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The Lachnospiraceae is a family of anaerobic bacteria in the class Clostridia with potential to advance the bio-economy and intestinal therapeutics. Some species of Lachnospiraceae metabolize abundant, low-cost feedstocks such as lignocellulose and carbon dioxide into value-added chemicals. Others are among the dominant species of the human colon and animal rumen, where they ferment dietary fiber to promote healthy gut and immune function. Here, we summarize recent studies of the physiology, cultivation, and genetics of Lachnospiraceae, highlighting their wide substrate utilization and metabolic products with industrial applications. We examine studies of these bacteria as Live Biotherapeutic Products (LBPs), focusing on in vivo disease models and clinical studies using them to treat infection, inflammation, metabolic syndrome, and cancer. We discuss key research areas including elucidation of intra-specific diversity and genetic modification of candidate strains that will facilitate the exploitation of Lachnospiraceae in industry and medicine.
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INTRODUCTION
The Lachnospiraceae, from the ancient Greek “lachnos” (wooly hair) and “spira” (coil, twist), is a family of anaerobic, mesophilic bacteria with Gram-positive ultrastructure. Lachnospiraceae, which generally correspond to Clostridia cluster XIVa (Whitman, 2009), inhabit diverse ecosystems. Host-associated species are found in the gastrointestinal tracts of humans (Gosalbes et al., 2011), mice (Meehan and Beiko, 2014), insects (Vera-Ponce de Leon et al., 2022), and ruminants (Seshadri et al., 2018) as well as the human gingival crevice (Antezack et al., 2021). Metagenomic studies have shown Lachnospiraceae account for 10%–45% of the total bacteria in feces of healthy adults (Liu C. et al., 2021) and have a life-long association with humans; they colonize the guts of infants and are enriched in the fecal microbiomes of long-living (>90 years old) individuals (Kong et al., 2016). Other Lachnospiraceae live in anaerobic soil (Hengstmann et al., 1999) where they recycle plant matter and mediate biological soil disinfestation, a pesticide-free method to control soil-borne pathogens (Huang et al., 2019). Lachnospiraceae also inhabit aquatic sediments (Lomans et al., 2001; Dai et al., 2016), Antarctic green snow (Smirnova et al., 2021), wastewater (McLellan et al., 2013), and deep sea hydrothermal vents (Schouw et al., 2016).
Recent interest in the important roles of Lachnospiraceae in gut and environmental ecosystems has led to advances in the genomics, cultivation, and genetic manipulation of these bacteria. Here, we examine these advances and explore how they have set the stage for applying Lachnospiraceae in industrial and medical biotechnology. Many metagenomic studies comparing the fecal communities of healthy and diseased subjects have drawn associations between Lachnospiraceae and human health. However, associations from fecal metagenomics are sometimes difficult to interpret or conflicting, likely due to differences in study design and strain-specific differences, and have been reviewed previously (Vacca et al., 2020; Liu X. et al., 2021). Thus, we focus on insights gained from preclinical, rodent models and human clinical studies involving administration of live Lachnospiraceae. We discuss opportunities and current needs to develop Lachnospiraceae to produce value-added biochemicals from low-cost feedstocks and as live biotherapeutic products (LBPs).
PHYLOGENY AND GENOMES
Our knowledge of Lachnospiraceae diversity and genomics has greatly expanded over the past decade. In 2014, the NCBI taxonomy of Lachnospiraceae included 24 genera (Meehan and Beiko, 2014), which by 2023 had increased to 118 genera with 1,941 species (NCBI Genome Datasets, 2023). The number of Lachnospiraceae genomes has similarly increased. In 2014, NCBI included 30 Lachnospiraceae genomes (Meehan and Beiko, 2014), which reached 201 genomes in 2023 (NCBI Genome Datasets, 2023). The Integrated Microbial Genomes & Microbiomes (IMG) portal (Chen I.-M. A. et al., 2023) includes 1,292 Lachnospiraceae genomic sequences, of which 57 are finished genomes. Most of the finished Lachnospiraceae genomes are of strains isolated from human feces or oral cavity, with strains from the cow rumen, animal feces, and environmental isolates forming clusters in the Lachnospiraceae phylogeny (Figure 1).
[image: Figure 1]FIGURE 1 | Phylogeny of the family Lachnospiraceae. Sequences of the 16S rRNA gene from the 57 Lachnospiraceae finished genomes in the IMG database were aligned using Muscle (Edgar, 2004) and a maximum likelihood tree (1,000 bootstraps) was constructed using Mega11 software (Tamura et al., 2021) with Clostridioides (Peptoclostridium) difficile 630 as the outgroup. Colors show strain isolation sites: animal (dog, mouse) feces (blue), cow rumen (red), human feces or oral cavity (black), or non-host environmental (aqua). Branch numbers are bootstrap percentages, branch lengths are substitution per site.
