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ABSTRACT 

Genomic and transcriptomic analyses were performed to investigate non-ribosomal peptide 

synthetases (NRPS) and polyketide synthases (PKS) in 310 genomes of ruminal/fecal 

microorganisms. One hundred and nineteen biosynthetic genes potentially encoding distinct 

NRPs and PKs were predicted in the ruminal microbial genomes and functional annotation 

separated these genes into 19 functional categories. The phylogenetic reconstruction of the 

16S rRNA sequences coupled to the distribution of the three “backbone” genes involved in 

NRPS and PKS biosynthesis suggested that these genes were not acquired through horizontal 

gene transfer. Metatranscriptomic analyses revealed that the predominant genes involved in 

the synthesis of nonribosomal peptides and polyketides were more abundant in sheep rumen 

datasets. Reads mapping to the NRPS and PKS biosynthetic genes were represented in the 

active ruminal microbial community, with transcripts being highly expressed in the bacterial 

community attached to perennial ryegrass, and following the main changes occurring 

between primary and secondary colonization of the forage incubated with ruminal fluid. This 

study is the first comprehensive characterization demonstrating the rich genetic capacity for 

NRPS and PKS biosynthesis within rumen bacterial genomes, which highlights the potential 

functional roles of secondary metabolites in the rumen ecosystem. 
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INTRODUCTION 

 

The rumen microbiome consists of a highly diverse community of anaerobic 

microorganisms (mainly bacteria, ciliated protozoa, fungi, archaea and viruses) which are 

primarily responsible for the degradation of plant biomass and other components (e.g. 

carbohydrates and proteins from concentrates) of the host diet (Castillo-González et al. 

2014; Gharechahi and Salekdeh 2018). The rumen microbiota shows great metabolic 

versatility and is continuously exposed to soluble and structural components of the feeds 

ingested by the animal, with distinct microbial communities being associated with the solid 

and liquid fractions of the rumen digesta, and with the rumen epithelial tissue (Deusch et al. 

2017).  

The microbial populations within this ecosystem have established complex symbiotic, 

predatory, and antibiotic interactions, and often compete for substrate utilization and niche 

colonization in the rumen (Chen and Weimer 2001; Weimer 2015). The effects of microbial 

synergism on protein and fiber degradation in the rumen have been described previously 

(Oss et al. 2016), and the predation of ruminal bacteria by ciliate protozoa is largely 

recognized (Belanche et al. 2012; Newbold et al. 2015), but the role of antibiosis between 

different species or groups of microorganisms on rumen ecology has not yet been 

systematically investigated. Previous culture-dependent studies demonstrated that rumen 

bacteria can produce antimicrobial peptides (bacteriocins) when grown in pure cultures 

(Morovský et al. 2001; Mantovani et al. 2002; Pattnaik et al. 2008), and recent studies 

based on genome mining revealed that several species of ruminal bacteria harbor complete 

biosynthetic gene clusters for bacteriocins (Azevedo et al. 2015). Additionally, functional 

metagenomic library screening allowed the identification of 181 potentially novel 

antimicrobial peptides (AMPs) from a rumen bacterial metagenome, with some of them 

being effective in vitro against several human pathogens (Oyama et al. 2017). However, 

despite the fact that secondary metabolites, such as nonribosomal peptides (NRPs) and 

polyketides (PKs) are known to play an important role in the ecology of microbial 

communities in terrestrial and marine habitats (Wietz et al. 2013; Tyc et al. 2017), until now 

no studies have been carried out to investigate if ruminal bacteria can potentially produce 
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these compounds or if they play a role in the active rumen microbiome during plant 

biomass colonization. 

The nonribosomal peptides and polyketides have been extensively studied among the 

secondary metabolites known to be produced by bacteria due to their great structural and 

functional diversity (Wang et al. 2014), with several biological activities of industrial and 

clinical relevance. The NRPs are synthesized through sequential condensation of non-protein 

amino acids by a multifunctional enzymatic complex called non-ribosomal peptide synthetase 

(NRPS), while the PKs are synthesized through sequential decarboxilation and condensation 

steps catalyzed by the polyketide synthase (PKS) complex (Robbins et al. 2016). Both NRPS 

and the PKS are modular enzymes containing conserved functional domains (Wang et al. 

2014) (Figure 1). Therefore, understanding the structural diversity of these enzymes and their 

biosynthetic mechanisms might also be valuable for designing metabolites with novel 

chemical or biological properties. In addition, the secondary metabolism of several bacterial 

species represents an interesting source of novel molecules as potential antimicrobials. Many 

secondary metabolites produced by microorganisms are known to have antimicrobial activity 

against human and animal pathogens, being potentially useful for therapeutic applications 

(Yang et al. 2014; Newman and Cragg 2016). 

