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Abstract

:

This study aimed to analyse changes in the profile of long-chain fatty acids in the ruminal fluid of cows during in vitro fermentation, using different proportions of maize DDGS (distillers dried grains with solubles) as a substrate. The serum bottles were filled with 1 g of concentrate feed (C), which consisted of cereal middlings, postextraction rapeseed meal, and soybean meal. Substrates I, II, and III contained the same ingredients as substrate C, but also included DDGS at increasing proportions, while substrate IV contained only DDGS. Ruminal fluid with a buffer was then added to the bottles and incubated for 4, 8, and 24 h. After incubation, the fatty acid profile was analysed using a gas chromatograph. The use of DDGS as a substrate resulted in a decrease in SFA, and an increase in the proportion of UFA, including oleic acid (C18:1n9c) and linoleic acid (C18:2n6c). The fermentation profile with 15% and 20% DDGS in TMR proved to be the most beneficial. These findings suggest that the byproduct of bioethanol production could potentially improve the fatty acid profile in the ruminal fluid, resulting in higher-quality animal products.
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1. Introduction


Bioethanol production results in an overproduction of distillers dried grains with biological substances dissolved in them (DDGS) [1,2]. Using byproducts from the agri-food industry may be an alternative to the traditional animal feed system. It is also a way to naturally utilize these products and their valuable nutrients [3]. The global need to find new energy sources has led to increased biofuel production in recent years, emerging as an alternative to the extraction of fossil raw materials [4,5]. However, it is associated with significant quantities of byproducts that must be disposed of, with distillers grains being one of these byproducts, which can be used as livestock feed after appropriate technological processing and meeting microbiological and toxicological standards [6,7,8,9].



Ongoing research indicates that maize distillers dried grains can be used in feeding dairy cows as an additive or substitute for other concentrate feeds, without adverse effects on milk performance traits [10,11]. Additionally, substituting starch and protein from maize, other cereals, or soy with cheaper feeds, such as DDGS, reduces the cost of feeding cows [12]. Compared to maize grain, maize DDGS has a much lower content of starch, which is fermented during ethanol production. Nevertheless, most other grain constituents, including protein and long-chain fatty acids, remain unchanged during this process and are a valuable source of nutrients as part of DDGS. In this situation, fatty acids are one of the main sources of energy in maize DDGS [9].



In the rumen, lipolysis results in the hydrogenation of C18:2n-6 and C18:3n-3 acids to both cis- and trans-C18:1 intermediates, followed by the formation of stearic acid [13]. The process of biohydrogenation significantly impacts the quality of animal products. Foods high in long-chain unsaturated acids are desirable in the human diet [14]. DDGS has a high crude fat content and is also a source of polyunsaturated fatty acids, which provide some protection against biohydrogenation processes in the rumen and may improve the quality of animal products [13].



This in vitro study is a part of a project aiming to introduce maize DDGS into the diet of cows during their dry period. This study aimed to analyse the fatty acid profiles in the ruminal fluid of cows during in vitro incubation, using varying proportions of maize distillers dried grains in a fermentable substrate for rumen microbiota.




2. Materials and Methods


2.1. Animals


The material for the study consisted of ruminal fluid collected with a rumen probe from eight Polish Holstein-Friesian cows in the drying-out period. The animals were kept in a free-stall system and fed TMR, with a ration composed of 52.21% maize silage, 9.1% haylage, 2.0% straw, 7.25% ensiled beet pulp, 9.36% cereal middlings (50% wheat, 50% barley), 9.52% postextraction rapeseed middlings, 7.62% soybean meal, 0.97% mineral-vitamin premix, 0.97% sodium bicarbonate, 0.57% chalk, 0.42% protected fat, and 0.01% dried yeast (Table 1). The feed ratio was prepared under INRA standards [15].




2.2. In Vitro Incubation


Since DDGS is recommended as a substitute for concentrate rather than roughage, the concentrate feed components of the cows’ rations were used to create the in vitro substrates for ruminal fluid microbiota. The components of the substrates were used in the same proportions as concentrate components in TMR for cows, in an in vivo experiment, which was a part of the same research project as our study. In the control group (C), the substrate contained only concentrated feed ingredients in the same proportions as the basal diet TMR (cereal middlings, postextraction rapeseed meal, and soybean meal). Substrates I, II, and III contained the same components, but with the addition of DDGS in amounts equivalent to 10%, 15%, and 20% of the dry matter of the total TMR ratio, while substrate IV contained only DDGS (Table 2).



