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Abstract
Chhurpe is a naturally fermented traditional dairy food of high altitude Western Himalayan region. They are generally 
prepared from cow or yak milk and are consumed during harsh winters. The present study was conducted to character-
ize the different Chhurpe samples traditionally prepared by the ethnic groups utilizing milk from different animal breeds 
such as cow, yak, Zomo (cow × yak), and Germo (Zomo × yak). Nutritional characterization revealed that 100 g of Chhurpe 
could completely meet the dietary protein requirements of children and adults with high concentrations of methionine 
and lysine. Tryptophan and valine were the limiting amino acids among all the Chhurpe samples. Palmitic, stearic, and 
oleic acids were the predominant fatty acids. The Chhurpe samples were a rich source of micronutrients such as calcium, 
iron, and zinc meeting above 70% of recommended dietary allowances (RDA) among children (3–10 years) and up to 
20% RDA for adults. Culture-independent metagenomic analysis revealed that lactic acid bacteria were the predominant 
group, consisting of genera such as Lactobacillus, Leuconostoc, Lactococcus, and Streptococcus followed by acetic acid 
bacteria, mainly Acetobacter. At the species level, Lactobacillus delbrueckii was the abundant strain among all the Chhurpe 
samples. Species diversity was significantly higher in Chhurpe prepared from Zomo milk. Probiotic bacterial strains such 
as Lactobacillus helveticus, L. delbrueckii, L. brevis, and Leuconostoc mesenteroides were identified in the Zomo Chhurpe 
indicating their superior quality. The present study was an attempt to popularize Chhurpe and promote its wider con-
sumption by highlighting its nutritional properties.
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1 Introduction

Agro-pastoralism is the main form of livelihood in the cold desert regions of the Western Himalayas such as Ladakh, Kin-
naur, Lahaul, and Spiti. Meat and dairy products occupy a significant proportion in ensuring the nutritional security of 
these cold arid regions due to the limited availability of vegetation [1]. The commonly farmed livestock includes sheep, 
dairy cattle, buffalo, yaks, goats, and double-humped camels in this region [2, 3]. The livestock present in high-altitude 
regions has unique physiological mechanisms to adapt to hypobaric hypoxia, cold-stress conditions, and high irradia-
tion (6–7 kWh/mm) [2]. Among the bovines, Yak (Bos grunniens) locally known as Demo, and the indigenous Ladakhi 
cow (Bos primigenius) locally known as Balang, are farmed primarily for milk and other dairy products. These breeds are 
known to produce milk with unique protein composition and have been demonstrated with health benefits such as 
anti-hypertensive and anti-inflammatory properties [4, 5]. However, their health management and dairy production 
practices are not standardized resulting in sub-optimal milk yield and dairy farm economics [5]. For upgradation, mainly 
enhanced milk yield, indigenous Ladakhi cows and Yaks are cross-bred with Holstein-Frieswal (Holstein Friesian x Bos 
indicus—Sahiwal) and exotic Jersey breeds (Bos taurus) [2]. The most common milk-yielding crossbreed in the Ladakh 
region is Zomo (Bos grunniens x Bos primigenius) [6]. The male progenies obtained from crossing indigenous cow Balang, 
with Yak, are infertile. Therefore, Zomo is generally backcrossed with Yak to obtain further progenies. The  F2 progeny 
known as Germo (Zomo x Male Yak), is another major crossbreed used for milk production in the region [7].

As discussed earlier, naturally fermented dairy products are the major food components in the diet of the native popu-
lation. They comprise curd (Jho), buttermilk (tara), butter (Maar) and cottage cheese (labo), dried cheese (Chhurpe), and 
khambir roti [1, 8]. The health benefits of naturally fermented dairy products from high-altitude regions are well known 
as a source of probiotic bacteria [9, 10]. Apart from meeting their nutritional requirements, fermented dairy products 
such as butter and cheese are important components of the rural economy contributing directly to the livelihood of the 
region [6]. Chhurpe is a fermented cottage cheese prepared from buttermilk after the separation of the cream. Chhurpe 
consists mainly of two varieties, soft (consumed immediately after processing) and hard Chhurpe (sun-dried and stored 
for winter, long-term consumption). Chhurpe being a naturally fermented food, is unique compared to other conventional 
cheeses like mozzarella, and cheddar which are mostly prepared using rennet [11]. Hard Chhurpe is traditionally used as a 
chewing gum or masticator for obtaining extra energy for the body and movement of jaws during winter [1]. Chhurpe is 
the main ingredient used in the preparation of a variety of dishes such as Thukpa (soups), Thuth and Femer/Dhuru (Sweet 
dishes), and Tsunalik (noodle-like preparation) [12–14]. Chhurpe is traditionally prepared from yak and crossbreeds such as 
Zomo owing to their higher milk yield [6]. Similar to the Western Himalayas, naturally fermented dairy products obtained 
from indigenous cows, buffalo, yak, sheep, and goat are extensively consumed in Eastern Himalayan regions comprising 
Nepal, Sikkim, Darjeeling, Bhutan, and Arunachal Pradesh. The traditional cottage cheese obtained through the natural 
fermentation process in the Eastern Himalayan region is called Churpi or Chhurapi [15]. The traditional use and method 
of preparation of Churpi in the Eastern Himalayas is similar to Western Himalayas. In recent years, the demand for Chhurpe 
has increased tremendously as a source of protein food and pet food with a tenfold increase in the annual growth and 
production and a five-fold increase in the total sales of Chhurpe [16]. Despite their popularity and wider consumption 
in both Eastern and Western Himalayan regions, Chhurpe is not nutritionally characterized, unlike other conventional 
naturally fermented dairy products such as kefir or commercially produced cheddar or mozzarella cheese. In this context, 
Chhurpe obtained from different animal breeds were evaluated for their proximate, amino acid, fatty acids, and mineral 
composition. Additionally, the microbiome composition of the Chhurpe was also determined through a metagenomics 
approach to understand the microbial diversity and abundance of various probiotic bacteria present in these naturally 
fermented foods. The present study is an attempt to popularize traditional fermented food, Chhurpe from the Himalayan 
region as a nutritious probiotic food.

2  Materials and methods

2.1  Collection of samples

Milk, from four different animal breeds viz., Jersey cow (Bos. taurus taurus), Demo (Bos grunniens), Zomo (Bos. grunniens 
x Bos. primigenius), and Germo (Bos. grunniens x Zomo) were collected between 08 and 16, September 2021, from 
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different areas of cold desert regions of the Western Himalayas. The photographs of different animal breeds from 
which the milk samples were obtained are presented in Fig. 1A. The fresh milk samples were collected in sterile plas-
tic containers (HiMedia, Mumbai), and were immediately stored at 4 °C in refrigerated boxes. The collected samples 
were transported to the nearest town and temporarily stored at − 20 °C. Samples (milk, curd, and sun-dried Chhurpe) 
of the Jersey breed were collected from the village Tholang, Lahaul & Spiti, Himachal Pradesh, located in the GPS 
32.57373077099872°N, 76.9577265041242°E. Samples from the Demo breed were collected from Kargyak village, 
Ladakh located at 33.064192252895815°N, 77.22450928275538°E, whereas samples of the Germo breed were col-
lected from Lungnak, Ladakh located in the GPS 33.52491550328321°N, 76.9274889853959°E, and samples of Zomo 
were collected form Zanskar, Ladakh (33.56113693436301°N, 76.99525483729121°E). The animals from which the 
samples were collected were grazing on natural pastures and did not have any supplementary feeding. The samples 
were brought to the laboratory under cold storage and preserved at − 20 °C for further analysis.

