
	7.10



	Acid detergent lignin (%DM)
	1.80
	6.40
	9.10
	10.40
	3.00
	2.00
	1.40
	2.30



	Non-fiber carbohydrates (%DM)
	67.40
	18.90
	16.50
	1.20
	42.60
	43.60
	41.40
	50.60



	Total digestible nutrients (%DM)
	80.00
	52.00
	66.00
	75.00
	92.00
	88.00
	92.00
	81.00



	Total karanjin and pongamol (mg/kg)
	–
	–
	–
	–
	164.00
	94.00
	116.00
	424.00














2.2 Donor animals and rumen fluid collection


Three fistulated Holstein steers approximately 3 years old, with an average body weight of 581 kg, were used to collect rumen fluid 3 h after the morning feed on three separate occasions (once per run). Animals were fed at the maintenance level on a diet of Rhodes grass hay.


Rumen fluid samples were collected from the dorsal, anterior ventral, medium ventral, posterior dorsal, and posterior ventral regions of the rumen. The collected rumen fluid was strained through four layers of surgical gauze, placed into a pre-warmed thermos flask (39°C), and immediately transferred to the laboratory.






2.3 Experimental design and in vitro incubation


Following the method described by Meale et al. (2012), this in vitro batch culture fermentation was conducted using two experimental designs to evaluate the replacement of protein sources (canola meal or cottonseed meal) or an energy source (barley grain) with increasing levels of four PSCs.


In Experiment 1, the basal diet contained 12% protein meal (canola or cottonseed), 80% barley grain, and 8% hay. The protein meal was replaced with PSC at rates of 0%, 33%, or 67%, resulting in final dietary PSC inclusion levels of 0%, 4%, and 8% DM, respectively.


In Experiment 2, the basal diet consisted of 92% barley grain and 8% hay. The barley grain was replaced with the four PSC types at inclusion levels of 0%, 12%, 15%, and 30% of dietary DM. All diets were formulated to be isonitrogenous and isocaloric, given the small inclusion levels of PSC in the overall diet. All treatments were incubated in rumen fluid in triplicate within each experimental run. The entire experiment was repeated in three independent runs conducted on consecutive weeks, using freshly collected rumen fluid for each run.


The basal diet (0.5 g DM substrate) was weighed and placed into pre-weighed ANKOM filter bags (F57; ANKOM Technology, Macedon, NY, USA) with a pore size of 25 µm. The bags were heat-sealed and placed in 50-mL amber serum bottles. Under continuous carbon dioxide (CO2) flushing, each bottle received 25 mL of a 1:2 mixture of rumen fluid and buffer. The modified McDougall’s buffer used in this study was prepared according to Czerkawski and Breckenridge (1977). Bottles were then sealed with rubber stoppers and incubated in a Ratek OM25 digital shaking incubator (Ratek Instruments Pty Ltd., Victoria, Australia) at 120 oscillations per minute and 39°C for 24 h.






2.4 Incubation medium sampling and analysis


Samples of the headspace gas at 6 h and 24 h were collected and transferred into 12-mL evacuated exetainers for the determination of methane proportions by gas chromatography (Chaves et al., 2006). The remaining gas volume at both time points was measured using a water-displacement apparatus (Fedorah and Hrudey, 1983).


After 24 h of incubation, bottles were opened and placed on ice, and pH was measured immediately using a pH meter. A subsample (1.5 mL) of the fermentation medium was transferred into an Eppendorf tube containing 300 µL of metaphosphoric acid (20% w/w) and stored at −20°C until analysis for volatile fatty acids (VFA) by gas chromatography, following the specifications and procedure of Forwood et al. (2019).


ANKOM bags were removed from the bottles, rinsed, washed with tap water until the effluent was clear, and dried at 60°C for 48 h to determine in vitro dry-matter digestibility (IVDMD). IVDMD was calculated as the proportion of dry matter (DM) that disappeared from the initial DM weight placed into the bag after determining the weight of the undigested residue.