In the present study, we investigated 310 microbial genomes (bacteria and archaea) 

of ruminal or fecal origin using in silico data mining to identify biosynthetic genes associated 

with the production of PKS and NRPS. Additionally, the potential production of these 

antimicrobials by the active rumen microbiome was verified by aligning reads from different 

rumen metatranscriptome datasets to the biosynthetic genes for NRPS and PKS. Our results 

provide fundamental information at the molecular level on the distribution and potential role 

of secondary metabolites among bacterial taxa of the core ruminal microbiome and during 

the temporal dynamics of forage colonization. 

 

MATERIALS AND METHODS 

Genome sequences 

The complete or partial sequences of the genomes from 281 bacterial and 9 

archaeal cultures of rumen origin, and 20 bacterial cultures of ruminant fecal origin were 

retrieved in .fasta format from databases deposited at the Joint Genome Institute (JGI, 

http://genome.jgi.doe.gov/) and National Center for Biotechnology Information (NCBI,  

http://www.ncbi.nlm.nih.gov/genome/). The keywords "Hungate 1000" (JGI) and "rumen" 

(NCBI) were used as search parameters. The genomic sequences were retrieved from the 
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databases between March and July of 2017 (see supporting information Table S1 for 

details). 

 

Detection of non-ribosomal peptide synthetase (NRPS) and polyketide synthase 

(PKS) gene clusters  

The 310 prokaryotic genomes obtained in fasta format were uploaded in the 

antiSMASH software (Antibiotics and Secondary Metabolite Analysis SHell, 

http://antismash.secondarymetabolites.org/) (Weber et al. 2015). For the identification of 

the sequences of interest, the following original search parameters (Extra features) were 

selected: "KnownClusterBlast"; "smCoG analysis"; "ActiveSiteFinder"; "SubClusterBlast". The 

genetic clusters predicted for the secondary metabolites NRPS, NRPS-t1PKS, PKS, transPKS, 

and PKS/NRPS hybrids were selected and the amino acid sequences of their biosynthetic 

genes were downloaded in fasta format for further analyses. The molecular functions of the 

putative genes associated with NRPs and PKs biosynthesis were annotated using the QuickGo 

tool (Binns et al. 2009). 

 BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al. 1990) was used to 

minimize the occurrence of false negatives resulting from genes separated in adjacent 

scaffolds, due to incorrect or incomplete assemblage of the genomes. The amino acid 

sequence of each gene identified by antiSMASH was used as query sequence against all 

prokaryotic genomes using tBLASTn. Sequences of interest were selected using an e-value 

cutoff set to <10-16 and 50% minimum coverage with the prediction of biosynthetic gene 

clusters for NRPs and PKs in the genomes of ruminal bacteria following the criteria defined by 

Amoutzias, Chaliotis and Mossialos (2016). Putative NRPs biosynthetic gene clusters were 

assigned to a ruminal microbial genome if it contained homologues for the adenylation 

domain, amino acid carrier domain and condensation domain, while putative PKs gene 

clusters were defined as such only if the bacterial genomes minimally harbored the 

conserved acyl-transferase domain, the acyl carrier domain and the beta-ketosynthase 

domain. Because previous studies (Aron et al. 2005; Zhang et al. 2006; Ohno et al. 2015) 

demonstrated that the aminotransferase protein can also be involved in polyketide 

biosynthesis, strains in which the genomes contained genes for aminotransferase in addition 

to the acyl carrier and beta-ketosynthase domains were considered as harboring putative PKs 

gene clusters. 

A target-directed genome mining approach, based on a local database containing 

gene sequences from key enzymes of the biosynthetic pathways of well characterized NRPs 

and PKs, was also used for in silico screening of NRPs and PKs biosynthetic genes. For this, 
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gene sequences from biosynthetic pathways of eleven NRPs and twelve PKs (see supporting 

information Table S2 for details) identified in the Kyoto Encyclopedia of Genes and Genomes 

database (KEGG, http://www.kegg.jp/) (Kanehisa et al. 2016) were retrieved in fasta format 

from the Universal Protein Resource (UniProt, http://www.uniprot.org/). tBLASTn alignments 

were performed using the amino acid sequence from each biosynthetic gene as the query 

sequence against each bacterial genome under study. An e-value < 10-16 and sequence 

identity > 30 % were set as the cut-off criteria for this analysis.  

 

Phylogenetic analysis 

Sequences of the 16S rRNA were retrieved from the 310 prokaryotic genomes under 

study and aligned using MUSCLE version 3.8.31 (Edgar 2004). MEGA version 10.04 was used 

to infer Approximately-Maximum-Likelihood phylogenetic tree using 500 bootstrap replicates 

(Kumar et al. 2018). The generated output file (.tree) was visualized and annotated on the 

Interactive Tree of Life (iTOL) interface v4 (https://iTOL.embl.de/) (Letunic and Bork 2016), to 

show the distribution of the essential genes for NRP and PK biosynthesis predicted using 

antiSMASH and confirmed by BLAST analysis. 

 

Metatranscriptomic analysis and datasets  

 Sequences from four metatranscriptomic datasets were retrieved from the sequence 

read archive (SRA) deposited in the NCBI (https://www.ncbi.nlm.nih.gov/sra) (Leinonen et al. 

