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Abstract

Modulating gut microbiota with functional foods may support wellness. Camel milk's unique
composition presents intriguing potential for novel fermented dairy products. We developed a fermented
camel milk product using standardized methods and evaluated impacts on rat gut microbiota. 16S
rRNA sequencing and shotgun metagenomics revealed the product selectively increased beneficial
microbes like Bifidobacterium and altered metabolic pathways including biosynthesis of vitamin
B6, demonstrating prebiotic-like effects. Correlations between taxonomic and functional shifts were
uncovered. This reveal fermented camel dairy's ability to beneficially reshape gut microbial ecology and
provides mechanistic insights to inform product optimization. By elucidating camel milk's influence on
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microbiome-gut-health axes, this work makes a valuable contribution to functional foods research. The
findings can guide leveraging of camel dairy's bioactive factors for next-generation dairy. Diversifying
dairy food by leveraging camel milk represents an opportunity for agricultural innovation to develop
functional fermented foods. Further research should isolate bioactive metabolites to tailor novel products

maximizing microbiome benefits.

Key words: camel milk; fermented dairy; rats gut microbiota; 16S sequencing; metagenomics;

prebiotic; probiotic.

Introduction

Camel milk is a traditional dairy product in
Central Asia and the Middle East, valued for its
unique compositional and functional attributes
compared to conventional cows' milk. The
Kazakhstan Bactrian camel produces quality milk,
with reported annual yields reaching 1500-2000
liters per lactating camel and 5.5-6.0% fat content.

Compared to cow milk, camel milk delivers
superior nutritional quality, being rich in lactose,
casily digestible whey protein, and essential
minerals like iron, zinc and vitamin C. Additionally,
itexhibits promising health-promoting bioactivities
primarily linked to gut microbiota modulation.
Camel milk contains higher levels of insulin,
immunoglobulins, and the antimicrobial protein
lactoferrin compared to bovine milk, conferring
potential therapeutic properties. Camel milk's
oligosaccharides have been shown to selectively
stimulate growth of beneficial Bifidobacterium
probiotics in the gastrointestinal tract through
prebiotic mechanisms [1-3]. Other bioactive
components like lactoperoxidase, lysozyme,
and lactoferrin possess antimicrobial activity
against foodborne pathogens, as demonstrated
by raw camel milk's ability to inhibit Escherichia

Materials and Methods

Animal study

An animal study examined the effects of
fermented camel milk products on gut microfiora
and intestinal function. The study used 18 mongrel
rats of both sexes with an average starting weight
of 198 + 29.5 g. Before the experiment, the rats
were housed under vivarium conditions and fed a
standard chow diet for 7 days. The rats were then
given the chow diet plus 5 g daily of a fermented
camel milk protein product per rat for 4 weeks
(FCM). To evaluate the impact on gut microflora,
fecal samples were collected from the rats both
before and after introduction of the fermented milk
products. Fecal samples were aseptically obtained
in sterile vials and stored at —20°C for analysis.
All studies were carried out in the Microbiome
Research Laboratory of the National Laboratory

coli in vivo and in vitro [4]. Multiple studies in
diabetic mouse models reveal that consuming
camel milk can decrease blood glucose, glycated
hemoglobin (HbAlc), and serum enzymes and
lipids like aspartate transaminase (AST), alanine
transaminase (ALT), triglycerides, and cholesterol
[5].

Given camel milk's promising nutritional and
functional attributes, production of fermented
camel dairy products is expanding, including
probiotic yogurt and cheeses. To further understand
mechanisms and develop novel functional
foods, our research comprehensively evaluated
a fermented camel milk product's impacts on gut
microbial community structure, membership, and
predicted metabolic function using 16S rRNA
gene sequencing, shotgun metagenomics, and
bioinformatics.

Leveraging camel milk's unique composition
through fermented products represents a promising
opportunity  for agricultural diversification
and value addition. Harnessing this functional
traditional food could deliver new health-
promoting dairy options to consumers.

