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Host-derived fatty acids are an important carbon source for patho-
genic mycobacteria during infection. How mycobacterial cells regulate
the catabolism of fatty acids to serve the pathogenicity, however,
remains unknown. Here, we identified a TetR-family transcriptional
factor, FdmR, as the key regulator of fatty acid catabolism in the
pathogen Mycobacterium marinum by combining use of transcrip-
tomics, chromatin immunoprecipitation followed by sequencing, dy-
namic 3C-based flux analysis, metabolomics, and lipidomics. An M.
marinum mutant deficient in FdmR was severely attenuated in zebra-
fish larvae and adult zebrafish. The mutant showed defective growth
but high substrate consumption on fatty acids. FAmR was identified
as a long-chain acyl-coenzyme A (acyl-CoA)-responsive repressor of
genes involved in fatty acid degradation and modification. We dem-
onstrated that FAmR functions as a valve to direct the flux of exog-
enously derived fatty acids away from f-oxidation toward lipid
biosynthesis, thereby avoiding the overactive catabolism and accu-
mulation of biologically toxic intermediates. Moreover, we found
that FdmR suppresses degradation of long-chain acyl-CoAs endog-
enously synthesized through the type | fatty acid synthase. By mod-
ulating the supply of long-chain acyl-CoAs for lipogenesis, FdmR
controls the abundance and chain length of virulence-associated
lipids and mycolates and plays an important role in the imperme-
ability of the cell envelope. These results reveal that despite the fact
that host-derived fatty acids are used as an important carbon
source, overactive catabolism of fatty acids is detrimental to myco-
bacterial cell growth and pathogenicity. This study thus presents
FdmR as a potentially attractive target for chemotherapy.
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n the 1950s, it was determined that Mycobacterium tuberculosis,

the causative agent of human tuberculosis, preferentially metab-
olizes fatty acids when recovered from the lungs of infected animals
(1). Since then, numerous studies have demonstrated that patho-
genic mycobacteria scavenge fatty acids and cholesterol from hosts
and utilize them as primary sources of carbon and energy during
infection (2-7). Multiple genes involved in fatty acid and cholesterol
catabolism have been shown to be essential for mycobacterial
growth and survival in various infection models (8-12).

Fatty acids are metabolized to meet the catabolic and anabolic
needs of mycobacterial cells after conversion to their acyl-
coenzyme A (acyl-CoA) derivatives (13, 14). Degradation of fatty
acids through B-oxidation can provide energy and building blocks
for biomass synthesis. With each turn of the p-oxidation cycle, the
fatty acyl-CoA loses a two-carbon fragment as acetyl-CoA, which is
further metabolized through the tricarboxylic acid (TCA) cycle and
the glyoxylate shunt. Another product, propionyl-CoA, which can
be generated through p-oxidation of odd-chain fatty acids or deg-
radation of branched-chain amino acids and cholesterol, enters the
methylmalonyl-CoA pathway and the methylcitrate cycle (15-17).
Acetyl-CoA is used as a primer for de novo synthesis of long-chain
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fatty acids through the multifunctional type I fatty acid synthase
(FAS-I) (18). Long-chain fatty acids are biosynthetic precursors
for production of the virulence-associated polyketide lipids by
polyketide synthases and for synthesis of the mycolic acids through
elongation with the specialized fatty acid synthase II (FAS-II)
complex (19, 20). Fatty acids are also incorporated directly into
cell membrane phospholipids or stored as triacylglycerol.
Multiple use of fatty acids places a premium on regulatory
mechanisms to ensure a balance between fatty acid degradation and
lipid anabolism. The fatty acid degradation in many bacteria is thus
controlled in response to the availability of fatty acids to maintain
lipid homeostasis. For example, a GntR-family transcriptional reg-
ulator, FadR, represses the p-oxidation genes in Escherichia coli in
the absence of an exogenous source of fatty acids, and this re-
pression is antagonized by long-chain acyl-CoAs (21, 22). Myco-
bacterial cells utilize transcriptional factors MabR and FadR as
regulators of an operon for FAS-II and FasR as a regulator of the
gene encoding FAS-I, and the activity of these three regulators is
modulated by long-chain acyl-CoAs (23-25). However, the regulatory
mechanisms that control the fatty acid catabolism in mycobacteria
remain largely to be elucidated. Although a few global transcriptional
regulators, including the dormancy survival regulator DosR, the
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hypoxia response regulator Rv0081, and the cholesterol catabolic
regulator KstR, have been found to regulate genes involved in
fatty acid degradation in M. tuberculosis (26-28), none of them are
essentially responsive to the availability of fatty acids. Understand-
ing of how mycobacterial cells regulate their fatty acid catabolism to
serve the pathogenicity can lead to discovery of novel targets for
antimycobacterial chemotherapy (29).

