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Abstract 

Natural killer T (NKT) cells are an abundant subset of liver lymphocytes activated by 

lipid antigens presented on CD1d molecules that are expressed by cholangiocytes. 

We aimed to determine if bile from patients with chronic liver diseases contains 

antigenic lipids that can activate NKT cells. Using murine invariant (24.7, 24.8 and 

DN32.D3) and non-invariant (14S.6, 14S.7 and 14S.10) NKT hybridomas we 

investigated the presence of lipid antigens in bile collected from the gallbladder of 

patients undergoing liver transplantation due to end stage liver disease. Biliary 

microbiota profiles were generated using 16S rRNA amplicon sequencing. We found 

that the patient bile samples contain antigens that activate both invariant and non-

invariant NKT hybridomas (24.7, 24.8, DN32.D3, 14S.6, 14S.7 and 14S.10) as 

demonstrated by activation of at least one hybridoma by eight out of ten bile samples. 

Activation at high dilutions suggests that some antigens are highly potent. We used 

the non-invariant NKT hybridoma 14S.6 to screen 21 additional patient bile samples 

for NKT-reactivity and demonstrated that 12/21 bile samples resulted in activation, of 

which three gave a strong activation. Four out of twelve activating bile samples 

contained microbial DNA. Our results reveal an immunological pathway that could 

be of critical importance in biliary immunology. 
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Introduction 

Inflammatory bile duct disorders such as primary biliary cholangitis (PBC) and 

primary sclerosing cholangitis (PSC) are major causes of liver-related morbidity and 

mortality due to limited treatment options and a chronic and progressive disease 

course.(1,2) The etiology and pathophysiology of these disorders are complex and 

believed to result from multiple environmental and genetic factors, but the exact 

pathophysiological processes remain unknown. Genome-wide association studies of 

PSC and PBC have demonstrated strong associations to genetic variants within the 

human leukocyte antigen (HLA) region and most uncovered risk loci are associated 

with immune-mediated diseases.(2,3) Environmental risk factors for PBC 

development include smoking, multiple urinary tract infections and hormone 

replacement therapy, whereas in PSC smoking and coffee consumption are likely 

disease-protective.(2,4) 

 

Natural killer T (NKT) cells are an abundant subpopulation of lymphocytes in human 

and murine livers that are activated by lipid antigens presented on CD1d, a non-

classical major histocompatibility complex (MHC) class I molecule.(5) NKT cells are 

commonly classified according to their T-cell receptor (TCR) as invariant NKT 

(iNKT) cells, expressing a semi-invariant TCR or non-invariant NKT (niNKT) cells 

with a more diverse TCR repertoire.(6) NKT cells are important immunomodulators 

that bridge innate and adaptive immunity. They direct immune responses with 

recruitment and activation of other immune cells by rapid production of either pro- or 

anti-inflammatory cytokines.(7) NKT cells may have protective or detrimental effects 

in response to microorganisms or in various liver diseases, as demonstrated in animal 
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models of autoimmune hepatitis (AIH) with IL-4-mediated inflammation and anti-

inflammatory effects through production of IL-17.(5,8-10) They are also found to 

promote disease in a PBC-like disease model after activation by a microbial-derived 

CD1d-restricted lipid antigen in mice.(11) NKT cells are enriched in livers of patients 

with non-alcoholic steatohepatitis-related fibrosis and may promote steatosis and 

contribute to progression from steatohepatitis to hepatocellular carcinoma.(12,13) 

NKT cells can also sense modified self-lipids in hepatitis B virus (HBV)-infected 

hepatocytes and reinforce the anti-viral T and B cell immune response in HBV 

infection.(14)  

 

The main biological roles of cholangiocytes are protection against the toxic effects of 

bile and modification of its composition.(15) They also participate in liver injury, 

biliary inflammation, fibrogenesis, regeneration and repair through activation by 

endogenous or exogenous stimuli (e.g. microorganisms, drugs and xenobiotics).(16) 

The expression level of CD1d on cholangiocytes correlates with liver disease severity, 

which suggests that NKT cells play a role in disease pathogenesis.(17,18) We have 

previously shown that cholangiocytes function as antigen-presenting cells (APCs) 

with activation of NKT cells in vitro.(18) Intrabiliary injection of the NKT cell-

activating agent oxazolone cause CD1d-restricted inflammation in the bile ducts and 

suggest that cells in the bile duct function as APCs in vivo.(18,19) A potential role of 