Astana.

The study was approved by the Local Ethics
Committee of the Center for Life Sciences of
National Laboratory Astana Nazarbayev University
(Resolution No. 01-2021 of 18.01.2021) (Astana,
Kazakhstan).

Sample preparation

Fecal samples were collected from the rats
at the baseline and after 4 weeks of intervention.
For DNA extraction from the fecal material,
the ZymoBIOMICS DNA Miniprep Kit (Zymo
Research, Irvine, CA, USA) was utilized per
the manufacturer's instructions. The kit contains
reagents and spin columns designed to efficiently
lyse cells and bind and purify genomic DNA from
diverse sample types, including feces. Following
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extraction, the obtained nucleic acid samples
were run on a 1% agarose gel by electrophoresis
to visually assess DNA quality and integrity.
DNA concentration and purity were quantified
using the NanoDrop ND-2000 spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA).
The NanoDrop enables precise nucleic acid
quantification by measuring absorbance at 260 nm
and provides purity ratios based on absorbance
at 230, 260 and 280 nm. Molecular grade sterile
water was included as a negative control in the
DNA extraction and quantification process.

Sequencing and preprocessing

For microbiome sequencing, the purified fecal
DNA samples were submitted to the sequencing
facility of Novogene (Beijing, China). The [llumina
NovaSeq 6000 system (Illumina, San Diego, CA,
USA) was utilized to perform high-throughput
paired-end sequencing of the 16S rRNA gene
amplicons, following Illumina's standard library
prep and sequencing protocols.

The raw sequencing data generated was
processed and analyzed using the LotuS2
microbial analysis pipeline. Initial preprocessing
was performed to demultiplex and quality filter
the reads, removing those with low quality scores
or ambiguous barcodes. Reads were merged using
default parameters in LotuS2. Primer sequences

Results

Camel milk has distinct physicochemical
properties compared to cow milk, including larger
micelle size, higher whey-to-casein ratio, and lower
kappa-casein content. These features lead to poor
curd formation and low yield when making cottage
cheese using traditional techniques. To address
this challenge, we developed a combined camel
milk protein product using the following approach:
Camel milk was pasteurized at 82+2°C, cooled to

were trimmed off and non-bacterial reads filtered
out based on comparison to the SILVA 16S
database. Chimeric sequences were subsequently
filtered from the dataset using the UCHIME
algorithm [6]. The remaining high-quality reads
were clustered into operational taxonomic units
(OTUs) based on 97% sequence identity using the
UPARSE approach implemented in LotuS2 [7].
Taxonomic assignment of OTUs was performed
by comparison to SILVA using the last common
ancestor method [8].

Bioinformatics

PICRUSt2 enabled functional prediction
by placing OTUs into a reference tree of 20,000
full-length 16S sequences [9]. Gene family and
pathway abundance were predicted using this tree
and the MetaCyc database [10].

Python enabled statistical analysis and data
visualization. Taxa abundance was compared
across groups with boxplots. Cladograms
displayed community structure. PCoA ordination
visualized sample relationships based on Bray-
Curtis distances. ANOSIM and PERMANOVA
assessed group differences. Correlation analysis
used Kendall's tau on differentially abundant
features. Data was visualized with matplotlib,
seaborn.

38+2°C, and then inoculated with a 2% starter
culture comprising mesophilic lactic acid bacteria
(Streptococcus lactis, Streptococcus cremoris,
Streptococcus diacetilactis, Leuconostoc cremaris,
and Leuconostoc lactis), and supplemented with a
40g/100kg calcium chloride solution. The starter
culture fermented the milk and the added calcium
promoted coagulation. Coagulation time was 30-
35 minutes.

