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A b s t r a c t  
 

In recent years, in the livestock farms of the Russian Federation, a sharp increase in the level 
of milk productivity in cattle due to the introduction of high amounts of starch into the diet while 
reducing the proportion of non-starchy polysaccharides negatively affected many functional character-
istics of the animal organism, which led, inter alia, to an increase in the prevalence of metabolic 
diseases. One of these disorders is ketosis which occurs in 23-80 % of highly productive cows in the 
post-calving period. A negative energy balance in dairy cows during lactation leads to a violation of 
the coordination of lipid metabolism between adipose tissue, liver, intestines and mammary glands, 
which leads to ketosis. The microbial community of the rumen plays a significant role in the energy 
homeostasis of the host, its metabolic and physiological adaptation to periods of lack of energy. In the 
present research, we describe the pattern of changes of microbial community structure and ongoing 
microbial metabolic pathways in the rumen of dairy cows with ketosis. The aim of the study was to 
study the influence of the incidence of ketosis in cows on the composition and metabolic potential of 
the rumen microbiome using NGS sequencing and quantitative PCR with reverse transcription. The 
proportion of ketosis in the rumen of the cow increased taxa associated with impaired energy balance, 
in particular, gluconeogenesis, increased synthesis of lactate, intensification of the pathogenesis process. 
The abundance of phylum Bacteroidetes decreased 1.2 times (at p  0.05). This phylum includes bacteria 
related to the formation of propionate and succinate, the main sources of glucose for the gluconeo-
genesis process and highly valuable for cows succinic and acetic acids. In the rumen of the animal with 
ketosis, we found an increase (p  0.05) in the proportion of the genera Odoribacter and Frischella 
among which there are pathogens, as well as the presence of the pathogenic species Bacteroides fragilis. 
In the cow with ketosis, non-attributable bacteria from the genus Gp15 completely disappeared from 
the rumen microbiota. The reconstruction and forecasting of the functional content of the meta-
genomic community was also carried out using a software package. A significant difference (p  0.001) 
was revealed in the expression level of the Ldh-L lactate dehydrogenase gene between animals: the 
expression level of genes associated with the synthesis of this enzyme in the cow with ketosis was 
128±17.9 times higher than in the clinically healthy animal. Using the PICRUSt2 and MetaCyс soft-
ware package, it was shown that the level of the predicted functional potential with respect to 12 
metabolic pathways of the rumen microbiome was increased (p  0.05) in the cow with ketosis. In 
particular, there was an increase in the level of predicted metabolic capabilities of the microbiome 
associated with the implementation of heteroenzymatic lactic acid fermentation, an increase in the 
possibility of hexitol degradation, the synthesis of O antigens used by pathogenic forms to avoid phag-
ocytosis and to resist the lytic effect of the complement system, etc.  
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Bulky feed in the cattle diet stimulate rumen functions, improves cicatri-
cial microflora, digestion and animal health. Nevertheless, such feeds, as com-
pared to concentrated feeds are characterized by a relatively low metabolic energy 
(ME), which is of fundamental importance in animal feeding. Consumption of 
voluminous feeds leads to a decrease in milk productivity, early peak lactation and 
a rapid decline in the lactation curve, which needs compensation for the lack of 
ME, namely an additional use of dietary concentrates. In recent years, on the 
livestock farms of the Russian Federation, the milk productivity of dairy cows 
sharply increased due to high-starch diets with a decrease in non-starchy polysac-
charides, which adversely affects physiological functions of animals and, in par-
ticular, increases the incidence of metabolic diseases [1, 2]. Several reports [3-5] 
report ketosis as a metabolic disorder observed in 23-80 % of highly productive 
cows in the postpartum period. Ketosis is characterized by impaired carbohydrate-
fat metabolism and is accompanied by indigestion, hypoglycemia, ketonemia, ke-
tonuria, ketolactia and, as a consequence, damage to the pituitary-adrenal system, 
thyroid, parathyroid glands, liver, heart, kidneys and other organs [6], which leads 
to a 10-15 % decrease in milk production on average and reduces productive 
longevity. 

Providing high-yielding dairy cows with nutrients, especially during lacta-
tion, requires special attention. During this physiological period, negative energy 
balance due to excess of energy consumption for milk production over its intake 
with feed disrupts the coordination of lipid metabolism between adipose tissue, 
liver, intestines and mammary glands, which leads to ketosis [7, 8]. Therefore, in 
ruminants, the blood glucose concentration plays a key role in maintaining energy 
metabolism and preventing metabolic diseases, primarily ketosis.  

In ruminants, approximately 90 % of glucose is produced by gluconeo-
genesis, which occurs mainly in the liver, to a lesser extent in the cortex of the 
kidneys and in the epithelial cells lining the small intestine. The most important 
precursors in gluconeogenesis are three-carbon compounds, in particular propi-
onate, pyruvate and lactate which are produced exclusively by cicatricial micro-
flora [9].  

