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Figure S1 In vitro evolution of drug resistance in Leishmania mexicana promastigotes 

during culture with clemastine fumarate in Schneiders media. Figure shows values for wild 

type and one resistant clone (LmxM.cl.4). Lefthand y-axis shows concentration of 

clemastine fumarate (CLE) used in selection; righthand y-axis shows EC50 values at each 

point. Time of treatment in weeks – x-axis
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Figure S2 Chromosomal Copy Number Variation (CNV) analyses of the two independent in vitro derived clemastine 

fumarate resistant clones (Lmx-cl-2 and Lmx-cl-4). Copy number ratio y-axis; Leishmania mexicana chromosome 

number x-axis
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Figure S3 SNPs identified in genes of the sphingolipid pathway in two CleR individual lines of L. mexicana 

promastigotes. Numbers (red) highlight the genes in which SNPs were found. SPT (1); 3-KSR (2); CerD (3); 

ISCL (4); IPCS (5); SK (6); S1PAse and S1PLY (7); PAF (8). PC: phosphatidylcholine; PE: 

phosphatidylethanolamine; PI: phosphatidylinositol; DAG: diacylglycerol. A complete list of the enzyme 

names and SNPs in each gene is provided in Table S2 and Table S4 respectively.
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Figure S4 (A) PCA plot showing the global differences between treated (Treated_1, blue crosses) and untreated (Control_1, red 

triangles) cells. Dots represent biological replicates (n=4) of the measured metabolites. Clusters from both groups indicate good 

reproducibility across the machine run. Principal Components 1 and 2 are shown in x- and y-axis, respectively. (B) Volcano plot showing 

significant (n=341, red dots) and non-significant (n= 2,113, black dots) log2 fold-changes of metabolites peaks as detected by LC-MS 

(untargeted metabolomics) in mid-log wild type Leishmania mexicana promastigotes (1x 108) after treatment with clemastine fumarate 

(10 μM) for 12 h. Metabolomics and lipidomics analyses (LCMS) were performed and processed using multivariate data analysis with 

PiMP pipeline58. Note that each metabolite (peak) can also match several peaks, as several different structures with the same empirical 

formula may elute during the chromatographic separation (i.e. they will have different retention times) or may occur in multiple polarities 

(i.e. both positive and negative). For this reason, each data point may have more than one peak associated with it.
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Figure S5 (A) Relative abundance (y-axis) of clemastine sub-metabolites identified in biological replicates (n=4) of treated (WTTx) and untreated parasites (WTCx) (x-

axis). Metabolomics and lipidomics analyses (LCMS) were performed and processed using multivariate data analysis with PiMP pipeline58. The Benjamini-Hochberg 

procedure adjusted raw P-values (q-values) < 0.05 for ANOVA. Differences among samples (WTTx vs WTCx) were evaluated using one-way ANOVA with the Tukey's 

multiple comparisons test (P-value <0.05) using Prism software version 9.3.0. Statistically significant values (P < 0.05, 95% confidence interval) are shown with stars: ns, 

nonsignificant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001). See Materials and Methods for details. Changes in other isomers peaks and the global metabolome are 

provided in Table S6. Reference values of clemastine fumarate and metabolites are from Tevell et al. 201059. (B) Volcano plot showing significant (n= 314, blue dots) and 

non-significant (n= 1,720, black dots) log2 fold-changes of putative peaks as detected by LC-MS (targeted, lipidomics) in promastigotes after exposure to clemastine 

fumarate. Ceramides species are shown (red dots).
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Figure S6 Heat map illustrating the thermal stability of soluble protein cell extracts from 

Leishmania mexicana. A) The normalized protein abundance of L mexicana WT protein hits (y-

axis), accompanied by full melting curves at seven different temperatures (x-axis) in the presence 

of DMSO (control, left panel) and clemastine fumarate at 100 µM (treatment, right panel). B) 

Melting curves of some of the most interesting hits are provided. See Table S5 for a full list of 

protein hits detected in wild type L. mexicana using Thermal Proteomics Profiling (TPP).

A        B
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Figure S7 Relative abundance (y-axis) of TCA cycle metabolites identified in wild type Leishmania major promastigotes after 

clemastine fumarate (10 μM) exposure for 12 h. Biological replicates (n=4) of treated (WTTx) and untreated parasites (WTCx) (x-

axis) were analysed with LCMS and processed using multivariate data analysis with PiMP pipeline58. The Benjamini-Hochberg 

procedure adjusted raw P-values (q-values) < 0.05 for ANOVA. Differences among samples (WTTx vs WTCx) were evaluated 

using one-way ANOVA with the Tukey's multiple comparisons test (P-value <0.05) using Prism software version 9.3.0. 