Table 1 - Characteristics of the fermented camel milk protein product (FCM)

Variables Values

Active acidity of the clot, units pH 5,59
Moisture content, % 17,31+0,08
Mass fraction of fat, % 10,83+0,10
Mass fraction of protein, % 34,74+0,08
Mass fraction of carbohydrates, % 24,13+0,21
Energy value, kcal (kJ) 326,65 (1367,6)
Dry matter content, % 82,69+0,05

The fermented dairy protein product had an average fat content of 10.83%, protein content of
34.74%, carbohydrate content of 24.13%. The total energy value was 326.65 (1367.6) kcal (kJ).
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Figure 1 - Differences in rat gut microbiota before and after FCM consumption

1A. Alpha diversity metrics of observed OTUs, Shannon index, and Simpson index compared between control
(green, CON, n=9) and fermented camel milk product (yellow, FCM, n=9) groups. 1B. Principal coordinates
analysis (PCoA) plot visualizing beta diversity based on Bray-Curtis distances between microbiota profiles.
1C. Relative abundance of genera that differed significantly between control (CON) and fermented camel milk
(FCM) groups. 1D. Cladogram showing phylogenetic relationships of taxa enriched in either
the CON or FCM group.
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The product obtained in this manner was
added to the diet of laboratory rats in an amount
of 5 grams for each rat daily. The average weight
of rats increased in all groups after consuming the
fermented milk protein product, with the largest
mean weight gain of 7.33%. For microbiome
analysis, the 16S rRNA gene hypervariable region
was sequenced. This yielded 4,567,345 total reads.
Bioinformatic processing included demultiplexing,
filtering, dereplication, chimera removal, quality
control, and taxonomic assignment using the
SILVA database. The processed sequences were
clustered into 1342 operational taxonomic units
(OTUs) for downstream analysis. After 4 weeks of
consuming the fermented milk protein product, an
increase in the relative abundance of bacteria was
observedinrat feces. Determining mean differences
in Shannon (p=0.0002) and Simpson (p=0.0003)
diversity indices clearly demonstrated a significant
increase in microbial richness and evenness in the
FCM group (Figure 1A). Beta diversity PCoA
plots (Figure 1B) reveal clustering of microbiota
profiles by experimental group along PCoAl,
which explains 44.75% of sample variance. This
separation implies that the fermented camel milk
products substantially altered overall community
structure.

Taxonomic analysis (Figure 1C) identifies 17
genera that differed significantly in abundance
between groups (p<0.05). Key increases were
observed in  Prevotella, Lachnospiraceae,
Rikenellaceae, and Bifidobacterium in the FCM
samples. Decreases occurred in Prevotella 9,

Bacteroides and Parabacteroides (Figure 1D).

Bifidobacterium increased in the FCM
group, implying the fermented milk stimulated
growth of this beneficial genus. Ruminococcus
also increased with the camel milk products,
while Alistipes decreased somewhat. Genera like
Alloprevotella, Colidextribacter, and Candidatus
Saccharimonas remained relatively stable between
groups. In summary, the fermented camel milk
induced increases in several potentially beneficial
symbionts like Bifidobacterium and Prevotella,
while suppressing some bacteria like Bacteroides.
This aligns with a prebiotic-like effect of
modulating the gut microbiota.

To determine functional variations in the
metabolic capabilities of the rat gut microbiota in
response to the dietary intervention, we performed
predictive metagenomic analysis of metabolic
pathways using the PICRUSt2 (Phylogenetic
Investigation of Communities by Reconstruction
of Unobserved States 2) pipeline and MetaCyc
database. Pairwise comparisons with confidence
interval estimation (T-test/Mann-Whitney U
test, FDR p<0.05, no CI overlap) identified 6
metabolic pathways that differed significantly in
relative abundance between groups (Figure 2).
The fermented camel milk product (FCM) group
showed enriched representation of pathways
involved in pyruvate fermentation, 1,4-dihydroxy-
6-naphthoate biosynthesis, pyridoxal 5'-phosphate
synthesis (B6), pyrimidine deoxyribonucleotide
biosynthesis, and menaquinol-8 biosynthesis

compared to the control group.

