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Abstract

:

In general, it is a common practice among dairy producers to store the milk in the refrigerator directly after milking, in order to preserve it and prevent the development of spoilage microbes. However, the impact of keeping the milk in the refrigerator overnight on milk microbial diversity has been poorly investigated. This study aimed to provide a snapshot of the bacterial composition of goat milk after direct storage at −80 °C and after being kept overnight at 4 °C and then in storage at −80 °, using high-throughput sequencing (HTS). Goat milk samples from four different farms were analyzed, to reveal that milk bacterial diversity differed between the two different storage conditions. Goat milk directly stored at −80 °C was characterized by the presence of the Gram-negative contaminants Pseudomonas and Acinetobacter, in addition to the genera Corynebacterium, Chryseobacterium, Bacteroides and Clostridium. Milk samples that were kept overnight at 4 °C were characterized by a reduction in their bacterial biodiversity and the predominance of the Gram-negative, aerobic Phyllobacterium. Overall, HTS methodologies provide an in-depth identification and characterization of the goat raw milk microbiome. Further, they offer a better understanding of the contribution of cold storage conditions to milk microbiota formation. This study may assist dairy producers in improving raw milk and raw milk cheeses quality and guaranteeing consumers’ safety.
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1. Introduction


Goat farming has both economical as well as nutritional importance in the region of the Mediterranean and the Middle East [1,2]. Especially in Cyprus, goat milk is used for the production of traditional products, such as halloumi cheese [3] and Halitzia [4]. Goat milk constitutes a rich source of minerals and vitamins, in addition to nutrients such as proteins, lipids and essential amino acids [5]. Its composition of nutrients which can be more easily digested and absorbed compared to cow milk makes it a better substitute for individuals suffering allergies or intolerance against cow milk proteins. Furthermore, goat milk contains bioactive peptides, which exert antimicrobial, antihypertensive, antioxidant, opioid, cholesterol-lowering, immunomodulant, anti-inflammatory and mineral-binding activities [6,7,8,9].



Usually after milking, the milk is temporarily stored in the refrigerator until transfer to the dairy industries. Raw milk storage conditions may affect the microbial communities’ composition. Storage of raw milk and milk products at 4 °C may lead to the development of psychrotrophic bacteria, that play a crucial role in their spoilage [10]. Most psychrotolerants cannot stand the high temperatures applied during pasteurization or sterilization procedures. Still, their extracellular enzymes maintain their integrity and remain active, causing deterioration of the quality and reduction in the shelf life of the product [11]. Furthermore, 16S rRNA genes HTS analysis in Grana-like hard cheeses, produced in northwest Italy, indicated that the existence of contaminants in raw milk affected the core microbiome of the cheese, leading to increased representation of spoilage bacteria [12]. Consequently, these may affect the sensorial characteristics of the raw milk cheese. Therefore, the presence of psychrotolerants and spoilage bacteria constitutes a significant concern to dairy producers.



Culture-dependent methodologies do not suffice to provide identification of the microbial composition of aseptically collected milk samples [13]. Currently, high-throughput sequencing (HTS) methodologies have been used for more in-depth characterization of the microbial consortia present in goat milk [4,14,15,16]. The amplicon sequencing methodology provides the capability to comprehensively identify the microbiota existing inside a sample with improved sensitivity and detection capacities compared to other non-cultured-based methodologies. Additionally, it provides the advantage to detect microbes present in limited amounts or that exist in a viable but nonculturable (VBNC) state [17,18]. This is achieved by massive generation and sequencing of thousands of selected DNA sequences, for instance, the bacterial 16S rRNA gene [19]. Previous HTS-based studies indicated that the bacterial communities of goat milk were mostly composed of Gram-negative Proteobacteria, including the genera Pseudomonas, Acinetobacter, Stenotrophomonas, Enterobacter and Escherichia, and Gram-positive Firmicutes, including Staphylococcus, Bacillus and lactic acid bacteria, such as Streptococcus, Lactobacillus and Lactococcus [4,14,15,16].



The identification of the bacterial diversity, as well as the influence of cold storage conditions on the bacterial diversity of fresh raw goat milk, has been poorly investigated. The present study aims to provide a snapshot of the bacterial communities of raw goat milk after milking (storage at −80 °C to maintain the existent bacterial diversity) and after overnight storage in the refrigerator, by applying Illumina MiSeq amplicon sequencing. The outcomes of this research expect to provide additional knowledge and safety remarks to milk and milk products producers.