Some studies [10, 11] show that the microbial community of the digestive 
system is crucial for the host energy homeostasis, its metabolic and physiological 
adaptation to periods of lack of energy. It is important that the energy metabolism 
of ruminants differs from that of monogastric animals, since energy is supplied 
mainly due to microbial fermentation in the rumen [12]. In healthy animals, under 
the action of microbial enzymes, cellulose which is rich in ruminant feed is hy-
drolyzed in the rumen to cellobiose, then to glucose, and then to lactate [13, 14]. 
Finally, as a result of a cascade of enzymatic reactions carried out mainly by 
bacteria of the order Selenomonadales, volatile fatty acids (VFA) are synthetized 
from lactate [15]. The quantitative ratio of lactic, acetic, propionic and butyric 
acids formed in the rumen depends on the composition of the rumen microbiota 
[16, 17]. VFAs absorbed in the rumen are transported to the liver and involved in 
gluconeogenesis which provides the animal with glucose.  

software complexes for reconstructing the functional potential of the mi-
crobiome profile using 16S metagenomics data are recognized as good bioinfor-
matic tools for phylogenetic analysis of microbial communities [18]. The functions 
of genes are fairly accurately reproduced on the basis of data from a meta-taxo-
nomic study of DNA sequences [19].  

 In dairy cows during pregnancy and early lactation, when the risk of ketosis 
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is the greatest, significant changes in the composition of the rumen microbiota have 
been revealed [20]. It was also shown that in cows, the number of representatives of 
the rumen microbial community correlates with the concentration of ketone bodies 
in the biological fluids [21]. In general, it should be noted that the composition of 
the rumen microbiota has been studied in sufficient detail. However, there are few 
studies concerning the structure of the microbial community and microbial meta-
bolic pathways during ketosis in dairy cows [22]. 

In this work, we have shown that in the rumen of dairy cows with ketosis, 
shifts in the number of cicatricial microbiota are associated with changes in its func-
tional activity and expression of genes for the synthesis of L-lactate dehydrogenase. 

Our goal was to compare the composition and metabolic potential of the 
rumen microbiome of a clinically healthy cow and a cow with ketosis. 

Materials and methods. Two black-and-white Holsteinized dairy cows (No. 
1 and No. 2) of the 3rd lactation with milk productivity 11310 and 9800 l/year, 
respectively, were assigned for the trial (SPK Kobralovsky, Gatchinsky District, 
Leningrad Province, winter 2020). Based on the clinical signs (lethargy, decreased 
skin elasticity, ruffled coat, fecal density, rare defecation), animal No. 2 was di-
agnosed with ketosis. 

The cows kept in tie-stalls were fed with the ration which was 26 kg silage, 
1.3 kg hay, 2 kg dry beet pulp, 2 kg dry beer grains, 3.5 kg crushed corn, 1.5 kg 
extruded corn, 3 kg rolled barley, 0.8 kg wheat bran, 0.25 kg feed yeast, 5 kg 
rapeseed meal, 0.5 kg soybean meal, 110 g chalk, 250 g mineral additives, and 
100 g of salt; the digestible energy of the feed was 10.7 mJ per 1 kg dry matter. 

The contents of the rumen (10-50 g sample, in 3 replicates from each 
cow) were aseptically collected manually with a sterile probe. 

The content of ketone bodies in milk was determined as described in [23].  
Total DNA was extracted from the samples using a Genomic DNA Puri-

fication Kit (Fermentas, Inc., Lithuania) according to the attached instructions. 
The composition of the rumen bacterial community was analyzed by NGS 

sequencing on the MiSeq platform (Illiumina, Inc., USA) with primers targeted 
to the V3-V4 region of the 16S rRNA gene: forward primer 5′-TCGTCGG-
CAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGG-3′, reverse pri-
mer 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACH-
VGGGTATCTAATCC-3′. 

Sequencing was performed using Nextera® XT Index Kit (Illiumina, Inc., 
USA) for generation of libraries, Agencourt AMPure XP (Beckman Coulter, Inc., 
USA) for the purification of PCR products, and MiSeq® ReagentKit v2 (500 
cycle) (Illiumina, Inc., USA) for sequencing. The maximum paired-end read 
length was 2½250 bp.  

Bioinformatic data analysis was performed using the Qiime2 version 
2019.10 software (https://docs.qiime2.org/2019.10/). After the initial import of 
sequences into Qiime2 format, paired read lines were aligned. The sequences were 
then filtered by quality using the default settings. The noise sequences were filtered 
using the Deblur method, with the maximum length of trimming sequences of 
250 bp (https://msystems.asm.org/content/msys/2/2/e00191-16.full.pdf). For the 
samples No. 1 and No. 2, 1527 and 5040 sequences were obtained, respectively. 
To reconstruct phylogeny de novo, the MAFFT software package was utilized 
(https://mafft.cbrc.jp/alignment/software/), then masked sequence alignment was 
performed. For taxonomy analysis, reference database GreenGenes 13.5 99 % 
(https://greengenes.secondgenome.com) was used. 