The GC content of Lachnospiraceae genomes varies between 35%–50%, with members of the same genus typically sharing similar GC levels (Sorbara et al., 2020). The distribution of Lachnospiraceae genome sizes (mean 4.06 Mb, median 3.59 Mb) is similar across habitats (Figure 2A). Herbinix luporum SD1D, a cellulose-degrading strain isolated from a biogas reactor, has the smallest genome of 2.6 Mb encoding 2,632 genes (Koeck et al., 2016). Lachnoclostridium clostridioforme YL32, from the mouse gut, has the largest genome of 7.2 Mb with 7,735 genes (Garzetti et al., 2017). Among these finished genomes, non-host species have a higher number of 16S genes than species isolated from humans (Figure 2B). Higher ribosomal gene copy number is linked to increased maximum growth rate and ability to respond to resource changes (Stevenson and Schmidt, 2004), suggesting these traits are under greater selection in non-host species.
[image: Figure 2]FIGURE 2 | Characteristics of Lachnospiraceae genomes. (A) Genomes sizes and (B) number of copies of the 16S gene in 57 finished Lachnospiraceae genomes in the IMG database. Each data point is a genome and colors show strain isolation sites: animal (dog, mouse) feces (blue), cow rumen (red), human feces or oral cavity (yellow), or non-host environmental (aqua). (C) Number of CAZyme genes encoded by Lachnospiraceae genomes. The dashed line is the mean number of CAZymes per genome and the curve shows the kernel density estimation. (D) Number of CAZyme genes per genome for the 20 most abundant CAZyme families summed across Lachnospiraceae genomes. Bars show the mean ± SEM. Data in (C,D) is for degradative enzymes (glycoside hydrolases, carbohydrate esterases, pectin lyases) for 98 species in the CAZy database defined as Lachnospiraceae based on NCBI taxonomy. Mb DNA megabases. SEM standard error of the mean.
SUBSTRATE UTILIZATION
Species of Lachnospiraceae collectively metabolize plant biomass through the assimilation of polysaccharides, peptides, and aromatics as well as subsequent transformation of the fermentation products by acetogens and cross-feeding species (Figure 3). As primary degraders of plant biomass, many Lachnospiraceae ferment a variety of complex polysaccharides including glucans, mannans, xylans, galactans, pectins, and arabinans (Boutard et al., 2014). Biomass-fermenting species sometimes grow faster on polysaccharides than on the constituent monosaccharides (Boutard et al., 2016). While typically able to ferment multiple polysaccharides, species of Lachnospiraceae are ecologically differentiated by specializing on certain substrates. As such, addition of different glycans results in compound-specific changes to the relative abundances of Lachnospiraceae in mixed communities (Tolonen et al., 2022). For example, Roseburia intestinalis efficiently metabolizes β-mannans and xylan (Leth et al., 2018; La Rosa et al., 2019), while Roseburia faecis ferments arabinogalactan (Sheridan et al., 2016). Lachnospira include pectin specialists, called pectinophiles (Cornick et al., 1994), that are stimulated by pectin addition (Bang et al., 2018). Lachnospiraceae specialized to metabolize cellulose are found in soil (Warnick et al., 2002; Wolin et al., 2003; Dai et al., 2016) and the rumen (Cai and Dong, 2010).
[image: Figure 3]FIGURE 3 | Metabolic transformation of lignocellulose performed by species of Lachnospiraceae. Specialized species metabolize the (A) polysaccharide, (B) aromatic, and (C) protein components of lignocellulose to produce gases, acids, and alcohols. (D) Acetogens transform carbon dioxide and hydrogen to SCFAs. (E) SCFAs are further transformed and assimilated by other species. SCFA, short-chain fatty acid; CO2, carbon dioxide; H2, hydrogen; CAZyme, carbohydrate-active enzyme.
Genomes of plant-fermenting Lachnospiraceae encode numerous carbohydrate-active enzymes (CAZymes), each of which cleave a specific glycosidic linkage to depolymerize complex glycans. Lachnospiraceae genomes encode an average of 73 degradative CAZymes (glycoside hydrolases, pectin lyases, carbohydrate esterases) with less than 10% of genomes encoding more than 150 degradative CAZymes (Figure 2C). Lachnospiraceae bacterium CE91-St56, closely related to Eisenbergiella massiliensis, encodes over 100 more CAZymes than any other strain with 313 CAZymes including 294 glycoside hydrolases (Figure 2C). CE91-St56 was isolated from a supercentenarian (>110 years old) (Sato et al., 2021), highlighting the presence of Lachnospiraceae with extensive polysaccharide utilization capabilities in long-lived individuals. Lachnospiraceae genomes encode many families of CAZymes, the most abundant of which is GH13 to depolymerize α-glucans including starch and pullulan (Figure 2D). Other abundant CAZyme families enable degradation of substrates such as β-glucans (GH3,5,51,94), β-galactans (GH42), xylan (GH43), pectin (GH78), and chitin (GH18) (Figure 2D).