2.5 Chemical analysis


The chemical composition of the feed ingredients used in this study was determined by Dairy One Laboratory (Ithaca, NY, USA) following the standard procedures of the AOAC (1995). DM, organic matter (OM), and ether extract (EE) were measured according to methods 930.15, 942.05, and 920.39, respectively.


Neutral-detergent fiber (aNDF) was analyzed using the procedure of Mertens (2002), and acid-detergent fiber (ADF) and acid-detergent lignin (ADL) were analyzed following AOAC (1995; method 973.18) as adapted for the ANKOM200 fiber analyzer (ANKOM Technology Corp., Macedon, NY, USA). NDF and ADF values were expressed inclusive of residual ash. Sodium sulfite and amylase were used for NDF analyses.


Crude protein (CP) was estimated from nitrogen (nitrogen × 6.25) according to the Kjeldahl method (984.13). Non-fiber carbohydrate (NFC) was calculated using the formula listed in Equation 1:
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Total digestible nutrients (TDN) were calculated according to Weiss et al. (1992). Rumen-degradable protein (RDP) was determined by Streptomyces griseus (SGP) enzymatic digestion (Cornell University, 1990; Coblentz et al., 1999), and rumen-undegradable protein (RUP) was calculated as total protein minus the degradable fraction.






2.6 Statistical analysis


Data were screened for normality using the PROC UNIVARIATE procedure of SAS statistical software (version 9.4; SAS Institute Inc., Cary, NC, USA), with no observations removed. Normally distributed data were analyzed using the MIXED procedure in SAS. Each diet (cottonseed meal, canola meal, and barley grain) was considered separately.


The model included level, type, and their interaction (level × type) as fixed effects, while the three experimental runs and the run × treatment interaction were considered random effects. Results are presented as least-squares means (LSMEANS/DIFF), with statistical significance declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10.







3 Results





3.1 Experiment 1


The interaction between PSC type and level of inclusion, as well as PSC type alone, had no effect on any of the parameters examined (
Tables 2
, 
3
; P ≥ 0.10) when used as a partial replacement for cottonseed meal or canola meal.



Table 2 | 
Effect of replacing canola meal with pongamia seedcake (PSC) at different inclusion levels in a feedlot diet on in vitro fermentation characteristics (n=9).





	Variable

	Pongamia seedcake type

	Level (%)

	
P value




	1

	2

	3

	4

	SEM

	0

	4

	8

	SEM

	Type

	Level

	Type x level






	Total gas production, mL/g DM1

	145.5
	147.7
	147.5
	150.3
	3.59
	151.4
	145.9
	145.9
	3.40
	0.54
	0.14
	0.86



	Total gas production, mL/g digested DM
	296.9
	303.5
	299.9
	299.5
	7.80
	292.1
	301.3
	306.5
	7.04
	0.92
	0.24
	0.79



	CH4 at 6 h, %
	6.76
	6.83
	6.92
	6.79
	0.731
	6.37B

	7.03A

	7.07A

	0.725
	0.93
	<0.01
	0.22



	CH4 at 24h, %
	11.3
	11.1
	11.3
	11.2
	0.22
	11.5A

	11.2AB

	10.9B

	0.20
	0.74
	0.02
	0.60



	CH4 at 6 h, mL
	2.1
	2.2
	2.2
	2.2
	0.361
	2.1
	2.2
	2.2
	0.360
	0.97
	0.35
	0.62



	CH4 at 24 h, mL
	5.7
	5.7
	5.9
	5.9
	0.295
	6.1A

	5.7AB

	5.6B

	0.295
	0.72
	0.04
	0.70



	CH4, mL/g DM
	14.0
	14.1
	14.2
	14.4
	0.68
	14.7
	14.1
	13.8
	0.66
	0.79
	0.13
	0.29



