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Infections caused by Mycobacterium abscessus are increasing in prevalence within patient groups 35 

with respiratory comorbidities. Initial colonisation by the smooth colony M. abscessus (S) can be 36 

followed by an irreversible genetic switch into a highly inflammatory rough colony M. abscessus 37 

(R), often associated with a decline in pulmonary function. Our understanding of the role of 38 

adaptive immunity in M. abscessus pathogenesis is largely unknown. Here, we have used 39 

intraperitoneal infection of adult zebrafish to model M. abscessus pathogenesis in the context of 40 

fully functioning host immunity. We find infection with the R variant penetrates host organs 41 

causing an inflammatory immune response leading to necrotic granuloma formation within 2 42 

weeks. The R bacilli are targeted by T cell-mediated immunity and burden is constrained. 43 

Strikingly, the S variant colonises host internal surfaces at high loads and is met with a robust innate 44 

immune response but little T cell-mediated immunity. Invasive granuloma formation is delayed in S 45 

variant infection compared to R variant infection upon which T cell-mediated immunity is required 46 

to control infection. In mixed infections, the S variant outcompetes the R variant. We also find the 47 

R variant activates host immunity to the detriment of S variant M. abscessus in mixed infections. 48 

These findings demonstrate the applicability of the adult zebrafish to model persistent M. abscessus 49 

infection and provide insight into the immunopathogenesis of chronic M. abscessus infection. 50 

 51 

Introduction 52 

Mycobacterium abscessus is an increasingly recognized human pathogen responsible for a wide 53 

array of clinical manifestations including muco-cutaneous infections, disseminated or chronic 54 

pulmonary diseases (1). The latter is mostly encountered in patients with underlying lung disorders, 55 

such as bronchiectasis or cystic fibrosis (CF). Irrespective of being a rapid-growing mycobacteria 56 

(RGM), M. abscessus displays many pathophysiological traits with slow-growing mycobacteria 57 

(SGM), such as Mycobacterium tuberculosis. These include the capacity to persist silently within 58 

granulomatous structures and to produce pulmonary caseous lesions (2, 3). In addition, M. 59 

abscessus is notorious for being one of the most-drug resistant mycobacterial species, characterized 60 

by a wide panel of acquired and innate drug resistance mechanisms against nearly all anti-tubercular 61 

drugs, as well as many different classes of antibiotics (1, 4). Consequently, this explains the 62 

complexity and duration of the treatments and the high level of therapeutic failure (5). 63 

M. abscessus exists either as smooth (S) or a rough (R) colony morphotype variants 64 

associated with distinct clinical outcomes (6). Previous epidemiological studies have highlighted the 65 

association of the R  variant, persisting for many years in the infected host, with a rapid decline in 66 

pulmonary functions (7-9). It is well established that these morphological differences between S and 67 

R variants are dependent on the presence or absence of surface-exposed glycopeptidolipids (GPL), 68 

respectively (6, 10-12). However, our knowledge of the pathophysiological characteristics and 69 
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interactions between R or S variants with the host immune cells remains largely incomplete and is 70 

hampered by the lack of animal models that are permissive to persistent M. abscessus infection 71 

(13). 72 

 73 

Intravenous injection or aerosol administration of M. abscessus in immunocompetent BALB/c mice 74 

fails to establish a persistent infection, typified by a rapid clearance of the bacilli from the liver, 75 

spleen and lungs within 4 weeks (14). Immunosuppression is required to produce a progressive high 76 

level of infection with M. abscessus in mice, as shown in nude, SCID (severe combined 77 

immunodeficiency), interferon-gamma (GKO) and granulocyte-macrophage colony-stimulating 78 

factor (GM-CSF) knock-out mice (15). 79 

 80 

The contribution of B and T cells in the control of M. abscessus infection has been studied in 81 