Some Lachnospiraceae assimilate C1 and C2 carbon sources that are produced during the initial stages of plant biomass fermentation. Blautia hydrogenotrophica is a human gut acetogen that grows autotrophically using hydrogen to fix carbon dioxide into acetyl-CoA by the Wood–Ljungdahl pathway (Bernalier et al., 1996) and other Lachnospiraceae acetogens consume H2 and CO2 in the cow rumen (Greening and Leedle, 1989). Species that assimilate other C1 and C2 molecules include Sporobacterium, isolated from an olive mill, that grows on methanol (Mechichi et al., 1999). Various Lachnospiraceae such as Anaerobutyricum soehngenii (previously Eubacterium hallii) metabolize acetate to butyrate (Udayappan et al., 2016; Zhang et al., 2019), which represents an important cross-feeding interaction in the gut (Flint et al., 2012).
Other Lachnospiraceae are specialized to metabolize peptides, alkanes, and aromatics. Falcatimonas natans, isolated from a methanogenic reactor, ferments peptides but not carbohydrates (Watanabe et al., 2016). Abyssivirga alkaniphila, a hydrothermal vent species, can grow on straight and branched alkanes (C5 to C25) using thiosulfate as an external electron acceptor (Schouw et al., 2016). Syntrophococcus sucromutans can oxidize sugars to acetate using formate or methoxymonobenzenoids as electron acceptors (Krumholz and Bryant, 1986). Parasporobacterium and Sporobacterium are soil bacteria that grow on methoxylated aromatic compounds as sole carbon and energy sources by catabolizing them to short-chain fatty acids (SCFAs) (Lomans et al., 2001). These aromatics are degraded by transforming the side chains and cleaving the aromatic ring using the phloroglucinol pathway (Whitman, 2009), as has recently been shown for Clostridium scatologenes (Zhou et al., 2023).
METABOLIC PRODUCTS
Lachnospiraceae metabolism yields alcohols, gases, and acids with importance in industry and human health (Table 1). Species producing industrially-relevant alcohols include Lachnoclostridium phytofermentans, which ferments cellulose to ethanol at 68% of the maximum theoretical yield (Tolonen et al., 2011) and, similar to Roseburia inulinivorans, metabolizes fucose and rhamnose to 1-propanol through a 1,2-propanediol intermediate in polyhedral microcompartments (Scott et al., 2006; Petit et al., 2013). Lachnospiraceae produce hydrogen by co-expressing monomeric and multimeric, bifurcating [FeFe] hydrogenases along with energy conserving [NiFe] hydrogenases (Calusinska et al., 2010) to enable yields reaching 2–3 moles of hydrogen per mole glucose (Harvey et al., 2008).
TABLE 1 | Fermentation products of Lachnospiraceae.
[image: Table 1]Fermentation of dietary fiber by gut Lachnospiraceae yields three main SCFA (acetate, propionate, and butyrate) (Table 1), all of which have been shown to benefit health. Acetate, which is synthesized in two steps from acetyl-CoA, reduces adipose accumulation and improves glucose tolerance (Yamashita et al., 2007). Lachnospiraceae use the acrylate, propanediol, and myo-inositol pathways to synthesize propionate (Reichardt et al., 2014; Bui et al., 2021), which is absorbed from the gut into the bloodstream to regulate cholesterol (Berggren et al., 1996) and reduce visceral and liver fat accumulation (Chambers et al., 2015). Propionate also enhances satiety (Arora et al., 2011), making it a potential way to reduce obesity. Along with Ruminococcaceae, Lachnospiraceae are the dominant butyrate producers in the human gut (Vital et al., 2014). While butyrate is most often synthesized from acetyl-CoA using butyryl-CoA transferase or butyrate kinase, some Lachnospiraceae can produce butyrate from lysine, glutarate, and 4-aminobutyrate (Vital et al., 2014), highlighting their abilities produce butyrate from different nutritional sources. Butyrate is the preferred energy source of colonocytes (Litvak et al., 2018), suppresses pathogens (Walker et al., 2021), and stimulates differentiation of anti-inflammatory T-regulatory cells (Furusawa et al., 2013).
