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Abstract 11 

Background: Current estimates suggest the majority of microbial proteins within the mammalian gut lack meaningful annotation. One such 12 
functional group are microbial lipases (EC:3.1.1.3), which can alter host access and utilisation of dietary fat. In this paper, we describe the 13 
diversity of lipolytic bacteria, including in vitro characterisation of a new lipase. 14 

Results: Metagenomic sequence-based network analysis identified that the majority of microbial lipases in the gut of three host species 15 
(human, mouse, pig) belong to two unique clusters. These clusters were characterized by the presence of two novel motifs, AHSKGG and 16 
TTxxTPH, which may play a key functional role due to co-localisation in the active site, as identified by structural modelling. Analysis of 17 
metagenomic assembled genomes (MAGs) indicated that the majority of lipase-positive species belong to the phylum Firmicutes, although 18 
all dominant phyla within the human gut were represented by positive species. Metabolic analysis of these genomes identified a high 19 
prevalence of glycerol rather than fatty acid metabolism. The occurrence of microbial lipases determined across ~800 metagenomic gut 20 
samples depended on dietary fat consumption, with lipase expression increased in lard fed compared to palm oil fed mice. A representative 21 
lipase encoded within the genome of the species Clostridium symbiosum was cloned and its characterization confirmed the in silico predic-22 
tion and provided detailed annotation to 373 proteins.  23 

Conclusions: Microbial lipases within the gut represent a conserved group characterized by unique amino acid sequence motifs. While an 24 
increase in microbial lipase occurrence was positively associated with dietary fat intake, lipase-producing species seemed unable to me-25 
tabolise the released fatty acids. In this paper, we provide a global analysis of the functional importance and diversity of microbial lipases 26 
within the intestine of mammals, which will improve the resolution of future sequence-based studies and open avenues for mechanistic 27 
experiments based on isolates.  28 
 29 
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Introduction  32 
 33 
The gut microbiota is a complex ecosystem that consists of hundreds of microbial species collectively producing millions of proteins 34 

[1–4]. Mechanistic understanding of their role in health and disease is made difficult due to this complexity, leading to reductionist ap-35 
proaches such as the use of minimal microbial consortia [5,6]. Even when the complexity of the microbiota is reduced, mechanistic under-36 
standing is hampered by the lack of meaningful annotations for a majority of microbial functions within the gut. The most recent estimate 37 
for the human gut microbiome suggested that 40% of proteins lack any annotation and an additional 20% are assigned to ‘Unknown 38 
Function’ [7]. One approach for improving functional annotations is the targeted analysis of specific functions, as previously conducted 39 
for β-glucuronidases within both the human and murine gut [8,9] and also for bile acid metabolism [10].  40 

 41 
The prevailing knowledge about fat absorption is that is occurs within the small intestine, specifically in the proximal region [11,12], 42 

according to studies conducted in the 50’s [11,13,14], 60’s [15] and 70’s [12,16–18]. However, in light of findings which suggest fat ab-43 
sorption differs greatly depending on fat amount [19] and type provided [20], as well as the potential role of the microbiome [21], these 44 
assumptions should be re-evaluated and confirmed to provide comprehensive overview of mammalian fat absorption. To date, the role of 45 
microbial lipases on fat degradation and host metabolism has only been investigated a handful of times. Oral administration of a trans-46 
genic lipase-producing bacterium was shown to significantly increase fat absorption in pigs and improved steatorrhea [22]. Carp, Cyprinus 47 
carpio, fed with LipG1, a microbial lipase isolated from the gut of carp, significantly increased lipolytic activity and weight gain when fed 48 
palm oil, a cheap and industrially advantageous feed [23]. Despite these studies highlighting both the health and economic benefits to 49 
better understand microbial lipases and fat degradation, microbial lipases within the gut are currently understudied compared to host-50 
derived lipases [24–26]. Triglyceride lipases (EC:3.1.1.3) catalyse the release of free fatty acids from triglyceride molecules. While func-51 
tionally diverse, lipases and esterases share structural and sequence similarity as they are members of the protein family of alpha/beta 52 
hydrolases [27]. Microbial lipases and esterases have previously been grouped into 8 families based on sequence similarity, of which only 53 
family 1 represents ‘true lipases’ [28]. The ‘true’ lipases were termed so due to their maximal activity towards water-insoluble long-chain 54 
triglycerides and grouped into 11 sub-families [29]. The high level of sequence similarity between lipases is partially due to multiple con-55 
served structural features including the alpha-beta fold and motifs such as the GxSxG motif at the active site [30].  56 