	CH4, mL/g digested DM
	28.5
	28.9
	28.9
	28.7
	1.16
	28.2
	29.0
	29.0
	1.09
	0.98
	0.69
	0.12



	pH
	5.96
	5.74
	5.98
	5.96
	1.47
	5.90
	6.00
	5.83
	0.131
	0.51
	0.53
	0.56



	IVDMD, %2

	60. 8
	60.9
	61.0
	62.2
	2.30
	64.2A

	60.5B

	59.0B

	2.23
	0.76
	<0.01
	0.63



	Total VFA, mmol/L3

	125.3
	124.2
	122.9
	127.1
	9.23
	126.7
	125.9
	121.9
	9.18
	0.53
	0.13
	0.88



	Acetate, mol/100 mol
	51.4
	51.3
	51.5
	51.4
	2.79
	52.1A

	51.0B

	51.2AB

	2.78
	0.97
	0.05
	0.10



	Propionate, mol/100 mol
	28
	27.9
	28.2
	28.2
	0.51
	28.1
	28.2
	28.0
	0.51
	0.55
	0.74
	0.95



	Butyrate, mol/100 mol
	14.5
	14.6
	14.2
	14.3
	1.39
	14.0
	14.7
	14.4
	1.39
	0.68
	0.06
	0.80



	A/P4

	1.83
	1.84
	1.83
	1.82
	0.133
	1.85
	1.81
	1.81
	0.136
	0.95
	0.16
	0.99







1DM, Dry matter. 2IVDMD, In vitro dry matter digestibility. 3VFA, Volatile fatty acids. 4A/P, Acetate/Propionate. SEM, Standard error of the mean. A,B Values with different superscripts in the same row are significant different (P < 0.05).





Table 3 | 
Effect of replacing cottonseed meal with pongamia seedcake (PSC) at different inclusion levels in a feedlot diet on in vitro fermentation characteristics (n=9).





	Variable

	Pongamia seedcake type

	Level (%)

	
P value




	1

	2

	3

	4

	SEM

	0

	4

	8

	SEM

	Type

	Level

	Type x level






	Total gas production, mL/g DM1

	144.3
	143.2
	141.8
	145.8
	4.55
	149.9A

	141.6B

	139.8B

	4.28
	0.83
	0.04
	0.95



	Total gas production, mL/g digested DM
	305.5
	294.2
	301.1
	305.1
	10.48
	299.9
	310.6
	293.9
	9.47
	0.78
	0.30
	0.99



	CH4 at 6 h, %
	7.12
	6.89
	6.86
	7.20
	0.787
	7.01
	7.01
	7.03
	0.785
	0.43
	0.99
	0.16



	CH4 at 24h, %
	11.1
	10.9
	11
	11.2
	0.33
	10.6B

	11.4A

	11.1AB

	0.31
	0.69
	0.05
	0.97



	CH4 at 6 h, mL
	2.25
	2.14
	2.15
	2.27
	0.378
	2.25
	2.2
	2.15
	0.398
	0.59
	0.60
	0.16



	CH4 at 24 h, mL
	5.55
	5.38
	5.32
	5.7
	0.39
	5.57
	5.52
	5.38
	0.37
	0.50
	0.70
	0.93



	CH4, mL/g DM
	13. 9
	13.4
	13.3
	14.2
	0.92
	13.9
	13.8
	13.4
	0.90
	0.45
	0.61
	0.68



	CH4, mL/g digested DM
	29.4
	27.6
	28.3
	29.7
	1.48
	27.9
	30.2
	28.2
	1.36
	0.53
	0.20
	0.94



	pH
	6.00
	5.79
	6.01
	5.78
	0.187
	5.99
	5.68
	6.02
	0.163
	0.68
	0.20
	0.71



	IVDMD, %2

	59.1
	60.4
	58.7
	59.6
	3.03
	62.7A

	56.8B

	58.8B

	2.98
	0.72
	<0.01
	0.70



	Total VFA, mmol/L3

	123.2
	124.8
	124.6
	125.3
	6.99
	126.4
	122.9
	124.0
	6.89
	0.92
	0.49
	0.68



	Acetate, mol/100 mol
	50.8
	51.4
	50.8
	50.7
	2.15
	50.4
	51.2
	51.2
	2.14
	0.41
	0.11
	0.87



