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HIGHLIGHTS

e Gtfl, Gtf2 and Gtf3 transfer deoxy-talose, the internal and extra rhamnose on GPL
e Gtf3is required for efficient uptake of M. abscessus via the mannose receptor
e Deletion of Gtfl or Gtf2 leads to rough corded bacilli and increased virulence

e  GPL glycosylation controls M. abscessus surface properties and pathogenicity

SUMMARY

Mycobacterium abscessus is an emerging and difficult-to-manage mycobacterial species that exhibits smooth
(S) or rough (R) morphotypes. Disruption of glycopeptidolipid (GPL) production results in transition from S to
R and severe lung disease. A structure-activity relationship study was undertaken to decipher the role of GPL
glycosylation in morphotype transition and pathogenesis. Deletion of gtf3 uncovered the prominent role of
the extra rhamnose in enhancing mannose receptor-mediated internalization of M. abscessus by
macrophages. In contrast, the absence of the 6-deoxy-talose and the first rhamnose in mutants lacking gtf1
and gtf2, respectively, only slightly affected M. abscessus phagocytosis but resulted in the S-to-R transition.
Strikingly, gtf1 and gtf2 mutants displayed a strong propensity to form cords and abscesses in zebrafish,
leading to robust and lethal infection. Together, these results underscore the importance and differential

contribution of GPL monosaccharides in promoting virulence and infection outcomes.

KEYWORDS: Mycobacterium abscessus, morphotype, glycopeptidolipid, rhamnose, glycosyltransferase,

macrophage, internalization, mannose receptor, zebrafish, virulence.
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INTRODUCTION

Mycobacterium abscessus is a non-tuberculous mycobacteria (NTM), recognized as a multidrug-resistant
species that has recently emerged as a major threat to individuals with underlying lung diseases such as
chronic obstructive pulmonary disease (COPD) or cystic fibrosis (CF) (Floto et al.,, 2016; Johansen et al.,
2020a). Infections with this fast-growing mycobacteria result in accelerated inflammatory lung damage
(Esther et al., 2010), which may require surgical intervention (Ryan and Byrd, 2018). M. abscessus lung
disease is difficult to treat due to intrinsic antimicrobial resistance, often leading to treatment failure despite
prolonged multi-drug chemotherapy (Jarand et al., 2011; Johansen et al., 2020a; Kwak et al., 2019). Although
originally thought to be acquired independently of the environment, the majority of individuals are infected
with one of several dominant clones in circulation, indicating the presence of global transmission networks
of M. abscessus and highlighting the possibility of human-to-human transmission (Bryant et al., 2016).

Distinguishable in vitro and in vivo properties have been assigned to smooth (S) or rough (R) variants of
M. abscessus and include changes in sliding motility, biofilm formation, drug susceptibility (Bernut et al.,
2016; Gutiérrez et al., 2018; Howard et al., 2006; Johansen et al., 2020b; Madani et al., 2019; Ryan and Byrd,
2018), bacterial surface hydrophobicity (Daher et al., 2020; Viljoen et al., 2018, 2020), aggregation, and cord
formation (Bernut et al., 2014a, 2016; Howard et al., 2006; Viljoen et al., 2018). Other distinctive phenotypes
influencing clinical disease outcome are related to intracellular interactions and trafficking in macrophages
(Roux et al., 2016; Whang et al., 2017) or induction of potent pro-inflammatory responses (Roux et al., 2011).
Numerous studies have highlighted the increased pathogenesis of the R variant as compared to the S variant
(Bernut et al., 2014a, 2016, 2017; Catherinot et al., 2007). In this context, the zebrafish infection model has
received considerable attention and represents a genetically tractable host-pathogen pairing for dissecting
M. abscessus interactions with host immune cells (Bernut et al., 2015). Zebrafish are particularly susceptible
to M. abscessus R infection, as evidenced by hyperinflammatory responses, increased bacterial burden,
formation of massive serpentine cords and abscesses, resulting in enhanced larval mortality (Bernut et al.,
2014a). These observations are consistent with epidemiological surveys, which showcase the prominence of
the R variant in patients with severe lung infections and chronic airway colonization in CF patients (Catherinot
et al.,, 2009; Jonsson et al.,, 2007). These findings underscore the clinical relevance of morphological
distinctions between S and R morphotypes, and the need to identify the molecular mechanisms responsible
for S-to- transition.

The transition from S to R relies on the production of high or low/absent levels of surface-associated
glycopeptidolipids (GPL), respectively (Bernut et al., 2016; Gutiérrez et al., 2018; Howard et al., 2006;
Medjahed et al., 2010). Genomic and transcriptomic studies have unraveled the presence of DNA insertions
or deletions occurring in R forms, mainly in mps1 and mps2 encoding non-ribosomal peptide synthases
responsible for the biosynthesis of the GPL peptide backbone, and mmpL4a/mmplL4b encoding membrane

proteins involved in GPL transport (Bernut et al., 2016; Dedrick et al., 2021; Park et al., 2015; Pawlik et al.,
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2013). Structurally, M. abscessus GPL comprises a peptide core consisting of an L-alaninol-linked D-
phenylalanine-D-allothreonine-D-alanine tripeptide assembled by Mpsl and Mps2, which is acylated with a
C24-Cs3 3-hydroxy/methoxy fatty acid. This lipopeptide is further decorated by a glycosylation arrangement
that is built from O-methylated and O-acetylated deoxy hexoses (Daher et al., 2020; Ripoll et al., 2007; Whang
et al., 2017). The lipopeptide is glycosylated with allo-Thr linked to a 6-deoxy-a-L-talose (6-dTal) while the
terminal alaninol is linked to an a-L-rhamnose (Rha), producing the less-polar diglycosylated GPL species
(GPL-2). In addition to GPL-2 that contain a 3,4-di-O-acetylated 6-dTal and a 3,4-di-O-methylated Rha, M.
abscessus synthesizes more polar GPL species (GPL-3) via the addition of a 2,3,4-tri-hydroxylated Rha to the
alaninol-linked 3,4-di-O-methylated Rha (Daher et al., 2020; Ripoll et al., 2007; Whang et al., 2017). GPL are
heterogenous in structure and vary in length of the fatty acyl chain and the degree of hydroxylation or O-
methylation of the glycosidic moieties through the action of O-methyltransferases, O-acetyltransferases and
O-glycosyltransferases. However, the exact functions of these enzymes with respect to the GPL structure and
their possible contribution to the pathogenicity of M. abscessus have not been addressed experimentally.
Many important interactions between bacterial pathogens and their host cells are highly specific
receptor interactions that involve carbohydrates. Glycan interactions can mediate adhesion, invasion and
immune evasion and be used by the pathogen to establish a successful infection (Poole et al., 2018). The
qguestion of whether GPL could take part in the adhesion and internalization of mycobacteria within cells has
been proposed in previous studies. Pre-incubation of cells with blocking antibodies to complement receptor
3 (CR3) and mannose receptor (MR) partially abrogated the uptake of GPL-coated beads as well as
phagocytosis of Mycobacterium smegmatis and Mycobacterium avium, which are GPL-producing NTM
(Villeneuve et al., 2003, 2005). However, the structural elements of GPL that participate in recognition by
CR3 and MR remain unknown. Furthermore, no information is available regarding the individual or collective
contribution of the different GPL monosaccharides in the direct interaction with cell receptors during the
early steps of interaction with host receptors, particularly within the context of M. abscessus pathogenesis.
Herein, we investigated the glyco-interactions of GPL with host cells by combining genetic, structural
and biological studies. We performed a stepwise dissection of the three gtf genes that encode putative GPL
glycosyltransferases in M. abscessus. This led to a panel of mutants that attempted to address the
requirements and contribution of each monosaccharide in bacterial morphotypes, bacterial surface
properties, adhesion and internalization of bacilli by human macrophages as well as pathogenicity in the
zebrafish infection model. Synthesis of a GPL variant lacking 6-dTal and/or the first Rha in gtf1 and gtf2
mutants, respectively, was associated with an S-to-R morphotype transition showing hypercording and
enhanced virulence and pathogenicity in zebrafish. We also provide evidence that the terminal Rha in GPL-3
enhances M. abscessus internalization by macrophages in a MR-dependent manner. Overall, this in-depth

dissection of the GPL glycome provides new insights into the biological function and importance of the
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different monosaccharides in the establishment of infection and disease pathology in this emerging human

pathogen.

RESULTS

gtf1, gtf2 and gtf3 encode specific glycosyltransferases decorating GPL in M. abscessus.

The gpl locus encompasses three genes encoding putative glycosyltransferases, designated gtf1-gtf3 (Figure
S1A). To investigate the contribution and biological functions of the corresponding glycosyltransferases in
the GPL structure, gtfl1-gtf3 were deleted either individually or simultaneously in the GPL-producing S variant
of M. abscessus, using a recently developed unmarked deletion system that allows for multiple gene deletion
in M. abscessus (Richard et al., 2019) (Figure S1A). PCR/sequencing performed on the parental and mutant
strains using the primers in Table S1 confirmed the proper genotype of the various gtf mutants (Figure S1B).
Genetic complementation of A1, A2 and A3 was done through specific integration at the attB chromosomal
site (Stover et al., 1991) of a copy of gtfl, gtf2 or gtf3 with an HA tag at the 3’-end and placed under the
control of the hsp60 promoter (for gtf1) or their endogenous promoters (for gtf2 and gtf3) (Figure S1C).
Probing the crude lysates from the various strains using anti-HA antibodies revealed a single band of the
expected size, corresponding to Gtfl-HA, Gtf2-HA or Gtf3-HA proteins, validating complementation of the
single mutants (Figure S1D).

M. abscessus S synthesizes both diglycosylated (GPL-2a) and triglycosylated (GPL-3) GPL, containing one
and two partially O-methylated Rha residues, respectively, in addition to the diacetyl-O-6-dTal residue (Figure
1A) (Daher et al., 2020). Thin layer chromatography (TLC) analysis of the polar fractions revealed a complex
pattern of polar glycolipids, tentatively assigned to GPL-2a and GPL-3, all absent in M. abscessus R (Daher et
al., 2020; Ripoll et al., 2007) (Figure 1B). Monosaccharide compositional analysis confirmed the presence of
the deoxyhexoses 6-dTal, Rha, and 3,4-di-O-methyl Rha in M. abscessus with a low proportion of 3-O-methyl
Rha, suggesting the presence of minor isomers of GLP-2a and GPL-3, in which 3,4-di-O-methyl Rha is replaced
by 3-O-methyl Rha (Figure 1C). Mass spectrometry (MS) analysis showed two major signal patterns
dominated by ion pairs at m/z 1258/1286 and 1404/1432, corresponding to GPL-2a and GPL-3, respectively
(Figure 1D) (Daher et al., 2020). The presence of both acetyl groups on 6-dTal was confirmed by MS and
MS/MS of polar glycolipids treated with mild alkali, resulting in a decrease of 84 m.u. at m/z 1174-1202 for
GPL-2a and at m/z 1320-1348 for GPL-3 on the MS spectrum (Figure S2A). Comparison of the MS/MS
fragmentation patterns of native and alkali-treated glycolipids confirmed the structure of GPL-3 and GPL-2a
and the localization of acetyl groups on 6-dTal (Figures 1E, 1F, S2B and S2C). Finally, MS analysis of individual

bands (data not shown) confirmed the migration pattern of GPL on a TLC plate (Figure 1B).
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Deletion of gtf3 leads to accumulation of GPL-2a whereas deletion of gtf1 is associated with new GPL-1b
and GPL-2b glycoforms.

TLC analysis showed that A3 accumulates a set of glycolipids, tentatively related to GPL-2a (Figure 1B). MS
analysis showed a pattern dominated by ion pairs at m/z 1258/1286 in the native fraction (Figure 1D) and
m/z 1174-1202 on a saponified fraction (Figure S2A) that were identified as GPL-2a based on the MS/MS
fragmentation pattern (data not shown). The absence of Rha in the polar glycolipid fraction confirmed that
A3 fails to synthesize GPL-3 (Figure 1C).