2.2  Traditional method of Chhurpe preparation

The method of Chhurpe preparation was recorded based on detailed conversations with locals from the different regions 
of sample collection. A typical Chhurpe processing method followed in the Western Himalayan region consisted following 
steps viz., (i) boiling of milk (ii) formation of curd, locally known as zho, following back slopping method, (iii) preparation 

Fig. 1  Photographs of animals from which the milk samples were collected (a), Chhurpe processing steps followed by ethnic populations of 
Western Himalayas (Ladakh and Himachal Pradesh) (b)
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of buttermilk through separation of cream (iv) heating of buttermilk at 45–50 °C, locally known as tara, to obtain coagu-
lated material (v) thorough mixing of the coagulated material, (vi) shaping and mattering of coagulated material to give 
soft Chhurpe, (vii) sun drying of soft Chhurpe. The different processes involved in Chhurpe preparation are presented 
in Fig. 1B. Samples of milk from different animal breeds and curd obtained after the initial step were collected for the 
determination of physicochemical properties.

2.3  Physicochemical properties of milk and curd samples

The frozen milk samples were thawed to room temperature (28 ± 1 °C) and thoroughly mixed without causing frothing 
or churning. Physicochemical properties such as the total solids (%), pH, acidity was determined as per the methods 
described in the manual of methods of analysis of foods (Milk and milk products) by the Food Safety Standards Authority 
of India (FSSAI, 2015) [17]. The percentage acidity was expressed as % lactic acid.

2.4  Proximate and nutrient analysis of milk, curd and dried Chhurpe

The proximate composition of thawed milk, curd and sun-dried Chhurpe samples was determined using standard pro-
cedures of the Association of Official Analytical Chemists (AOAC 2012) [18]. The crude protein was determined by the 
micro-Kjeldahl method, total fat was determined by n-hexane solvent extraction using a Soxhlet apparatus while ash 
was determined by igniting samples at 550 °C for 3 h in two cycles until constant weight. The total carbohydrate content 
was determined by the difference method. The total dietary fiber content was determined by serial enzymatic diges-
tion method according to AOAC. Total starch content was determined by enzymatic digestion method where samples 
were digested with alpha-amylase and amyloglucosidase and the liberated glucose and total sugars were estimated by 
digesting samples in an acidic solution (2.5 N HCl) followed by determination using the phenol–sulphuric acid method as 
described in [19]. The mineral composition consisting of calcium, magnesium, sodium, potassium, iron, zinc, and copper 
was determined from the ash samples using atomic absorption spectrophotometry [18]. Atwater factors were applied 
to determine the total energy content of the samples, where 1 g of protein and carbohydrate contributes 4 kcal while 
1 g of Fat contributes 9 kcal of energy. All analyses were performed in triplicates.

2.5  Amino acid and in‑vitro protein digestibility analysis

The amino acid composition analysis was performed by digesting the Chhurpe samples (equivalent to 5.0 mg protein) in 
6N HCl followed by derivatization with o-phthaldialdehyde. The amino acid derivatives were separated through reverse-
phase high-performance liquid chromatography (RP-HPLC) and quantified. The amino acid content was expressed per 
100 g of food product sample [19].

The in vitro protein digestibility (IVPD) of Chhurpe samples were measured by the sequential enzymatic digestion 
method as outlined by [20] with slight modifications. Briefly, 500 mg of samples were digested using pepsin derived 
from porcine mucosa (4520 U per mg protein) at pH 2.2, 37 °C for 30 min, followed by digestion with pancreatin at pH 
6.8, incubated at 37 °C for 2 h in a shaking water bath. The reaction was terminated by the addition of 2% w/v trichloro-
acetic acid (TCA) solution. The samples were then centrifuged at 8000 g for 10 min and the protein content in the pellet 
was determined by the micro-Kjeldahl method following the AOAC protocol and the protein digestibility was estimated 
using the Eq. (1).

2.6  Fatty acid analysis

The fatty acid composition was determined by converting the crude fat obtained from Chhurpe samples to fatty acid 
methyl esters (FAME) as per the protocol described by [21]. The FAME conversion was achieved by reacting the extracted 
lipids with 5% (w/v) methanolic hydrogen chloride followed by extraction with n-hexane. The FAME-enriched hexane 
extracts were washed with 5% NaCl and 2%  KHCO3 solutions and dried over anhydrous  Na2SO4 followed by vacuum 
concentration. HPLC grade n-hexane was used for dissolving the FAME extracts and the fatty acid composition was 

(1)Protein Digestibility(% ) =
Total Protein − Protein after digestion

Total protein
∗ 100
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determined using a GC–MS (Agilent 7890 series) equipped with a flame-ionization detector and a fused silica capillary 
HP-5 column (30 m length, 0.32 mm width, and 0.25 µm film thickness). The temperature program for the separation of 
fatty acids was followed as described by [19]. The injection volume was 0.5 µl of the FAME extract. The FAMEs were identi-
fied by comparing the retention times with the standard FAME mixture  (C8–C24, FAME mix, Sigma-Aldrich, USA) and their 
fragmentation patterns. The data were expressed as the relative percentage composition of the fatty acids in each sample.

2.7  Indices for assessing the nutritional quality of fatty acids

Nutritional indices of dietary components, specifically fats, offer a method to evaluate the quality of fatty acid composi-
tion. Some of the most commonly used parameters are the index of atherogenicity (IA), index of thrombogenicity (IT), 
and health-promoting index (HPI). These indices were calculated using the Eqs. (2, 3 and 4) recommended by [22] but 
originally developed by [23].

IA was calculated using Eq. 1.

where, C12:0- Lauric acid; C14:0- Myristic acid; C16:0- Palmitic acid; Σ UFA- Sum of Unsaturated Fatty Acid.
IT was calculated using the Eq. 2.

where, C14:0- Myristic acid; C16:0- Palmitic acid; C-18:0 Stearic acid; Σ MUFA- Sum of Mono-unsaturated fatty acid; Σn-6 
PUFA- linoleic acid; Σn-3 PUFA- alpha-linoleic acid.

HPI was calculated using Eq. 3.

where, C12:0- Lauric acid; C14:0- Myristic acid; C16:0- Palmitic acid; Σ UFA- Sum of Unsaturated Fatty Acid.

2.8  Total phenolics and flavonoids content analysis

For determination of total phenolic acids (TPC) and flavonoids content (TFC), the Chhurpe samples were extracted twice 
in 70% aqueous methanol and the extracts from each fraction were pooled and dried under vacuum. Aliquots of the 
extracts were prepared for TPC and TFC analysis. The TPC was determined using the Folin-Ciocalteu (FC) phenol method 
as described by [24]. Gallic acid was used as standard and the results were expressed as mg gallic acid equivalents (GAE) 
per gram dry extract (mg  g−1). The total flavonoid content (TFC) was determined by the aluminium chloride  (AlCl3) 
method suggested by [25]. Quercetin was used as reference standard and the results were expressed as mg quercetin 
equivalents (QUE) per gram dry extract (mg  g−1).

2.9  Microbiological analysis

The dominant culturable bacteria were determined using the spread plate technique on the basis of colony-forming 
units (CFU) in selective media. The total bacteria count was determined as per the methods described in ISO 4833:1991 
[26], reaffirmed in 2007 using the plate count agar. Yeast and mold count was determined on potato dextrose agar as 
per the method outlined by ISO 7954: 1987 [27]; reaffirmed in 2009. The lactic acid bacteria (LAB) were determined 
using de-Mann Rogosa Sharpe (MRS) agar medium at 37 °C for 24–48 h as described by [28]. The coliform content was 
determined as per ISO 4832:1991; reaffirmed in 2007 [29] while Escherichia coli was determined as per IS 5887, part 1, 
1976; reaffirmed in 2009 [30] using MacConkey agar. The presence of pathogenic bacteria such as Salmonella, Shigella, 
and Staphylococcus aureus was determined using selective media by following ISO 6579: 1993; reaffirmed in 2009 [31], 
and IS 5887 (Part 2):1976 [32] respectively.