Based on the resultant table of OTUs (operational taxonomic units) using 
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QIIME 1.9.1 software package plugins (http://qiime.org), the alpha diversity in-
dices were calculated and a graph of the number of OTUs vs. the number of reads 
was plotted. During the statistical analysis, the diversity indices were not addition-
ally transformed. For rumen microbiota biodiversity, Сhao1, Shannon index H, 
and Simpson index D were calculated [24].  

For predictive functional profiling of microbial community metagenome, 
gene families, and enzymes was performed using the PICRUSt2 software pack-
age (v.2.3.0) (https://github.com/picrust/picrust2) [18] according to the recom-
mended scenario (default settings). The nearest-sequenced taxon index (NSTI) 
of the closest taxon for both samples was 0.3, which allows for prediction of 
metabolic pathways. For the analysis of metabolic pathways and enzymes, the 
MetaCyc database (https://metacyc.org/) was used. MetaCyc metabolic pathway 
profiles were assessed after normalization of ASV (Amplicon Sequence Variants) 
abundance with base 2 logarithm [18]. 

Total RNA was extracted from cicatricial samples using Aurum Total 
RNA kit (Bio-Rad, USA) according to the manufacturer’s instructions.  

 Using iScript RT Supermix kit (Bio-Rad, USA), a reverse transcription 
reaction was performed to obtain cDNA [25]. The relative expression of genes 
ldb0101 and ldh-L in bacteria capable of lactic acid fermentation was assessed by 
qPCR. Amplification reaction with primers targeted to the ldb0101 gene associated 
with the synthesis of D-lactate dehydrogenase (F 5′-GCGGGATCCGATGA-
CTAAAATTTTTGCT-3′ and R 5′-GCGTGTCGACTTAGCCAACCTTAACT-
GG-3′) and the ldh-L gene for L-lactate dehydrogenase (F 5′-CATCAAAAA-
GTTGTGTTAGTCGGCG-3′ and R 5′-TCAGCTAAACCGTCGTTAAGC-
ACTT-3′) were performed using SsoAdvanced™ Universal SYBR® Green Super-
mix kit (Bio-Rad, USA) according to the manufacturer’s protocol. Amplification 
programm: 1 min at 95 С (1 cycle); 15 s at 95 С, 1 min at 50 С (45 cycles). 

Relative expression was calculated by the 2∆∆Ct method [26]. Primers to 
the universal gene encoding the ribosomal 16S subunit of prokaryotes (F 5'-AGG-
CCTTCGGGTTGTAAAGT-3′, R 5'-CGGGGATTTCACATCTCACT-3') were 
used as a reference control. 

Mathematical and statistical processing was performed using the Microsoft 
Office Excel 2003 and R-Studio software packages (Version 1.1.453) (https://rstu-
dio.com). Differences were considered statistically significant at p < 0.05 in the 
Student’s t-test.   

Results. Analysis of the of ketone bodies in milk revealed a significant 
excess over the reference values (0.9±0.04 g/l for No. 2 vs. reference values of 
0.06-0.08 g/l) and confirmed ketosis in one of the dairy cows diagnosed by the 
clinical signs. We did not find ketone bodies in the milk of a clinically healthy 
cow. Bovine ketosis is characterized by the accumulation of ketone bodies, mainly 
beta-hydroxybutyrate, acetoacetate and acetone, which can be measured in body 
fluids including blood, urine, and milk [27]. 

Analysis of taxonomic diversity based on the data of 16S metagenomic 
NGS sequencing of DNA from the rumen contents of both cows revealed 21 phyla 
of microorganisms of which Bacteroidetes, Firmicutes, and Proteobacteria domi-
nated (Fig. 1). The abundance of Bacteroidetes and Firmicutes members in the 
rumen of dairy cows is in line with earlier data of other authors [28-30]. However, 
the proportion of representatives of Bacteroidetes detected in our study was signif-
icantly higher compared to the data of these researchers. Such differences can be 
associated with the composition of the diets, the milk yield, and other factors [31]. 
Interestingly, in a cow with a diagnosis of ketosis, compared to clinically healthy 
cows, the representation of bacteria of the phylum Bacteroidetes decreased 1.2 
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times (p  0.05) while the phyla Firmicutes and Proteobacteria increased 2.1 times 
(p  0.001) and 3.8 times (p  0.01). Earlier Grum et al. [21] also demonstrated a 
decrease in the counts of the phylum Bacteroidetes, the order Bacteroidales and 
the family Prevotellaceae whilst the concentration of ketone bodies in biological 
fluids of cows increased. Similar results have also been reported for the Prevotel-
laceae family [32, 33].  