Al and A1,3 synthesize a set of glycolipids different from the WT strain, characterized by the absence of
GPL-2a and GPL-3 (Figure 1B, 1C and 1D). MS analysis of Al revealed two clusters of signals with a difference
of 146 m.u centered at m/z 1188/1202 and 1014/1042 (Figure 1D). MS/MS analysis of the characteristic
parent ion at m/z 1188 established the presence of a terminal Rha-(Me),Rha-disaccharide through the
observation of fragment ions M-146 at m/z 1042 and secondary ions at m/z 517/371 574/428 763/617
without loss of (Ac),dTal (Figure S3A). MS/MS analysis of the characteristic parent ion at m/z 1042 established
the presence of a terminal (Me),Rha residue owing to the observation of the fragment ion M-174 at m/z 867
and the absence of Rha and (Ac).dTal (Figure S3B). MS analysis of saponified GPL did not show an 84 m.u.
decrease, further demonstrating the absence of (Ac).dTal (Figure S2A). Altogether, these analyses indicate
that Al synthesizes two new GPL isomers devoid of (Ac).dTal, designated GPL-2b and GPL-1b, substituted or
not by a terminal Rha on the (Me),Rha. MS analysis of A1,3 showed a single cluster of signals with similar m/z
values to GPL-1b (Figure 1D). The MS/MS fragmentation pattern of the signal at m/z 1042 confirmed the
identification of GPL-1b (Figure S3C). The presence of a single Rha was confirmed by homo- and heteronuclear
NMR spectroscopy, as exemplified by the assignment of glycan and peptide moieties on the *H-13C HSQC
spectrum (Figure S3D). In agreement with the compositional analysis (Figure 1C), two isomers of mono-
glycosylated GPL-1b substituted with Rha or MeRha instead of (Me),Rha were also identified by MS/MS in

the lipid polar fraction isolated from A1,3 (data not shown and Figure 1C).

Non-glycosylated lipopeptide intermediates accumulate in the gtf2 mutant.

The absence of orcinol-sensitive bands on the TLC plate and the lack of GPL signal on the MS spectra implies
that deletion of gft2 abrogates GPL synthesis (Figure 1B and 1C). However, staining with phospho-molybdic
acid showed the accumulation of two compounds in A2 and Al,2, tentatively assigned to non-glycosylated
GPL biosynthetic intermediates (Figure S3E). The MALDI-TOF spectrum of the lower R¢ polar lipid in A1,2
showed two intense ions at m/z 838 and 866 that can be attributed to the unmethoxylated C28 and C30
tripeptide bound to an alaninol residue (Figures 1D and S3F). The *H-'H COSY NMR spectrum confirmed the

presence of three amino acids Ala, Thr and Phe as well as alaninol (Figure S3G). Similar analyses of the polar
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lipid with a higher R¢ of Al,2 indicated the presence of the unmethoxylated C28 and C30 tripeptide linked to
a valinol residue (data not shown).

Overall, structural analyses of the various gtf mutants identified at least 5 distinct GPL glycoforms (Figure
2A). Similar to previous studies (Howard et al., 2006; Lee et al., 2017; Ripoll et al., 2007), we show here that
GPL-3 and GPL-2a are predominantly synthesized in the WT S strain but absent in the R variant. While only
GPL-2ais found in A3, the newly described GPL-1b and GPL-2b accumulated in A1. A2 and A1,2 do not produce
GPL but accumulate non-glycosylated lipopeptide intermediates. Importantly, only GPL-1b was detected in
A1,3 which implies that Gftl could not transfer (Ac).dTal onto the unglycosylated lipopeptide and that the
transfer of (Me);Rha by Gft2 precedes Gftl activity, similar to M. avium (Eckstein et al., 2003) (Figure 2B). In
these two NTM species, Gtf2 in M. abscessus and its ortholog in M. avium, first catalyze the linkage between
Rha and the branched-chain amino-alcohol, alaninol. Next, the addition of the second Rha to the first Rha or

of 6-dTal to the threonine residue are accomplished by Gtfl or Gtf3.

Deletion of gtf1 or gtf2 affects morphological and physiological properties of M. abscessus in vitro.

While it is well established that mutations in genes involved in peptide core production (mps1 and mps2) or
in transport (mmpL4a and mmpl4b) of GPL are responsible for the morphological S-to-R transition (Johansen
et al., 2020a), the role of the different monosaccharides decorating the GPL backbone in this process remains
unknown. We, therefore, appraised whether gtf deletions had an impact on colony morphology.
Observations of individual colonies on Tryptic Soy agar show that, in contrast to the parental WT S progenitor,
all mutants lacking either gtf1 or gtf2 (A1, A2, A1,2, A1,3, A2,3, and A1,2,3) formed rough, corded colonies
(Figure 3A). While functional complementation of Al restored a smooth morphotype (A1_C), this was not
the case for A2, despite apparent recovery of GPL production in A2_C (Figure 3A). In contrast, deletion of
gtf3 did not affect the morphology of the strain, which remained smooth (Figure 3A).

Partitioning of mycobacterial pellets between hexadecane and aqueous buffer has been used as a
guantitative marker of cell surface hydrophobicity in mycobacteria to associate low pathogenicity with
reduced hydrophobicity (Jankute et al., 2017). To determine whether the GPL glycan moieties affect the
surface hydrophobicity, aqueous hexadecane-buffer partitioning was applied to the S, R, A1, A1_C, A2, A2_C,
A3, A3_C, Al1,2, A1,3, A2,3 and A1,2,3 strains. The Afmt mutant with a smooth phenotype, lacking the O-
methyltransferase of the GPL lipid moiety, was included as a highly hydrophilic control strain (Daher et al.,
2020). The complemented Afmt strain (Afmt_C) displaying parental hydrophobicity levels, was also added in
this assay. Consistent with their colony morphotype, S, A3_C, and Afmt_C were more hydrophilic than the R,
Al, A2, A1,2, Al1,3, A2,3, and A1,2,3 strains, while A1_C and A2_C showed partial phenotype restoration
(Figure 3B). Only A3 and Afmt were significantly more hydrophilic than the parental S strain (Figure 3B),

suggesting that removal of 6-dTal and/or the internal Rha increases the surface hydrophobicity of M.
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abscessus. This, however, does not affect the in vitro growth of the strains, indicating that deletion of the gtf
genes does not impact the replication rate of M. abscessus in planktonic culture (Figure S4A).

Previous studies demonstrated that smooth strains of M. abscessus display a higher capacity to slide on
agar and a lower propensity to aggregate compared to rough strains (Deshayes et al., 2005; Martinez et al.,
1999). We thus measured the sliding distances of the gtf mutants on 7H9 supplemented by 0.3% agar. All
rough strains (except A2_C) showed significantly reduced motility compared to smooth strains (Figure 3C).
Consistently, all cord-forming mutants (rough strains) produced intense bacterial aggregates at the bottom
of the glass tubes, while smooth strain cultures remained homogenous and turbid (Figure S4B). This indicates
that the gtf1- and gtf2-deletion mutants were associated with low sliding and high aggregation capacities.
Whether this affects their ability to form biofilms was investigated using the Crystal Violet (CV) assay. The CV
absorbance at 570.m was ~2 fold higher for rough strains (except for A2_C) compared to smooth strains
(Figure 3D). In contrast, the CFU counts in the biomass formed at the bottom of the glass tubes were much
higher in the smooth strains (Figures 3E and S4D). Examination of biofilm formation in 6-well plates revealed
that they were visible as pellicles at the air-liquid interface. The pellicles of the smooth variants appeared
more filamentous and reticulated while those of rough variants appeared thinner (Figure S4C).

We next investigated whether the glycan moieties affect the drug susceptibility profile of M. abscessus
towards a panel of clinically used antibiotics. Although S and R strains shared comparable minimal inhibitory
concentrations (MIC) to cefoxitin, imipenem, bedaquiline and amikacin, all R strains exhibited a 4-fold
increase in susceptibility to rifabutin (MIC =12.5 pg/mL) compared to S strains (MIC = 50 pg/mL) (Figure S4E).

These results highlight the importance of GPL glycosylation in resistance to rifabutin.

Deletion of gft1 and gtf2 leads to large extracellular cords and abscesses in zebrafish embryos.

The zebrafish embryo has recently emerged as an excellent model for studying the in vivo pathophysiology
and drug susceptibility traits of NTM species, and in particular M. abscessus (Bernut et al., 2014b, 20143;
Johansen and Kremer, 2020). Embryos are optically transparent and display functional innate immunity from
24 hrs post-fertilization, allowing visualization of host-pathogen interactions in real-time using fluorescent
bacterial reporters (Cronan and Tobin, 2014). Furthermore, exploitation of the zebrafish model uncovered
the dissection of S and R variant virulence traits, with the R variant forming large serpentine bacterial cords
that lead to abscess formation and tissue destruction, while the S variant leads to a chronic and comparatively
avirulent disease phenotype (Bernut et al., 2014a). Thus, in this study, we sought to determine whether Al
and A2 maintain their rough phenotype in an in vivo setting, and whether they similarly display the
pathophysiological signs of the R variant of M. abscessus infection. Infection of embryos with ~250-300 CFU
of M. abscessus resulted in significant embryonic mortality in the WT R-infected, Al or A2 groups compared
to all other sets (Figure 4A). Importantly, embryos infected with the complemented Al or A2 strains,

exhibited similar virulence to WT S strain. Furthermore, there was a significant increase in mortality in A2-
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infected embryos compared with WT R, highlighting that this mutant displays greater virulence in the
zebrafish embryo model. To further dissect the pathophysiological traits of gtf mutants compared to their
WT counterpart, we examined the kinetics of extracellular cord and abscess formation in real-time using a
fluorescent microscope. When examining extracellular cord formation, we observed that there was a
significantly greater proportion of embryos with cords in wild-type R, Al or A2 mutants compared with the
parental WT S and corresponding complemented strains. This phenotype was apparent as early as 2 days
post-infection (dpi), and was even more pronounced at 4 dpi (Figure 4B). We observed significantly lower
proportions of embryos with cords in the A1 _C or A2_C complemented strains compared to their
corresponding parental mutant, demonstrating that complementation abrogates cord formation in these
mutants and further emphasizing that cord formation is a critical driver of increased virulence in these
mutants. When we examined the total number of cords per embryo in each group, we identified a similar
number of cords per embryo in the wild-type R, Al or A2 groups, which differed significantly from the WT S
and the complemented strains (Figure 4C). Abscess formation is strongly correlated with cord formation,
often arising due to unrestrained extracellular cord expansion leading to substantial tissue destruction at
infection sites (Bernut et al., 2014a). As such, we further examined whether abscess formation differed in Al
or A2 compared with WT strains. We observed significantly increased abscess formation in the A2 group
compared with the parental WT S and the complemented A2 groups as early as 2 dpi, highlighting a plausible
mechanism for the increased virulence of this strain compared with the WT R (Figure 4D and 4F). At 4 and 6
dpi, we identified significantly greater proportions of embryos with abscesses in the wild-type R, Al or A2
groups compared with the parental WT S and corresponding complemented strains. When we further
stratified abscess formation in embryos, we identified that WT R, A1 or A2 groups displayed an increased
number of abscesses per embryo compared with wild-type S and complemented strains. This confirms that
abscess formation strongly correlates with the presence of extracellular cord formation in the zebrafish
embryo (Figure 4B-4F). Overall, using the zebrafish embryo, we can conclude that deletion of gtf1 or gtf2
leads to a stable rough phenotype that is preserved in an in vivo setting and displays the pathophysiological
hallmarks of WT R infection, such as the large extracellular cord and abscess formation.

Strains lacking GPL production form cords that represent a typical marker and trait associated with acute
infection and disease severity (Bernut et al., 2014c; Gutiérrez et al., 2018; Howard et al., 2006). The question
remains whether smaller modifications, such as glycosylation, in the GPL structure induce cord formation,
both within and outside the macrophage. To address this question, human THP-1 macrophages were
individually infected with all strains of M. abscessus and the fate of the bacilli was examined at 3 dpi.
Intracellular and extracellular giant cords were observed with all strains lacking either gtf1 and/or gtf2 (Figure
S5). Complementation of Al inhibits cord formation in this strain, whereas complementation of A2 retains
the ability to generate these bacterial structures (Figure S5). These observations suggest a direct link between

the absence of 6-dTal or the first Rha in cord formation.
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6-dTal and di-Rha are required for M. abscessus uptake by macrophages.

Glycans displayed at the surface of microbial pathogens play an important role in mediating early interactions
between microbes and the host, facilitating the first steps of infection. We investigated the impact of GPL
glycosylation on the adhesion and invasion of M. abscessus by human THP-1 macrophages. Cells were
infected with M. abscessus S, R, A1, A1 _C,A2,A2 C,A3,A3 C,A1,2,A1,3,A2,3 or Al,2,3 expressing tdTomato
for 3 hrs at a multiplicity of infection (MOI) of 2:1, prior to assessing phagocytosis and intracellular growth.
After infection and treatment with 250 pg/mL amikacin to prevent extracellular bacterial growth,
macrophages were lysed at 3, 24, and 72 hrs post-infection (hpi) and plated to determine intracellular
bacterial burden. At day 0 (3 hpi), the invasion rate of single, double and triple mutants was reduced by ~ 0.5
log compared with the parental WT S, and this effect was rescued in all complemented strains (A1_C, A2_C
and A3_C) (Figure 5A). This decrease in bacterial burden was maintained at 24 and 72 hpi (Figure 5A). In
parallel, at 3, 24, and 72 hpi, macrophages were stained with anti-CD43 and DAPI. Microscopic observations
and quantification of infected cells revealed a marked reduction in the number of THP-1 cells infected with
single, double and triple mutants immediately after phagocytosis. This effect was also maintained over time
compared with cells infected with WT progenitors or complemented strains (Figure 5B and 5C). To assess the
consequences of the invasion defect on intracellular bacterial loads, infected macrophages were classified
into three categories at 3 hpi based on their bacterial content: weakly infected (<5 bacilli), moderately
infected (5-10 bacilli) and heavily infected (>10 bacilli), as illustrated in Figure 5D. This quantitative analysis
indicates that deletion of the gtf genes in single, double and triple mutants profoundly reduced the
percentage of moderately and heavily infected THP-1 cells while increasing the proportion of the weakly
infected category (Figure 5C and 5D). Together, this indicates that i) GPL are involved in M. abscessus
internalization by macrophages, and ii) deoxy-talose and extra rhamnose are both required for optimal
internalization.