(2)IA = [(C12 ∶ 0 + (4 ∗ C14 ∶ 0) + C16 ∶ 0)]
/

∑

UFA

(3)IT =
C14 ∶ 0 + C16 ∶ 0 + C18 ∶ 0

[
�

0.5 ∗
∑

MUFA
�

+
�

0.5 ∗
∑

n − 6 PUFA
�

+
�

3∗
∑

n − 3 PUFA
�

+ (n − 3∕n − 6)

(4)HPI =
∑

UFA∕[(C12 ∶ 0 + (4 ∗ C14 ∶ 0) + C16 ∶ 0)]
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2.10  Microbiome composition and metagenomic analysis

The microbiota present in different Chhurpe samples was evaluated by 16S rRNA diversity analysis using the Illumina 
(NOVASEQ 6000) and performed at M/s. Neuberg diagnostics, India. The DNA was isolated from food samples and was 
checked for its concentration using NanoDrop 1000 (M/s. Thermofisher Scientific, USA). The DNA quality was confirmed 
by electrophoresis on a 1% agarose gel. The V4-V5 regions of 16S r RNA genes were amplified and the PCR products were 
utilized for the preparation of the libraries. The final libraries were quantified using Qubit 4.0 fluorometer with DNA HS 
assay kit (M/s. Thermofisher Scientific, USA) [19]. The insert size of the library was determined using Tapestation 4150 uti-
lizing high-sensitive D1000 screencaps (M/s. Agilent Technologies, USA) as per the protocol outlined by the manufacturer. 
The raw data quality assessment was performed using Fast QC v.0.11.9 (default parameters) and summarized using Multi 
QC softwares. The primer fragments of matched sequences were removed with using Cutadapt plugin. The sequences 
were then denoised, merged and the chimera removed, using the DADA2 plugin using QIIME2 v2021.8 software with 
DADA2 quality settings of –p-trunc-len-f-p-trunc-len-r parameters of 251 and 251 respectively [19].

The Greengenes database was downloaded and sequences flanking the forward [CCT AYG GGRBGCASCAG] and reverse 
[GGA CTA CNNGGG TAT CTAAT] primers were extracted followed by training the QIIME2 Naïve Bayes feature classifier. 
The representative sequences were classified by taxon using the fitted classifier. Amplicon Sequence Variants (ASVs) 
annotated as mitochondria or chloroplasts were removed by QIIME2 export options as they are considered unwanted. 
The features labelled as unassigned at different lineage levels viz., phylum, class, order, family, genus and species were 
removed. Sample-wise taxonomic abundances were plotted at different lineage levels using the ‘plot_bar’ function of 
the microeco R package software. Alpha rarefaction plot, PCA biplots and circular phylogenetic tree were plotted using 
Phyloseq tool. The Krona chart was plotted using the QIIME 2 Krona functions. The heatmaps and point plots based on 
the relative abundance for each lineage were plotted using the ampvis2 R package software [19]. A workflow describing 
the methodology used for metagenomic analysis is presented in the supplementary material Fig. S1.

2.11  Statistical analysis

All the experiments were carried out in triplicates, and the reported data are average ± standard deviation (SD). The sta-
tistical analyses were performed using one-way ANOVA followed by Tukey’s post hoc test and Chi-square test to find the 
significant differences among the samples at p ≤ 0.05 using the IBM® SPSS® statistics version 26.0 software, SPSS Inc., USA.

3  Results and discussion

3.1  Proximate composition of milk and curd

The nutritional composition of milk from different animal breeds is presented in Table 1. The protein content of the milk 
samples ranged between 3.21 g 100  g−1 and 4.13 g 100  g−1 with the highest protein content observed for the Germo 
(4.13 g 100  g−1). The protein content of the Jersey breed milk was in the range observed in earlier reports [33] while that 
of Demo was slightly lower compared to the generally observed range of 4.0–6.0 g 100  g−1 [6, 33]. The highest fat content 

Table 1  Physico-chemical and nutritional properties of Milk and Curd

Values are the mean of three replicates ± SD (Standard Deviation). Values carrying superscripts a, b, c, d denote statistical differences 
between the mean values. Values carrying different superscripts in the same row are statistically significant at p < 0.05

Milk Curd

Jersey Demo Germo Zomo Jersey Demo Germo Zomo

Crude protein 
(N × 6.38), g 100  g−1

3.31 ± 0.07c 3.83 ± 0.06b 4.13 ± 0.07a 3.21 ± 0.07c 3.25 ± 0.01c 3.67 ± 0.01ab 3.62 ± 0.02b 3.75 ± 0.03a

Crude fat, g 100  g−1 3.62 ± 0.03c 4.05 ± 0.07a 3.82 ± 0.03b 3.47 ± 0.04c 4.39 ± 0.01a 4.50 ± 0.14a 4.57 ± 0.11a 3.95 ± 0.07b

pH 6.55 ± 0.07b 6.78 ± 0.02a 6.21 ± 0.04c 6.23 ± 0.04c 4.09 ± 0.01b 4.08 ± 0.01b 4.08 ± 0.03b 4.29 ± 0.01a

Acidity (% Lactic acid) 0.14 ± 0.03a 0.16 ± 0.01a 0.17 ± 0.01a 0.13 ± 0.01a 0.47 ± 0.01a 0.46 ± 0.02a 0.39 ± 0.01b 0.34 ± 0.01b
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was observed for Demo milk; however, the fat content was lower compared to the earlier reported range for Yak. In the 
case of the Jersey breed, the fat content was similar to the previously reported range [33]. The other parameters such as 
total solids content, pH, and acidity were in the general range observed earlier for these animal breeds. The variations 
in protein and fat content in the milk in comparison to the standard range could be attributed to several factors such as 
breed, age of the animal, parity, body condition, milking time, and milking methods [33]. Further, physiological factors 
such as the stage of lactation and udder health affect milk composition [34]. Another important factor that determines 
the milk quality and nutrient composition is the availability and quality of pasture. This variation in the milk quality, espe-
cially protein, fat, and micronutrient content could be attributed more to the pasture quality and availability than parity 
or other physiological conditions in animal breeds [35, 36]. This was very evident in yak and yak × cow breeds of alpine 
Himalayas of Nepal [37]. The milk production in Western Himalayas is primarily pasture-based and the distribution and 
availability of forage crops determine the milk composition in these animal breeds. The major forage crops distributed 
in the Tholang region during the sample collection period were Tanacetum sp., Taraxacum sp., Capsella bursa-pastoris, 
Parochetus sp., and Arnebia sp. (Supplementary Fig. S2). In the Kargyak, Lungnak, and Zanskar regions of Ladakh, red clover 
(Trifolium pratense), yellow sweet clover (Melilotus officinalis), alfalfa (Medicago sativa), Medicago falcata and Festuca kash-
miriana were the predominant forage crops. The distribution of these forage crops has been earlier reported by [38–40]. 
Further, the ability to metabolize forage crops varies between animal breeds consequently affecting the milk quality.

The primary fermentation product derived from milk is curd. In the Western Himalayan region, the curd is generally 
prepared by the back-slopping technique and constitutes a significant component of their diet [41]. The nutritional 
composition of curd obtained from different animal breeds is presented in Table 1. The protein and fat content of the 
curd samples were more or less similar with very low statistical significance. Curd obtained from the milk of Zomo had 
slightly higher protein content compared to other samples while the fat content was highest in the Germo. Curd obtained 
from Jersey and Demo milk was slightly acidic compared to the other two breeds.

