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ABSTRACT
Tuberculosis, caused by Mycobacterium tuberculosis, is characterized by the 
formation of granulomas, which are organized aggregates of infected and 
uninfected immune cells. While granulomas used to be regarded as host-protective 
structures that prevent dissemination of infection, it has become clear that also 
mycobacteria promote the formation of granulomas, as the structures serve as a 
microenvironment for bacterial replication and spread. However, bacterial factors 
involved in granuloma formation are still poorly defined. In this study, we tested 
1,000 Mycobacterium marinum transposon mutants for their ability to initiate 
granuloma formation in the zebrafish embryo infection model. We identified 23 
mutants with an impaired ability to initiate granulomas. Surprisingly, in one of 
these mutants, the transposon inserted in the gene rrl, encoding 23S rRNA. We 
established that, in contrast to the sequenced M. marinum M strain, numerous M. 
marinum strains possess 2 rRNA operons, but we were unable to clarify how mutation 
of rrl affected granuloma formation. To substantiate our screen, another mutant, 
disrupted in the gene ppk1, was also analyzed in adult zebrafish. This showed 
that the ppk1 mutant was indeed severely attenuated. This work contributes to 
our understanding of the mechanisms by which mycobacteria initiate granuloma 
formation and might guide the development of new tuberculosis therapies.
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INTRODUCTION
Tuberculosis (TB) is one of the leading causes of death from an infectious disease. 
Although roughly one-third of mankind is infected with the causative agent of TB, 
Mycobacterium tuberculosis, only 5-10% of the infected individuals develop active 
disease. The vast majority of infections remain asymptomatic, while bacilli persist in 
a dormant stage in cellular structures called granulomas. Tuberculous granulomas 
develop upon phagocytosis of M. tuberculosis by alveolar macrophages. Although 
macrophages are dedicated to eradicate invading pathogens, mycobacteria have 
the capacity to withstand host defense mechanisms and replicate within these 
cells. Subsequently, additional macrophages and neutrophils are recruited to the 
site of infection and tight aggregates are formed, representing early granulomas. 
Maturation of early granulomas is induced upon recruitment of lymphocytes 
delineating the aggregates and encapsulation of the structures by fibroblasts. 
Whereas granulomas used to be considered host-protective structures, it has now 
been recognized that granulomas also function as protective environment and 
replication niche for bacteria, and mycobacterial genes that promote granuloma 
formation have been identified [1-4].

The most crucial mycobacterial determinants for granuloma formation 
recognized to date are the type VII secretion system ESX-1 [5-8] and cell wall 
associated lipids, particularly trehalose dimycolate [9-11]. Undoubtedly, other 
factors also play a role in the granuloma response. Besides candidate gene-
based approaches, multiple large scale studies using mutant libraries have been 
performed to identify mycobacterial virulence determinants [7, 10, 12-16]. Most of 
these studies aimed at identifying mycobacterial genes affecting survival in animal 
models or in vitro phenotypes such as persistence in macrophages, phagosomal 
maturation arrest or hemolytic activity. The relevance of these data for the study 
of granuloma formation is difficult to estimate, because in vitro experiments using 
selected cell types might lack important factors influencing the complex process of 
granuloma formation. Moreover, when infection experiments are performed with 
pools of mutants, it is likely that interesting mutations in genes whose function 
can be transcomplemented by neighboring bacteria will not be detected.

The Mycobacterium marinum zebrafish model has emerged as a popular 
model to study mycobacterial pathogenesis. M. marinum is closely related to M. 
tuberculosis and many virulence factors are conserved between these two species 
[17]. In its natural hosts, a wide variety of ectothermal species, M. marinum causes 
a systemic tuberculosis-like infection. M. marinum persists within macrophages 
and induces granulomas that share key features with granulomas caused by M. 
tuberculosis in humans [5, 18-20]. Zebrafish are a natural host for M. marinum and 
their optically transparent embryos allow for real-time visualization of infection in 
vivo. Although the adaptive immune system is not yet developed in embryonic 
zebrafish, interactions of M. marinum with the innate immune system of embryos 
give rise to cellular aggregates. These aggregates share characteristics with adult 
granulomas [21] and are therefore regarded as early granulomas.
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We developed a new in vivo screening platform in which individual M. marinum 
mutants are analyzed for their ability to initiate granulomas in zebrafish embryos 
[22]. In this study, we used this screening platform to test 1,000 mutants individually 
for their infection behavior and identified 23 mutants with an impaired ability to 
induce granuloma formation. One of the granuloma mutants had a transposon 
insertion in the ppk1 gene, encoding polyphosphate kinase 1. This mutant was 
also severely attenuated for virulence in adult zebrafish. Altogether, our study 
confirmed the involvement of known mycobacterial virulence genes in granuloma 
formation and revealed interesting new virulence determinants of mycobacteria.

RESULTS
Identification of mutants attenuated for early granuloma formation in 
zebrafish embryos
To identify genes involved in virulence and granuloma formation, we used our 
recently developed zebrafish embryo screen [22]. In total, 1,000 individual 
transposon mutants of the red fluorescent M. marinum E11 strain (including the 
200 described in Stoop et al., 2011) were injected in the caudal vein of zebrafish 
embryos at 1 day post fertilization. At 5 days post infection (dpi) bacterial 
clustering, representing early granuloma formation, was analyzed by fluorescence 
microscopy. In each experiment, we included wildtype M. marinum E11 as a 
positive control and the ESX-1 deficient eccCb1::tn mutant as a negative control. 
Infection was quantified by customized software determining the number of 
red pixels in fluorescent images of infected embryos, which correlates with the 
bacterial load of infected embryos [22].

Of the 1,000 random mutants, 23 were attenuated for early granuloma formation, 
i.e. infection levels were below 50% of the wildtype infection level (Table 1). 
Mutations were found in genes involved in cell wall biosynthesis (ppsD, ppsB, lgt, 
drpE2, glucosyltransferase mmar_1681 and pks12) and ESX-1 secretion (espL, 
eccCb1, eccCa1, eccE1 and eccD1). For both eccCa1 and eccD1 we identified 
two mutants with independent transposon insertions. In addition, eight other 
genes with various functions were identified (Table 1). In three of the 23 granuloma 
mutants, the transposon inserted in intergenic regions. For two of these mutants, 
the transposon insertion sites were within 63 nucleotides upstream of a predicted 
start codon, suggesting that transcription and/or translation of the respective genes 
was disrupted. The majority of the identified genes (87%) has an orthologue in 
M. tuberculosis and the average similarity of the M. marinum proteins to their M. 
tuberculosis orthologues at the amino acids level is high (77%). Eight of the genes 
we identified in this screen, and/or their M. tuberculosis orthologues, have previously 
been associated with virulence [16, 29-34] which confirms the reliability of our assay.

