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SUMMARY
Broad-host pathogens have adapted a lifestyle that enables them to survive and 
replicate in different environments. Mycobacterium marinum, a close relative of 
Mycobacterium tuberculosis, is such an intracellular pathogen that can infect, survive 
and replicate in phagocytic cells of vertebrates as well as protozoan species. Here, we 
employed transposon-directed insertion-site sequencing (TraDIS) of a large pool of 
M. marinum transposon mutants to determine which genes are required, advantageous 
or disadvantageous for survival and replication in phagocytic cells of different host 
species. We found a number of general virulence mechanisms relevant for all hosts, 
including the ESX-1 protein secretion system, biosynthesis of the polyketide lipid 
phthiocerol dimycocerosate (PDIM) and proteins involved in uptake and metabolism of 
cholesterol. In addition, we could identify the putative CpsA regulator as a new general 
virulence factor. Interestingly, our data also showed that M. marinum contains a large set 
of host-specific virulence determinants. For instance, the general virulence-associated 
ESX-1 system requires auxiliary proteins that play a crucial role in species-dependent 
infection. We show that the bacterial factors required for a successful infection of 
protozoan species frequently differ from those used for macrophages derived from 
vertebrates, indicating that broad-host range pathogens such as M. marinum contain 
different sets of virulence factors that are customized for specific hosts. Furthermore, 
these data also imply that although amoebae may be used as an experimental model to 
study host-pathogen interactions for intracellular pathogens, they do not fully manifest 
interactions with pathogens relevant for crossing species or even kingdom barriers.
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INTRODUCTION
Throughout evolution, pathogens have developed an arsenal of molecular mechanisms 
in order to establish a successful infection within the host. Whereas most pathogens are 
restricted to a single host, some infectious agents have broadened their horizon and have 
developed ways that allow them to survive in a variety of different hosts [1,2]. The molecular 
basis of host specificity is poorly understood. Moreover, the specific molecular pathways 
that are employed by pathogens in different environments, remains an unexplored area. 
Insight in pathways that are specifically employed in certain hosts, provides information 
on the evolutionary development of virulence processes and could help to predict 
pathogen adaptation to new hosts. In addition, knowledge on virulence mechanisms 
that are essential for survival and pathogenesis across various organisms, would be highly 
valuable for the design of effective drug treatments and vaccination strategies. 

One of the diseases for which such knowledge would greatly benefit the design 
of treatment options is tuberculosis. This deadly infectious disease is caused by 
Mycobacterium tuberculosis, a facultative intracellular bacterium that has evolved to 
become one of the most successful human pathogens. Currently, one third of the world’s 
population is infected with this pathogen, which can latently persist in the human body 
for decades. As a result of genome downsizing, M. tuberculosis has become restricted 
to a limited number of mammalian hosts [3]. In contrast, Mycobacterium marinum, 
which is genetically one of the closest relatives of the M. tuberculosis complex [4], has 
maintained a larger genome and is probably therefore able to infect a broad range of 
hosts [5]. Both mycobacterial species have adapted to an intracellular lifestyle, using 
primarily macrophages as host cells. However, the ability of M. marinum to adapt to 
changing environmental conditions makes this pathogen an excellent tool to study 
mycobacterial adaptation to the host from an evolutionary perspective.

M. marinum causes disease in a large number of poikilothermic animals as a result 
of its optimal growth temperature of 30˚C [6]. Among others, M. marinum infection 
of fish, frogs and reptiles has been described [6-8]. The course of infection in these 
animals is highly similar to that of M. tuberculosis in the human host. In particular, the 
formation of granuloma-like lesions in the host and the ability to cause both acute and 
chronic disease are well-known characteristics of M. tuberculosis that also apply to M. 
marinum infection [7,9,10]. In addition to its natural ectothermic hosts, M. marinum is 
also able to cause infection in warm-blooded animals. However, due to temperature 
restrictions, the infection in these species is usually limited to the cooler body parts, 
such as the skin. In humans, this leads to a granuloma-forming disease called fish tank 
granuloma or swimming pool granuloma, which like tuberculosis, needs to be treated 
with an extensive course of antibiotics. The fact that M. marinum has adapted to a 
wide variety of hosts, is further demonstrated by its capacity of infecting protozoan 
hosts such as the soil amoeba Dictyostelium discoideum and the water-borne amoeba 
Acathamoeba castellanii [11,12]. Amoebae have been suggested to serve as a training 
ground for intracellular pathogens [13]. In fact, the present intracellular lifestyle of 
pathogenic mycobacteria in animals has been hypothesized to be attributable to an 
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evolutionary selection for survival and replication in protozoans [14]. Genetic evidence 
to support this theory however, is lacking.

In this work, we have studied on a genome-wide level the molecular mechanisms 
that are important for M. marinum to survive and replicate in cells derived from a 
variety of hosts. Using transposon-directed insertion-site sequencing (TraDIS) of a large 
pool of transposon mutants [15], we were able to identify genes essential for bacterial 
survival within mammalian, fish and protozoan cells. Our findings provide a complete 
picture of genes and pathways that are essential, advantageous or burdensome for 
mycobacterial survival in different hostile environments. As they reveal both common 
and host-specific virulence pathways, we argue that the current perception of amoebae 
serving merely as a training ground for intra-macrophage pathogens [14], might be 
too simplistic. Our data provides important insights in environmental adaptation and 
bacterial requirements to become a successful intracellular pathogen.  

RESULTS
M. marinum E11 genome sequence
In order to study pathogen adaptation to different hosts, we used the M. marinum 
wild-type strain E11. This strain was originally isolated from Dicentrarchus labrax 
(sea bass) and displays a chronic course of infection with typical signs of tuberculosis in 
zebrafish, in contrast to the published and widely used M-strain that causes acute lethal 
disease in this host species [5,7,10,16]. We first sequenced and annotated the M. marinum 
E11 genome and found that it is highly similar to that of the M. marinum reference strain 
M (Figure 1). Its 6.3 Mbp genome contains 5,335 coding sequences. In addition, the 
genome sequence also includes a 114 Kbp plasmid with 98 coding sequences, which 
is not present in the M strain and is likely acquired via horizontal gene transfer (hgt) 
(R. Ummels and W. Bitter, unpublished results). Many chromosomal differences between 
the two M. marinum strains can be attributed to bacteriophage-related sequences and 
transposable elements. In addition, there are a number of genes that are clearly recently 
acquired by hgt as they have no close homologues within the mycobacteria, such as a 
gene encoding the putative ferrous iron transporter FeoB. Together, these results show 
that, in contrast to M. tuberculosis, hgt is an ongoing process in M. marinum. 

M. marinum E11 infection of phagocytic cells
In order to test whether the M. marinum E11 strain is able to survive in phagocytic cells 
derived from different hosts, we infected phagocytic cells from three different vertebrates 
(human, mouse and fish) and two protozoan species (D. discoideum and A. castellani) 
with GFP-labeled mycobacteria. By performing fluorescence microscopy and plate count 
assays we confirmed the presence and survival of mycobacteria for 3 days (Figure 2A). In 
order to determine whether infection of protozoan cells shows the same characteristics 
as infection of vertebrate macrophages, we tested the effect of a mutation in the ESAT-6 
secretion system (ESX-)1 on survival of M. marinum E11 in A. castellani [17]. ESX-1 of 
M. marinum is essential for the successful infection of both zebrafish and human cell lines 
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Figure 1. Genome alignment. Alignment of the complete genomes of M. tuberculosis H37Rv, M. 
marinum M and M. marinum E11 using the Artemis Comparison Tool (ACT). Syntenic regions are 
shown in red and inversions are indicated with blue lines.
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Figure 2. M. marinum infects phagocytic cells derived from different hosts. A. Images of 
infected mouse (RAW264.7), human (THP-1) and fish (CLC) phagocytes as visualized by confocal 
fluorescence microscopy. Bacteria expressing GFP are green and the actin skeleton of the host 
cells is labeled red. B. A. castellanii infected by GFP-expressing M. marinum E11 wild-type or 
ESX-1-deficient eccCb1 transposon mutant.
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[18,19]. We observed that an ESX-1-deficient eccCb1 mutant strain of M. marinum was 
indeed attenuated during A. castellani infection, as visualized by fluorescence microscopy 
(Figure 2B). Together, our data confirms that the E11 strain of M. marinum is able to infect 
phagocytic cells derived from different hosts and that ESX-1 is important for infection.   