Other organic acids produced by Lachnospiraceae include the branched-chain fatty acids isobutyrate and isovalerate that are synthesized from valine and leucine, respectively (Watanabe et al., 2016). Candidatus Weimeria bifida metabolizes pentoses to medium-chain fatty acids (hexanoate and octanoate) using the reverse β-oxidation cycle for SCFA chain elongation (Scarborough et al., 2020). Species of Blautia metabolize pyruvate to succinate (Hosomi et al., 2022) and, depending on the species, Lachnospiraceae can either produce L-lactate (Tolonen et al., 2011) or metabolize DL-lactate to acetate or butyrate using stereospecific lactate dehydrogenases (Sheridan et al., 2022). Gut Lachnospiraceae ferment proline to 5-aminovalerate in competition with Clostridioides difficile, representing a potential means to prevent colonization by this pathogen (Lopez et al., 2020). Lachnospiraceae ferment aromatic amino acids (tryptophan, tyrosine, phenylalanine) to phenolic and indolic acids (Russell et al., 2013), including compounds such as indoleacetic acid that promote intestinal homeostasis by signaling through the aryl hydrocarbon receptor (Roager and Licht, 2018).
Lachnospiraceae also produce other metabolites with health and industrial applications. Lachnospiraceae can modify and cleave the heterocyclic C-ring of flavonoids (Braune and Blaut, 2016) yielding molecules such as equol, which is linked to prevention of colorectal cancer (Sugiyama et al., 2013) and aging-related disorders (Mayo et al., 2019). Gut Lachnospiraceae generate reactive sulfur species that protect the host from oxidative stress-induced liver injury (Uchiyama et al., 2022). Lachnospiraceae produce farnesol (Abdugheni et al., 2022), an isoprene-derived molecule with anti-inflammatory and neuroprotective activities (Sell et al., 2022). Farnesol also has industrial applications as a fragrance ingredient (Lapczynski et al., 2008) and diesel fuel precursor (Rude and Schirmer, 2009). Butyrivibrio fibrisolvens synthesizes an exopolysaccharide with potential industrial applications that is rheologically similar to xanthan gum, but is composed of rare sugars including L-altrose and L-iduronic acid (Wachenheim and Patterson, 1992; Ferreira et al., 1997).
Lachnospiraceae are a potential source of other antimicrobial and immunomodulatory compounds. Blautia obeum synthesizes a lantibiotic, nisin O, that inhibits pathogens, including C. difficile and Clostridium perfringens (Hatziioanou et al., 2017). Lachnospiraceae produce pyrazines, which are being developed as antimicrobial and anti-fungal drugs (Hassan et al., 2020). Gut Lachnospiraceae convert primary bile acids by 7α-dehydroxylation to secondary bile acids that inhibit enteric pathogens and regulate mucosal immunity (Jin et al., 2022). Nonribosomal peptide synthetases (NRPS) of human gut Lachnospiraceae produce immunomodulatory secondary metabolites such as di-peptide aldehydes that act as cell-permeable cathepsin inhibitors, which could act as immunosuppressors by blocking antigen processing (Guo et al., 2017).
CULTIVATION AND ENGINEERING
Lachnospiraceae are mesophiles that grow at 30°C–45°C and can be cultivated under standard anaerobic conditions using jars with anaerobic sachets or a glove box. A human gut Lachnospiraceae biobank (hLchsp) was established as part of the China General Microorganism Culture Collection by isolating strains from healthy adult fecal samples, yielding a collection of 77 species across 33 genera with Lachnospira, Blautia, and Roseburia being the most abundant genera (Abdugheni et al., 2022). Among the seven growth media used for isolations, Yeast Casitone Fatty Acid (YCFA) medium supported the greatest number of Lachnospiraceae species, which comprised 19.6% of all bacterial isolates from the fecal samples. Another project to cultivate human gut Lachnospiraceae using rich, non-selective media yielded 273 isolates, including all the Lachnospiraceae genera that were detected by metagenomic sequences of the donor feces (Sorbara et al., 2020). In contrast to gut species, more oligotrophic, GS2 medium is used to cultivate environmental heterotrophic Lachnospiraceae such as Herbinix hemicellulosilytica and L. phytofermentans (Warnick et al., 2002; Koeck et al., 2015). The acetogen B. hydrogenotrophica can be grown on DMSZ 114 or general-acetogen (GA) medium, either as an autotroph using H2:CO2 or as a heterotroph by adding a carbon source (Groher and Weuster-Botz, 2016).
Methods for the genetic modification of Lachnospiraceae are being developed to study their molecular biology and to engineer optimized strains. Early studies found that conjugative transposons bearing antibiotic resistance genes transfer DNA between Lachnospiraceae (Barbosa et al., 1999). Experimental methods have been developed to transfer plasmid DNA into species of Lachnoclostridium, Roseburia, Eubacterium, Enterocloster, Lacrimispora, and Blautia by conjugation with Escherichia coli (Tolonen et al., 2009; Cuív et al., 2015; Sheridan et al., 2019; Jin et al., 2022) and by electroporation into species of Lachnoclostridium and Butyrivibrio (Beard et al., 1995; Rostain et al., 2022) (Figure 4A).