In this study, we identified a TetR-like transcriptional factor
that regulates genes of fatty acid degradation and modification in
Mycobacterium marinum, which is a fish, amphibian, and oppor-
tunistic human pathogen (30). M. marinum—infected zebrafish are
used as a model system for studying mycobacterial pathogenesis
(31-33), and M. marinum also utilizes host-derived fatty acids as
an important carbon source during infection (6). The regulator,
which we named FdmR, was encoded by MMAR_0500 and n0238
in M. marinum and M. tuberculosis, respectively. Inactivation of
n0238 seems to be of no consequence in M. tuberculosis, as shown
by screening of a transposon mutant library (8, 34), whereas recent
studies have identified rv0238 as one of the genes required for M.
tuberculosis infection in mice (35, 36). The function of Rv0238 and
its orthologs in mycobacteria remains unknown. Here, the crucial
role of FdmR in M. marinum virulence was revealed through in-
fection in zebrafish larvae and adult zebrafish. We determined the
FdmR regulon by combining transcriptomic analysis with chro-
matin immunoprecipitation followed by sequencing (ChIP-Seq).
The metabolic signal perceived by FdmR was identified as long-
chain acyl-CoAs. However, the seemingly contradictory phenotypes
were observed for the mutant deficient in FdmR, which exhibited
relatively high substrate consumption but impaired cell growth on
fatty acids. Then, we combined dynamic '*C-based flux analysis,
metabolomics, and lipidomics to study the regulatory function of
FdmR. Our results led to the conclusion that FdmR acts as a key
player in optimization of fatty acid utilization and regulation of lipid
homeostasis in mycobacterial cells.

