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In dairy ruminants, a diet supplemented with feed rich in unsaturated fatty acids can be an effective medium to increase the health-promoting properties of milk, although their effect on the pathways/genes involved in these processes has not been properly and completely defined to date. To improve our knowledge of the cell’s activity in specific conditions, next-generation RNA-sequencing technology was used to allow whole transcriptome characterization under given conditions. In addition to this, microRNAs (miRNAs) have recently been known as post-transcriptional regulators in fatty acid and cholesterol metabolism by targeting lipid metabolism genes. In this study, to analyze the transcriptome and miRNAs in goat milk after a supplemental diet enriched with linoleic acid (hemp seeds), next-generation RNA-sequencing was used in order to point out the general biological mechanisms underlying the effects related to milk fat metabolism. Ten pluriparous Alpine goats were fed with the same pretreatment diet for 40 days; then, they were arranged to two dietary treatments consisting of control (C) and hemp seed (H)-supplemented diets. Milk samples were collected at 40 (time point = T0) and 140 days of lactation (time point = T1). Milk fatty acid (FA) profiles revealed a significant effect of hemp seeds that determined a strong increment in the preformed FA, causing a reduction in the concentration of de-novo FA. Monounsaturated and polyunsaturated n−3 FAs were increased by hemp treatment, determining a reduction in the n−6/n−3 ratio. After removing milk fats and proteins, RNA was extracted from the milk cells and transcriptomic analysis was conducted using Illumina RNA-sequencing. A total of 3,835 genes were highly differentially expressed (p-value < 0.05, fold change > 1.5, and FDR < 0.05) in the H group. Functional analyses evidenced changes in metabolism, immune, and inflammatory responses. Furthermore, modifications in feeding strategies affected also key transcription factors regulating the expression of several genes involved in milk fat metabolism, such as peroxisome proliferator-activated receptors (PPARs). Moreover, 38 (15 known and 23 novel) differentially expressed miRNAs were uncovered in the H group and their potential functions were also predicted. This study gives the possibility to improve our knowledge of the molecular changes occurring after a hemp seed supplementation in the goat diet and increase our understanding of the relationship between nutrient variation and phenotypic effects.
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1 Introduction

Cow, goat, and sheep milk have been recognized to give beneficial effects on humans, and over the years, exhaustive activity has been done on milk production as well as on increasing its nutritional components (Ibeagha-Awemu et al., 2016). Lipid composition, in particular, is one of the most important components of the nutritional quality of goat milk. The different caprine fatty acids (FAs) (short- and medium-chain, saturated, branched, mono- and polyunsaturated, cis and trans, conjugated) are potentially involved as positive or negative predisposing factors for the health of human consumers (Parodi, 1999). For example, it is known that conjugated linoleic acid (CLA) plays a protective function against several human diseases such as cancer and cardiovascular diseases and also an important role in maintaining a healthy gastrointestinal tract and in modulating immune function (Conte et al., 2017). As mammals are not able to produce this kind of FAs, it is necessary to integrate CLA into the diet of animals.

In ruminants, the process for the formation of milk fat is complex and under multifactorial regulation; therefore, there are several strategies including nutrition, seasonal feed changes, and genome variation that can be used to achieve increased milk beneficial components (Hanuš et al., 2018).

For years, the use of diets in which milk FA composition has been manipulated (e.g., soybean oil, corn oil, safflower oil, linseed oil, canola oil, marine algae, and fish oil) represented a good approach for the nutraceutical improvement of milk dairy goats, with a potential positive consequence on human and animal health (Savoini et al., 2019). Many factors, such as the type of fat supplementation and the interaction with the rumen microbiome, influence the FA transfer from diet to milk (Chilliard et al., 2000; Chilliard et al., 2003).

In the last few years, there has been an increasing demand for Cannabis sativa L. (hemp), a wind-pollinated annual plant (Mukherjee et al., 2008) grown for its fibers, oil, and seeds. In particular, the main value of hemp seed resides in its fatty acid composition, consisting of two dietary essential fatty acids, namely, linoleic acid (LA; 18:2ω6) and α-linolenic acid (ALA; 18:3ω3) in the ratio of 2.5–3:1, which have been affirmed to be ideal for human nutrition (Simopoulos, 2008). In addition, metabolites such as γ-linolenic acid (GLA; 18:3ω6) and stearidonic acid (SDA; 18:4ω3), present in hemp seed oil, make the nutritional value of hemp seed superior to other seed oils (Leizer et al., 2000). These metabolites are the precursors for longer chain fatty acid synthesis which are involved in many important biological processes (Guil-Guerrero et al., 2010).

In this regard, hemp seeds might be a good and new source of nutrients for livestock (Russo and Reggiani, 2015; Iannaccone et al., 2019); they are rich in oil and proteins and provide a considerable amount of dietary fiber, vitamins, and minerals. Hemp seeds for livestock nutrition have been mainly used to improve the quantity and quality of production: especially in cattle, positive effects were obtained on beef tissue, while in ewes, after hemp seed feeding, the most affected pathways were correlated to the production of energy (Gibb et al., 2005; Iannaccone et al., 2019).

Many studies have investigated the molecular mechanisms involved in mammary lipogenesis and fat secretion in ruminants induced by changes in the diet, providing further knowledge on the network of genes and transcription regulators driving milk fat synthesis (Bauman et al., 2008; Bionaz and Loor, 2008; Harvatine et al., 2009; Kadegowda et al., 2009; Invernizzi et al., 2010; Mach et al., 2011; Mu et al., 2021).