Essential genes
In order to determine the effect of each M. marinum gene on viability and infection, 
we constructed a pool of 1.1*105 single transposon mutants. Given the size of the E11 
genome, this number of mutants results in a theoretical transposon insertion density 
of one per 57 bp, which means that most of the 5,433 coding sequences were covered 
by one or multiple transposon hits. By performing TraDIS on the transposon pool, all 
transposon insertion sites were sequenced [15]. In order to produce high confidence 
datasets, we used four biological replicates of 5*106 colonies for these experiments. 
Sequence reads of the transposon insertion sites were subsequently mapped onto the 
M. marinum E11 genome. This led to the identification of 304 genes that are probably 
essential for survival of the bacteria when grown in normal culture media (Table S1), 
using the selection criteria as described by Griffin et al. [20]. Most of these essential 
genes are shared with M. tuberculosis and are involved in metabolic, respiratory and 
cell wall-associated processes (Figure 3A and B) [21]. For instance, the esx-3 gene 
cluster, which encodes an essential type VII secretion system involved in metal uptake 
in M. tuberculosis [22,23], is also required for M. marinum viability. Interestingly, 
M. marinum contains a relatively high amount of essential pe_pgrs genes, of which 
most have no orthologues in the genome of M. tuberculosis. A comparison of the 
two species shows that not all of the essential M. tuberculosis genes were found to 
be equally important for M. marinum (Figure 3B) [20]. This may partly be a result of 
redundancy in the M. marinum genome, which is more than 2 Mbp larger and contains 
2189 additional genes without orthologues in M. tuberculosis.

Hierarchical clustering of host cells based on infection-associated 
M. marinum genes 
After identifying the essential genes of M. marinum, we focused on genes involved in 
virulence. M. marinum exploits several molecular processes that allows it to survive and 
replicate within macrophages. Given its broad host range, the virulence mechanisms 
used may differ between hosts. Pathways that are involved in survival within protozoan 
species, may not necessarily be required for survival in fish or mammalian cells and 
vice versa. To study these differences in detail, we infected phagocytic cells derived 
from human (THP-1), mouse (RAW264.7) and fish (CLC) origin and two amoeba species 
(A. castellanii and D. discoideum) with the pool of M. marinum transposon mutants. 
Bacterial growth rates and therefore the number of selection rounds within three days 
increased with the infection temperature and was highest in the mammalian cell lines, 
which were infected at 33˚C (Figure S1). The experiments were performed with high 
bacterial numbers (1.5*107), but with a low multiplicity of infection (MOI of 0.5) to ensure 
maximal statistical significance and minimal disturbance of different bacterial mutants 
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Figure 3. Essential genes of M. marinum. A. Pie-chart showing a subdivision of all essential M. 
marinum genes based on functional category. B. Venn-diagram showing the degree of overlap 
between essential M. tuberculosis genes as determined by Griffin et al [20] and M. marinum 
genes found in this study. Out of the 42 genes that are essential in M. marinum and not in M. 
tuberculosis, 16 are M. marinum specific. Half of these M. marinum-specific essential genes code 
for PE_PGRS proteins. Of the 26 genes that are present in both species but only essential in M. 
marinum, a previous study showed gene essentiality for the M. tuberculosis orthologues of mbtC 
and ME11_49920 (Rv3679) [21], indicating that the number of M. marinum specific essential 
genes might even be lower than assumed here. Of the 511 genes that are specifically required 
for M. tuberculosis viability, 59 do not have an orthologue in M. marinum. Part of the remaining 
genes may be essential for M. marinum as well but as a result of our stringent selection criteria, 
we only selected those genes that can be considered essential with high confidence.
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infecting the same host cell (i.e. avoiding wild-type helper effect).  By performing 
TraDIS and comparing the transposon mutants that were present before and after three 
days of infection, we could identify the bacterial factors required, advantageous or 
disadvantageous in specific hosts. Importantly, the analysis of three individual biological 
replicates gave highly reproducible results, which means that the effect of different 
genes on intracellular survival and outgrowth can be predicted with high confidence 
(Figure 4). Based on the behavioral patterns of the M. marinum transposon mutant pool, 
we could cluster the phagocytic cells from the five different hosts (Figure 5). Hierarchical 
clustering analysis revealed a high degree of similarity between the two mammalian cell 
lines, which seems logical as they are evolutionary most closely related. Furthermore, 
the two protozoan species also cluster, indicating functional similarities in these host 
cells. The phagocytic cells derived from fish show an intermediate behavior. 

Validation and identification of a novel virulence factor 
Although our TraDIS analysis was highly reproducible, we set out to validate the 
reliability of the data by testing three single M. marinum transposon mutants in genes 
that showed a clear phenotype in specific host cells. In a co-infection experiment, we 
infected human and fish cells with a 1:1 mixture of selected mutants and a transposon 
mutant showing no apparent phenotype and which we had available in our lab 
(pe_pgrs15_2). As selected mutants we used single transposon mutants in the eccCb1 
gene of the esx-1 locus, ppm1a encoding a polyprenol-monophosphomannose synthase 
and cpsA. The cpsA gene encodes a protein of unknown function that belongs to the 
LytR family of cell envelope-bound transcriptional regulators. Mutants with transposon 
insertion in this gene are strongly attenuated in all hosts except Dictyostelium (Table 2). 
After three days of co-infection, the same timepoint as used for TraDIS, we determined 
relative bacterial growth. Expression of the fluorescent protein mCherry in the ‘wild-
type-like’ pe_pgrs15_2 mutant enabled us to distinguish between the two different 
transposon mutants. The virulence mutants with a transposon insertion in cpsA and 
eccCb1 showed an attenuation pattern that was largely in agreement with the TraDIS 
data (Figure 6A). Only for the third mutant, with a transposon insertion in ppm1a, 
we could not confirm the putative growth advantage in the THP-1 cell line. This may 
be due to the relatively small size of the effect. Because CpsA seems to be a novel 
virulence factor for M. marinum, we also performed zebrafish embryo infection studies 
with the cpsA mutant and found that it was significantly attenuated in vivo (Figure 6B), 
although not as much as the control mutant affected in ESX-1 secretion. These results 
show that TraDIS combined with in vivo infection studies can lead to the identification 
of novel virulence factors at a genome-wide scale. Together, these data show that the 
TraDIS results on M. marinum E11 are reliable and can be used to identify the specific 
contribution of known and novel virulence genes.  

General and conserved virulence factors
Disruption of several M. marinum genes and pathways was found to have similar 
effects in multiple hosts, indicating shared virulence mechanisms. For example, 
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interruption of transport and biosynthesis of the cell wall-associated lipid phthiocerol 
dimycocerosates (PDIM) results in attenuation of M. marinum in mammalian, fish and 
protozoan cells (Table 1 and S2), demonstrating that this virulence factor is essential 
for the pathogen. PDIM mutants are known to have a leaky outer membrane, which 
could affect intracellular survival. In M. tuberculosis PDIM has been found to be 
important for infection as well [24,25], indicating that PDIM function is conserved 
across species. A similar conclusion can be drawn for the ESAT-6 secretion system 1 
(ESX-1). Transposon mutants in genes encoding the membrane components and some 
of the substrates of this type VII secretion system are highly attenuated in virulence 
in all tested phagocytic cells (Table 1). Numerous studies have previously shown that 
ESX-1 is crucial for virulence of both M. marinum and M. tuberculosis (reviewed in 
[17]). In addition to PDIM and ESX-1, the mammalian cell entry (mce) 4 and mce1 
gene clusters could also be identified as general virulence factors of both M. marinum 
and M. tuberculosis [24,26-28]. Mce4 encodes a cholesterol import system that can 
provide energy to mycobacteria during infection [29]. We found that transposon 
insertions in several genes of the M. marinum mce4 gene cluster led to attenuation 
in phagocytic cells of human, mouse and fish origin (Table 1 and S2). In fact, several 
other genes involved in cholesterol metabolism showed the same phenotype. Many 
of these genes were previously found to be required for M. tuberculosis growth on 
cholesterol [20] (Table S3). Since we observed a strong selection of these genes within 
the three-day timeframe of the experiment, the dietary switch to cholesterol or other 

Figure 4. Reproducibility of individual experiments. Clustering of samples using the data from 
which the technical variance due to sequence primer identity and sequence pool were filtered by 
linear modelling, using the same linear model that was used to calculate the biological effects. 
Here only TA-sites for which the false discovery rate on the biological effect was ≤ 0.1 were used 
for clustering. In this way, only TA-sites in which a biological signal was detected participate in 
the sample. The fraction of such TA-sites was 19.1% (17733 out of 93043). The distance between 
samples was calculated using the euclidian method, and clustering was performed using the 
ward method. Only sample dd.1.1 seems to be an outlier, for unknown reasons.

