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A B S T R A C T   

Agricultural practises such as conventional and organic farming can potentially affect the microbial communities 
in milk. In the present study, the bacterial diversity of milk was investigated using high-throughput sequencing 
on ten organic and ten conventional farms in the Azores, a region where milk production is largely based on year- 
round grazing systems. The microbiota of milk from both production systems was dominated by Bacillota, 
Pseudomonadota, Actinomycetota and Bacteroidota. The organic milk showed greater heterogeneity between 
farms, as reflected in the dispersion of diversity indices and the large variation in the relative abundances of the 
dominant genera. In contrast, conventionally produced milk showed a high degree of similarity within each 
season. In the conventional production system, the season also had a strong influence on the bacterial com-
munity, but this effect was not observed in the organic milk. The LEfSe analysis identified the genus Iamia as 
significantly (p < 0.05) more abundant in organic milk, but depending on the season, several other genera were 
identified that distinguished organic milk from conventionally produced milk. Of these, Bacillus, Iamia and 
Nocardioides were associated with the soil microbiota in organic farming.   

1. Introduction 

At the core of conventional agriculture is the technological model 
based on the intensive use of mechanization, highly soluble mineral 
fertilizers, and plant protection products such as pesticides, which pose 
potential risks to the environment and consumers (Adl et al., 2011). If 
used improperly, they lead to soil, water, and air pollution, generate 
additional resistance to pests, reduce soil biodiversity and contribute to 
the increase in greenhouse gases (Tscharntke et al., 2012). The envi-
ronmental impacts caused by conventional agriculture, combined with 
consumer awareness of animal welfare and demand for safer and 
healthier food, have led to a rethinking of agricultural policy and the 
adoption of more environmentally and animal-friendly practices such as 
organic farming (Rosati and Aumaitre, 2004; Torjusen et al., 2004). 

In contrast to conventional agriculture, the use of artificial fertilizers, 
pesticides, herbicides, and antibiotics is banned or restricted in organic 
farming (Erisman et al., 2016; Gomes et al., 2020; Gomiero et al., 2011). 
These restrictions in organic farming are likely to alter the microbial 
communities in the soil and farm environment, potentially affecting the 
microbiota detected in raw milk. 

The microbial quality of raw milk is of critical importance to the 

dairy industry as it can provide a desirable microbiota for the production 
of various dairy foods and influence the organoleptic properties of these 
products (Breitenwieser et al., 2020). Conversely, undesirable organ-
isms can enter the milk and cause food spoilage (Kousta et al., 2010; 
Radoslava et al., 2020). In particular, the presence of spore-forming 
microorganisms and thermoduric enzymes produced by Gram-negative 
psychrotrophs not destroyed during pasteurization, can lead to major 
quality problems in milk and dairy products (Porcellato et al., 2021; 
Quigley et al., 2013). In addition, there is growing evidence of the 
importance of the dairy microbiota in maintaining a favorable gut 
microbiome and promoting health (Aslam et al., 2020). However, the 
understanding of the effects of different agricultural practices such as 
conventional and organic farming on the food microbiota is still insuf-
ficient (Gomes et al., 2020; Quigley et al., 2013). To our knowledge, only 
one study in the Netherlands has compared the microbiota of dairy cows 
from conventional and organic farming (Gomes et al., 2020). Also, there 
are few studies on the microbiota diversity of milk produced in pasture 
systems and no study has been conducted comparing the milk micro-
biota of organic and conventional pasture systems. Therefore, this study 
investigated the bacterial communities of milk from pasture-based sys-
tems using Next Generation Sequencing (NGS) methods and compared 
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the microbiota of organic and conventional milk produced in two sea-
sons (winter and spring). 