Next-generation RNA-sequencing technology (RNA-Seq) is used for the analysis of the expression of genes in specific conditions providing deeper knowledge of the transcriptomic events under such conditions. Nowadays, next-generation sequencing (NGS) has become increasingly popular also in nutrigenomics investigations in dairy ruminants, providing, for example, more understanding of the regulatory mechanisms underlying the effect of the supplementation on bovine milk fat synthesis and concomitant increase in milk polyunsaturated fatty acids (PUFAs) of benefit to human health (Ibeagha-Awemu et al., 2016).

In goats, different studies have investigated the effect of a variety of feeding strategies on milk fat composition; however, the physiological basis for this particular response is not yet fully understood. For example, the results of the study of Ollier and coworkers (Ollier et al., 2009) showed that milk yield and composition were affected by whole intact rapeseeds or sunflower oil in high-forage or high-concentrate diets but not the mammary mRNA expression of the key genes involved in lactose (e.g., α-lactalbumin), protein (e.g., β-casein), and  lipid metabolism (e.g., lipoprotein, lipase). In addition, transcriptome analysis performed using a bovine oligonucleotide microarray did not provide evidence of treatments inducing significant changes in the expression of specific genes in the mammary gland, suggesting that after the dietary treatment, other factors, such as substrate availability for mammary metabolism, could play an important role in contributing to milk FA responses to changes in caprine diet composition. Also, in the most recent study by Toral et al. (2013) on lactating goats fed sunflower seed oil supplement, the response to the dietary treatments did not seem to be mediated by changes in the mRNA abundance of genes encoding key lipogenic enzymes and the related transcription factors.

On the contrary, diets supplemented with extruded linseed alone or in combination with fish oil in lactating goats showed both to largely change milk FA composition and to have effects on mRNA linked to protein metabolism and transport pathways than to lipid metabolism (Faulconnier et al., 2018).

More recently, the effect of the supplementation with linseed on milk fatty acid composition and gene expression in the mammary gland was evaluated also in dairy ewes. In this case, the linseed supplementation has been shown not only to improve the health and nutritional properties of dairy milk but also to influence the expression of gene networks related to energy balance, RNA binding, circadian rhythm, and metabolism of nutrients (Conte et al., 2021).

MicroRNAs (miRNAs) are a class of small non-coding RNAs 18–25 nt in length that are able to modulate post-transcriptional gene expression through negative regulation or mRNA degradation (Bartel, 2004). In the last few years, thanks to high-throughput sequencing technologies, significant progress has been made in miRNA studies, as evidenced by the 38,589 mature miRNAs available in the miRBase database, release 22.1 (Kozomara et al., 2019).

The miRNAs play an important role in the processes of cell differentiation, biological development, and physiology also in farm animals, including the regulation of muscle development and hypertrophy, adipose tissue growth, oocyte maturation, and early embryonic development (Wang et al., 2013).

Lactating mammary gland miRNAs were characterized in ruminants, such as buffalo (Cai et al., 2017), goat (Mobuchon et al., 2015; Xuan et al., 2020), sheep (Hao et al., 2020; Wang et al., 2021), and cattle (Li et al., 2012; Wang et al., 2016; Billa et al., 2019), highlighting the miRNAs related to pregnancy and the different lactating and non-lactating periods. miRNAs play key roles also in the regulation of milk fat synthesis and catabolism in ruminants (Chen et al., 2018; Dysin et al., 2021). Furthermore, the role of miRNAs as regulators of bovine milk protein and milk fat synthesis affected by the diet was recently reported (Wang et al., 2018).

However, despite the growing number of studies (Lu et al., 2021), the specific mechanism of action of miRNAs remains to be more deeply explored to fully comprehend milk fat metabolism mechanisms in ruminants. In the papers cited above, transcriptome and miRNAs were often studied together, thus characterizing the interaction between mRNA and miRNAs.

In our two previous studies, we have investigated the effect of hemp seeds on milk production, energy and nitrogen balance, methane emissions (Rapetti et al., 2021), and rumen microbiome (Cremonesi et al., 2018) in dairy goats. The objectives of this study were to i) evaluate the effect of a diet enriched with hemp seeds on goat milk composition, ii) identify changes in goat milk transcriptome and miRNA, and (iii) determine the general biological mechanisms induced by the diet.



2 Materials and Methods


2.1 Ethics Statement

The University of Milan Ethics Committee for animal use and care (authorization 88/14, 29 January 2014) approved the animal procedures; experiments were managed in accordance with the guidelines of the Italian law on animal welfare for experimental animals (Legislative Decree 116/92).



2.2 Animals and Diet Treatment

The study was conducted at the Research Center “Cascina Baciocca” at Cornaredo (Milan) of the University of Milan (Italy). The procedures for animal management were reported in our previous papers on the same group of animals (Cremonesi et al., 2018; Rapetti et al., 2021). In particular, for this study, 10 secundiparous Alpine goats previously selected as unaffected by caprine arthritis encephalitis virus (CAEV) and mastitis and with similar phenotypic and genetic traits were randomly divided into two groups with different dietary treatments. The treatments were arranged to evaluate the main effects of a dietary lipid supplementation with hemp seed (35.7% EE on a DM basis), on milk transcriptome and lipid metabolism as follows: control diet (C) and a diet supplemented with 9.4% on DM of hemp seed (H). In order to balance the fat supplementation in the experimental diets, corn flakes (18.6%) and solvent soybean meal (6.6%) were included in the C diet. The diet composition has been reported in detail in Cremonesi et al. (2018).

The animals were fed for 40 days with a transition diet (time point = T0) administered after the calving diet that was used for about the first 10 days of lactation. The transition diet was very similar to the control diet fed in T1, but with a slightly higher forage to concentrate ratio (51/49 vs. 49/51, for T0 and T1, respectively). Thereafter, until 140 ± 7 days of lactation (T1), goats were fed different rations corresponding to different dietary treatments. During the entire experiment, the goats had free access to water and were fed twice daily (08:30 a.m. and 17:30 p.m.).