123

G
E

N
O

M
E

-W
ID

E
 SC

R
E

E
N

 FO
R

 IN
FE

C
TIO

N
-A

SSO
C

IA
TE

D
 M

. M
A

R
IN

U
M

 G
E

N
E

S



D
. d

is
co

id
eu

m

A
. c

as
te

lla
ni

i

C
LC

T
H

P
−1

R
A

W
26

4.
7

MMARE11_24480: conserved protein MbtH_2
MMARE11_01810: conserved hypothetical alanine and proline rich protein
MMARE11_29840: hypothetical protein
MMARE11_48720: conserved lipoprotein DsbF
MMARE11_45430: ferredoxin
MMARE11_30080: conserved protein
MMARE11_02920: conserved hypothetical protein
MMARE11_47960: MCE−family protein Mce4B
MMARE11_51810: conserved hypothetical membrane protein
MMARE11_49400: PE family protein, PE32
MMARE11_12970: conserved hypothetical protein
MMARE11_05460: hypothetical protein
MMARE11_51630: transcriptional regulator
MMARE11_28910: conserved hypothetical protein
MMARE11_23590: conserved putative RNA binding protein
MMARE11_44910: molybdenum cofactor biosynthesis protein E2 MoaE2
MMARE11_06440: conserved hypothetical secreted protein
MMARE11_38660: conserved Mce associated membrane protein
MMARE11_37020: conserved hypothetical protein
MMARE11_44310: conserved hypothetical membrane protein
MMARE11_41530: hypothetical protein
MMARE11_11670: adenosine deaminase Add
MMARE11_41570: 6−phosphogluconate dehydrogenase, decarboxylating Gnd2
MMARE11_46570: conserved hypothetical protein
MMARE11_50970: conserved hypothetical protein
MMARE11_17860: hydrogenase maturation factor, HypC
MMARE11_14950: conserved hypothetical protein
MMARE11_28380: conserved hypothetical membrane protein
MMARE11_29610: conserved hypothetical protein
MMARE11_30340: monophosphatase CysQ
MMARE11_29190: conserved hypothetical protein
MMARE11_32810: transposase ISMyma01_aa1−like protein
MMARE11_11100: conserved protein
MMARE11_32290: zinc−dependent alcohol dehydrogenase AdhE2_1
MMARE11_32260: conserved hypothetical protein with cupin−like domain
MMARE11_03530: conserved hypothetical protein, putative thioesterase
MMARE11_23090: biotin synthase BioB
MMARE11_23060: 8−amino−7−oxononanoate synthase BioF1
MMARE11_04060: conserved transmembrane transport MmpL11
MMARE11_11590: conserved hypothetical protein
MMARE11_29230: hypothetical protein
MMARE11_23100: conserved hypothetical protein
MMARE11_23050: adenosylmethionine−8−amino−7−oxononanoate aminotransferase, BioA
MMARE11_20370: pyridoxine biosynthesis protein, SnzP
MMARE11_31960: glutamine synthetase GlnA2
MMARE11_20650: GTP pyrophosphokinase RelA
MMARE11_44670: pyridoxamine 5−phosphate oxidase PdxH
MMARE11_47920: MCE−family protein Mce4F
MMARE11_52210: conserved protein
MMARE11_48500: CoA−transferase (alpha subunit)
MMARE11_48510: CoA−transferase (beta subunit)
MMARE11_52830: Esx−1 secreted protein, EspB
MMARE11_52700: type VII secretion EccB1
MMARE11_52710: type VII secretion EccCa1
MMARE11_52720: type VII secretion EccCb1
MMARE11_23270: conserved hypothetical protein
MMARE11_16970: fatty acyl−AMP ligase FadD26, DIM biosynthesis
MMARE11_47980: conserved hypothetical membrane protein YrbE4B
MMARE11_52000: acyltransferase
MMARE11_47760: conserved hypothetical membrane protein CpsA
MMARE11_52820: Esx−1 secretion associated protein EspL
MMARE11_04040: conserved transmembrane protein
MMARE11_51870: conserved secreted protein
MMARE11_41090: conserved hypothetical protein
MMARE11_44560: transcriptional regulatory protein
MMARE11_52250: s−adenosylmethionine:2−demethylmenaquinone methyltransferase, MenG
MMARE11_19850: hypothetical protein
MMARE11_52780: type VII secretion EccD1
MMARE11_52850: membrane−anchored serine protease (mycosin), MycP1
MMARE11_52840: type VII secretion EccE1
MMARE11_27140: conserved protein
MMARE11_19810: putative WhiB like regulatory protein
MMARE11_07460: transcriptional regulatory protein (possibly TetR−family)
MMARE11_19300: conserved membrane protein, BrkB family
MMARE11_20600: conserved membrane protein secretion factor YajC
MMARE11_13390: conserved transmembrane protein
MMARE11_19540: arsenic−transport integral membrane protein ArsA
MMARE11_26000: type VII secretion EccA5
MMARE11_52690: type VII secretion protein EccA1
MMARE11_52680: Esx−1 secretion associated protein EspH
MMARE11_22580: UDP−glucose 4−epimerase, GalE6
MMARE11_22530: conserved putative aldolase
MMARE11_47670: hypothetical protein
MMARE11_22460: conserved hypothetical protein
MMARE11p_00100: hypothetical protein
MMARE11_52980: conserved hypothetical protein
MMARE11_46130: sensory histidine kinase UhpB
MMARE11_42140: conserved hypothetical transmembrane protein
MMARE11_46680: phosphate−transport ATP−binding protein ABC transporter, PhoT
MMARE11_43330: ribosomal−protein−alanine acetyltransferase RimJ
MMARE11_18120: cob(I)alamin adenosyltransferase CobO
MMARE11_50570: conserved protein
MMARE11_43760: conserved hypothetical protein
MMARE11_12210: thiosulfate sulfurtransferase SseA
MMARE11_31700: non−ribosomal peptide synthetase
MMARE11_30770: non−ribosomal peptide synthetase
MMARE11p_00110: PPE−repeat proteins
MMARE11_01800: conserved hypothetical EsxA−like protein, EsxA_2
MMARE11_01790: conserved hypothetical EsxA−like protein, EsxA_3
MMARE11_31520: conserved transmembrane protein

−5 0 5
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Figure 5. Clustering of host phagocytes. Heat-map showing the degree of similarity between 
phagocytic cells derived from different hosts, based on the (log2-transformed) effects of the 
transposon mutants in these cells. Shown are the first 100 genes that display the most significant 
effects in the different hosts. The effects were calculated per gene as the median effect over 
all TA-sites covering the gene. Blue bars indicate attenuation of transposon mutants in the 
respective gene whereas red bars point to an infection advantage.

Figure 6. Single M. marinum transposon mutants are attenuated during infection. A. Three 
single transposon mutants that showed a specific phenotype in the TraDIS analysis were tested 
for attenuation during three days of infection of human and mouse phagocytic cells. B. A single 
cpsA transposon mutant was tested for attenuation in zebrafish embryos. The degree of infection 
after 5 days was determined by fluorescent pixel counts. Fluorescent pixel counts of the M. 
marinum wild-type strain was set to 100% and an eccCb1 transposon mutant was taken along as 
negative control. Shown are the mean ±SEM of three biological replicates. 
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Gene nr. Product

Effect size

RAW264.7 THP-1 CLC Ac Dd Average

MMARE11_52820• Esx-1 secretion associated protein EspL 0,19 0,18 0,31 0,65 0,58 0,33
MMARE11_47760 conserved hypothetical membrane protein CpsA 0,35 0,28 0,53 0,74 0,78 0,49
MMARE11_52000 acyltransferase 0,44 0,40 0,37 0,91 0,85 0,55
MMARE11_35150 conserved transmembrane transport protein MmpL4 0,62 0,62 0,47 0,55 0,54 0,55
MMARE11_52700• type VII secretion EccB1 0,47 0,48 0,54 0,76 0,62 0,56
MMARE11_52830• Esx-1 secreted protein, EspB 0,43 0,61 0,53 0,71 0,69 0,58
MMARE11_48510 CoA-transferase (beta subunit) 0,45 0,49 0,49 0,59 1,07 0,58
MMARE11_52720• type VII secretion EccCb1 0,50 0,47 0,66 0,67 0,69 0,59
MMARE11_47960‡ MCE-family protein Mce4B 0,63 0,63 0,41 0,87 0,54 0,60
MMARE11_18560 secreted L-alanine dehydrogenase Ald (40 kDa antigen) 0,51 0,58 0,47 0,82 0,68 0,60
MMARE11_23100 conserved hypothetical protein 0,75 0,94 0,63 0,41 0,44 0,60
MMARE11_16970† fatty acyl-AMP ligase FadD26, DIM biosynthesis 0,59 0,45 0,37 1,02 0,83 0,61
MMARE11_48500 CoA-transferase (alpha subunit) 0,58 0,63 0,43 0,66 0,83 0,61
MMARE11_46450 L-asparagine permease AnsP1 0,62 0,60 0,55 0,74 0,57 0,61
MMARE11_52710• type VII secretion EccCa1 0,51 0,46 0,71 0,67 0,79 0,62
MMARE11_40890 ferredoxin FdxC 0,66 0,72 0,47 0,79 0,51 0,62
MMARE11_35000• EsaT-6 like protein EsxK 0,94 0,72 0,39 0,56 0,63 0,62
MMARE11_02920 conserved hypothetical protein 0,81 0,63 0,31 0,93 0,65 0,62
MMARE11_04040 conserved transmembrane protein 0,67 0,59 0,62 0,72 0,54 0,63
MMARE11_39620 lipoprotein LprA 0,64 0,62 0,90 0,55 0,49 0,63
MMARE11_00860 conserved hypothetical MbtH-like protein 0,96 0,61 0,44 0,71 0,55 0,63
MMARE11_23050 aminotransferase, BioA 0,59 0,90 0,89 0,43 0,52 0,64
MMARE11_47980‡ conserved hypothetical membrane protein YrbE4B 0,61 0,43 0,48 1,15 0,73 0,64
MMARE11_51870 conserved secreted protein 0,59 0,59 0,72 0,78 0,59 0,65
MMARE11_23270 conserved hypothetical protein 0,66 0,40 0,82 0,74 0,72 0,65
MMARE11_43080 conserved hypothetical secreted protein 0,72 0,49 0,65 0,81 0,63 0,65
MMARE11_20780 conserved protein 0,80 0,74 0,58 1,01 0,33 0,65
MMARE11_02430 oxidoreductase 0,58 0,70 0,44 0,88 0,76 0,65
MMARE11_39880 conserved hypothetical Hit-like protein 0,81 0,65 0,49 0,88 0,52 0,65
MMARE11_47950‡ MCE-family protein Mce4C 0,75 0,55 0,50 0,89 0,65 0,65
MMARE11_47920‡ MCE-family protein Mce4F 0,60 0,44 0,68 1,05 0,65 0,66
MMARE11_00740 50S ribosomal protein L9 RplI 0,77 0,75 0,58 0,91 0,41 0,66
MMARE11_16880† conserved polyketide synthase associated protein PapA5 0,69 0,47 0,63 0,73 0,84 0,66
MMARE11_50490 transcriptional regulatory protein (probably DeoR-family) 0,98 0,82 0,42 0,73 0,52 0,66
MMARE11_07440 mycolic acid synthase UmaA 0,81 0,65 0,81 0,55 0,55 0,67
MMARE11_36550 conserved hypothetical protein 0,84 0,65 0,68 0,68 0,52 0,67
MMARE11_00460 conserved hypothetical protein 0,73 0,87 0,63 0,72 0,48 0,67
MMARE11_31840 conserved hypothetical membrane protein 0,74 0,59 0,71 0,71 0,64 0,68
MMARE11_52840• type VII secretion EccE1 0,65 0,60 0,57 0,90 0,72 0,68
MMARE11_07760 conserved protein 0,70 0,89 0,42 0,86 0,65 0,70