C57BL/6 mice with Rag2
-/-

, Cd3e
-/-

  and µMT
-/-

 knockouts (16). These studies indicated that 82 

infection control was primarily T cell dependent in the spleen, and both B and T cell dependent in 83 

the liver. In addition, IFNg-receptor KO mice (ifngr1
-/-

) were significantly impaired in their control 84 

of M. abscessus both in the spleen and in the liver, with markedly different granulomas and more 85 

pronounced in TNF
-/-

 mice (16). This points to the central role of T cell immunity, IFNg and TNF 86 

for the control of M. abscessus in C57BL/6 mice, similarly to the control of M. tuberculosis 87 

infection. 88 

 89 

In recent years, alternative non-mammalian models, such as Drosophila (17), Galleria larvae (18), 90 

and zebrafish embryos (13) have been developed to study the chronology and pathology of M. 91 

abscessus infection and for in vivo therapeutic assessment of drugs active against M. abscessus. In 92 

particular, zebrafish embryos have delivered important insights into the pathogenesis of M. 93 

abscessus and the participation of innate immunity in controlling infection (10, 19). The optical 94 

transparency of zebrafish embryos has been used to visualise the formation of large extracellular 95 

cords by the R form in vivo, representing a mechanism of immune subversion by preventing 96 

phagocytic destruction and highlighting the importance bacterial virulence factors such as the 97 

dehydratase MAB_4780 and the MmpL8MAB lipid transporter (10, 20, 21). Other studies in  98 

zebrafish embryos have demonstrated the contribution of host TNF signalling and IL8-mediated 99 

neutrophil recruitment for protective granulomatous immunity against  M. abscessus (19), and the 100 

link between dysfunctional CFTR and vulnerability to M. abscessus infection via the macrophage 101 

oxidative response (22). 102 

 103 
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Adult  zebrafish models have been well-described for the study of mycobacterial pathogenesis by 104 

Mycobacterium marinum, used as a surrogate for the closely related M. tuberculosis, and the human 105 

pathogen Mycobacterium leprae (23-26). Encompassing a fully functional immune system, 106 

previous studies in adult zebrafish with pathogenic mycobacteria such as M. marinum have 107 

unravelled the interplay between innate and adaptive immunity in mycobacterial granuloma 108 

formation and function. 109 

 110 

Herein, we addressed whether adult zebrafish may be a useful host to analyse and compare the 111 

chronology of infection with M. abscessus S and R variants and to study the contribution of the T 112 

cell-mediated immunity and granulomatous response in M. abscessus infection. 113 

 114 

Results 115 

Adult zebrafish can be chronically infected with M. abscessus. 116 

We attempted to infect adult zebrafish with approximately 10
5
 CFU per animal with the rough (R) 117 

and smooth (S) variants of the reference strain CIP104536
T
, scaled for the smaller size of zebrafish 118 

from 10
6
-10

7
 used in mouse intravenous infections (14-16). To determine if M. abscessus produces 119 

a persistent infection in adult zebrafish, we performed CFU recovery on animals across 28 days of 120 

infection (Figure 1A). Variation in the initial inoculum ranging from 10
4
-10

6
 did not appear to 121 

impact the course of infection burden with stable burden of the R variant within a 1-log window 122 

either side of the inoculation dose to 28 days post infection (dpi) and progressive growth of the S 123 

variant to approximate 1-log above the inoculation dose at 28 dpi in all three experiments. 124 

 125 

Normalising burdens across three independent experiments per M. abscessus variant to perform 126 

statistical testing, we observed statistically significant increases in the proliferation of M. abscessus 127 

S compared to R at 7, 14, and 28 dpi (Figure 1B). Furthermore, comparison of the Day 0 and Day 128 

28 burdens demonstrated M. abscessus R burdens were statistically unchanged (P>0.99, ANOVA) 129 

while M. abscessus S burdens increased by approximately 20x across the 4 weeks (P=0.024, 130 

ANOVA).  131 

 132 

Adult zebrafish mount a robust inflammatory response to M. abscessus infection. 133 

The cytokine tumour necrosis factor (tnfa) is essential for the granulomatous containment of M. 134 

abscessus in zebrafish embryos (19). To visualize tnfa transcription we next took advantage of the 135 

TgBAC(tnfa:GFP)
pd1028

 zebrafish line (27), where GFP expression is driven by the tnfa promoter, to 136 

investigate if Tnfa expression is linked to granuloma formation. Expression of GFP was analysed in 137 

adult zebrafish infected with either variant of M. abscessus at 7, 14, and 28 dpi. GFP was expressed 138 
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by host cells in close contact with M. abscessus both inside and outside of visibly organised 139 

granulomas (Figure 1C). 140 

 141 

Granuloma histopathology is accelerated during M. abscessus R infection compared to S. 142 

We next performed histology on adult zebrafish infected with fluorescent M. abscessus R or S. 143 