2.3 Milk Sample Collection

Individual milk samples for milk yield and composition analysis were collected three times during the last week of the transition diet (DIM = 43, on average) and three times during the last week of the experimental diet administration (DIM = 137, on average).

At the two time points (T0 and T1), 2 h later (2H) after morning milking (MM), the milk samples were collected for transcriptomic analysis, based on goat milk somatic cell viability previously described in Turri et al. (2015). Briefly, these analyses have revealed that the percentage of viable cells in milk increased significantly from MM to 2H samples (63.97 ± 2.35a and 77.01 ± 2.25b, respectively). Moreover, the kind of milking did not affect the number of somatic cells (neutrophils: MM = 54.7 ± 2.9, 2H = 55.6 ± 3.5; macrophages: MM = 3.9 ± 0.3, 2H = 4.1 ± 0.4; and epithelial cells: MM = 5.7 ± 0.8, 2H = 6.6 ± 1.0).

For transcriptomic analysis, 100 ml of the milk samples collected from the two half-udders 2 h later after the MM were transferred to falcon tubes and instantly chilled on ice and transferred within 1 h to the molecular laboratory. Then the samples were centrifuged at 750×g at 4°C for 10 min. The fat layer and the supernatant were discarded, and the cell pellet was then resuspended and washed twice in phosphate-buffered saline solution (PBS) pH 7.2 (Invitrogen, Milan, Italy). After centrifugation at 450×g for 10 min, the supernatant was discarded and the pellet was resuspended in 3 ml of TRIzol (Invitrogen, Milan, Italy) and stored at −80°C until the RNA extraction.



2.4 RNA Extraction

Total RNA was extracted from at least 106 of milk somatic cells with TRIzol reagent (Invitrogen, Milan, Italy), following the instructions of the supplier (Invitrogen, Milan, Italy) and then analyzed with the Agilent Bioanalyzer 2100 for quantification and evaluation of quality and purity (only high-quality RNA with RIN greater than 7 and A260/280 ratio greater than 1.8 was used in the transcriptomic analysis).



2.5 Fatty Acid Profile

The fatty acid composition of individual milk samples was determined by gas chromatography (GC) after base-catalyzed transesterification of fat as described in De Noni and Battelli (2008).



2.6 Library Preparation and Sequencing

For RNA-Seq analysis, 1 μg of total RNA was used for library construction. Libraries were generated using the Illumina TruSeq® RNA Sample Preparation v2 Kit (Illumina, Inc., San Diego, CA, USA) according to the manufacturer’s instructions using poly(A) enrichment. Libraries were quality-checked and quantified on Agilent 2200 TapeStation, High Sensitivity D1000 (Agilent, Inc., Santa Clara, CA, USA). The samples were then used for cluster generation and subsequent sequencing on Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA, USA), and 100-base paired-end reads were generated.

For miRNA-Seq analysis, small RNA libraries were generated using the Illumina TruSeq Small RNA Preparation kit (Illumina, Inc., San Diego, CA, USA) according to the manufacturer’s instructions. Libraries were quality-checked and quantified on Agilent 2200 TapeStation, High Sensitivity D1000. A pool of libraries was then size-selected by the Pippin Prep system (Sage Science, MA, USA) to recover the 125- to 167-nt fraction containing mature miRNAs. The pool was then used for cluster generation and subsequent sequencing on Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA, USA), and 50-base single reads were generated.



2.7 Bioinformatic Analysis

For RNA-Seq analysis, raw data were trimmed using Trimmomatic (Bolger et al., 2014). Sequences were aligned to the goat reference genome version 1.0 using STAR_2.3.0 (Dobin et al., 2013). Subsequently, HTSeq-count (Anders et al., 2015) was used to count sequences aligned to each gene. The software package edgeR of Bioconductor (Robinson et al., 2009) was used to estimate differentially expressed genes (DEGs). Cluster analysis was performed with Genesis (Sturn et al., 2002).

For miRNA-Seq analysis, miRNA detection and discovery were carried out with miRDeep2 on Illumina high-quality trimmed sequences. Capra hircus miRNAs available at MirBase (http://www.mirbase.org/) were used to accomplish known miRNA detection on the trimmed sequences. Known miRNAs from related species (sheep, cow, and horse) available at MirBase were also input into miRDeep2 to support the individuation of novel miRNAs.

The miRDeep2 quantifier module was used to quantify expression and retrieve counts for the detected known and novel miRNAs. Differential expression analyses were run with the Bioconductor edgeR package (Sturn et al., 2002). Enrichment analysis of DEGs was performed using pathfindR (Ulgen et al., 2019). Box plot graphics were obtained via the online version of BoxPlotR (http://shiny.chemgrid.org/boxplotr/).



2.8 Statistical Analysis

Data of milk production and composition within each time point were averaged by goat by the MEANS procedure of SAS (SAS version 9.4, SAS Institute, Cary, NC, USA) (SAS Institute Inc, 2013); then, for each time point, the data were analyzed using the generalized linear model procedure of SAS (SAS version 9.4, SAS Institute, Cary, NC, USA) (SAS Institute Inc, 2013) with the following model:

	

where Y is the dependent variable, µ is the overall mean, Ti is the treatment effect (i = 1, 2), and ei is the residual error. Least squares mean estimates were reported. For all statistical analysis, significance was declared at p <0.05 and trend at p <0.1.

Principal component analysis (PCA) was performed using Genesis version 1.8.1 (Sturn et al., 2002).