2011). These datasets included the following: (i) fourteen million pairs of 100 bp reads 

derived from the rumen of a Holstein dairy cows fed a control diet or a rapeseed oil diet (2 

samples total: SRR594193 and SRR594215); (ii) twenty-nine million pairs of 100 bp reads 

derived from the rumen of a 10-month old crossbred beef steer from Canada, which were 

raised under feedlot conditions on a high-energy finishing diet (SRR3257011) (Li et al. 2016); 

(iii) thirteen million pair of 150 bp reads derived from rumen contents of a sheep with high 

methane yield (SRR873462) (Kamke et al. 2016); (iii) twenty-two million pair of 150 bp reads 

derived from rumen contents of a sheep with low methane yield fed lucerne diet 

(SRR1138697) (Kamke et al. 2016); (iv) ten million pair of 35 to 310 bp reads derived from a 

sample obtained from a lactating dairy cow fed a total mixed ration based on grass silage 

(SRR3169851) (Comtet-Marre et al. 2017). Poor quality bases defined by Phred quality below 

of 20, reads with length lesser than 25 bases and adapters from reads were removed using 

Trimmomatic version 0.36 (Bolger, Lohse and Usadel 2014). The efficiency of the sequence 

pre-processing was performed with the FastQC software 
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(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Detailed information about 

the metatranscriptomic datasets are presented in Table S3 and Table S4 of the 

supplementary data. 

 In addition to the analyses performed on ruminal metatranscriptomic datasets from 

different animals, expression of putative biosynthetic genes of NRPS and PKS was 

investigated during the successional colonization of fresh perennial ryegrass (Lolium perenne 

cv. AberDart) by the rumen microbiota. The data was obtained from the study performed by 

Huws et al. (2016), which performed in sacco incubations of fresh perennial ryegrass in 

rumen-cannulated, non-lactating Holstein × Friesian cows and removed samples at various 

times (0, 1, 2, 4, 6 and 8 hours) for RNA extraction. Since preliminary in silico analyses 

indicated very low expression of the genes detected by target-directed approach in the 

rumen microbiota, only biosynthetic genes predicted by antiSMASH and BLAST were used 

downstream in our metatranscriptomic analyses. 

 Before performing the alignments between the metatranscriptomic datasets and the 

sequences of the three putative biosynthetic PKs (aminotransferase, acyl carrier and beta-

ketosynthase genes) and NRPs genes (AMP-dependent synthetase and ligase, amino acid 

carrier protein, condensation domain-containing protein), each sequence was confirmed 

using Pfam (http://pfam.xfam.org/) (Finn et al. 2016) and BLAST. Clustal Omega (Sievers et al. 

2011) was used to calculate the distance matrix among the sequences and high similar and 

species redundant sequences with distances lower than 0.5 were eliminated to ensure that 

only unique sequences were used to evaluate expression levels. 

 The program Bowtie2/2.2.8 (Langmead and Salzberg, 2012) was used to align short 

reads from metatranscriptomic data to putative biosynthetic genes of PKS and NRPS. Before 

the alignment, Bowtie-build tool was used to convert the FASTA sequences to Bowtie 

indexes. The expression levels of transcripts from each biosynthetic gene was quantified in 

uniquely mapped reads per kilobase per million mapped reads (RPKM) (Mortazavi et al. 

2008), using 0.05 as the cutoff value (Warden, Yuan and Wu 2013). 

 

RESULTS 

Detection of NRPS and PKS genes in ruminal microbial genomes 

Genomes from 310 prokaryotic cultures belonging to eight phyla and 68 genera of 

the core rumen microbiome or ruminant feces were investigated for the presence of putative 

genes linked with NRPS and PKS biosynthesis using antiSMASH and tBLASTn. One hundred 

and nineteen distinct biosynthetic genes encoding for the muti-domain polyketide synthases 
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(PKS) and non-ribosomal peptide synthetases (NRPS) were identified in the ruminal microbial 

genomes investigated in this study (Table S5). Bacillus cereus KPR-7A and Clostridium 

beijerinkii HUN142 showed the highest number of biosynthetic genes for NRPS and PKS, 

harboring 87 and 81 genes, respectively (data not shown).  

The molecular functions of the 119 putative genes associated with NRPS and PKS 

biosynthesis were annotated using the QuickGo tool into 19 distinct functional groups (Table 

S5), and transferase (n=25 genes) and synthetase (n=20 genes) were the most prevalent 

functions identified among the genomes under study. Functions associated with peptidase 

activity, oxygen binding, isomerase, hydratase and dehydratase showed restricted 

distribution among the ruminal genomes (Table S5). 

 The distribution of biosynthetic gene clusters for NRPS and PKS in the genomes 

of ruminal bacteria varied according to phyla and antimicrobial group (Tables 1 and 2). 