From 10 dpi we noted a heterogeneous mix of “unorganised lesions” visible as free bacteria around 144 

the peritoneal cavity or diffuse foci of bacteria spread throughout host tissue without concentric host 145 

nuclear organisation, and “organised granulomas” with stereotypical host nuclei ringing around a 146 

central focus of bacteria and the appearance of necrotic cores in all animals (Figure 2A). 147 

 148 

We also observed the appearance of very large granulomas filled with fluorescent bacteria and 149 

necrotic debris measuring over 500 µm in M. abscessus R-infected animals from 14 dpi onwards 150 

(Figure 2A). These large granulomas were observed only occasionally and at a rate of no more than 151 

1 per infected animal at 14 and 28 dpi (n=2 with single abscess, 9 without abscess). Three M. 152 

abscessus R-infected animals were maintained until 70 dpi, all three were found to multiple have 153 

granulomas containing fluorescent M. abscessus R demonstrating very long lasting infection is 154 

possible in adult zebrafish, and two were found to have granulomas measuring over 500 µm 155 

suggesting an increase in large granuloma formation with infection duration (Supplemental Figure 156 

1). Granulomas in M. abscessus S-infected animals did not reach this size at the 14 and 28 dpi 157 

timepoints sampled (n=15 without abscess). 158 

 159 

Oil red O staining revealed the accumulation of foam cells in cellular rim of M. abscessus R 160 

granulomas (Figure 2B), consistent with immunopathology seen in immunocompromised mice 161 

infected with M. abscessus (15). Conversely, there was little Oil Red O staining in M. abscessus S 162 

granulomas indicating a lack of foam cell formation (Figure 2C). 163 

 164 

We next quantified the number of lesions with the categories of “organised granulomas”, with host 165 

nuclear organisation into rings, and “unorganised lesions”, consisting of either diffuse foci of 166 

bacteria spread throughout host tissue or free bacteria around the peritoneal cavity at the whole 167 

animal level. The proportion of “organised granulomas” in M. abscessus R-infected adult zebrafish 168 

from appeared to increase after 10 dpi, however this change was not statistically significant (Figure 169 

3A). M. abscessus S was observed to grow freely in mesenteric spaces and form poorly organised 170 

cellular granulomas at 14 dpi before the proportion of “organised granulomas” increased at 28 dpi 171 

(Figure 3A). The proportion of “organised granulomas” was higher in M. abscessus R-infected than 172 
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in M. abscessus S-infected animals at 14 dpi suggesting granuloma formation is accelerated in R 173 

infections compared to S. 174 

 175 

These patterns were recapitulated in our quantification of fluorescent bacterial burden in each type 176 

of lesion. Significantly more M. abscessus R was observed within “organised granulomas” at 14 177 

and 28 dpi than at 10 dpi, and an increase in the proportion of M. abscessus S within “organised 178 

granulomas” was only observed at 28 dpi compared to 10 and 14 dpi (Figure 3B). The proportion of 179 

M. abscessus R within “organised granulomas” was higher than the proportion of M. abscessus S 180 

within “organised granulomas” at 14 dpi, again suggesting accelerated granuloma formation in R 181 

variant infections compared to S. 182 

 183 

T cell-dependent immunity differentially controls infection by M. abscessus variants. 184 

Given the requirement for T cells to maintain granuloma structure in adult zebrafish M. marinum 185 

infection (25), we next asked if there was T cell involvement around M. abscessus granulomas 186 

using TgBAC(lck:EGFP)
vcc4

 zebrafish (28). We observed T cell association and penetration 187 

throughout unorganised and organised M. abscessus R granulomas, but T cells were largely 188 

excluded from the cores of the very large abscess-like lesions (Figure 4A). We failed to observe T 189 

cell interaction with M. abscessus S growing “free” around peritoneal organs early in infection, 190 

furthermore the T cell response to tissue-invasive M. abscessus S was noticeably less than that for 191 

equivalent sized M. abscessus R granulomas (Figure 4B and Supplemental Figure 2). 192 

 193 

To directly test the requirement of T cells in containing M. abscessus we next utilised the lck
-/-sa410

 194 

mutant line which is T cell-deficient. We infected wild type (WT) control and lck
-/-sa410

 mutant adult 195 

zebrafish with both the S and R variants. T cell-deficient adult zebrafish were significantly more 196 

susceptible to M. abscessus R infection with reduced survival over 28 days of infection (P = 0.0005, 197 

Log-rank test) (Figure 5A). T cell deficiency had a less pronounced effect on the survival of 198 

animals infected with M. abscessus S compared to M. abscessus R infection (WT S versus lck-/- S 199 