2. Materials and Methods


2.1. Sample Collection


Raw goat milk samples were collected in July 2019 from four dairy farms, located in different geographic areas of the Republic of Cyprus (Table 1). All samples were collected aseptically from bulk tanks, in which milk was obtained using mechanical means apart from sample G3, which was collected manually. Sample G3 was obtained from an organic goat farm. Regarding the remaining dairy farms, the animals’ feeding system is semi-extensive. Before milking, the udder and the nipples were cleaned with sterile wet wipes and 70% ethanol, respectively, and dried using a sterile gauze. All animals were healthy and no antibiotics were administrated prior to sampling. Two 40 mL milk samples were placed into 50 mL tubes, placed in cool-boxes and immediately transported to the laboratory. One of the two tubes was kept at 4 °C overnight (O/N ~16 h) and then stored at −80 °C, and the other was stored immediately at −80 °C until processing. Storage at −80 °C was applied to prevent the proliferation of microbes and maintain the bacterial communities the same as in direct transfer and processing to the dairy industry.




2.2. Metagenomic DNA Extraction


For sample homogenization, 5 mL of milk was mixed with 45 mL of 2% tri-sodium citrate (Honeywell, Charlotte, NC, USA). After centrifuge at 16,000× g for 5 min at 4 °C, the top fat layer was removed using sterile cotton swabs and the supernatant was discarded. Microbial DNA extraction was performed using DNeasy® PowerFood® Microbial Kit (MoBio Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer’s instructions. The extracted DNA was stored at −20 °C until processing.




2.3. Quantification of Total DNA


The total DNA isolated from the milk samples was quantified fluorometrically with a Qubit 4.0 fluorometer (Invitrogen, Carlsbad, CA, USA) using Qubit dsDNA HS Assay Kit (Invitrogen). The purity of the DNA was evaluated by measuring the ratio of absorbance in A260/280 and A260/230 nm using a spectrophotometer (NanoDrop Thermo Scientific, USA).




2.4. Barcoded Illumina MiSeq Amplicon Sequencing of Bacterial 16s rRNA Gene


The 16S rRNA bacterial gene was amplified using primers V3: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3′ and V4: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3′. Amplicons were paired-end (2 × 150 nt) sequenced according to the protocol provided by Illumina (https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf), and as described by Kamilari et al. [3]. The sequencing runs were performed using a MiSeq 300 cycle Reagent Kit v2 (Illumina, USA) (5% PhiX), on a MiSeq Illumina sequencing platform (Illumina, San Diego, CA, USA).




2.5. Microbiome and Statistical Analysis


The analysis of the FASTQ sequences was performed using Qiime 2 version 2020.2 [20]. For raw sequences quality filtering, the Phred33 quality threshold was used. Trimmomatic was applied for the removal of adapter sequences, FASTQ trimming and reads quality control [21]. Further, the DADA2 algorithm [22] completed the correction of errors of Illumina-sequenced amplicons, removing low-quality reads and reads that exceeded 2 expected errors, including chimeric sequences. Sequences alignment was performed via Mafft (via q2-alignment) [23]. Alpha diversity metrics (Shannon, Simpson and Chao1), rarefaction analysis and beta diversity index (Bray–Curtis similarity) were estimated via Qiime2 (version 2020.2). Principle coordinate analysis (PCoA) was applied to find similarities among samples using q2-diversity after the eight milk samples were rarefied (subsampled without replacement) to 3531 sequences per sample. The alpha rarefaction curve was plotted with 25 sampling depths. The clustering of the 16S rDNA sequences and the filtering in operational taxonomic units (OTUs) was performed using the 16s Metagenomics App from BaseSpace against the Illumina-curated version of GreenGenes (v.05.2013) [24,25]. The classified OTUs were defined at ≥97% of sequence homology and converted to percentages (relative abundances), to determine the representation of each microbe among treatments. OTUs with relative abundance lower than 0.001% were excluded.



All raw sequence data in read pairs format were deposited to the National Centre for Biotechnology Information (NCBI) in the Sequence Read Archive (SRA) under BioProject PRJNA624962.