As a first step to characterize the putative receptor(s) involved in M. abscessus entry into macrophages,
we performed binding competition experiments. Since GPL monosaccharides are involved in the uptake of
M. abscessus by macrophages and M. smegmatis GPL have previously been reported to interact with the
macrophage Mannose Receptor (MR) and the lectin domain of Complement Receptor 3 (CR3) (Villeneuve et
al., 2005), we investigated the possible involvement of three lectins, MR, CR3, and Dectin-1, a B-glucan-
binding lectin (Brown and Gordon, 2001) like CR3. Therefore, cells were pre-treated 1 hr prior to infection
with 100 pg/mL of soluble ligands of each of the three lectins: mannan for MR (Shepherd et al., 1983),
laminarin for Dectin-1 and CR3 (Gantner et al., 2005; Xia and Ross, 1999), or methyl-a-D-glucopyranoside for
CR3 (Lin et al., 2010). At 3 hpi, intracellular bacterial loads were assessed by determination of CFU but no
significant impact of the various pre-treatments was observed on the ability of the different strains, S, A1,

A2, A3 or Al1,3, to invade THP-1 cells under the conditions tested (Figure S6). These competition assays do

10



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

not establish the participation of MR, CR3, and Dectin-1 in the internalization of M. abscessus S by
macrophages. This could be due to the heterogenous composition of GPL, consisting of both diglycosylated
(GPL-2) and triglycosylated (GPL-3) forms of GPL, which mitigates the potential involvement of GPL-3 in

bacterial uptake (Daher et al., 2020).

Di-rhamnosylation of GPL enhances the uptake of M. abscessus by macrophages.

To assess the contribution of GPL-3 in M. abscessus uptake, we tipped the GPL-2/GPL-3 balance in favor of
GPL-3. To do so, we cloned the gtf3 gene in fusion with an HA tag in pMV261 (pMV261-gtf3-HA), which was
used to generate the Gtf3_ov strain. Overproduction of Gtf3-HA was confirmed by Western blotting using
anti-HA antibodies. In Gtf3_ov, the level of Gtf3 production was greatly increased compared with the level in
A3_Ccarrying the integrative pMV306-gtf3-HA, unlike KasA (Figure 6A). To test whether Gtf3 overexpression
increased the proportion of the GPL-3/GPL-2 ratio, whole polar lipids were extracted and analyzed by TLC.
The GPL profile of Gtf3_ov was shifted to bands migrating closer to the origin, as would be expected for the
accumulation of GPL-3 subspecies with a concomitant reduction in GPL-2 subspecies (Figure 6B). This
indicates that in Gtf3_ov, most of the GPL-2 forms were converted to the corresponding GPL-3 forms, making
this strain particularly useful for further investigate the role of the extra Rha in functional assays.

Gtf3_ov remained smooth (Figure 3A), grew similarly to the parental S strain in planktonic cultures
(Figure S4A), was more hydrophobic than the parental CIP104536" (S) strain (Figures 3B and S4B) while
exhibiting reduced sliding motility (Figure 3C) and produced high biomass of bacteria (Figure 3E). Next, we
interrogated whether increasing the GPL-3/GPL-2 ratio influences the early interactions between M.
abscessus and macrophages. THP-1 macrophages were infected with either the parental S strain producing
both GPL-2 and GPL-3 glycoforms or with Gtf3_ov producing mainly GPL-3. The uptake of Gtf3_ov was
significantly increased (0.8 log at 3 hpi and >1 log at 24 and 72 hpi) compared with parental M. abscessus
(Figure 6C). Similar results were obtained using primary human monocyte-derived macrophages at 3 hpi
(Figure 6D). Moreover, the percentage of infected macrophages was increased 2-fold with Gtf3_ov compared
to M. abscessus S (Figure 6E and 6F). Furthermore, the category of infected macrophages containing >10
bacilli increased significantly at 3, 24 and 72 hpi (Figure 6E and 6G). Importantly, internalization of Gtf3_ov
by macrophages pre-treated with mannan, laminarin or methyl-a-D-glucopyranoside was inhibited by 35%,
45% and 50%, respectively (Figure 6H), suggesting that MR, Dectin-1, and/or CR3 may be involved in the
recognition of the recombinant strain and in the interaction with GPL-3. Collectively, these results suggest
that early interactions of Gtf3_ov with and phagocytosis by macrophages are conditioned by the extent of

GPL rhamnosylation and are dependent on the lectin receptor(s).
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Enhanced phagocytosis of GPL-3-coupled beads is mediated by C-type lectin and B-glucan receptors.

The importance of GPL-3 in the early interaction of M. abscessus with host cells prompted us to conduct an
in-depth analysis to evaluate the contribution of each GPL monosaccharide in phagocytosis. To eliminate
interference from other bacterial surface molecules, four truncated forms of GPL produced in various gtf
mutants were purified and coupled to green fluorescent beads (1 um): GPL-1b substituted by a single Rha,
GPL-2a substituted by 6-dTal and a single Rha, GPL-2b characterized by di-rhamnoside chain only and full
GPL-3 comprising 6-dTal and di-Rhamnoside (Figure 2A). Uncoated beads were included as negative control.
The ability of the lipid-coated beads to enter macrophages was analyzed by pre-incubating THP-1 cells (~10
beads/cell) for 4 hrs, followed by immunofluorescence imaging. Quantification of the percentage of bead-
containing cells clearly demonstrates that macrophages internalized significantly more GPL-2a-coaded beads
(~ 2-fold), GPL-3-coaded beads (~ 5-fold) than GPL-1b- or GPL-2b-coaded beads (Figure 7A and 7B).
Furthermore, THP-1 macrophages that phagocytosed GPL-3-coated beads contained an average of 4
beads/cell, whereas the average remains around 2 beads/cell for all other lipid-coated and uncoated beads
(Figure 7A and 7C). High-resolution confocal 3D imaging confirmed the intracellular localization of the
counted beads (Figure S7A, Movies 1 and 2). Structure-function comparison of GPL-1b-, GPL-2a- and GPL-
2b-conjugated beads indicates that the lack of 6-dTal or the extra Rha impairs the efficient uptake of GPL-
coated beads (Figure 7B), in agreement with results obtained with live bacteria.

Interestingly, uptake of GPL-2a- and GPL-3-beads was partially inhibited by mannan, laminarin or
methyl-a-D glucopyranoside (Figure 7D). Pre-incubation of cells with these compounds also significantly
reduced the average number of GPL-3 beads/macrophage (Figure S7B). To determine more specifically which
lectin receptor(s) are involved in GPL binding, we performed antibody blocking experiments, using specific
antibodies directed against MR, CR3 or Dectin-1. We found that phagocytosis of GPL2a- and GPL3-coupled
beads was primarily dependent on MR (Figures 7E, 7F and S7C). Phagocytosis of GPL3-coated beads was also
dependent on CR3, although to a weaker extent (Figure 7E and 7F). No differences were observed for the
uptake of GPL-1b or GPL-2b beads with any of the antibodies used (Figure 7F). Quantitative measurements
showed that the number of GPL-2a- or GPL-3-beads per macrophage is significantly reduced in the presence
of MR and/or CR3 blocking antibodies (Figure 7G). Overall, these results support a primarily role of MR in the

recognition of GPL carbohydrates.

DISCUSSION

Most studies have reported the effects of near-total loss of GPL in M. abscessus, portraying an incomplete
picture of the functions of these lipids in the pathogenesis of this emerging human pathogen while the
structural elements related to these functions remain elusive. This study provides an in-depth overview of

the structure-function relationship of GPL glycosylation and glyco-interactions with host receptors. We show
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that in M. abscessus, Gtfl transfers a 6-dTal to the threonine of the peptide core, while Gtf2 transfers Rha to
alaninol and Gtf3 adds an extra Rha to the alaninol-bound Rha, similar to M. smegmatis (Miyamoto et al.,
2006). Importantly, major and unexpected in vitro and in vivo phenotypes were uncovered using a set of
genetically-defined gft mutants. Results indicate that GPL glycosylation 1) influences the hydrophilicity of the
mycobacterial cell surface; 2) sustains the S morphotype; 3) facilitates the internalization of bacilli by
macrophages; and 4) attenuates the virulence of M. abscessus in macrophages and in zebrafish embryos.

Low GPL production in M. abscessus results in a rough, hydrophobic strain, promoting bacterial
aggregation and a reduced ability to form biofilms and slide (Daher et al., 2020; Viljoen et al., 2018). Lack of
O-methylation of the GPL fatty acid chain, caused by fmt inactivation, increases the hydrophilicity of M.
abscessus (Daher et al., 2020). Here, we demonstrate that loss of the 6-dTal or the internal Rha generates
highly hydrophobic variants, with phenotypes similar to the WT R strain. Atomic force microscopy revealed
that the surface of smooth bacilli comprises both hydrophilic and hydrophobic cell surface nanodomains
(Viljoen et al., 2020). Therefore, it might be speculated that glycosylation of GPL present in hydrophilic
nanodomains may mask important components required for the S-to-R transition, whereas specific loss of 6-
dTal or total glycan moiety may expose these components, thereby affecting the cell surface composition
and hydrophilic properties characterizing the S variant. Contrarily, the absence of terminal Rha residue does
not affect drastically the hydrophilic balance, suggesting a tight regulation of the surface of bacilli. Thus, in
addition to the chemical changes affected in the lipid portion of the GPL (Daher et al., 2020), these data point
to an essential role of GPL glycosylation in bacterial surface properties.

Comparative studies between S and R variants highlighted the positive correlation between low GPL
production and increased hydrophobicity with virulence in animal models (Gutiérrez et al., 2018; Johansen
et al., 2020a). These features are indicative of the critical role that surface hydrophobicity has played in the
evolution of M. tuberculosis toward greater pathogenicity and the assumption that increased hydrophobicity
enhances aerosol transmission capacity and pathogenicity (Jankute et al., 2017). The fact that hydrophobic
A1 and A2 mutants exhibit increased virulence in macrophages and in zebrafish supports this hypothesis.
Strikingly, infection with both mutants was associated with large extracellular cord formation at comparable
levels with the WT R, consistent with the fact that cording represents a hallmark of disease severity in this
animal model (Bernut et al., 2014c). Due to their excessive size, M. abscessus cords cannot be ingested by
professional phagocytes, leading to uncontrolled extracellular growth and abscess formation that rapidly
leads to larval killing, as observed with A1l and A2. This clearly indicates that, in the presence of the sole
innate immune system, the simple loss of 6-dTal and/or the internal Rha conveys a virulent phenotype and
lethal infection in zebrafish embryos.

The outermost carbohydrate-rich bacterial layer represents the interaction interface between bacteria
and host cells and is known to participate in adhesion and modulation of the immune response (Poole et al.,

2018). L-Rha is an important component of mycobacterial cell walls (Mistou et al.,, 2016). Our results
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emphasize the importance of GPL-associated Rha residues in controlling virulence and infectivity. L-Rha (6-
deoxy-L-mannose) is a monosaccharide belonging to the deoxy-hexose family, commonly encountered in
bacteria and plants (Wagstaff et al., 2021). Rha is ubiquitously incorporated into the surface carbohydrates
of Gram-negative and Gram-positive bacteria (Wagstaff et al., 2021) and is a major constituent of the surface
carbohydrates of pathogenic bacteria, such as Shigella flexneri, Pseudomonas aeruginosa or Streptococcus
pyogenes (Wagstaff et al., 2021). In addition, previous work showed the crucial role of Rha-containing
Lancefield antigens from group A Streptococcus and group B Streptococcus in bacterial growth and
pathogenesis (Caliot et al., 2012). Therefore, in addition to their role in bacterial virulence and growth, our
study indicates that di-Rha plays a direct role in the uptake of M. abscessus by macrophages. Since the
internal Rha is mono- or di-methylated, additional studies are required to address whether methylation
imparts on the internalization of M. abscessus by host cells. Similarly, P. aeruginosa mutants lacking the
capacity to produce large D-Rha-rich polysaccharide antigens adhere less efficiently to human bronchial
epithelial cells (Wagstaff et al., 2021). 6-dTal, which is the C2 epimer of 6-dGal, exerts important antimicrobial
and anti-inflammatory properties, however data focused on the contribution to bacterial pathogenicity are
scarce (Van Overtveldt et al., 2018). Our results incriminate 6-dTal, which is associated with attenuated
virulence of M. abscessus in fish, as a determinant promoting bacterial cell entry. However, as 6-dTal is di-O-
acetylated, it is unclear whether the phenotypes associated with A1l are directly related to the loss of the
monosaccharide and/or caused by the absence of the two acetyl groups. The M. abscessus gpl locus
possesses two genes, atfl and atf2, whose translation products transfer acetyl groups to 6-dTal sequentially
(Ripoll et al., 2007). Future studies on atfl and atf2 mutants are required to explore the potential
involvement of GPL acetylation in M. abscessus morphotype, virulence and internalization by host cells.