P = 0.03, Log-rank test). Within the T cell-deficient animals, there was a 5.5 day increased median 200 

survival for M. abscessus S-infected animals (34 dpi) compared to M. abscessus R (28.5 dpi), 201 

although both groups eventually succumbed to infection at the same rate after 35 dpi (P = 0.78, 202 

Log-rank test). 203 

 204 

Surprisingly, we found necrotic granulomas in a survivor 56 dpi lck
-/-sa410

 fish infected with M. 205 

abscessus R (Supplemental Figure 3). These granulomas were all relatively small compared to the 206 
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large granulomas seen in our small sample of 70 dpi WT animals with the largest having necrotic 207 

cores of approximately 100 µm. 208 

 209 

Bacterial burden was significantly increased in 14 dpi lck
-/-sa410

 animals infected with the R, but not 210 

the S variant compared to burdens in WT adult zebrafish (Figure 5B). These observations suggest 211 

the initial control of M. abscessus R infection is more reliant on T cell-mediated immunity than the 212 

control M. abscessus S infection during the first 2-3 weeks of infection. 213 

 214 

The in vivo survival advantage of M. abscessus S is compromised by M. abscessus R in mixed 215 

infections. 216 

To further examine our observation that M. abscessus S has a survival advantage over M. abscessus 217 

R in the adult zebrafish infection model, we performed co-infection of adult zebrafish with equal 218 

numbers of each variant expressing either Wasabi or tdTomato fluorescent proteins to enable simple 219 

tracking (Figure 6A). Coinfection did not affect the recovered M. abscessus R burden as near 220 

identical M. abscessus R CFUs were recovered from single and mixed-infected animals at 7 dpi 221 

(Figure 6B). However, coinfection did cause a decrease in the number of recoverable M. abscessus 222 

S from the levels found in single infections demonstrating a negative effect of R infection on the 223 

survival of M. abscessus S (Figure 6B). Despite this drop in S burden, analysis of the ratio of 224 

recovered R:S colonies revealed a clear and rapid shift in population proportions from 1:1 at 1 dpi 225 

to 0.5 rough:1 smooth ratio at 7 dpi that remained stable through to 14 dpi demonstrating partial 226 

retention of the relative survival advantage in mixed infection (Figure 6C). 227 

 228 

We hypothesised that the T cell response induced by the R variant to antigens shared with the S 229 

variant could be responsible for the clearance of S variant in mixed infections. Using our mixed 230 

infection animals as individually-controlled experiments, we compared the ratio of R:S colonies at 231 

14 dpi in WT and lck
-/-sa410

 zebrafish (Figure 6D). We observed a higher R:S ratio in lck
-/-sa410

 232 

zebrafish than in WT zebrafish, suggesting a role for either 1) T cell-dependent immunity in 233 

controlling M. abscessus R growth or 2) enhanced T cell-independent immunity in suppressing M. 234 

abscessus S growth. 235 

 236 

To distinguish between these two possibilities, we analysed the recovered CFU from WT and T 237 

cell-deficient lck
-/-sa410

 animals with single and mixed infections of R and S M. abscessus at 14 dpi 238 

(Figure 6E). CFU recovery from these mixed infections in the T cell-deficient animals revealed a 239 

complex interaction between T cell depletion and M. abscessus burdens in mixed infections 240 

compared to single variant infections. The burden of the R variant M. abscessus recovered from 241 
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mixed infections was significantly lower than the burdens achieved in single infections, suggesting 242 

a T cell-independent effect of the S variant on restraining R growth (P=0.023, 2 way ANOVA). 243 

However, there was only a non-statistically significant trend to increased M. abscessus R in lck
-/-

244 

sa410
 mutants compared to WT animals (P=0.99, 2-way ANOVA). Finally, we observed a reduction 245 

in the S variant burden recovered from mixed infections compared to single infections in T cell-246 

deficient animals (Figure 6E). However, there was no difference between the recovery of S variant 247 

M. abscessus in WT or lck
-/-sa410

 mutants (P<0.99, 2 way ANOVA), highlighting the complex role 248 

of T cells in the R-triggered clearance of S variant M. abscessus.  249 

 250 

Discussion 251 

In this study, we report for the use of adult zebrafish to probe both host and mycobacterial 252 

determinants of pathogenesis during persistent infection with M. abscessus. Infection with the R 253 

and S variants was maintained at high levels up to one month post infection in genetically intact 254 

animals, a major improvement on traditional mouse models of M. abscessus infection. 255 