Eight cows were ruminal fluid donors (n = 8). The ruminal fluid from each cow was used as inoculum for five in vitro samples: C, I, II, III, and IV (representing 8 replicates per each substrate), and then three bottles per each substrate and inoculum were used for incubation, one for each incubation time (4, 8, 24 h). To prepare the samples for the in vitro incubation, the collected ruminal fluid was filtered through gauze, and 30 mL of the fluid was transferred into 125 mL serum bottles (Sigma-Aldrich) and then diluted three times with buffer [16]. Five samples were prepared from the diluted ruminal fluid taken from each animal, to which 1 g of one of the previously prepared substrates was added: C, I, II, III, or IV. To achieve anaerobic conditions, the bottles were saturated with carbon dioxide from a pressurised bottle and then closed tightly with a capping machine. Each sample was prepared in triplicate and incubated in a shaker with a water bath at 39 °C for four, eight, and twenty-four hours.




2.3. Fatty Acids Analysis


Fat was extracted from the substrate and liquid samples after fermentation for 4, 8, and 24 h, according to the Folch method [17]. Fatty acid methyl esters were obtained according to the method of Christopherson and Glass [18], using a solution of 2M KOH in methanol. The fatty acid profile of the samples obtained was determined using an Agilent Technologies 7890A gas chromatograph (Santa Clara, CA, USA) with the FID detector. The determinations were carried out under the following conditions: HP-88 capillary column (Agilent Technologies), 100 m long, 0.25 mm diameter, and 0.20 μm film thickness, with an initial oven temperature of 50 °C and a temperature rise of 3 °C/min up to 220 °C; detector and dispenser temperatures of −270 °C and 270 °C respectively, helium as the carrier gas. In addition, hydrogen, synthetic air, and nitrogen flowed through the detector. Identification of the obtained fatty acid peaks was performed by comparison with the retention times of Sigma-Aldrich fatty acid methyl ester standards using ChemStation software (Agilent Technologies).




2.4. Chemical Analyses


The primary nutrients were determined in representative samples: Dry matter (DM; method 934.01 of Association of Official Agricultural Chemists—AOAC) [19]. Crude protein (CP; Kjeldahl method, method 984.13 of AOAC 2005), using a Kjeltec 2300 Foss Tecator apparatus (Häganäs, Sweden) and by multiplying the nitrogen content by 6.25 (CP; Kjeldahl method, method 984.13 of AOAC) [19]. Ether extract (EE; method 920.39 of AOAC 2005), using a Fibertec Tecator (Häganäs, Sweden) apparatus (CF; method 978.10 of AOAC) [19]. Crude ash was determined by method 942.05 of AOAC [19]. Neutral detergent fibre (NDF) and acid detergent fibre (ADF) fractions were determined using a Fibertec Tecator (Häganäs, Sweden) apparatus (NDF; method of Holst,1973 [20]) and acid detergent fibre (ADF; method 973.18 of AOAC [19]). The net energy of lactation (NEL) in a unit for lactation (UFL) was estimated according to the INRA feeding system [15]. The nonfibre nostructural carbohydrate (NFSC) content was calculated according to the National Research Council [21], as follows: 100 − (Ash + CP + EE + NDF), and nitrogen-free extractives (NFE) were calculated as 100 − (Ash + CP + EE + CF), with ash, CP, EE, CF, and NDF contents expressed as % of DM. DCAD—dietary cation–anion difference was calculated using the formula (Na + K + 0.38 Ca + 0.30 Mg) − (Cl + 0.6 S + 0.5 P) [22]. FV, PDIE, and PDIN utilization was calculated according to the method of INRA [15].