To analyze the mutants in more detail, we first compared growth in liquid culture. 
With the exception of mutants FAM533, FAM548 and FAM603, that showed a 
reduced growth rate, no significant differences in growth compared to wildtype M. 
marinum E11 were observed (data not shown), indicating that the majority of the 
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mutants is specifically attenuated in vivo. Next, we examined secretion of ESAT-6, 
one of the major ESX-1 substrates, using a double filter spot blot assay. Because 
a functional ESX-1 secretion system is a major virulence determinant, we wanted 
to exclude the possibility that the non-esx-1 mutants contained spontaneous 
mutations in the esx-1 genetic locus that could account for the decreased virulence. 
All non-esx-1 granuloma mutants secreted ESAT-6, whereas for all esx-1 mutants 
ESAT-6 secretion was affected (Table 1). Similarly, we tested for a selection of mutants 
the presence of the cell wall lipid phthiocerol dimycocerosate (PDIM). It has been 
reported for M. tuberculosis that spontaneous deficiencies in the biosynthesis of this 
lipid occur rapidly during in vitro passage, because it confers a growth advantage 
in vitro [30]. In addition, loss of PDIM results in increased cell wall permeability and 
attenuation in vivo [15, 35]. We used TLC to examine the presence of PDIM in cell 
wall fractions of wildtype M. marinum E11, a putative M. marinum PDIM mutant 
(FAM431, disrupted in ppsB) and the mutants FAM223, FAM229, and FAM351, 
which were studied in more detail. With the exception of control mutant FAM431, 
the TLC results were identical for the tested strains (data not shown), demonstrating 
that none of the selected granuloma mutants were deficient for PDIM. In addition, 
as an indirect measure for cell wall integrity, we tested all mutants for rifampicin 
sensitivity. Six of the granuloma mutants, including the two putative PDIM mutants 
FAM262 (ppsD) and FAM431 (ppsB), showed a substantially increased susceptibility 
to rifampicin, i.e. MIC values >3-fold lower than that of wildtype M. marinum E11 
(Table 1). For three of these mutants, reduced cell wall integrity was most probably 
a direct result of the transposon insertion, because the mutated genes are involved 
in cell wall biosynthesis. The mutated genes in FAM533 (lgt) and FAM548 (dprE2) 
are respectively involved in the synthesis of lipoproteins [36] and arabinogalactan 
[37]. These two mutants also displayed growth defects (as mentioned before) and 
marked changes in cell morphology. The third mutant, FAM603, was disrupted 
in the glucosyltransferase mmar_1681, which participates in the biosynthesis 
of methylglucose lipopolysaccharides (MGLPs) [38]. MGLPs affect mycolic acid 
metabolism, thereby influencing cell wall composition. Interestingly, a mutation 
in mmar_1543 (FAM308) also compromised rifampicin resistance. Because this 
M. marinum specific gene is not annotated, we used PSI-BLAST and found that 
mmar_1543 shares homology with a cation/multidrug efflux pump. Disruption of 
the probable efflux pump function, rather than a change in cell wall integrity, might 
account for the change in rifampicin susceptibility of this mutant.

To determine whether the transposon-disrupted genes were indeed required 
for early granuloma formation we complemented four of the mutants. As described 
previously for FAM58, FAM223 and FAM714 (Stoop et al., in preparation; van der 
Woude et al., in preparation and [22]), and in the following sections for FAM229, 
genetic complementation of these four mutants with their corresponding gene or 
gene region resulted in either partial or full restoration of the granuloma deficient 
phenotype, confirming that the mutant phenotypes were attributable to the 
transposon-disrupted genes. Furthermore, we performed in vitro experiments with 
a selected set of mutants to assess their ability to persist in macrophages. While 
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Table 1. List of mutants with a defect in granuloma formation in zebrafish embryos.

Mutant Gene 
Tn insertion  

site (nt)a
M. tuberculosis  

H37Rv orthologue
Percentage of 
identity (%)b

Putative  
function

Level of 
infection (%)c

ESAT-6 
secretiond

MIC  
RIFe

FAM53 mmar_5053 889 Rv3564 59 FadE33 45 + 0.20

FAM58 mmar_5456/5457 -10/+29 Rv3880c/3881c 73/52 EspL/EspB 20 +/- 0.21

FAM67 mmar_5425/5426 +19/+364 -/- -/- Unknown 47 + 0.21

FAM223 mmar_3225 286 Rv2181 71 Mannosyltransferase 11 + 0.19

FAM229 mmar_1730 402 Rv2984 83 PPK1 30 + 0.09

FAM262 mmar_1773 184 Rv2934 65 PpsD 24 + 0.07

FAM298 mmar_0758/0759 -246/-63 -/Rv0440 -/84 Unknown/GroEL2 4 + 0.17

FAM308 mmar_1543 642 - - Unknown 7 + 0.05

FAM351 rrl 2636 rrl 96 23S rRNA 21 + 0.23

FAM359 mmar_5446 513 Rv3871 85 EccCb1 10 - 0.17

FAM421 mmar_0460 676 - - Unknown 49 + 0.25

FAM431 mmar_1775 2209 Rv2932 66 PpsB 35 + 0.05

FAM533 mmar_2416 246 Rv1614 77 Lgt 0 + 0.02

FAM548 mmar_5353 510 Rv3791 90 DprE2 0 + 0.03

FAM550 mmar_4860 753 Rv0820 87 PhoT 38 + 0.24

FAM603 mmar_1681 27 Rv3032 76 Glucosyltransferase 39 + 0.07

FAM714 mmar_2698 630 Rv1821 82 SecA2 32 + 0.08

FAM730 mmar_3025 7247 Rv2048c 75 Pks12 6 + 0.17

FAM740 mmar_5445 951 Rv3870 87 EccCa1 0 - 0.16

FAM748 mmar_5458 789 Rv3882c 81 EccE1 1 - 0.17

FAM801 mmar_5452 995 Rv3877 69 EccD1 1 - 0.24

FAM839 mmar_5445 570 Rv3870 87 EccCa1 1 - 0.18

FAM968 mmar_5452 1312 Rv3877 69 EccD1 3 - 0.15

a indicates the position of the transposon insertion in nucleotides (nt) relative to the predicted 
start codon. – represents nt upstream of the gene and + represents nt downstream of the 
gene. b indicates percentage of identical amino acids between the respective M. marinum genes 
and their M. tuberculosis H37Rv orthologues. For rrl (FAM351), the number represents the 
percentage of identical nucleotides. c indicates the mean fluorescence intensity at 5 days post