 256 

While the R variant induces a more robust and aggressive infection than the S variant in zebrafish 257 

embryos (10), this appears to not be the case in the adult fish. We observed better control of R 258 

variant burden and establishment of a higher burden of persistent infection with the S variant. One 259 

possible explanation for the better survival of the S compared is that infection with the R variant 260 

results in earlier granuloma formation and engagement of T cells. This contribution of the T cell 261 

response was further substantiated using T cell-deficient fish, where infection of lck
-/-

 fish with the 262 

R bacilli resulted in a higher bacterial burden than in WT fish at 14 dpi, which was not observed 263 

with S bacilli. These observations provide insight into the clinical observation that AIDS patients 264 

are not at increased risk of M. abscessus infection to the same degree that AIDS is a risk factor for 265 

M. tuberculosis and other non-tuberculous mycobacterium infections such as Mycobacterium avium 266 

(29). 267 

 268 

It is well known that the intracellular lifestyle of the R and S morphotypes differ significantly, 269 

resulting in entirely distinct infection scenarios that, we hypothesise, underlie the accelerated 270 

granuloma formation by the R variant in adult zebrafish (30). The absence of GPL on the outer 271 

mycomembrane causes corded growth of R variants, resulting in multiple bacilli being 272 

simultaneously phagocytosed by macrophages and overloaded phagosomes that rapidly activate 273 

autophagy pathways (12, 30). Comparatively, the S variant is able to survive for an extended period 274 

of time within the phagosome, producing a chronic and persistent infection (31). As such, these 275 

polar infection responses may explain why the R variant displays widespread organised granuloma 276 
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formation by 14 dpi, compared to S which shows a delayed onset of granuloma formation after 14 277 

dpi. Moreover, this observation matches the superior in vivo growth performance of S bacilli 278 

compared to R, suggesting that the R variant is at an overall disadvantage because of its intrinsic 279 

hyper-inflammatory status and the activation of T cell-mediated immunity that appears concomitant 280 

with granuloma formation. Interestingly, earlier reports using the zebrafish embryo demonstrated 281 

that both bacterial burden and granuloma formation dynamics were similar between both the S and 282 

R variants (10, 22), highlighting the critical role of adaptive immunity in divergent M. abscessus 283 

infection responses. Taken together, our data provide additional evidence for the distinct 284 

intracellular fates of both S and R variants in vivo, and further implicates the role of adaptive 285 

immunity in granuloma formation and control of M. abscessus infection in an adult zebrafish 286 

model. 287 

 288 

T cells are critical host determinants in the control of mycobacterial infection (29). Recruitment of 289 

T cells into granulomas is thought to be essential in containing persistent infection, while T cell 290 

deficiencies are associated with greater mycobacterial infection severities (23, 29, 32, 33). Recently, 291 

an adult zebrafish infection model for M. leprae demonstrated that T cells are essential for 292 

containment of infection (23). Herein, we examined the recruitment of T cells within granulomas 293 

and identified that S variant granuloma were marked by a relative paucity of T cell infiltration, 294 

suggesting that T cells may play a less significant role in S variant infections than those with R 295 

variants. Using the lck
-/-

 zebrafish, we observed displayed an improved in vivo growth performance 296 

of the R variant in the absence of T cells when compared to WT animals, highlighting the role of T 297 

cells in the control of R variants. This observation was not maintained with the S variant, which 298 

showed no increase in bacterial growth in vivo irrespective of the absence of T cells early in 299 

infection, despite lck-/- fish succumbing to intraperitoneal infection within 40 days at the same rate 300 

in the absence of T cells irrespective of bacterial morphotype. 301 

 302 

Our co-infection experiments further support the theory that tissue destruction caused by the R 303 

variant activates protective trans-acting host immunity that impairs further M. abscessus growth. 304 

This was seen most clearly in the restriction of M. abscessus S growth in mixed infections. It 305 

suggests M. abscessus must balance the benefits of R variant pathogenicity allowing individuals to 306 

kill and escape macrophage containment, with the need to avoid activation of host-protective 307 

immunity at a population level when adapting to an animal host. Although we clearly observed an 308 

equalisation of this effect in T cell-deficient mutants (Figure 6D), we were unable to determine if 309 

this was due to an increase in R growth or suppression of S growth (Figure 6E). 310 