2.5. Statistics


The study results were statistically processed by a split s-plot design analysis [23] using R software [24], according to the following model:


y_ijk = μ + 〖τ_i + β〗_j + γ_k + 〖(βγ)〗_jk + ε_ijk








where y_ijk is the dependent variable under examination, μ is the overall mean, τ_i is the block effect represented by cow i, β_j is the main-plot factor represented by the substrate type j, and γ_k is the subplot factor represented by fermentation time k.〖(βγ)〗_jk is the interaction effect between the substrate type j and fermentation time k. ε_ijk is the residual term. It is assumed that main- and subplot effects are fixed factors and the block effect is random.



The effects of fermentation time (4, 8, 24 h) and substrate type (C, I, II, III, IV) were analysed. The significance at p < 0.05 of differences between groups was determined using Duncan’s multiple comparison test. The Pearson correlation coefficients between fatty acid levels and DDGS inclusion were also calculated.





3. Results


The total content of the examined fatty acids in the substrates (g/100 g fat) was higher than in the control group, but their proportion was similar between the experimental groups (Table 2). As a result, the variable DDGS content in the samples studied—ranging from 10% to 100%—had no effect on the fatty acid content of the substrates per 100 g of fat. Only trace amounts of C14:0, C15:0, C14:1, or C18:1n7t acids were found. The levels of C18:1n9c and C18:2n6c acids increased with the growing proportion of DDGS in the samples. In group IV, it was more than 70% and almost twice as high as in the control group, respectively. The increasing proportion of DDGS in the samples resulted in a significant systemic decrease in C18:3n3 acid content. The higher total content of polyunsaturated fatty acids in the substrate samples as the proportion of DDGS increased is mainly due to a systematically increasing fat content in DDGS compared to the control group. The fat content of the individual samples ranged from 1.44 (% dry matter) in the control group to 13.29 in group IV (5.91 in I, 8.66 in II, and 10.76 in III).



The effect of adding maize DDGS as a part of the substrate on the fatty acid profile in the rumen contents of cows during in vitro fermentation is shown in Table 3.



The effect of fermentation time on the proportions of tetradecanoic acid (C14:0), octadecanoic acid (C18:0), vaccenic acid (C18:1n7t), linoleic acid (C18:2n6c), linolenic acid (C18:3n3), and total saturated acids (SFA) in cow ruminal fluid was found to increase (p < 0.05) (Table 3). At eight hours of in vitro fermentation, the level of C6:0 acid in the ruminal fluid was higher (p < 0.05) in group I than in group III. Furthermore, at 8 h of fermentation, group II had a higher (p < 0.05) proportion of undecanoic acid (C11:0) than group III. At 24 h of fermentation, there was an increase (p < 0.05) in the level of C14:0 acid in the control group compared to groups II, III, and IV. The level of this acid was also higher (p < 0.05) in group I compared to groups II and III. The proportion of C16:0 acid at 24 h of fermentation was higher (p < 0.05) in group I than in groups II, III, and IV. Changes in the concentration of SFA in the ruminal fluid were recorded at 24 h of fermentation, with a higher (p < 0.05) proportion in group I compared to groups II and III. The longest time of fermentation significantly (p < 0.05) reduced the levels of unsaturated acids, such as vaccenic (C18:1n7t) and α-linolenic (C18:3n3), and the changes in the levels of linoleic acid (C18:2n6c), eicosapentaenoic acid (EPA), and total unsaturated fatty acids (UFA) were highly significant (Table 3). The substrates used in this study caused an increase (p < 0.05) in the total UFA concentration. Furthermore, the inclusion of DDGS caused an increase in the proportions of oleic acid (C18:1n9c), C18:2n6c, 20:4n6, and EPA, but a decrease in C18:3n3 proportions in the fermented ruminal fluid (p < 0.05). The substrates used in the in vitro incubation of cow ruminal fluid lowered the levels of unsaturated fatty acids, such as C4:0, C6:0, C11:0, and C14:0. The interactions between substrate inclusion and fermentation time were also observed for the acids C16:0, C14:1, and C20:1 (p < 0.05).