 57 
Within this paper, we comprehensively studied the lipases present within the human, mouse and pig gut using a combination of met-58 

agenomics, microbial cultivation, and biochemical methods. This includes functional annotation of both known and novel lipases and stud-59 
ying their prevalence across feeding trials and the taxonomic diversity of lipase-producing species. We also characterised a member of a 60 
previously unknown family of gut bacterial lipases.  61 

 62 

Methods 63 

Databases 64 
EGGNOG: EGGNOG consists of non-supervised orthologous gene clusters formed via Smith-Waterman reciprocal best 65 

matches [31] and includes the original COGs [32], which have since been expanded. COG1075 is assigned the function ‘triacylglycerol 66 
lipase’ and contains 1,260 proteins from 633 species. The proteins originating from bacteria (67.5%) were used to form the EGGNOG 67 
database. 68 

 69 
EC: Triglyceride lipases are assigned the enzyme commission (EC) notation 3.1.1.3, specifying them as first hydrolases, sec-70 

ondly acting on ester bonds, thirdly carboxylic ester hydrolases, and finally as triglyceride lipases. The UNIPROT database was searched 71 
for genes assigned this EC notation, which returned 162 proteins that formed the EC database. 72 

 73 
Lipase engineering database (LED): This database is a custom database of alpha/beta-hydrolase proteins encompassing six 74 

super families made up of 22 homologous families created from 5,278 proteins. Since its creation in 2000, the lipase engineering data-75 
base has been used multiple times to study the sequence and structural similarity of hydrolases [30].  76 
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 77 
Lipase annotation 78 

Proteins from the pig [3], mouse [4] and human [2] metagenomic gene catalogues were annotated against the EC, EGGNOG 79 
and LED databases using DIAMOND BLASTP (v0.9.12.114) [33]. As previous research suggests protein families are best captured using 80 
30-40% identity and 35-70% coverage [34], annotations were required to cover ≥40% of both the query and subject sequence at a mini-81 
mum sequence identity of 40%. Moreover, proteins needed to have a match within two of the three databases and to contain the GxGxG 82 
motif identified to be common in lipases [30].  83 
 84 
Metagenomic and meta-transcriptomic sequence alignment 85 

Fecal metagenomic data from 144 and 46 mice fed standard chow or a high-fat diet, respectively, [35], 57 healthy human indi-86 
viduals [36], and 157 pigs [3] were studied to provide average relative abundances of lipases within each host. In addition, metagenomes 87 
from 565 human individuals with varying body mass indices (BMIs) were studied to identify if individuals with varying degrees of obesity 88 
have altered lipase occurrence. Individuals were stratified into four groups based on their BMI: lean to overweight, < 30; obese class 1, 30 89 
– 34.9; obese class 2, 35 – 39.9; and obese class 3, > 40 [37]. To identify the effect of dietary fat on the occurrence of lipase genes, fae-90 
cal metagenomes from 10 individuals following a ketogenic diet (high fat, high protein, low carbohydrate) for 14 days were studied, includ-91 
ing samples at day 0, 3, 7 and 14 [38]. Metatranscriptomic data from mice fed a high-fat diet enriched with primary bile acids and based 92 
either on lard (n = 5) or palm (n = 7) were also analysed to assess the effect of fat type on the expression of microbial lipases [39]. 93 
PALADIN (v1.4.1) [40] was used to align each meta-genomic/transcriptomic dataset obtained from the literature to the gene catalogues 94 
using the default settings and outputting to samtools view (v0.1.19) for conversion into BAM format [41]. For each dataset, the relevant 95 
host gene catalogue formed the reference for alignment. 96 
 97 
Network analysis and multiple sequence alignment  98 

Identity between the gut lipases and the type proteins for each known lipolytic protein family [29] was identified using DIAMOND 99 
with the same cutoffs as for lipase annotation. The protein matches were entered into Cytoscape [42] along with their shared identity for 100 
visualisation. The motifs specific for member sequences of both ‘Cluster 1’ and ‘Cluster 2’ (see results section) were identified via cluster-101 
specific alignment with ClustalW [43] within the MEGAX software package [44] and visualised using weblogo [45]. 102 
 103 
Protein modelling 104 