	Propionate, mol/100 mol
	28.3
	28.3
	28.3
	28.5
	0.51
	28.5
	28.3
	28.3
	0.5
	0.67
	0.55
	0.93



	Butyrate, mol/100 mol
	14.7
	14.2
	14.6
	14.5
	0.92
	15.0A

	14.4B

	14.2B

	0.91
	0.34
	0.03
	0.58



	A/P4

	1.79
	1.82
	1.80
	1.78
	0.107
	1.77
	1.81
	1.81
	0.111
	0.49
	0.19
	0.91







1DM, Dry matter. 2IVDMD, In vitro dry matter digestibility. 3VFA, Volatile fatty acids. 4A/P, Acetate/Propionate. SEM, Standard error of the mean. A,B Values with different superscripts in the same row are significant different (P < 0.05).




Partial replacement of canola meal with PSC, regardless of level, did not affect total gas production (mL/g DM or mL/g digested DM; P ≥ 0.14; 
Table 2
) compared with the control. Methane concentration (%) at 6 h was, on average, 10.7% higher (P = 0.01) in diets containing PSC, whereas at 24 h, CH4 (% and mL) was 5.2% lower (P = 0.02) in canola meal diets containing 8% PSC compared with the control. Inclusion level of PSC did not affect CH4 production (mL/g digested DM; P = 0.69) or pH (P = 0.53). Canola meal diets containing 4% and 8% PSC had, on average, 6.9% lower IVDMD (P < 0.01) than the control, but were similar to each other. Total VFA concentration (mM) and the percentage of propionate in total VFA were not affected by PSC level (P ≥ 0.13). Acetate, expressed as a percentage of total VFA, was 2.1% lower in canola meal diets containing 4% PSC (P = 0.05), whereas butyrate percentage tended to increase in diets containing PSC, regardless of level (P = 0.06; 
Table 2
).


Partial replacement of cottonseed meal with PSC, regardless of level, decreased total gas production (mL/g DM; P ≤ 0.04; 
Table 3
) but was similar to the control when corrected for digested DM (mL gas/g digested DM; P = 0.30). Methane concentration (%) at 6 h was not affected by PSC level (P ≥ 0.99). However, at 24 h, cottonseed meal diets containing 4% PSC had 7.5% higher CH4 (%, P = 0.05), compared with the control. Methane production (mL/g DM or mL/g digested DM) was not affected by PSC level (P ≥ 0.20). Similarly, pH was consistent across treatments, regardless of PSC level (P ≥ 0.20).


Replacement of cottonseed meal with PSC at 4% and 8% DM decreased IVDMD (P < 0.01) by an average of 7.8% compared with the control, with no difference between the two inclusion levels. Total VFA concentration (mM) and the percentages of acetate and propionate in total VFA were not influenced by PSC level (P ≥ 0.11). Butyrate, as a percentage of total VFA, was lower in cottonseed meal diets containing 4% and 8% PSC compared with the control (P = 0.03; 
Table 3
).






3.2 Experiment 2


The interaction between PSC type and level of inclusion had no effect on any parameters tested (P ≥ 0.37; 
Table 4
) when PSC replaced barley grain. However, inclusion of PSC as a partial replacement for barley grain, regardless of level, increased total gas production (mL/g DM or mL/g digested DM; P ≤ 0.01; 
Table 4
) compared with the control.



Table 4 | 
Effect of replacing barley grain with pongamia seedcake (PSC) at different inclusion levels in a feedlot diet on in vitro fermentation characteristics (n=9).