2.9 Validation of Gene Expression by Real-Time qPCR

To validate the RNA-Seq data, a subset of genes, randomly selected—such as fatty acid synthetase (FAS); acyl CoA diacylglycerol acyltransferase enzyme (DGAT2); retinoid X receptor alpha (RXRA); retinoic acid receptor alpha (RARA); JunB proto-oncogene, AP-1 transcription factor subunit (JUNB); low-density lipoprotein receptor (LDLR); lipin 2 (LPIN2); interleukin-1 receptor type 2 (IL1R2)—and two housekeeping genes, namely, ribosomal protein S9 (RPS9) and keratin 8 (KRT8), were analyzed. All primers were designed by using the specific sequences and the Primer Express® Software v2.0 (Supplementary Table 1). A pool of RNAs from H and C animals in the two time points (T0 and T1) was retrotranscribed with SuperScript™ II Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s instructions. Quantitative real-time polymerase chain reaction was carried out on cDNAs with 7900HT Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA). Reactions were done in 10-µl volumes containing 0.5 µl of each forward primer and 5 µl of each reverse primer, 4 µl of cDNA, and 5 µl of SYBR™ Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. Negative controls using water in place of the sample were performed alongside each reaction. RT-PCR reaction was run using the cycling parameters of 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min. Relative expression levels were calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001).



2.10 Functional Annotation and Pathway Analyses of Differentially Expressed Genes

For RNA-Seq, functional analysis of the DEGs was performed using pathfindR, an R package for the comprehensive identification of enriched pathways in omics data (Ulgen et al., 2019). Human homologous differentially expressed miRNAs (DE-miRNAs) were analyzed using miRWalk2.0 to attribute target genes. Finally, functional analysis for miRNA target mRNAs was performed using pathfindR.




3 Results


3.1 Effect of Treatments on Milk Fat/Protein Percentages and Individual Fatty Acid Profiles

No significant differences were observed at T0 in milk yield and milk FA composition, confirming that the two groups of animals were homogeneous in terms of milk quality.

As shown in Table 1, milk production was on average 2.15 kg/day without differences among diets. FPCM, crude protein, protein yield, MUL, and linear score were not affected by the diet.


Table 1 | Effect of the experimental diets on milk yield and composition at time point T1.



Milk fat was influenced by dietary lipid supplementation, showing an increment of the fat % (+25%) (p-value = 0.027) in the goats fed the H diet as compared to those fed the C diet.

The administration of the two different rations caused the change in the fatty acid profile of milk fat of goats receiving rations supplemented with hemp seed, changing its nutritional and nutraceutical values after diet differentiation (T1) (Table 2). The hemp diet, characterized by higher concentrations of LA and ALA than the control diet (+52% and +28% for LA and ALA, respectively), determined an increase of the most abundant long-chain FA in milk, particularly stearic (+118%) and oleic (+48%) acids. Concerning FA with nutraceutical value, hemp treatment increased the concentration in milk of CLA (0.32% vs. 0.44%, p-value = 0.054) and ALA (0.46% vs. 0.60%, p-value < 0.001). The latter contributed to an increase in PUFA n−3 concentration (+34%), reducing the n−6/n−3 ratio (4.43 vs. 3.50, for C and H, respectively; p-value = 0.004). On the other hand, the milk produced by the goats fed with the H diet resulted in lower de-novo FA concentration, particularly capric (−27%), lauric (−44%), myristic (−31%), and palmitic (−31%) acids.


Table 2 | Milk fatty acid (FA) composition (g/100 g of total FA) at time point T1.





3.2 RNA-Seq Results


3.2.1 RNA-Seq Output

RNA-Seq was obtained from milk somatic cells (MSCs) isolated from five animals for each diet (C and H) and time point (T0 and T1). An average of 15.3 million counts/sample, generated by RNA-Seq analysis, was mapped against the goat reference genome (CHIR_1.0 GenBank assembly accession: GCA_000317765.1, ftp://ftp.ncbi.nih.gov/genomes/Capra_hircus). The principal component analysis (PCA) clearly separated four out of five animals fed with the hemp diet from the other samples (PC1 = 42.95%) (Figure 1). Other animals from C at T1 were also close to H at T1, likely indicating an effect on transcriptomics occurring during time-course lactation.




Figure 1 | Principal component analysis describing the 13,063 mRNAs expressed in milk somatic cells (MSCs) from the five goats fed with the control (C, square) diet and five goats fed with the hemp seed (H, circle) diet at the two time points (T0 and T1).



When the DEGs were determined between time points, animals given hemp supplementation showed a highly reshaped gene expression [3,835 DEGs in T1 vs. T0, with p-value < 0.05, fold change > 1.5, and false discovery rate (FDR) < 0.05], whereas the control animals showed a limited number of DEGs (374 DEGs in T1 vs. T0, with p-value < 0.05, fold change > 1.5, and FDR < 0.05), probably related to the different animal lactation stages rather than diet (Supplementary Files 1, 2). In fact, most of the DEGs (318 of 374 DEGs) found in the control animals were similarly differentially expressed between the two time points in H animals (Figure 2).




Figure 2 | Venn diagram representing the intersection between the list of differentially expressed genes (DEGs) (p-value < 0.05 and FDR < 0.05) in milk somatic cells (MSCs) from goats fed with the hemp seed (H) diet and control (C) diet in the two time points (T0 and T1).





3.2.2 miRNA-Seq Output

An average of 3.5 million counts/sample, generated by miRDeep analysis, was obtained from the comparison of the triplicate of the H and C animals.

In total, 1,175 unique miRNAs were detected in MSCs using miRDeep2. Among these, 406 were known C. hircus miRNAs, 276 were homologous of known miRNAs from other species, and 493 were new candidate miRNAs (Supplementary File 3).

Thirty-eight (15 known and 23 novel, respectively) were DE-miRNAs after diet conversion for the H animals, whereas the control animals showed 17 DE-miRNAs (10 known and 7 novel, respectively) (Supplementary File 4, Table 3).


Table 3 | Differentially expressed miRNAs (DE-miRNAs) in milk somatic cells (MSCs) from animals given the hemp (H) and control (C) diets in the two time points (T0 and T1).