NKT cells in biliary inflammation is further supported by the discovery of activated 

and more numerous hepatic NKT cells in a mouse model of spontaneous bile duct 

inflammation.(20) 
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Bile is rich in lipids and contains several classes of lipids known to activate NKT 

cells, but to our knowledge a direct immunological role of such lipid antigens has not 

been demonstrated.(21) Herein we report the probable presence of antigens in bile 

that are potentially of host and microbial origin which are capable of activating NKT 

cells implicating a potential role in biliary immunopathology.  

 

 

Materials and Methods 

Patient bile samples 

Bile was collected from the gallbladder of explanted livers directly after liver 

transplantation due to PSC (n=15), PBC (n= 1), alcoholic cirrhosis (n=3), acute 

intermittent porphyria (n=1), hemochromatosis (n=1), cryptogenic cirrhosis (n=2), 

AIH (n=5), or hepatocellular carcinoma (n=3). A sterile scalpel was used to cut a 

small opening in the gallbladder and a minimum of 3 mL of bile was aspirated into 

sterile tubes with a sterile 20 mL syringe, stored and aliquoted on ice until longtime 

storage at -80 °C. Written informed consent was obtained from all study participants. 

Ethical approval was obtained from the research ethics committee at Oslo University 

Hospital (reference number 2019-15368) in accordance with the Declaration of 

Helsinki.  

 

Cell lines  

Murine iNKT (DN32.D3, 24.7 and 24.8) and niNKT (14S.6, 14S.7 and 14S.10) 

hybridomas were used to evaluate the presence of potential NKT cell-activating 

antigens in bile.(22,23) Stable CD1d-transfected murine fibroblast; L-cells (L-CD1d) 
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were used as APCs in co-culture assays.(24) All cell lines were maintained in DMEM 

high glucose supplemented with 10% fetal bovine serum and 1% Gibco® Antibiotic-

Antimycotic (10.000 units/mL of penicillin, 10.000 μg/mL of streptomycin and 25 

μg/mL of Amphotericin B) (Thermo Fisher Scientific, Waltham, MA) and maintained 

in 37˚C incubators with 5% CO2. 

 

Plate-based antigen presentation assay 

A plate-based assay was used to screen human bile samples for lipid antigens that 

may bind to CD1d and activate NKT hybridomas.(25) Cell-culture plates were 

incubated overnight with 2.5 μg/mL murine CD1d monomers (National Institutes of 

Health Tetramer Core, Emory, GA) in PBS before unbound monomers were washed 

off. Bile samples in various dilutions were added to the coated cell culture plates 

followed by another overnight incubation. A synthetic analogue (i.e. KRN 7000, 

Avanti polar lipids, Alabaster, AL) of α -galactosylceramide (α-GalCer) was used as a 

positive control. Unbound lipids were washed off with PBS followed by addition of 

NKT hybridomas (105 cells per well). Supernatants were collected after 16 hours of 

incubation and IL-2 was measured by ELISA (BD Biosciences, Franklin Lakes, NJ).  

 

Co-culture assay 

L-CD1d cells were plated onto 96-well flat-bottomed plates (104 cells per well) and 

incubated with bile samples diluted in supplemented cell culture medium for 4 hours 

before the plates were washed three times with DMEM. NKT hybridomas were then 

seeded onto the plates (105 cells per well) and incubated overnight, followed by 

centrifugation and collection of supernatant and measurement of IL-2 by ELISA (BD 
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Biosciences). In CD1d-blocking experiments, 0.025 mg/mL of the monoclonal anti-

CD1d antibody clone 19G11 (BioXCell, West Lebanon, NH) or an isotype control 

clone LTF-2 (BioXCell) were used. 