In vitro fermentation of ruminal fluid with different proportions of DDGS in the substrate affected the unsaturated fatty acid profile. At 4 h of fermentation, the balance of cis-9-tetradecenoic acid (C14:1) and cis-9-heptadecanoic acid (C17:1) in group I was higher (p < 0.05) than in group II. C14:1 and cis-9-hexadecane (C16:1) levels at 4 h of fermentation increased (p < 0.05) in group I as compared to group IV. At 4 and 8 h of fermentation, the proportion of C18:3n3 acid in group C was higher (p < 0.05) compared to groups where DDGS was used in the substrate. On the other hand, the level of EPA acid at 8 and 24 h of fermentation was higher (p < 0.05) in groups where DDGS was used, compared to group C. Additionally, at 24 h of fermentation in group II, the level of this acid was higher (p < 0.05) compared to group IV. However, the most remarkable changes were observed for C18:2n6c acid: at 4 and 8 h of fermentation, lower (p < 0.05) levels were observed in group C with respect to groups III and IV. In contrast, at 24 h of fermentation, the proportion of C18:2n6c acid was lower (p < 0.05) in group C with respect to group III. At 4 h of fermentation, there was an increased (p < 0.05) proportion of C18:2n6c acid in group IV with respect to groups I and II. At 24 h of fermentation in ruminal fluid fermented with DDGS, group IV had an increased (p < 0.05) level of C18:1n9c with respect to groups C and I. UFA levels at 4 h of in vitro fermentation were higher in group IV compared to group C.



In addition, we estimated the Pearson correlation coefficients between the levels of individual fatty acids and the proportion of DDGS (Table 4). The increasing proportion of DDGS was strongly correlated with increasing concentrations of EPA, C18:2n6c, and C18:1n9c, as well as total UFA concentration in ruminal fluid after 8 h of incubation. Significant negative correlations were observed between DDGS and total SFA concentration, as well as the individual saturated FAs C14:0 and C:18, over the same period, while a significant negative correlation was also observed for the unsaturated acid C20:4n6. Weaker correlations were found at 4 and 24 h of incubation.




4. Discussion


The manipulation of ruminal lipid metabolism, aimed to improve the fatty acid profile in animal products, has often been the subject of scientific research [25]. As changing the diet composition and introducing feed additives in animal diets are connected with alterations of the microbial activity, often causing changes in the ruminal lipid profile, the effect of introducing new feed components on ruminal fatty acid profiles should always be investigated. In our study, we analysed changes in the fatty acid profile in ruminal fluid, which was influenced by introducing maize DDGS. A previous study indicated that the use of maize DDGS supplementation increased the fat content of the TMR [26].



Similarly, using 10% and 20% DDGS as an additive resulted in higher fat levels in the feed ratio. It also caused a higher proportion of unsaturated fatty acids in the ruminal fluid, while saturated acids were reduced [27]. In our research, we stated a similar relationship: ether extract content in substrate DM increased with an increase of DDGS. A high proportion of fat alters the fermentation profile in the rumen, which may influence animal products. A reduction in methane production and an increase in the milk yield of cows at 6% ether extract in DM of TMR are indicated by the results of Patra [28]. An increase in the proportion of polyunsaturated acids in the feed reduces methanogenesis in the rumen [28]. Our previous in vitro study indicated a reduction in methanogenesis as a result of increased DDGS in the fermentable substrate [29]. Due to its bonding with unsaturated acids, hydrogen is not used for methane production [30,31]. The fat in DDGS is mainly composed of unsaturated fatty acids, with C18:2 and C18:1n9c together accounting for about 50% and 25% of the total fatty acids, respectively [32].



In our study, the use of DDGS as a substrate increased the levels of unsaturated acids, such as C18:1n9c, C18:2n6c, EPA, and total UFA, in the incubated ruminal fluid. However, it decreased the level of C18:3n3. These results were mainly related to the level of unsaturated fatty acids in the fermentation substrates, as the addition of DDGS resulted in an increase in C18:1n9c and C18:2n6c acids, but a decrease in C18:3n3 acid in the substrate. The absence of 20-carbon fatty acids in the substrates, and their presence in rumen-incubated samples, indicates the origin of these acids to be the ruminal fluid, but may also be related to microbial processes such as chain elongation and conversion to other FAs [33].