infection relative to M. marinum E11 wildtype. Results of at least three independent biological 
replicates are shown. d + indicates normal secretion, +/- indicates reduced secretion and – 
indicates no secretion. e indicates the minimal inhibitory concentration (MIC) for rifampicin (RIF) 
in μg/ml. The MIC for wildtype M. marinum E11 was 0.22 μg/ml. Results represent means of 
three independent experiments.

some mutants were attenuated for growth in macrophages, in particular esx-1 
mutants, we found that other granuloma mutants were not necessarily defective 
for growth in macrophages (Stoop et al., in preparation; van der Woude et al., 
in preparation and [22]). Collectively, these results corroborate that granuloma 
formation is a multi-step process involving a combination of mycobacterial genes 
and underline the power of our screen to identify new mycobacterial virulence 
determinants involved in this process.
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start codon. – represents nt upstream of the gene and + represents nt downstream of the 
gene. b indicates percentage of identical amino acids between the respective M. marinum genes 
and their M. tuberculosis H37Rv orthologues. For rrl (FAM351), the number represents the 
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infection relative to M. marinum E11 wildtype. Results of at least three independent biological 
replicates are shown. d + indicates normal secretion, +/- indicates reduced secretion and – 
indicates no secretion. e indicates the minimal inhibitory concentration (MIC) for rifampicin (RIF) 
in μg/ml. The MIC for wildtype M. marinum E11 was 0.22 μg/ml. Results represent means of 
three independent experiments.

Mutation in gene rrl encoding 23S ribosomal RNA reduces granuloma 
formation
In one mutant, FAM351, we found that the transposon inserted in the 23S 
ribosomal RNA encoding gene, rrl. This was remarkable because the only 
sequenced M. marinum strain, the M strain, possesses a single ribosomal RNA 
operon [39]. Growth of mutant FAM351 in liquid culture was not affected, and 
total RNA analysis revealed a normal amount of 23S rRNA (results not shown). 
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This led us to hypothesize that the M. marinum E11 strain has multiple 23S rRNA 
gene copies. To assess whether the entire rRNA operon is duplicated in the E11 
strain, we performed PCR analysis with primers on either site of the operon, 
specific for the 5S and the 16S genes, directing outwards (Fig. 1A). Only when 
the rRNA operon is duplicated and the two copies are located directly adjacent 
to each other, a PCR product can be generated. Indeed, no DNA fragment was 
amplified when the genomic DNA of the M. marinum M strain was used as a 
template (Fig. 1B, upper panel). As a control, we amplified the 3’ end of the 5S 
gene and its downstream gene ogt (Fig. 1A and B, lower panel). In contrast, a PCR 
product was detected for the E11 strain, indicating the presence of two ribosomal 
RNA operons directly adjacent to each other (Fig. 1B, upper panel). Duplication 
of the entire rRNA operon in the E11 strain was confirmed by examination of the 
M. marinum E11 genomic sequence (W. Bitter, unpublished results). Sequence 
analysis of the rRNA genomic region revealed that the 3’ terminal part of the 
ogt gene was co-duplicated with the rRNA operon and led us to propose the M. 

Figure 1. Ribosomal RNA operon in M. marinum. (A) Organization of the rRNA operon (rrf, 
rrl and rrs encoding 5S, 23S and 16S rRNA, respectively) in the sequenced M. marinum M 
strain. The triangles indicate the transposon insertion sites of mutants FAM351 and S6M9, 
and the small arrows represent the direction of transcription of the transposons. Annealing 
sites for primers rRNA-1, -2, and -3 (1, 2, 3) are also indicated. (B) Gel electrophoresis of 
PCR products of the 14 M. marinum strains using primer rRNA-2 in combination with primer 
rRNA-3 (upper panel) and primer rRNA-1 in combination with primer rRNA-2 (lower panel). 
(C) Proposed organization of duplicated rRNA operons in M. marinum E11. Primer sets 
5S (5), 16S (16), 23Sa (23a), 23Sb (23b), 23S before F351 Tn (23SI), and 23S after F351 Tn 
(23SII), used for qRT-PCRs in Figure 2 are indicated.
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marinum E11 rRNA genomic organization as depicted in Figure 1C. In addition 
to the E11 strain, we analyzed 12 other M. marinum strains that were described 
previously [28]. For all of these M. marinum strains we observed a PCR product 
(Fig. 1B), suggesting that in M. marinum the presence of multiple ribosomal RNA 
operons is the rule rather than the exception.

A second 23S rRNA gene copy does not explain the attenuation of mutant 
FAM351. To exclude the possibility that the presence of a second transposon 
elsewhere in the genome of FAM351 affected virulence, we performed Southern 
blot analysis. The results showed that only one copy of the transposon had 
inserted in the mutant (data not shown). In an unrelated screen in our lab, we 
fortuitously identified another M. marinum E11 mutant with a transposon 
insertion in the 23S rRNA gene. The transposon in this mutant, designated S6M9, 
is located 329 nucleotides downstream from the 5’ end of the rrl gene (Fig. 1A). 
To assess whether virulence of this rrl mutant was reduced as well, we analyzed 
this mutant in zebrafish embryos. Indeed, the infection level for mutant S6M9 
was decreased to merely 2% of the wildtype M. marinum E11 level (mean of two 
independent experiments), supporting the link between 23S rRNA and virulence. 
Similar to mutant FAM351, ESAT-6 secretion and susceptibility to rifampicin were 
not affected in the S6M9 mutant (the MIC for rifampicin was 0.25 μg/ml). We 
included the S6M9 mutant strain in our further analyses.