2. Materials and methods 

2.1. Farm characterization 

In this study, all dairy farms were located on the island of Terceira, 
Azores, Portugal. The archipelago of the Azores has exceptional eda-
phoclimatic conditions for the growth of grass (temperatures of 
11–16 ◦C in winter and 15–20 ◦C in spring), so that milk production is 
largely based on year-round grazing systems (Silva et al., 2019). A total 
of 40 milk samples were collected from 20 dairy farms with pure Hol-
stein Friesian cows. Ten of these farms were certified for organic milk 
production, while the other 10 followed the conventional milk pro-
duction system. On each farm, samples were taken from the milk tank in 
March (end of winter – lower grass growth) and June (spring – peak of 
grass growth). The organic farms were mainly located in the south-east 
quadrant of the island, while the conventional farms were randomly 
distributed across the island. The feeding of cows on all organic farms 
was based on maximizing the use of pasture, i.e. fresh grass from pasture 
makes up the majority of the diet on all farms throughout the year. All 
organic farms use dry fodder or straw from the pastures of producers 
certified for the organic production method. None of these farms used 
silage or feed supplements, and three farms fed organic concentrates 
only very sporadically (less than 40 kg/cow/month). On 9 farms, 
milking took place twice a day, in the early morning and late afternoon, 
and on one farm only once, in the afternoon. The size of the herds on the 
organic farms ranged from 8 to 25 cows, while it was more heteroge-
neous on the conventional dairy farms, i.e. on 8 farms it varied between 
25 and 100 cows and on the other two farms it was over 100 animals. On 
the conventional farms, the animals were fed on pasture for a large part 
of the year, especially in spring and summer. In winter, the animals were 
fed concentrates and maize silage, as the availability of fresh grass was 
lower. 

2.2. Sampling collection and DNA extraction 

Raw milk samples (approx. 50 mL) were aseptically collected from 
the cooling tank of ten conventional and ten organic dairy farms. To 
further avoid confounding impacts and allowing to treat farms as 
replicate in analysis, we ensured that in each sampling time (March and 
June), all milk samples (from conventional and organic production) 
were taken within the same week. All samples arrived at the laboratory 
within 24 h of collection and were immediately used for DNA extraction. 
Microorganisms in milk were concentrated by centrifugation (50 mL) at 
7000×g for 10 min (Beckman J2-HS centrifuge). The supernatant was 
discarded, and the pellet was washed twice with TE buffer (Tris-EDTA: 2 
M Tris HCl + 0.5 M EDTA, pH 8.0) before being resuspended in 1 mL of 
TE buffer. Total genomic DNA was extracted using the UltraClean® 
extraction kit Microbial DNA Isolation Kit (MoBio, Carlsbad, CA) ac-
cording to the manufacturer procedure. The quantity and quality of 
extracted DNA was evaluated by measuring absorbance at 260 and 280 
nm (LVis Plate, Fluorstar Omega, BMG Labtech). The quality of the 
extracted DNA was confirmed via 1.5% agarose (w/v) gel 
electrophoresis. 

2.3. Sample preparation and high-throughput sequencing 

Samples were prepared for Illumina Sequencing by 16 S rRNA gene 
amplification of the bacterial community. The DNA was amplified for 
the hypervariable V3–V4 region with specific primers and further 
reamplified in a limited-cycle PCR reaction to add sequencing adapters 
and dual indexes. First PCR reactions were performed for each sample 
using KAPA HiFi HotStart PCR Kit according to manufacturer sugges-
tions, 0.3 μM of each PCR primer: forward primer Bakt_341 F 

5′–CCTACGGGNGGCWGCAG-3′ and reverse primer Bakt_805 R 
5′–GACTACHVGGGTATCTAATCC-3’ (Herlemann et al., 2011; Klind-
worth et al., 2013) and 2.5 μL of DNA in a total volume of 25 μL. The PCR 
conditions involved a 3 min denaturation at 95 ◦C, followed by 30 cycles 
of 98 ◦C for 20 s, 55 ◦C for 30 s and 72 ◦C for 30 s and a final extension at 
72 ◦C for 5 min. Second PCR reactions added indexes and sequencing 
adapters to both ends of the amplified target region according to man-
ufacturer’s recommendations (Illumina, 2013). Negative PCR controls 
were included for all amplification procedures. PCR products were then 
one-step purified and normalized using SequalPrep 96-well plate kit 
(ThermoFisher Scientific, Waltham, USA) (Comeau et al., 2017), pooled 
and pair-end sequenced in the Illumina MiSeq® sequencer with the 
Miseq Reagent kit v3 (600 cycles), according to manufacturer’s in-
structions (Illumina, San Diego, CA, USA) at Genoinseq (Cantanhede, 
Portugal). 