Results

FdmR Is Crucial for M. marinum Virulence. To assess the role of FAmR
in mycobacterial virulence, we generated a gene deletion mutant,
AfdmR, of M. marinum and a genetically complemented counter-
part, AfdmR/C (SI Appendix, Fig. S1). The virulence of the M.
marinum strains was evaluated using the zebrafish infection model.
Adult zebrafish were infected at a high dosage (~5,000 colony-
forming units [CFU]) and their survival was monitored over a
3-wk time course. Fish infected with the wild-type or complemented
strains exhibited high mortality (end-point mortality >67%), whereas
an increased survival (end-point mortality ~17%) was observed for
fish infected with the AfdmR mutant (Fig. 14). Histological analysis
of fish infected with the wild-type or complemented strains showed
granuloma formation associated with a large number of bacteria at 1
wk postinfection (wpi) and more granulomas with necrotic areas
accompanied by patches of bacteria outside of granulomas at 3 wpi
(Fig. 1B). By contrast, when fish were infected with the AfdmR
mutant, no granuloma was detectable at 1 wpi, and organized
granulomas were formed at 3 wpi, but with little evidence of necrosis
and few bacteria detected outside granulomas. The replication of the
M. marinum strains was examined in zebrafish larvae, which lack
functional lymphocytes (37). Larvae were infected with about 100
CFU of the M. marinum strains and the bacterial burden was ex-
amined at 3 d and 6 d postinfection (dpi). Compare to the wild type,
the AfdmR mutant was found to be severely attenuated in larvae
(Fig. 1 C and D). Moreover, the growth of the AfdmR mutant in
macrophages was markedly impaired compared with that of the wild
type (SI Appendix, Fig. S2). Complementation of the AfdmR strain
restored the growth in macrophages. Together, these findings
demonstrate that FdmR is crucial for M. marinum virulence, which
prompted us to perform comprehensive characterization of the
FdmR regulon.
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FdmR Represses Genes of Fatty Acid Degradation and Modification.
To understand how FdmR may affect gene expression, we per-
formed a comparative transcriptomic analysis for the AfdmR
mutant versus the wild type using RNA sequencing (RNA-Seq).
A total of 80 genes were differentially expressed between the two
strains, of which 53 genes were up-regulated and 27 genes were
down-regulated in the AfdmR mutant compared to the wild type
(81 Appendix, Table S1). Among the most highly differentially
expressed genes, we observed a considerable up-regulation of the
genes (fadA2, fadE12 3, fadE23-fadE24, echA8_7, echA10_1,
desA3, acrAl, and fabG4-htdX) involved in fatty acid metabolism
in the AfdmR mutant (Fig. 24). To further characterize the
FdmR regulon, we employed ChIP-Seq to identify the genomic
binding regions for FdmR (Fig. 2B and SI Appendix, Fig. S3).
FdmR was found to bind upstream of fadA2, fabG4, fadE24, fixA,
and MMAR_1683, which is consistent with the reported ChIP-
Seq data for Rv0238 (38). New binding sites of FdmR were de-
tected in the upstream regions of fadE5, icl, desA3, desA3_1, and
MMAR_2730 (Fig. 2B and SI Appendix, Fig. S3). Based on all the
sequences enriched in the ChIP-Seq analysis, the conserved bind-
ing motif for FdmR was generated, which is comprised of the AT-
rich inverted repeats (Fig. 2C). Fluorescence polarization assays
(FPAs) verified that FdmR bound to all the target DNA operators
directly and specifically (SI Appendix, Fig. S44). The apparent
dissociation constant (Ky) values of FdmR-DNA interactions var-
ied from 15 nM to 77 nM, indicating different affinities of FdmR to
different DNA operators. Thus, by combining use of RNA-Seq,
ChIP-Seq, and FPAs, the FdmR regulon was determined, which
includes fadA2, fadE23-fadE24, MMAR 2729-MMAR 2730, fixA-
fixB, fadES, icl, desA3, desA3 1, fabG4-htdX, and MMAR_1683.
The fadA2 and fadE23-fadE24 encode enzymes of fatty acid p-
oxidation (FAO) (18). The fix4A-fixB gene products probably par-
ticipate in FAO-related electron transport (39). The fadES is likely
involved in B-oxidation of the acyl side chain of cholesterol (40), and
a recent study showed broad specificity of FadES for acyl-CoAs
(41). The icl encodes multifunctional isocitrate lyase/methylisoci-
trate lyase required for both the glyoxylate shunt and the methyl-
citrate cycle (15, 42). The desA3 and desA3_1 encode acyl-CoA
desaturases (18, 43), and fabG4-htdX has been proposed to be in-
volved in fatty acid modification (44). Therefore, FdmR is a re-
pressor of the genes mostly involved in fatty acid degradation and
modification.