	Variable

	Pongamia seedcake type

	Level (%)

	
P value




	1

	2

	3

	4

	SEM

	0

	12

	15

	30

	SEM

	Type

	Level

	Type x level






	Total gas production, mL/g DM1

	142.9
	142.4
	144.3
	144.5
	4.5
	135.6B

	145.3A

	145.7A

	147.4A

	4.5
	0.92
	0.01
	0.95



	Total gas production, mL/g digested DM
	292.9
	288.2
	291.1
	281.3
	7.84
	264.5C

	288.9B

	289.0B

	311.0A

	7.84
	0.50
	<0.01
	0.76



	CH4 at 6 h, %
	7.11
	7.07
	7.04
	7.05
	0.736
	7.03
	7.18
	7.01
	7.04
	0.737
	0.99
	0.94
	0.99



	CH4 at 24h, %
	11.2
	10.7
	10.9
	10.9
	0.14
	10.6B

	11.2A

	11.1A

	11.0AB

	0.14
	0.07
	0.02
	0.81



	CH4 at 6 h, mL
	2.21
	2.22
	2.16
	2.21
	0.373
	2.22
	2.2
	2.18
	2.2
	0.373
	0.94
	0.99
	0.99



	CH4 at 24 h, mL
	5.59
	5.23
	5.5
	5.46
	0.262
	4.79B

	5.71A

	5.61A

	5.66A

	0.262
	0.47
	<0.01
	0.98



	CH4, mL/g DM
	13.9
	13.4
	13.7
	13.7
	0.65
	12.5B

	14.1A

	14.0A

	14.1A

	0.65
	0.72
	<0.01
	0.99



	CH4, mL/g digested DM
	28.4
	26.6
	27.7
	26.7
	1.2
	24.5C

	27.7AB

	27.6B

	29.6A

	1.2
	0.20
	<0.01
	0.85



	pH
	5.99
	5.98
	6.04
	5.98
	0.135
	5.98
	5.99
	5.96
	6.05
	0.135
	0.51
	0.30
	0.66



	IVDMD, %2

	48.9b

	49.7b

	49.9ab

	51.6a

	1.84
	51.4A

	50.4A

	50.5A

	47.7B

	1.84
	0.02
	<0.01
	0.47



	Total VFA, mmol/L3

	124.1
	124.4
	126.4
	127.6
	7.22
	127.5
	124.4
	127.5
	123.2
	7.22
	0.43
	0.20
	0.37



	Acetate, mol/100 mol
	51.2
	51.1
	51.8
	51
	2.37
	51.6
	50.8
	51.1
	51.6
	2.37
	0.23
	0.19
	0.76



	Propionate, mol/100 mol
	28.2
	28.2
	28.0
	28.4
	0.67
	28.7
	28.2
	28.0
	27.9
	0.67
	0.61
	0.06
	0.90



	Butyrate, mol/100 mol
	14.4
	14.6
	14.3
	14.5
	1.02
	13.9B

	14.8A

	14.8A

	14.1B

	1.02
	0.73
	<0.01
	0.58



	A/P4

	1.82
	1.81
	1.85
	1.80
	0.127
	1.80
	1.80
	1.82
	1.85
	0.132
	0.35
	0.44
	0.89







1DM, Dry matter. 2IVDMD, In vitro dry matter digestibility. 3VFA, Volatile fatty acids. 4A/P, Acetate/Propionate. SEM, Standard error of the mean. a,b-A,B,C Values with different superscripts in the same row are significant different (P < 0.05).




After 24 h of incubation, diets containing 12% and 15% PSC resulted in 5.7% and 4.7% higher CH4 concentrations (%; P = 0.02), respectively, compared with the control. Methane production (mL/g digested DM) was up to 20.8% greater in diets where PSC replaced barley grain (P < 0.01) than in the control.


pH was similar across treatments, regardless of PSC type or level (P ≥ 0.30). The type of PSC used to replace barley grain affected IVDMD: PSC4 showed 5.5% greater IVDMD than PSC1 and 3.8% greater than PSC2 but was similar to PSC3. IVDMD was comparable in barley grain diets containing up to 15% PSC but was 7.2% lower (P < 0.01) in diets containing 30% PSC compared with the control.