 

A B 

 

Fig. 1. Abundance of bacterial phyla in rumen of the 3rd lactation black-and-white Holsteinized cows: 
A — the clinically healthy cow, B — the cow diagnosed with ketosis; 1 — Acidobacteria, 2 — Actino-
bacteria, 3 — Aquificae, 4 — Armatimonadetes, 5 — Bacteroidetes,  6 — Candidatus_Saccharibacteria, 
7 — Chlamydiae, 8 — Chloroflexi,  9 – Cyanobacteria, 10 — Elusimicrobia, 11 — Euryarchaeota, 
12 — Fibrobacteres, 13 — Firmicutes, 14 — Latescibacteria, 15 — Lentisphaerae, 16 — Planctomycetes, 
17 — Proteobacteria, 18 — Spirochaetes, 19 — Synergistetes, 20 — Tenericutes, 21 — Verrucomicrobia 
(SPK Kobralovsky, Gatchinsky District, Leningrad Province, 2020). 

 

A detailed analysis of the cows’ microbiomes at the genus level revealed 
significant differences in 13 bacterial families (Acidaminococcaceae, Anaeroplasma-
taceae, Bacteroidaceae, Bifidobacteriaceae, Enterococcaceae, Eubacteriaceae, Lach-
nospiraceae, Lactobacillaceae, Orbaceae, Porphyromonadaceae, Rikenellaceae, Ru-
minococcaceae, Succinivibrionaceae) and 26 genera, including Bacteroides, Bifidobac-
terium, Butyrivibrio, Coprococcus, Dysgonomonas, Enterococcus, Eubacterium, 
Frischella, Lachnospira. 

In the rumen of the cow diagnosed with ketosis, as compared to the clin-
ically healthy cow, we detected a lower proportion of representatives of the phylum 
Bacteroidetes, i.e., bacteria of the families Bacteroidaceae (p  0.05) and Porphy-
romonadaceae (p  0.05) (Fig. 2, A). In particular, the number of bacteria of the 
genus Bacteroides spp. belonging to the Bacteroidaceae family decreased 2.1-fold 
times (p  0.05) and of the genus Dysgonomonas spр. from the family Porphyromon-
adaceae decreased 3.6-fold (p  0.01). For example, Dysgonomonas species, in 
particular D. gadei and D. hofstadii completely disappeared from the rumen of the 
cow diagnosed with ketosis. Among bacteria of the genus Bacteroides, the species 
B. caecigallinarum and B. eggerthii were not detected in the rumen of the cow 
with metabolic disorders. It is known that many members of the genera Bac-
teroides and Dysgonomonas produce fatty acids in the rumen, including signifi-
cant amounts of propionate [34]. As noted above, VFAs resulted from cicatricial 
fermentation are utilized as energy resources for animals; moreover, propionate 
is the main source of glucose for gluconeogenesis [8]. Therefore, propionate is 
of great physiological importance for ruminants, and a decrease in the number 
of these microorganisms in one of the cows in our study could become a pro-
voking factor for ketosis. 
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Fig. 2. Bacterial taxa which significantly differ in abundance in rumen of the 3rd lactation black-and-
white Holsteinized cows: A — families, B — genera; a — the clinically healthy cow, b — the cow 
diagnosed with ketosis; 1 — Acidaminococcaceae, 2 — Anaeroplasmataceae, 3 — Bacteroidaceae, 4 — 
Bifidobacteriaceae, 5 — Enterococcaceae, 6 — Eubacteriaceae, 7 — Lachnospiraceae, 8 — Lactobacil-
laceae, 9 — Orbaceae, 10 — Porphyromonadaceae, 11 — Rikenellaceae, 12 — Ruminococcaceae, 13 — 
Succinivibrionaceae; 14 — Alistipes, 15 — Anaeroplasma, 16 — Bacteroides, 17 — Bifidobacterium, 18 — 
Butyrivibrio, 19 — Coprococcus, 20 — Dysgonomonas, 21 — Enterococcus, 22 — Eubacterium, 23 — 
Frischella, 24 — Gp15,  25 — Lachnospira, 26 — Lactobacillus, 27 — Odoribacter, 28 — Oribacterium, 
29 — Parabacteroides, 30 — Paraprevotella, 31 — Porphyromonas, 32 — Pseudobutyrivibrio, 33 — 
Saccharofermentans, 34 — Selenomonas, 35 — Shuttleworthia, 36 — Succiniclasticum, 37 — Suc-cinivib-
rio, 38 — Lactobacillus, 39 — Bifidobacterium (SPK Kobralovsky, Gatchinsky District, Leningrad 
Province, 2020). 
*, **, *** Differences between the sick and health cow statistically significant at p  0.05, p  0.0, 
and p  0.001, respectuvely. 

 

In rumen, propionate is synthetized via the acrylate pathway or the suc-
cinate pathway [35]. Bacteria of the genus Megasphaera are the main producers of 
propionate via the acrylate pathway [36, 37]. In our study, the proportion of 
Megasphaera bacteria was trace (from 0.006±0.0005 to 0.01±0.0007 %) (see Fig. 
2, B) while two genera, the Bacteroides spp. and Dysgonomonas spр. capable of 
propionate production via the succinate pathway rather than the acrylate pathway 
[38-40] were much more abundant, from 0.47±0.03 to 1.7±0.2 % and from 
0.500±0.034 to 1.9±0.3 %. Macy et al. [41] described similar route for the propi-
onate synthesis. 