3. Results


The present study was performed to investigate the microbial diversity shaping and the impact of storage conditions on the bacterial communities’ composition of fresh raw goat milk, using the HTS approach.



3.1. Abundance and Diversity of Members of the Bacterial Microbiota


Eight examined sample sets were used as input to the Illumina MiSeq to generate 131,992 high-quality sequencing reads, with an average of 16,499 sequencing reads per sample (range = 8047–30,359, STD = 7639.94) (Table 2). High-quality sequences were grouped into an average number of 156.25 OTUs (range = 20–824, SD = 275.58). Alpha diversity indices, including Shannon, Simpson and Chao estimator, are also shown in Table 2. Significantly higher Shannon and Simpson diversity indices were indicated in milk samples stored immediately after milking at −80 °C, compared to samples that were kept O/N at 4 °C (p = 0.02 for both indices), based on the Kruskal–Wallis test (Figure 1, Figure S1, respectively).




3.2. Taxonomic Composition of Bacterial Communities in Goat and Sheep Milk Samples


OTU clustering revealed the dominant presence of the bacterial phyla Proteobacteria and Firmicutes. Bacteroidetes and Actinobacteria were detected in lower relative abundances. Reads corresponding to additional Phyla, such as Cyanobacteria, Verrucomicrobia, Tenericutes, Chloroflexi and Nitrospirae, were also found. At the genus level, immediately stored at −80 °C milk samples were mostly characterized by the presence of the Gram-negative bacteria Acinetobacter and Pseudomonas (Figure 2B). Moreover, reads corresponding to the genera Corynebacterium, Chryseobacterium, Bacteroides, Methylobacterium and Clostridium were detected in some samples. Furthermore, increased relative abundance of the genus Enhydrobacter was detected in sample G4 and of the genera Lactobacillus, Kocuria, Sphingomonas and Chitinophaga in sample S1. In milk samples that were kept O/N at 4 °C, the bacterial diversity was most consistent and characterized by the dominant presence of the Gram-negative, aerobic Phyllobacterium.




3.3. Relationships Between Milk Samples Bacterial Communities


To evaluate differences in the bacterial community compositions between the two different storage conditions, Bray–Curtis similarity index-based microbiota structure analysis was performed. The analysis indicated increased similarity among the bacterial communities of milk samples that were stored at 4 °C overnight, and a clear separation with all but one sample (Figure 3). The principal coordinates 1, 2 and 3 explained 51.64%, 22.12% and 19.58% of the variation, respectively.





4. Discussion


The directly applied after milking storage conditions are critical for raw milk and raw milk cheeses’ microbial communities shaping [12,26]. The present study was performed to provide a snapshot of the bacterial communities detected in raw goat milk (a) after milking and (b) after being kept O/N at 4 °C, using high-throughput sequencing (HTS). To the best of our knowledge, this is the first study performed to compare the bacterial diversity of goat milk under the two different storage conditions.



The composition of milk and milk products microbiota varies based on the animal’s diet, breed, species, season, feeding managements, geographic areas, environmental conditions, etc. [26,27]. The present study provides an indication of the existence of differences in the microbiome between the different goat milk farms. Noteworthy, milk samples were collected from different geographic areas of Cyprus, and the animals had different diets. OTU analysis of the 16S rRNA gene sequences revealed that in raw goat milk stored directly at -80 °, an increased number of reads corresponding to the Gram-negative genera Acinetobacter and Pseudomonas was detected. Reads corresponding to the genera Chryseobacterium, Corynebacterium, Methylobacterium, Enhydrobacter, Bacteroides and Clostridium were additionally found. A previous 16S rRNA gene metagenomic study in China also reported increased relative representation of spoilage Acinetobacter and Pseudomonas in goat milk (Table 3) [16]. In contrast to the present study, Zhang et al. indicated the predominant presence of the Gram-negative Enterobacter, several strains of which are pathogenic. The genus Pseudomonas was also detected in high percentages in other HTS reports on the goat microbiome [4,14,15]. Pseudomonas spp. produce extracellular enzymes able to effectively digest milk proteins and fats, providing them with the advantage to grow in raw milk [28]. The secretion of proteolytic enzymes by Pseudomonas spp. is considered one of the major causes of milk spoilage during storage at low temperatures [29]. Acinetobacter spp., which are also associated with milk spoilage, are ubiquitous in nature and able to adapt and survive in several environmental conditions [30]. Notably, the G3 sample was distinguished from the other samples at the family level due to the increased relative representation of members of the families Clostridiaceae, Ruminococaceae and Lachnospiraceae. These families contain species able to produce short-chain fatty acids (SCFA), such as butyrate and acetate, that offer a beneficial contribution to human and animal health [31,32].