2.4. Bioinformatics and statistical analysis 

Raw reads were extracted from Illumina MiSeq® System in fastq 
format. The QIIME2 package version 2020.2.0 (Bolyen et al., 2019) was 
used for amplicon sequence variants (ASV) generation, and taxonomic 
identification. Denoising was carried out with DADA2 (Callahan et al., 
2017). DADA2 within Qiime2 was used to denoise and create ASVs. 
DADA2 detected and corrected sequencing errors, detected and removed 
chimeric sequences based on the consensus method, and filtered out 
phiX reads. After denoising, taxonomic assignments were determined 
for ASVs with the q2 feature-classifier plugin (Bokulich et al., 2018) 
against the SILVA database version 138 (Quast et al., 2012). Sequence 
data was processed at Genoinseq (Cantanhede, Portugal). 

Rarefaction curves and biodiversity indices (Taxa, Chao1, Domi-
nance, Equitability, Shannon index and Simpson index) were deter-
mined with the Past program (Hammer & Harper, v. 4.11). The 
amplicon sequence variants (ASVs) profiles of each sample were 
normalized (total sum normalization, TSS) and compared with the 
Bray–Curtis distance metric. To display community composition differ-
ences between farm systems and season, principal coordinate analysis 
(PCoA) was performed with Bray–Curtis distance matrices for ASV. To 
assess differentially abundant taxonomic genus most likely to explain 
differences between agriculture systems the discriminant linear analysis 
(LDA) of effect size (LEfSe) was performed using α = 0.05 and LDA 
threshold of 2.0 (Segata et al., 2011), and the Galaxy program (http://h 
uttenhower.sph.harvard.edu/galaxy/). The Kruskal-Wallis H test (for α 
= 0.05) was also applied for comparisons of diversity indices and ASVs 
at the genus level, for the different groups (conventional vs. organic 
milk) and for the different seasons of the year (winter vs. spring). Sta-
tistical analysis was performed using the IBM SPSS Statistics software (v. 
25, IBM Corporation). 

3. Results and discussion 

Culture-independent methods are increasingly used as they allow a 
more in-depth assessment of microbial communities in environmental 
and food samples and provide information on microorganisms that are 
difficult to culture or uncultivable. Although NGS methods have 
revealed the complexity of milk microbiota, these methods are inher-
ently subject to bias as they may over- or underestimate some bacterial 
groups. Milk, in particular, is a challenging sample due to its physical 
and chemical properties. Difficulties include high quality DNA recovery 
that is representative of the entire microbial population, and the 
amplification of DNA from dead cells. Despite all these limitations, an-
alyses of the microbial communities in milk using the NGS methodology 
are very useful to detect shifts in the bacterial population. In the present 
study, bacterial communities were compared between milk samples 
collected and treated under the same conditions to ensure an appro-
priate comparison between organic and conventional milk production 
systems. 
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Based on 97% similarity, a total of 3484 amplicon sequence variants 
(ASVs) were identified, of which 3467 ASVs were assigned to the Bac-
teria domain and 17 to the Archaea domain. The average value of reads 
per sample was 8459, varying between the minimum value of 2631 
reads/sample and the maximum value of 16,580 reads/sample. 