In the cow diagnosed with ketosis, the number of the Porphyromonadaceae 
family of the phylum Bacteroidetes was 5.1 times lower (p  0.05) than in the 
clinically healthy cow. In particular, in this family, bacteria of the genus Parab-
acteroides decreased 15.9 times (p  0.001). The dominant representative of this 
genus, P. chinchillae fell from 2.2±0.13 to 0.01±0.0004%. Earlier, Wang et al. [42] 
showed that the synthesis of succinate which is the main metabolite of Parabac-
teroides bacteria was associated with a decrease in hyperglycemia in mice through 
activation of intestinal gluconeogenesis. Thus, members of the Porphyromona-
daceae family may be associated with ketosis resistance in animals. 
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A decrease in the ruminal abundance of the genus Paraprevotella (the fam-
ily Prevotellaceae) represented mainly by P. clara (p  0.01), in the sick cow could 
also cause metabolic disorders. It was shown that P. clara and P. xylaniphila from 
the human intestine produce succinic and acetic acids. In cows, these compounds 
are highly valuable end products of glucose metabolism [43]. 

In the rumen of the sick cow, we found an increase (p  0.05) in two 
genera among which there are pathogens, namely Odoribacter of Porphyromon-
oadaceae family and Frischella of Orbaceae family. The pathogenic species Bac-
teroides fragilis was also more abundant. In particular, the Odoribacter denticanis 
that we found in the sick cow is the causative agent of human abdominal abscess 
[44]. Interestingly, bacteria of the genus Frischella have not been previously de-
tected in the rumen. The genus Frischella that we discovered were represented in 
the rumen of cows by the only species, the F. perrara. The F. perrara are present 
in the intestines of the honey bee where it induces scab, a disease that manifests 
itself as a dark streak on the epithelial surface of the pylorus [45]. Bacteroides 
fragilis was isolated from tissues of 105 aborted cow fetuses. The histopathological 
lesions included placentitis and bronchopneumonia [46]. 

An increase in the abundance of pathogenic forms could also provoke 
ketosis, since, as noted, the so-called secondary ketosis accompanies infectious 
and gastrointestinal diseases. 

Perhaps the lower number of pathogenic forms in the rumen of a clinically 
healthy cow was associated with the displacement of these microorganisms by the 
indigenous normal flora (genera Bifidobacterium, Alistipes, etc.) with antimicrobial 
activity. For example, in the clinically healthy cow, we identified bacteria of 
Bifidobacteriaceae family (0.07±0.004 %) known for their pronounced antimicro-
bial properties [47] while these microorganisms were absent in the sick cow. The 
increased abundance (p  0.01) of Rikenellaceae family from the phylum Bac-
teroidetes in the rumen of a cow without metabolic disturbances could also have a 
positive effect on the health of the animal. Recently, a study was conducted that 
showed a direct relationship between a representative of this family Alistipes fi-
negoldii and a decrease in the manifestations of colitis [48]. Other researchers [49] 
have identified in the Alistipes spp. the ability to produce anti-inflammatory sphin-
golipids. Bacteria of the genus Anaeroplasma (phylum Tenericutes) the number of 
which also increased in the rumen of a clinically healthy cow (p  0.05) are known 
to induce the anti-inflammatory cytokine TGF-β which enhances the intestinal 
barrier by increasing the synthesis of mucosal IgA [50]. The genus Coprococcus 
(phylum Firmicutes) which was also more abundant (p  0.05) in the rumen of the 
healthy cow were associated with a decrease in the incidence of rectal cancer [51]. 

The complete absence of non-attributable bacteria from the genus 
Gp15 in the sick cow indicates a positive role of these bacteria in regulation 
of microbiological and metabolic processes of the digestive system. This con-
clusion is of fundamental interest, since at present, the functional features of 
the genus Gp15 are practically uncharacterized not studied as these microor-
ganisms are unculturable. 

1. Alpha diversity of ruminal microbial community in the 3rd lactation black-and-white 
Holsteinized cows based on NGS sequencing (M±SEM, SPK Kobralovsky, Gat-
chinsky District, Leningrad Province, 2020) 

Cows OTU Chao1 Shannon H Simpson D 
Clinically health cow 96.0±5.15 97.1±4.92 6.1±0.54 0.98±0.06 
Cow diagnosed with ketosis  125.0±6.40* 126.0±6.16* 5.8±0.41 0.97±0.05 
N o t е. OTU — operational taxonomic unit. 
* Differences between the cows are statistically significant at р  0.05. 
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Table 1 shows the alpha biodiversity indices of the rumen microbial com-
munity in two cows, clinically healthy and sick. When comparing the Shannon’s 
and Simpson’s diversity indices, we did not establish statistically significant differ-
ences between the animals. The Chao1 index which estimates the absolute number 
of OTUs in the community was 1.3 times higher (p  0.05) for the rumen micro-
biota of the cow diagnosed with ketosis. 