Carbohydrates are known to interact with peptides through interactions involving hydrogen bonding
with one or more hydroxyl acceptor groups of their constituting monosaccharide residues (Camiruaga et al.,
2017; Roy et al., 2016). Considering GPL-3, the di-O-acetylated 6-dTal and the external Rha exhibit free
hydroxyl groups (4 in total) that are likely to interact with their cognate receptors. In contrast, GPL-2a (lacking
the extra Rha) possesses only 2 hydroxyl groups (one on the acetylated 6-dTal and one on the internal Rha),
which may reduce hydrogen bonding and receptor affinity. Consistent with this hypothesis, phagocytosis
assays indicate that GPL-2a and GPL-3 interact primarily with MR and to a lesser extent with CR3, and that
receptor binding is augmented in the presence of the 6-dTal and the extra Rha in GPL-3. Accordingly,
phagocytosis of the Gtf3_ov strain was inhibited by mannan. However, mannan pre-incubation had no impact
on WT S uptake, most likely due to a heterogenous GPL composition comprising both GPL-2a and GPL-3 that
may mask the contribution of di-rhamnosylated GPL in MR recognition. This suggests that other receptors
are likely to be involved in the GPL-dependent uptake of M. abscessus S.

Rha, as indicated above, is structurally related to mannose and with its hydroxyl groups in equatorial

positions at the O-3 and 0-4 exhibits an optimal configuration for binding to the carbohydrate-recognition
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domains of the mannose- and fucose-binding lectins, such as the MR (Feinberg et al., 2021; Zelensky and
Gready, 2005). The mycobacterial envelopes are rich in mannose-containing glycoconjugates and several
other ligands of the MR have been previously identified, such as the mannose-capped lipoarabinomannan
(ManLAM) of M. tuberculosis or higher-order PIMs (PIMs_g), which associate with the MR via their
mannosylated a(1->2) motifs located at their non-reducing ends (Turner and Torrelles, 2018). The MR
recognizes the terminal mannosyl unit of these motifs in Ca*-fashion via its carbohydrate-recognition
domain 4, but supplementary interactions with the penultimate mannose residue allow an enhanced affinity
for disaccharide motifs (Feinberg et al., 2021). In addition to MR, our data indicate binding of GPL3 to CR3, a
heterodimer of a (CD11b) and B (CD18) transmembrane glycoproteins. It has been previously shown to
recognize a mixture of di- and tri-glycosylated forms of M. smegmatis (Villeneuve et al., 2005). Its
carbohydrate specificity is broader than initially appreciated, allowing it to react with a wide panel of
polysaccharides containing mannose, glucose, as well as galactose (Poole et al., 2020; Thornton et al., 1996).
CR3 has been involved in M. tuberculosis phagocytosis (Fenton et al., 2005) and mannosylated cell wall
components, such as PIM,, can bind directly to the lectin domain of CR3 (Villeneuve et al., 2005), arbitrating
M. tuberculosis uptake by macrophages (Turner and Torrelles, 2018). Tal is structurally related to galactose.
Although acetylated at positions 3 and 4 in GPL, the acetyl groups may allow hydrogen bonding to the

receptors binding domain.

SIGNIFICANCE

Our results indicate that the monosaccharide composition of GPL from M. abscessus affects virulence and
disease severity. It remains to be established whether GPL glycosylation is regulated in macrophages or
during infection. Polar species of GPL in M. smegmatis are produced only under carbon starvation and induce
smooth-colony formation (Mukherjee et al., 2005; Ojha et al., 2002), opening up the likelihood that the
structure of GPL in M. abscessus is modulated in response to changing environments and during intracellular
survival or infection. Thus, future studies should identify factors regulating the expression of gtf1, gtf2 and
gtf3, which would further enlighten our understanding of cell wall assembly and adaptation of M. abscessus

to its host.
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FIGURE LEGENDS

Figure 1. GPL composition characterizing the gtf mutants.

(A) Structure of methoxylated GPL-3. The Symbol Nomenclature for Glycans (SFNG) is used throughout the
figure to symbolize monosaccharides (Neelamegham et al., 2019). X represents the branched-chain amino-
alcohol, alaninol or valinol. The lipid moiety is made of a combination of saturated and unsaturated B-
methoxylated fatty acids.

(B) TLC profiles of GPL isolated from WT M. abscessus S and R strains, the single deletion mutants gtf1 (Al),
gtf2 (A2) and gtf3 (A3) as well as their complemented counterparts (A1_C, A2_C and A3_C) and multiple gtf
deletion mutants (A1,2; A1,3; A2,3; A1,2,3). WT profiles were restored in all complemented strains. TLC
plates were developed in CHCl3/CH30H/H,0 (90/10/1, v/v/v), stained with orcinol reagent and charred.

(C) Monosaccharide composition (expressed as the proportion of each monosaccharide) shows the absence
of deoxy hexoses in M. abscessus R while deletion of gtfl or gft3 induces the disappearance of 3(CHs)Rha
and 6-dTal or Rha, respectively. No deoxy hexose was observed in A2, similarly to M. abscessus R.

(D) MALDI-TOF-MS spectra of GPL from M. abscessus strains. The R variant is dominated by Ac;PIM, signal
whereas the S variant shows two heterogenous clusters of major signals at m/z 1258/1286 and 1404/1432,
tentatively identified as [M+Na]* adducts of diglycoylsated (GPL-2a) and triglycosylated (GPL-3) GPL,
respectively. Single gtf deletions induced drastic changes in the GPL profiles, as shown in the spectra.

(E) MALDI-TOF-MS? spectrum of WT GPL-3 parent ion at m/z 1432, confirms the respective positions of
monosaccharides on the peptide moiety.

(F) MALDI-TOF-MS? spectrum of wild-type GPL-2a parent ion at m/z 1286 shows the absence of the external
Rha.

Figure 2. Proposed pathway for M. abscessus GPL glycosylation.

(A) The presence of different GPL glycoforms found in WT and gtf mutants was evaluated by TLC and
confirmed by MS. While GPL-1a has not been confirmed in any of the gtf mutants, all other glycoforms (GPL-
1a, GPL-1b, GPL-2a, GPL-2b and GPL-3) were detected at specific m/z as native or saponified GPL and assigned
in the different mutants.

(B) The glycosylation biosynthetic pathway of GPL in M. abscessus was modeled based on the distribution of
individual GPL in the gtf mutants. First, Gtf2 adds the internal Rha to the branched chain amino-alcohol of
the peptidolipid core, resulting in GPL-1b. Second, Gtf1 and Gtf3 add the 6-dTal and the external Rha residue,

resulting in GPL-2b and GPL-2a, respectively. The combined action of all three enzymes generates GPL-3.
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Figure 3. Deletion of gtf genes alters colonial morphology, hydrophobicity, sliding motility and biofilm
formation.

(A) Knock-out of gtf1 or gtf2, but not gtf3, is associated with rough and corded colonies, similar to the WT R
reference strain. The various M. abscessus strains were grown on Tryptic Soy agar plates and incubated at
37° Cfor 5 days.

(B) Gtf1 and Gtf2 maintain a normal hydrophilicity index of the smooth morphotype. M. abscessus R, A1, A2,
double and triple mutants and Gtf3 overexpressing strain are more hydrophobic than S, while the A3 and
Afmt mutants hydrophilicity is significantly higher than S, as assessed by hexadecane partitioning and shown
as the hydrophobicity index (in percentage of aqueous phase OD prior to partitioning). Histograms and error
bars are means + SD of four independent experiments (each time in triplicate) (n=12). Differences between
means were analyzed for significance using a two-tailed Student’s t-test employing Welch’s correction for
unequal variances. ns, non-significant; ***p < 0.001.

(C) Disruption of gtf1 and/or gtf2 genes reduces the sliding motility distance traveled by M. abscessus strains.
Smooth morphotype strains slide more than R variants. Quantification of sliding ability. The sliding distances
were measured in mm and plotted. Histograms and error bars are means * SD of six independent
experiments (each time in triplicate) (n=18). Data were analyzed with one-way ANOVA and Tukey’s multiple
comparison. ns, non-significant; **p < 0.01; ***p < 0.001.

(D) The absence of Gtfl and Gtf2 promotes biomass formation at the air-liquid interface in M. abscessus. The
rough variants of M. abscessus develop more significant biofilm structures at the air-liquid interface than the
smooth variants. Biomass (expressed as CV absorbance) was greater with the rough strains than with the
smooth variants. Histograms and error bars are means + SD of three independent experiments (each time in
sextuplicate) (n=24). Data were analyzed with one-way ANOVA and Tukey’s multiple comparison. ns, non-
significant; **p < 0.01; ***p < 0.001. See also Figure S4.

(E) The knock-out of gtfl and/or gtf2 genes impairs biomass formation at the solid/liquid interface in M.
abscessus. Smooth variants of M. abscessus evolve more important biofilm structures at the solid/liquid
interface than rough morphotype strains. To assess the biomass development of each strain at the
solid/liquid interface, 6-day-old M. abscessus biofilms were enumerated for CFUs. Data are mean values + SD
for three independent experiments (each time in quadruplicate) (n=12). One-tailed Mann-Whitney test: ns,

non-significant; ***p < 0.001. See also Figure S4.

Figure 4. Agtfl and Agtf2 mutants lead to large extracellular cord and abscess formation in a zebrafish
embryo model.

(A) Embryos at 30 hours post-fertilization were infected with ~250-300 CFU of M. abscessus via caudal vein
injection and survival was monitored daily over a 12 day-period. Statistical analysis was performed using the

log-rank (Mantel-Cox) statistical test for survival analysis.
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(B) The presence of cords in each embryo was quantified via fluorescent microscopy at 2- and 4-day post-
infection.

(C) The number of cords per embryo was further quantified using fluorescent microscopy at 2- and 4-days
post-infection.

(D) The proportion of embryos with abscesses was identified using fluorescent microscopy at 2-, 4- and 6-
days post-infection.

(E) The number of abscesses per embryo was quantified with fluorescent microscopy at 2-, 4- and 6-days
post-infection. Statistical analysis for cord and abscess quantification was performed using unpaired students
t-tests.

(F) Representative images of each M. abscessus strain expressing the pTEC27 fluorescent plasmid in zebrafish
embryos at 4 days post-infection. Values for all data displayed are the mean + standard deviation with the

merge of three independent experiments. P < 0.05, ** <0.01, *** P<0.001.

Figure 5. Internalization of M. abscessus by macrophages requires glycosylated GPL.

(A) Intracellular bacterial load is reduced in macrophages infected with single, double or triple gtf mutants.
CFU were determined at hours 3, 24, and 72 post-infection. Data are mean values + SD for ten independent
experiments (each time in triplicate) (n=30). One-tailed Mann-Whitney test: ns, nonsignificant; ***p < 0.001.
(B) The percentage of infected macrophages decreased when cells were infected with single, double or triple
gtf mutants. Percentage of infected THP-1 macrophages at hours 3, 24, and 72 post-infection. Data are mean
values + SD for three independent experiments (each time in triplicate) (n=180). One-tailed Mann-Whitney
test: ns, non-significant; ***p < 0.001.

(C) Twelve immunofluorescent fields were taken after 24 hours post-infection at a 40X magnification (using
a confocal microscope), showing the macrophages infected with the various strains (in red). The nuclei are
shown in blue, the CD43 protein associated with the plasma membrane and present on the surface of
macrophages is stained in green. White arrows indicate mycobacteria within the macrophages. Scale bars
represent 20 um.