Figure 2 - Differences in predicted metagenomic functional pathways between control (CON) and
fermented camel milk (FCM) groups

2A. Relative abundance of 6 metabolic pathways enriched in FCM versus CON. Pairwise comparisons identified
significant differences (p<0.05). 2B. Heatmap showing Kendall correlation between taxonomic genera and
differential functional pathways. Strong positive correlations indicated by red, negative correlation blue.
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The genus Bifidobacterium shows a strong
positive correlation with pyruvate fermentation
(p < 0.005) and pyridoxal biosynthesis (p < 0.01)
pathways enriched in the FCM group, while
pyridoxal demonstrates an inverse correlation
trend. At the same time, the genus Bacteroides
exhibits a negative correlation with the same
pathways enriched in the FCM group. In the
control group, increased pyridoxal biosynthesis is
more strongly associated with an increase in the
relative abundance of the Rikenellaceae RC9 gut
group. The genus Alistipes significantly correlated

Discussion

In this study, we developed a novel fermented
dairy product using camel milk with the aim
of modulating gut microbiota composition
and function. Camel milk possesses distinct
physicochemical  properties  compared to
conventional dairy sources like cow milk, including
larger micelle size, higher whey protein content,
and less kappa-casein, which pose challenges
for traditional fermented food manufacturing.
By optimizing processing parameters like starter
culture and coagulation conditions, we formulated
a fermented camel milk protein product containing
10.83% fat, 34.74% protein, and 24.13%
carbohydrates. When fed daily to rats for 4 weeks,
this product induced taxonomic and functional
changes in gut microbiota compared to control
animals.

16S rRNA gene sequencing revealed selective

increases in potentially beneficial bacterial
genera such as Prevotella, Lachnospiraceae,
Rikenellaceae, and Bifidobacterium in rats

consuming the fermented camel milk compared
to controls. Notably, the genus Bifidobacterium
showed one of the largest increases, indicating the

Conclusion

In total, our results demonstrate that fermented
camel milk products can beneficially modulate gut
microbiota composition and metabolic capacity
by increasing health-promoting taxa and altering
community function. The specific bioactive
components mediating these prebiotic-like effects
warrant identification in future studies. Such
research could facilitate optimization of fermented
camel dairy products to maximally support gut
health via microbiome interactions. Our findings
highlight the promising potential of novel
fermented foods from unconventional milks like
camel to influence microbial community structure

with the 1,4-dihydroxy-6-naphthoate biosynthesis
and menaquinol pathways in both the control and
fermented milk protein product consuming groups.
Ruminococcus positively correlated with pyruvate
fermentation in the FCM group, while the UCG-
003 taxon showed an inverse correlation trend.

Thus, the increased abundance  of
Bifidobacterium, Bacteroides, Ruminococcus and
other symbionts in the FCM group correlates with
enrichment of metabolic pathways, indicating
a link between taxonomic and functional
microbiome changes.

camel milk product stimulated growth of this well-
established probiotic organism. Concurrently,
genera like Prevotella 9 decreased substantially
with the fermented milk intervention. It is known
that microbial taxa can behave differently under
various conditions and serve as biomarkers for
these processes. For example, Prevotella 9 is
significantly increased (23.25-fold) in irritable
bowel syndrome [7]. These taxonomic changes
are consistent with both a prebiotic effect and
modulation of gut microbiota through targeted
stimulation and suppression of key organisms.
Functional metagenomic prediction identified
several metabolic pathways enriched by the
fermented camel milk, including pyruvate
fermentation, naphthoate biosynthesis, and
vitamin B6 metabolism. Correlation analysis
uncovered associations between the taxonomic
and functional microbiome shifts. For example,
increased Bifidobacterium abundance strongly
correlated with enrichment of the pyruvate and
vitamin B6 pathways. In contrast, decreased
Bacteroides correlated negatively with those same
camel milk-associated pathways (Figure 2B).

and activity.