Similar data were obtained when calculating the OTUs. As can be seen 
from Figure 3, a flatter curve of OTU accumulation was characteristic for the 
rumen microbiome of the healthy cow as compared to the sick cow. Therefore, it 
can be assumed that in ketosis, distribution of species as per abundance in the 
ruminal community is less uniform while the abundance of the represented species 
is greater compared to clinically healthy animals. 

 

 

Fig. 3. Operational taxonomic units (OUTs) vs. 
reads in NGS sequencing analysis of ruminal micro-
biota of the 3rd lactation black-and-white Holstein-
ized cows: 1 — the clinically healthy cow, 2 — the 
cow diagnosed with ketosis (SPK Kobralovsky, 
Gatchinsky District, Leningrad Province, 2020). 

 
Production of lactate in the rumen 

is a key stage in the initiation of metabolic 
disorders in ruminants [52]. Using quanti-
tative reverse transcription PCR, we stud-
ied the expression of bacterial genes asso-
ciated with the production of lactate de- 

hydrogenases. In the rumen, lactate can be synthetized from pyruvate by two different 
NAD-linked lactate dehydrogenases, the key bacterial enzymes of lactic acid fermen-
tation. The lactate dehydrogenase is involved in production of L(+) lactate (EC 
1.1.1.27) and is encoded mainly by the ldh-L gene [53, 54], another lactate dehydro-
genase (EC 1.1.1.28) is involved in production of D() lactate [55]. The following 
genes known to date are involved in the synthesis of this enzyme: ldb0101, ldb0813, 
ldb1010, ldb1147, and ldb2021. Evaluation of the expression of genes ldh-L, ldb0101, 
ldb0813, ldb1010, ldb1147 and ldb2021 should give an adequate understanding of the 
lactate synthesis in the rumen of cows. We chose qPCR with reverse transcription to 
study gene expression due to the generally recognized reproducibility, high sensitivity 
and specificity of this method for assessing the expression of bacterial genes [56-58]. 

No expression of genes ldb0813, ldb1010, ldb1147, and ldb2021 occurred 
in the rumen of both cows. We did not find any significant differences between 
animals in expression level of the ldb0101 gene of lactate dehydrogenase EC 
1.1.1.28 (Fig. 4, A). Nevertheless, a significant difference (p  0.001) was found 
between animals in the expression of the ldh-L lactate dehydrogenase EC 1.1.1.27 
gene. In the cow diagnosed with ketosis, the expression of genes associated with 
the synthesis of this enzyme was 128±17.9 times higher than in the clinically 
healthy animal (see Fig. 4, B). The obtained results are logical, since in case of 
unbalanced feeding cows can indeed experience dysbiotic disorders of the cicatri-
cial microflora [59], and the equilibrium can shift towards the lactate, an inter-
mediate fermentation product in the rumen. Excess lactate correlates with de-
creased rumen pH and lactic acidosis [59]. Under acidosis conditions, as a result 
of suppression of VFA producers sensitive to a decrease in pH, e.g., Selenomonas 
ruminantium and Megasphaera elsdenii [8], the rate of propionate production in 
the rumen decreases, therefore, the gluconeogenesis in animals can slow down, 
increasing the risk of ketosis. 
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Fig. 4. Relative expression of genes involved in synthesis of lactate dehydrogenases in the rumen of the 
3rd lactation black-and-white Holsteinized cows (vs. the reference prokaryotic gene of 16S rRNA): 
A — a gene involved in D() lactate metabolic pathway, B — the gene for L-lactate dehydrogenase; 
1 — the clinically healthy cow, 2 — the cow diagnosed with ketosis (SPK Kobralovsky, Gatchinsky 
District, Leningrad Province, 2020).  

 

Reconstruction and prediction of the functional activity of the rumen 
community based on metagenomic analysis of nucleotide sequences of 16S 
rRNA genes was carried out using the PICRUSt2 software package and MetaCyс. 
We annotated various metabolic pathways (232 in total) of which in 12 pathways 
a predicted functional potential was significantly (p  0.05) enhanced in the cow 
diagnosed with ketosis as compared to the clinically healthy animal (Fig. 5). 

 

 

Fig. 5. Functional annotation (р  0.05) of metabolic pathways in ruminal metagenomic community of the 
3rd lactation black-and-white Holsteinized cows: a — the cow diagnosed with ketosis, b — the clinically 
healthy cow; 1 — utilization of sucrose, 2 — biosynthesis of methaquinones, 3 — utilization of fruc-
tose, 4 — biosynthesis of structural blocks for the synthesis of O-antigen, 5 — degradation of myo-, 
chiro- and scylloinositol, 6 — biosynthesis of (R, R)-butanediol, 7 — degradation of 4-aminobuta-
noate, 8 — utilization of glucose and glucose-1-phosphate, 9 — degradation of hexitols, 10 — fer-
mentation of hexitols to lactate, 11 — synthesis of vitamin B12, 12 — heteroenzymatic lactic acid 
fermentation (SPK Kobralovsky, Gatchinsky District, Leningrad Province, 2020). 