(D) The number of bacilli per infected macrophage declines when cells are infected with single, double or
triple gtf mutants. Analysis of the percentage of macrophage categories infected with different numbers of
bacilli. The first image illustrates a macrophage containing fewer than 5 bacilli, the second encompasses 5 to
10 bacilli, and the third comprises >10 bacilli (right panels). The surface of macrophages was detected using
anti-CD43 antibodies (green). The nuclei were stained with DAPI (blue). The macrophage categories were
counted at 3 hpi (left panel). The percentages of macrophages containing different numbers of bacilli (0-5,
5-10, and >10) are represented on the y axis. Values are means * SD for three independent experiments
performed each time in triplicate (n=900 infected macrophages). Data were analyzed using the one-tailed

nonpaired t test. ns, non-significant; ***p < 0.001.
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Figure 6. Triglycosylated GPL favors colonization of macrophages by M. abscessus.

(A) Overexpression of Gtf3-HA in M. abscessus. The gtf3 gene was fused to HA and cloned into the integrative
vector pMV306 (lane 3) or episomal pMV261 (lane 4) allowing its expression under the control of its native
promoter (in A3 strain) or hsp60 (in the wild-type smooth strain) respectively. Western blot analysis of Gtf3
expression in the complemented A3 strain or its overexpression in the wild-type S morphotype strain using
anti-HA antibodies (upper panel). The KasA protein (probed with anti-KasA antibodies) was used as a loading
control (lower panel).

(B) GPL-2 and GPL-3 accumulated in A3, and Gtf3_ov strains respectively. TLC analysis of the crude lipid
fractions of the smooth, A3 mutant, A3 complemented and Gtf3 overexpressing strains. GPL-2 and GPL-3
were separated using a solvent composed of CHCI3/MeOH (9:1, v/v) and revealed with orcinol staining after
one round of migration.

(C and D) Overexpression of Gtf3 leading to accumulation of GPL-3 enhances entry of bacilli into THP-1 and
primary human macrophages. CFU were determined at hours 3 (C and D), 24 (C), and 72 (C) post-infection.
Data are mean values + SD for three independent experiments (each time in pentaplicate (C) or quadruplicate
(D)) (n=15 (C) or 12 (D)). One-tailed Mann-Whitney test: ns, non-significant; ***p < 0.001.

(E) Two immunofluorescent fields were taken after 24 hours post-infection at a 40X magnification (using a
confocal microscope), showing the macrophages infected with the various strains (in red). The nuclei are
shown in blue and the CD43 protein is stained in green. White arrows indicate mycobacteria within the
macrophages. Scale bars represent 20 um.

(F) The percentage of infected macrophages augmented when cells were infected with Gtf3_ov strain.
Percentage of infected THP-1 macrophages at hours 3, 24, and 72 post-infection. Data are mean values + SD
for three independent experiments (each time in triplicate) (n=60 fields). One-tailed Mann-Whitney test: ns,
non-significant; ***p < 0.001.

(G) The number of bacilli per infected macrophage upsurges when cells are infected with Gtf3_ov strain.
Analysis of the percentage of macrophage categories infected with different numbers of bacilli. The
macrophage categories were counted at hours 3, 24, and 72 post-infection. The percentages of macrophages
containing different numbers of bacilli (0-5, 5-10, and >10) are represented on the y axis. Values are means
+ SD for three independent experiments performed each time in triplicate (n=900 infected macrophages).
Data were analyzed using the one-tailed nonpaired t test. ns, non-significant; **p < 0.01.

(H) Increased invasion of the strain that overexpresses Gtf3 is reduced in macrophages pretreated with
mannan, laminarin and methyl-a-D-glucopyranoside. Intracellular bacterial load is significantly reduced in
macrophages pretreated with the 3 compounds mentioned above and infected specifically with the strain
that overexpresses Gtf3. CFU were determined at 3 hpi. Data are mean values + SD for four independent

experiments (each time in triplicate) (n=12). One-tailed Mann-Whitney test: ***p < 0.001.
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Figure 7. Triglycosylated GPL-conjugated beads are efficiently phagocytosed by macrophages and
internalization depends on MR and CR3 receptors.

(A) Representative fluorescent images showing the efficiency of internalization of GPL-3-coupled beads by
macrophages. CD43 (red), DAPI (blue), fluorescent beads (green). White arrows indicate fluorescent beads
within the macrophages. Scale bars represent 20 um. See also Figure S7.

(B) Beads ingestion is optimal only when they are coupled to the triglycosylated form of GPL. Quantification
of the percentage of THP-1 containing beads was determined after 4 hours. The beads alone were used as a
negative control. The ratio of beads per macrophage was 10:1. Data are mean values + SD for three
independent experiments (each time in triplicate) (n=60 fields). One-tailed Mann-Whitney test: ns, non-
significant; ***p < 0.001.

(C) On average, macrophages ingest twice as many beads coupled to GPL-3. Quantification of the average
number of beads per macrophage was set on after 4 hours of phagocytosis. Data are mean values * SD for
three independent experiments (each time in triplicate) (n=900 macrophages containing beads). One-tailed
Mann-Whitney test: ns, non-significant; ***p < 0.001.

(D) Blocking both MR and CR3 receptors significantly reduces cell colonization by beads coupled to both GPL-
2a and GPL-3. No significant inhibition of phagocytosis was observed when the pre-treated macrophages
were incubated in presence of beads alone or coupled to GPL-1b and GPL-2b. Quantification of the
percentage of THP-1 containing beads was determined after 4 hours. Data are mean values + SD for three
independent experiments (each time in triplicate) (n=60 fields). One-tailed Mann-Whitney test: ns,
nonsignificant; ***p < 0.001. See also Figure S7.

(E) Representative fluorescent images showing the impact of neutralizing anti-MR and/or anti-CR3 antibodies
on the internalization of GPL-2a and/or GPL-3 beads by macrophages. CD43 (red), DAPI (blue), fluorescent
beads (green). White arrows indicate the presence of fluorescent beads inside macrophages. Scale bars
represent 20 um. See also Figure S7.

(F) Blocking MR or CR3 receptors with neutralizing antibodies significantly reduced cell colonization by beads
coupled to GPL-2a and GPL-3. Quantification of the percentage of THP-1 containing beads was determined
after 4 hours. Data are mean values = SD for three independent experiments (each time in triplicate) (n=180
fields). One-tailed Mann-Whitney test: ***p < 0.001. See also Figure S7.

(G) Macrophages pretreated with neutralizing antibodies ingested less beads coupled to GPL-2a (anti-MR) or
GPL-3 (anti-MR and anti-CR3) than the non-treated control beads. Quantification of the number of beads per
macrophage was performed after 4 hours of phagocytosis. The red bar in each violin plot represents median.
The colored area of a violin plot corresponds to the probability density of the data and contains first and third
quartiles. Data are mean values * standard deviation from three independent experiments (each time in
triplicate) (n=900 macrophages containing beads per condition). One-tailed Mann-Whitney test: *p < 0.05;
***p < 0.001.
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STARXMETHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Model: Bacterial Strains
Mycobacterium abscessus sensu Laboratoire de Référence ATCC19977"
stricto, strain CIP104536", smooth des Mycobactéries (IP, France)
Mycobacterium abscessus sensu Laboratoire de Référence ATCC19977"
stricto, strain CIP104536", rough des Mycobactéries (IP, France)
Al: Unmarked deletion of gtf1 in This study N/A
M. abscessus S
Al + pMV306-gtf1 : Al carrying This study N/A
pMV306-gtf1
A2: Unmarked deletion of gtf2 in This study N/A
M. abscessus S
A2 + pMV306-gtf2 : A2 carrying This study N/A
pMV306-gtf2
A3: Unmarked deletion of gtf3 in This study N/A
M. abscessus S
A3 + pMV306-gtf3 : A3 carrying This study N/A
pMV306-gtf3
S + pMV261-gtf3 : S carrying This study N/A
pMV261-gtf3
A1,2: Unmarked deletions of gtf1 This study N/A
and gtf2 in M. abscessus S
A1,3: Unmarked deletions of gtf1 This study N/A
and gtf3 in M. abscessus S
A2,3: Unmarked deletions of gtf2 This study N/A
and gtf3 in M. abscessus S
A1,2,3: Unmarked deletions of This study N/A
gtfl and gtf2 and gtf3 in M. abscessus S
E. coli XL1-Blue recAl endA1 gyrA96 thi-1 Stratagene
hsdR17 supE44 relAl
lac [F" proAB laclgZAM15
Tn10 (Tetr)]
Oligonucleotides
Primers used in this study are listed in Table S1
Zebrafish line
golden mutant (Lamason et al., 2005) N/A
Chemicals, Enzymes and kits
Hygromycin B Sigma-Aldrich Cat#H3274
Kanamycin Euromedex Cat#EU0420-B
Difco Middlebrook 7H9 Broth Thermo Fisher Scientific Cat#DF0713-17-9
Middlebrook OADC Growth Supplement Sigma-Aldrich Cat#M0678
Tween-80 Sigma-Aldrich Cat#P1754
Q5 DNA Polymerase New England Biolabs Cat#M0491L
T4 DNA Ligase New England Biolabs Cat#M0202S

NucleoSpin Plasmid Kit

Machery-Nagel

Cat#740588.50

NucleoSpin Gel and PCR Clean-up

Machery-Nagel

Cat#740609.50
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GenElute HP Plasmid Midiprep Kit Sigma-Aldrich Cat#NA0200-1KT
Laminarin Sigma-Aldrich Cat#lL9634-100MG
Mannan Sigma-Aldrich Cat#M7504-250MG
Methyl a-D-GLUCOPYRANOSIDE Sigma-Aldrich Cat#M9376-100G

Super Signal West Femto Maximum Sens

Life-Technologies

Cat#34095

Plasmids

pTEC27 (Multicopy E. coli/mycobacterial
shuttle vector expressing tdTomato under
strong mycobacteri

the control of a

promoter)

Addgene

Cat#30182

pUX1-katG (Variant of pUX1 containing the
katG gene of M. tuberculosis as a counter-
selectable marker in the presence of INH
and used for the generation of unmarked

chromosomal alterations)

(Richard et al., 2019)

N/A

pMV306 (E. coli/mycobacterial
integrative vector)

(Stover et al., 1991)

N/A

pMV261 (Multi-copy E. coli/mycobacterial

(Stover et al., 1991)

shuttle vector. Cloned genes are under the
control of the constitutive hsp60 promoter)

N/A

Software and Algorithms

Prism 9.0 Graphpad https://www.graphpad.com

Fiji (Image)) NIH https://fiji.sc

Zen (Blue edition) Zeiss https://www.zeiss.com/microscopy
/int/products/microscope-
software/zen.htmL

Imaris Oxford https://imaris.oxinst.com

Biological samples and Cell Lines

Primary human monocyte-
derived macrophages from

Etablissement Francais
du Sang (EFS), Montpellier,

N/A

human blood (Buffy coats) France

THP-1 macrophages This paper ATCC’ TIB-202"
Antibodies

Rat anti-HA (3F10) Merck Cat#11867423001
Rat anti-KasA (Viljoen et al., 2016) N/A

Mouse anti-HU CD11B Life Technologies Cat#4-0118-82
Mouse anti-HU CD206 Becton Dickinson Cat#555953
Mouse anti-HU CD43 Becton Dickinson Cat#555474
Mouse 1gG1 Becton Dickinson Cat#555746
Mouse anti-HU Dectin-1 InvivoGen Cat#tmabg-hdect
Alexa Fluor 488 anti-Mouse IgG (Goat) Life Technologies Cat#A11017
Alexa Fluor 594 anti-Mouse IgG (Goat) Life Technologies Cat#A11032
Anti-Rat IgG H&L (HRP) (Goat) Abcam Cat#ab97057
CCM analysis

TLC plate Macherey Nagel Cat#818333
Chloroform Carlo Cat#412652
Methanol VWR Cat#20864.320
Orcinol Sigma Cat#01875
Phosphomolybdic acid Sigma Cat#78560

GC analysis

6-deoxy L-Talose Carbosynth Cat#MD04657
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L-Rhamnose monohydrate Carbosynth Cat#MR00035
SOLGEL 1-MS SGE Cat#054795
MALDI TOF analysis

Super DHB Sigma Cat#50862
RMN analysis

CDCI3 Eurisotop Cat#D0O07H
CD30D Eurisotop Cat#D048B
Purification

Silica column Interchim Cat#FF-15SIHP-FO004
TLC plate Macherey Nagel Cat#809061
Coating

Fluospheres Thermo Fisher Scientific Cat#F8852
Carbonate Sigma Cat#S7795
Bicarbonate Sigma Cat#S5761
Butanol VWR Cat#83633.290
Phosphate Buffer Saline Euromedex Cat#ET330
Bovine Serum Albumin Sigma Cat#A0281

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the

Lead Contact, Laurent Kremer, (laurent.kremer@irim.cnrs.fr).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mycobacterial strains, growth conditions and reagents

All bacterial strains are listed in key resources table. Rough (R) and smooth (S) variants of M. abscessus
CIP104536" were typically grown in Middlebrook 7H9 broth (BD Difco) supplemented with 0.05% Tween 80
and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H97/°A°¢) at 37°C in the
presence of antibiotics, when required. Electrocompetent mycobacteria were transformed using a Bio-Rad
Gene pulser (25 pF, 2500 V, 800 Ohms). For bacterial selection, media were supplemented either with 1
mg/mL hygromycin for strains carrying pTEC27 (Addgene, plasmid 30182), allowing tdTomato expression, or
with 250 pg/mL kanamycin when harboring the pMV306 or pMV261 derivatives. On plates, colonies were
selected either on Middlebrook 7H10 agar (BD Difco) supplemented with 10% OADC enrichment (7H10°9AP¢)

or on LB agar or on Tryptic Soy Broth agar (Sigma). Antibiotics were purchased from Sigma-Aldrich.