3.2  Nutritional quality analysis of Chhurpe

Chhurpe is a fermented cheese traditionally consumed in the high-altitude regions of both the Eastern and Western 
Himalayan regions [42]. Traditionally, Chhurpe is consumed as a masticator for obtaining sustained energy among the 
locals, cooked and consumed along with a variety of foods such as meat, soups, vegetables, and tea [13]. Despite being 
an important component of their diet, Chhurpe is poorly characterized in terms of nutritional and microbiome composi-
tion. In this context, the present study was taken up to characterize the Chhurpe obtained from different animal breeds 
commonly farmed in cold desert regions. The nutritional composition of the Chhurpe samples prepared from different 
milk sources is presented in Table 2. The moisture content of sun-dried Chhurpe was less than 1.5% w/w indicating their 
suitability for long-term storage as practiced traditionally. Generally, Chhurpe is prepared and stored for harsh winters 
when the availability of food is limited [1]. The total carbohydrate content of the Chhurpe ranged between 18.92 and 
26.91 g 100  g−1. Jersey Chhurpe contained the highest starch content (19.14 g 100  g−1) while the least starch content was 
observed for Demo (4.93 g 100  g−1). The total sugar content ranged between 11.99 and 24.20 g 100  g−1 with the high-
est sugar content observed for the Jersey Chhurpe. Lactose content was highest in the Germo Chhurpe (1.86 g 100  g−1) 
whereas the lactose content was 3 folds lower in the Jersey Chhurpe (0.63 g 100  g−1) compared to Germo. Chhurpe is 
naturally a low dietary fiber food with values ranging between 1.3 and 2.1 g 100  g−1. Zomo Chhurpe contained the high-
est protein content (69.03 ± 1.23 g 100  g−1) followed by Demo (61.21 ± 1.47 g 100  g−1). The protein content between 
Jersey (57.38 g 100  g−1) and Germo (53.73 g 100  g−1) Chhurpe was statistically similar. The protein content observed in 
the present study for Jersey Chhurpe was lower compared to the earlier report of Panda et al. (2016), while that of Yak 
(Demo) Chhurpe was higher compared to the earlier report of Ahmed et al. (2018). The present study revealed that 100 g 
of Chhurpe could meet more than the complete recommended dietary allowances (RDA) of proteins for the Indian popu-
lation (both children and adults) as per ICMR-NIN (2020) [43] (Supplementary Table S1). The total phenolic acids content 
of all the samples was statistically similar ranging between 1.42 and 1.61 mg  g−1. The total flavonoid content was slightly 
higher in Zomo Chhurpe (7.54 mg  g−1) followed by Demo Chhurpe (6.93 mg  g−1) and least in Germo Chhurpe (5.61 mg  g−1).

The proximate composition of the dried Chhurpe revealed that the cross-breed Germo was nutritionally superior in 
terms of total protein and fat contents when compared to other Chhurpe samples. The variations in the nutritional qual-
ity among the Chhurpe samples could be attributed to the fermentation conditions and the quality of the milk samples 
utilized for fermentation. For example, in a study conducted by [44], it was observed that the initial fat content of the 
milk samples affected the yield, texture and nutritional quality of Chhurpe obtained from cow and buffalo milks. The 
author reported that higher fat content in milk resulted in better Chhurpe yield, texture and sensory properties such as 
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chewiness and gumminess. However, the trend was opposite with higher protein content and better shelf stability in 
Chhurpe obtained from low fat milk. The results obtained in the present study corroborates to this observation with Germo 
milk containing lower fat content yielding Chhurpe with highest protein content. Other parameters that affect Chhurpe 
quality are fermentation conditions and microflora of the inoculum [45]. Method of Chhurpe preparation significantly 
affects its chemical composition. It was observed that the free fat content of the Chhurpe increases due to simultaneous 
action of scraping and agitation during the heating of curd. Further improper heat treatment to the milk samples results 
in significant variations in coagulation of casein resulting in variations in the protein content of the Chhurpe samples 
[46]. The variations in total sugars, reducing sugars and lactose content in different Chhurpe samples could be attributed 
to the different degree of conjugation of sugars with proteins during heat induced coagulation [46, 47]. In the present 
study, the variations in heating of buttermilk (Tara) during Chhurpe preparation could be the main reason behind the 
varied total sugar and reducing sugar content in the samples.

3.3  Mineral composition of Chhurpe

The micronutrient mineral composition of Chuurpe samples is presented in Table 2. Among the different Chhurpe samples, 
Germo contained the high amounts of essential micronutrients viz., iron and zinc, 7.82 mg 100  g−1 and 3.46 mg 100  g−1 
respectively. However, with respect to calcium, Zomo contained the highest (384.73 mg 100  g−1) while Germo had three 
folds lower calcium content (117.94 mg 100  g−1) compared to all the other Chhurpe samples. In the case of magnesium, 
Germo contained 6–7 folds higher content compared to the other samples. Phosphorus content was highest with Zomo 
followed by Jersey and least in Germo while potassium content was 2.5 to 3 folds higher in Germo compared to the oth-
ers. The variation in mineral composition of different Chhurpe samples could be attributed to the milk quality which is in 
turn determined by the availability and distribution of forage crops in the geographical region.

Table 2  Nutritional 
composition of Chhurpe 

Values are the mean of three replicates ± SD (Standard Deviation). Values carrying superscripts a, b, c, d 
denotes statistical differences between the mean values. Values carrying different superscripts in the same 
row are statistically significant at p < 0.05

Nutrient parameters Jersey Demo Germo Zomo

Moisture (%) 1.12 ± 0.03a 1.1 ± 0.01a 1.12 ± 0.06a 1.23 ± 0.05a

Crude protein (N × 6.38), g 100  g−1 57.38 ± 1.97bc 61.21 ± 1.47ab 53.73 ± 3.20c 69.03 ± 1.23a

Crude fat, g 100  g−1 13.36 ± 0.86ab 11.59 ± 0.18b 12.21 ± 0.15ab 14.34 ± 0.74a

Total carbohydrates, g 100  g−1 24.73 ± 2.52a 20.79 ± 1.22ab 26.91 ± 3.56a 18.92 ± 0.36b

Total starch, g 100  g−1 19.14 ± 0.84a 4.93 ± 0.27d 15.98 ± 0.84b 7.30 ± 0.83c

Total sugars, g 100  g−1 24.20 ± 1.00a 14.60 ± 1.56c 18.70 ± 0.48bc 11.99 ± 0.79d

Lactose, g 100  g−1 0.63 ± 0.02d 0.88 ± 0.03c 1.86 ± 0.56a 1.39 ± 0.02b

Total reducing sugars mg  g−1 6.01 ± 0.59ab 7.06 ± 0.59a 6.64 ± 1.17ab 4.05 ± 0.15b

Dietary fibre, g 100  g−1 1.90 ± 0.05a 1.49 ± 0.07b 2.04 ± 0.05a 1.30 ± 0.04b

Total Ash (%) 3.40 ± 0.33b 5.34 ± 0.44a 6.02 ± 0.16a 3.40 ± 0.18b

Energy, (kcal 100  g−1) 448.70 ± 5.52a 432.19 ± 2.65b 432.48 ± 7.80b 453.19 ± 4.52a

pH 4.44 ± 0.03a 4.46 ± 0.12a 4.22 ± 0.05a 4.42 ± 0.01a

Acidity (%) 0.77 ± 0.02b 0.41 ± 0.01c 0.86 ± 0.02a 0.71 ± 0.21b

Total phenol acids mg  g−1 1.61 ± 0.07a 1.42 ± 0.04a 1.44 ± 0.01a 1.60 ± 0.08a

Total flavonoids mg  g−1 6.04 ± 0.01b 6.93 ± 0.03a 5.61 ± 0.35b 7.54 ± 0.06a

Mineral composition of Chhurpe (mg 100  g−1)
 Minerals Jersey Demo Germo Zomo
 Calcium 333.99 ± 1.50c 373. 09 ± 2.59b 117.94 ± 0.92d 384.73 ± 2.22a