 

In particular, as compared to the clinically healthy cow, the predicted 
metabolic potential of the microbiota associated with heteroenzymatic lactic acid 
fermentation (60) increased in the sick cow which is consistent with the data on 
the expression of the L-lactate dehydrogenase EC 1.1.1.27 gene (see Fig. 4, B). 

Moreover, in the rumen microbiota of both cows, the analysis identified 
genes encoding most of the critical enzymes of the lactic acid fermentation path-
way, i.e., fructokinase (EC 2.7.1.4), glucose-6-phosphate isomerase (EC 5.3.1.9), 
glucose-6-phosphate dehydrogenase (EC 1.1.1.49), phosphoketolase (EC 4.1.2.9), 
phosphate acetyltransferase (EC 2.3.1.8), D-lactate dehydrogenase (EC 1.1.1.28), 
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and L-lactate dehydrogenase (EC 1.1.1.27) (see Fig. 5). The abundance of genes 
associated with the synthesis of D-lactate dehydrogenase and L-lactate dehydro-
genase in the cow diagnosed with ketosis was 2.0 times and 1.5 times higher 
(p  0.05) than in the clinically healthy cow (Fig. 6). 

 

 

Fig. 6. Functional annotation (р  0,05) 
of enzymes predicted in the ruminal met-
agenomic community of the 3rd lacta-
tion black-and-white Holsteinized cows: 
a — the cow diagnosed with ketosis, 
b — the clinically healthy cow; 1 — 
fructokinase, 2 — glucose-6-phosphate 
isomerase, 3 — glucose-6-phosphate 
dehydrogenase, 4 — phosphoketolase, 
5 — phosphate-acetyltransferase, 6 — 
D-lactate dehydrogenase, 7 — L-lac-
tate dehydrogenase (SPK Kobralov-
sky, Gatchinsky District, Leningrad 
Province, 2020). 
* Differences between sick and clin-
ically healthy animals are statisti- 

cally significant at p  0.05. 
 

Interestingly, despite the revealed increase in metabolic potential associ-
ated with the production of lactate in the rumen of the animal suffering from 
ketosis, the abundance of lactate-producing lactic bacteria from the Lactobacil-
laceae family was higher (p  0.05) in the rumen of the clinically healthy cow 
(see Fig. 2, A). This may be due either to the fact that different types of lacto-
bacilli exhibit unequal functional activity of genomes and the ability to produce 
lactate, or microorganisms of other taxa possess this ability. For example, as can 
be seen from Figure 2, A, in the rumen of the cow suffering from ketosis, as 
compared to the healthy animal, the proportion of bacteria of the Lachnospi-
raceae family increased 5.6-fold (p  0.01). The abundance of bacteria of this 
family, namely of the genera Oribacterium, Pseudobutyrivibrio and Shuttleworthia 
increased 4.5-fold, 6.3-fold and 5.6-fold (p  0.05) in the rumen of the cow 
diagnosed with ketosis. We revealed that, due to the disease of the animal, a new 
species of the genus Pseudobutyrivibrio, the P. xylanivorans appears in the rumen. 
It is known that the main end products of metabolic fermentation in these bac-
teria are organic acids, including lactate [61-63]. Similarly, the number of mi-
croorganisms of the genus Succinivibrio from the family Succinivibrionaceae, 
capable of producing lactate in addition to acetate, succinate, and formiate also 
increased (p  0.001) in the rumen of the cow with health problems [64]. 

Returning to Figure 5, it should be emphasized that, in the cow with 
impaired health as compared to the clinically healthy animal, the metabolic ca-
pabilities of the microbiota associated with the utilization of glucose and glucose-
1-phosphate increased 2.6 times (p  0.05). The VFAs produced by the micro-
flora and absorbed in the rumen then are transported to the liver and involved 
in gluconeogenesis to provide the host animal with glucose. The concentration 
of blood glucose plays a key role in maintaining energy metabolism and prevent-
ing metabolic diseases, especially ketosis. It is well known that, in addition to 
VFA-synthesizing bacteria, many other microorganisms, for example, members of 
the Enterobacteriaceae family, actively utilize glucose and glucose-1-phosphate as 
sources of nutrients, forming alcohols as the main product. Thus, Escherichia coli 
is capable of culture on exogenous glucose-1-phosphate as the only carbon source 
[65]. This can lead to a decrease in the amount of nutrient substrate for bacteria 
of the order Selenomonadales and impairment of VFA synthesis. 
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In addition, in the cow suffering from ketosis, the functional potential 
of the cicatricial microbiota associated with the biosynthesis of butanediol in-
creased 3.0 times (p  0.05) (see Fig. 5). In the rumen, alpha-acetolactate decar-
boxylase synthesizes butanediol from pyruvate which is necessary for glucose syn-
thesis during gluconeogenesis. As a result, in the cow diagnosed with ketosis, the 
concentration of pyruvate which is highly valuable for the production of glucose 
could be reduced. This can also create prerequisites for metabolic disorders. The 
metabolic function of butanediol itself is not well understood although there are 
indications that it may play a role in preventing intracellular acidification [66]. 