Neither PSC type nor level affected total VFA concentration (mM) or the percentage of acetate in total VFA (P ≥ 0.19). The percentage of propionate in total VFA tended to decrease with increasing PSC levels (P = 0.06). Butyrate percentage increased by 6.5% in diets containing 12% and 15% PSC (P < 0.01; 
Table 4
) but was similar in diets containing 30% PSC compared with the control.







4 Discussion


Processing methods significantly influence the chemical composition of PSC, particularly its protein and fat contents (Soren and Sastry, 2009; Soren et al., 2017), and resulting concentrations of anti-nutritional compounds, which ranged from 94 ppm to 424 ppm total karanjin and pongamol in the current trial compared with previous reports of approximately 3,700 ppm karanjin and 1,674 ppm pongamol at ~1674 ppm (Housman et al., 2020). The PSC types assessed here were rich in protein (35%–37%), slightly higher than the levels reported in previous studies (22%–30%) (Natanam et al., 1989a; Kumar et al., 2007; Nagalakshmi et al., 2011; Housman et al., 2020). The protein content of the PSC types was lower than that of canola meal (43.3%) but considerably higher than that of cottonseed meal (23.3%) and barley grain (11.3%), indicating that PSC could serve as a viable protein source in ruminant diets. The proportion of degradable protein in PSC was notably high (76%–85%), exceeding that of canola (53%) and cottonseed meal (46%). This is beneficial for microbial protein synthesis in the rumen because protein degradation produces ammonia-nitrogen, a vital precursor for amino acid and microbial protein synthesis (Bach et al., 2005). All PSC types showed low levels of fiber (NDF, ADF, and ADL), indicating that PSC could provide a highly digestible NFC fraction, with PSC4 reaching up to 50%, which supports rumen microbial efficiency and energy supply (Villalba et al., 2021). These characteristics suggest that PSC can serve as an energy-dense protein source suitable for feedlot diets.


VFA are the primary energy source for ruminants and serve as key indicators of microbial fermentation efficiency (Owens and Basalan, 2016). Inclusion of the PSC types at all levels tested, partially replacing canola meal, cottonseed meal, or barley grain, had no effect on total VFA concentration, despite a decrease in IVDMD when replacing protein sources. This suggests that the four PSC types provided sufficient fermentable substrates to support rumen microbial activity and maintain end-product formation—and, in the case of protein sources, potentially increased microbial efficiency, as less digested substrate still yielded a similar amount of VFA. This interpretation is further supported by the similar total gas production (mL/g DM) observed in treatments containing canola meal and cottonseed meal, while an increase was noted in the barley grain–based diets. Similar findings were reported by Housman et al. (2020), who observed no decline in total VFA concentration when PSC was used as a protein supplement in forage-based diets, and by Soren et al. (2011), who demonstrated that replacing 50% of soybean meal protein with lime-treated, solvent-extracted PSC did not compromise rumen fermentation in growing lambs. The decline in IVDMD when replacing protein sources could be attributed to the presence of anti-nutritional factors such as tannins and protease inhibitors (e.g., trypsin and chymotrypsin), which are known to interfere with protein digestion (Natanam et al., 1989b; Rattansi and Dikshit, 1997). This interpretation is supported by earlier findings by Srivastava et al. (1990) and Singh et al. (2006), who reported significant reductions in protein digestibility in goat kids and male lambs, respectively, when fed various forms of PSC. Conversely, other studies have shown no negative effects on nutrient digestibility when processed PSC was used to partially replace soybean meal (Soren and Sastry, 2009) or when included up to 12% as the sole protein supplement in lamb diets (Nagalakshmi et al., 2011), suggesting that the impact of PSC on digestibility may depend on its inclusion level, processing method, and the composition of the basal diet.


Interestingly, in the barley grain–based diet, IVDMD remained unaffected at PSC inclusion levels of 12% and 15%, declining significantly only at 30%. Because barley grain contains less protein than canola or cottonseed meal, the influence of PSC’s anti-nutritional factors on protein digestibility may have been diluted, allowing a greater proportion of the diet to ferment efficiently. Among the four PSC types, PSC4 resulted in the greatest IVDMD in barley-based diets, which could be attributed to its relatively lower fat content and consequently reduced levels of anti-nutritional factors.