3.2.3 Functional Categorization of DEGs and Bioinformatic Pathway Analysis

The effect of diet with H supplements versus control animals on biological response was studied to identify functions and pathways that were most affected after 3 months of feeding the experimental diets.

Functional analysis of the 3,835 (H) and 374 (C) DEGs showed 137 and 66 pathways that were significantly enriched from the H and C diets, respectively (Supplementary File 5). The top 15 significant pathways enriched in both diets are shown in Figure 3.




Figure 3 | The 15 most significant pathways identified in goats fed with hemp seeds (H) plot (A) and the control (C) group plot (B) in the time course (T0 and T1) and after a comparison between the two diets plot (C).



Fifty-eight significant pathways were together altered in the H and C animals, showing a similar reshaping of their transcriptome during the experimental time course probably related to the progression of lactation, even though the H diet seemed to highly increase the intensity and the number of genes involved in pathway regulation (Supplementary File 5).

The predicted functional landscape of differentially expressed genes in the two groups was prevalently associated with the regulation of immune response (Figure 3, Supplementary File 4). In addition, the peroxisome proliferator-activated receptor (PPAR) signaling was observed to be enriched in the pathway analysis, where the H diet influenced the genes indirectly associated with PPARα signaling. The gene regulation by peroxisome proliferators via the PPAR(alpha) pathway in the H and C animals in the time course (T0 and T1) is shown in detail in Figure 4.




Figure 4 | Mechanism of gene regulation by peroxisome proliferators via the PPAR(alpha) pathway: the genes involved in the pathway are reported in red (upregulated) or green (downregulated) for the hemp diet plot (A) and the control diet plot (B) in the time course (T0 and T1) and after a comparison between the two diets plot (C).



In the case of miRNA results, the Gene Ontology (GO) analysis for target genes resulted in the enrichment of immune response pathways for the H diet (Supplementary Table 3, Supplementary File 6). Moreover, in animals given the H diet, the PPAR pathway was highly enriched in the GO analysis, with many putative miRNAs targeting genes regulated by the peroxisome proliferators via PPAR(alpha).




3.3 Real-Time qPCR Validation of RNA-Seq Results

A subset of DEGs (FAS, RXRA, RARA, JUNB, LDLR, PLIN2, IL1R2, and DGAT2) after diet conversion for the H animals was randomly selected and validated by qPCR, using RPS9 and KRT8 as reference genes (Supplementary Table 2).

The supplementation with hemp seeds impacted the transcriptomics of these genes showing a higher expression compared to the control diet (Figure 5A), and real-time qPCR validated the RNA-Seq results, showing also in this case a higher expression in animals fed hemp seeds for all the genes tested (Figure 5B).




Figure 5 | (A) Box plot of RNA expression (normalized read count) and (B) real-time qPCR expression (fold change) for a subset of DEGs (FAS, RXRA, RARA, JUNB, LDLR, PLIN2, IL1R2, and DGAT2) in the hemp (H) and control (C) groups at T1. Ribosomal protein S9 (RPS9) and keratin 8 (KRT8) were used as reference genes.






4 Discussion

The availability of “omics” technologies in nutritional research in ruminants has led to greater knowledge of how nutrients can affect the animal at the cellular level, where nutrients and bioactive compounds in diets can indirectly interact with the genome through mediators as transcription factors (Osorio and Moisa, 2019). Feeding is the most possible approach to produce changes in the milk FA profile of ruminants at the mammary gland level, improving milk quality. In our study, hemp seed supplementation affected milk FA composition, showing higher concentrations of LA, ALA, stearic and oleic acids, and CLA, compared to the non-supplemented group, as reported in Table 2.

Recently, hemp seed supplementation in dairy animal feeding has been described as a way of transferring bioactive substances to milk for human consumption (Bailoni et al., 2021). In agreement with the results obtained by Cozma and coworkers who evaluated the effect of hemp seed oil in Carpathian goats (Cozma et al., 2015), also in our study, the lipid supplementation with hemp seeds did not affect goat milk yield. In addition, these authors found a significant increase in the PUFA concentrations in milk produced by goats supplemented by hemp seed oil, without an effect on n−3 fatty acid contents. It was found that the content of cis-9 and trans-11 CLA increased on average during the experimental period, reaching the peak during the second week of oil supplementation but then decreasing from the third week. In our work, an increase in milk fat of long-chain (>16:0) fatty acids in the H group was observed, especially for CLA, ALA, and PUFA n−3 concentrations, which are beneficial to human health (Cozma et al., 2015; Dixit et al., 2015), without adversely affecting goat performance or health.

As previously described (Al-Khalaifah, 2020), dietary FA supplementations were able to modulate not only metabolic but also inflammatory and immune processes, both through direct action on receptors and transcription factors and through their bioactive oxygenated metabolites, and in-vivo and in-vitro (Agazzi et al., 2004; Thanasak et al., 2004; Bronzo et al., 2010; Lecchi et al., 2011) studies demonstrated, in general, positive effects on immune functions.

The present study pointed out that among the top 15 significant pathways enriched in the H animals, the “MAPK signaling pathway,” “T cell receptor signaling pathway,” “mechanism of gene regulation by peroxisome proliferators via PPAR(alpha),” and “keratinocyte differentiation” were the most represented (Figure 3).

In particular, in “MAPK signaling pathway,” hemp supplementation influenced the expression of 28 genes that were all overexpressed, while only one (MYC) gene was downregulated. MAPK genes are mainly involved in driving cellular responses to a wide range of stimuli, such as mitogens, osmotic stress, heat shock, and pro-inflammatory cytokines (Guo et al., 2016). They control cell functions which comprise apoptosis, mitosis, gene expression, proliferation, differentiation, and cell survival.