 311 
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The extended maintenance of R variant burden for at least 4 weeks in zebrafish is comparable to our 312 

recent data from the C3HeB/FeJ “Kramnik” mouse (34), but the proliferation of S variant up to a 313 

log above inoculation dose is unprecedented in a genetically intact vertebrate host. The 314 

granulomatous immunopathology in mycobacterium-infected C3HeB/FeJ mice is due to an 315 

exaggerated type I interferon response suppressing protective interleukin-1 (35). Further analysis of 316 

interferon and interleukin-1 responses to M. abscessus infection of mice and zebrafish will help 317 

translate our understanding of these dichotomous responses into host directed therapies. 318 

 319 

We did not observe switching of S M. abscessus into a rough colony morphotype at any timepoint 320 

during this or subsequent studies. In vivo switching is a rare event that has only been documented in 321 

immunocompromised mice or after months-to-years in patients (36, 37). The high S morphotype 322 

burdens achieved in adult zebrafish suggest this platform may be useful for future studies of 323 

switching during extended infections, with the potential to model responses to chemotherapy. 324 

 325 

To date, our understanding of the diverse immune responses between S and R variants have 326 

essentially been thoroughly described with respect to innate immunity, and currently our knowledge 327 

pertaining to adaptive immunity in M. abscessus infection has been poorly characterised (16). Using 328 

this new adult zebrafish M. abscessus infection model, we have shown that S and R variants 329 

produce strikingly different disease phenotypes, which were further exemplified in the absence of T 330 

cells. Consequently, these results suggest that the host-pathogen interactions dictating M. abscessus 331 

pathogenesis are complex and implicate adaptive immunity to a greater extent than originally 332 

anticipated. Future work should exploit this relevant animal model in combination with zebrafish 333 

lacking the cystic fibrosis transmembrane conductance regulator (CFTR) gene, and for the 334 

development and testing of novel antibiotics and vaccine candidates that may be used for the 335 

treatment of M. abscessus infection. 336 

 337 

Methods 338 

Zebrafish strains and handling 339 

Zebrafish strains used in this study are AB strain wildtype, TgBAC(tnfa:GFP)
pd1028

, 340 

TgBAC(lck:EGFP)
vcc4

, lck-/-
 sa410 

(27, 28) between 3 and 6 months of age. Animals were held in a 341 

28°C incubator with a 14:10 hour light:dark cycle. Animals were infected by intraperitoneal 342 

injection with approximately 10
5
 CFU M. abscessus, unless otherwise stated, using a 31 G insulin 343 

needle and syringe as previously described (38). Infected zebrafish were recovered into system 344 

water and held in 1 L beakers with daily feeding for the duration of the experiment. Infection 345 
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experiments were carried out with ethical approval from the Sydney Local Health District Animal 346 

Welfare Committee approval 16-037. 347 

 348 

M. abscessus strains and handling 349 

Rough (R) and smooth (S) variants of M. abscessus strain CIP104536
T
 were grown at 37°C in 350 

Middlebrook 7H9 broth supplemented with 10% Oleic acid/Albumin/Dextrose/Catalase (OADC) 351 

enrichment and 0.05% Tween 80 or on Middlebrook 7H10 agar containing 10% OADC (7H10 352 

OADC). Recombinant M. abscessus strains expressing tdTomato or Wasabi were grown in the 353 

presence of 500 µg/ml hygromycin (10, 19). Homogenous bacterial suspensions for intraperitoneal 354 

injection in adult fish were prepared as previously reported (39). 355 

 356 

Bacterial recovery 357 

Animals were euthanised by tricaine anaesthetic overdose and rinsed in sterile water. Individual 358 

carcasses were homogenised and serially diluted into sterile water. Homogenates were plated onto 359 

7H10 supplemented with OADC and 300 µg/ml hygromycin. Plates were grown for at least 4 days 360 

at 37°C. 361 

 362 

Histology 363 

Animals subjected to cryosectioning as previously described (38). Briefly, euthanasia was 364 

performed by tricaine anaesthetic overdose and specimens were fixed for 2-4 days in 10% neutral 365 

buffered formalin at 4°C. Specimens were then rinsed in PBS, incubated overnight in 30% sucrose, 366 

incubated overnight in 50/50 30% sucrose and Tissue-Tek O.C.T. compound (OCT), and finally 367 

incubated overnight in OCT prior to freezing at -80°C. Cryosectioning was performed to produce 368 