Bacteria of the phylum Firmicutes represented the majority of the ruminal genomes 

(n=227) retrieved from the JGI and NCBI databases and putative NRPS genes were 

frequently predicted (62.1%) among members of this taxa (Figure 2A). The Firmicutes 

also harbored most of the diversity of putative biosynthetic gene clusters for NRPS 

(n=141) and PKS (n=94), but a higher relative abundance (73.5 %) of PKS genes was 

observed among members of the phylum Bacteroidetes (Figure 2A). Putative genes for 

NRPS and PKS were present in all representative families and genera of ruminal bacteria 

from the phylum Firmicutes (Figure 2B). However, the biosynthetic gene clusters for 

NRPS were more prevalent among genomes of the genus Ruminococcus (81.8%), 

Selenomonas (70.0%), and Butyrivibrio (66.0%). Streptococcus had the lowest percentage 

of genomes with putative NRPS genes (33.3%), but harbored the highest number 

(86.7%) of putative biosynthetic genes for PKS (Figure 4b), followed by Ruminococcus 

(66.7%) and Clostridium (46.7%). Selenomonas was the genus with the lowest percentage 

of genomes with PKS genes (10.0%) (Figure 2B). 

Genes of the biosynthetic pathways of eleven non-ribosomal peptides and twelve 

polyketides with well known chemical structures and biological activities were identified 

using the KEGG database (Table 2 and Table S2). These secondary metabolites were classified 

into four distinct biological functions: antibacterial, antifungal, antiparasitic and 

immunosuppressant. Genome mining showed putative biosynthetic genes for products with 

antibacterial and antifungal activity in virtually all phyla analyzed in this study (Table 2). 

Proteobacteria and Firmicutes were the only phyla showing putative biosynthetic genes for 

products classified into the four biological activity groups (Table 2). 

The computational approaches used for genome mining differed in their capacity to 

predict NRPS and PKS biosynthetic gene clusters in the ruminal microbial genomes under 

study. The antiSMASH was the only computational tool to predict gene clusters associated 

with NRPs biosynthesis for 31 genomes of ruminal bacteria under study (Figure 3A). 
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However, biosynthetic genes for known NRPS and PKS were identified exclusively by target-

directed genome mining in several ruminal microbial genomes (Figure 3). Both target-

directed genome mining and tBLASTn analysis revealed greater number of PKS genes in 

ruminal microbial genomes compared to the antiSMASH tool alone (Figure 3). Therefore, only 

the ruminal microbial genomes harboring at least three genes of the biosynthetic machinery 

minimally required for production of NRP and PK (identified by antiSMASH and confirmed 

using BLAST analyses), were used for our downstream analyses. 

 

Phylogenetic distribution of NRPS and PKS genes in ruminal microbial genomes 

 Phylogenetic reconstruction based on the 16S rRNA gene grouped the 310 strains in 

clades according to their respective phyla (Figure 4). Putative biosynthetic genes encoding for 

NRPS and PKS were widely distributed across the species of ruminal bacteria, with the 

condensation domain-containing protein (NRP synthesis) and the beta-ketoacyl synthase (PK 

synthesis) showing lower prevalence compared to the other essential genes (Figure 4). The 

complete set of essential genes for biosynthesis of the multi-domain polyketide synthases 

(PKS) and non-ribosomal peptide synthetases (NRPS) were present only in the genomes of 

Anaerovibrio lipolyticus LB2005, Anaerovibrio sp. RM50, Clostridium aminophilum KH1P1, 

Ruminococcaceae bacterium P7 and Selenomonas ruminantium AB3002 (Figure 4).  

The diversity of genetic clusters was reflected by the abundance of predicted 

biosynthetic genes for the multi-domain enzymes nonribosomal peptide synthetases (NRPS) 

and the polyketide synthases (PKS). The gene for the NRPS amino acid carrier protein was 

identified in 78.4% of the ruminal genomes and the PKS acyl carrier protein was present in 

86.8% of the genomes (Figure 4). The less abundant genes were those related with the 

carbonic ligation synthesis, corresponding to the condensation domain in NRPS (12.3%) and 

beta-ketoacyl synthase in PKS (17.7%) (Figure 4).  

 

Abundance of NRPS and PKS putative biosynthetic genes in ruminal 

metatranscriptome datasets and during forage colonization 

To evaluate the expression of the putative biosynthetic genes for NRPS and PKS, ruminal 

metatranscriptome datasets from different species of ruminants consuming different diets 

and raised in distinct geographical locations were aligned to unique sequences of these genes 

using the Bowtie2 tool. On average, the number of reads decreased 68.5% after quality 

analyses and almost 90% of the reads from these metatranscriptome datasets were 

discarded with a Phred quality score of 30 (Q=30) (Table S4). Therefore, as our analyses 
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focused on evaluating genetic expression and not genomic variants, the raw sequences were 

used to assess gene expression. Differences in abundance levels of the NRPS and PKS 

biosynthetic genes were observed between the different rumen metatranscriptomes, with 

the sheep dataset showing the highest abundance of reads mapping to the NRPS and PKS 

genes. The lowest expression level of NRPS was mapped to the metatranscriptome of a 10-

month old crossbred beef steer from Canada (Figure 5).        