The “T cell receptor signaling pathway,” involved in the functioning of T cells and the formation of the immunological synapse, showed 11 upregulated and 5 downregulated genes in H goats, while the “mechanism of gene regulation by peroxisome proliferators via PPAR(alpha)” and “keratinocyte differentiation” pathways revealed 13 and 17 overexpressed and 6 and 1 downregulated genes in the H animals, respectively. The first pathway is involved in the catabolism and homeostasis of the lipids stimulating beta-oxidation of fatty acids, while the second is involved in the regulation of keratinocyte differentiation and the function of the skin barrier.

These four pathways share JUN, FOS, NFKB1, and NFKBIA genes, all overexpressed following hemp diet supplementation. JUN plays a role in cell proliferation, cell survival, and apoptosis, and it has been recently described as involved in lipid accumulation by binding directly to the SREBF1 promoter (Rincon et al., 2001). Moreover, the activation of FOS and JUN occurs as a downstream event of three MAPK signaling pathways (Marion-Letellier et al., 2015) with a key role in signal transduction by gene transcription modulation in the nucleus after changes in the cellular environment.

Interestingly, FAs can target NFKB that regulates key genes (such as NFKB1 and NFKBIA) implicated in inflammatory processes such as cytokines, chemokines, adhesion molecules, and matrix metalloproteinases (DeWille et al., 1979), confirming previously well-described results (Hwang, 1989; Bronzo et al., 2010).

Hemp diet supplementation is also able to modulate the PPARs; these are well-studied receptors in ruminants (Burris et al., 2013), where they are found to be key regulators of lipid and carbohydrate metabolism (Anthos et al., 2021), development, growth, and inflammatory responses (Faulconnier et al., 2018; Anthos et al., 2021).

In goats, PPARs showed their ability to be initialized by dietary fatty acids in different tissues (e.g., liver, skeletal muscle, mammary gland, adipose, immune cells) (Agazzi et al., 2010): in this species, PPARγ has been associated with adipogenic effects in the mammary gland (Coyne et al., 2008), while PPARα has been associated with FA oxidation in the liver during the transition period (Gonzalez-Calvo et al., 2014).

In particular, in our study, the PPAR signaling pathway was modulated by diet supplementation via PPARα. In the animals fed hemp seeds, the genes PIK3CG, NFKBIA, NCOR2, PTGS2, TNF, PRKAR1A, CREBBP, PRKCB, NCOR1, ACOX1, RELA, EP300, RXRA, SP1, and JUN were upregulated, while MYC, HSD17B4, EHHADH, PRKACB, DUT, and PRKCA were downregulated.

As previously described, PPARs are activated by various FAs that bind the ligand-dependent activation function present in the PPAR structure, and thus, they serve as major transcriptional sensors of fatty acids (Wolfrum et al., 2001). According to Wolfrum and coworkers (Wolfrum et al., 2001), the higher concentration of LA and ALA in goats fed with the hemp-supplemented diet makes the PUFAs potent agonists to the PPARα gene. Moreover, a significant upregulation of PPARα gene expression in the liver of goats fed the high ALA diet has been described by Ebrahimi et al. (2015), suggesting that PPARα is the key messenger responsible for the translation of nutritional stresses into changes in hepatic gene expression. In a more recent work on goat mammary cells (Vargas-Bello-Pérez et al., 2019), PPARs revealed an indirect role in PUFA regulation of milk fat-related genes showing their permissive effect for trans10-cis12-CLA and a blocking effect for DHA. In our work, the significant effect of hemp treatment on the increase of PUFA n−3 can explain the upregulation of PPARα, as reported by Hassan et al. (2021). Moreover, the inhibitory effect of PUFA n−6 on PPAR receptor signaling reported by these authors was not observed in our trial because the differences between treatments in terms of PUFA n−6 concentration in milk were very small and not significant. On the other hand, unlike what was previously reported in cows (Ebrahimi et al., 2015), in our experiment, we did not observe any downregulation of lipogenic genes, as demonstrated also by the total amount of de-novo FAs synthesized in the mammary gland that was very similar between treatments. In fact, the differences observed in terms of their concentration were counterbalanced by the higher total milk fat percentage. The results obtained in this study explain only partially the mechanism of action of hemp seeds for FA secretion in goats; the modulation of gene expression may involve a huge number of biochemical processes and genes, as previously reported (Ollier et al., 2009; Conte et al., 2021).

Even epigenetic mechanisms play a significant role as mediators of nutrient–gene interactions in ruminants with implications in ruminant nutrition and physiology that are only now beginning to be discovered. Among the various epigenetic mechanisms, non-coding RNAs and, in particular, microRNAs have been extensively studied in recent years in ruminants, especially in cattle (Wang et al., 2012; Wang et al., 2013; Koufariotis et al., 2015). Furthermore, recent studies have indicated that miRNAs are an important regulator of fat synthesis and lipolysis (Lu et al., 2021).

In our study, we uncovered 38 differentially expressed miRNAs in goats fed the hemp seed diet. Interestingly, as reported in Supplementary Table 3, the pathway analysis of putative miRNA target genes revealed the same pathways related to immunity and lipid metabolism that were significantly enriched by the H diet in the transcriptome analysis, e.g., “MAPK signaling pathway” and “mechanism of gene regulation by peroxisome proliferators via PPAR(alpha),” confirming the role of the identified miRNAs as mediators of nutrient–gene interactions in ruminants.

For instance, in our study, miR-15b-5p, involved in the “mechanism of gene regulation by peroxisome proliferators via PPAR(alpha),” was downregulated by the H diet (Table 3). miR-15b has been described as a regulator of lipid metabolism in caprine mammary epithelial cells, where inhibition of miR-15b expression increased lipid content in mammary epithelial cells through elevation of the lipid synthesis enzyme fatty acid synthetase (FASN), and the overexpression of miR-15b reduced lipid content in mammary epithelial cells with decreasing levels of FASN (Chu et al., 2018).