The structure of protein sequences was modelled using the I-TASSER suite [46]. COFACTOR [47] was utilised with TM-ALIGN 105 
[48] to compare the predicted structure of the proteins to those within the Protein Data Bank (PDB) [49]. Models were viewed in Pymol 106 
(v1.8). 107 
 108 
Biochemical characterisation 109 

The lipase sequence (WP_003509004.1) from Clostridium symbiosum DSM 29356 [50] was modified in silico by removal of the trans-110 
membrane region (first 150 N-terminal amino acids) and addition of a polyhistidine-tag (His6) at the C-terminus. The new construct (LipΔ150), 111 
integrated into a pET-15b vector was purchased from BioCat (Heidelberg, Germany) and transformed into Escherichia coli BL21 (DE3). 112 
The transformed E. coli was cultured in the presence of ampicillin and a low IPTG concentration (0.1 mM) at low temperatures (25 °C) to 113 
support a functional folding of the expressed LipΔ150. Cells were harvested after 22 h by centrifugation and frozen at -20°C. 114 
 115 

An aliquot of the frozen cells was solved in lysis buffer (50 mM Tris/HCl; 300 mM NaCl; 10 mM imidazole; pH 8) to a concentration of 116 
150 mg/ml. The cells were disrupted by sonication cooled on ice (amplitude 25%; impulse length 3 x 30 s). Cell debris were removed by 117 
centrifuging the lysate (16,000 g, 30 min, 4°C). The supernatant was filtered (0.45 µm) and the target protein purified via immobilized metal-118 
ion affinity chromatography (IMAC) using a 5 mL HisTrapTM HP column (GE Healthcare, UK). The lysis buffer (50 mM Tris/HCl; 300 mM 119 
NaCl; 10 mM imidazole; pH 8) was used for equilibration of the column and as washing buffer. Proteins were recovered using the elution 120 
buffer (50 mM Tris/HCl; 300 mM NaCl; 300 mM imidazole; pH 8) and collected in 0.5 ml fractions. The protein content during the washing 121 
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and elution steps was monitored using the Äkta purifier 100 system (GE Healthcare, UK) and double-checked with a Bradford assay. Protein 122 
containing fractions from the elution step were pooled and used for further purification. 123 
 124 

Imidazole was removed using a PD-10 Desalting Column (GE Healthcare, UK) with an imidazole-free equilibration buffer (50 mM 125 
Tris/HCl; 300 mM NaCl; pH 8). Samples of approximately 200 µl were collected, a Bradford assay along with the pNP assay (C8) (see 126 
below) were performed to identify the lipase fractions, which were then pooled. The final protein concentration was determined by a BSA-127 
Bradford assay (R² 0.99). The purity of the isolated protein was verified with a native polyacrylamide gel electrophoresis (PAGE).  128 

 129 
Lipolytic activity, referred to only when activity was confirmed, was tested utilizing the degradation of para-nitrophenyl (pNP) bound 130 

fatty acid substrates [51–53]. The test was carried out by mixing 83.3 µl of a testing buffer with 16.7 µl protein solution and the absorption 131 
measured at 410 nm over a period of 45 min at 37°C. The standard testing buffer (final concentrations in the 100 µl reaction mix: 50 mM 132 
Tris/HCl; 20 mM NaCl; 4.46 mM Tween20; 0.3 mM pNP-octanoate (C8); pH 8) was used during purification and for comparison in every 133 
test. A negative control was prepared for every tested condition by adding 16.7 µl of lipase free equilibration buffer (50 mM Tris/HCl; 300 134 
mM NaCl; pH 8) to 83.3 µl of the corresponding testing buffer (i.e. containing pNP substrates of varying chain length). Protein precipitation 135 
was observed when testing the effect of both PMSF (10mM) and Orlistat (10mM), preventing overtime measurement. Instead, after 45 min 136 
incubation at 37°C, samples (including all controls) were centrifuged (4,000 g, 10 min) and the supernatant measured. For quantification, a 137 
standard curve was created using the pNP assay with defined concentrations of para-nitrophenol (R2 = 0.99). Results were normalized by 138 
subtraction of the negative control values and the standard curve was used to determine the concentration of released fatty acids. Statistical 139 
significance was determined using a t-test with Bonferroni multiple test correction adjusted p-values reported. 140 
 141 
Bacterial cultivation and lipolytic activity assay  142 