 Reads mapping to the NRPS putative biosynthetic genes of Butyrivibrio were highly 

represented in the rumen transcriptomes, with those of Butyrivibrio YAB3001 showing the 

highest rpkm (78.0) for the AMP-dependent synthetase and ligase gene in the sheep with low 

methane yield. In addition, this was also the gene with greatest number of reads mapped in 

all transcriptome datasets evaluated in this study (Figure 5A). In contrast, reads mapping to 

the condensation domain were the least frequent among the NRPS biosynthetic genes 

(Figure 5A). The gene for the amino acid carrier domain had all reads mapped to at least one 

dataset, with exception of the read from Ruminococcoceae bacterium DSM 21843 (Figure 

5A). 

 The reads corresponding to the PKS biosynthetic genes were less frequently 

represented in the ruminal transcriptome datasets than the reads of the NRPS genes. In fact, 

the highest values of rpkm were obtained for the aminotransferase genes from 

Ruminococcoceae bacterium P7 (6.63), Anaerovibrio sp. RM50 (4.18) and Clostridiales 

bacterium NK3B98 (2.83) in the low methane yield sheep (Figure 5B). For the polyketide 

synthase acyl carrier protein, only reads representing the gene identified in the genome of R. 

bacterium P7 were mapped in the high methane yield sheep dataset (Figure 5B). For the 

beta-ketoacyl synthase gene, no reads could be mapped for the dairy cow consuming control 

or rapeseed oil diets (Figure 5B).  

Reads mapping to the NRPS and PKS putative biosynthetic genes were also 

represented in the active ruminal microbial community associated with the successional 

colonization of perennial ryegrass (Lolium perenne) following its ingestion by the host. In 

general, the relative abundance of transcripts for NRPS and PKS biosynthetic genes increased 

after 4 h, following the observed ecological successional changes during the incubation in the 

rumen. The relative abundance of NRPS genes was higher than PKS genes and no transcripts 

could be assigned to the polyketide synthase acyl carrier protein (Figure 6). The biosynthetic 

genes of NRPS were more highly expressed in the species of the genus Butyrivibrio during 

forage colonization, as revealed by the rpkm values at different incubation periods (Figure 6). 

Reads mapped to the NRPS adenylation domain of Fibrobacter succinogenes S85, a bacterium 

known to digest cellulose in the rumen, was also observed during forage colonization as well 
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as in Anaerovibrio sp. (adenylation domain), Oribacterium sp. (condensation domain) 

Methanobrevibacter ruminantium (condensation domain) Selenomonas ruminatium (amino 

acid carrier protein). Analysis of the transcriptome of the perennial ryegrass incubated in the 

rumen also revealed the expression of PKS aminotransferase (Clostridium 

polysaccharolyticum, Prevotella ruminocola 23) and beta-ketoacyl synthase genes 

(Ruminococcus bromii, Desulfotomaculum ruminis) during successional colonization of the 

plant biomass. 

 

DISCUSSION 

 

Feedstuffs ingested by the ruminant provide a range of substrates that support the 

growth of a diverse community of anaerobic microorganisms. Several metabolic interactions 

occur between ruminal microorganisms and these interactions are thought to be affected by 

the composition of the diet consumed by the host and probably contribute to maintain the 

diversity of the microbial ecosystem (Morgavi et al. 2015; Granja-Salcedo et al. 2016). Some 

metabolic activities such as cross-feeding and interspecies H2 transfer have been well 

described for specific groups of rumen microorganisms, but until recently, the production of 

antimicrobial agents (antibiosis) had been investigated in only a few species of culturable 

rumen bacteria. However, a recent study combining functional metagenomics and 

computational approaches identified three novel rumen-derived peptides (Lynronne-1, 

Lynronne-2 and Lynronne-3) as potential therapeutic candidates against clinically relevant 

drug-resistant pathogens (Oyama et al. 2017). In addition, microorganisms that are capable 

of producing antimicrobial compounds (e.g. peptides and secondary metabolites) could have 

greater competitive advantage in natural habitats, since these molecules are thought to play 

an ecological role in the colonization of environmental niches (Kommineni et al. 2015; 

Staerck et al. 2017). This is a situation very likely to occur in the rumen ecosystem, in which 

anaerobic organisms must compete for space and nutrients present in the host diet.  