In vitro growth, sliding motility and sedimentation assays

Growth was inspected by inoculating the mid-log phase cultures into fresh 7H9 at an ODego of 0.05. Cultures
were incubated at 37° C with shaking and OD600 was monitored for 144 hrs using a Synergy H1 hybrid reader
(BioTek). To visualize colony morphology, bacteria from log phase cultures (ODsgo = 1) were resuspended in
phosphate buffered saline (PBS) and 2 pL of the cell suspension was spotted onto Tryptic Soy Broth agar.
Plates were then incubated for 5 days at 37° C and colonies were imaged using a Zeiss microscope equipped

with a Zeiss Plan Neo Fluor Z1x/0.25 FWD objective. Images were acquired with an Axiocam503 monochrome
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(zeiss) camera and processed using ZEN 2 (blue edition). Sliding motility was examined as previously
described (Bernut et al., 2016). M. abscessus were inoculated on 7H9 with 0.3% agar and 6 days of incubation
at 37° C, the sliding distance was measured using Imagel. For sedimentation experiments, cultures were

diluted to an ODeoo of 1 and 2 mL of culture were transferred to a glass tube. Images were taken after 5 min.

Biofilm assays

Pellicle formation was assessed by inoculating 10 pL of mid-log phase cultures onto M63 medium
supplemented with 10% glucose, 1 mM CaCl; and 1 mM MgSQ,, and the samples were incubated for 6 days
at 30°C without agitation. To quantify biofilm production at the liquid/air and solid/liquid interfaces, 10 pL of
mid-log phase cultures were deposited on the surface of M63 broth (6 mL) in glass tubes. After 6 days of
incubation at 37° C, biofilms were visible at the liquid/air interface but also at the bottom of the glass tubes.
Biomasses at the bottom of the tubes were collected with M63 medium and after centrifugation and removal
of the supernatant, bacterial pellets were suspended in 1 mL PBS, diluted and finally spread on LB agar
medium. After 5 days of incubation at 37° C, the CFU were counted. The biofilms at the liquid/air interface
were stained with 1 mL of 0.1% (w/v) crystal violet in 20% (v/v) ethanol/water for 30 min. The excess stain
was washed with four consecutive PBS washes and the remaining crystal violet was solubilized in 30% acetic

acid and absorbance measured at 570nm.

Hexadecane partitioning

Exponentially-growing bacteria were washed twice in PUM buffer (100 mM K;HPQ4, 54 mM KH;PO4, 30 mM
urea, 0.8 mM MgCl,) and suspended to an ODggo of 0.7. Aliquots (3 mL) were transferred to glass tubes and
hexadecane (2.4 mL) was added. After a brief mixing, samples were incubated for 8 min at 37° C and phase
separation was allowed to occur for 15 min at 22° C. The hydrophobicity index was defined as aqueous phase
at ODeoo, expressed as a percentage of that of the bacterial suspension in PUM buffer alone (Jankute et al.,

2017).

Deletion of gtf genes in M. abscessus

The suicide vector pUX1-katG was used to generate unmarked single, double and triple deletion mutants in
M. abscessus CIP104536" (S). Briefly, the left and right arms (LA and RA, respectively) were PCR-amplified
using genomic DNA and Q5 polymerase (New England Biolabs) as well as primers 1/2, 5/6, and 9/10 (LA) and
primers 3/4,7/8, and 11/12 (RA) (Table S1). The purified LA and RA amplicons were restricted with Pacl/Mfel
and Mfel/Nhel, respectively, and ligated to the Pacl/Nhel-linearized pUX1-katG, yielding pUX1-katG-gtf1,
pUX1-katG-gtf2 and pUX1-katG-gtf3, designed to delete 1182 bp (93%), 1104 bp (88%), and 1113 bp (84%)
of the gtfl or gtf2 or gtf3 open reading frames, respectively. Electrocompetent M. abscessus was

transformed with pUX1-katG-gtf1, pUX1-katG-gtf2 and pUX1-katG-gtf3 to generate the single mutants. A3
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was subsequently used to generate the Al1,3 and A2,3 double mutants. The Al1,2 and A1,2,3 strains were
derived from Al and A1,3, respectively. The selection of bacteria having undergone the first homologous
recombination event was done by visual screening of red fluorescent colonies on 7H10°4°¢ supplemented
with 250 pg/mL kanamycin. After subculturing the culture overnight in 7ZH9"/°AP¢in the absence of kanamycin,
bacterial suspensions were serially diluted and plated onto 7H10°4°¢ with 50 pg/mL INH to select for INH-
resistant, Kan-sensitive and non-fluorescent colonies. The DNA junctions were PCR sequenced to confirm the

genotypes of the appropriate mutants using primers listed in Table S1.

Complementation and overexpression of Gtf3 in M. abscessus.

Complementation plasmids were generated by PCR amplifying the gtf1, gtf2 and gtf3 genes in fusion with an
HA-tagging sequence under the control of the hsp60 promoter (for gtfl1) or of their endogenous promoters
(175 bp for gtf2 and 500 bp for gtf3) using genomic DNA and the forward 19/21/23 and reverse primers
20/22/24 (containing the HA-coding sequence) and ligation into the integrative pMV306 cut with the
appropriate restriction enzymes (Table S1), yielding pMV306-gtfl, pMV306-gtf2 or pMV306-gtf3. All
constructs were verified by DNA sequencing and introduced into A1, A2 or A3. Overexpression was achieved
by PCR amplification of gtf3 in fusion with an HA tag using genomic DNA and the forward primer (25; Mscl)
and reverse primer (26; EcoRl). The amplicon was digested with Mscl/EcoRI and ligated into the Mscl/EcoRI-
restricted multicopy pMV261 to generate pMV261-gtf3-HA. The construct was sequenced and introduced in
WTS.

Western blotting

Bacteria were harvested, resuspended in PBS, and disrupted by bead beating using 1 mm diameter glass
beads. Protein concentration was assessed using the BCA Protein Assay Reagent kit (Pierce), according to the
manufacturer’s instructions. Equal amounts of proteins (50 ug) were separated by SDS/PAGE and transferred
to a nitrocellulose membrane. For detection of Gtfl-HA, Gtf2-HA, Gtf3-HA and KasA (loading control),
membranes were probed for 1 hr with either rat anti-HA (Sigma) or rat anti-KasA antibodies (Viljoen et al.,
2016) (dilution 1:2000). After washing, membranes were incubated for 45 min with goat anti-rat antibody
conjugated to HRP (dilution 1:5000; Abcam) and bands revealed using the ChemiDoc MP system (Bio-Rad

laboratories).

Drug susceptibility testing

The MICs were determined according to the CLSI guidelines (Woods et al., 2011). The broth microdilution
method was used in CaMHB with an inoculum of 5x10% CFU/mL in the exponential growth phase. The
bacterial suspension was seeded in 100 pL volumes in all of the wells of a 96-well plate, except for the first

column, to which 198 L of the bacterial suspension was added. In the first column, 2 pL of drug at its highest
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concentration was added to the first well containing 198 pL of bacterial suspension. Then, 2-fold serial
dilutions were carried out, and the plates were incubated for 5 days at 30°C. MIC were recorded by visual

inspection. Assays were completed in triplicate in three independent experiments.

Zebrafish infection experiments

Zebrafish experiments were completed under European Union guidelines for the handling of laboratory
animals and was approved by the Direction Sanitaire et Vétérinaire de I’"Hérault and Comité d’Ethique pour
I’Expérimentation Animale under reference 2020022815234677. Zebrafish infections were completed as
previously described (Bernut et al., 2014a, 2015). Briefly, embryos at 30 hours post-fertilization were
dechorionated and anaesthetized in tricaine prior to caudal vein injection with 2-3 nL of M. abscessus (~100
CFU/nL) expressing TdTomato fluorescent protein under the control of the pTEC27 plasmid. Following
infection, embryos were recovered in fresh embryo water and placed in 24-well plates (2 embryos/well).
Embryos were checked daily, with dead embryos removed from the well each day until 12 days post-
infection. At 2-, 4- and 6-days post-infection, embryos were anaesthetized in tricaine and placed on 3%
methylcellulose (w/v) for fluorescent microscopy using Zeiss Axio Zoom.V16 coupled with an Axiocam 503
mono (Zeiss). Bacterial cords were quantified based on size and shape of bacterial cords within the live
zebrafish embryo, which was substantially larger in surrounding size and shape as compared to neighboring
cells. Abscesses were quantified based on the large uncontrolled extracellular growth of fluorescent bacteria
that exceeded 100 um in diameter. All experiments displayed were performed in at least three independent

experiments.

Macrophage infection assays

THP-1 macrophages were grown in RPMI medium supplemented with 10% fetal bovine serum (Sigma-
Aldrich) and incubated at 37°C with 5% CO,. THP-1 monocytes were differentiated in macrophages in the
presence of 20 ng/mL phorbol myristate acetate in 24-well flat-bottom tissue culture microplates (10°
cells/well) and incubated for 48 hrs at 37°C with 5% CO,. Infection with M. abscessus strains (S, R, A1, A1C,
A2, A2C, A3, A3C, Gtf3_ov, Al1,2, Al1,3, A2,3 and A1,2,3) carrying pTEC27 (MOI 2:1) was performed for 3 hrs
at 37°Cin the presence of 5% CO,. Cells were carefully washed three times with 1x PBS and then incubated
with RPMI™S supplemented with 250 pg/mL amikacin for 2 hrs to kill extracellular bacteria. At various time
points (3, 24, and 72 hpi), macrophages were washed three times with PBS and lysed with 100 uL of 1% Triton
X100. Lysis was stopped by adding 900 uL PBS and serial dilutions were plated to monitor the intracellular

bacterial counts. CFU were counted after 5 days of incubation at 37° C.
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Immunofluorescence staining infected THP-1 macrophages

For microscopy-based infectivity assays, THP-1 cells were cultured on coverslips in 24-well plates at a density
of 10° cells/well and incubated for 48 hrs at 37° C with 5% CO. Cells were infected with tdTomato-expressing
M. abscessus (MOI 2:1) for 3 hrs, washed, treated with amikacin, fixed at 3, 24, and 72 hpi with 4%
paraformaldehyde in PBS for 20 min permeabilized using 0.2% TritonX-100 for 20 min. After blocking with
2% BSA in PBS supplemented with 0.2% Triton X-100 for 20 min, cells were incubated with anti-CD43 antibody
(Becton Dickinson; dilution 1:1000) for 1 hr and with a Alexa Fluor 488- or 594-conjugated anti-mouse
secondary antibody (Molecular Probes, Invitrogen). Cells were then stained with 1 pg/mL 4’,6-diamidino-2-
phenylindole (DAPI; Becton Dickinson) for 5 min, washed with PBS, mounted onto microscope slides using
Immumount (Calbiochem) and examined with either an epifluorescence microscope using a 63x lens
objective or using a confocal microscope using a 40x objective (Zeiss LSM880). The average proportion of
macrophages containing fewer than <5, 5-10, or >10 bacteria was quantified using Zeiss Axiovision software.
Images were acquired by focusing on combined signals (CD43 in green and red fluorescent M. abscessus) and
captured on a Zeiss Axioimager confocal microscope equipped with a 40x or 63x oil objective and processed
using Zeiss Axiovision software. Scoring the number of bacilli present within macrophages were performed
using Imagel. Equal parameters for the capture and scoring of images were consistently applied to all
samples.

Intra- and extracellular cords within or among the macrophages infected with the various R morphotype
strains were imaged using confocal microscopy. High resolution confocal microscopy images were acquired
with a LSM880 confocal microscope paired with an Airyscan module (ZEISS) with a 63x lens. The Zeiss LSM
880, Axio-Observer microscope is equipped with a Plan-Apochromat 63x Qil 1.4 NADIC M27 objective (Zeiss).
The cords or macrophages containing green fluorescent beads were sectioned (mode Z-stacks) and slices
were acquired every 0.18 um, resulting in 38-42 serial slices per image. 3D imaging reconstruction of the 3D
Airyscan confocal microscopy images was made with either Zen Black (Figure S7A) or IMARIS (Figure S5).
Each image channel was segmented individually by intensity thresholding and the final surface reconstruction

was generated by an overlay of the three individual surfaces.