Table 1. Top 40 genes that show a general attenuation pattern when disrupted by transposon 
insertions.

Listed are genes that are on average most attenuated in all host cells tested. The effect size is 
calculated relative to the pool of transposon mutants that were present prior to infection, as 
described in the experimental procedures. All genes show a significant difference by multiple 
hypothesis ANOVA testing with a p-value lower than 0.5. ESX-1-associated genes are indicated by 
•, Mce4-associated genes by ‡ and PDIM biosynthesis-associated genes by †.
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Gene nr. Product

Effect size

RAW264.7 THP-1 CLC Ac Dd Average

MMARE11_52820• Esx-1 secretion associated protein EspL 0,19 0,18 0,31 0,65 0,58 0,33
MMARE11_47760 conserved hypothetical membrane protein CpsA 0,35 0,28 0,53 0,74 0,78 0,49
MMARE11_52000 acyltransferase 0,44 0,40 0,37 0,91 0,85 0,55
MMARE11_35150 conserved transmembrane transport protein MmpL4 0,62 0,62 0,47 0,55 0,54 0,55
MMARE11_52700• type VII secretion EccB1 0,47 0,48 0,54 0,76 0,62 0,56
MMARE11_52830• Esx-1 secreted protein, EspB 0,43 0,61 0,53 0,71 0,69 0,58
MMARE11_48510 CoA-transferase (beta subunit) 0,45 0,49 0,49 0,59 1,07 0,58
MMARE11_52720• type VII secretion EccCb1 0,50 0,47 0,66 0,67 0,69 0,59
MMARE11_47960‡ MCE-family protein Mce4B 0,63 0,63 0,41 0,87 0,54 0,60
MMARE11_18560 secreted L-alanine dehydrogenase Ald (40 kDa antigen) 0,51 0,58 0,47 0,82 0,68 0,60
MMARE11_23100 conserved hypothetical protein 0,75 0,94 0,63 0,41 0,44 0,60
MMARE11_16970† fatty acyl-AMP ligase FadD26, DIM biosynthesis 0,59 0,45 0,37 1,02 0,83 0,61
MMARE11_48500 CoA-transferase (alpha subunit) 0,58 0,63 0,43 0,66 0,83 0,61
MMARE11_46450 L-asparagine permease AnsP1 0,62 0,60 0,55 0,74 0,57 0,61
MMARE11_52710• type VII secretion EccCa1 0,51 0,46 0,71 0,67 0,79 0,62
MMARE11_40890 ferredoxin FdxC 0,66 0,72 0,47 0,79 0,51 0,62
MMARE11_35000• EsaT-6 like protein EsxK 0,94 0,72 0,39 0,56 0,63 0,62
MMARE11_02920 conserved hypothetical protein 0,81 0,63 0,31 0,93 0,65 0,62
MMARE11_04040 conserved transmembrane protein 0,67 0,59 0,62 0,72 0,54 0,63
MMARE11_39620 lipoprotein LprA 0,64 0,62 0,90 0,55 0,49 0,63
MMARE11_00860 conserved hypothetical MbtH-like protein 0,96 0,61 0,44 0,71 0,55 0,63
MMARE11_23050 aminotransferase, BioA 0,59 0,90 0,89 0,43 0,52 0,64
MMARE11_47980‡ conserved hypothetical membrane protein YrbE4B 0,61 0,43 0,48 1,15 0,73 0,64
MMARE11_51870 conserved secreted protein 0,59 0,59 0,72 0,78 0,59 0,65
MMARE11_23270 conserved hypothetical protein 0,66 0,40 0,82 0,74 0,72 0,65
MMARE11_43080 conserved hypothetical secreted protein 0,72 0,49 0,65 0,81 0,63 0,65
MMARE11_20780 conserved protein 0,80 0,74 0,58 1,01 0,33 0,65
MMARE11_02430 oxidoreductase 0,58 0,70 0,44 0,88 0,76 0,65
MMARE11_39880 conserved hypothetical Hit-like protein 0,81 0,65 0,49 0,88 0,52 0,65
MMARE11_47950‡ MCE-family protein Mce4C 0,75 0,55 0,50 0,89 0,65 0,65
MMARE11_47920‡ MCE-family protein Mce4F 0,60 0,44 0,68 1,05 0,65 0,66
MMARE11_00740 50S ribosomal protein L9 RplI 0,77 0,75 0,58 0,91 0,41 0,66
MMARE11_16880† conserved polyketide synthase associated protein PapA5 0,69 0,47 0,63 0,73 0,84 0,66
MMARE11_50490 transcriptional regulatory protein (probably DeoR-family) 0,98 0,82 0,42 0,73 0,52 0,66
MMARE11_07440 mycolic acid synthase UmaA 0,81 0,65 0,81 0,55 0,55 0,67
MMARE11_36550 conserved hypothetical protein 0,84 0,65 0,68 0,68 0,52 0,67
MMARE11_00460 conserved hypothetical protein 0,73 0,87 0,63 0,72 0,48 0,67
MMARE11_31840 conserved hypothetical membrane protein 0,74 0,59 0,71 0,71 0,64 0,68
MMARE11_52840• type VII secretion EccE1 0,65 0,60 0,57 0,90 0,72 0,68
MMARE11_07760 conserved protein 0,70 0,89 0,42 0,86 0,65 0,70

Table 1. Top 40 genes that show a general attenuation pattern when disrupted by transposon 
insertions.

Listed are genes that are on average most attenuated in all host cells tested. The effect size is 
calculated relative to the pool of transposon mutants that were present prior to infection, as 
described in the experimental procedures. All genes show a significant difference by multiple 
hypothesis ANOVA testing with a p-value lower than 0.5. ESX-1-associated genes are indicated by 
•, Mce4-associated genes by ‡ and PDIM biosynthesis-associated genes by †.
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sterols (in the case of amoeba as host cell) is not only a crucial step for intracellular 
survival and outgrowth, but also occurs shortly after infection. Similar to Mce4, Mce1 
may act as a lipid import system as well and has been implicated in virulence of 
M. tuberculosis [26,27,30,31]. In M. marinum, we found a general attenuation pattern 
of mce1 transposon mutants (Table S2). Together, our data indicates that a successful 
M. marinum infection in any of the tested hosts is dependent on several general 
virulence mechanisms that are conserved in M. tuberculosis. 