In this study, we performed genome mining for NRPS and PKS biosynthetic genes to 

evaluate their distribution in ruminal microbial genomes and potential expression according 

to host and temporal dynamics of forage colonization. Our in silico analyses revealed that 

genetic clusters of NRPS and PKS are distributed among the species of rumen bacteria and 

are highly abundant among members of the phylum Firmicutes. Additionally, these 

antimicrobial compounds seem to play an ecological role in the rumen as the expression of 

biosynthetic genes associated with NRPs and PKs increases over time during forage 

colonization and varies among ruminant species.  
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 BLAST analyses and target-directed genome mining approach using biosynthetic 

genes for known NRPS and PKS (from the KEGG database) as query sequences expanded the 

number of genomes showing potential to produce NRPS and PKS compared with searchers 

using only antiSMASH. The antiSMASH uses the Hidden Markov Model (HMM) of the 

ClusterFinder as probabilistic algorithm to detect putative biosynthetic genes. Based on the 

frequency of domains identified in the Pfam database, the algorithm predicts the motifs for 

active sites of the keto-synthase, acyl transferase, dehydration, keto-reductase, acyl carrier 

protein and thiosterase domains. After the identification of putative gene clusters, sequences 

are aligned to the clusters available in the MIBiG database (Minimum Information about a 

Biosynthetic Gene cluster, mibig.secondarymetabolites.org) (Medema et al. 2015). However, 

it should be noted that many of the sequences for biosynthetic genes associated with 

secondary metabolites in the MIBiG database are incomplete, which can increase the 

probability of false negatives. Additionally, it is possible that sequencing errors result in 

incomplete genomes or incorrect assemblies containing many contigs. Therefore, for some 

antimicrobial compounds the prediction of putative biosynthetic genes may be difficult. In 

general, our analyses using tBLASTn improved the detection of gene clusters containing 

conserved domains for NRPS and PKS biosynthetic in the genomes of ruminal bacteria, thus 

reducing potential false negatives. The same was observed with the target-directed 

approach, but direct comparisons about the performance of each computational approach 

are not possible due to the differences in query sequences/search strategies used to identify 

putative genes encoding NRPS and PKS.  

 Most biosynthetic genes for NRPS and/or PKS were found among strains of 

Ruminococcus and Butyrivibrio. In the rumen, the genus Ruminococcus is primarily involved 

with the degradation of structural carbohydrates, specially cellulose and hemicellulose (Koike 

and Kobayashi 2009). Members of the Butyrivibrio genus are considered generalists, being 

capable of metabolizing several carbohydrates, including starch, xylan, cellulose, dextrin, 

fructose, and pectin (Cotta and Hespell 1986; Kasperowicz et al. 2016). Considering that 

these bacteria have the potential to produce NRPs and PKs, one could speculate that these 

compounds might confer some advantage against other ruminal bacteria (competitors) 

showing higher substrate affinity or faster specific growth rates. 

 We also demonstrate that biosynthetic genes from well characterized NRPS and PKS 

pathways were present in about 66% of all the ruminal genomes analyzed in this study, 

despite the rigorous criteria (e-value < 10-16 and sequence identity ≥ 30%) applied for these 

computational analyses. Among these, it was observed a high relative abundance of 

biosynthetic genes of NRPS and PKS with antifungal activity, including biosurfactants 
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(bacillomycin D, fengycin, or iturin A) and macrolides (natamycin or amphotericin B), 

respectively. Many of these substances are known to be produced by different species of 

Bacillus (Peypoux et al. 1981; Steller et al. 1999; Tsuge, Akiyama and Shoda 2001), but 

information about the production of antifungal compounds by ruminal microorganisms is 

generally lacking.  

 The biosynthetic genes for the antiparasitic avermectin A1a and the 

immunossupressor rapamycin were only found in the ruminal genomes of members of the 

Proteobacteria and Firmicutes phyla. The avermectin A1a is a polyketide produced by 

Streptomyces avermitilis (Miller et al. 1979) that acts blocking the nervous impulse 

transmission in invertebrates and has many veterinary and agricultural applications (Lin, Wu 

and Miyata 2007). The rapamycin also belongs to the polyketide class of natural products. 

This molecule is produced by Streptomyces hygroscopicus (Schwecke et al. 1995) and blocks 

the transition of the G1 phase to the S phase in the cell cycle of mammalian cells (Law 2005).  

 The distribution of the main putative biosynthetic genes for NRPs and PKs in the 

ruminal genomes according to the 16S rRNA phylogeny showed some clades and 

monophyletic taxa with similar patterns (presence/absence) of biosynthetic genes, despite 

the low conservation in nucleotide sequence within these genes. These results suggest that 

production of NRPs and PKs could have an ecological role among species of rumen bacteria. 

The analysis of the abundance of NRPS and PKS biosynthetic genes in distinct rumen 

metatranscriptome datasets from cattle and sheep supported this hypothesis. Our results 

showed that each putative biosynthetic gene involved in NRPS or PKS biosynthesis was being 

expressed in the metatranscriptomes under study. The fact that the PKS reads were less 

abundant than the NRPs reads could be related with differences in the biosynthetic pathways 

and the availability of precursors required for NRPS or PKS biosynthesis. During biosynthesis, 

NRPS modules can incorporate a variety of substrates in addition to proteinogenic amino 

acids, including non-protein amino acids, hydroxy acids and polyketide substances (Kleinkauf 

and Von Dohren 1996). On the other hand, PKS biosynthesis often requires the incorporation 

of malonyl or metyl-malonyl-CoA moieties, similar to fatty acid biosynthesis (Hill 2006). 