To define the mechanism of attenuation of the rrl mutants, we first sought to 
determine whether transcription of the 23S rRNA gene was deregulated, because it has 
been described that regulation of ribosomal RNA synthesis is important for induction 
of stress responses and for survival of M. tuberculosis in mice [40]. Quantitative 
reverse-transcriptase (qRT)-PCR was performed to determine rRNA transcription 
levels in wildtype M. marinum E11, wildtype M. marinum M, mutant FAM351 and 
mutant S6M9. For the 23S rRNA gene, we tested two different transcripts, one near 
the start of the gene, covering the insertion site of S6M9, and one near the end, 
covering the insertion site of FAM351 (Fig. 1C). Despite the rRNA duplication, rRNA 
transcript levels of wildtype M. marinum E11 were similar to wildtype M. marinum M 
(Fig. 2A). Furthermore, we found that the transposon insertions of FAM351 and S6M9 
did not result in significant differences in 5S, 16S or 23S rRNA gene transcript levels 
as compared to wildtype M. marinum E11 (Fig. 2A). Apparently, disruption of one of 
the 23S rRNA genes does not result in differential rRNA transcription.

Next, we analyzed whether ribosome biogenesis was affected in the rrl mutants. 
Ribosome profiles indicated that there were no significant differences in ribosome 
and subunit composition between the wildtype M. marinum E11 strain and the two 
rrl mutants (Fig. 2B and Fig. S1). Further, to determine if the mutated 23S rRNA 
was associating with ribosomes, we collected fractions from the ribosome profiling, 
isolated RNA and looked for transposon transcripts from a non-coding region of 
the transposon associated with each ribosomal subunit by qRT-PCR. There was 
amplification of the transposon RNA sequence from the 50S fraction in mutants 
FAM351 and S6M9 (Fig. 2C). Similar results were observed in the 70S fractions, 
and transposon derived transcripts were not detected in wildtype M. marinum 
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E11 (data not shown). The ratio of transposon encoded transcript to the 23S rRNA 
gene transcript in the ribosomes of the rrl mutants was extremely low, indicating 
that in general the 23S rRNA species that associates with the ribosome is wildtype 
(Fig. 2C). While we did find some association of the transposon with ribosomes 
in the rrl mutants, this was not detected in the eccCb1:tn mutant. This suggests 
that either the transposon mutated rRNA is to some extent associated with the 
ribosomes, or the region of the transposon we detected in the qRT-PCR experiments 
is being translated by the ribosomes, and this is not happening in the eccCb1::tn 
mutant. We hypothesized that the latter scenario might be a consequence of the 
presence of excessive transposon transcripts resulting from co-transcription under 
control of the strong rRNA promoters. To test this hypothesis, we determined 
transcript levels of the non-coding region of the transposon in whole cell lysates of 
the two rrl mutants and the eccCb1::tn mutant by qRT-PCR. We also included two 
additional M. marinum E11 mutants in which the transposon inserted in regions 
that are highly expressed. The first is granuloma mutant FAM298, which has a 
transposon insertion upstream of groEL2, one of the most abundantly expressed 
genes in M. tuberculosis [41]. The second is the virulent mutant FAM423, which 
has a transposon inserted upstream of sodA, encoding an abundantly secreted 
protein. Indeed, there appeared to be substantially more transcription of the 
transposon in the FAM351 and S6M9 mutants as compared to the eccCb1::tn 
mutant and FAM423 (Fig. 2D). In mutant FAM298, transposon transcript levels 
are also increased compared to the eccCb1::tn mutant and FAM423. Therefore, it 
might be possible that this high level of transcription and possibly translation of 
the transposon is related to the attenuation of the rrl mutants.

Polyphosphate kinase 1 is required for stress responses and virulence
In mutant FAM229, the transposon inserted in mmar_1730, that encodes 
polyphosphate kinase 1 (PPK1). PPK1 uses terminal phosphate groups of ATP 
to synthesize polyphosphate (polyP), a linear polymer of tens to hundreds of 
phosphate groups linked by high energy bonds that serves among others as energy 
source or as signaling molecule [42]. PPK1 and polyP have an important role in 
regulation of bacterial stress responses, such as responses to oxidative stress or 
nutritional deprivation [43-47]. Moreover, in various pathogenic bacteria, PPK1 and 
polyP are implicated in virulence [48-53]. Therefore, it is plausible that ppk1 of M. 
marinum is also involved in virulence. Yet, ppk1 is putatively located in an operon 
with mutT1, i.e. these genes are only separated by 80 nucleotides (Fig. 3A). MutT1 
encodes a hydrolase involved in DNA repair [54] and mutations in mutT1 have been 
associated with multidrug-resistant M. tuberculosis strains [55]. Although mutT1 
effects on virulence have not been reported, it cannot be excluded that this gene 
might affect virulence as well. To determine whether the transposon of FAM229 
has a polar effect on mutT1 that contributes to the attenuation of this mutant, we 
performed complementation experiments. We cloned three different constructs 
into an integrative vector behind the constitutive ag85 promoter: the ppk1 gene; 
the (putative) ppk1-mutT1 operon; and the ppk1-mutT1 operon containing a 
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frameshift mutation in the ppk1 gene resulting in a premature stop codon at residue 
313 (Fig. 3A). The resulting plasmids were introduced in the FAM229 mutant and 
zebrafish embryo infections were performed with these complemented mutants. 
In addition to the automated pixel analysis, we also determined the bacterial 
load per embryo to define the phenotype of the complemented mutant strains 
in detail. These experiments showed that the virulence of the FAM229 mutant 
complemented with the ppk1 gene was partially restored (Fig. 3B and C, C229a). 
Upon introduction of the ppk1-mutT1 operon, the phenotype of FAM229 restored 
to wildtype levels (Fig. 3B and C, C229b). Introduction of mutT1 alone (i.e. using the 