[image: Figure 4]FIGURE 4 | Methods for the genetic manipulation of Lachnospiraceae. (A) Delivery of foreign DNA into Lachnospiraceae by either conjugal transfer from E. coli or electroporation. (B) Plasmid origins that replicate in Lachnospiraceae and antibiotic resistance genes for plasmid selection. (C) Transcriptional repression by CRISPRi showing a dCas protein targeted by a gRNA to bind upstream of a gene, thereby blocking progression of RNA polymerase. (D) Targeted chromosomal insertion using a designed group II intron (targetron). Genomic insertion of the group II intron RNA containing a 13–16 bp target recognition sequence is facilitated by the endonuclease and reverse transcriptase activity of the LtrA protein. CRISPRi, CRISPR interference; dCas, dead CRISPR-associated protein; gRNA, guide RNA; RNP, ribonucleoprotein.
Native plasmids from Lachnospiraceae have been used as expression vectors (Hefford et al., 1997) and the pMTL plasmid system (Heap et al., 2009) can be applied to identify plasmid origins and resistance markers that function in strains of interest (Jin et al., 2022; Rostain et al., 2022). Plasmid origins that have been shown to replicate in Lachnospiraceae include pCB102 from Clostridium butyricum, pBP1 from Clostridium botulinum, pAMβ1 from Enterococcus faecalis, pWV101 from Lactococcus lactis, pIM13 from Bacillus subtilis, and pCD6 from C. difficile, and these plasmids can be maintained using antibiotic resistance genes catP (chloramphenicol), ermB (erythromycin), or aad9 (spectinomycin) (Sheridan et al., 2019; Jin et al., 2022; Rostain et al., 2022) (Figure 4B).
Shuttle vectors containing Gram-negative and Gram-positive origins of replication have permitted the heterologous expression of a β-(1,3–1,4)-glucanase in Eubacterium rectale and R. inulinivorans (Sheridan et al., 2019) and of a synthetic ethanol formation pathway in L. phytofermentans (Tolonen et al., 2015b). Plasmid-based expression of a NanoLuc reporter has identified a library of promoters of varying strength, and reporter gene expression can be regulated by anhydrotetracycline using a promoter flanked tet repressor sites (Rostain et al., 2022). Clustered Regularly Interspaced Short Palindromic Repeats interference (CRISPRi) using dCas12a has been applied to repress the transcription of chromosomal genes for fermentation, thereby reducing production of butyrate in Blautia luti and Enterocloster boltae (Jin et al., 2022) and acetate in L. phytofermentans (Rostain et al., 2022) (Figure 4C).
Similar to other Clostridia, low rates of DNA transfer and homologous recombination in Lachnospiraceae have led to the use of other recombination systems to make targeted chromosomal changes. Designed group II intron called targetrons enabled gene inactivation by targeted chromosome insertion in various Lachnospiraceae with efficiencies ranging from 12.5%–100% (Tolonen et al., 2009; Tolonen et al., 2015a; Cerisy et al., 2019a; Jin et al., 2022) (Figure 4D). Multi-gene fragments can be excised and inserted by modifying targetrons to deliver lox sites into the genome that act as anchor points for Cre-mediated recombination, which has been applied to delete a 39 kb prophage in L. phytofermentans (Cerisy et al., 2019b).
Lachnospiraceae proteins that have been applied as molecular tools in other organisms are strong candidates to advance genome engineering in Lachnospiraceae. For example, LbCas12a, which was isolated from Lachnospiraceae bacterium ND 2006 (Tak et al., 2017), has been applied for genome editing in eukaryotes including fungi (Chen T. et al., 2023), plants (Kim et al., 2021), flies (Port et al., 2020), and human cells (Zhang et al., 2023). Another Cas12a variant, Lb2Cas12a, derived from Lachnospiraceae bacterium MA 2020, has been developed to have enhanced editing activity and broadened protospacer adjacent motif (PAM) recognition in human cells (Tran et al., 2021). A protein with anti-CRISPR function has been identified from Lachnospiraceae phage (Forsberg et al., 2019) and a cytosine deaminase from R. intestinalis has been fused to CRISPR and Transcription Activator-Like Effector (TALE) proteins to make targeted C-to-T transitions in the genomes of cultured cells and mouse embryos (Guo et al., 2023).