Considering that these metatranscriptome datasets were obtained from animals fed mostly 

high-protein diets, a greater abundance of proteinogenic amino acids would be expected in 

the rumen of these animals. 

Our data also revealed differences between the expression of these bioactive 

compounds in the rumen microbiome of cattle and sheep, with the NRPS and PKS reads being 

highly abundant in the sheep datasets. Diet composition and rumen retention time of the 

digesta could be among the animal factors responsible for the observed differences (Pinares-
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Patiño et al. 2011). Previous studies suggested that animals with smaller rumens can have 

higher rates of digesta flowing to the abomasum compared to animals with larger rumens 

(Illius and Gordon 1991; Goopy et al. 2014) and rumen retention time appears to be 

implicated in sheep differences in methane emissions (Pinares-Patiño et al. 2011; Huhtanen 

et al. 2016). Because the rates of fermentation of structural and non-structural 

carbohydrates that enter the rumen are distinct and rumen retention times can vary 

between microbial groups (e.g. bacteria, protozoa and methanogens), it is plausible to expect 

differences in the composition of the rumen microbiome and, consequently, in the synthesis 

of secondary metabolites by the ruminal microbiota across different ruminant species. 

The hypothesis that changes in the secondary metabolism of ruminal bacteria will 

depend on growth conditions and the composition of the rumen microbiome was confirmed 

by analyzing the metatranscriptome of the microbiota attached to perennial ryegrass 

incubated in ruminal fluid. Previous studies based on the differences in diversity of the 

bacteria attached to perennial ryegrass demonstrated that colonization events follow a 

primary (up to 4 h) and secondary pattern (after 4 h) (Colman et al. 2016; Mayorga et al. 

2016; Elliott et al. 2018). Our data on the expression of the NRPS and PKS genetic machinery 

confirmed that the biosynthesis of secondary metabolites by ruminal bacteria follow the 

main changes occurring between primary and secondary colonization of perennial ryegrass, 

with an significant increase in the expression of the NRPS and PKS functional domains 

between 4 to 8 h of incubation. Moreover, the bacterial genera that dominated the attached 

microbiome of perennial ryegrass (Butyrivibrio, Clostridium, Fibrobacter, Prevotella, and 

Selenomonas) in these previous studies also showed greater abundance of NRPS and PKS 

reads being mapped to their genomes in our transcriptomic analyses, suggesting that these 

bioactive compounds contribute to the successful colonization and niche specialization of 

ruminal bacteria. In conclusion, this study is the first to demonstrate that the rumen 

microbiome has the biosynthetic potential to synthesize a variety of natural products by 

NRPS and PKS systems, which might play a functional role improving bacterial fitness within 

the rumen ecosystem. 

 

CONCLUSION 

The findings from this study provide genomic and transcriptomic evidence that ruminal 

microorganisms have the potential to produce bioactive secondary compounds. The putative 

biosynthetic genes for NRPS and PKS were frequently found in the species of rumen bacteria, 

being particularly abundant among members of the Firmicutes phyla. Ruminal 

microorganisms show putative biosynthetic genes of NRPS and PKS that have potential 
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antibacterial, antifungal, antiparasitic and immunosuppressant activities. These secondary 

bioactive compounds appear to be relevant during the temporal dynamics of forage 

colonization as revealed by transcriptomic analysis and the expression of their biosynthetic 

genes varies with host species, being more pronounced in the rumen of sheep. Our findings 

also suggest that members of the Firmicutes phylum, particularly species of the genera 

Butyrivibrio and Ruminococcus are promising sources of NRPS and PKS in the rumen 

environment, deserving further attention in culture-dependent studies. These in vitro studies 

should focus on isolating these compounds and investigating their biological roles (e.g. 

antimicrobial and signaling activities), along together characterizing their biochemical and 

structural properties.   
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Figure Legends  

 

Figure 1: Schematic representation of the NRPS and PKS modules. (A) A typical NRPS 

elongation module consists of the C, A and PCP domains and an accessory domain E. (B) A 

typical PKS elongation module presents the KS, AT and ACP domains, whereas the domains 

DH, ER and KR are accessories. Abbreviations: A: domain of adenylation; PCP: peptide carrier 

protein; C: domain of condensation; E: epimerization domain; TE: thioesterase; AT: 

acyltransferase; KS: ketosynthase; ACP: acyl-carrier; DH: domain of dehydration; ER: 

enoylreductase; KR: ketoredutase. 
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Figure 2: Abundance of ruminal microbial genomes harboring putative NRPs and PKs 

biosynthetic genes. Only genomes containing the minimum set of genes required for NRP and 