Storage of milk samples O/N at 4 °C contributed to alterations in the milk microbiota, regardless of the animal breed. Initially, the storage conditions led to a reduction in the bacterial diversity, in accordance with other reports [33,34]. This reduction contributed to the Gram-negative, aerobic Phyllobacterium dominance in all samples. These bacteria have been identified in several different environments, but their presence was mostly described in plant tissues, including leaf or root nodules [35,36,37]. Some strains were found to contain plant growth-promoting potential [38,39,40]. Previous studies have described Phyllobacterium presence in cow milk [34,41]. However, no other study has ever shown their dominance after keeping the milk in the refrigerator. On the contrary, application of 16S rRNA gene sequencing, Biolog, MALDI-TOF MS, API and Microbact identified the predominance of Pseudomonas and in lower abundances of Acinetobacter, Bacillus, Stenotrophomonas, Hafnia, Burkholderia, Rahnella, Kluyvera, Serratia and Sporosarcina in raw cow milk after storage at 4 °C for ten days [42]. The prevalence of Pseudomonas (93% relative abundance) was also indicated after three days of storage at 4 °C of raw donkey milk, using high-throughput sequencing [33]. Moreover, DGGE and cloning analysis indicated that after 24 h of cold incubation, the milk microbiota was dominated by Streptococcus, Staphylococcus and Bacillus, whereas after 48 h, was by Pseudomonas and Acinetobacter [34]. This study identified the presence of Phyllobacterium after 24 h of storage but in low relative abundances. Furthermore, in contrast to the present and the aforementioned studies, Doyle et al. [43] indicated that neither the temperature nor the duration of storage had a notable effect on the raw cow milk microbiota after 96 h of storage. In agreement with Doyle et al. [43], Porcellato et al. [44] revealed the lack of significant changes in the bacterial composition of bovine milk after storage at 4 °C, throughout the milk’s shelf life.



Furthermore, by applying the 16S rRNA sequencing methodology, no food-borne diseases-causing bacteria, such as Listeria monocytogenes, Staphylococcus aureus, Salmonella spp. and pathogenic Escherichia coli [31,45], were detected in any of the samples tested. Previous HTS studies in milk and dairy products have revealed the presence of some of these pathogens [46,47]. However, no culture-based techniques or molecular techniques, such as polymerase chain reaction (PCR), multiplex PCR, real-time quantitative PCR (qPCR) and whole-genome sequencing, were used in the present study to confirm the absence of these pathogens in the milk samples.




5. Conclusions


The present study provided an indication that keeping the goat milk overnight in the refrigerator after milking may lead to a reduction in the bacterial diversity, as well as in alterations in the bacterial communities’ composition. The consequent development of aerobic and psychrotrophic bacteria may spoil the quality of milk and milk products. In the future, milk samples from different animals, including cow, milk and goat, as well as from different breeds, are to be analyzed to provide a better understanding of the microbial communities’ composition in raw milk. Factors associated with milk microbiota configuration, such as the origin of milk, the environmental conditions, the feeding management and seasoning, as well as animals’ diet and genetics, will also be considered, in addition to the effects of cold storage. Furthermore, the effect of longer than 16-h storage in the refrigerator, as well as of pasteurization, on the bacterial diversity is to be analyzed, to evaluate whether the relative representation of pathogens and spoilage will increase. Further analysis will shed more light on the technological and functional properties of the goat milk microbiome.
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Figure 1. Boxplots showing alpha diversity analysis metrics with Shannon difference between milk samples that were immediately stored after milking at −80 °C (1) and that were kept O/N at 4 °C (2) (p = 0.02), based on the Kruskal–Wallis test. 
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Figure 2. 3D 100% stacked column chart of the relative abundance of the major taxonomic groups detected by high-throughput sequencing (HTS) at: (A) family level and (B) genus level, for four immediately stored at −80 °C goat milk samples and the same for four that were kept O/N at 4 °C (G1S, G2S, G3S and G4S). Only taxa with relative representation > 1% in at least one sample are shown. 
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Figure 3. PCoA analysis of milk samples. PCoA plots of Bray–Curtis distance, showing milk samples stored at −80 °C (red dots) or at 4 °C (blue dots). Clustering of points means similarity in relative abundances of operational taxonomic units (OTUs) among those samples. 
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Table 1. Information regarding the milk samples used in the present study.