3.1. Alpha diversity 

Alpha diversity of milk samples from both production types (con-
ventional/organic) in the two seasons (winter/spring) were assessed 
using different alpha diversity indices: Taxa number, Individuals, equi-
tability, Shannon index, Simpson index, and Chao1 (Fig. 1). No signifi-
cant differences (p > 0.05) were found for the different biodiversity 
indices between the production types (conventional vs. organic) of milk 
produced in both seasons (winter and spring). As for the effect of season, 
significant differences (p < 0.05) were found in the number of in-
dividuals and evenness between the two seasons (winter and spring) for 
conventional milk. For bacterial richness, expressed by the number of 

individuals, the conventional milk produced in spring had higher values 
(p < 0.05) than the milk produced in winter (Fig. 1). The winter- 
produced milk also had a higher value for equitability (p < 0.05), 
indicating a more even distribution of species diversity and conse-
quently a lower number of dominant species. In the organic milk sam-
ples, there was no influence of season (p > 0.05) on any of the 
biodiversity indices. This result can be explained by the fact that the 
cows on the organic farms were on pasture all year round and, contrary 
to those on conventional farms, were only provided with limited sup-
plement feed (organic) in winter. In contrast, the conventional farms 
showed greater differences in feeding between winter and spring. While 
the cows consume almost exclusively grass in spring, when pasture was 
plentiful, more silage (grass and maize) as grass supplement was used in 
winter, as the conventional production method is also more intensive. 
Accordingly, the biodiversity indices of conventional and organic milk 
were similar in spring, as the feeding systems were similar and based on 
grazing. It can also be stressed that organic milk had a greater dispersion 
of diversity indices (Taxa, Simpson, Shannon, Equitability and Chao1 

Fig. 1. Alpha diversity of organic and conventional milk produced in winter and spring. A) Number of different taxa, B) Number of individuals, C) Simpson index D) 
Shannon index, E) Equitability, F) Chao-1. *p < 0.05. 
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indices) between samples (farms). These results can be justified by a 
greater variability of the microbiota on organic farms, as they are not 
exposed to the influence of conditioning factors such as the use of pes-
ticides and chemical soil fertilizers, which can select a more resistant 
microbiota, leading to greater uniformity between samples. 

To evaluate the distribution of the 3484 ASVs among the different 
groups, a Venn diagram was constructed (Fig. 2). The diagram indicates 
that 108 ASVs were common to all groups and correspond to 55.3% of all 
reads. The conventionally produced milk showed the highest number of 
exclusive ASVs in winter (1051) and the lowest exclusive ASVs in spring 
(252, 1.2% of the total reads). In organic milk, 914 exclusive ASVs were 
observed in winter, while 752 exclusive ASVs were found in spring. In 
addition, a higher number of ASVs were common of organic milk in 
winter and spring (63 ASVs), compared to the ASVs shared by the two 
seasons of conventional milk (4 ASVs). Furthermore, the number of 
ASVs shared by the conventional and organic milk in winter was lower 
(31 ASVs) than the number of ASVs shared by the two production sys-
tems in spring (74 ASVs). 

The microbiota of fresh grass is very different from the microbiota of 
silage, and although there is no direct transfer of the dietary microbiota 
to the milk produced, there is scientific evidence of the occurrence of 
bacterial transfer related to the environment in which the animals live 
(Gomes et al., 2020; Keshri et al., 2018; Nguyen et al., 2020; Tannen-
baum et al., 2020). The ambient air, cow lying areas, pasture, and the 
overall environment of the animal’s living, is depending on the season 
and production system and can thus influence the microbiota of the 
milk. These transfers occur mainly through contact between teats and 
air, litter, feces, soil and feed, with bacteria migrating into the teat canal 
and subsequently appearing in the milk (Celano et al., 2022; Nguyen 
et al., 2020). 