Figure 2. rrl mutants. (A) Ribosomal RNA transcript levels in whole cell lysates of mid log 
phase cultures of wildtype M. marinum E11 (E11), wildtype M. marinum M (M), mutant 
FAM351 (351) and mutant S6M9 (6.9) were measured by qRT-PCR, normalized to sigA 
transcript levels and expressed as a fold change from wildtype M. marinum E11. Data are 
represented as mean + SEM of two independent replicates. (B) Quantification of ribosome 
profiling. Ratios of 30S/70S, 50S/70S, and polysomes/70S were calculated based on the 
profiles shown in Figure S1 using two different methods: first by measuring the area under 
the curve representing each subunit and second by measuring the height of each peak 
representing each subunit. Mean + SEM of two replicates of wildtype M. marinum E11 (E11), 
three replicates of mutant FAM351 and one sample of mutant S6M9 are shown. (C) Ratios of 
transposon transcript levels (from a non-coding region) to 23S rRNA transcripts levels (based 
on two primer sets) in the 50S ribosome fractions from mutant FAM351 (two replicates) and 
mutant S6M9 (one sample) as measured by qRT-PCR. The graph represents mean + SEM. 
(D) Transposon transcript levels in whole cell lysates of mutants FAM351 (351), S6M9 (6.9), 
the eccCb1::tn mutant (ESX-1), FAM298 (298) and FAM423 (423) grown to mid log phase, 
measured by qRT-PCR, normalized to sigA transcript levels and expressed as a fold change 
from mutant FAM423. Data represent mean + SEM of two independent experiments.
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Figure 3. ppk1 mutant. (A) Schematic illustration of the ppk1 genetic locus. The triangle 
indicates the transposon insertion site (tn) and the small arrow represents the direction 
of transcription of the transposon. The arrowhead indicates the site of the frameshift that 
was introduced in one of the constructs used for complementation. (B) Quantification of 
infection at 5 dpi as determined with specially designed software. Embryos were infected 
with wildtype M. marinum E11 (WT), the eccCb1::tn mutant (ESX-1), FAM229, FAM229 
complemented with ppk1 (C229a), FAM229 complemented with ppk1-mutT1 (C229b) and 
FAM229 complemented with ppk1fs-mutT1 (C229c). Means + SEM of inocula were 96+5, 
158+9, 98+3, 97+4, 112+3 and 86+5 CFU, respectively. Results represent mean + SEM 
of three independent experiments. *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA, 
Bonferroni’s multiple comparison test. (C) Quantification of infection of embryos used in 
Figure B as determined by plating infected embryos. The graph shows data from three 
independent experiments and bars indicate means after log transformation. ***p<0.001, 
one-way ANOVA, Bonferroni’s multiple comparison test on log transformed data. (D) 
Transcript levels of signaling molecules in wildtype M. marinum E11 and mutant FAM229 
cultures at mid log phase (light bars), late log phase (intermediate) and stationary phase 
(dark bars) were measured by qRT-PCR, normalized to sigA transcript levels and expressed 
as a fold change from wildtype M. marinum E11 at the mid log phase. Data are represented 
as mean + SEM of two independent replicates.

frameshift construct) neither increased the fluorescence intensity nor the bacterial 
load of infected embryos (Fig. 3B and C, C229c). Hence, we concluded that the 
attenuation of FAM229 was a direct result of a deficiency in ppk1.
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In M. tuberculosis and Mycobacterium smegmatis, polyP was demonstrated 
to function in a stress signaling cascade. PolyP serves as a phosphate donor for 
MprB, the histidine kinase sensor of a two-component signal transduction system. 
Phosphorylated MprB phosphorylates its partner, the cytoplasmic response 
regulator MprA, which initiates upregulation of the mprAB operon and the 
alternative sigma factor sigE, which in turn controls transcription of rel [56-58]. Rel 
acts as the regulator of the stringent response, a stress response that promotes a 
metabolic and replicative downshift in bacteria required to adjust to the stationary 
phase and persistence [59, 60]. To explore whether the transposon insertion in 
FAM229 also causes transcriptional changes in this polyP related signaling pathway 
in M. marinum, we performed qRT-PCRs. We measured mprB, sigE and rel transcript 
levels of wildtype M. marinum E11 and the FAM229 mutant that were grown until 
mid log, late log or stationary phase. Indeed, in wildtype bacteria mprB, sigE 
and rel transcripts were upregulated at the later growth stages, when nutrients 
are limited (Fig. 3D). Comparison of wildtype transcript levels to those of mutant 
FAM229 indicated that stress responses during nutrient starvation moderately 
declined upon PPK1 disruption. MprB and sigE transcript levels were 1.6-fold 
lower in FAM229 than in wildtype and for rel a 2.3-fold decline was observed at 
the stationary phase (Fig. 3D). This result indicates a functional conservation of 
PPK1 and polyP in M. marinum and might suggest that the attenuation of mutant 
FAM229 results from an incapacity to adjust to the hostile in vivo environment.

In zebrafish embryos, the effect of PPK1 is analyzed solely in the context of 
innate immunity. To determine the significance of PPK1 in the presence of a 
fully developed immune system, we investigated whether the FAM229 mutant 
was also attenuated in adult zebrafish. Male adult zebrafish were infected with 
approximately 5*103 CFU wildtype M. marinum E11, FAM229 mutant or eccCb1::tn 
mutant bacteria. At 4 weeks of infection, bacterial loads in livers and spleens were 
determined. In eccCb1::tn infected fish, the bacterial load in livers was 2 logs lower 
than the load in livers of wildtype infected fish, and hardly any eccCb1::tn mutant 
bacteria were detected in the spleens (Fig. 4). Whereas attenuation of mutant 
FAM229 was less pronounced than that of the eccCb1::tn mutant in embryonic 
zebrafish, in adult fish, the attenuation of FAM229 was as strong as that of the 
eccCb1::tn mutant (Fig. 4). We repeated this experiment using a higher inoculum 
of approximately 9*103 CFU, and again observed a strong attenuation of FAM229. 
In the latter experiment, the bacterial load in livers of FAM229 infected fish was 1.5 
log lower than that of wildtype M. marinum E11, and FAM229 bacteria were not 
able to persist in spleens of infected animals. Altogether, these results clearly show 
that PPK1 is an important virulence factor for M. marinum and indicates that the 
results obtained with our zebrafish embryo screen are relevant for pathogenesis in 
adult zebrafish in the presence of an adaptive immune system.
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DISCUSSION
Here, we report the results of a unique screen to identify M. marinum genes 
involved in granuloma formation. The power of our approach lies in the 
combination of the use of an in vivo model for granuloma formation and the 
analysis of individual bacterial mutants. Infection of zebrafish embryos with M. 
marinum leads to the development of early granulomas in a relatively short 
period of time, and the transparency of the embryos allows for straightforward 
and non-invasive monitoring of granuloma formation throughout the organism. 
Custom-build software to analyze images of infected embryos provides a fast and 
objective quantification of granuloma formation. Combined, these factors made 
it feasible to perform an in vivo medium-throughput screen for the analysis of the 
granuloma forming capacity of individual bacteria of a mutant library.