Table 1. Information regarding the milk samples used in the present study.





	Sample Name
	Area of Production
	Type of Milk
	Breed
	Number of Animals
	Feeding System





	G1
	Pareklisia/Limassol
	Goat
	Macheras
	12
	Semi-extensive farming



	G2
	Kritou Marotou/Paphos
	Goat
	Macheras
	30
	Semi-extensive farming



	G3
	Kampia/Nicosia
	Goat
	Alpine
	3
	Semi-extensive farming



	G4
	Anogyra/Limassol
	Goat
	Damascus
	26
	Semi-extensive farming
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Table 2. Sample information, microbial diversity and sequence abundance.
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	Sample-ID
	Filtered Reads
	Raw Reads
	Shannon
	Simpson
	Chao1
	Observed OTUs





	G1
	15,744
	29,480
	3.454846
	0.892831
	23
	20



	G1S
	30,359
	59,132
	2.944104
	0.829086
	62
	42



	G2
	8047
	14,181
	4.108257
	0.922543
	35
	35



	G2S
	8293
	16,347
	3.117575
	0.848981
	33
	33



	G3
	14,755
	38,065
	8.598082
	0.995163
	1111
	824



	G3S
	24,740
	54,450
	2.756315
	0.801392
	75
	44



	G4
	15,988
	37,402
	5.707971
	0.956729
	219
	196



	G4S
	14,066
	28,321
	2.811905
	0.811581
	75
	56







Samples names that contain the letter S at the end are those that were kept O/N at 4 °C, whereas samples names without the ending S are those that were stored immediately after milking at −80 °C.
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Table 3. The relative abundance of bacterial genera in goat milk based on 16S rRNA gene metagenomic studies.
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Type of Milk

	
Country

	
Relative Abundance

	
Reference




	
≥25%

	
10–24%

	
1–9%






	
Goat

Macheras

(n = 12)

	
Limassol/

Cyprus

	
Acinetobacter

	
Pseudomonas, Phyllobacterium

	
Chryseobacterium

	
Present study




	
Goat

Macheras

(n = 30)

	
Paphos/

Cyprus

	
Acinetobacter, Pseudomonas

	
-

	
-




	
Goat

Alpine

(n = 3)

	
Nicosia/

Cyprus

	
-

	
-

	
Bacteroides, Staphylococcus, Corynebacterium, Methylobacterium, Clostridium




	
Goat

Damascus

(n = 26)

	
Limassol/Cyprus

	
Acinetobacter

	
Chryseobacterium, Enhydrobacter

	
Bacteroides, Corynebacterium




	
Goat

Macheras

(n = 10)

	
Paphos/Cyprus

	
Lactococcus, Leuconostoc

	
Pseudomonas

	
Carnobacterium Pahnella

	
[4]




	
Goat Guanzhong (n = 200)

	
Guangxi Zhuang/China

	
Kluyvera

	

	
Geobacillus, Thermus, Pseudomonas, Acinetobacter, Shigella, Aquabacterium, Burkholderia, Streptococcus

	
[14]




	
Goat

Alpine, Toggenburg, Saanen, LaMancha

(n = 8)

	
United States

	
Pseudomonas

	
Rhodococcus

	
Micrococcus, Stenotrophomonas, Phyllobacterium, Streptococcus, Agrobacterium

	
[15]




	
Goat

Saanen

(n = 3)

	
China

	
Enterobacter

	
-

	
Pseudomonas, Acinetobacter Staphylococcus, Massilia, Bacillus, Streptococcus, Bacteroides

	
[16]




	
Goat

Guanzhong

(n = 3)

	
-

	
Pseudomonas, Acinetobacter, Enterobacter

	
Staphylococcus, Stenotrophomonas, Massilia, Bacillus, Streptococcus
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