3.2. Taxonomic composition of bacterial communities 

Thirty phyla were identified, of which three belong to the Archaea 
domain and twenty-seven phyla to the Bacteria domain. Bacillota 
(25–94%) dominated the bacterial community in both conventional and 
organic milk. It is noteworthy that the lowest and highest abundances of 
Bacillota were observed in organic milk (Fig. 3A). In winter, the core 
microbiota of conventional milk (M1 to M10, Fig. 3) included 4 domi-
nant taxa – Bacillota (46–61%), Actinomycetota (14–33%), Bacteroidota 
(5–15%) and Pseudomonadota (5–14%). In winter-produced organic 
milk (M11 to M20, Fig. 3) lower relative abundances of Actinomycetota 
(6–17%) and Bacteroidota (0–15%) were observed, while Pseudomona-
dota exhibited higher abundances (5–56%) and Bacillota accounted for a 

wider range of abundances (25–89%). In spring, the core bacterial 
community of conventional milk (M21 to M30, Fig. 3) changed to a 
higher proportion of Bacillota (66–71%) and Pseudomonadota (20–26%) 
and a lower proportion of Actinomycetota (3–6%) and Bacteroidota 
(2–4%), while organic milk (M31 to M40, Fig. 3) showed a wider range 
of Bacillota (43–93%), Pseudomonadota (0–40%), Actinomycetota (1–5%) 
and Bacteroidota (1–28%). 

The high abundances of these taxa are consistent with other studies 
showing that the core microbiota in raw milk is dominated by Bacillota, 
followed by Pseudomonadota and Actinomycetota (Kaczorowski et al., 
2022). In Ireland, Quigley et al. (2013) reported that Bacillota accounted 
for 80% of the bacterial community in raw milk. Similar results were 
also reported from the Italian region of Puglia, where the core micro-
biota of raw milk was dominated by Bacillota and Pseudomonadota 
(Celano et al., 2022). 

At the genus level, the results obtained showed a wide variation 
among the milk samples with more than 400 genera identified. Fig. 3B 
shows the relative abundances of the sequences identified at the genus 
level that contributed more than 5% to the total abundance in at least 
one sample of each group. The large differences in the relative abun-
dances of the genera observed in the milk samples are consistent with 
other studies (Celano et al., 2022; Sun et al., 2022; Yuan et al., 2022). 

The genus Lactococcus dominated the bacterial community of milk 
with 36% of the total sequences (ASVs) and was the dominant genus in 
most milk samples in both winter and spring. However, in the milk 
samples from conventional production in spring (M21 to M30), their 
relative abundance was more uniform (56%–64%). The highest pro-
portion of bacteria of the genus Lactococcus was found in the milk from 
organic production in the winter samples M11, M12 and M16 (79%– 
89%). Within this genus, the species Lactococcus raffinolactis was iden-
tified in organic milk samples in both seasons and in conventional spring 
milk (Supp. Fig. 1). Some species of Lactococcus have probiotic proper-
ties and are commonly used in the production of fermented milk prod-
ucts to convert lactose into lactic acid. However, this species is not 
currently used by the dairy industry, mainly because of its lack of 
caseinolytic activity (Boucher et al., 2003; Jung et al., 2020). 

The genus Acinetobacter was observed in spring in considerable 
abundance (16–23%) in different samples of organic milk (M35, M36, 
M38 and M39) and conventional milk (M21 - M30). In sample M15 
(organic winter milk), the genus Pseudomonas was more abundant 
compared to the other samples. Similar results were also obtained by 
other authors who found higher proportions of sequences from different 
genera of Pseudomonadota (such as Acinetobacter and Pseudomonas), 
probably due to environmental contamination (Aziz et al., 2022; Yuan 
et al., 2022). Some studies also report that there is a difference in the 
composition of the milk microbiota on farms where cold storage is used. 
While milk from farms without refrigeration is dominated by 
Gram-positive bacteria (Staphylococcus, Macrococcus, Corynebacterium, 
Lactococcus, Lacticaseibacillus and Enterococcus), higher proportions of 
Gram-negative bacteria such as Pseudomonas, Acinetobacter and Chrys-
eobacterium may occur on farms that have some form of refrigerated 
storage (Balthazar et al., 2022; Ouamba et al., 2022; Vithanage et al., 
2016). 