 

Bacterial DNA extraction 

DNA from patient bile samples was extracted using QIAamp DNA mini kit (Qiagen, 

Hilden, Germany) as previously described.(26) 150 μL of each bile sample was 

resuspended in 1mL InhibitEX buffer (Qiagen), vortexed and incubated at 95°C for 

five minutes followed by centrifugation at 21.500G for one minute to remove PCR 

inhibitors. The pellets were then resuspended in 180 μL of lysozyme solution (20 

mg/mL lysozyme in 20 mM Tris·HCl, pH 8.0; 2 mM EDTA; 1.2% Triton), 20 μL 

proteinase K and 200 μL of AL buffer (Qiagen). Homogenization was performed for 

30 seconds in a bead beater (BioSpec Products, Bartlesville, OK) with addition of 0.5 

gram of 0.1mm Zirconia beads (BioSPec Products) and four 3 mm Zirconia beads 

(PSP spin stool DNA kit, Stratec, Berlin, Germany). The samples were finally 

incubated at 70°C for 10 minutes before cleaning and elution of the extracted DNA 

using filter columns from the QIAamp DNA mini kit (Qiagen) according to the 

manufacturers protocol. DNA extracts were checked for presence of high molecular 

DNA and purity using regular gel-electrophoresis and Nanodrop (Thermo Fisher 

Scientific, Waltham, MA). 

 

Library preparations and sequencing 

Libraries for sequencing were generated using barcoded primers in a dual-indexing 

approach as previously described.(27) The hypervariable regions V3 and V4 of the 
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prokaryotic 16S rRNA gene were amplified using Phusion High-Fidelity PCR Master 

mix with HF buffer (Thermo Fisher Scientific). Cleaning and normalization of PCR 

products were performed using the SequalPrep Normalization Plate Kit (Thermo 

Fisher Scientific). Quality control and quantification of pooled libraries were 

performed using Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA) and 

Kapa Library Quantification Kit (Kapa Biosystems, London, UK). Sequencing was 

performed at the Norwegian Sequencing Centre (Oslo, Norway) applying the Illumina 

MiSeq platform and the v3 kit from Illumina (Illumina, San Diego, CA), which allows 

300 base pairs paired end reads.(28) 

 

Bioinformatic processing  

Remaining Illumina Universal Adapters and PhiX sequences added during sequencing 

were discarded using bbduk version 38.25 (https://sourceforge.net/projects/bbmap/) 

(parameters adaptor filter: k=23 hdist=1 tbo cf=TRUE ftm=5; parameters phix filter: 

k=31 hdist=1), followed by sorting and separation of bacterial sequences according to 

sample IDs with je version 1.2 (parameters: MAX_MISMATCHES=1 

MIN_MISMATCH_DELTA=2).(29) Cutadapt version 1.18(30) was subsequently 

used to trim indexes, heterogeneity spacers and primers added during PCR to be able 

to demultiplex reads (parameters: --overlap 20 --discard-untrimmed -m 250 -j 0). The 

trimmed paired-end reads were then quality trimmed and merged into single reads 

with bbmerge version 38.25 (parameters: qtrim=rl trimq=15 maxlength=440 

mininsert=390).(31) Quality control, trimming to 400 base pairs and denoising of the 

merged reads were performed using the Deblur Plugin(32) in the Quantitative Insights 

Into Microbial Ecology (QIIME)2 platform (version 2019.7)(33) to obtain Amplicon 
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Sequence Variants (ASVs). The ASVs were classified in QIIME2(34) with a naive 

bayes classifier trained on the V3-V4 region of a preclustered version (99% sequence 

similarity) of the SILVA database version 132.(35) In each bile sample taxa with 

number of reads below 100 were discarded. There were no detectable levels of 

bacteria in the negative controls and therefore no identified contaminants were 

removed from the dataset before further analyses were performed.  

 

Statistical analysis 

All values are presented as mean ± SEM unless otherwise stated. Statistical 

significance was evaluated using student’s t-test for variables meeting criteria of 

normal distribution. For experiments where multiple comparisons were included, one-

way ANOVA was used followed by correction for multiple testing using Bonferroni’s 

method. P values below 0.05 were considered statistically significant. All statistical 

tests were performed using GraphPad Prism v.8.2 (GraphPad Software, La Jolla, CA). 