Another miRNA we found down-expressed in the H animals, miR-454, was recently described as a regulator of triglyceride synthesis in bovine mammary epithelial cells by means of a direct interaction with PPARγ (Zhang et al., 2019). Triglycerides account for 99% of milk fat and play a central role in determining dairy product quality. In the work of Zhang and coworkers (Zhang et al., 2019), both the mRNA and protein levels of PPARγ were negatively correlated with miR-454 expression. Moreover, triglyceride production was inversely correlated with miR-454 expression.

In a study conducted by Mobuchon et al. (2015) on miRNA expressed in lactating goat mammary gland, the genome position analysis showed that 114 caprine miRNAs were located within known bovine quantitative trait locus (QTL) regions for milk production and composition. Among these, mir-1271, located in BTA 7; mir-338, located in BTA 19; and miR-154a, located in BTA 21, were associated with QTL for milk fat percentage and content, whereas miR-425, located in BTA 22, was associated with QTL for milk fat yield. In our work, these four miRNAs were found to be differentially expressed in animals fed the H diet.

Other pathways identified for putative miRNA target genes were related to immunity functions (Table S3).

Accumulating evidence suggests that miRNAs are an important part of the complex regulatory networks that control the processes of immune cells (Dysin et al., 2021). For instance, miR-146a, found in our study to be differentially expressed in animals fed the H diet and involved in many immunity-related pathways, is a well-studied miRNA involved in immune responses initiated by Toll-like receptor signaling pathways and regulates nuclear transcription factor kappa B (NF-κB) activation (Lai et al., 2020). Previous studies had already shown that miR-146a expression in bovine mammary gland tissues was significantly increased in cases of mastitis caused by Staphylococcus aureus, Escherichia coli, or mixed bacterial infection (Wang et al., 2016), supporting the hypothesis that bovine miR-146a regulates the secretion of inflammatory cytokines in bovine mammary epithelial cells (Wang et al., 2017).

Likewise, miR-144, found differentially expressed in animals fed the H diet, has been described to be upregulated in the mammary gland infected with S. aureus and downregulated in the mammary gland infected with E. coli, identifying a total of 31 potential target genes involved in immunity (Luoreng et al., 2018). In our work, we found miR-144 involved in 23 pathways, including EGF signaling, MAPK signaling, and MAPK inactivation of SMRT corepressor pathways.

Moreover, miR-15a, involved in our study in as many as 28 pathways, was described as controlling functions that regulate the inflammation and differentiation of immune cells (Calin et al., 2008; Moon et al., 2014; Chen et al., 2019) as well as mediating the differentiation of adipocytes in goats, thus suggesting also a role in stimulating the synthesis of milk fat (Chen et al., 2016).

In conclusion, hemp seed supplementation in dairy goats increased monounsaturated and polyunsaturated n−3 FAs, determining a reduction in n−6/n−3 ratio. Therefore, feeding goats with hemp seed supplementation increases the functional and nutraceutical properties of milk, making it more useful for human consumption and health.

In addition, this diet caused changes in the genes involved in metabolism, immune, and inflammatory responses. In particular, modifications in feeding strategies affected also key transcription factors regulating the expression of several genes involved in milk fat metabolism, such as PPAR signaling. Finally, the identified differentially expressed miRNAs play a role as mediators of gene–nutrient interactions, acting on the same functional pathways of the differentially expressed genes.
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Fatty acid Diet SEM p-value