 Iron 6.23 ± 0.07b 3.45 ± 0.02d 7.82 ± 0.16a 5.44 ± 0.25c

 Potassium 164.51 ± 2.11b 168.07 ± 1.72b 456.03 ± 1.36a 138.65 ± 2.05c

 Phosphorus 704.20 ± 2.65b 650.02 ± 3.92c 408.85 ± 2.04d 850.43 ± 4.14a

 Magnesium 35.55 ± 0.31b 28.64 ± 1.49c 210.96 ± 1.02a 36.22 ± 0.25b

 Zinc 2.51 ± 0.09b 1.70 ± 0.10c 3.46 ± 0.12a 2.61 ± 0.06b
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The analysis revealed that the one hundred grams of Chhurpe samples could meet between 23 and 95% of RDA of iron 
among children aged between 3 and 10 years. In the case of adults, the different Chhurpe samples could meet an aver-
age of 20% RDA of iron. Similarly, Chhurpe could satisfy between 28 and 100% RDA for zinc in 3 to 10-year-old children 
while for adults only 10% to 20% of zinc requirements were met. For calcium, Chhurpe samples could averagely meet 
between 20 and 75% amongst 3–10-year-old children. However, with adults up to 38% of dietary calcium requirements 
were satisfied (Supplementary Table S1). From the present study, it is evident that Chhurpe is a rich source of essential 
micronutrients.

3.4  Amino acid composition of Chhurpe

The total amino acid content (TAA) in Chhurpe was highest in Zomo (67.99 g 100  g−1) followed by Demo and Jersey which 
were statistically similar (56–57 g 100  g−1) while Germo contained the least (Table 3). A similar trend was observed for 
essential amino acid (EAA) contents such as sulphur, branched chain, and aromatic amino acids. The lysine and histi-
dine content were highest in Zomo Chhurpe followed by Demo and Jersey and least in Germo. However, in the case of 
threonine, Germo and Zomo contained similar amounts (1.84–1.85 g 100  g−1) and were higher compared to Jersey and 
Demo. The present study is the first attempt to characterize the amino acid composition of Chhurpe from the Western 
Himalayan region.

Chemical scoring of EAA of different Chhurpes against the amino acid requirements for 3 to 10 years old children as per 
FAO [48] indicated that tryptophan, threonine, and valine were the deficient amino acids among the Chhurpe samples. 

Table 3  Amino acid 
composition of Chhurpe (g 
100  g−1)

AA- Amino acids; TAA- Total Amino acids; EAA- Essential Amino acids

Values are the mean of three replicates ± SD (Standard Deviation). Values carrying superscripts a, b, c, d 
denotes statistical differences between the mean values. Values carrying different superscripts in the same 
row are statistically significant at p < 0.05

Jersey Demo Germo Zomo

Essential AA
 Histidine 1.89 ± 0.01c 1.98 ± 0.01b 1.75 ± 0.01d 2.57 ± 0.02a

 Leucine 4.99 ± 0.02b 4.90 ± 0.03b 3.75 ± 0.02c 6.12 ± 0.05a

 Isoleucine 2.16 ± 0.01b 2.20 ± 0.02b 2.01 ± 0.03c 2.51 ± 0.04a

 Lysine 5.21 ± 0.03b 5.23 ± 0.02b 3.83 ± 0.03c 6.59 ± 0.03a

 Methionine 4.83 ± 0.04ab 5.13 ± 0.20a 4.61 ± 0.13b 5.08 ± 0.12a

 Phenylalanine 2.53 ± 0.01b 2.55 ± 0.05b 2.13 ± 0.02c 3.10 ± 0.03a

 Threonine 1.32 ± 0.01c 1.40 ± 0.01b 1.85 ± 0.03a 1.84 ± 0.03a

 Tryptophan 0.16 ± 0.01c 0.22 ± 0.02b 0.46 ± 0.03a 0.14 ± 0.02c

 Valine 1.19 ± 0.01b 1.20 ± 0.01b 0.53 ± 0.01c 1.57 ± 0.01a

Non-essential AA
 Arginine 3.40 ± 0.02c 3.49 ± 0.02b 3.66 ± 0.02d 3.99 ± 0.04a

 Aspartic acid 3.26 ± 0.02c 3.28 ± 0.02bc 4.81 ± 0.04a 3.37 ± 0.05b

 Cysteine 5.29 ± 0.01b 5.30 ± 0.03b 4.11 ± 0.03c 6.12 ± 0.09a

 Glutamic acid 11.59 ± 0.04b 11.62 ± 0.07b 8.41 ± 0.09c 14.00 ± 0.16a

 Glycine 1.24 ± 0.01c 1.23 ± 0.01c 1.35 ± 0.01b 1.57 ± 0.01a

 Proline 2.59 ± 0.05c 2.45 ± 0.05c 3.15 ± 0.02a 2.92 ± 0.09b

 Serine 3.06 ± 0.01b 3.09 ± 0.02b 2.59 ± 0.03c 3.97 ± 0.03a

 Tyrosine 0.41 ± 0.01b 0.36 ± 0.01c 0.22 ± 0.01d 0.88 ± 0.04a

 Alanine 1.25 ± 0.01c 1.35 ± 0.01b 0.54 ± 0.01d 1.63 ± 0.02a

 Σ TAA 56.44 ± 0.24b 57.00 ± 0.53b 49.81 ± 0.31c 67.99 ± 0.67a

 Σ EAA 24.30 ± 0.12b 24.82 ± 0.31b 20.94 ± 0.08c 29.53 ± 0.22a

In-vitro protein digestibility
 Crude protein, g 100  g−1 57.38 ± 1.97bc 61.21 ± 1.47ab 53.73 ± 3.20c 69.03 ± 1.23a

 Protein after gastro-intestinal 
Digestibility, g 100  g−1

46.6 ± 0.96a 52. 43 ± 0.01ab 40.39 ± 0.50a 56.58 ± 4.89a

 Protein digestibility (%) 80.46 ± 1.07a 85.69 ± 2.06a 75.28 ± 3.54a 81.91 ± 5.63a
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In Jersey, the 1st, 2nd, and 3rd limiting amino acids were tryptophan, valine, and threonine respectively. In the case of 
Demo, the 1st, 2nd, and 3rd limiting amino acids were valine, tryptophan, and threonine. With respect to Germo, only 
valine was limited while all the other EAA scored > 1.00. In Zomo, tryptophan and valine were the 1st and 2nd limiting 
amino acids (Supplementary Table S2). Overall, the scores for tryptophan and valine were below 0.5 for all the Chhurpe 
samples while that of threonine was ~ 0.9 in Jersey and Demo. With respect to SAA, the score was multi-fold higher (6–7 
folds), and in the case of histidine the scores were > 2.00, and with respect to lysine the scores were between 1.5 and 
2.0 folds. An interesting observation is that, despite containing lower crude protein and total EAA, Germo scored best in 
terms of meeting the EAA requirements of 3–10 years old children as per FAO [48]. The present study revealed that the 
traditional Chhurpe is an excellent source of protein and EAA satisfying the nutritional requirements for different age 
groups. The in vitro protein digestibility scores of Chhurpe samples ranged between 75 and 85%. Chhurpe from Demo 
had relatively highest digestibility over other Chhurpe samples, however, the percent protein digestibility among the 
four different Chhurpe samples was statistically similar. The study indicates that Chhurpe is a highly digestible protein-rich 
food, meeting most of the EAA requirements.