Hungate tubes with 9 ml of BHI media was used to cultivate Escherichia coli Mt1B1 (negative control) and Clostridium symbiosum 143 
DSM 29356. After 24 hours, 50 µl of each culture was placed onto Rhodamine B agar plates [54]. As positive control, 50 µl of porcine 144 
pancreas lipase (Sigma-Aldrich, USA) with a concentration of 20 mg/ml was added and the plates were incubated for 2 h at 37°C. Fluores-145 
cence, caused by lipolytic activity was observed under UV light using the GelStudio SA (Analytic Jena, Germany). To identify if the lipolytic 146 
activity was cell-bound, each isolate was cultured in Hungate tubes with 9 ml BHI media supplemented with 0.5% cysteine (0.05 g/ml), 0.5% 147 
DTT (0.02 g/ml), and 200 µl olive oil. After 7 days of cultivation, 6 ml of dense culture was centrifuged (10,000 g, 10 min) to collect biomass. 148 
The pellet and 50 µl of the supernatant were put onto Rhodamine B agar plates [54]. As positive control, 50 µl of porcine pancreas lipase 149 
(Sigma-Aldrich, USA) with a concentration of 20 mg/ml was added and the plates were incubated for 2 h at 37°C. Fluorescence, caused by 150 
lipolytic activity was observed under UV light using the GelStudio SA (Analytic Jena, Germany). 151 
 152 
Genome analysis of catabolism pathways 153 
 Metagenomically assembled genomes (MAGs) were obtained from Pasolli et al. (2019) [55], along with metadata for their origi-154 
nating sample, assignment to species genome bins (SGBs), prevalence and relative abundance [55]. Taxonomy was assigned to each 155 
MAG using GTDB-TK, release 89 [56,57]. MAGs were annotated using PROKKA (v1.13.3) [58] and KEGG orthologs (KOs) [59] identified 156 
using the PROKKA2KEGG tool (https://github.com/SilentGene/Bio-py/tree/master/prokka2kegg). Each MAGs KOs were searched against 157 
previously published lipolytic catabolism modules [60]. 158 
 159 

Results  160 
 161 
Specific microbial lipase repertoires within the gut 162 

The millions of proteins from each gene catalogue (human, mouse, pig) were annotated against three reference databases, each 163 
representing a different method for the identification of lipases. False positive identification was prevented by secondary filtering based on 164 
proteins being required to have matches within two of the three databases. Tertiary filtering based on the requirement of proteins to con-165 
tain the common serine hydrolase motif GxSxG further reduced the number of total matches by >45% (Table 1).   166 
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 167 
In our recent work [29], we grouped all so far known lipases into 35 families based on both their sequence similarity and 168 

biochemical characteristics. The identified gut lipases were placed into this system based on sequence identity using an all-against-all 169 
annotation approach (Figure 1a). While some gut lipases shared similarity with Family 1.1, 1.2, 1.3,1.4 and one protein shared distant 170 
similarity with Family 7, the majority grouped together to form two loosely connected clusters, labelled as Cluster 1 and 2.  171 

 172 
Further sequence analysis of the proteins belonging to either cluster 1 or 2 allowed to identify specific amino acid motifs. Within 173 

cluster 1, the motifs AHSKGG and TTxxTPH both occurred in all 98 member proteins (Figure 1b). Both motifs were also highly conserved 174 
within cluster 2, occurring in ≥90% of the 194 member proteins (Figure 1c). Although the GxSxG motif was used during identification of 175 
these lipases, the conserved version was identified to contain isoleucine and histidine as the variable second and forth positions, respec-176 
tively. The type proteins of each lipase family/subfamily were scanned for the presence of both of the novel motifs to identify if they are 177 
unique markers of gut lipases. AHSKGG was identified as unique to cluster 1 and 2 while the TTxxTPH motif was identified within the type 178 
proteins for family 1.2 and 1.5.  179 

 180 
To better understand the variability within this collection of gut lipases, the length of each protein was studied in relationship to 181 

their host of origin (Figure 1d). The mean length was identified to be 410 amino acids, although sizes ranged from 158 to 706. Interest-182 
ingly, 40.5% of pig lipases were less than 300 amino acids long, however, out of the ten longest lipases, four originated from the pig gut, 183 
and the other six from humans. 184 
 185 
Taxonomic and functional insights into lipase-positive species  186 