Statistically significant values (95% confidence interval) are shown with stars: ns, nonsignificant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 

0.001; ****p ≤ 0.0001). Changes in other metabolites are provided in Table S6. 
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Figure S8 Enzymatic activity in Leishmania mexicana cell lines. Procyclic promastigotes 

were incubated with fluorescent ceramide (C6-NBD Ceramide), followed by lipid extraction 

and analyses by TLC plate. The LmxIPCS-/- mutant did not produce IPC, and this metabolic 

profile was restored upon reconstitution of the IPCS gene in the add-back line (LmxIPCS-/-: 

LmxIPCS). The L. mexicana parental line (LmxT7:Cas9) and L. major FV1 were used as 

controls. 
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Figure S9 LC-MS analyses demonstrated diminution of cardiolipins (CL) following add back. Differences between samples

parental (LmxT7:Cas9; P) and add back (LmxIPCS-/-:LmxIPCS; AB) were evaluated using paired t tests in Prism software

version 9.3.0. Statistically significant values are shown with stars: *p ≤ 0.05. All data captured in the negation ion mode expect

those with superscript asterisk which were captured in the positive ion mode. 
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Table S1 Variants identified in two individual clones (LmxMcl.2 and LmxMcl.4) 

of clemastine resistant Leishmania mexicana promastigotes. IG: intergenic 

region (non-coding transcripts or splice region variants); CDS: coding 

sequence (missense or non-synonymous, silent (synonymous), start/stop 

lost/gained variants); AF: allele frequency.

 Clones LmxMcl.2 AF LmxMcl.4 AF Total 
IG 13,152 0.02-1.0 12,892 0.02-1.0 26,044 
(%) 44.24 

 
43.36 

 
87.61 

CDS 1,932 0.02-0.67 1,750 0.02-0.73 3,682 
(%) 6.49 

 
5.88 

 
12.38 

Missense  1,582 0.02-0.67 1,425 0.02-0.73 3,007 
(%) 5.32 

 
4.79 

 
10.11 

Silent 349 0.03-0.67 322 0.02-0.53 671 
(%) 1.17 

 
1.08 

 
2.25 

TOTAL (n) 15,084 0.02-1.0 14,642 0.02-1.0 29,726 
(%) 50.73 

 
49.23 

 
99.97 
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Table S2 Polymorphisms found in genes involved in the sphingolipid pathway in two CleR-Leishmania mexicana clones. Missense (non-synonymous) and silent 

SNPs in coding regions (CDS) are indicated with one (*) and two stars (**), respectively. Other SNPs correspond intergenic regions. Genes IDs are from the 

TritrypDB. SPT: serine palmitoyltransferase; 3-KSR: 3-dehydrosphinganine reductase; CerS: ceramide synthase; CerD: sphingolipid 4-desaturase; CerA: 

ceramidase; IPCS: inositol phosphorylceramide synthase; ISCL: inositol phosphosphingolipid phospholipase C; CerK: ceramide kinase; CerP: ceramide 

phosphatase; SK: sphingosine kinase; S1PAse: sphingosine-1-phosphate phosphatase; S1PLY: sphingosine 1-phosphate lyase; PAF: phosphatidic acid 

phosphatase. ND: non-determined. Numbered to map to Figure S3. Full details are shown in Figure S4.
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Miltefosine Amphotericin B

LmxT7:cas9 7.88 ± 0.34 0.31 ± 0.07

LmxIPCS-/- 15.24 ± 1.03 0.13 ± 0.03

LmxIPCS-/-:LmxIPCS 7.17 ± 0.27 0.37 ± 0.09

Table S3 Miltefosine and amphotericin B sensitivity of Leishmania 

mexicana parental (LmxT7:Cas9), LmxIPCS null (LmxIPCS-/-) and 

LmxIPCS addback (LmxIPCS-/-:LmxIPCS) lines. 

EC50 values shown in µM with 95% confidence intervals.
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Table S4 Excel file detailing identified mutations associated with clemastine fumarate pressure
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Table S5 Proteins detected in Leishmania mexicana subjected to clemastine fumarate treatment 

or untreated, revealing marked changes due to significant temperature variation >4°C. 
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Table S6 Excel file detailing LCMS data from the metabolomic analyses