Interestingly, in the cow diagnosed with ketosis, the potential degrada-
tion of hexitols in the rumen content also increased 2.3 times (p  0.05). The 
diets enriched with hexitols, e.g., D-mannitol, D-sorbitol, and galactitol was 
associated with the accumulation of glycogen in the mammalian liver [67]. 
Therefore, the degradation of hexitols could provoke ketosis which occurs under 
carbohydrate deficiency and is associated with mobilization of glycogen stores 
from the liver. 

Importantly, in cicatricial microbiota of the sick cow, there was a 3.6-
fold increase (p  0.05) in metabolic capabilities of myo-, chiro- and scylloin-
ositol degradation, a 3.0-fold increase in 4-aminobutanoate degradation (p  0.05), 
and a 3.7-fold increase in biosynthesis of O-antigen structural blocks (p  0.05). 

Metabolic degradation of myoinosite was originally described for Klebsiella 
aerogenes [68]. Myoinositol and other stereoisomers of the hexahedral alcohol 
inositol in the form of various inositol phosphates and phosphatidylinositol lipids 
act as important signal transmitters in intracellular signaling cascades, partici-
pating in the regulation of intracellular calcium content, signal transmission from 
the insulin receptor, lipid cleavage and reduction of neurotransmitter cholesterol 
concentration. A decrease in the synthesis of myoinositol in the rumen is asso-
ciated with a decrease in the formation of hepatic lipoproteins. During the lac-
tation period of dairy cows, lipid mobilization is extremely intense, and the need 
for myoinositol may exceed its availability. Thus, an increase in the degradation 
of this compound by the cicatricial microflora could participate in the initiation 
of ketosis as a metabolic disorder. 

The structural blocks of O-antigen polymers are oligosaccharide subunits 
that serve as a component of the outer membrane of some gram-negative bacteria 
[69]. A number of obligate and opportunistic microorganisms, e.g., Salmonella 
enterica, Francisella tularensis, and Burkholderia cepacia use O-antigens to avoid 
phagocytosis and resist the lytic action of the complement system [70-72]. The 
ability to synthesize O-antigens revealed in the cicatricial microbiota during ke-
tosis is important, since there are not only primary (metabolic) ketosis arising 
from disturbances in feeding and maintenance regimens but also secondary ketosis 
arising as a concomitant disease in animals suffering from gastrointestinal diseases 
and some infectious diseases [73]. This is consistent with the increased (p  0.05) 
abundance of Odoribacter genera of the Porphyromonoadaceae family, Frischella gen-
era of the Orbaceae family comprising pathogens and the pathogenic species Bac-
teroides fragilisthat that we reveled in the rumen of the sick cow. 

We discovered the potential increase in the degradation of 4-aminobu-
tanoate in the cow diagnosed with ketosis, which is another negative factor, since 
4-aminobutanoate serves as the main inhibitory neurotransmitter in the mam-
malian brain [74]. It is known that many bacteria can synthesize 4-aminobuta-
noate as an intermediate in the degradation of putrescine. The first evidence of 
bacterial degradation of 4-aminobutanoate was found when studying the metab-
olism of the bacterium Pseudomonas fluorescens [75] which can grow on 4-
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aminobutanoate as the only source of carbon and nitrogen [76]. 
So, combination of molecular and bioinformatics methods allowed us to 

study in detail the rumen microbiome in cows and to predict its functional po-
tential depending on the state of health. In the rumen of a cow with ketosis, the 
proportion of taxa associated with impaired energy balance, in particular gluco-
neogenesis, increased L-lactate synthesis, and increased pathogenesis, is higher. 
Therefore, an increase in the abondance of these microorganisms could cause or 
exacerbate ketosis, or both. In the cow suffered from ketosis, the expression of 
genes associated with the synthesis of lactate dehydrogenase (EC 1.1.1.27) in-
creased 128±17.9 times compared to the clinically healthy animal. The obtained 
estimate of gene expression is consistent with the data on the metabolic potential 
of the cicatricial microbiota predicted from metagenomic analysis of nucleotide 
sequences of 16S rRNA genes. Using the PICRUSt2 and MetaCyc software 
package, 232 metabolic pathways have been annotated. In 12 metabolic path-
ways, the predicted functional potential is enhanced in the cow diagnosed with 
ketosis as compared to the clinically healthy cow. In particular, the number of 
genes associated with synthesis of D-lactate dehydrogenase and L-lactate dehy-
drogenase, with utilization of glucose and glucose-1-phosphate, with biosynthe-
sis of butanediol and degradation of hexitols was increased. These findings can 
be used to predict metabolic disorders in cows, in particular ketosis. However, 
further research is needed to confirm whether there really is a causal relationship 
between the occurrence of ketosis, changes in the abundance of specific micro-
organisms in the rumen, their metabolic potential, and gene expression in the 
microbial community of the digestive system. Perhaps this will allow for an ap-
proach to optimization of the microbial community composition to correct ke-
tosis. In particular, probiotic preparations for direct regulation of the abundance 
and composition of the rumen microbiota may be helpful. 
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