20 µm thick sections. Sections were post-fixed in 10% neutral buffered formalin and rinsed in PBS 369 

prior to further processing. Slides for fluorescent imaging were mounted with coverslips using 370 

Fluoromount G containing DAPI. Oil Red O staining was performed as previously described (38, 371 

40). T cells were detected in sections from TgBAC(lck:EGFP)
vcc4

 zebrafish by anti-GFP staining to 372 

enhance visible fluorescent green signal (primary antibody: ab13970, Abcam; secondary antibody: 373 

ab150173, Abcam), stained slides were then mounted with coverslips using Fluoromount G 374 

containing DAPI. All imaging was carried out on a Leica DM6000B microscope. 375 

 376 

Statistics 377 

All statistical testing was carried out using Graphpad Prism. Each data point indicates a single 378 

animal unless otherwise stated. 379 

 380 
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 491 

Figure Legends 492 

 493 

Figure 1: M. abscessus establishes chronic infection in adult zebrafish. 494 

A. Enumeration of CFUs from adult zebrafish infected with either the R or the S variant of M. 495 

abscessus. Each point represents a single experimental replicate with at least three animals per 496 

timepoint. Total n per timepoint: 0 dpi R=13 S=12; 7 dpi R=18 S=12; 14 dpi R=17 S=13; 28 dpi 497 

R=15 S=12. 498 

B. Relative CFUs recovered from adult zebrafish infected with either the R or the S variant of M. 499 

abscessus. Absolute CFU values were normalised to the inoculum CFU for each experimental 500 

replicate. Data is pooled from three replicates per M. abscessus variant. Total n per timepoint: 0 dpi 501 

R=13 S=12; 7 dpi R=18 S=12; 14 dpi R=17 S=13; 28 dpi R=15 S=12. Statistical tests by T test at 502 

each timepoint. 503 

C. Examples of R variant M. abscessus-tdTomato lesions in DAPI-stained cryosections from i. 7 504 

dpi, and ii. 14 dpi TgBAC(tnfa:GFP)
pd1028

 adult zebrafish. Filled arrowheads indicate organised 505 

necrotic granulomas, empty arrowheads indicate loose M. abscessus lesions, tnfa promoter 506 

induction is marked in green.  507 

D. Examples of S variant M. abscessus-tdTomato lesions in DAPI-stained cryosections from i. 14 508 

dpi, and ii. 28 dpi TgBAC(tnfa:GFP)
pd1028

 adult zebrafish. Filled arrowheads indicate organised 509 

granulomas, * indicate necrotic cores, empty arrowheads indicate loose M. abscessus lesions, tnfa 510 

promoter induction is marked in green. 511 

Scale bars indicate 200 µm. 512 

 513 

Figure 2: M. abscessus infection causes progressive granulomatous pathology. 514 

A. Stereotypical examples of bacterial lesions from DAPI-stained sections from adult zebrafish 515 

infected with M. abscessus expressing tdTomato. Top row infected with the rough variant, bottom 516 

row infected with the smooth variant, timepoint as indicated.  517 
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B. Example of Oil Red O-stained very large granuloma in a 14 dpi adult zebrafish infected with R 518 

M. abscessus. Neutral lipid staining is indicated by red colouration in the macrophages layer 519 

surrounding the mycobacterial core, host nuclei are counterstained purple with haematoxylin. 520 

C. Example of Oil Red O-stained large granuloma in 28 dpi adult zebrafish infected with S M. 521 

abscessus. Note lack of lipid staining in the macrophage rim of the granuloma compared to R 522 

granuloma. 523 

Scale bars indicate 200 µm. Filled arrowheads indicate epithelised macrophage nuclei forming a 524 

stereotypical concentric layer surrounding the mycobacterial core of organised granulomas, * 525 

indicate necrotic cores. 526 

 527 

Figure 3: Granuloma histopathology is accelerated during M. abscessus R infection compared to S. 528 

A. Quantification of bacterial lesion organisation in adult zebrafish infected with approximately 10
5
 529 

CFU M. abscessus.  530 

B. Quantification of bacterial burden stratified by lesion organisation in adult zebrafish infected 531 

with approximately 10
5
 CFU M. abscessus. 532 

Total individual lesions analysed (organised/unorganised): 10 dpi R (37/228); 10 dpi S (107/788);14 533 

dpi R (180/314); 14 dpi S (61/352); 28 dpi R (49/93); 28 dpi S (316/476). Statistical testing by 534 