Further research to isolate and characterize
the metabolites responsible for camel dairy's
prebiotic effects could inform efforts to optimize
such products for microbiome and human health.
Diversifying the types of milk used for fermented
foods represents an intriguing opportunity for
agricultural innovation. Leveraging camel milk's
unique properties through novel probiotic products
could deliver new functional food options to
consumers while creating additional revenue
streams for producers.
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AHHOTALUA

MonynupoBaHue MHUKPOOMOTHI KHIIEYHHUKA C ITOMOIIbI0 (PYHKIIMOHATBHBIX MPOAYKTOB IMHTAHUS
MOJKET CIOCOOCTBOBATh XOPOIIEMY CaMOYYBCTBUIO. YHUKAIBHBIN COCTaB BEpPOIOKBETO MOJIOKA OT-
KPBIBa€T WHTPUTYIONIUI TOTEHINAI [T CO3/IaHMs HOBBIX KHUCIIOMOJOYHBIX MPOIYKTOB. MBI pa3pabo-
TaJIH MPOIYKT U3 (PEPMEHTUPOBAHHOTO BEPOIFOKBETO MOJIOKA, UCTIONB3Yys CTaHAapTU3NPOBAHHBIE Me-
TOJIbI, M OI[EHIIIM €r0 BO3/IeHiCTBHE Ha MUKPOOMOTY KulleuHuka kpeic. CexBeHupoBanue 16S pPHK u
MeTareHOMHKa ApoOOBUKA ITOKA3aIH, YTO MPOIYKT N30MPATENHHO YBEIHUYUBACT KOJIMYECTBO TTOIE3HBIX
MUKpOOOB, TakuxX Kak Bifidobacterium, u u3meHser MeTaboM4YecKue IMyTH, BKIIIoYasi OMOCHHTE3 BUTA-
MuHa B6, neMoHCcTpupyst 3P PeKTsl, Mo100HbIe TPEeOUOTHKAM. BISBIEHBI KOPPEIAIMHA MEKIY TAKCOHO-
MUYECKHMH U (PYHKIIMOHATHHBIMU CBUTAMU. DTO TIOKA3bIBAET CIIOCOOHOCTH (DEPMEHTUPOBAHHBIX BEp-
OJIF0)KEUX MOJIOYHBIX MPOAYKTOB OJaroTBOPHO M3MEHATh MUKPOOHYIO DKOJOTHIO KWIICYHHUKA M JTAeT
MMOHMMaHUE MEeXaHU3Ma, He00X0AUMOe IS OIITUMHU3AIINH MPOTyKTa. BEISICHUB BIUsHIE BEPOIIOKBETO
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MOJIOKA Ha CUCTEMY MHKpPOOHOM-KHIIICUYHUK-3I0POBbE, 3Ta paboTa BHOCUT IICHHBINH BKJIAJ B UCCIIEIO-
BaHUs (DYHKIMOHAIBHBIX MPOJYKTOB MUTaHUs. [1onydeHHbIe Pe3yIbTaThl MOI'YT MOMOYb B HCIIOB30-
BaHUM OMOAKTUBHBIX (PAKTOPOB BEpOIIOKBEr0 MOJIOKA ISl TPOU3BOJCTBA MOJIOYHBIX MPOAYKTOB CJie-
AYHOLIETO IMTOKOJICHUS. ,Z[I/IBepCI/I(l)I/IKaHI/IS[ MOJIOYHBIX IMPOJAYKTOB 3a CUCT UCIIOJIb30BaHUA Bep6JIIO)KBeFO
MOJIOKa OTKpPBIBAET BO3MOXHOCTB JIJIsl CEITLCKOXO3IHCTBEHHBIX MHHOBAIMN B pa3paboTke (hyHKIINO-
HAJIBHBIX (DEPMEHTUPOBAHHBIX MPOYKTOB. JlanbHEHIIINE NCCIIETOBAHNUS TOJIKHBI BBIICITUTh OMOAKTHB-
HbIE META00JIUTHI UT Pa3pab0TKH HOBBIX MPOJAYKTOB, MAKCUMU3UPYIOIUX O3y MHKpOOHOMA.