 

 

Results 

Bile from patients with liver diseases contains antigens that activate NKT cells 

To evaluate presence of NKT cell-activating antigens in human bile we used assays 

with plate-bound CD1d (25) and screened bile samples from a panel of ten patients 

with various liver diseases (Panel A, Table 1). Three iNKT and three niNKT 

hybridomas were used in these assays (22,23) and eight out of ten bile samples 

activated at least one of the hybridomas as demonstrated by increased levels of IL-2 

in the culture supernatant (Fig. 1). All of the tested NKT hybridomas were activated 
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by at least four bile samples and the response varied markedly between the 

hybridomas for each bile sample. This diverse activation patterns suggest the 

presence of overlapping and diverging biliary antigens rather than a single antigen, 

such as a constitutively present physiological bile compound. This was further 

supported by the observation that two of the bile samples did not activate any of the 

NKT hybridomas, which rules out the ubiquitous presence of NKT cell-activating 

antigens in bile.  

 

NKT-activating antigens in bile are potent 

To evaluate the potency of the bile antigens and to rule out non-specific effects we 

performed serial dilution of bile samples to test for a dose-response relationship 

between NKT-activation and bile antigens. We used the niNKT hybridomas 14S.10 

and 14S.6 (Fig. 1) that are previously reported to be activated by both self- and 

microbial-derived lipids.(23,36) We observed a clear dose-response relationship for 

the seven bile samples tested in dilutions from 1:100 to 1:1.000.000 (Fig. 2). 

 

NKT cell antigens are frequently found in bile 

To evaluate the frequency of NKT cell-activating antigens presence in bile we tested 

bile samples from a second panel of twenty-one independent patients with various 

liver diseases (Panel B, Table 2) and used CD1d plate-bound assays with NKT 

hybridomas as previously described. Bile from 12/21 (57%) patients activated the 

niNKT hybridoma 14S.6, of which three (i.e. patient B3, B9 and B18) elicited a 

particular high IL-2-response (Fig.3). These bile samples originated from patients 
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that were transplanted due to end-stage PSC (i.e. bile sample B3 and B9) or AIH (i.e. 

bile sample B18) (Supplementary Table 1).  

 

Uptake and CD1d-presentation of bile antigens by antigen presenting cells 

After having demonstrated the presence of NKT-activating bile antigens, we aimed to 

explore whether these antigens could be taken up by APCs and presented on CD1d. 

The L-CD1d cell was used as an APC in co-culture assays with the niNKT 

hybridoma 14S.6 and incubated with the three most potent bile samples identified in 

previous experiments. All three bile samples activated the NKT hybridoma in a dose-

dependent manner, as demonstrated by an increased IL-2-response (Fig. 4A). The 

activation of the NKT hybridoma was entirely CD1d-dependent for two of the three 

bile samples with abolishment of IL-2 production upon blocking with a CD1d 

monoclonal antibody (19G11) as compared to isotype control (Fig. 4B). For the third 

bile sample CD1d-blocking only partly reduced the IL-2 production, which suggests 

that activation of the NKT hybridoma was not entirely CD1d-dependent.  

 

 

The NKT cell-activating bile antigens are potentially of both microbial and self-

derived origin. 

It has recently been demonstrated that bile is bacterially colonized in up to 50% of 

human bile samples even in the setting of no clinically apparent infection.(37) To test 

whether the NKT cell-activating bile antigens were of microbial origin we extracted 

microbial DNA and performed 16S rRNA sequencing of the 21 bile samples in Panel 

B. Microbial DNA was found in eight of the twenty-one bile samples, of which four 
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(bile sample B3, B4, B10 and B19) were among the twelve bile samples that 

activated the NKT hybridomas (Fig. 5). The sequenced microbial DNA included 14 

genera from 14 families belonging to 4 phyla (Supplementary Table 2). The most 

prominent phylum was Firmicutes. The bacteria Actinomyces, Bacteroides, 

Lactobacillus rhamnosus, Streptococcus sanguinis and Moryella (bile sample B3) 

and Enterobacteriaceae (bile sample B18) were not found in any of the non-

activating bile samples, which suggests that the NKT-activating antigen in these bile 

samples could be of microbial origin. Interestingly, these bile samples (i.e. B3 and 

B18) also led to the strongest activation of the NKT hybridoma. Of the identified 

microbes we found the genus Bacteroides (bile sample B3) and the species 

Streptococcus pneumoniae (bile sample B10) that have been previously shown to 

activate iNKT hybridomas (Fig. 5).(38,39) No other previously described bacteria 

associated with activation of NKT cells were found (Supplementary Table 2). 

Taken together, these data suggest that some NKT cell-activating bile antigens could 

be of microbial origin.  