BIOECONOMY APPLICATIONS
The capabilities of Lachnospiraceae to metabolize the polysaccharides, aromatics, and proteins that compose lignocellulose make them candidates to transform low-cost, sustainable, lignocellulosic feedstocks (i.e., forestry, agricultural, and municipal wastes) into value-added biochemicals (Table 1). For example, L. phytofermentans, a species with wide polysaccharide utilization capabilities, ferments corn stover to ethanol with efficiencies similar to commercial enzymes and xylose-fermenting yeast (Jin et al., 2011). Synthesis of longer chain acids from lignocellulose residues by Ca. Weimeria bifida (Scarborough et al., 2020) holds potential to develop ‘drop in’ fuels that are compatible with the current petroleum infrastructure. F. natans metabolizes the protein fraction of organic matter to produce isobutyrate and n-butyrate, which are used for artificial fibers, plastics and herbicides as well as isovalerate used for flavoring and perfumes (Agnihotri et al., 2022).
Lachnospiraceae have been identified as biocatalysts for conversion of biomass to hydrogen (Bu et al., 2021), and strains have been isolated that produce 2–3 moles hydrogen per mole of glucose equivalent (Harvey et al., 2008). In addition to its use as a fuel, hydrogen produced from lignocellulosic fermentation can be used as a reductant to fix CO and CO2 by acetogens through gas fermentation (Figure 3), a process that has potential to convert industrial carbon emissions to useful biochemicals (Liew et al., 2016). Lachnospiraceae acetogens compete with methanogens in the cow rumen, representing a means to reduce bovine methane production (Yang et al., 2015).
Alternatively, hydrogen from lignocellulosic fermentation can be used to fix carbon dioxide by methanogens, and Lachnospiraceae have been shown to actuate the transformation of cellulose to methane by methanogenic consortia (Dai et al., 2016). Combination of Lachnospiraceae with other microorganisms to form synthetic consortia has been generally used to enhanced product formation rates (Zuroff et al., 2013; El Hage et al., 2019; Park et al., 2020), and engineered consortia including biomass-fermenting Lachnospiraceae and methanogens or acetogens have potential for the direct conversion of lignocellulose to methane and other value-added biochemicals.
THERAPEUTIC APPLICATIONS: PRECLINICAL MODELS
Preclinical in vivo models are providing evidence that supplementation with live Lachnospiraceae improves gut health and prevents pathogen colonization. For example, in a rat model of irritable bowel syndrome, addition of Roseburia hominis increased cecal butyrate content, reduced visceral hypersensitivity, and prevented the decreased expression of occludin (Zhang et al., 2019). Administration of Blautia producta directly inhibited growth of vancomycin-resistant Enterococcus (Caballero et al., 2017) and a murine Lachnospiraceae inhibits C. difficile colonization in mice (Reeves et al., 2012).
Lachnospiraceae can alleviate inflammatory and allergic diseases by modulating the immune system through production of antigens presented by innate immune cells and immunomodulatory metabolites. R. intestinalis promoted differentiation of regulatory T cells, activation of type 3 innate lymphoid cells, and suppression of inflammation through TLR5 (Shen et al., 2022). E. rectale supplementation regulated dendritic cell activation by reducing the frequency of CD83+ cells and improved symptoms in a mouse model of Behçet’s disease, a systemic inflammatory condition (Islam et al., 2021). Inoculation of germ-free mice with a 17 strain consortium including 8 Lachnospiraceae increased anti-inflammatory, regulatory T-cells (CD4+, FoxP3+) in the colonic lamina propria of multiple mouse lines and alleviated colitis in experimental models (Atarashi et al., 2013). In addition, administration of this 17 strain consortium to mice in an ovalbumin (OVA)-induced allergic diarrhea mouse model reduced diarrhea and OVA-specific serum IgE levels (Atarashi et al., 2013). Additional evidence that Lachnospiraceae can mitigate food allergies was demonstrated by colonization of germ-free mice with Anaerostipes caccae, which protected against an anaphylactic response upon challenge with β-Lactoglobulin (BLG), a cow’s milk allergen, and reduced BLG-specific IgE levels (Feehley et al., 2019).
Lachnospiraceae have provided benefits in preclinical models of metabolic syndrome and diabetes. Administration of Blautia wexlerae to male C57BL/6 mice on a high fat diet reduced body weight and multiple diabetes indicators, which was linked to B. wexlerae metabolites such as S-adenosylmethionine, acetylcholine, and L-ornithine conferring anti-adipogenesis and anti-inflammatory properties to adipocytes (Hosomi et al., 2022). B. producta suppressed lipid accumulation in HepG2 cells and gavage of B. producta alleviated hyperlipidemia in mice through production of 12-methylmyristic acid (Wu et al., 2021). Treatment of obese, diabetic db/db mice with A. soehngenii reduced plasma glucose, epididymal fat, and liver triglycerides and improved peripheral insulin sensitivity (Udayappan et al., 2016).