Fatty acids are metabolised in the rumen by lipolysis, biohydrogenation, and synthesis, so the amount of fatty acids coming out of the rumen is a result of their content in the diet, and changes in profile during fermentation [14]. Jenkins (1993) and Beam et al. (2000), after analysing rumen fat metabolism in cows and sheep and its flow to the duodenum, conclude that it corresponds to the amount of fat intake with feed [34,35]. Moate et al. (2004) reported the highest correlation coefficient (r2 > 0.91) between rumen acid levels and flow into the duodenum (r2 > 0.91) for: C16:0, C18:0, C18:1t, C18:1c, C18:2, and C18:3. They also found that the estimated biohydrogenation rates of C16:1, C18:1c, C18:1t, C18:2 acids were: 39.3, 27.4, 22.8, and 87.6 %/h, respectively [36].



In our study, an increased proportion of DDGS in the substrate resulted in a higher fat level, which is also confirmed by other studies [37,38]. The effect of fermentation time on the increase in SFA levels, and the decrease in the proportion of certain unsaturated acids (C18:1n7t, C18:3n3, C18:2n6c, EPA, and UFA) in the ruminal fluid was also observed, which may be indicative of properly occurring biohydrogenation processes. In 2014, Castillo-Lopez et al. reported similar biohydrogenation for C18:3n6 acid in the rumen for TMR and DDGS-added feeds, at an average of 84.8 ± 1.0%. In contrast, the biohydrogenation of C18:2n6 acid increases in the rumen content when providing DDGS [35]. Moreover, our study showed that the level of C18:3n6 in the substrates was higher, and along with an increase in the proportion of DDGS in the substrates, it resulted in a significant and systematic decrease in this acid content. In contrast, the substrate containing only DDGS was characterised by higher levels of C18:2n6c, with higher levels of this acid in the ruminal fluid after in vitro fermentation.



Milk and dairy products, as well as meat products, are a source of fatty acids in the human diet [39,40,41]. Excessively high levels of SFAs, including mainly C12:0, C14:0, and C16:0 acids, adversely affect LDL-C cholesterol with detrimental effects on the human cardiovascular system [42,43]. The mammary gland of ruminants is characterised by the differential uptake of lipoprotein fractions from plasma and their transfer from diet to milk [43]. Therefore, it is important that the fatty acid profile of the ruminal fluid be characterised by high levels of long-chain unsaturated fatty acids. Feeding a diet rich in unsaturated fatty acids may increase PUFA and decrease SFA in cattle meat; however, a favourable effect on the fatty acid profile in milk and meat can also be obtained by dietary supplementation modifying rumen lipid metabolism [25,40]. In our study, the use of DDGS as a substrate resulted in increased UFA levels and decreased SFA in ruminal fluid. The resulting fatty acid profile can be considered favourable, particularly with the addition of DDGS at 15% and 20% in the dry matter of the TMR (substrates II and III, respectively). The saturated and branched milk fatty acids from C14:0 to C17:0 are mainly derived from the biosynthesis of rumen bacteria, reflecting fermentation activity [44]. The total transfer of C16:0 from diet to milk fat varies from 12% to 50%. The de novo synthesis of this acid in the mammary gland accounts for about 40% to 50% of the total amount in milk, from which it follows that the diet determines 50% of the C16:0 level in milk [45]. In our study, the use of DDGS at 10% DM in the TMR ratio (substrate I) resulted in higher levels of this acid relative to the other groups containing more DDGS. In the case of C14:0 acid in the control group, at 24 h of fermentation, the level of this acid increased with respect to groups II, III, and IV. Analysing the results of our study concerning the profile of unsaturated acids in the ruminal fluid, the most beneficial changes were observed using 15%, 20%, and 100% DDGS in the DM of the TMR (substrates II, III, and IV). Although the experiment did not include any analysis of the effect of DDGS addition on the physico-chemical characteristics of milk or meat, due to the specific level of fatty acids in DDGS, favourable changes in the fatty acid profile of milk and meat fat can be expected. This thesis is supported by the results of studies on ruminants, which reported an increase in the content of certain long-chain fatty acids, including CLA, an increase in PUFA, and a decrease in SFA in cattle products [46,47,48,49,50,51,52].




5. Conclusions


This study showed changes in the rumen in vitro fermentation profile following the introduction of maize distillers dried grains into the substrates. The higher proportion of DDGS had a favourable effect on increasing the level of unsaturated acids in the ruminal fluid after in vitro fermentation. The inclusion of DDGS caused an increase in the proportions of C18:1n9c, C18:2n6c, 20:4n6, and EPA, but a decrease in C18:3n3 proportions in the ruminal fluid. The proportion of 15% and 20% DDGS in the dry matter of the ration was found to be most beneficial.