3.5  Total fat and fatty acid composition

The total fat content of Chhurpe samples ranged between 11.5% and 14.3% and was statistically similar. Fatty acid 
analysis revealed that saturated fatty acids (SFA) were the predominant class of fatty acids constituting nearly 65% of 
the total fatty acid composition followed by monounsaturated fatty acids (MUFA) (32–33%) and polyunsaturated fatty 
acids (PUFA) (2.5–3%) (Table 4). Palmitic acid (C-16:0), oleic acid (C-18:1, c9), and stearic acid (C-18:0) were the major fatty 
acids. The present study is the first one to report the detailed fatty acid composition of Chhurpe. The nutritional quality of 
the fat composition of Chhurpe was determined using nutritional indices such as the index of atherogenicity (IA), index 
of thrombogenicity (IT), and, health-promoting index (HPI) [22]. The IA of Chhurpe samples ranged between 2.01 and 
2.24 with Zomo and Germo showing the lowest and highest index respectively. However, the values were statistically not 
significant. The IA observed in the present study was in the range earlier observed for dairy products [49]. Similar to IA, 
thrombogenicity is an important parameter that determines food quality with respect to cardiovascular health [22]. The 
IT values of Chhurpe obtained from different animal breeds ranged from 3.22 to 3.75 with the highest and lowest scores 
observed for Germo and Jersey Chhurpe respectively. The values were in the range observed for dairy products such as 
cheese and milk obtained from Jersey and Holstein breeds [49, 50].

Ulbricht and Southgate [23] suggested that the presence of high amounts of SFA lauric acid (C12:0), myristic acid 
(C14:0), and palmitic acid (C16:0) may have pro-atherogenic and thrombogenic properties such as adhesion of lipids 
to cells of circulatory and immunological systems and promoting clot formation in blood vessels. Dairy products are 
known to have high amounts of SFA that may promote atherogenicity and thrombogenicity [49]. It is recommended 

Table 4  Fatty acid 
composition of Chhurpe 
(Relative %)

Values are the mean of three replicates ± SD (Standard Deviation).  Values carrying superscripts a, b, c, d 
denotes statistical differences between the mean values. Values carrying different superscripts in the same 
row are statistically significant at p<0.05

Fatty acid chain 
length

Jersey Demo Germo Zomo

C10:0 3.38 ± 0.32a 2.41 ± 0.01b 2.63 ± 0.06b 2.21 ± 0.01b

C12:0 3.19 ± 0.13a 2.50 ± 0.07b 2.28 ± 0.09b 2.59 ± 0.33b

C14:0 10.89 ± 0.38a 10.31 ± 0.17a 10.31 ± 0.35a 10.97 ± 0.22a

C16:0 28.46 ± 1.27a 29.61 ± 0.80ab 30.54 ± 0.39ab 27.00 ± 0.46ac

C18:0 18.29 ± 0.63a 20.04 ± 0.74b 21.21 ± 0.42b 20.81 ± 0.40b

C18:1 32.62 ± 0.48a 32.38 ± 0.21a 30.30 ± 0.38b 33.39 ± 0.53a

C18:2 3.17 ± 0.10a 2.75 ± 0.39a 2.73 ± 0.09a 3.03 ± 0.08a

Σ SFA 64.21 ± 0.58a 64.87 ± 0.18a 66.98 ± 0.47b 63.58 ± 0.61a

Σ MUFA 32.62 ± 0.48a 32.38 ± 0.21a 30.30 ± 0.38b 33.39 ± 0.53a

Σ PUFA 3.17 ± 0.10a 2.75 ± 0.39a 2.73 ± 0.09a 3.03 ± 0.08a

IA 2.10 2.08 2.24 2.01
IT 3.22 3.41 3.75 3.22
HPI 0.475 0.478 0.445 0.495
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to consume foods that are lower in IA and IT scores. In the case of dairy products, the incorporation of polyunsaturated 
fats (both MUFA and PUFA) rich oils such as fish and flax seed oils to the dairy products from bovine (such as cheese and 
yogurt) enhanced both the sensory scores and health indices such as IA, IT, and HPI of the dairy products [49, 51]. Further, 
the fatty acid composition of milk and dairy products is influenced by diet composition, management practices, and 
feed supplements that are being provided to the animals [52]. It is noteworthy that the inclusion of unsaturated-rich oil 
sources such as sunflower oil, linseed oil, and tocopherols in animal feed has improved the milk fatty acid composition, 
especially their nutritional indices [50, 53].

3.6  Microbiological analysis

The microbial populations in all the samples of Chhurpe were examined and represented in Table 5. The total bacterial 
count ranged between 11300 CFU  g−1 and 17800 CFU  g−1 with Demo and Germo showing higher total bacterial count. 
Lactic acid bacteria (LAB) were the predominant group constituting between 38 and 50% of total bacterial count with 
the highest percent LAB observed in Demo Chhurpe. No pathogenic bacteria such as Salmonella, S. aureus, Shigella, and 
E. coli were observed in any of the Chhurpe samples. Analysis of freshly fermented soft Jersey Chhurpe revealed that the 
total bacterial count was greater than 40000 CFU  g−1 with nearly 50% constituted by LAB. Contaminants such as yeast and 
molds, coliforms, and E. coli were detected in soft Chhurpe derived from Jersey milk (Supplementary Table S3). This could 
be attributed to the quality of water and utensils used during the course of preparation of Chhurpe. A similar observation 
was made by [54], who reported a notable number of contaminants like coliforms, yeast and molds, pathogenic bacteria 
such as E. coli, S. aureus, Salmonella, and Shigella in the soft Chhurpe from Sikkim and Darjeeling regions. Microbiological 
analysis of hard and soft Chhurpe from Sikkim regions revealed that drying of Chhurpe reduced the total bacterial count, 
LAB count, and other contaminants and pathogenic bacteria [13]. Drying of Chhurpe reduces the water activity of the 
product thereby reducing the total bacterial count and consequent spoilage. Thus, the traditional practice of drying 
Chhurpe to very low moisture content is essential for long-term storage in high-altitude regions where the availability 
of food is limited during harsh winters.

3.7  Bacterial taxonomic diversity

The most abundant phylum present in all the Chhurpe samples was Firmicutes (Jersey: 96.76%, Demo: 92.14%, Germo: 
86.69%, and Zomo: 52.68%) followed by proteobacteria (Jersey: 3.06%, Demo: 7.85%, Germo: 13.26%, Zomo 47.22%). The 
other groups identified in very low numbers were Actinobacteria among all the Chhurpe samples. However, the phyla 
Bacteroidetes and Plantomycetes were detected only in Zomo Chhurpe (Fig. 2A).

At the genus level, the predominant group was Lactobacillus in Jersey, Demo and Germo Chhurpes constituting greater 
than 50%, particularly constituting up to 85% of the total abundance in Jersey sample. In the case of Zomo Chhurpe, 
Acetobacter was the predominant group constituting 44% of the total abundance (Fig. 2B). The abundance of Lactococcus 
group was highest in Zomo (22.7%) followed by Germo (17.7%) and least in Demo (0.2%). In contrast, Streptococcus group 
was abundant in Demo Chhurpe (40.7%) followed by Germo (10.69%), Jersey (8.17%) and least in Zomo (5.84%). Glucono-
bacter was detected in maximum abundance in Demo Chhurpe (2.37%) while they constituted less than 0.5% in other 
three Chhurpe samples. Acinetobacter was present only in Germo and Zomo Chhurpe (up to 1.2%) and very negligible in 
Jersey and Demo samples while Pseudomonas was present only Zomo (1.54%) and was very negligible in other Chhurpe 
samples (less than 0.1%). Certain genera were identified only in one or two Chhurpe samples such as Stenotrophomonas 
was detected in Germo and Zomo samples while Kocuria and Gardeneralla were detected only in Germo Chhurpe. Fol-
lowing genera namely Gluconacetobacter, Weisella, and Chryseobacterium were detected only in Zomo Chhurpe. Genus 
Tanticharoenia was detected in Jersey and Demo Chhurpe. The study indicated that Zomo had relatively higher bacterial 
abundance and genera diversity compared to other Chhurpe samples.