A total of 23 out of 1,000 mutants from the transposon library display 
defects in the initialization of granulomas. This frequency is comparable to 
those observed in screens for virulence (associated) phenotypes of individual 
mutants in macrophages or pools of mutants in in vivo models [12-16]. The most 
dramatically attenuated mutants were those with transposon insertions in lgt and 
dprE2. Lgt is required for the synthesis of lipoproteins [36, 61] and as such for 
the functioning of the cell wall, which was also shown recently for M. smegmatis 
[62]. Lgt is essential for cell survival in many other bacterial species. DprE2 works 
in concert with DprE1 to form the arabinan donor for the fundamental cell wall 
component arabinan [37]. In addition to lgt and dprE2, we found a large number 
of transposon insertions in the esx-1 locus that resulted in severely reduced 
granuloma formation. Disruption of eccCa1, eccCb1, eccD1 and eccE1, encoding 
structural components of the ESX-1 secretion machinery, is known to block 
secretion of all ESX-1 substrates. Many in vitro and in vivo studies demonstrated 
a major role for the ESX-1 secretion system and its substrates in the initial stage 

Figure 4. ppk1 mutant infection 
in adult fish. Zebrafish were 
infected intraperitoneally with 
3.9*103 CFU M. marinum E11 
wildtype (WT), 4.9*103 CFU 
eccCb1::tn mutant (ESX-1) or 
6.0*103 CFU FAM229. At 4 weeks 
post infection twelve or thirteen 
fish per group were terminated 
and livers and spleens were 
homogenized and plated in 
order to determine the bacterial 
load. Bars indicate means after 
log transformation. ***p<0.001, 
two-way ANOVA, Bonferroni’s 
multiple comparison test on log 
transformed data.
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of mycobacterial virulence (reviewed in [29]). Also a transposon insertion at 63 
nucleotides upstream of groEL2 resulted in severe attenuation. As chaperonin, 
GroEL2 promotes proper assembly of polypeptides under stress conditions 
and the gene is upregulated during macrophage infection [63, 64], indicating 
that GroEL2 plays a role during infection. Additionally, the observed elevated 
transposon transcripts in this mutant might contribute to the strong attenuation. 
Further, for mutants in pks12, ppsB and ppsD, required for the synthesis of cell wall 
associated lipids, granuloma formation was declined. Previous studies implicated 
pks12 in mycobacterial replication in vivo and in macrophage association in vitro 
[14, 16, 34] and also a role for ppsD in persistence in vivo has been described [30]. 
Our screen also demonstrates a role for secA2 in granuloma formation, which 
is in accordance with previous studies using mouse, zebrafish and macrophage 
infection models [31, 32, 65, 66]. Moreover, the mannosyltransferase mmar_3225 
and the glucosyltransferase mmar_1681 are important for granuloma formation. 
The M. tuberculosis homologues of these genes, Rv2181 and Rv3032 respectively, 
were previously shown to be required for the mannosylation of glycolipids and 
the synthesis of MGLPs [38, 67]. However, effects on virulence have not been 
reported [68]. Additional genes identified here include fadE33 and phoT. FadE33 is 
necessary for growth on cholesterol [69], a critical carbon source during persistent 
infection [70], and phoT encodes an ATP-binding cassette (ABC) protein with a 
role in phosphate uptake and virulence [33, 71, 72]. Possibly, mutations in these 
genes abolish the ability to adapt metabolically to the in vivo environment in the 
host, which is crucial for mycobacterial persistence.

To sum up, our screen confirms a role in virulence and granuloma formation for 
the known virulence factors PpsD, PhoT, SecA2, Pks12, EccCDE1, and demonstrates 
for the first time involvement of FadE33, EspL, the mannosyltransferase mmar_3225, 
PPK1, GroEL2, 23S rRNA, Lgt, PpsB, DrpE2 and the glucosyltransferase mmar_1681 
in mycobacterial granuloma formation. Finally, three M. marinum specific genes 
were identified. The observation that most of the identified genes are present 
in M. tuberculosis emphasizes the pathological relatedness of M. marinum and 
M. tuberculosis and the relevance of our screen for understanding granuloma 
formation of M. tuberculosis. Further, it is important to note that mutants with a 
mild granuloma formation defect are not necessarily less interesting than mutants 
with a severe granuloma defect, because the mutants with the milder phenotypes 
are presumably deficient in the later stages of granuloma formation that cannot 
be mimicked in vitro. In support of this assumption, it has been demonstrated that 
cholesterol metabolism is predominantly required for mycobacterial persistence 
during the chronic stage of infection and not for acute infection or growth in 
macrophage cell lines [69, 70]. Mutation of FadE33, required for cholesterol 
metabolism, indeed results in a relatively mild granuloma deficiency.

The identification of an early granuloma mutant with a transposon insertion in 
the rrl gene, encoding 23S rRNA, prompted us to investigate the ribosomal RNA 
operon copy number of several M. marinum isolates. Fast-growing mycobacterial 
species generally have two rRNA operons, whereas slow-growing species have 
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one copy [73]. Furthermore, it has been shown that the number of rRNA operons 
correlates with the rate at which bacteria adapt to resource availability [74]. 
This might reflect differences in habitats, because slow-growing, pathogenic 
mycobacteria reside predominantly in specific hosts, while fast-growing, non-
pathogenic species inhabit diverse environmental niches. Strikingly, we found 
that rRNA operon copy numbers vary among the different M. marinum isolates. 
Whereas the M strain has one rRNA operon, all other tested isolates possess two 
rRNA operons. This might suggest that the M strain resembles (in this respect) 
the more ancient M. marinum strains and that the rRNA operon duplication event 
occurred later. However, the M. marinum isolate 551962, which clusters together 
with the M strain in an AFLP analysis [28], possesses two rRNA operons, which 
challenges this hypothesis. Alternatively, the M strain might be the only M. marinum 
strain that has deleted one of its rRNA operons. Unfortunately, we were not able to 
unambiguously demonstrate a mechanism of attenuation for the two rrl mutants. 
The observation that transposon transcript levels were significantly increased in 
the rrl mutants and the association of these transcripts with the ribosome led us 
to hypothesize that translation of transposon transcripts enervates the ribosomes, 
thereby possibly reducing the general protein synthesis rate that is required for 
adaptation to the stressful in vivo environment. However, we are hesitant about 
whether the observed difference in attenuation between mutant FAM351 and 
S6M9, i.e. 21 and 2% respectively, can be explained by differences in transposon 
transcript levels and still consider alternative mechanisms of attenuation.