With the release of large datasets of metagenomic assembled genomes (MAGs) from the human microbiome, many of which 187 
represent uncultured bacteria, we are now able to gain functional insights into previously unstudied species [55,61,62]. Proteins from 188 
154,723 MAGs previously reconstructed using metagenomes from different human body sites [55] were annotated using the lipase anno-189 
tation method utilized for the gene catalogues. In total, 13,677 lipases were identified belonging to 11,011 genomes (7.1%). The majority 190 
of these proteins were assigned to Cluster 2 (n = 7,604). However, many were also identified as sharing highest similarity with the lipolytic 191 
enzyme family 1 sub-families (n = 1,487). Of those assigned to Cluster 2, 98.3% contained the three motifs (GxSxG, TTxxTPH and 192 
AHSKGG) along with 98.5% of the 653 proteins assigned to Cluster 1.  193 

 194 
To study the taxonomy of lipase-positive species further, the MAGs were grouped based on ANI values, reducing the 154,723 195 

MAGs into 4,930 species genome bins (SGB). For each SGB, a single representative MAG was selected, of which 235 (4.8%) were iden-196 
tified to contain a lipase (Figure 2a). Taxonomically, these lipase-positive species belong to 37 bacterial families across the phyla Firmicu-197 
tes, Actinobacteria, Proteobacteria, Fusobacteria, Bacteroidetes, Spirochaetes and Cyanobacteria. Of the most prevalent SGBs (based 198 
on number of MAGs assigned to the bin), only 8 of the top 23 could be assigned to a named species, whilst the rest represented meta-199 
genomically inferred species of novel lineages (Figure 2b). The median relative abundance of lipase-positive species was nearly twice 200 
that of the lipase-negative species (1.06% Vs 0.68%), suggesting that they are dominant members of the human microbiome (Figure 2c). 201 
Although dominant, almost 50% of the SGBs were identified to represent unknown species or genera according to GTDB-TK (Figure 2d), 202 
showing that the majority of lipase-positive species lack a cultured representative. The majority of the SGB representatives originated 203 
from gut samples (n = 176, 74.9%) and represented the major phyla from the gut (Firmicutes, Bacteroides, Actinobacteria, Proteobacteria 204 
and Fusobacteria). The most commonly reconstructed lipase-positive species was Ruminococcus_D bicirculans, a dominant commensal 205 
of the human gut [63] which contains a lipase belonging to Cluster 2 (Figure 2b).  206 

 207 
The second largest body site from which lipase-positive species were identified was the skin (45 SGB, 19.1%), of which the 208 

majority (29 SGB, 64.4%) belonged to the phylum Actinobacteria (Figure 2a). Additionally, nine Firmicutes species belonging to the genus 209 
Staphylococcus were identified. Staphylococcus species have previously been shown to include lipase producers from the skin microbiota 210 
[64]. Both Staphylococcus epidermidis and Cutibacterium acnes, common skin colonisers and some of the most prevalent reconstructed 211 
species within the utilised dataset (Figure 2b), were identified to be lipase-positive, although their lipases were both classified as belong-212 
ing to Family 1.  213 
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 214 
The presence of lipases within a high proportion of gut colonizing-bacteria suggests an evolutionary and metabolic benefit to triglyc-215 

eride degradation, such as for energy generation or biomass production [65]. Hence, we further examined metabolic potential of the 235 216 
lipase-positive SGBs (Figure 2e). Lipolytic activity releases two products: free fatty acids that can undergo beta-oxidation, and glycerol 217 
which can be metabolized to enter glycolysis. Three models of lipid catabolism were studied [60]. Whilst aerobic and anaerobic models of 218 
beta-oxidation were examined [66], no isolates contained the anaerobic beta-oxidation pathway and 5.5% of lipase-positive SGBs con-219 
tained the complete aerobic beta-oxidation pathway. Conversely, 41.7% of SGBs contained the glycerol degradation II pathway. Addition-220 
ally, when genomes containing incomplete pathways were included, a further 28.1% of SGBs were identified to utilize glycerol. 221 
 222 