Various factors such as soil type, nutrition and other management 
practices can influence milk quality and thus the milk microbiota. In the 
present study, the composition of the soil and milk was not analyzed. 
However, in terms of soil type, all farms were located on the volcanic 
island of Terceira in the Azores (400.3 km2), which has a similar soil 
type. The microbial composition of raw milk is also influenced by other 
factors, such as microorganisms in the teat canal, on the teat skin sur-
face, in the ambient air, in the feed and by other environmental factors, 
such as farm conditions, water quality and hygiene of milking equip-
ment (Celano et al., 2022). The production system of the respective farm 
(outdoor vs. stable) also influences the microbiota of raw milk. For 
example, when teats are exposed to different environments (pasture/-
stable), different bacteria settle by adhering to the teat surface. Some 

Fig. 2. Venn diagram showing the occurrence of the 3484 unique and common 
ASVs in organic and conventional milk in winter and spring. 
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bacteria may even migrate into the teat canal and appear later in the 
milk, even if the teats are disinfected before milking (Celano et al., 2022; 
Doyle et al., 2017; Ouamba et al., 2022; Parente et al., 2020). Therefore, 
the high presence of bacteria of the genus Lactococcus in raw milk is 
probably due to the transfer of the microbiota via the teat (Balthazar 
et al., 2022; Frétin et al., 2018; Ouamba et al., 2022; Parente et al., 

2020). In addition, several bacteria from the environment were also 
detected in this study, such as Acinetobacter, Chryseobacterium and 
Enhydrobacter. These have also been identified in other studies on the 
milk microbiota (Dalmasso et al., 2016; De Pasquale et al., 2014). 

Fig. 3. Relative abundance (%) of identified ASVs at (A) phylum and (B) genus level in conventional winter milk (M1 to M10), organic winter milk (M11 to M20), 
conventional spring milk (M21 to M30) and organic spring milk (M31 to M40). 
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3.3. Beta diversity of bacterial communities 

To illustrate the differences in bacterial communities in conven-
tionally and organically produced milk samples in two seasons, micro-
bial community profiles were compared using principal coordinate 
analysis (PCoA). Fig. 4 shows the PCoA analysis of the identified genus- 
specific ASVs. The two PCoA axes accounted for 61% of the total vari-
ability, with PCoA 1 and PCoA 2 describing 47% and 14% of the vari-
ability, respectively. Comparing the profiles of bacterial communities in 
conventional milk samples between the two seasons, two different 
groups were obtained (Fig. 4, groups A and B). Thus, a high similarity of 
the bacterial community in samples of conventionally produced milk 
can be observed both in spring (group A) and in winter (group B). On the 
other hand, there is almost no difference between the two seasons in the 
organic milk samples, so that a scattering of these samples can be 
observed in the PCoA diagram. 

To confirm the differences between the samples observed in the 
PCoA analysis, a cluster analysis at genus level was carried out for the 
samples from winter (Fig. 5A) and spring (Fig. 5B) of the two production 
systems. In this analysis, the differentiation of the groups was confirmed, 
with a clear separation of the cluster of conventionally produced milk in 
winter, which had the highest degree of dissimilarity to the other clus-
ters. Two clusters were also observed, one containing only samples of 
organic winter milk and the other a sample of conventional spring milk 
with four samples of organic winter milk, which show a very high degree 
of similarity. 

To determine the genera that most likely explain the differences 
between organic milk and conventional milk, a linear discriminant 
analysis (LEfSe) was performed (Segata et al., 2011). Fig. 6 show the 
results of LEfSe applied to the genera that occur with a frequency greater 
than 2% in at least one sample and were identified as significantly 
differentiating variables (p < 0.05) in the samples collected in winter 
and spring. Independent of the season, the genus Iama was the differ-
entiating genus of organic milk, while the genera Ruminococcus and 
Glutamicibacter differentiated the conventional milk (Fig. 6A). In the 
samples collected in winter, several genera (26) were identified as sig-
nificant differentiators (p < 0.05) between the two production systems. 
In the organic milk, Lactococcus was one of the differentiating genera 