Host-specific virulence factors
A number of genes was found to have a very strong but specific effect in certain hosts and 
may therefore be markers for bacterial host adaptation (Figure 7). A list of the most variable 
infection-associated genes in the different host species can be found in Table 2. Most of 
the host-specific effects were observed in the CLC cell line. Of all tested phagocytes, the 
fish-derived CLC cell line most closely resembles a natural host and it is therefore not 
surprising that a large number of the specific adaptations of M. marinum were found using 
these cells. One of the CLC-specific effects was observed in the lipooligosaccharide (LOS) 
biosynthesis pathway, which remarkably appears to be disadvantageous for infection. 
LOS is a cell wall-localized glycolipid that has been suggested to mask other surface-
associated factors [32]. Transposon insertions in several genes of the LOS-region resulted 
in a marked increased fitness of the pathogen (ME11_22530-ME11_22600, Table S2). 
Interestingly, not all LOS genes show this phenotype, only a specific set of genes involved 
in the biosynthesis and addition of caryophyllose, of which the abrogation results in a 
shorter version of LOS [33]. Although the growth advantage could to a lesser extent also 
be observed in the protozoan species, disruption of LOS biosynthesis did not affect M. 
marinum growth in both mammalian cell lines. 

In protozoa, we found that M. marinum is highly dependent on biotin synthesis for 
intracellular survival. On the other hand, disruption of the enzymes of this pathway 
only had a minor effect in phagocytes derived from the other hosts. This differential 
dependency on de novo biotin synthesis points to varying levels of exogenous biotin 
in the diverse host cells, which may have to be considered when this pathway is 
explored as a potential drug target [34]. 

In contrast to biotin biosynthesis, inactivation of the vitamin B12 (cobalamin) 
biosynthesis pathway seems to provide M. marinum with a specific growth advantage 
in Acanthamoeba (Table 2 and S2).  In this host species, transposon-insertions in 
multiple genes encoding enzymes of the vitamin B12 biosynthesis pathway, such as 
CobO, CobB and CobH, give rise to a highly increased fitness. Interestingly, this effect 
is very host-specific and is not or hardly observed in the other host species. Further 
analysis of mutants with a growth advantage in Acanthamboeba, combined with 
data on genomic localization and gene homology, enabled us to detect additional 
factors that are probably involved in the cobalamin biosynthesis pathway. The newly 
identified CobF (ME11_43760) and a conserved transmembrane protein (ME11_3152; 
Rv2206) could be linked to this pathway as a direct result of TraDIS, providing a more 
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complete picture of vitamin B12 biosynthesis in mycobacteria. Although the effect of 
inactivation of de novo vitamin B12 synthesis on infection is highly significant, the basis 
for this response is less clear. Interestingly, mycobacteria can also utilize vitamin B12 
supplied by the host. Recently, a gene required for the uptake of host vitamin B12 has 
been identified in M. tuberculosis (Rv1819c) [35]. Our results show that mutations in 
the M. marinum orthologue (MMARE11_26170) provides the pathogen with a specific 
growth advantage in mouse and especially in human macrophages. Perhaps, high 
vitamin B12 levels are disadvantageous in most host cell types, whether it is present 
due to de novo production upon infection of Acanathmoeba, or due to uptake of 
extracellular vitamin B12 upon infection of mammalian macrophages. 

Unexpectedly, genes associated with the mycobacterial type VII secretion system 
ESX-1 were found among the genes with the most significant species-specific effect 
on virulence. Many studies, including this one, have firmly established a role for ESX-1 
in virulence [17,24,36-38]. This system, which is encoded by the esx-1 gene cluster, is 
responsible for the secretion of several virulence factors. As we have made use of multiple 
M. marinum transposon mutants in each gene of the esx-1 locus, TraDIS allowed us to 
determine the contribution of individual ESX-1 system components during infection. 
Analysis of the esx-1 cluster showed that transposon insertions in genes encoding the 
conserved components that form the actual secretion machinery [39], result in strong 
attenuation of M. marinum in all hosts (Table 1 and S2). Furthermore, disruption of 
genes encoding individual substrates of ESX-1 also have a general impact on virulence, 

Figure 7. Average effect and variation. Average effect and variation of mutants that were significantly 
attenuated or enriched in one or more host cells. The average effect size and standard deviation 
of the log2-transformed data of all five host cells are shown for the all genes that had an ANOVA 
p-value below 0.05. Gene products of interesting outliers discussed in the text are indicated.
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Gene nr. Product

Effect size

RAW264.7 THP-1 CLC Ac Dd

MMARE11_26000 type VII secretion EccA5 0,73 1,29 3,47 3,84 6,65
MMARE11_52690 type VII secretion protein EccA1 0,25 0,18 0,92 3,29 3,69
MMARE11_52680 Esx-1 secretion associated protein EspH 0,24 0,23 0,96 2,43 2,94
MMARE11_20600 conserved membrane protein secretion factor YajC 1,37 1,30 2,34 1,54 4,06
MMARE11_19300 conserved membrane protein, BrkB family 1,01 0,84 1,25 1,65 3,07
MMARE11_43760 conserved hypothetical protein 1,12 0,88 0,89 2,82 0,85
MMARE11_29520 polyprenol-monophosphomannose synthase, Ppm1A 2,34 1,68 0,78 1,28 0,74
MMARE11_12210 thiosulfate sulfurtransferase SseA 2,48 2,07 0,86 1,51 1,13
MMARE11_46680 phosphate-transport ATP-binding protein ABC transporter, PhoT 0,50 0,48 1,57 0,90 1,73
MMARE11_18120 cob(I)alamin adenosyltransferase CobO 1,07 0,87 0,65 2,03 0,64
MMARE11_50570 conserved protein 0,88 1,02 0,75 1,98 0,64
MMARE11_52210 espR 0,77 0,32 1,67 0,50 0,83
MMARE11_52980 conserved hypothetical protein 0,86 1,11 1,79 0,90 0,41
MMARE11_30080 conserved protein 1,10 1,49 0,47 1,43 0,57
MMARE11_27410 conserved hypothetical protein 1,05 1,00 0,54 0,86 1,81
MMARE11_46340 hypothetical membrane protein 1,03 0,62 1,75 1,14 0,66
MMARE11_12970 conserved hypothetical protein 1,54 1,22 0,43 0,77 0,87
MMARE11_29590 putative pyridoxamine 5’-phosphate oxidase 1,44 1,20 1,02 1,02 0,44
MMARE11_26090 hypothetical protein 1,13 1,16 0,47 1,45 0,84
MMARE11_09100 cyanate lyase, CynS 1,40 1,05 0,77 1,02 0,41
MMARE11_30690 hypothetical protein 1,02 1,04 0,31 1,22 0,68
MMARE11_19190 conserved hypothetical protein 1,29 1,01 0,44 0,85 1,30
MMARE11_43380 conserved hypothetical membrane protein 1,13 1,34 0,42 1,07 0,83
MMARE11_24480 conserved protein MbtH_2 1,13 1,07 0,36 0,92 0,51
MMARE11_29840 hypothetical protein 1,09 1,09 0,42 1,20 0,63
MMARE11_26710 conserved protein 1,06 0,81 0,41 1,23 0,57
MMARE11_05460 hypothetical protein 1,22 0,91 0,33 0,91 0,84
MMARE11_35030 hypothetical protein 1,04 0,97 0,33 1,05 0,62
MMARE11_47990 conserved membrane protein YrbE4A 0,72 0,95 0,39 1,12 1,16
MMARE11_26480 urease accessory protein UreD 1,11 1,14 0,39 0,80 0,68
MMARE11_48720 conserved lipoprotein DsbF 1,08 0,99 0,41 1,12 0,67
MMARE11_05790 conserved hypothetical lipoprotein, LpqJ 0,97 0,97 0,41 1,03 1,18
MMARE11_32280 conserved hypothetical secreted protein 1,01 1,04 0,40 0,98 0,58
MMARE11_46390 lycopene cyclase, CrtYd 1,00 1,08 0,34 0,89 0,84
MMARE11_20370 pyridoxine biosynthesis protein, SnzP 0,91 1,12 0,81 0,35 0,65
MMARE11_07370 conserved hypothetical membrane protein 1,04 0,94 0,36 0,95 0,68
MMARE11_52000 acyltransferase 0,44 0,40 0,37 0,91 0,85
MMARE11_27920 multidrug-transport integral membrane protein Mmr-like protein 0,89 0,83 0,32 0,95 0,66

Table 2. Top 40 genes that show the most variable effects in the different host cells when 
disrupted by transposon insertions.

Listed are genes that show the highest degree of variation in the different host cells, based 
on the standard deviation of the effect size. The effect size is calculated relative to the pool 
of transposon mutants that were present prior to infection, as described in the experimental 
procedures. All genes show a significant difference by multiple hypothesis ANOVA testing with 
a p-value lower than 0.5.