PK biosynthesis predicted by antiSMASH, tBLASTn or by target-directed genome mining were 

considered in these analyses. Green bars represent percentage of genomes harboring 

putative NRPS genes and blue bars represent the percentage of genomes harboring putative 

PKS genes. Panel (A) shows abundance in different phyla of the rumen microbiota. Panel (B) 

shows abundance in the genomes of representative strains from the Firmicutes phylum and 

members of the Lachnospiraceae family. The number of genomes analyzed for each group (n) 

is indicated in the x axis.  
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Figure 3. Venn diagrams representing the number of ruminal genomes containing putative 

biosynthetic gene clusters for NRPs and PKs. Genome mining of putative biosynthetic gene 

clusters for NRPs (A) and PKs (B) was performed using antiSMASH 3.0 (white circle) and 

tBLASTn (dot-filled circle).The striped circle represent target-directed genome mining using 

biosynthetic genes of known NRPs and PKs from the KEGG database as query sequences. 
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Figure 4: Distribution of putative biosynthetic genes for NRPs and PKs in ruminal prokaryotic 

genomes associated with the tree reconstruction based on the 16S rRNA nucleotide 

sequences. The consensus tree was generated based on the Maximum Composite Likelihood 

method and was constructed with 500 repetitions using the MEGA (version 10.04) program. 

All positions with less than 95% site coverage were eliminated. The scale bar represents 10 

nucleotide changes per 100 nucleotides analyzed. The ruminal genomes were analyzed using 

antiSMASH 3.0 and sequences were confirmed using tBLASTn. The presence of putative 

genes required for the biosynthesis of NRPs and PKs is represented by colored squares. 
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Figure 5: Heat map representing the expression of putative genes for biosynthesis of NRPs (A) 

and PKs (B) in different ruminal ecosystems. Color intensity represents the relative 

abundance of reads mapped to the corresponding genus in each sample. Genes are 

represented in columns, as indicated at the bottom. For each dataset, reads were normalized 

by the average read count associated with each sample. Analyses were performed using the 

Bowtie2 software. Abbreviations: A: domain of adenylation; PCP: peptide carrier protein; C: 

domain of condensation; AT: acyltransferase; ACP: acyl-carrier; KS: ketoredutase. 
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Figure 6: Abundance of transcripts from the temporal bacterial colonization of perennial 

ryegrass (Lolium perenne) that mapped uniquely in the genomes of ruminal bacteria. CU – 

cellulose, HC – hemicellulose, DX – dextrins, SU – sugars, ST – starch, PC – pectin, H2 – 

hydrogen, CO2 – carbon dioxide. 
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Table 1: Ruminal microbial genomes predicted to harbor NRPS and PKS genes using antiSMASH and tBLASTn. 

  

Functional gene 
Actinobacteria 

(n=21) 

Bacteroidetes 

(n=34) 

Euryarchaeota 

(n=9) 

Fibrobacteres 

(n=2) 

Firmicutes 

(n=227) 

Fusobacteria 

(n=1) 

Proteobacteria 

(n=12) 

Spirochaetes 

(n=4) 
Total 

  

          

a
n

ti
S

M
A

S
H

 

N
R

P
S

 

AMP-dependent 

synthetase and ligase 
4 2 2 1 104 1 5 0 119 

Amino acid carrier protein 1 0 0 0 4 1 0 0 6 

Condensation domain-

containing protein 
1 1 3 0 76 0 5 0 86 

 

          

P
K

S
 Aminotransferase class V 0 0 1 0 12 0 0 0 13 

Putative acyl carrier 

protein 
3 0 0 0 53 0 0 0 56 

Beta-ketoacyl  synthase 0 0 0 0 31 0 4 0 35 

  

                    

tB
L

A
S

T
n

 

N
R

P
S

 

AMP-dependent 

synthetase and ligase 
17 33 8 2 163 0 11 4 238 

Amino acid carrier protein 9 30 4 2 183 1 10 4 243 

Condensation domain-

containing protein 
1 0 3 1 33 0 0 0 38 

 

          

P
K

S
 

Aminotransferase  

class V 
21 33 8 2 215 1 11 4 295 

Putative acyl  

carrier protein 
21 34 8 2 188 1 11 4 269 

Beta-ketoacyl 

 synthase 
1 17 0 0 33 0 4 0 55 
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Table 2: Ruminal microbial genomes with predicted biosynthetic genes for known NRPs and PKs (target-direct mining approach),  

grouped according their biological function. 

Functional gene  Antibacterial Antifungal Antiparasitic Immunosuppressant 

Actinobacteria (n=21)  10 6 2 0 

Bacteroidetes (n=34)  13 11 1 0 

Euryarchaeota (n=9)  4 1 0 0 

Fibrobacteres (n=2)  2 1 0 0 

Firmicutes (n=227)  112 100 32 7 

Fusobacteria (n=1)  0 1 0 0 

Proteobacteria (n=12)  5 5 3 3 

Spirochaetes (n=4)  1 1 0 0 

Total  147 126 38 10 
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