Our study is the first report directly linking PPK1 to mycobacterial virulence. 
Given the involvement of PPK1 in virulence of a broad range of pathogens 
[42], this finding is not unexpected. In addition, it has been reported that a 
M. smegmatis ppk1 deletion mutant has an increased susceptibility to various 
kinds of stress and that downregulation of ppk1 of M. tuberculosis compromised 
intracellular replication in macrophages [56]. M. tuberculosis ppk1 is upregulated 
in phosphate-limited conditions, a situation likely encountered during infection 
within the host [72]. Furthermore, transposon disruption of ppx, encoding 
the exopolyphosphatase that catalyzes the hydrolysis of polyP to liberate Pi, 
attenuated virulence of M. tuberculosis in guinea pigs [57]. These data indicate 
that mycobacterial PPK1 functions in response to stress and that maintenance 
of the polyP balance is important for mycobacterial virulence. A reason for 
the absence of data associating PPK1 to mycobacterial virulence might be the 
suggested essentiality of M. tuberculosis ppk1 [75]. Although we were not able 
to analyze the polyP content of our strains, the observed signaling defect of the 
ppk1 mutant implies that the function of PPK1 in polyP synthesis and subsequent 
stress responses is conserved between M. marinum and M. tuberculosis. The 
strong attenuation of the ppk1 mutant, combined with the fact that PPK1 is 
absent in eukaryotes, makes this enzyme an attractive drug target, which was 
also proposed previously [42]. To emphasize the significance of our screen for the 
identification of drug targets, two different classes of promising anti-TB drugs, 
currently in clinical development, target the heteromeric decaprenylphosphoryl-
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beta-D-ribose 2’-epimerase, encoded by dprE1 and drpE2 [76-78], and the latter 
was also identified by our approach.

During latent TB infection, granulomas represent an important reservoir of 
persistent mycobacteria. The granuloma forming pathway for M. tuberculosis is 
poorly defined. The work presented here, using a natural in vivo infection model, 
contributes to our understanding of the mechanisms by which mycobacteria induce 
granuloma formation. Even though the screen was not genome-wide, several 
new granuloma determinants have been identified. These genes could serve as 
new anti-TB drug targets, or as mutation targets for the development of new live 
attenuated vaccines, which are imperative to eradicate this dreadful disease.

EXPERIMENTAL PROCEDURES
Bacterial strains and growth conditions
The M. marinum strains were grown at 30°C on Middlebrook 7H10 agar plates 
(Difco) supplemented with 10% oleic-acid-albumin-dextrose-catalase (OADC; BD 
Bioscience) or shaking in Middlebrook 7H9 liquid medium (Difco) supplemented 
with 10% albumin-dextrose-catalase (ADC; BD Bioscience) and 0.05% Tween-80. 
For cloning procedures, the Escherichia coli strain DH5α was used. Hygromycin, 
kanamycin and chloramphenicol were added when required at concentrations of 
50, 25 and 45 μg/ml, respectively.

Plasmid transformation and transposon mutagenesis
To visualize bacteria, the plasmid pSMT3-mcherry [23] was introduced in M. marinum 
strain E11 (Mma11) by electroporation. A transposon mutant library of M. marinum 
E11 containing pSMT3-mcherry was generated with phage phiMycoMarT7, 
containing the mariner-derived transposon Himar1, as described previously [22, 24].

Zebrafish embryos screen
The zebrafish embryo screen for identification of M. marinum genes involved 
in early granuloma formation was performed largely as described previously 
[22]. Volumes of 1 nl of bacterial suspension, containing 50-200 colony forming 
units (CFU) of a single transposon mutant, were injected into the caudal vein 
of embryonic zebrafish at 1 day post fertilization. Groups of 15 embryos per 
mutant were used. At 5 days post infection, embryos were monitored using 
fluorescence microscopy (Leica MZ16FA). Brightfield and fluorescent images were 
generated with a Leica DFC420C camera and subsequently fluorescent images 
were analyzed with customized software that quantified infection levels. An 
updated version of the previously described software [22] was used (see http://
bio-imaging.liacs.nl/galleries/granulomaload/). Bacterial mutants that initiated 
less granulomas as compared to wildtype M. marinum E11 were retested at least 
twice. Transposon insertion sites were determined by ligation-mediated PCR and 
sequence analysis [22, 25]. All procedures involving embryonic zebrafish were 
performed in compliance with local animal welfare laws.
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Double filter spot blot assay
To check for ESAT-6 secretion, bacteria were grown until they reached early 
exponential phase. Cultures were diluted to an optical density at 600 nm (OD600) of 
0.1 and 10 μl was spotted on nitrocellulose filters (Millipore HATF08250) placed on 
Sauton agar plates. When bacterial growth was clearly visible, the filter was placed 
on a second filter on top of a fresh Sauton plate and incubated overnight at 30ºC. 
Subsequently, the second filter containing the secreted proteins was incubated 
with an antibody directed against ESAT-6 (Mab Hyb76-8; Statens Serum Institut, 
Copenhagen, Denmark). The presence of the second antibody, a peroxidase-
labeled goat anti-mouse IgG (American Qualex) was detected with a mixture of 
4-chloro-1-naphthol (Bio-Rad) and 3,3’-diaminobenzidine∙4HCL (Sigma-Aldrich).