130



6

Gene nr. Product

Effect size

RAW264.7 THP-1 CLC Ac Dd

MMARE11_26000 type VII secretion EccA5 0,73 1,29 3,47 3,84 6,65
MMARE11_52690 type VII secretion protein EccA1 0,25 0,18 0,92 3,29 3,69
MMARE11_52680 Esx-1 secretion associated protein EspH 0,24 0,23 0,96 2,43 2,94
MMARE11_20600 conserved membrane protein secretion factor YajC 1,37 1,30 2,34 1,54 4,06
MMARE11_19300 conserved membrane protein, BrkB family 1,01 0,84 1,25 1,65 3,07
MMARE11_43760 conserved hypothetical protein 1,12 0,88 0,89 2,82 0,85
MMARE11_29520 polyprenol-monophosphomannose synthase, Ppm1A 2,34 1,68 0,78 1,28 0,74
MMARE11_12210 thiosulfate sulfurtransferase SseA 2,48 2,07 0,86 1,51 1,13
MMARE11_46680 phosphate-transport ATP-binding protein ABC transporter, PhoT 0,50 0,48 1,57 0,90 1,73
MMARE11_18120 cob(I)alamin adenosyltransferase CobO 1,07 0,87 0,65 2,03 0,64
MMARE11_50570 conserved protein 0,88 1,02 0,75 1,98 0,64
MMARE11_52210 espR 0,77 0,32 1,67 0,50 0,83
MMARE11_52980 conserved hypothetical protein 0,86 1,11 1,79 0,90 0,41
MMARE11_30080 conserved protein 1,10 1,49 0,47 1,43 0,57
MMARE11_27410 conserved hypothetical protein 1,05 1,00 0,54 0,86 1,81
MMARE11_46340 hypothetical membrane protein 1,03 0,62 1,75 1,14 0,66
MMARE11_12970 conserved hypothetical protein 1,54 1,22 0,43 0,77 0,87
MMARE11_29590 putative pyridoxamine 5’-phosphate oxidase 1,44 1,20 1,02 1,02 0,44
MMARE11_26090 hypothetical protein 1,13 1,16 0,47 1,45 0,84
MMARE11_09100 cyanate lyase, CynS 1,40 1,05 0,77 1,02 0,41
MMARE11_30690 hypothetical protein 1,02 1,04 0,31 1,22 0,68
MMARE11_19190 conserved hypothetical protein 1,29 1,01 0,44 0,85 1,30
MMARE11_43380 conserved hypothetical membrane protein 1,13 1,34 0,42 1,07 0,83
MMARE11_24480 conserved protein MbtH_2 1,13 1,07 0,36 0,92 0,51
MMARE11_29840 hypothetical protein 1,09 1,09 0,42 1,20 0,63
MMARE11_26710 conserved protein 1,06 0,81 0,41 1,23 0,57
MMARE11_05460 hypothetical protein 1,22 0,91 0,33 0,91 0,84
MMARE11_35030 hypothetical protein 1,04 0,97 0,33 1,05 0,62
MMARE11_47990 conserved membrane protein YrbE4A 0,72 0,95 0,39 1,12 1,16
MMARE11_26480 urease accessory protein UreD 1,11 1,14 0,39 0,80 0,68
MMARE11_48720 conserved lipoprotein DsbF 1,08 0,99 0,41 1,12 0,67
MMARE11_05790 conserved hypothetical lipoprotein, LpqJ 0,97 0,97 0,41 1,03 1,18
MMARE11_32280 conserved hypothetical secreted protein 1,01 1,04 0,40 0,98 0,58
MMARE11_46390 lycopene cyclase, CrtYd 1,00 1,08 0,34 0,89 0,84
MMARE11_20370 pyridoxine biosynthesis protein, SnzP 0,91 1,12 0,81 0,35 0,65
MMARE11_07370 conserved hypothetical membrane protein 1,04 0,94 0,36 0,95 0,68
MMARE11_52000 acyltransferase 0,44 0,40 0,37 0,91 0,85
MMARE11_27920 multidrug-transport integral membrane protein Mmr-like protein 0,89 0,83 0,32 0,95 0,66

Table 2. Top 40 genes that show the most variable effects in the different host cells when 
disrupted by transposon insertions.

Listed are genes that show the highest degree of variation in the different host cells, based 
on the standard deviation of the effect size. The effect size is calculated relative to the pool 
of transposon mutants that were present prior to infection, as described in the experimental 
procedures. All genes show a significant difference by multiple hypothesis ANOVA testing with 
a p-value lower than 0.5.

131

G
E

N
O

M
E

-W
ID

E
 SC

R
E

E
N

 FO
R

 IN
FE

C
TIO

N
-A

SSO
C

IA
TE

D
 M

. M
A

R
IN

U
M

 G
E

N
E

S



albeit that the effect is somewhat lower. Of the known substrates, EspB seems to be 
the most crucial for virulence, but it has to be noted that M. marinum has, in contrast to 
M. tuberculosis, two nearly identical copies of the best-known ESX-1 substrates esxAB, 
which could imply redundancy. The extra set of esxAB homologues (ME11_0179-81) 
appears to be specifically important for infection of the fish cell line CLC, suggesting 
a host-specific ESX-1 function. However, the most dramatic effects are observed for 
esx-1 genes that are neither known substrates nor components of the transmembrane 
machinery. For instance, while disruption of espH and eccA1 leads to severe attenuation 
in both mammalian cell lines, it provides M. marinum with a strong growth advantage in 
the two protozoan species (Table 2). In fact, these mutations cause the most disparate 
effects in the different hosts. As we see the same advantage for the eccA1 homologue 
eccA5 in amoebae, the presence of cytosolic EccA proteins may be unfavorable for 
M. marinum during infection of these species. Another striking outcome of the TraDIS 
data, was that the ESX-1 associated regulator EspR (encoded by ME11_52210) seems 
to be disadvantageous for infection of fish cells whereas it is required for virulence in 
human cells. Disruption of espR also leads to attenuation of M. marinum in A. castellanii, 
despite the fact that the profile of infection-associated genes for this amoeba species 
clusters more closely with the fish-derived CLC cells than with mammalian cells (Figure 
5). Possibly, espR regulation may go beyond ESX-1 and involves other host-specific 
processes [40]. Together, these data show that, although ESX-1-mediated virulence of 
M. marinum is crucial in phagocytic cells, fine-tuning of this system has major effects on 
virulence. Therefore, the ESX-1 system is probably subjected to strong selection during 
transmission to different hosts in order to adapt to these species.

DISCUSSION
The rapid development of deep-sequencing techniques has opened new possibilities 
for functional genomics studies. The recently developed TraDIS technique enables 
the high-throughput analysis of bacterial gene requirements using a large pool of 
transposon mutants [15,20,41,42]. Here, we employed this technique to determine 
gene essentiality in M. marinum. Moreover, we used it to identify the factors that 
are important for infection of five different host species of this broad host-range 
pathogen. A comparison of the genetic requirements of M. marinum in phagocytic 
cells derived from several organisms reveals important information that can help 
to understand the process of adaptation to new host species. As our experiments 
gave highly reproducible results, TraDIS is an excellent tool to predict pathogen-host 
adaption and to study virulence-mechanisms. 

Our data showed that the M. marinum genome contains 304 genes that are 
essential for survival of the organism in vitro, which represents 6% of the total coding 
sequences. This number is significantly lower than the 19% essential genes in M. 
tuberculosis [15,20], which may in part be attributable to the more stringent selection 
criteria in this study. Although as much as 86% of essential M. marinum genes are 
also crucial for M. tuberculosis viability, the M. marinum orthologues of a number 
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of essential M. tuberculosis genes can clearly be knocked out. As the genome of 
M. marinum is considerably larger than that of M. tuberculosis, it may contain back-ups 
or alternatives for otherwise essential genes. 

In order to identify the factors involved in intracellular survival and replication of 
M. marinum, we infected macrophages derived from three different host species and two 
protozoan species with the pool of transposon mutants, followed by TraDIS. Although 
we kept the infection conditions as similar as possible, the culture medium and infection 
temperature of the different host cells may influence the fitness of specific mutants 
and the amount of replication rounds. We observed that the balance between bacterial 
replication and killing in Dictyostelium discoideum led to an equal number of bacteria 
before and after three days of infection (Figure S1). Although the infection temperature 
of 25.5˚C is quite low for M. marinum to grow optimally, the M-strain of this species has 
been described to replicate efficiently in Dictyostelium at this temperature [12]. Our 
observation that the E11-strain seems to be less virulent in Dictyostelium demonstrates 
that strain-specific differences can have a large impact on the virulence of bacteria.

Overall, we found that the virulence mechanisms used by M. marinum are quite 
similar to those used by M. tuberculosis. Our data clearly demonstrates that ESX-1, 
PDIM and cholesterol uptake and metabolism are crucial for M. marinum during 
infection. In addition to these known virulence strategies of pathogenic mycobacteria, 
our data can also be used to identify novel virulence factors. The cpsA gene is such 
a novel virulence-associated factor. Transposon insertions in this gene resulted in 
attenuation in all types of hosts, indicating that it is important for M. marinum infection 
in general. Using a single transposon mutant, we found that CpsA is indeed required 
for M. marinum growth in zebrafish embryos. In a large transposon site hybridization 
study, the cpsA gene of M. tuberculosis has previously been found to be important for 
growth in the mouse spleen [24], indicating that CpsA is a shared virulence factor of 
pathogenic mycobacteria. This protein is predicted to be a transcriptional regulator 
localized in the membrane and has been suggested to be involved in capsule 
biosynthesis of Gram-positive bacteria [43]. Future experiments should elucidate the 
function of CpsA and determine whether it might be a potential drug target.