The results obtained may contribute to a better utilisation of the byproduct of bioethanol production and an improved fatty acid profile in the rumen content, which may result in an enhanced quality of animal products.
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Table 1. Diet nutritional value of cows (g/kg DM).
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	UFL kg DM
	0.79



	PDIN g/kg DM
	82



	PDIE g/kg DM
	79



	FV kg/DM
	0.75



	DCAD mEq/kg DM
	189







UFL—unit for lactation, PDIN—the sum of microbial protein that could be synthesised in the rumen from available N, and the dietary protein undegraded in the rumen but truly digestible in the small intestine, PDIE—the sum of microbial protein that could be synthesised in the rumen from available energy, and the dietary protein undegraded but truly digestible in the small intestine, FV—fill value, DCAD—dietary cation–anion difference.
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Table 2. Composition, chemical analysis, and nutritional value of substrates used in the in vitro experiment.






Table 2. Composition, chemical analysis, and nutritional value of substrates used in the in vitro experiment.





	
Item

	
C

	
DDGS




	
I

	
II

	
III

	
IV






	
Dry matter DM (% of diet)

	
88

	
89.5

	
90.3

	
91

	
91.8




	
Crude protein (% DM)

	
40.41

	
37.83

	
36.49

	
34.63

	
29.40




	
Ether extract (crude fat) (% DM)

	
1.44

	
5.91

	
8.66

	
10.76

	
13.29




	
Crude fibre (% DM)

	
10.03

	
11.31

	
10.88

	
11.11

	
10.35




	
NDF (% DM)

	
30.31

	
36.22

	
38.53

	
41.06

	
43.54




	
ADF (% DM)

	
13.66

	
15.38

	
14.80

	
15.09

	
14.07




	
N-free extract (% DM)

	
56.35

	
50.94

	
48.62

	
47.16

	
49.84




	
Crude ash (% DM)

	
5.39

	
5.88

	
6.07

	
6.20

	
5.95




	
Energy UFL/kg DM

	
10.05

	
10.03

	
10.03

	
10.02

	
10.02




	
feed ingredients (%)




	
Cereal meal (50% barley, 50% wheat)

	
35.7

	
16.8

	
7.4

	
0

	
0




	
Extracted rapeseed meal

	
35.7

	
32.8

	
19.1

	
14.1

	
0




	
Extracted soybean meal

	
28.6

	
14.6

	
14.7

	
8.5

	
0




	
DDGS

	
0

	
35.8

	
58.8

	
77.4

	
100




	
g/100 g of total fat concentration




	
C14:0

	
0.00

	
0.00

	
0.04

	
0.00

	
0.03




	
C15:0

	
0.00

	
0.13

	
0.00

	
0.00

	
0.00




	
C16:0

	
8.13

	
10.67

	
8.32

	
11.08

	
10.58




	
C18:0

	
1.53

	
2.00

	
1.71

	
1.94

	
1.92




	
C20:0

	
0.00

	
0.40

	
0.44

	
0.43

	
0.40




	
C14:1

	
0.00

	
0.00

	
0.00

	
0.00

	
0.04




	
C18:1n9c

	
16.73

	
25.73

	
29.96

	
27.81

	
28.54




	
C18:1n7t

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
C18:2n6c

	
27.71

	
48.88

	
53.79

	
51.95

	
54.31




	
C18:3n3

	
4.19

	
2.45

	
1.68

	
1.59

	
1.16








NDF—neutral detergent fibre, ADF—acid detergent fibre.
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Table 3. Effect of time and the proportion of DDGS included in the substrate on saturated fatty acid levels in ruminal fluid incubated in vitro (n = 8).
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Fatty Acid 1

	
C

	
4 h

	

	
8 h

	

	
24 h

	
SEM

	

	

	