At the species level, the most abundant microbial strain in all the Chhurpe samples was Lactobacillus delbrueckii (Jersey: 
99.45%, Demo: 99.94%, Germo: 95.2% and Zomo: 78.37%, (Fig. 2C). Among the various species identified, three probiotic 
strains viz., Lactobacillus delbrueckii, L. helveticus and L. brevis have been previously approved for human use as probiotics 
by Food Safety and Standards Authority of India, 2021 [55]. L. helveticus and L. brevis were detected in very low quanti-
ties among the different Chhurpe samples with Zomo showing highest relative abundance (Fig. 2C). In addition, other 
potential probiotic strain, Leuconostoc mesentroides was identified in significant quantities in Zomo (10.92%) followed 
by Germo (2.62%) and was negligible in the other two Chhurpe samples. Apart from these strains, Pseudomonas fragi and 
Acinetobacter johnsonii were present in significant abundance in Zomo Chhurpe samples which were very negligible in 
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other samples. Apart from these few abundant strains, certain species were identified in only one or two Chhurpe sam-
ples. For example, Pseudomonas veronii was present only in the sample of Jersey and Zomo, while Weissella viridescens 
was present only in Demo and Zomo Chhurpe. Stenotrophomonas retroflexus was present only in Germo and Zomo, while 
Tenticharonia sakaeratensis was detected only in Jersey and Demo samples. Acinetobacter rhizosphaerae was present only 
in Demo and Germo while Acetobacter aceti was only present in Germo sample. Aggregatibacter segnis was detected in 
Demo while Pseudomonas viridiflava was present only in Chhurpe sample of Zomo. Similar to the pattern observed for 
genera distribution, highest species diversity was observed for Zomo sample (Supplementary Fig. S3). A combined circular 
phylogenetic tree was also constructed after 16S sequencing analysis of all the samples (Supplementary Figure S4). In 
the present study at the species level, unclassified sequences of bacteria were also detected in all the samples (Jersey: 
17.2%, Demo: 51%, Germo: 42%, and Zomo: 76.3%) indicating the need for detailed characterization of microorganisms 
(Supplementary Figure. S5).

3.8  Multivariate analysis

3.8.1  PCA biplots and correlation matrix

Multivariate analysis revealed that Zomo Chhurpe was significantly different in terms of bacterial diversity and abundance 
which was evident in the heatmap (Fig. 2a, b, c). The PCA biplots revealed that Zomo Chhurpe was unique and distant in 
comparison to other samples at all the lineage (phylum, genus and species) levels (Fig. 3a, b, c). The Jersey, Demo and 
Germo Chhurpe were clustered together between the PC1 and PC2 at all the lineage levels indicating homogeneity in the 
bacterial population. However, between PC1 vs PC3, stark differences were observed among the samples. The Demo and 
Zomo Chhurpe lie on the opposite quadrants at all the lineage levels whereas Jersey and Germo were clustered together 
at phylum and genus level. However, at species level, all the four samples lie on the opposite quadrants indicating wide 
diversity (Fig. 3a, b, c). The detailed variations between PC1, PC2 and PC3 among the four samples are presented in sup-
plementary material, Fig. S6.

Further the differences between the four Chhurpe samples at all the lineage levels were elucidated using correla-
tion matrix (Supplementary Fig. S7a, b, c). At the phylum level, the Jersey, Demo and Germo samples showed very high 

Fig. 2  OTU Clustering Heatmap of Chhurpe samples at a phyla, b genus and c species level
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Fig. 3  Biplots generated from principal component analysis (PCA) of all four Chhurpe samples—Phylum (a), Genus (b) and Species (c) level. 
The table represents the Euclidean distances between the Chhurpe samples at phylum, genus and species levels. The values are statistically 
significant at p < 0.05
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correlation (between 0.99 and 1.00) whereas Zomo showed relatively lower correlation (between 0.69 and 0.77) when 
compared against the other samples (Supplementary Fig. S7a). Similarly, at the genus level, Jersey, Demo and Germo 
samples showed relatively higher correlation (0.82–1.00) among each other whereas Zomo was distinct and showed very 
low correlation when compared with Jersey (0.36) and Demo (0.32) (Supplementary Fig. S7b). Surprisingly, at species 
level, the correlation between all the samples were very high (0.99 -1.00). This could be attributed to the abundance of 
Lactobacillus delbrueckki as the predominant species among all the Chhurpe samples (Supplementary Fig. S7c).

The differences in the species diversity, and their distribution between the different Chhurpe samples were evaluated 
for statistical significance using a Chi-square test. The Zomo Chhurpe emerged significantly different from the rest of the 
Chhurpe samples based on the read data abundance distribution (χ2 -test: 4176, DF = 14, p < 0.001). Supporting these 
variations, the bacterial diversity and abundance were further elucidated at all the lineage levels using kernel density 
estimation (KDE) plots (Fig. 4a, b, c). The plots at phylum and genus level showed more or less similar pattern between 
the samples (Fig. 4a, b). However, a sharp difference was observed with respect to Zomo over others Chhurpe samples in 
terms of bacterial abundance showing a three-fold higher density (Fig. 4c).

The unique difference in Zomo Chhurpe over others could be attributed to the microflora of the raw milk of the Zomo 
breed. It was previously reported that the inherent microflora of milk, handling of product, and fermentation conditions 
significantly affect the bacterial composition of the naturally fermented foods [56]. Further the variations in bacterial 
composition could be corroborated to the fact that Chhurpe production is not controlled and purely dependent on 
the quality of starter culture and individual process variations. Thus, it is important that a standardized process may be 
developed for large-scale manufacturing of this unique Himalayan cheese.

3.9  Alpha diversity

A total number of 24, 31, 31 and 37 OTUs were detected in samples of Jersey, Demo, Germo and Zomo, respectively. 
Shannon–Wiener Diversity (H), Shannon–Wiener Evenness (EH), and Simpson Dominance (D), Indices were employed 
to determine and compare microbial diversity in the samples, based on the metagenomic data of all the Chhurpe sam-
ples (supplementary Fig. S8). The calculated value of the diversity indices to species evenness and richness were shown 
in supplementary Fig. S8 and Supplementary Table S4. The α-diversity metrics Demonstrated more species diversity in 
Zomo as compared to all other Chhurpe samples. This variation may be due to the abiotic and biotic factors of used for 
the preparation of Chhurpe which provide a habitable environment to flourish/support a rich microbial community.

There are very few reports describing the overall microbial diversity in traditional fermented foods. In case of curd 
generated from cow’s milk by back-slopping technique, the major phyla were Firmicutes and Proteobacteria [57]. Previ-
ous reports on naturally fermented dairy products like curd (dahi), churpi (cottage cheese), churkam (dried hard cheese) 
and marr (butter) from North Eastern Regions indicated that Firmicutes and Proteobacteria were predominant phyla 
[56]. In the case of fermented milk kefir samples, metagenomics analysis indicated that Acidobacteria, Actinobacteria, 
Proteobacteria and Firmicutes were predominant phyla [58] while the abundant phyla in Chinese traditional fermented 
milk product Koumiss were Firmicutes, Proteobacteria, and Actinobacteria [59].