Infection of primary human monocyte-derived macrophages and intracellular CFU determination

Buffy coats from anonymous donors were obtained from the Etablissement Frangais du Sang (EFS),
Montpellier, France. Peripheral blood mononuclear cells (PBMCs) were purified by Ficoll density gradient
separation (Blanchet et al., 2010). Monocytes were isolated from PBMCs using a magnetic cell separation
system with anti-CD14 mAb-coated microbeads (130-050-201; Miltenyi Biotec) and then cultured in
complete IMDM supplemented with 50 ng/mL GM-CSF (every 2 days) at 37° C under a humidified 5% CO>
atmosphere for 6 days. Cells were washed and detached with 20 mM EDTA in PBS and plated in a 24-well

plate at a concentration of 10° cells/well with complete IMDM. Monocyte-derived macrophages were
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infected with either S or Gtf3_ov strains for 3 hrs at a MOI of 2:1, washed, treated with 250 pug/mL amikacin
for 2 hrs and replenished with fresh medium. To determine the number of internalized bacilli at 3 hpi, cells

were lysed with 0.1% saponin and lysates plated on LB agar plates prior to CFU counting.

Fluorescent beads phagocytosis assay

The beads were added to the macrophages at a rate of 10 beads/cell. After 4 hrs of incubation at 37° C,
macrophages were washed five times with PBS before labeling using anti-CD43 antibodies and Alexa Fluor
594-coupled anti-mouse secondary antibody. Quantification of the percentage of macrophages containing

beads and the average number of beads per macrophage was done using an epifluorescence microscope.

Carbohydrate and antibody inhibition assays in macrophages

All carbohydrates (mannan, laminarin and methyl-a-D-glucopyranoside) were purchased from Sigma-Aldrich.
For inhibition experiments, carbohydrates (100 pug/mL) were added to the cells for 1 hr in RPMIF® medium
prior to the addition of either the GPL-coupled beads or infection with the following strains: S, Al, A2, A3,
Gtf3_ov and A1,3. Quantification of intracellular CFU and determination of the percentage of infected
macrophages and average number of beads per macrophage was performed as described above. The
antibody inhibition experiments were performed in a similar manner, except that the cells were incubated
with the specific neutralizing antibodies in RPMIF® medium for 3 hrs at a concentration of 50 ug/ml prior to
determination of the percentage of macrophages that phagocytosed the beads and the average number of

beads per macrophage.

Glycolipids extraction

GPL were extracted from bacteria grown on 7H10°°C¢ agar plates without detergent, first with
chloroform/methanol/0.3%NaCl (9:10:3, v/v/v) and then by chloroform/methanol/0.3%NaCl (5:10:4, v/v/v).
The combined solvent extracts were mixed for 5 min with chloroform and 0.3%NacCl (1:1, v/v) and centrifuged
at 3,000 g for 5 min to separate the lower-organic phase from the aqueous phase. The upper aqueous layer
was discarded and the lower-organic phase was evaporated under a stream of nitrogen and resuspended in
chloroform/methanol (2:1, v/v). Apolar and polar lipids were subjected to TLC analysis using Silica gel 60 Fas4
plates (Merck). GPL were separated using chloroform/methanol/water (90:10:1, v/v/v) and PIMs using
chloroform/acetic acid/methanol/water (40/25/6/3, v/v/v/v). Orcinol/sulfuric acid vapor was used to reveal

glycolipids while phosphomolybdic acid/ethanol was preferred for peptidolipids.

GPL purification
2-Flash chromatography. The polar lipid fraction was impregnated with silica gel overnight. Impregnated silica

was added on the top of a low-pressure silica gel column 15 um, 4 g (INTERCHIM, France) and a linear gradient
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was applied from 100 % chloroform to reach 85 % chloroform - 15 % methanol at 20 min using Puriflash
(INTERCHIM, France). This ratio was maintained for 10 min. 6 mL fractions were collected and the presence
of glycolipids was assayed by TLC. Fractions containing GPL were checked by MS then pooled, dried and
dissolved in chloroform/methanol (2:1, v/v).

1-TLC. A second round of purification was performed: 150 puL of the GPL fraction was spotted on a 150 mm
band on a 60 um silica TLC plate with a glass back (20 cm x 20 cm) and migrated in a solution of
chloroform/methanol/water (90:10:1, v/v/v). Plate sides were sprayed with orcinol/sulfuric acid and charred
while the plate center was reversibly stained with iodide vapor to label lipids. GPL-containing silica was
scraped and GPL were extracted in chloroform/methanol (2:1, v/v) under sonication for 1 hr. Silica was
filtrated on glass wool and 0.2um PTFE syringe filter. After TLC and MS analysis, purified GPL-1b was pooled
from Al and A1,3 while purified GPL-2a was prepared from A3 and WT M. abscessus. Purified GPL-2b was

prepared from Al and GPL-3 from WT M. abscessus.

Glycolipids saponification

10 pL of polar lipid fraction was dried under nitrogen, 200 pL sodium hydroxide 0.1 M in chloroform/methanol
(2:1, v/v) was added and heated for 2 hrs at 37° C. After the reaction, 1 mL chloroform and 1 mL water were
added. The mixture was agitated for 1 min then centrifuged for 30 sec. The lower chloroform phase was dried

under nitrogen and dissolved in 150 pL chloroform/methanol (2:1, v/v).

Monosaccharides composition by GC/MS

For hydrolysis step, 1 ug mesoinositol, 20 uL GPL fraction and 1 mL trifluoroacetic acid 3 M were mixed then
heated 4 hrs at 80° C and dried overnight. The reduction step was conducted for 4 hrs at room temperature
in 500 pL NaBH4 10 mg/mLin 2 M NH4OH. The reaction was stopped with dropwise addition of concentrated
glacial acetic acid. Samples were dried at 55° C under a nitrogen stream by co-distillation with
methanol/acetic acid three times, desiccated overnight and incubated in 500 pL anhydride acetic 4 hrs at 80°
C. The reaction products were extracted three times with chloroform/water. The chloroform-rich phase was
then filtered, dried and dissolved in 100 pL chloroform. 1 pL of monosaccharide derivatives was injected in
splitless mode on a Solgel 1 MS 30 m x 0.25 mm x 0.25 um capillary column with the following gradient
temperature: 120° C to 230° C at 3° C/min, then to 270° C at 10° C/min. Compounds were detected after
electronic impact at 70 eV on a HP-7820 gas chromatograph coupled to a 5976 single quad (Agilent
Technologies, Santa Clara, US) in full scan mode from 50 Da to 500 Da. To quantify GPL prior to bead coating,
similar experiments were conducted using 8 and 40 pg of Rha, 6-dTal and Man as external standards

(Carbosynth, UK).
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Bead coating

The protocol used was reported earlier (Schlesinger et al., 1994). Briefly, 15 pL containing 5.4.10% of 1um
fluorescent (Em / Ex ; 505 nm / 515 nm) sulfate microspheres beads (THERMOFISHER SCIENTIFIC, San Jose,
USA) were washed twice with 985 uL carbonate/bicarbonate 0.05M and resuspended in 1 mL PBS. Next to
GC quantification, 40 pg of purified GPL were dissolved in 50 pL of water saturated butanol before adding 950
pL of beads in PBS. Coating was performed 2 hrs at 37° C under gentle agitation. Beads were washed twice
with 1 mL PBS and blocked for 1 hr with 1 mL 5% BSA in PBS at 37 °C under gentle agitation. Beads were
washed twice then transfer for storage at -20°C with 0.5% BSA in PBS. The detection of deoxyhexoses as
trimethylsilyl derivatives in the preparation tube was negative. The bead shape was checked with confocal

microscopy.

MALDI-TOF mass spectrometry

5 pL of 10 mg/mL dihydroxybenzoic acid (DHB) in chloroform/methanol (1:2, v/v) were mixed with 5 uL of
the sample extract in chloroform/methanol (2:1, v/v). 1-2 pL of sample was spotted on MALDI plate with a
glass capillary tube. MS and MS" spectra were acquired on an Axima Resonance (Shimadzu, Kyoto, Japan) in
reflectron mode. For MS? experiments, ion selection was set from 250 to 500 and collision energy was tuned

from 300 eV to 600 eV.

Nuclear Magnetic Resonance

Flash purified GPL were dried and dissolved in a mixture of CDCl3/CDsOD (2:1, v/v) with 0.03 % trimethylsilane
(EURISOTOP, France) three times then dissolved in a final volume of 270 uL. The sample was then introduced
into a 3 mm glass tube (SHIGEMI, Allison Park, PA, US). A TBI probe was used to observe *H and *3C nuclei at
293°K on an AVANCE Il system (BRUKER BIOSPIN GmbH, Germany). Impulsion sequences used for
homonuclear and heteronuclear experiments were from the manufacturer. After acquisition, phase

correction and calibration on methanol signals were performed for 6§ *H and & 3C.
Statistical analyses

Statistical analyses were performed on Prism 9.0 (Graphpad) and detailed for each figure legend: *P < 0.05,

** P <0.01, and *** P <0.001.
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SUPPLEMENTAL INFORMATION

Figure S1. The unmarked deletion strategy was used to individually or simultaneously delete the three M.
abscessus genes that encode GPL glycosyltransferases

(A) The gtf1 gene is sandwiched between the rmt4 and atfl1 genes; gtf2 is wedged between rmt3 and fmt;
finally, gtf3 is positioned to the right of rmlA and to the left of rm/B. Plasmids pUX1-katG-gtf1, pUX1-katG-
gtf2 and pUX1katG-gtf3 were generated to remove the Mab-gtfl, Mab-gtf2 and Mab-gtf3 genes by double-
homologous recombination. Genomic fragments of 1039, 1031 and 1014 bp corresponding of the left arms
DNA sequences of the Mab-gtf1, Mab-gtf2 and Mab-gtf3, respectively, were amplified by PCR and subcloned
into the Pacl and Mfel sites of plasmid pUX1-katG (Daher et al., 2020; Richard et al., 2019). The right arms
DNA sequences of the Mab-gtf1, Mab-gtf2 and Mab-gtf3 were amplified from genomic DNA by PCR (1043,
1033 and 998 bp, respectively) and cloned into the Mfel and Nhel sites of plasmid pUX1-katG. The resulting
suicide plasmids (lacking motifs for episomal replication or mobile elements promoting chromosomal
integration) were used to transform M. abscessus, in which they could only propagate via homologous
recombination between the cloned sequences and their chromosomal homologous sequences. The first
recombination events were selected in the presence of kanamycin. Single red fluorescent tdTomato-
expressing clones were subjected to the second round of recombination selected on isoniazid and screened
for double crossover phenotypes, i.e., loss of red fluorescence, sensitivity to kanamycin, and resistance to
isoniazid. Dotted lines represent the size (indicated above each line) of the expected PCR products in M.
abscessus WT, A1, A2, and A3. Black arrows represent the primers used for PCR analysis.

(B) PCR analysis demonstrating the deletion of gtf1, gtf2, gtf3, gtfl/gtf2, gtfi/gtf3, gtf2/gtf3 and
gtf1/gtf2/gtf3 in the various mutant strains. Genomic DNA from WT bacteria was used to amplify the intact
gtfl or gtf2 or gtf3 loci. Amplicons were subjected to sequencing to confirm the deletion of gtfl or gtf2 or
gtf3 genes.

(C) The gtf1, gtf2 and gtf3 mutants were complemented using the integrative vector pMV306 containing the
open reading frames of gtfl or gtf2 or gtf3 fused to a HA tag on the C-terminal side. In the complemented
strains, gtfl expression was controlled by the hsp60 promoter while gtf2 and gtf3 expression levels were
dictated by their own promoters respectively. The molecular weight in kDa is indicated for each
glycosyltransferase fused with an HA tag at the bottom of each schematic illustration.

(D) Western blot analysis of A1_C, A2_C, and A3_C strains expressing the different Gtf proteins in fusion with

an HA tag (left panel). KasA was included as a loading control (right panel).
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Figure S2. Mass spectrometry analysis of deacetylated polar glycolipids.

(A) MALDI-TOF-MS spectra acquired in positive mode of Mab S show signals patterns at m/z 1174/1202 for
deacetylated GPL-2a and 1320/1348 for deacetylated GPL-3. Single deletion of gtf3 clearly showed a similar
cluster at m/z 1174/1202 for deacylated GPL-2a.