ANOVA. 535 

 536 

Figure 4: T cell recruitment to S M. abscessus infection is delayed compared to R. 537 

A. Examples of T cell recruitment to granulomas in 14 dpi TgBAC(lck:EGFP)
vcc4

 adult zebrafish 538 

infected with R M. abscessus-tdTomato . i. Example of an unorganised granuloma. ii. Example of a 539 

multilobed organised granuloma. iii. Example of a very large granuloma. 540 

B. Example of lack of T cell recruitment to S M. abscessus- tdTomato in 14 dpi 541 

TgBAC(lck:EGFP)
vcc4

 adult zebrafish. i. Example of M. abscessus S mass growing “free” in 542 

peritoneal cavity. ii. Example of an unorganised granuloma. iii. Example of an organised 543 

granuloma. 544 

Scale bars indicate 100 µm. Filled arrowheads indicate organised granulomas, * indicate necrotic 545 

cores, empty arrowheads indicate loose M. abscessus lesions, lck:gfp positive T cells are marked in 546 

green. 547 

 548 

Figure 5: T cells are necessary to control R but not S M. abscessus infection. 549 

A. Survival analysis of WT and lck
-/- sa410 

adult zebrafish infected with R or S M. abscessus. Total 550 

n=12 WT/Mabs R; 16 lck-/-/Mabs R; 15 WT/Mabs S; 22 lck-/-/Mabs S. 551 
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B. Normalised CFUs recovered from 14 dpi WT and lck
-/- sa410 

adult zebrafish infected with M. 552 

abscessus. Each point represents the average of a single experiment with at least 2 animals per 553 

group. Total n per group: R WT=12 lck
-/-

=15; S WT=11 lck
-/-

=12. Statistical testing by 2-way 554 

ANOVA. 555 

 556 

Figure 6: The in vivo survival advantage of M. abscessus S is compromised by M. abscessus R in 557 

mixed infections. 558 

A. Schema outlining mixed infection experiment. 559 

B. Enumeration of CFUs 7 dpi WT adult zebrafish outlined in panel A. Each point represents the 560 

average of a single experiment with at least 2 animals per group. Total n per group: Single R=8, 561 

Single S=5, Mixed=5. Statistical testing by 2-way ANOVA. 562 

C. Ratio of R:S CFUs recovered from individual WT adult zebrafish from the mixed infection 563 

group outlined in panel A. 564 

D. Ratio of R:S CFUs recovered from 14 dpi WT and lck-/- sa410 adult zebrafish infected with a 565 

mixture of differentially labelled R and S variants. Statistical testing by Mann-Whitney test. 566 

E. Enumeration of CFUs from WT and lck-/- sa410 adult zebrafish divided into the three groups 567 

outlined in panel A. Each point represents the average of a single experimental with at least 3 568 

animals per group. Total n per group: WT R=12 S=10 Mixed=10, lck
-/-

 R=9, S=8, Mixed=10. 569 

Statistical testing by 2-way ANOVA. 570 

 571 

Supplemental Figure 1 572 

Representative images of R M. abscessus-tdTomato lesions in DAPI-stained cryosections from 573 

three 70 dpi adult zebrafish. Filled arrowheads indicate organised granulomas, * indicate necrotic 574 

cores, empty arrowheads indicate loose M. abscessus lesions. Scale bars indicate 200 µm. 575 

 576 

Supplemental Figure 2 577 

A. Quantification of T cell GFP pixels as a function of M. abscessus-tdTomato fluorescence in 578 

TgBAC(lck:EGFP)
vcc4

 adult zebrafish. Each point represents the average of a single animal. Total n 579 

per group: 14 dpi R=2 S=3, 28 dpi R=3, S=2. 580 

B. Quantification of T cell GFP pixels as a function of M. abscessus-tdTomato fluorescence in 581 

TgBAC(lck:EGFP)
vcc4

 adult zebrafish. Each point represents a single lesion from the animals in 582 

Panel A. Total n per group: 14 dpi R=74 S=137, 28 dpi R=91, S=117. 583 

 584 

Supplemental Figure 3 585 
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Representative images of R M. abscessus-tdTomato lesions in DAPI-stained cryosections from a 56 586 

dpi lck
-/-sa410

 fish. Filled arrowheads indicate organised granulomas, * indicate necrotic cores, empty 587 

arrowheads indicate loose M. abscessus lesions. 588 
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