(Fig. 6B). This genus is characterized by containing bacteria with tech-
nological and beneficial potential. Other genera in the dominant 
microbiota that distinguished the organic winter milk were the genera 
Bacillus and Nocardioides, normally associated with the teat surface 
microbiota, Bacteroidetes, associated with the gastrointestinal tract 
microbiota, and Streptococcus, showing technological potential (Parente 
et al., 2020). Within the genus Streptococcus, the species Streptococcus 
parauberis had a higher incidence of ASVs in both conventional and 
organic milk produced in spring (Supp. Fig. 1). In addition, Streptococcus 
porcinus, Streptococcus dysgalactiae and Streptococcus pluranimalium were 
also identified mostly in milk produced in winter. The presence of these 
bacterial species in milk may indicate the presence of subclinical in-
fections in the udder of cows (Gursul and Ozdemir, 2022; Oliver et al., 
2011; Pan et al., 2018; Skaar et al., 1994; Timoney, 2022). 

In conventional milk produced in winter, among the genera that 
distinguish it from organic milk, the genus Lacticaseibacillus stands out, 
as it is associated with silages consumed in the conventional system 
(Guan et al., 2018; Jaipolsaen et al., 2022). Within this genus, Lactica-
seibacillus paracasei was the most abundant species, especially in con-
ventional winter milk (Suppl. Fig. 1). The genera that positively 
discriminate milk from the conventional system also included the genera 
Aerococcus and Corynebacterium associated with the teat surface micro-
biota, the Lachnospiraceae group NK3A20, Clostridium and Ruminococcus 
associated with the gastrointestinal tract microbiota, and psychrotrophs 
such as Chryseobacterium (Parente et al., 2020). The latter genus includes 
several pathogenic species that play a role in human diseases and are 
also considered food spoilers because they are psychrotrophic, produce 
proteolytic enzymes and biogenic amines, and are resistant to disinfec-
tants (Mwanza et al., 2022). 

Fewer genera distinguishing between organically and conventionally 
produced milk were found in milk produced in spring, confirming the 
previous results (Fig. 6B). In conventionally produced milk, 5 charac-
teristic genera were identified, including the dominant genus Lacto-
coccus. The abundance of this genus remains the same in the organic 
milk in both seasons, while it changes significantly in the conventional 
winter milk between the two seasons (Supp. Fig. 2). In spring, the 
abundance of this genus was more homogeneous in the conventional 
milk, exceeding 50%. Although some organic farms had a high incidence 

Fig. 4. Principal coordinate analysis (PCoA) of ASVs identified at genus level in milk samples from conventional and organic production in two seasons (winter and 
spring). The samples of conventionally produced milk are represented by circles (blue: winter, purple: spring) and the samples of organic milk by squares (red: 
winter, green: spring). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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of this species (50–60%), the values on other farms are much lower, 
reflecting the greater heterogeneity of this production method. The 
genera Escherichia and Shigella are closely related (they are referred to as 
Escherichia/Shigella) and have been linked to the incidence of mastitis 
(Parente et al., 2020). The genus Leuconostoc, which also differs posi-
tively from traditional spring production, includes species with tech-
nological potential, namely for the organoleptic quality of artisanal 
cheese (Coelho et al., 2023). 

As for the genera (8) that positively discriminate spring milk in 
organic production, the genus Staphylococcus is described in numerous 

studies as dominant in cow’s milk (Parente et al., 2020). Within this 
genus, only two species were identified – Staphylococcus vitulinus and 
Staphylococcus equorum, but these species were more abundant in the 
milk produced during the winter (Suppl. Fig. 1). These species have been 
isolated from traditional cheeses and sausages and were used as starters 
in meat products (Fettahoğlu et al., 2023). 

Two genera also appear in LEfSe as discriminators of spring- 
produced organic milk: Christensenellaceae R-7 group and Iamia 
(Fig. 6). The genus Christensenellaceae R-7 group (cluster containing 
isolate R-7) is also associated with the human gastrointestinal system. 