Taxonomic and functional shifts of the gut microbiota have been linked to diets rich in fat [35,39]. The increased availability of 223 
fat in the luminal environment may select for species expressing lipases. Hence, metagenomic data from 144 mice fed a chow diet and 40 224 
fed a high-fat diet was studied [35]. A significant increase in lipase relative abundance was observed in the high-fat mice (Figure 2f). Such 225 
a diet-driven increase in mice was confirmed to occur within humans by studying the longitudinal effect of a ketogenic diet on 10 individu-226 
als using published metagenomic data [38]. After 14 days of high fat intake, significantly higher, individual-specific counts of lipase genes 227 
were detected in faeces (Figure 2g). Previous research has shown that germfree mice are resistant to diet-induced obesity when the fat 228 
used is lard, but not if palm oil is used [20]. Therefore, we investigated the effect of both lard and palm oil on lipase expression within the 229 
murine gut of SPF mice and found significantly higher lipase expression in the gut microbiome of lard-fed mice (Figure 2h).  230 
 231 
Characterization of a novel microbial lipase 232 

The lack of experimental validation for microbial functions has been highlighted as one of the major limitations and bottlenecks within 233 
meta-omic studies [7]. Hence, we utilised cultured isolates and biochemical testing to provide in vitro evidence for their functional assign-234 
ment. Genomes from our isolates within the mouse intestinal bacterial collection (www.dsmz.de/miBC) [50] were searched against the 235 
predicted lipases to identify cultured host species. A complete sequence match (100% identity and coverage) was identified between a 236 
member of cluster 2 and a protein within Clostridium symbiosum DSM 29356. The isolate was cultured in a lipid-rich medium for 24h and 237 
tested for lipolysis on Rhodamine B agar. The fluorescence detected from the Clostridium symbiosum cell solution, compared to the Esch-238 
erichia coli negative control and porcine lipase-positive control, confirm its lipolytic activity (Figure 3a). To determine if this enzymatic ac-239 
tivity was cell bound or excreted, the isolate was cultured for 1 week, after which the cell pellet and supernatant were tested separately, 240 
with activity being identified only in the cell pellet fraction (Figure 3b). Sequence analysis confirmed that the protein contains the GxSxG, 241 
AHSKGG, and TTxxTPH motifs, as well as five transmembrane regions at its N terminus, suggesting it is a membrane-bound lipase (Fig-242 
ure 3c). The predicted model of the lipase confirmed a low normalised B-factor value for the transmembrane region, indicating that this 243 
region is unstable and may represent a transmembrane region (Figure 3d).  244 

 245 
Structural modelling predicted that removal of the transmembrane region at the 150 amino acid would leave a functional and stable 246 

enzymatic region (Figure 3e-g). Comparison of the predicted structure of the truncated lipase, LipΔ150, against the PDB database using 247 
COFACTOR confirmed that the five top matches, based on TM-score, were lipases. Functional annotation of the structure assigned the 248 
EC as 3.1.1.3 and the gene ontology term ‘triglyceride lipase activity (GO:0004806)’. Ligand binding was also predicted, based on a TM-249 
SCORE of 0.81, of 5LipA bound to octyl-phosphinic acid 1,2-bis-octylcarbamoyloxy-ethyl ester (OCP), a structural homolog for triglycer-250 
ides which binds irreversibly to the catalytic serine, facilitating crystallography (Figure 3e). The AHSKGG, TTxxTPH and GxSxG motifs 251 
were all identified to co-localise with OCP within the lipase structure (Figure 3f). Co-localisation of the motifs and OCP was studied further 252 
by space-filled modelling the motifs and OCP molecule (Figure 3g). The conserved nature of these motifs, along with their co-localisation 253 
with OCP suggests that they are not only hallmarks of gut lipase clusters but are of functional importance. 254 
 255 

The LipΔ150 sequence was cloned with a poly-histidine tag into a pET-15b expression vector in Escherichia coli. Once expressed and 256 
purified, the enzyme was biochemically characterized to test its predicted function. LipΔ150 was confirmed to be a lipase, as activity was 257 
detected against all lengths of fatty acids tested, ranging from C2 to C18 (Figure 3h). However, a preference was shown for medium chain 258 
fatty acids under the conditions tested, as the highest concentration of released fatty acids was observed with C8 (133 ± 3 µM), and the 259 
least was with C2 (57 ± 5 µM).  260 
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 261 
Due to the use of the GxSxG motif in the prediction of these enzymes, PMSF was used to identify if LipΔ150 is a serine-hydrolase. 262 