 

Discussion 

In this study we demonstrate the presence of NKT cell-activating endogenous and 

exogenous antigens in human bile for the first time. The liver is constantly exposed to 

both harmless self and non-self antigens through the portal vein and the bile ducts 

represent an extension of the gastrointestinal tract with exposure to the external 

environment. In this position the liver functions as an important immunological organ 

that needs to balance immune tolerance with targeted immune responses.(40) 

Compounds in bile can be of importance in liver immune responses as cholangiocytes 
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are constantly exposed to bile and represent the first line of defense in biliary 

immunity as well as a disease target in inflammatory bile duct diseases. Identification 

of novel bile antigens may provide clues to what is still unknown in the 

etiopathogenesis of bile duct disorders such as PBC and PSC. 

 

Bile is secreted by hepatocytes with subsequent modification by cholangiocytes and 

contains lipids of both endogenous origin (i.e. phospholipids and cholesterol) as well 

as microbial and xenobiotic compounds.(21,41) NKT cells recognize a broad specter 

of self and foreign antigens such as glycolipids, phospholipids, microbial antigens and 

even self-peptide antigens.(42) Three iNKT and three niNKT hybridomas that express 

different TCRs and thus cover a range of antigen-specificities were used in the 

experiments presented in this paper.(22,23) All the investigated hybridomas were 

activated by biliary antigens and the activation patterns suggest that there is a diverse 

set of NKT cell-activating antigens in human bile. Although presence biliary lipid 

antigens were detected using murine NKT hybridomas, human and murine NKT cells 

show a high level of conservation (7), and there is an overlap of activating lipids 

between human and murine NKT cells (43) and mechanisms for molecular 

recognition are conserved.(44,45) Among the previously described classes of lipids in 

bile (21,41), the iNKT hybridoma 24.8 has been found to be responsive to 

phosphatidylinositol (PI), phosphatidylglycerol (PG), phosphatidylcholine PC, 

phosphatidylethanolamine (PE), sphingomyelin (SM), the niNKT hybridoma14S.6 

has been found to respond to PI, PG, PE, lysophosphatidylcholine (LPC) and 

lysophosphatidylethanolamine (LPE) and the niNKT hybridoma 14S.7 has been found 

to respond to PI.(14,23,46) Thus the activating lipids found in our experiments are 
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likely belonging to one of these classes. We aimed to explore whether there are NKT 

cell-activating antigens in bile and did not study the presence of disease-specific 

antigens. Although previous studies suggest no differences in phospholipids (i.e. 

phosphatidylcholine and lysophosphatidylcholine) in bile from PSC patients (47) 

future studies should aim to further characterize any potential antigenic differences in 

bile composition of patients with various liver and biliary disease that may be 

important in the etiopathogenesis of these disorders.  

 

Until recently, bile was considered sterile, but increasing evidence demonstrate 

presence of a bile microbiome.(37,48) The findings in our study with the presence of 

microbial DNA in 8/21 bile samples are in line with these observations. iNKT cells 

recognize microbial antigens from both pathogenic microbes (e.g. Borrelia 

burgdorferi, Sphingomonas and Streptococcus pneumonia) and commensal bacteria 

such as Bacteroides fragilis.(49–51) Presence of microbial DNA in bile correlated 

with a potent NKT hybridoma IL2-response. Most of the activating bile samples did 

not contain microbial DNA, which points to the presence of endogenous antigens as 

the source of the CD1d-restricted NKT activation in these samples. One source of 

endogenous lipids may be products from damaged cholangiocytes due to cholestasis 

with consequent cell injury.(52) The existence of microbial-derived antigens remains 

to be investigated further. 