Being a broad-host range pathogen, M. marinum has developed several host 
species-specific virulence mechanisms. Our data shows that there is a substantial 
amount of genes required for infection of the fish-derived CLC cells. Most of these 
genes are less important for infection of phagocytes derived from the other hosts 
tested, indicating that M. marinum has highly adapted to fish as expected. Genes 
that were found to be disadvantageous for infection of fish-derived cells include those 
that are involved in LOS-biosynthesis. Interestingly, LOS is absent in M. tuberculosis, 
whereas it is present in the closely-related M. canetti [44]. This latter species is an 
early-branching lineage of the tuberculosis complex and, as such, probably still has a 
broad environmental adaptability [45]. Therefore, the loss of LOS may reflect pathogen 
specialization to a specific host. The growth advantage of M. marinum LOS-mutants in 
fish cells may be indicative of an ongoing process of host-specialization. Alternatively, 
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the carp might not be the preferred host of this specific M. marinum strain, which was 
originally isolated from sea bass. 

Inactivation of vitamin B12 biosynthesis was found to increase fitness of M. marinum 
in amoebae. In M. tuberculosis, vitamin B12 has been shown to serve as a co-factor 
for activity of the methionine synthase MetH, the methylmalonyl coenzyme A mutase 
MutA/B and the class II RNR NrdZ [46,47]. MutA/B are part of the methylmalonyl 
pathway, which is important for relieving metabolic stress imposed by a dietary switch 
to cholesterol [48]. On the other hand, vitamin B12 inhibits activity of the methionine 
synthase MetE due to a vitamin B12 riboswitch motif upstream of the gene [46]. Given 
that MetH and MutA/B are essential for M. marinum (Table S1), it is possible that the 
absence of vitamin B12 may lead to a metabolic switch that bypasses the function 
of these enzymes resulting in increased virulence under specific circumstances. In 
support of this theory, previous reports have shown that several clinical isolates of 
M. tuberculosis, including the highly infectious CDC1551 strain, have lost activity of 
MetH and NrdZ function [46,49,50]. Our TraDIS data shows that this possible selection 
against vitamin B12-dependent enzymes that may favor disease and transmission 
of M. tuberculosis, could also be applicable to M. marinum. The exact reason for 
the counterselection of vitamin B12 biosynthesis is not known, but considering the 
size of the observed effect and a similar effect on the recently identified vitamin B12 
transporter [35], it is probably more than just energy conservation.   

By using TraDIS, we could determine the relative contribution of each component 
of the virulence-associated protein secretion system ESX-1. Our data confirmed 
previous reports that the secretion machinery itself is essential for virulence, in all host 
species tested [24,36-38,51]. Surprisingly, we found that not the secreted proteins, 
but the secretion-associated proteins are responsible for the most disparate effects 
in the different models. This suggests that these secretion-associated proteins, such 
as EspH, EccA1 and EspL, play an auxiliary role in the secretion process and that it 
is the fine-tuning of secretion by these proteins that primarily determines virulence. 
Consequently, the most important effector proteins and mechanisms of ESX-1 may 
differ between host species, which should be taken into account when using mutants 
with a complete defect of the ESX-1 machinery. 

In this study, we determined whether intracellular survival of the broad-host 
pathogen M. marinum involves general or host-specific virulence mechanisms and 
found that both apply to this pathogen. The observation that M. marinum uses host-
specific mechanisms indicates that it adapts to different intracellular environments. 
Therefore, it may not be correct to consider amoebae as a training ground for 
intracellular pathogens, where observed virulence strategies can be translated one on 
one to a natural and clinically more relevant environment. In M. marinum, we found 
specific genetic requirements for infection of mammalian cells that were not applicable 
to protozoa and vice versa. These genetic requirements can be used to study host 
adaptation and may be useful for the identification of new drug targets. The use of 
TraDIS in infection studies can be highly instrumental in this process.
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EXPERIMENTAL PROCEDURES
Bacterial strains, cell lines and culture conditions
In this study, we made use of a transposon library generated in the M. marinum wild-type 
strain E11 [16]. This library, consisting of 1.1*105 single transposon mutants, was constructed 
as previously described [52]. Transposon insertions were randomly distributed at TA 
dinucleotide sites across the genome [53]. Prior to infection experiments, aliquots of the 
pooled transposon library were taken from -80˚C and grown for 24 hours shaking at 30˚C in 
Middlebrook’s 7H9 culture medium supplemented with ADC (albumin-dextrose-catalase, 
BD Biosciences) and 0.05% Tween. For validation experiments, single transposon mutants 
in eccCb1 (ME11_5272; MMAR_5446) [51], espG5 (ME11_2596; MMAR_2676) [54], 
ppm1A (ME11_2952; MMAR_3029), pe_pgrs15_2 (ME11_2420; MMAR_2492) and cpsA 
(ME11_4776; MMAR_4966) were used. Transposon mutants in ppm1A and pe_pgrs15_2 
were found by random mutant sequencing whereas the transposon mutant in cpsA was 
found in a pool of transposon mutants using a specific primer-mediated approach. The 
human monocytic cell line THP-1, the mouse macrophage cell line RAW264.7 and the 
carp leukocytic cell line CLC [55] were cultured in RPMI-1640 with Glutamax-1 (Gibco) 
supplemented with 10% Fetal Bovine Serum (FBS, Gibco), 100U/ml penicillin and 100µg/
ml streptomycin at 37˚C and 5% CO2. Acanthamoeba castellanii (ATCC 30234) was 
cultured axenically in proteose-peptone-glucose medium (PPG) at 30˚C. Dictyostelium 
discoideum (Ax2) was grown axenically in HL5c medium (Formedium) at 25.5˚C. 

Infection of zebrafish embryos
In order to visualize bacteria within zebrafish embryos, a pSMT3 plasmid containing 
a gene encoding the red-fluorescent protein mCherry was introduced into the 
M. marinum wildtype strain E11 and single transposon mutants in cpsA and eccCb1 by 
electroporation. Infections stocks were prepared by washing bacteria with 3% Tween 
after which aliquots of bacteria were stored in 20% glycerol at -80˚C. Zebrafish embryos 
were infected with 100 CFU by micro-injection in the caudal vein, as described previously 
[51]. After 5 days of infection, zebrafish embryos were analyzed for bacterial load by 
fluorescence microscopy [51]. In addition, zebrafish embryos were homogenized in BBL 
Mycoprep (BD Diagnostics) and plated on 7H10 agar plates to determine bacterial CFU.

Infection of host cells
For each host cell type, a total of 3*107 cells was seeded in T175 flasks (Corning). 
THP-1 monocytes were differentiated into macrophage-like cells by incubation with 
25 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma) for 24 hours. The M. marinum 
transposon mutant pool was washed in RPMI-1640 (for infection of THP-1, RAW264.7 
and CLC cells) or PBS (for infection of amoebae species) and added to the cells at 
a multiplicity of infection (MOI) of 0.5 for 3 hours at 33˚C (THP-1, RAW264.7), 30˚C 
(CLC, A. castellanii) and 5% CO2 or 25.5˚C (D. discoideium). Infected THP-1, RAW264.7 
and CLC cells were washed twice in RPMI-1640 to remove extracellular mycobacteria 
and incubated at indicated temperatures in RPMI-1640 + 10% FBS. The less adherent 
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amoebae species were washed twice with their respective culture medium by low-speed 
centrifugation and incubated at indicated temperatures. After 72 hours of infection, cells 
were collected by scraping with a rubber policeman. After centrifugation at 5000 rpm, 
cell pellets were lysed in 1% Triton X-100 in PBS to release intracellular bacteria. By low 
speed centrifugation, cellular debris was removed and the supernatant was centrifuged 
at 5000 rpm to pellet mycobacteria. Mycobacteria were plated on 7H10 agar in 10-fold 
serial dilutions to determine CFU numbers and isolate DNA. 

Co-infection 
CLC and THP-1 cells were seeded in 12-wells plates at 8*105 cells/well. Infection with a 
1:1 mixture of the cpsA, eccCb1, espG5 or ppm1a transposon mutants with the mCherry-
expressing pe_pgrs15.2 transposon mutant was performed as described above. The 
ratio between selected and pe_pgrs15.2 transposon mutants was determined by 
performing fluorescence microscopy on at least 300 colonies per condition. 

Fluorescence microscopy
For fluorescence microscopy of infected cells, cells were seeded on glass coverslips and 
infected with a GFP-expressing M. marinum E11 wild-type strain at an MOI of 5 for two 
hours. Infected cells were washed and incubated for 72 hours followed by fixation with 
2% paraformaldehyde and 0.2% glutaraldehyde. Fixed infected THP-1, RAW264.7 and 
CLC cells were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes, washed 
with PBS and incubated in 1% BSA in PBS for 30 minutes. After washing in PBS, cells 
were incubated for 45 minutes with 150 nM Alexa Fluor phalloidin (Molecular Probes) 
and 1% BSA in PBS to stain F-actin. After washing with PBS, cells were preserved in 
VectaShield mounting medium with DAPI (Vector Labs). Samples were examined using 
a Leica SP2 confocal microscope (Leica Microsystems). Fixed infected A. castellani and 
D. discoideum cells were analyzed using a Zeiss Axiovert 200M inverted microscope 
(Zeiss). Bacterial colonies grown on 7H10 agar plates after co-infection experiments 
were analysed for fluorescence with a Leica MZ16FA Fluorescence Stereo Microscope.