(B) MALDI-TOF-MS? spectrum in positive mode of wild-type deacylated GPL-3 parent ion at m/z 1348 shows
fragment Da (in bold) compared to MS? spectrum of native GPL-3 (Figure 1E), which confirms the positions
of acetyl groups on dTal.

(C) MALDI-TOF-MS? spectrum in positive mode of wild-type deacylated GPL-2a parent ion at m/z 1202 shows
fragments ions with -84Da (in bold) compared to MS? spectrum of native GPL-2a (Figure 1D), which confirms

the positions of acetyl groups on dTal.

Figure S3. Structural analysis of the GPL profile in various gtfs mutants.

(A) MALDI-TOF-MS spectrum in positive mode of low Rt GPL-2b isolated from Al (upper panel) and MALDI-
TOF-MS? spectrum of parent ion at m/z 1188 (lower panel) confirm the presence of a di-O-methylated di-
rhamnosyl motif and the absence of dTal.

(B) MALDI-TOF-MS spectrum in positive mode of high R¢ GPL-1b isolated from Al (upper panel) and MALDI-
TOF-MS? spectrum of parent ion at m/z 1042 (lower panel) confirm the presence of a single di-O-methyl Rha
and the absence of dTal.

(C) MALDI-TOF-MS spectrum in positive mode of high R¢ GPL-1b isolated from A1,3 (upper panel) and MALDI-
TOF-MS? spectrum of parent ion at m/z 1042 (lower panel) confirm the presence of a single di-O-methyl Rha
and the absence of dTal.

(D) *H-13C HSQC spectrum of high Rt GPL-1b from A1,3 confirmed the presence of a single di-O-methyl Rha
substituted in C3 and C4 positions. Another O-methyl group observed at *H-13C 3.28/56.8 ppm was attributed
to 3-methoxy lipid as previously described (Daher et al., 2020). Alpha-carbons from each amino-acid were
also detected and correlated with respective beta carbons by *H-'H COSY spectrum (data not shown). Two
amino-alcohol alaninol and valinol are also observed, which confirmed the presence of the two variants GPL.
(E) TLC analysis of GPL fractions developed in CHCls/CH30OH/H,0 (90/10/1) and stained with phosphomolybdic
acid revealed two intense bands corresponding to accumulated lipopeptide for mutant Al,2. Lower intensity
was observed for mutant A2. The circled band was further analyzed by MALDI-MS and NMR.

(F) MALDI-TOF MS spectrum in positive mode of the lipopeptide isolated from A1,2 (Figure S3E circled lower

Rf band) showed two ions at m/z 838 and 866. This mass shifted at m/z 866 and 894 for the higher R¢
accumulating band.

(G) *H-1H COSY spectrum allows the amino-acid sequencing of the lipopeptide isolated from A1,2 (Figure S3E,

circled lower Rf band). Higher Rf lipopeptide did not show the presence of alaninol residue (data not shown).
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Figure S4. Deletion of gtf1 or gtf2 promotes bacterial sedimentation in in vitro culture, abolishes the ability
of bacilli to form thick and filamentous biofilms on a liquid surface and increases the susceptibility of Mab
to rifabutin.

(A) The 3 glycosyltransferases are not involved in the growth of bacilli in vitro. Growth curve of parental S,
wild-type R, A1, A1 _C, A2, A2 _C, A3, A3 _C, Gtf3_ov, Al1,2, A1,3, A2,3 and Al,2,3 strains in 7H9 medium at 37
°C. Data is representative of three independent experiments.

(B) Bacilli that do not express Gtfl or Gtf2 sediment rapidly in in vitro culture. Like the parental S strain, but
unlike the R variant, A3 does not sediment rapidly in liquid culture. However, the Al, A2, double and triple
mutant strains do sediment rapidly in in vitro culture. Note that the Gtf3-ov strain partially sedimented for
the same amount of time. Finally, the A2_Cvariant sedimented like an R strain but forming a hill at the bottom
of the glass tube. Experiments were carried out three times.

(C) Strains belonging to the S morphotype form filamentous biofilms on the surface of the liquid M63 medium
while R variants establish a thin layer dotted with spaced white spots. Pellicle-forming capabilities of M.
abscessus S, R, A1, A1 _C,A2, A2 _C,A3,A3 C, Gtf3 ov, Al,2,A1,3,A2,3 and A1,2,3 strains. Experiments were
carried out three times.

(D) Biofilm formation (liquid/air interface) and planktonic growth (solid/liquid interface) in glass tubes. The
M. abscessus S, R, A1, A1 C, A2, A2 _C, A3, A3_C, Gtf3_ov, Al1,2, A1,3, A2,3 and A1,2,3 strains were grown, in
static conditions at 37 °C, in M63 medium and in glass tubes. Pictures were taken after 6 days of incubation.
(E) Absence of gtfl or gtf2 makes bacilli 4 times more susceptible to rifabutin. Drug susceptibility profile of
M. abscessus S, R, A1, A1_C, A2, A2_C, A3, A3_C, Gtf3_ov, Al1,2, A1,3, A2,3 and A1,2,3 strains to various
antibiotics (cefoxitin, imipenem, bedaquiline, amikacin and rifabutin) in CaMBH. MIC (ug/mL) were

determined following the CLSI guidelines.

Figure S5. Inactivation of the gtf1 or gtf2 genes in the smooth morphotype variant gives the bacilli the
ability to establish cords in cellulo.

One immunofluorescent field per strain was taken at 3 days post-infection showing macrophages infected
with M. abscessus expressing Tdtomato (red). The surface of the macrophages was detected using anti-CD43
antibodies (green). The nuclei were stained with DAPI (blue). The S, A1_C, A3 and A3_C strains belong to the
smooth morphotype and therefore do not form cords in cellulo. In contrast to the smooth variants, the rough
strains which are R, A1, A2, A2_C as well as the double and triple mutants form intracellular and extracellular
cords ex vivo. C.: cord. The scale bars for all images taken in normal confocal mode represent 20 um.

Two images for each of the R, Al and A2 strains were taken in Z-stack Airyscan mode to illustrate in 3D the
cords established inside the macrophages as well as outside the cells. A Z-stack series was collected with a

Zeiss LSM880 Airyscan confocal microscope and images were assembled and reconstructed with Imaris 3D
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software. |.C.: intracellular cord, E.C.: extracellular cord. The scale bars for the three 3D images showing

either the intracellular cords or the other three extracellular cords represent 3 um and 5 um, respectively.

Figure S6. Uptake inhibition was not observed when pre-treated macrophages were infected with the
strains: S or Al or A2 or A3 or A1,3. Invasion of the strains (S or Al or A2 or A3 or A1,3) was not reduced in
macrophages pretreated with mannan, laminarin and methyl-a-D-glucopyranoside. CFU were determined at

3 hpi. Data are mean values + SD for four independent experiments (each time in triplicate) (n=12).

Figure S7. Steric hindrance of MR and CR3 receptors reduces the average number of internalized GPL-3-
coupled beads per macrophage

(A) Maximum intensity projection reconstruction of two three-dimensional macrophages (red) containing
fluorescent beads coupled to GPL-3 (green). The two images were created by merging serial scans of
extremely thin (0.18 um) cell sections, observed under confocal microscopy (LSM880) in Airyscan Z-stack
mode at 63x magnification. Showing in the y/z plane the depth of the two macrophages. The nuclei were
stained with DAPI (blue).

(B) On average, macrophages pre-treated with mannan or laminarin or methyl-a-D-glucopyranoside ingested
less GPL-3-coupled beads than those not pre-treated. Quantification of the average number of beads alone
or coupled to GPL-1b, GPL-2a, GPL-2b or GPL-3 per macrophage was performed after 4 hours of phagocytosis.
The red bar in each violin plot represents median. The colored area of a violin plot corresponds to the
probability density of the data and contains first and third quartiles. Data are mean values * SD for three
independent experiments (each time in triplicate) (=900 macrophages containing beads per condition).
One-tailed Mann-Whitney test: ***p < 0.001.

(C) Representative fluorescent images showing the impact of neutralizing anti-CR3 and anti-Dectinl
antibodies on the internalization of GPL-2a- or GPL-3-coupled beads by macrophages. CD43 (red), DAPI
(blue), fluorescent beads (green). White arrows indicate the presence of fluorescent beads inside

macrophages. Scale bars represent 20 um.

Movies 1 and 2. These two movies show two different macrophages that phagocytosed 3 or 8 green

fluorescent beads coupled to GPL3. Image acquisition was performed using a confocal microscope in AiryScan

Z-stack mode. Both videos were generated using the Zen program (blue edition).
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Table S1. Primers used in this study. Restriction sites are in bold and underlined.

Number

5’->3’ sequence

Restriction site

F (sense),
R (antisense)

Cloning in pUX1-katG

1 gagaTTAATTAAGAAATATCTGGCGACA Pacl To clone the left arm of gt
TCGGTTCATAAGATTTTTTGAC in pUX1-katG (F)
2 gagaCAATTGGTAACTCGCCAGCACAAATTTCATCGCTTC Mfel To clone the left arm of gt
in pUX1-katG (R)
3 gagaCAATTGGAAAGTGCTGTCGCTGCCGCG Mfel To clone the right arm of
gtfl in pUX1-katG (F)
4 gagaGCTAGCGCAATGACAAAGAACAGCAACAGATTCAGACTG Nhel To clone the right arm of
gtfl in pUX1-katG (R)
5 gagaTTAATTAACTTGACAAAGCGGTACATCCGGTATTCG Pacl To clone the left arm of gt
in pUX1-katG (F)
6 gagaCAATTGCACGCTGACGGATGGTTCGACATC Mfel To clone the left arm of gt
in pUX1-katG (R)
7 gagaCAATTGGCAGTCTCCGCTCAGATGACCTC Mfel To clone the right arm of
gtf2 in pUX1-katG (F)
8 gagaGCTAGCGATTCCTCTTGATCGCGATGCTGCG Nhel To clone the right arm of
gtf2 in pUX1-katG (R)
9 gagaTTAATTAATTGTCGTAGAAGTACAGCCCCGGTA Pacl To clone the left arm of gt
in pUX1-katG (F)
10 gagaCAATTGTTTCATGACGGTATAGACCTCCCCGAT Mfel To clone the left arm of gt
in pUX1-katG (R)
11 gagaCAATTGTCTCTGGTCTCGGACCTACGCA Mfel To clone the right arm of
gtf3 in pUX1-katG (F)
12 gagaGCTAGCTTGTTTCTCACGTGCCAACCGCG Nhel To clone the right arm of
gtf3 in pUX1-katG (R)
Primers to verify double homologous recombination
13 GTGTTCGACTCGGTGGTCGTGATTCAC - To check double
homologous recombinatig
Al (F)
14 GTTTTTCCACGACAAACCAACTGAAAGCC - To check double
homologous recombinatid
Al (R)
15 TCGACGACGTTCATCACTCAACTATACCTATC - To check double
homologous recombinatig
A2 (F)
16 CTTTCAGTTGGTTTGTCGTGGAAAAACGCG - To check double
homologous recombinatig
A2 (R)
17 GAATCGAACGTTCCGGTGTCCAG - To check double
homologous recombinatid
A3 (F)
18 CATCGCGAAACTTCCCGACAACG - To check double
homologous recombinatig
A3 (R)
Cloning in pMV306-KanR
19 gagaCAATTGCCATGAAATTTGTGCTGGCGAGTTACGGAACG Mfel To clone the gtfi-HA ORF
pMV306 (F)
20 gagaGTCGACCTAAGCGTAATCTGGAACATCGT Sall To clone the gtf1-HA ORF
ATGGGTATGCCGAACACCTCGCCTGCG pMV306 (R)
21 gagaTCTAGATGGACGACTCCGTACCATCGACGAA Xbal To clone the gtf2-HA ORF
pMV306 (F)
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22 gagaGTCGACCTAAGCGTAATCTGGAACATCGTAT Sall To clone the gtf2-HA ORF
GGGTACACCGCTTTTCGGCCGGCGGT pMV306 (R)

23 gagagaGGTACCACCAGCGGTTTGTCGTAGACCG Kpnl To clone the gtf3-HA ORF
pMV306 (F)

24 gagagaGAATTCCTAAGCGTAATCTGGAACATCGTA EcoRl To clone the gtf3-HA ORF
TGGGTATGGGTGGGAAGCCTTTGCCTC pMV306 (R)

Cloning in pMV261-KanR

25 gagagaTGGCCACCATGGCCGAGAATATTGACGTCCATTCTG Mscl To clone the gtf3-HA ORF
pMV261 (F)

26 gagagaGAATTCCTAAGCGTAATCTGGAACATCGT EcoRI To clone the gtf3-HA ORF
ATGGGTATGGGTGGGAAGCCTTTGCCTC pMV261 (R)
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Supplemental Figure 1
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Sﬁplemental Figure 3
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Supplemental Figure 6
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