 

 

To avoid potential off-target effects we used a plate-based assay where antigens bind 

to CD1d coated on a cell-culture plate. This approach allows screening for bile 



16		

antigens without interference by other bile compounds. The additional co-culture 

assays with APCs that is dependent on uptake of antigen and loading onto CD1d 

demonstrated similar results, which rules out assay-based artifacts. The cell-based 

assay using APCs also allowed evaluation of potential non-CD1d-dependent effects 

by using a monoclonal antibody that blocks CD1d-presentation. Activation of NKT 

cells is complex and unlike MHC-restricted T cells they may be activated 

independently of TCR-stimulation by exposure to microbial products or cytokines 

such as IL-12 and IL-18. Activation of the NKT hybridomas in vitro were not entirely 

blocked by the addition of a monoclonal antibody in all the experiments (Fig. 4B), 

which suggests additional pathways of activation, such as TLR-stimulation, cytokine-

activation (i.e. IL-12 and IL-18) or a combination of these activation 

methods.(50,53,54)  

 

The CD1d molecule is highly expressed in the liver with expression on both 

circulating cells and multiple liver resident cells such as liver sinusoidal endothelial 

cells, Kupffer cells, dendritic cells, hepatocytes and cholangiocytes.(17,55,56) Most 

of these cells may be exposed to bile constituents in circumstances such as leakage of 

bile across the biliary epithelium in biliary diseases or during cholestasis.(52) The 

wide range of potential CD1d-expressing APCs in close relationship with bile makes 

it interesting to study bile constituents in the context of biliary immunity. Herein, we 

demonstrate for the first time that bile contains immune-active compounds that 

activate NKT cells in a CD1d-dependent manner. Future studies should aim to further 

characterize the antigenic bile pool and investigate the importance of this 
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immunological pathway in liver diseases that may introduce potentially novel 

therapeutic approaches.  
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Figure legends 

 

Fig.1. Human bile contains NKT cell-activating antigens. Bile samples from ten 

patients with liver disease (A1-A10) were screened for NKT cell-activating 

antigens in a CD1d-coated plate assay with three invariant (DN32.D3, 24.8 and 

24.7) and three noninvariant (14S.7, 14S.10 and 14S.6) murine NKT cell 

hybridomas. All invariant (A) and noninvariant (B) NKT hybridomas were 

activated by bile antigens and eight out of ten bile samples activated at least 

one of the hybridomas as indicated by an increased IL-2-production, with 

alpha-galactosylceramide (αGC) as a positive control for the invariant NKT 

hybridomas. Representative results from two independent experiments are 

shown, presented as mean ± SEM.  

 

Fig. 2. Bile antigens activate NKT cells in a dose-response manner. Eight human 

bile samples from patients with liver disease were added in serial dilutions 

from 1:100 to 1:1.000.000 in a plate assay with murine CD1d monomers. 

Activation of the murine noninvariant NKT hybridoma 14S.10 (A) and 14S.6 

(B) are indicated by an increase of IL-2 production. Representative results from 

two independent experiments are shown, presented as mean ± SEM. Statistical 

significance was calculated by one-way ANOVA followed by correction for 

multiple testing using Bonferroni’s method. P represents statistical difference 

between the individual bile samples compared to PBS. * P < 0.05, **P<0.01, 

***P<0.001, ****P<0.0001 
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Fig. 3. NKT cell-activating antigens are commonly found in human bile. Twelve 

of twenty-one bile samples collected from patients with liver disease activated 

the murine noninvariant NKT hybridoma 14S.6, as demonstrated by an 

increased IL-2-production compared with PBS. Representative results from 

two independent experiments are shown, presented as mean ± SEM. Statistical 

significance was calculated using unpaired Student’s t-test. * P < 0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 

 

Fig. 4. NKT cells are activated by biliary antigens presented by an antigen-

presenting cell. Bile samples from three patients with liver disease (B3, B9, 

B18) were co-cultured in serial dilutions with a CD1d-transfected antigen-

presenting cell (A). Activation of the non-invariant NKT hybridoma 14S.6 is 

indicated by IL-2-production that follows a dose-response relationship, with 

PBS as control. CD1d-restriction was evaluated by addition of a monoclonal 

anti-CD1d antibody (19G11) or an isotype control (B). Representative results 

from two independent experiments are shown, presented as mean ± SEM. 

Statistical significance was calculated using unpaired Student’s t-test. * 

P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 

 

Fig. 5.  Bile antigens are of both endogenous and exogenous origin. Microbial 

DNA was extracted from bile of 21 patients with liver disease and sequenced 

by 16S rRNA. Four out of twelve NKT cell-activating bile samples contained 

microbial DNA. Log-transformed number of sequenced reads of microbiota at 

the most specified species level in bile samples by taxon-based analysis 
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arranged according to NKT cell-activation. † Family level † † Genus level   

 

 

 

 