	
DDGS

	
C

	
DDGS

	
C

	
DDGS

	
Significanceof Split-Plot Design




	
I

	
II

	
III

	
IV

	
I

	
II

	
III

	
IV

	
I

	
II

	
III

	
IV

	
Main Plot

	
Sub Plot

	
s

	
t

	
s x t






	
C4:0

	
1.00

	
0.46

	
0.51

	
0.44

	
0.39

	
1.18

	
0.94

	
0.89

	
0.52

	
0.42

	
1.28

	
0.65

	
0.72

	
0.58

	
0.44

	
0.126

	
0.091

	
*

	
NS

	
NS




	
C6:0

	
0.44

	
0.42

	
0.29

	
0.00

	
0.33

	
0.68

	
0.87 a

	
0.59

	
0.00 b

	
0.09

	
1.12

	
0.72

	
1.33

	
0.74

	
0.84

	
0.043

	
0.052

	
*

	
NS

	
NS




	
C11:0

	
0.90

	
0.96

	
0.65

	
0.17

	
0.17

	
1.35

	
0.91

	
2.27 a

	
0.18 b

	
0.77

	
1.15

	
0.67

	
1.17

	
0.38

	
0.59

	
0.133

	
0.120

	
*

	
NS

	
NS




	
C14:0

	
1.61

	
1.70

	
2.00

	
0.63

	
0.50

	
2.29

	
1.65

	
1.13

	
0.60

	
0.59

	
4.49 a

	
3.72 ab

	
1.26 b

	
1.19 b

	
2.20 ab

	
0.253

	
0.262

	
*

	
*

	
NS




	
C16:0

	
18.45

	
19.81

	
21.41

	
17.55

	
18.60

	
21.24

	
17.96

	
18.16

	
17.72

	
17.49

	
20.71 bc

	
24.77 a

	
17.35 c

	
18.24 c

	
19.71 c

	
0.950

	
0.654

	
NS

	
NS

	
*




	
C18:0

	
8.81

	
7.83

	
10.10

	
9.03

	
5.27

	
11.23

	
8.20

	
8.83

	
7.61

	
6.21

	
10.03

	
11.56

	
10.21

	
10.71

	
11.77

	
1.074

	
0.528

	
NS

	
*

	
NS




	
C20:0

	
0.71

	
1.02

	
0.73

	
0.59

	
0.62

	
0.64

	
0.70

	
0.56

	
0.64

	
0.67

	
0.54

	
0.34

	
0.57

	
0.70

	
0.59

	
0.071

	
0.070

	
NS

	
NS

	
NS




	
Σ SFA

	
30.99

	
32.91

	
36.15

	
27.32

	
25.32

	
38.25

	
30.79

	
30.64

	
27.22

	
25.76

	
39.25 ab

	
43.67 a

	
30.64 b

	
32.02 b

	
36.69 ab

	
2.025

	
1.346

	
NS

	
*

	
NS




	
C14:1

	
0.70 ab

	
1.33 a

	
0.47 b

	
0.65 ab

	
0.43 b

	
0.85

	
0.69

	
0.58

	
0.55

	
0.82

	
1.27

	
0.84

	
0.86

	
0.83

	
0.86

	
0.000

	
0.066

	
NS

	
NS

	
*




	
C16:1

	
0.94 b

	
1.75 a

	
0.93 ab

	
0.32 ab

	
0.16 b

	
0.69

	
1.13

	
0.92

	
0.27

	
0.63

	
1.24

	
1.03

	
0.68

	
0.93

	
0.72

	
0.099

	
0.146

	
*

	
NS

	
NS




	
C17:1

	
0.68

	
2.50 a

	
0.00 b

	
1.46

	
0.44

	
0.83

	
2.11

	
1.25

	
0.57

	
1.19

	
1.99

	
0.74

	
1.08

	
0.80

	
0.68

	
0.147

	
0.206

	
NS

	
NS

	
NS




	
C18:1n9c

	
17.82

	
19.10

	
18.78

	
20.28

	
24.34

	
15.08

	
15.18

	
16.58

	
20.65

	
21.27

	
11.28 b

	
17.10 b

	
15.93 ab

	
18.84 ab

	
20.58 a

	
1.295

	
0.864

	
*

	
NS

	
NS




	
C18:1n7t

	
5.69

	
2.03

	
2.25

	
1.66

	
0.67

	
2.27

	
1.24

	
0.80

	
2.10

	
1.60

	
2.11

	
1.71

	
5.20

	
8.45

	
5.27

	
0.587

	
0.637

	
NS

	
*

	
NS




	
C18:2n6c

	
20.58 b

	
20.88 b

	
27.23 ab

	
30.47 ab

	
41.35 b

	