Additionally, Orlistat, a lipase inhibitor commonly used for weight loss, was tested to verify if it has the potential to also inhibit microbial 263 
lipases within the GI tract. Both PMSF (Figure 3i) and Orlistat (Figure 3j) were observed to inhibit 100% of the lipase activity and led to 264 
precipitation of the protein. Lipolytic activity was also observed to be temperature-dependant, with maximum activity occurring at 45°C 265 
(Figure 3k). As LipΔ150 represents a novel lipase based on its low sequence similarity to existing families, we propose it as the first member 266 
of the new lipolytic enzyme family XXXVI [29]. 267 

 268 
Within the gastrointestinal tract, bile acids are known to act as emulsifier to increase host lipid absorption within the small intestine. 269 

However, in vitro and in vivo experimentations have shown that bile acids can decrease lipase activity due to reducing the pH [69,70]. 270 
Therefore, the effect of varying concentrations of emulsification both above and below the critical micelle concentration (CMC) of Tween20 271 
(0.035 mM at 37°C) was examined (Figure 3l). Lipolytic activity was significantly increased when the concentration of emulsifier was at or 272 
below the CMC. This is likely due to being optimized to work at the physiological concentration of total bile acids in murine GI tract, which 273 
was reported to be 0.011 ± 0.001 mM [71] whilst CMC for individual bile acids are >1 mM [72,73]. The possibility of pH altering lipolytic 274 
activity was also investigated, with pH of 6 or below preventing activity and maximum activity being observed at pH 9 (Figure 3m). 275 
 276 

Discussion 277 
The lack of detailed functional assignment is commonly cited as a limitation of metagenomic and genomic studies, limiting our insight 278 

into microbial processes. Therefore, we have generated the first collection of microbial lipases present within the mammalian GI tract 279 
which are freely available at github.com/thh32/GutLipases. The conserved, yet unique sequences of these lipases, as compared to those 280 
isolated from other environments, was highlighted by the identification of two motifs which are both nearly ubiquitous across all identified 281 
microbial lipases within the gene catalogues and MAG collection. We hypothesis that these motifs, along with the conserved GxSxG mo-282 
tif, are key to the activity of the microbial lipases within the gut due to their co-localisation both together and with bound molecules.  283 

 284 
The taxonomic range of lipase-positive species was investigated via in-silico analysis of MAGs, which identified that lipases are pre-285 

sent within species belonging to each of the major phyla and families identified within mammalian body-associated microbiomes. These 286 
results are contra to previous findings suggesting that few species, mostly from the phylum Proteobacteria, are lipolytic [60]. This discrep-287 
ancy may be explained by the targeted annotation applied within this manuscript compared to the general annotations used to identify 288 
KEGG orthologs in previous studies [74].  289 

 290 
Many of the most common lipase-positive SGBs were assigned to the genera Ruminococcus and Coprococcus, both of which are 291 

dominant members of the mammalian gut microbiome due to their diverse functional roles [75,76]. Interestingly, the mean relative abun-292 
dance of lipase-positive SGB was twice that of the lipase negative species, suggesting that these species are dominant and potentially 293 
key members of the ecosystem. Due to the lack of cultured representatives for many of the lipase-positive species, in vivo experimenta-294 
tion is not possible, however with the renaissance of cultivation [50,77–79], additional species may soon be isolated facilitating further 295 
analysis of the metabolism and ecological importance of lipase producers within the mammalian gut. 296 

 297 
Due to the lack of cultured representatives, the metabolism of the SGBs themselves was investigated based on three major lipolytic 298 

modules. The lack of aerobic or anaerobic beta-oxidation from the majority of lipase-positive SGB suggests that the metabolism of fatty 299 
acids is not the purpose of their lipolytic activity. In contrast, the majority of lipase-positive species were predicted to utilise glycerol, indi-300 
cating the same species degrading triglycerides may be able to further utilise the glycerol unit [80]. Contra to this, almost 30% of lipase-301 
positive species had no identifiable pathway for the utilisation of the lipolytic products. Instead of metabolising either the fatty acids or 302 
glycerol, it is possible that these species utilise diacylglycerol molecules in the generation of membrane phospholipids during replication 303 
and cell remodelling [81].  304 

 305 
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Direct measurement of lipolytic activity along the GI tract can be difficult due to the diverse nature of intestinal content and sample 306 
variation. However, biochemical characterisation of the new gut microbial lipase has provided some hints into their localisation and niche. 307 
Activity was observed to decrease with increasing detergent concentration, particularly above the CMC concentration. In addition to this, 308 
lipolytic activity was completely remove below pH 7, suggesting that microbial lipases within the gut have evolved to work in an environ-309 
ment with sub-optimal detergent concentrations and at a pH at or above 7. Along the GI tract, the bile concentration decreases whilst the 310 
pH and microbial load increase, suggesting that the microbial lipases have evolved to be active in the distal gut. For validation of this the-311 
ory as well as to enhance our understanding of microbial lipase localisation along the GI tract, in vivo experiments will be required. 312 