Mouse studies have also shown beneficial roles of Lachnospiraceae in cancer treatment. C57BL/6 mice bearing B16-F10 melanoma or CT-26 colorectal tumors showed reduced tumor growth when administered Blautia massiliensis (Goodman et al., 2019). Anti-PD1 mediated tumor control and survivorship of C57BL/6 mice bearing B16-F10 melanoma tumors was improved by administration of E. rectale, which was proposed to result from it consuming L-serine, leading to NK cell activation and tumor infiltration (Liu et al., 2023). E. rectale treatment also reduced the incidence of lymphoma and reduced TNF levels in sensitized Eμ-Myc mice (Lu et al., 2022). Survivorship and clinical scores of C57BL/6 mice following full body irradiation were increased by prior inoculation with a mix of 23 Lachnospiraceae, which resulted from increased hematopoiesis and reduced intestinal epithelial injury (Guo et al., 2020).
THERAPEUTIC APPLICATIONS: CLINICAL TRIALS
Lachnospiraceae are being tested as LBPs in clinical studies for a number of diseases (Table 2), the most advanced of which is the treatment of recurrent C. difficile infections (rCDI). In an exploratory study of two rCDI patients at Queen’s University, treatment with a synthetic community of 33 strains, including 10 Lachnospiraceae, resulted in full remission in both patients (Petrof et al., 2013). Subsequently, microbial consortia containing Lachnospiraceae have been developed to combat rCDI. SER-109, consisting of spores purified from fecal samples, is composed of 77 genera of which 36% are Lachnospiraceae (Feuerstadt et al., 2022). In a phase 3 study, SER-109 reduced rCDI at week 8 (Feuerstadt et al., 2022). In 2023, the US Food and Drug Administration approved SER-109 under the commercial name VowstTM to treat recurrent C. difficile infection (Commission of the US FDA, 2023). VE303, a consortium of 8 strains including 5 Lachnospiraceae, engrafted into the microbiomes of healthy volunteers to boost production of SCFA and secondary bile acids without any serious adverse events (Dsouza et al., 2022). Phase 2 results in patients supported that rCDI at 8 weeks was reduced by VE303 (Louie et al., 2023). VE303 is being tested in a phase 3 study to treat rCDI starting in 2023, and as an experimental treatment for hepatic encephalopathy (Vedanta Biosciences Inc, 2023).
TABLE 2 | Clinical studies of Lachnospiraceae as live biotherapeutic products.
[image: Table 2]LBPs that include Lachnospiraceae are also being developed for metabolic syndrome and inflammatory bowel disease (Table 2). For example, A. soehngenii L2-7 is being tested as a probiotic to improve insulin sensitivity in metabolic syndrome patients. A phase 1/2 study of 24 metabolic syndrome patients correlated A. soehngenii engraftment with improved peripheral insulin sensitivity (Gilijamse et al., 2020). A phase 2 study of 12 metabolic syndrome patients showed duodenal infusion of A. soehngenii reduced glucose variability and elevated GLP-1, secondary bile acids in plasma, duodenal REGB1 expression, and fecal SCFAs (Koopen et al., 2022). As B. hydrogenotrophica consumes intestinal gas (H2, CO2), it can treat irritable bowel syndrome (IBS) by reducing intestinal bloating. A phase 2 study of MRx1234 (Blautix), consisting of lyophilized B. hydrogenotrophica, improved bowel habits in IBS patients (Quigley et al., 2023).
LOOKING FORWARD: CHALLENGES AND OPPORTUNITIES
Lachnospiraceae have numerous potential applications due to their native fermentation of low-cost substrates and importance for intestinal health, but key challenges remain to harness them as industrial biocatalysts and LBPs. In particular, work is needed to isolate and characterize additional Lachnospiraceae strains, uncover the genetic basis of their physiological traits, and, ultimately, apply these learning to engineer optimized strains. Recently established Lachnospiraceae collections demonstrated methods with which many species can be cultivated (Seshadri et al., 2018; Sorbara et al., 2020; Abdugheni et al., 2022). Additional cultivation efforts could build Lachnospiraceae collections from environments such as soil and human patient populations. Further, Lachnospiraceae culture collections revealed that isolates from the same species can differ in traits such as substrate utilization and production of antimicrobials (Sorbara et al., 2020). Intraspecific comparative genomics of isolates sharing similar genomes, but with specific physiological differences, is an opportunity to define genotype-phenotype relationships in Lachnospiraceae.