DNA isolation
For each condition, mycobacterial DNA was isolated from a monolayer of 5*106 
colonies formed in 7 days on 7H10 plates grown at 30˚C. Bacteria were resuspended in 
a 1:1 mixture of 10 mM Tris-1mM EDTA-100 mM NaCl  (pH8.0) and phenol-chloroform-
iso-amylalcohol (50:48:2), and disrupted by bead-beating with 0.1 mm Zirconia/
Silica beads (Biospec Products). After centrifugation, supernatants were extracted 
with chloroform and centrifuged. DNA was precipitated from the supernatant with 
isopropanol in the presence of 300 mM NaAc. Precipitated DNA was washed with 70% 
ethanol, air-dried and dissolved in H2O.

Genome Sequencing
Four micrograms of DNA from M. marinum E11 was used to prepare libraries for 
Next-Generation Sequencing (NGS) according to the manufacturer’s instruction using 
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Illumina Genomic DNA Sample preparation kit, PCR-free Sample Preparation kit or 
Nextera mate pair Sample Preparation kit (Illumina, Inc, San Diego, CA). The DNA 
libraries were sequenced on Illumina HiSeq or MiSeq technologies (Illumina, Inc, San 
Diego, CA) for WSG according to the manufacturer’s specifications.

Assembly & Annotation process
For the assembly of the M. marinum E11 genome and the plasmid, three different libraries 
were used: an Illumina paired end library, a PCR-free library with a fragment size of 550bp 
and a large insert Nextera mate-pair library (3Kb fragment size). First the short reads 
were assembled with velvet [56]. The assembly was iteratively improved by scaffolding 
it with SSPACE [57] using the 3kb library, closing the sequencing gaps with gapfiller [58] 
and IMAGE [59], ordering the scaffolds against the M strain reference (ABACAS [60]) 
and using REAPR [61] and ICORN [62] to correct the assembly. Most of the assembly 
improvements are explained in further depth in [63]. We further manually improved the 
assembly in repetitive regions, such as the duplicated rRNA or non-ribosomal peptide 
synthases genes, by using the M. marinum M strain sequence of the orthologous genes. 
The assembly is in two sequences (chromosome plus plasmid) and has 40 sequencing 
gaps. For the function annotation we transferred the annotation from the M. marinum 
M strain (RATT [64]) and used PROKKA (http://bioinformatics.net.au/prokka-manual.html) 
for ab initio annotation. A bespoke PERL script merged both annotations choosing the 
RATT transferred gene models if in a region the PROKKA gene model overlapped the 
RATT model. The core genome has 5335 genes and the plasmid 98.

TraDIS libraries preparation and sequencing
TraDIS was performed on genomic DNA from four or three biological replicates of 
5*106 colonies of the transposon mutant pool collected prior to and after infection, 
respectively. Construction of TraDIS libraries and sequencing were carried out 
essentially as described previously [15]. Briefly, two micrograms of genomic DNA 
was sheared to an average size of 300 bp. DNA was purified using QiaQuick PCR 
purification kit (Qiagen) according to the manufacturer’s recommendations, and 
subsequently Illumina DNA fragment library preparation was performed using 
NEBNext® DNA Library Prep Reagent Set for Illumina® (New England BioLabs Inc) 
following the manufacturer’s instructions. Ligated fragments were run in 2% agarose 
gel and fragments corresponding to an insert size of 250–350 bp were excised. DNA 
was extracted from the gel slice using QiaQuick gel extraction kit (Qiagen). To amplify 
the transposon insertion sites, 22 cycles of PCR were performed using a transposon-
specific forward primer and a custom Illumina reverse primer (see Supplemental 
material). Amplified libraries were finally purified with AMPure beads (Beckman 
Coulter) as per the manufacturer’s instructions. A small aliquot (2 µl) was analyzed on 
Invitrogen Qubit and Agilent Bioanalyzer DNA1000 chip, following the manufacturer’s 
instructions. The amplified DNA fragment libraries were sequenced on single end 
Illumina flow cells using an Illumina Genome Analyzer IIx sequencer for 105 cycles 
of sequencing, using a custom sequencing primer and 2× hybridization buffer. This 
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primer was designed such that the first 10 bp of each read was transposon sequence. 
Data were processed with the Illumina Pipeline Software v1.82.

Analysis of nucleotide sequence data
Sequence reads from the Illumina FASTQ files were first filtered, taking only the reads 
which sequences start with the specific TraDIS primer sequence. The filtered reads were 
mapped to the E11 genome using SMALT, producing a BAM file for each TraDIS run. 
Samtools’s mpileup function was then performed on each of the BAM files. The resulting 
pileup format enabled us to computationally survey mapped read bases at each genomic 
position, and subsequently measure the read coverage. OrthoMCL was then ran on the 
proteomes of the genomes of M. marinum E11, M. tuberculosis and M. marinum M. We 
then ran a set of in-house scripts that took as input the E11 genome with its annotations, 
pileup file of TraDIS reads mapped to the E11 genome, and OrthoMCL output file. This 
script produced a document containing exact positions of all TA sites and the following 
information tied to each site: which CDS each TA site falls within (if any), the corresponding 
gene name and product of a CDS, orthology relation to M. tuberculosis (e.g. one:one, 
one:many, many:one, or many:many), its orthologous M. tuberculosis essential gene(s), 
orthology relation to M. marinum M, orthologous M. marinum M genes, and the read 
coverage of the TA site in each of our 36 runs. A file with orthologous relationships 
between M. marinum E11, M and M. tuberculosis H37Rv genes is available in Table S4.

Statistical analysis of TraDIS read numbers
The number of hits (sequences counted) per TA-site was normalized to a hit rate per 
million sequences by dividing the sequence counts for a TA-site  by the total number 
of hits in each sample run and multiplying by 106. To be able to apply least-squares 
fitting and ANOVA, we transformed the hit rate data using a number of variance 
stabilizing transforms as proposed by [65]. The transform proposed for negative-
binomial distributed data, defined as

f ( x , k )=√k−12∗sinh−1( x+
3

8

k−
3

4
)

where x is the variable to be transformed, and k is a constant yielded the best results. 
We tested several values of k, and found that the residuals best fitted a normal 
distribution when taking k=10. The distributions of residuals did have somewhat 
longer tails than normal distributed data, but they were symmetric. Untransformed hit 
rates, as well as the transform proposed for Poisson-distributed data or a logarithmic 
transform were less suitable, because the resulting distributions of residuals deviated 
strongly from a normal distribution. 

The simplest linear model fitting the transform hit rate data was a model with 
terms accounting for the biological effect (5 host organisms and the ``input’’ samples), 
and for technical effects, being the sequencing primer used (two different primers), 
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and the experiment batch (experiments were performed in 5 batches). There was no 
evidence for interaction effects between these variables. The largest technical effects 
were caused by the sequencing primer used. Since we observed in a number of genes 
that different TA-sites on the gene sometimes displayed opposite biological effects, 
we modeled the TA-sites individually, and calculated overall effects per gene by taking 
the median of effect sizes over all TA-sites covered by the gene. These are also the 
biological effects displayed in the figures. To obtain an idea of the significance of the 
effects per gene, we calculated the geometric mean over all TA-sites covered by the 
gene of the p-values resulting from an ANOVA on the model terms. Clearly, these 
means themselves cannot be interpreted as p-values.

A measure of the essentiality of a gene was calculated as described by [20], by 
comparing expected and observed maximal lengths of consecutive stretches of 
TA-sites without a hit [66]. All analyses were performed in R [67].
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6

SUPPORTING INFORMATION
Supplementary tables are available upon request

Table S1. Essential genes. Listed are genes that are most likely essential for survival of 
M. marinum, determined as described in the experimental procedures.

Table S2. Effects. Listed are all CDS of the M. marinum E11 genome and plasmid, and 
the effect of disruption by transposon insertion on survival in phagocytic cells derived 
from five different hosts. 

Table S3. Comparison of M. marinum and M. tuberculosis genes involved in cholesterol 
metabolism. Listed are M. tuberculosis genes that are predicted to be specifically 
required for growth on cholesterol according to [20], and their M. marinum E11 
orthologues with the effect size of those genes that show a significant effect in one or 
more host cells as determined by ANOVA multiple hypothesis testing.

Table S4. Orthology relationships between M. marinum E11, M and M. tuberculosis 
H37Rv strains 
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Figure S1. Growth of M. marinum in different host cells. Host cells were infected with the pool 
of M. marinum transposon mutants and after 72 hours, cells were lysed and bacteria were plated 
in serial dilutions to determine CFU. 
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