It is well established that increased dietary fat can impair rumen microbial activity and fiber degradation (Patra, 2013; Enjalbert et al., 2017). Furthermore, PSC4 had the highest NFC content, which may have contributed to a more balanced nutrient profile and improved fermentability. The observed variation in IVDMD and butyrate production across PSC types and dietary treatments may reflect interactions between the chemical composition of PSC and the basal diet matrix.


While several feeding strategies have been shown to reduce CH4 emissions due to the presence of bioactive phytochemicals such as tannins, saponins, and polyphenols (Jafari et al., 2020; Ku-Vera et al., 2020; Lambo et al., 2024), or due to lipid content (Ahmed et al., 2021; Arndt et al., 2022), the PSC types evaluated in this study particularly PSC1, PSC2, and PSC3, which had higher fat content did not reduce CH4 production. This lack of CH4 mitigation could indicate that, although the fat content was relatively high in PSC1 specifically, its absolute inclusion level in the diet at 8% was low in the case of canola and cottonseed meals, when compared to the control (2.5% and 3.0% vs. 1.9%, respectively). This amount may not have been sufficient to exert a notable anti-methanogenic effect compared to the control. Previous studies have shown that the efficacy of dietary fats in suppressing methanogenesis depends on fat type, saturation level, and inclusion rate (Patra, 2013). Moreover, the secondary metabolites present in PSC may not have reached concentrations sufficient to inhibit methanogenic archaea or associated microorganisms under the tested conditions.


Interestingly, in Experiment 1, an increase in the percentage of methane was observed with 4% inclusion of PSC as a replacement for cottonseed meal. However, this was offset by a corresponding reduction in gas production, resulting in a net neutral effect on methane output, as reflected in methane expressed in milliliters and in methane per gram of digested DM. In Experiment 2, methane production increased at all PSC inclusion levels. Although the exact reason for this is unclear, it is possible that the specific type of non-fiber carbohydrate (NFC) in PSC was fermented in a way that produced more hydrogen, a precursor of methane. However, no change in propionate concentration was observed, and hydrogen could not be quantified in the current study.


Similarly, PSC and its components may have influenced protozoal populations, which are associated with methanogens; however, microbial populations were not assessed here. To the best of our knowledge, this is the first study to investigate the potential of PSC to mitigate enteric CH4 emissions. Nevertheless, we acknowledge that rumen fluid used in this study was sourced from forage-fed animals; thus, the rumen microbiome may not have been fully adapted to the high-grain diets examined. This factor may have influenced the findings, and further research is needed to validate these results.


Finally, this study reports only in vitro results, which, although valuable for screening dietary effects, are not fully representative of in vivo conditions due to the complex nature of the rumen environment. Future studies using live animals are therefore required to confirm these findings.






5 Conclusion


Findings from this in vitro study indicate that the impact of PSC on ruminal fermentation parameters is context dependent, varying with both the dietary background and PSC inclusion strategy. In Experiment 1, substituting canola or cottonseed meals with PSC did not influence CH4 production or total VFA concentrations, although increasing PSC levels led to a significant reduction in IVDMD. In contrast, Experiment 2 showed that incorporating PSC in place of barley grain significantly increased CH4 production, while among the PSC types tested, PSC4 (hexane extracted) demonstrated the most favorable digestibility profile when replacing barley grain.


Importantly, inclusion of PSC at levels up to 15% in a barley grain–based diet did not negatively affect either IVDMD or total VFA concentrations. Overall, PSC shows potential as an alternative feed ingredient, but its application involves clear trade-offs. While it can serve as a partial protein or energy source without depressing total VFA production, this may occur at the cost of reduced diet digestibility (when replacing protein meals) or increased methane emissions (when replacing grain).


It is important to note that these findings were derived from an in vitro fermentation system. Therefore, further in vivo research is essential to confirm these effects on nutrient digestibility, animal performance, and enteric methane emissions.
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