Development of microorganisms for biotechnology often requires rewiring native metabolism to improve product yields, highlighting the importance of future research on genetic manipulation of Lachnospiraceae. As described above, genetic tools have been ported to Lachnospiraceae from other well-studied mesophiles including B. subtilis and L. lactis. Species of Lachnospiraceae have been established as genetically tractable hosts with methods for genetic transformation, plasmid replication and selection, transcriptional repression, and chromosomal insertions (Figure 4); a recent study demonstrates that these methods can be generally applied to many species (Jin et al., 2022). Existing molecular tools derived from Lachnospiraceae are promising candidates to advance genome engineering in these bacteria, including Cas proteins with broadened PAM recognition (Tran et al., 2021), anti-CRISPR proteins (Forsberg et al., 2019), and cytosine deaminases (Guo et al., 2023). Moreover, adaptive laboratory evolution can be used to generate Lachnospiraceae strains with complex, multigenic traits such as inhibitor tolerance that are intractable by rational genome engineering (Cerisy et al., 2017).
Engineering of Lachnospiraceae for industrial production of biochemicals from low-cost feedstocks will need to focus on substrate assimilation and product formation. The rate of lignocellulose solubilization remains a primary obstacle to its utilization as a feedstock (Preethi et al., 2021), which could be addressed by engineering strains with modified expression of CAZymes and associated ABC transporters to accelerate solubilization and uptake of target lignocellulosic substrates. As Lachnospiraceae typically produce a mixture of fermentation products, redistribution of metabolic flux by repression or inactivation of genes for undesired products is a valuable approach to streamline and increase fermentation yields.
Genetic manipulation of Lachnospiraceae will also be important to define the mechanisms by which they promote intestinal health. Significant advances have been made to elucidate innate and adaptive immune responses modulated by Lachnospiraceae (Islam et al., 2021, 1) (Atarashi et al., 2013; Feehley et al., 2019; Liu et al., 2023). It is generally believed that Lachnospiraceae modulate host immunity producing SCFAs. Recently, it was shown that differential recognition of Lachnospiraceae flagellins by TLR5 contributes to immune tolerance (Clasen et al., 2023). Genetic studies with Lachnospiraceae mutants will be useful to further define the mechanisms that underlie host interactions and build strains with customized immunomodulatory properties.
Industrial-scale cultivation of Lachnospiraceae for bioproduction and LBPs will necessitate a greater understanding of the genetics and ecology of the phage that infect them. Phage infection is recognized as a persistent threat in industrial microbiology where scale-up of bacterial populations in large bioreactors favors phage outbreaks. For example, phage infection is the main cause of fermentation failures in the dairy industry, leading to intense study of the phage of lactic acid bacteria (Fernández et al., 2017). Prophages are common in the genomes of gut Lachnospiraceae (Dikareva et al., 2023). Although hypervirulent phage can drive temporal variation of R. intestinalis abundances in the intestine, no phage infecting Lachnospiraceae have been deposited in public databases (Cornuault et al., 2020). Thus, isolation and characterization of Lachnospiraceae phage are important subjects for future research.
Over the past decade, our understanding of Lachnospiraceae molecular biology and physiology has greatly increased. In 2023, VowstTM became the first FDA-approved oral medication containing live Lachnospiraceae (Commission of the US FDA, 2023) and clinical studies are evaluating additional therapeutic benefits of Lachnospiraceae (Table 2). Development of optimized strains by genome engineering will enable us to realize the potential of Lachnospiraceae in biotechnology. In the next few years, we expect to see further development of Lachnospiraceae to produce useful chemicals and to manage disease through targeted changes to the composition and metabolites produced by the gut microbiome.
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Amsterdam; Caelus blind placebo soehngenii 12-7 Syndrome increased fecal butyrate (p = 0.06), (Koopen et al,, 2022)

Pharmaceuticals controlled reduced glucose variability (p = 0.05)

Dr. James Ryan Atlantia Food | Phase 1/2 dose  Anaerobutyricum Metabolic Abundance of A. sochngenii correlated with | NCT04529473

Clinical Trials; Caelus finding study soehngenii 12-7 Syndrome peripheral insulin sensitivity (p = 0.05) (Gilijamse et al.,

Pharmaceuticals 2020)

Oluf B Pedersen, University of | Placebo- Ruminococcus torques | Overweightadults | Trial in progress NCT05448274

Copenhagen controlled strain ATCC 27756

crossover study

The synthetic community in the Queen’s University study consisted of 33 strains, including 10 Lachnospiraceae. SER-109 is purified fecal spores, 36% of genera are Lachnospiraceae. SER-287 is
purified fecal spores, 44% of genera are Lachnospiraceae. MRx1234 (Blautix) i lyophilised Blautia hydrogenotrophica. VE303 is a consortium of 8 strains including 5 Lachnospiraceae. VE202 sa
consortium of 16 Clostridia XIVa, IV, XVIIL rCDI, recurrent Clostridioides difficile infection; UC, ulcerative col 1BS, irritable bowel syndrome.
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