c H
4:0, butyric acid 2.050 2.351 0.112 0.107
0, caproic acid 2372 2.322 0.087 0.700
:0, enanthic acid 0.041 0.067 0.028 0.536
0, caprylic acid 2.667 2.371 0.130 0.158
:0, pelargonic acid 0.080% 0.054° 0.008 0.051
10:0, capric acid 10.477° 7.625° 0.393 0.002
10:1, caproleic acid 02122 0.164° 0.009 0.009
11:0, undecanoic acid 0.1512 0.073° 0.009 <0.001
12:0, lauric acid 5.545% 3.087° 0.254 <0.001
12:1, lauroleic acid 0.091% 0.033° 0.091 0.012
iso 13:0, iso-tridecanoic acid 0.026 0.022 0.003 0.375
anteiso 13:0, ante iso-tridecanoic acid 0.056% 0.027° 0.006 0.016
13:0, tridecanoic acid 0.139% 0.079° 0.004 <0.0001
iso 14:0, iso-myristic acid 0.137 0.141 0.009 0.793
14:0, myristic acid 11.726% 8.146° 0.460 0.001
14:1 cis-9 (n-5), myristoleic acid 0.1822 0.099° 0.016 0.010
iso 15:0, iso-pentadecanoic acid 0.305% 0.259° 0.012 0.035
anteiso 15:0, ante iso-pentadecanoic acid 0.456% 0.374° 0.017 0.015
156:0, pentadecanoic acid 11442 0.857° 0.021 <0.0001
15:1, pentadecenoic acid 0.325 0.296 0.019 0.318
iso 16:0, iso-palmitic acid 0.070% 0.050° 0.005 0.031
16:0, palmitic acid 28.287° 19.587° 0.800 <0.001
16:1 cis-9 (n-7), palmitoleic acid 0.924% 0.655° 0.050 0.009
iso 17:0, iso-heptadecanoic acid 0.337 0.343 0.018 0.803
anteiso 17:0, ante iso-heptadecanoic acid 0.216 0.228 0.0156 0.585
17:0, heptadecanoic acid 0.830% 0.599° 0.022 <0.001
17:1 cis-9, cis-9 heptadecenoic acid 0.199 0.151 0.018 0.115
iso 18:0, iso-stearic acid 0.045 0.037 0.007 0.489
18:0, stearic acid 7.260% 15.878° 0.613 <0.001
18:1 trans-6/7/8, trans-6,7,8-octadecenoic acid 0.085% 0.221° 0.021 0.003
18:1 trans-9, elaidic acid 0.153% 0.288° 0.012 <0.001
18:1 trans-10, trans-10-octadecenoic acid 0.190% 0.465° 0.020 <0.0001
18:1 trans-11, trans-vaccenic acid 0.641% 1.098° 0.033 <0.0001
18:1 trans-12, trans-12-octadecenoic acid 0.1442 0.540° 0.031 <0.0001
18:1 trans-13/14, trans-13/14-octadecenoic acid 0.193 0.315 0.040 0.074
18:1 trans-16, trans-16-octadecenoic acid 0.148% 0.588° 0.049 <0.001
18:1 cis-9 (n-9), oleic acid 14.980% 22.098° 0.946 <0.001
18:1 cis-11, cis-vaccenic acid 0.534 0.485 0.035 0.363
18:1 cis-12, cis-12-octadecenoic acid 0.2142 0.514° 0.026 <0.001
18:1 cis-13, cis-13-octadecenoic acid 0.051% 0.077° 0.004 0.008
18:1 cis-15, cis-15-octadecenoic acid 0.0622 0.155° 0.012 0.001
18:2 cis-9 trans-12, linoleadic acid 0.539* 1.048° 0.029 <0.0001
18:2 cis-9 trans-11 (CLA), rumenic acid 03222 0.439° 0.034 0.054
18:2 cis-9 cis-12 (n-6), linoleic acid 2.221 2.332 0.112 0.509
18:3 cis-9 cis-12 cis-15 (n-3), o-linolenic acid (ALA) 0.460% 0.604° 0.017 0.001
18:3 cis-6 cis-9 cis-12 (n-6), y-linolenic acid (GLA) 0.028 0.033 0.004 0.485
20:0, arachidic acid 0.168% 0.317° 0.017 <0.001
20:1 cis-11 (n-9), eicosenoic acid 0.007 0.007 0.002 0.967
20:2 cis-11,14 (n-6), eicosadienoic acid 0.024 0.036 0.009 0.385
20:3 cis-8,11,14 (n-6), dihomo-y-linolenic acid 0.034 0.025 0.009 0.507
20:3 cis-11,14,17 (n-3), eicosatrienoic acid 0.010 0.039 0.023 0.426
20:4 cis-5,8,11,14 (n-6), arachidonic acid 0.002 0.003 0.001 0.673
20:5 cis-5,8,11,14,17 (n-3), EPA 0.032 0.038 0.002 0.138
22:0, behenic acid 0.004 0.007 0.001 0.101
22:1, erucic acid 0.165 0.101 0.023 0.099
22:5 cis-4,8,12,15,19 (n-3), cuplanodonic acid 0.005% 0.002° 0.001 0.040
22:6 cis-4,7,10,13,16,19 (n-3), DHA 0.016 0.018 0.002 0.570
24:0, lignoceric acid 0.011 0.011 0.002 0.971
24:1, nervonic acid 0.002 0.007 0.003 0.264
¥ SFA 72.804% 63.360° 1.332 0.002
% MUFA 20.044% 29.405° 0.947 <0.001
% cis-MUFA 17.948 24.842° 1.035 0.003
% trans-MUFA 2.096* 4.563° 0.132 <0.001
= PUFA 3.173 3.586 0.132 0.069
= PUFA (n-6) 2.327 2.446 0.119 0.504
= PUFA (n-3) 0.524% 0.701° 0.025 0.002
n-6/n-3 ratio 4.432% 3.499° 0.142 0.004
= BCFA 1.649 1.481 0.0718 0.151
T iso BCFA 0.920 0.852 0.046 0.338
% anteiso BCFA 0.728% 0.629° 0.0278 0.045
OIAR 0.954* 1.001° 0.014 0.059
DI 0.015 0.012 0.001 0.118
<16:0* 66.543* 48.085° 0915 <0.001
>16:0° 31.260° 49.803° 0.831 <0.001

Different letters (a, b) in the same row correspond to statistically different values (p < 0.05).

C, control diet; H, hemp seed diet; CLA, conjugated linokeic acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; SFA, saturated linear chain fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; BCFA, branched-chain fatty acids; OIAR, ratio of odd-iso to odd-anteiso FA: (iso 15:0 +iso 17:0)/(anteiso 15:0 + anteiso
17:0); D, desaturation index (cis-9 14:1/14:0 + cis-9 14:1).

le-novo fatty acids calculated according to Fievez et al. (2012).

reformed FA calculated according to Chilliard et al. (2003) and Fievez et al. (2012).
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OEBPS/Images/table1.jpg
Fatty acid

Diet

SEM

p-value
Cc H
Milk yield, kg/day 2.15 215 0.213 0.972
FPCM, kg/day 1.89 219 0.239 0.396
Fat, % 2.84% 3.55° 0.197 0.027
Fat yield, g/day 61.50 77.71 9.189 0.240
Crude protein, % 3.29 3.27 0.071 0.901
Protein yield, g/day 70.82 70.02 7.039 0.938
Lactose, % 4317 4.413° 0.072 <0.001
MUL, mg/dl 33.81 31.05 2470 0.447
Linear score® 5.72 5.23 0.468 0.477

Different letters (a, b) in the same row correspond to statistically different values (p < 0.05).C, control diet; H: hemp seed diet; FPCM, fat and protein corrected milk = milk yield _

(0.26 + 0.1352 _ Fat % + 0.079 _ CP %); MUL, milk urea level. ®Linear score: log2 (somatic cell count/12,500).