 313 

Conclusions 314 
While many microbial functions remain unknown, this study provides detailed insights into microbial encoded lipases within host 315 

body habitats by combining metagenomics and cultivation. The observed diet-dependent occurrence of lipolytic gut bacteria, the potential 316 
role of lipases in bacterial metabolism, and the characterization of a new microbial lipase from a cultured bacterium open new avenues to 317 
investigate the functional input of microbiomes in triglyceride degradation and fat metabolism. 318 
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Figure and Table legends 334 
 335 
Table 1: Annotation of mammalian gene catalogues for the identification of lipases. The table indicate the total number of proteins 336 
within each hosts gene catalogue, in million, followed by the number identified as being lipases throughout the different steps of the work-337 
flow. 338 
 339 
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Figure 1: Protein sequence analysis of microbial lipases. a. Network analysis of sequence identities shared between the identified 340 
microbial lipases. Each node represents a single lipase coloured based on its host of origin. Edges length and width is proportional to the 341 
sequence identity shared between the two nodes. Cluster 2 is highlighted with a red box. The conserved motifs identified within both clus-342 
ter 1 (b) and cluster 2 (c) along with their respective positions in the alignment and coloured based on amino acid features. d. Protein 343 
length variation across the lipases, coloured based on their host of origin. 344 
 345 
Figure 2: Metagenomic occurrence of lipases, taxonomic diversity of their host species, and capacity for lipolytic catabolism. a. 346 
Phylogenomic tree of lipase-positive SGBs generated using phylophlan [67] and visualised with iTOL [68]. External rings depict important 347 
features of SGBs as follows (inner to outer rings): those SGBs which contained a lipase belonging to either family I, Cluster 1 or Cluster 2; 348 
metadata associated to the sample the SGB representative was reconstructed from: body site, age of the host, and if from a Western 349 
country or not. b. The taxonomy and size (number of MAGs) of all lipase-positive SGBs with a size > 100. c. Mean relative abundance of 350 
both lipase-positive and lipase-negative SGBs in the human gut. d. Novelty of lipase-positive SGBs according to their GTDB taxonomic 351 
assignment.  e. The occurrence of each module for lipolytic catabolism across the SGBs is stated in blue and next to this in orange is the 352 
number with the incomplete pathway (>50% of the total KOs in the pathway). f-h. Relative abundances of the identified lipases across 353 
metagenomic data from mice fed a chow vs. high-fat diet (HFD) (f), human subjects on a ketogenic diet (g) and metatranscriptomic data 354 
from the gut of mice fed a HFD based on either palm oil or lard (h). 355 
 356 
Figure 3: Structural modelling and biochemical characterisation of LipΔ150. a. Rhodamine B agar assay for Clostridium symbiosum 357 
DSM 29356, Escherichia coli Mt1B1 (negative control) and porcine lipase viewed under both UV (60 ms) and white light (400 ms). Lipase 358 
activity is indicated by fluorescence, seen as white in the figures. b. Rhodamine B agar assay for the cell pellet and supernatant fractions 359 
of C. symbiosum, cultured for 7 days, along with the porcine lipase-positive control, viewed under both UV and white light. c. Prediction of 360 
trans-membrane regions via TMHMM. d. Structural model of the complete lipase protein coloured according to the B-normalised value 361 
from green (low) to blue (high). e-g. Structural modelling of LipΔ150 bound to the substrate OCP (green) on the surface (e), using a rib-362 
bon model (f) and highlighting only the conserved motifs (g). In both f and g, the conserved motifs are coloured red for GISHG, orange for 363 
AHSKGG, and yellow for TTINTPH. h-m. Biochemical characterisation of LipΔ150 was conducted using a range of fatty acid lengths (h), 364 
inhibition via PMSF (i) and orlistat (j), temperature-dependant activity (k), emulsifier concentration (l), and pH (m). Statistical significance 365 
(t-test with Bonferroni multiple test correction) is represented as follows: * < 0.05, ** < 0.01, *** < 0.005. 366 
 367 
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