Fig. 5. Dendrogram and heat map with the Bray-Curtis dissimilarity matrix of bacterial genera in samples of A) winter milk and B) spring milk in organic (B1–B10) 
and conventional (C1–C10) modes. Only ASVs with a frequency of 0.1% in at least one sample were considered. Color coding from green to red, where red stands for 
high similarity and green for low similarity of ASVs in the sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Several studies have found an inverse relationship between the relative 
abundance of this genus in the human gut and body mass index (Tavella 
et al., 2021; Waters and Ley, 2019). Other studies have also linked the 
presence of bacteria from the Christensenellaceae R-7 group in the human 

gastrointestinal tract to a healthy metabolic profile (Alcazar et al., 
2022). 

The genus Iamia is associated with the marine environment, although 
it has also been isolated from soil. Both the genus Iamia and Nocardioides 

Fig. 6. Bacterial genera discriminating between milk samples from organic and conventional production produced in A) both seasons, B) winter, and C) spring, 
calculated by linear discriminant analysis (LEfSe). Only genera occurring with a frequency of more than 2% in at least one sample were included in the analysis. 
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(Supp. Figs. 2K and L) - characteristic features of organic farming in 
spring and winter, respectively - have been associated with a positive 
effect on the rhizosphere microbiome (Borowik et al., 2022) and with 
the reduction of pesticides in the soil (Lu and Lu, 2018), probably due to 
the absence of pesticides in organic farming. Although the composition 
of the soil microbial community was not investigated in the present 
study, other studies have shown that the soil microbiota is influenced by 
the farming systems (use of inorganic fertilizers and pesticides compared 
to organic fertilizers and no use of pesticides). In a comparative study of 
soil microbiota between conventional and organic farming systems, the 
genera Bacillus, Iamia and Nocardioides were found in greater abundance 
in soils from organic farming (Armalytė et al., 2019). In the present 
study, these genera were also found as characteristic features of milk in 
organic production systems, indicating a probable transfer of these 
bacteria from soil to milk. 

4. Conclusions 

This is the first study conducted by the NGS to gain a better under-
standing of the microbial community of cow’s milk produced in the 
Azores (year-round grazing). It compared cow’s milk produced in 
organic and conventional farming in two seasons (winter and spring). 
The results showed that the cow’s milk microbiota was dominated by the 
phyla Bacillota, Pseudomonadota, Actinomycetota and Bacteroidota. At the 
genus level, several genera were found in milk, including Lactococcus, 
Acinetobacter, Staphylococcus, Aerococcus, Chryseobacterium, Clostridium, 
Corynebacterium, Macrococcus, Pseudomonas, Bacillus, Bacteroides, Lacti-
caseibacillus and Leuconostoc. Both organic and conventional milk 
showed similar biodiversity indices in spring when these production 
types are also very similar, based on pasture. However, in the conven-
tional farms, the influence of the season on some biodiversity indices 
was observed, with a lower number of individuals and dominant species 
in the milk produced in winter when the abundance of grass is lower. 

Organic milk also showed greater heterogeneity between farms, 
which was reflected in the spread of diversity indices and in the large 
differences in the relative frequencies of the dominant genera. In this 
production system, no clear separation of the bacterial community was 
observed between the milk produced in the two seasons probably due to 
year-round grazing. Some genera were also identified as characteristic of 
the organic production system. These include the genera Iamia, Bacillus 
and Nocardioides, which are associated with the soil microbiota in 
organic production systems, and the genus Christensenellaceae R-7 group, 
belonging to the family Christensenellaceae, which may have a positive 
effect on health. Overall, these results illustrate the extent to which 
agricultural practises such as organic farming can influence the indig-
enous microbiota of the milk produced. Further studies are needed to 
assess the potential impact of organic milk microbiota on regional 
products such as raw milk cheeses with a protected designation of origin 
(PDO). 
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