Minimal inhibitory concentration
Bacteria were grown until the early exponential phase. Cultures were diluted 
to an OD600 of 0.01 and incubated in 96 well plates (100 μl volume) in 7H9 
medium containing twofold dilutions of rifampicin. Wells without antibiotic 
were used as growth control and experiments were performed in duplicate. The 
minimal inhibitory concentration (MIC) was determined as the lowest antibiotic 
concentration that inhibited visible growth.

PCR and quantitative reverse transcriptase (qRT)-PCR
To determine whether the rRNA operon was duplicated in M. marinum, PCRs were 
performed using the primers rRNA-1, rRNA-2, and rRNA-3 (for primer sequences, 
see supplementary Table S1). RNA isolation and qRT-PCRs were performed as 
described previously [22]. For analysis of whole cell lysates of the rrl mutants, 
the primer sets 5S-F/R; 16S-F/R; 23Sa-F/R; 23Sb-F/R; and Tn mycomar-A/B were 
used. For qRT-PCR analysis in ribosome fractions, primer sets Tn mycomar-A/B; 
23S before F351 Tn-F/R; and 23S after F351 Tn-F/R were used. For polyP-related 
signaling, primer pairs mprB-F/R; sigE-F/R; and rel-F/R were used. Data were 
normalized to the house-keeping gene sigA [26], using the primer set sigA-F/R.

Ribosomal analysis
Cultures were grown to mid log phase and treated with 0.3 mM tetracycline for 
5 minutes to freeze the ribosomes on mRNA. 100 ml of culture was pelleted, 
washed in PBS, and lysed in 500 µl of Polysome Lysis Buffer (20 mM Tris pH7.2, 
130 mM KCl, 10 mM MgCl2, 2.5 mM DTT, 0.5% NP-40, 0.5% deoxycholic acid, 
0.3 mM tetracycline, 200 U/ml RNasin, 1.5 mg/ml lysozyme) by incubating on 
ice and sonication. Lysates were cleared by centrifugation and separated on a 
7%-47% sucrose gradient in sucrose base (10 mM Tris pH7.2, 60 mM KCl, 10 mM 
MgCl2, and 1 mM DTT) by ultracentrifugation. The gradients were fractionated 
by upward displacement using the Teledyne ISCO for continuous measurement 
of the absorbance at 254 nm to detect ribosomal subunits. Fractions containing 
ribosome subunits were collected and RNA was isolated with Trizol.
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Complementation of mutant FAM229
The wildtype mmar_1730 gene (ppk1) or the mmar_1730-1729 (ppk1-mutT1) 
operon were PCR amplified using primers mmar_1730-F in combination with either 
mmar_1730-R or mmar_1729-R (for primer sequences, see supplementary Table S1) 
and M. marinum E11 genomic DNA as a template. PCR products were digested 
with EcoRV and ligated into the StuI site of the integrative vector pUC-INT-CAT 
[27]. In order to create a frameshift in ppk1 in the ppk1-mutT1 operon, pUC-INT-
CAT::mmar_1730-1729 was digested with Bsp119I, the 5’ protruding end was filled 
in using Klenow fragment and the plasmid was self-ligated. Correct introduction 
of the frameshift was confirmed with sequence analysis. Resulting plasmids were 
introduced into mutant FAM229 by electroporation and genomic integration was 
assessed by PCR using primers wbINTgen/pls, spanning the integration site.

Adult zebrafish infections
Animal experiments were approved by the local Animal Welfare Committee, 
under protocol number MM01-02 and MM11-02. Adult zebrafish were infected 
as described previously [28]. Bacteria grown to mid log phase were de-clumped 
with 0.3% Tween-80 in PBS and resuspended in PBS. One year old male 
wildtype zebrafish were anaesthetized in 0.02% (w/v) ethyl-3-aminobenzoate 
methanesulfonate salt (Sigma-Aldrich) and injected intraperitoneally with 10 μl of 
bacterial suspension. Control fish were injected with the same volume of PBS. At 
selected time-points, fish were sacrificed by incubation in a high concentration 
(0.05%) of the anesthetic. To assess bacterial replication, livers and spleens were 
excised, homogenized, decontaminated with MycoPrep reagent (BD Bioscience) 
and plated onto 7H10 agar plates.

Statistical analysis
Statistical tests were performed with GraphPad Prism software.
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Supplementary Figure S1. Ribosome profiling of wildtype M. marinum E11 (E11), mutant 
FAM351 and mutant S6M9. Representative images of three biological replicates of wildtype 
M. marinum E11, three biological replicates of FAM351, and one sample of S6M9 are shown.
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Supplementary Table S1. Primers used in this study.

Primer name Sequence (5’ to 3’)

rRNA-1 tttccggtcgcagacctt

rRNA-2 cagctcgggtggaaaagtag

rRNA-3 agatcgcccacgtgttactc

sigA-F gaaaaaccacctgctggaag

sigA-R cgcgtaggtggagaacttgt

5S-F ccacagcgacagggaaac

5S-R gttcggcggtgtcctactt

16S-F ctgagatacggcccagactc

16S-R cctaccgtcaatccgagaaa

23Sa-F gtttaaccgggtaggggttg

23Sa-R gttttcacgtaccgggctct

23Sb-F gtcaagcagggacgaaagtc

23Sb-R tggactcttggggaagatca

Tn mycomar-A ggtttaacggttgtggacaa

Tn mycomar-B ggcgtatcacgaggcccttt

23S before F351 Tn-F catgtccctgactcgcaggctc

23S before F351 Tn-R gaatggtgaaaagtaccccgggagg

23S after F351 Tn-F cctgatcttggagaaggtttcccgc

23S after F351 Tn-R cctgtccctagtacgagaggacc

mprB-F cacggggatctgttcttgtc

mprB-R tcggtcggtttcaaactctt

sigE-F cgggaatacagaatggcaac

sigE-R ctcaaggtggtgatggtgtg

rel-F catcctgcatcccaagaagt

rel-R tgatcttcgatgcactcagc

mmar_1730-F aGATATCgatttgcgacgtcgacactc

mmar_1730-R aGATATCcggcatatacgattcggtct

mmar_1729-R gGATATCtgaccaaggcaacagtgaag

wbINTgen ctaccaagctgcgctacacc

wbINTpls tcgtttgtcagcatcgaaag

engineered EcoRV sites in capital letters