19.82 b

	
22.01 ab

	
30.39 ab

	
36.37 a

	
34.97 a

	
8.76 b

	
26.05 b

	
17.12 b

	
21.17 a

	
18.56

	
1.620

	
1.562

	
*

	
*

	
NS




	
C18:3n3

	
3.25 a

	
1.53 b

	
1.51 b

	
1.48 b

	
1.22 b

	
3.32 a

	
1.67 b

	
1.82 b

	
1.66 b

	
1.28 b

	
1.70

	
2.15

	
1.33

	
1.30

	
0.92

	
0.114

	
0.090

	
*

	
*

	
NS




	
C20:1

	
1.26

	
3.41

	
0.65

	
0.97

	
1.79

	
0.74

	
1.17

	
0.76

	
2.16

	
0.79

	
18.12

	
1.15

	
2.35

	
2.37

	
3.25

	
0.324

	
0.269

	
NS

	
NS

	
*




	
C20:4n6

	
0.24

	
2.98

	
13.51

	
1.86

	
1.08

	
2.26

	
2.27

	
6.83

	
0.00

	
12.83

	
0.00

	
5.27

	
6.86

	
4.86

	
2.39

	
1.381

	
0.627

	
*

	
*

	
NS




	
EPA

	
0.36

	
0.30

	
0.34

	
0.38

	
0.32

	
0.00 b

	
0.37 a

	
0.31 a

	
0.37 a

	
0.37 a

	
0.00 c

	
0.54 a

	
0.37 b

	
0.43 b

	
0.27 b

	
0.023

	
0.011

	
*

	
NS

	
NS




	
Σ UFA

	
50.65 b

	
58.59 ab

	
52.55 ab

	
56.35 ab

	
69.77 a

	
46.73

	
47.92

	
53.52

	
63.07

	
64.13

	
44.10

	
43.99

	
50.36

	
54.88

	
53.60

	
2.715

	
2.152

	
*

	
NS

	
NS








1 g/100 g of total fat concentration; SFA—saturated fatty acids; C, I, II, III, IV—see Table 2 for substrate compositions; SEM—standard error of the mean; t—effects of fermentation time; s—effects of substrate; s x t—the interaction effects between substrate and fermentation time; NS—not significant, * p < 0.05; mean values in rows marked with different lowercase letters (a, b, c) differ significantly at p < 0.05.
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Table 4. Pearson correlation coefficients between fatty acids and DDGS inclusion.
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	Fatty Acid
	4 h
	8 h
	24 h





	C4:0
	−0.253
	−0.217
	−0.101



	C6:0
	−0.098
	−0.015
	−0.073



	C11:0
	−0.127
	−0.276
	−0.203



	C14:0
	−0.308
	−0.637 *
	−0.493 *



	C16:0
	−0.006
	−0.428
	−0.386 *



	C18:0
	−0.130
	−0.487 *
	−0.003



	C20:0
	−0.005
	−0.090
	0.297



	Σ SFA
	−0.149
	−0.572 *
	−0.413 *



	C14:1
	−0.104
	−0.261
	−0.329



	C16:1
	−0.210
	−0.351
	−0.283



	C17:1
	−0.094
	−0.193
	−0.123



	C18:1n9c
	0.277
	0.669 *
	0.288



	C18:1n7t
	−0.234
	0.071
	0.359 *



	C18:2n6c
	0.442 *
	0.766 *
	0.391 *



	C18:3n3
	−0.649 *
	−0.095
	−0.243



	C20:1
	−0.063
	0.478
	0.383 *



	C20:4n6
	0.054
	−0.699 *
	−0.397 *



	EPA
	0.222
	0.830 *
	0.378 *



	Σ UFA
	0.274
	0.704*
	0.275







* Correlation coefficient significant at p < 0.05.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agriculture-13-00763


  
    		
      agriculture-13-00763
    


  




  





media/file0.png