KioueBble ciioBa: BepOIIIOKBE MOJIOKO; KUCIOMOJIOYHBIE MPOJYKTHI; MUKPOOHOTa KUIICYHHUKA
KPBICBI, CEKBEHHpOBaHKE 16S; MeTareHoMHKa; MPeONOTHK; TIPOOMOTHK.
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Tyiiin

OyHKIMOHAIBI TaFaMJIapMeH iMIeK MHKPOOHOTACHIH MOAYJSALMSUIAY JACHCAYJBIKTBI KaKcapTyFa
KeMekTeceai. Tyle cyTiHiH Oipereil Kypambl )aHa alIbITBUIFaH CYT OHIMJIEPIH Kacay YIIIH KbI3BIKTHI
MYMKIHIIKTep ycbiHaAbl. bi3 cranmapTTanran oIicTepii KoJjJaHa OTBHIPHII, allBITBUIFAH TYHE CYTiH
93ipIIe ik KoHE OHBIH ereyKYHPBIKTapAbIH 11IeK MUKpOoOHOTackiHa acepiH Oaranansik. 16S rRNA cexk-
BEHIIUSCHI J)KOHE IIOJIaK MBUITHIK METareHOMUKAachkl oHiMHIH Bifidobacterium cusikThbl maiinansr MUKpoO-
Tappl ipiKTen KeOCHTETIHIH KoHe MPEOMOTUKKE YKCac acepiiepi KepceTe OThIphIN, B6 BUTaMUHIHIH
OMOCHHTE3IH KOoca ajFaH/ia METaOOJIMKANbIK >KOJNAApIbl ©3TepPTKEeHIH KopceTTi. TaKCOHOMUSIIBIK
XKoHE (YHKUIMOHAIABIK BIFBICYJIAD apachlHAAFbl KOPPEJSLUS aHBIKTANAbl. Bysl alibITUIFaH Tyie CyTi
OHIMEPIHIH ilIeK MHKpPOOTBIK KOJOTHSCHIH Maijaibl TypAe ©3repTy KaOieTiH KepceTeai KoHe
OHIM/1 OHTaHIaHABIPY YIIiH KQKETTI MEXaHUKANbIK TYCiHiK Oepeni. Tylie cyTiHiH MUKpoOHOMa-ileK-
JeHCAYJIBIK XKYHEeCiHe ocepiH TYCIHIIPY apKblIbl OYII KYMbIC (DYHKIIMOHAJIBI TaFaMABIK 3€pTTeyiepre
KYHJIBI YJIeC Koca/lbl. AJBIHFaH HOTHOKENEp KeJeci ypnak CcyT eHIMIepiH eHIIpy YIIiH Ty#e cyTiHaeri
OnoakTHBTI (hakTOpiIapApl NaiganaHyra kemekTecyl MyMmkiH. Tyiie cyTiH maijganaHy apKbUIBI CYT
OHIMEPIH SpTapanTaHAbpy (YHKIHOHAJABIK allbITBUIFAaH OHIMACPAl JaMbITyla aybUIIIapyanibUlbIK
WHHOBalMsAJIapblHa MYMKIHIIK Oepeni. bonamak 3eprreynep MUKpOOMOMaHBIH MaiJachblH OapbHILIA
apTTHIPATHIH JKaHa OHIMAEP/ JKacay YIIiH OMOAaKTUBTI MeTabOMUTTEp i 06N anysl Kepek.

KinT ce3aep: Tyiie cyTi; alIbITBUIFaH CYT OHIMIEPI; ereyKYHpBIK ilIek MUKpoOuortacsl; 16S cek-
BEHCTEY; METareHOM
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