Microbial diversity analysis of natural cottage cheese, churpi from North Eastern Region (NER) such as Sikkim and 
Darjeeling revealed that Lactobacillus sp., were predominant group constituted by Lactobacillus casei, L. plantarum, L. del-
brueckii, L. paracasei, and L. brevis [54]. Similarly, metagenomics analysis of churpi, from North Eastern Himalayas indicated 

Fig. 4  Kernel density estimation (KDE) plots of microbial density among Chhurpe samples at Phylum (a), Genus (b) and Species (c) levels
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that Lactococcus lactis, L. helveticus and Leuconoctoc mesenteroides were predominant strains present in most of the 
fermented foods of India along with other species such as Acetobacter lovaniensis, Acetobacter pasteurianus, Acetobacter 
syzygii, and Gluconobacter oxydans [56]. Apart from these strains, Enterococcus durans, Enterococcus lactis and Enterococ-
cus faecium were detected in hard churpi obtained from Yak milk from Sikkim Himalaya [60, 61]. It was observed that 
in vitro gastrointestinal digestibility of yak and cow milk-derived churpi from NER improved the bioactivity, specifically 
antioxidant and anti-hypertensive properties, owing to the presence of bioactive peptides derived from milk proteins 
such as α-S1-casein, α-S2-casein, β-casein, κ-casein, α-lactalbumin, and β-lactoglobulin [62]. The results obtained in the 
present study corroborate to that of earlier reports from NE Himalayas with a significant abundance of lactic acid bacteria 
such as Lactobacillus sp., and L. mesenteroides among the different Chhurpe samples. A similar observation of a relatively 
high abundance of lactic acid bacteria mainly of the genus Lactobacilli such as L. helveticus, L. plantarum, L. kefiranofa-
ciens, and L. parabuchneri was observed in fermented milk kefir beverage [58]. However, apart from lactic acid bacteria, 
acetic acid bacteria such as Aacetobacter sp., Gordonia sp., were also equally abundant in the fermented kefir beverage. 
Metagenomic analysis of kefir inoculum, i.e., kefir grains revealed that the predominant genera were Bifidobacterium and 
Lactobacillus with a significant diversity of Lactobacillus species such as L. kefiranofaciens, L. helveticus L. amylolyticus, L. 
buchneri [63]. Metagenomics analysis of Chinese traditional fermented milk product Koumiss indicated that they were 
abundant in lactic acid bacteria specifically L. helveticus, L. kefiranofaciens, Lactoccoccus lactis, Streptococcus infantarius 
and Streptococcus thermophilus [59].

The microbial population during the process of fermentation determines the functionality of fermented food. In the 
Western Himalayan region, Chhurpe is used as a main ingredient for enhancing the nutritional and sensory properties 
of traditional dishes such as soups (Thukpa), sweet dishes (femer/dhuru), and noodle like preparations (Tsunalik) in 
the Western Himalayas region. Addition of Chhurpe gives a milky aroma to the products [12]. The characteristic aroma 
of the Chhurpe samples could be attributed to the natural microbial fermentation process involving Lactobacillus sp., 
and Pseudomonas sp. [15]. Short-chain fatty acids in milk fat are hydrolyzed by lipolytic enzymes in Pseudomonas fragi 
which then interact with ethanol to produce ethyl esters leading to a fruity aroma [64]. In addition to L. delbrueckii, pres-
ence of Leuconostoc p., also influences aroma generation during fermentation. In a recent report it was observed that 
fermentation of milk using L. delbrueckii sub sp., bulgaricus caused production of different aroma compounds such as 
2,3-butanedione, δ-decalactone, acetaldehyde, butanoic acid, acetic acid and hexanoic acid attributing to the charac-
teristic aroma profile of fermented dairy products [65]. Further, metabolite analysis of curds prepared by back-slopping 
technique indicated presence of volatile compounds such as 10-methyl dodecan-5-olide that nay have been produced 
by fermentation through Leuconostoc sp. under acidic conditions [57].

The present study validates the wide usage of Chhurpe as an important food during winter in the high-altitude region. 
Apart from its nutritional properties, the presence of health-promoting bacteria such as Lactobacillus sp., and Leuconostoc 
sp., indicate its potential as probiotic food. Strains belonging to Lactobacillus genus such as L. delbrueckii, L. helveticus, 
and L. brevis have been reported to show hypocholesterolemia properties and consequently anti-obesity and cardio-
protective activities [66–68]. Further, Leuconostoc mesenteroides is a next-generation probiotic strain approved by the 
European food safety authority (EFSA) with excellent anti-microbial properties [69]. In addition, Acinetobacter johnso-
nii has been reported to enhance immunity and exhibit anti-inflammatory, and antioxidant properties [70]. The bioactive 
properties previously reported for a few bacterial strains detected in different Chhurpe samples from the present study 
are listed in supplementary Table S5.

The present work holds significant industrial implications in terms of validation of the nutritional quality of traditional 
food, Chhurpe from the Western Himalayas. Chhurpe obtained from the Zomo breed had the best nutritional quality and 
possessed highest bacterial diversity with the presence of many probiotic strains suggesting the unique quality of the 
breed adapted to high-altitude regions. The results obtained in this work hold societal relevance in terms of identifying 
a better milk source with better nutrition quality for the production of Chhurpe. Further, the presence of high amounts 
of protein and probiotic species such as Lactobacillus helveticus, L. delbrueckii, L. brevis, and Leuconostoc mesenteroides 
approved by Food Safety Standards Authority of India (FSSAI) offer tremendous opportunities in marketing Chhurpe 
as high protein probiotic foods [51]. The identification of antioxidant and ACE inhibitory bioactive peptides in Chhurpe 
obtained from Yak milk earlier by [71], indicates its potential application as a therapeutic food.

Apart from its use in local cuisines, Chhurpe has been recently exported as a food supplement and pet food, specifically 
as dog feed owing to its hard and chewy texture [16]. The sale of Chhurpe as a food ingredient is continuously increas-
ing with an average growth rate of 10%-11% over the last five years with significant export opportunities. In Nepal, the 
annual exports of Chhurpe stood at 18.59 metric tonnes for the fiscal year 2020–2021 predominantly as dog food [16]. 
However, most of the Chhurpe production across the Indian Himalayan Region is unorganized and are mainly operated 
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as cottage industry. Characterization of the predominant bacterial species in this naturally fermented food would help 
in standardization of fermentation process for commercial production of Chhurpe. In the present study, we identified 
Lactobacillus sp., to be the predominant bacterial group indicating that the product can be commercially manufactured 
with known Lactobacilli strains as inoculum. Thus, the present study is important from both academic as well as industrial 
point of view in popularizing the traditional fermented food unique to Indian Himalayan Region.

4  Conclusion

The present study for the first time compared the nutritional and microbiome composition of Chhurpe samples prepared 
using milk obtained from four different animal breeds that are commonly domesticated in the high-altitude Western 
Himalayan region. Among these, Chhurpe prepared from the milk of cross breed, Zomo had the highest protein, fat, 
calcium and total flavonoids content indicating its nutritional superiority over others. In addition, the metagenomic 
analysis revealed that Zomo Chhurpe possessed the highest bacterial species diversity with the presence of several 
probiotic bacterial strains such as Lactobacillus helveticus, L. delbrueckii, L. brevis, and Leuconostoc mesenteroides sug-
gesting its potential application as natural probiotic food. Our work validates the potential application of Chhurpe as a 
low-cost protein supplement to combat malnutrition in the high-altitude regions where vegetation is scarce. Further, 
the results obtained in the present study suggest the need for the preservation and domestication of native breeds such 
as Zomo that are unique and well adapted to high-altitude regions. Currently, Chhurpe production is limited to cottage 
industries with wide variations in the product quality. The microbiome composition results obtained in the present work 
can be exploited for the optimization of large-scale fermentation for commercial production of Chhurpe by utilizing the 
predominant Lactobacilli species as starter cultures. Thus, the present work holds industrial importance along with its 
primary aim to characterize and popularize the traditional foods of the Western Himalayas, possessing unique resources 
and practices, towards their global outreach and wider consumption.
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