To identify the metabolic signal perceived by FdmR, we used
FPAs to investigate the effects of various metabolites on the
interaction between FdmR and its DNA operators. The inter-
mediate metabolites associated with fatty acid degradation were
tested, which include a long-chain fatty acid (oleate) and various
acyl-CoAs with carbon chain length from C2 to C18. Addition of
long-chain acyl-CoAs (C14 to C18) resulted in a decrease in the
formation of FdAmR-DNA complex in a concentration-dependent
manner (Fig. 2D and SI Appendix, Fig. S4B), whereas no significant
effect was observed for the same concentrations of oleate and acyl-
CoAs with shorter chains (C2 to C12). Furthermore, we studied the
effects of supplementation of fatty acids to cultures on expression
of genes in the FdmR regulon. qRT-PCR analysis verified that all
the 14 genes were up-regulated in the AfdmR mutant compared
with the wild type when grown in the absence of fatty acids (Fig.
2E). Supplementation of long-chain fatty acids (a mixture of C16:0
palmitate, C18:0 stearate, and C18:1 oleate) to the wild-type cul-
ture significantly increased the transcript levels of most of the
FdmR target genes except fadE23-fadE24 and desA3-desA3_1. No
increase in expression of desA43-desA3 1 resulted from the pres-
ence of unsaturated fatty acid (oleate) in the medium, because up-
regulation of desA3-desA3 1 was observed when only palmitate
and stearate were added to the wild-type culture (SI Appendix, Fig.
S5A). Another approach to increasing intracellular long-chain acyl-
CoA levels is the addition of inhibitors of the FAS-II complex, such
as isoniazid (23, 45). We found that addition of isoniazid to the
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Fig. 1. FdmR is crucial for M. marinum virulence. (A) Survival of adult zebrafish infected with M. marinum wild type (WT), AfdmR mutant, and com-
plemented strain AfdmR/C. n = 25 per group. ***P < 0.001, ****P < 0.0001 by Kaplan—-Meier method with a log-rank test. (B) Hematoxylin-eosin (Left) and
Ziehl-Neelsen (Right) stains of adult zebrafish at 1 wpi and 3 wpi. (Scale bars, 100 um.) Dotted lines delineate granulomas. The boxed areas are enlarged on
the right and arrows indicate bacteria outside granulomas. Results are representative of three experiments. (C) Representative images of zebrafish larvae
infected with the M. marinum strains carrying a fluorescent protein-expressing plasmid at 6 dpi. (Scale bars, 200 um.) (D) Bacterial burdens of zebrafish larvae

at 3 dpi and 6 dpi. n = 25 per group. ****P < 0.0001 by unpaired two-tailed t test.

wild-type culture significantly up-regulated all of the FdmR target
genes (SI Appendix, Fig. S5B). However, when a short-chain (C5:0
valerate) or a medium-chain (C10:0 decanoate) fatty acid was
added to the wild-type culture no significant changes in expression
levels of the FdmR target genes were observed (SI Appendix, Fig.
S5C). In contrast to the wild type, the AfdmR mutant exhibited
constitutively high expression of the FdmR target genes, regardless
of the presence or absence of long-chain fatty acids in the culture
(Fig. 2E). In addition, we did not observe significant differences
between the two strains in expression of the TCA cycle genes and
the canonical FadA/FadB p-oxidation complex—encoding genes,
which are not members of the FdmR regulon (SI Appendix, Fig.
S5D). Together, these results indicate that FdmR regulates its
target genes in response to intracellular long-chain acyl-CoA levels.

We observed that the target genes of FdmR were differentially
regulated. When long-chain fatty acids or isoniazid were added
to the cultures, the expression levels of several target genes, in-
cluding the FAO-associated genes fadE23-fadE24 and fadA2,
were significantly lower in the wild type than those in the AfdmR
mutant (Fig. 2E and SI Appendix, Fig. S5B), which indicates the
strong repression of these genes by FdmR. In contrast, the other
genes such as ic/ showed similar expression levels in both strains
grown with long-chain fatty acids. Moreover, we found that the
inhibitory effect of long-chain acyl-CoAs on the interactions be-
tween FdmR and various DNA operators was different (Fig. 2F).
In the presence of a high level of oleoyl-CoA (e.g., 5 pM) (46),
FdmR completely dissociated from the ic/ operator, whereas a
significant fraction of FdmR still bound to the fadE24 and fadA2
operators. These results suggested that the fatty acid catabolic
genes regulated by FdmR are controlled in a hierarchical manner
that depends on the intracellular concentrations of its ligand, long-
chain acyl-CoAs.

Dong et al.
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FdmR Is Required for Optimal Growth on Fatty Acids. Due to the strong
repression of FAO genes by FdmR, we asked if loss of FdmR
would result in enhanced growth of mycobacterial cells on fatty
acids and related substrates. To test it, we compared the growth
between M. marinum wild type and the AfdmR mutant on carbon-
defined minimal medium with various carbon sources. Both strains
grew indistinguishably with glucose and glycerol (Fig. 34). Unex-
pectedly, the AfdmR mutant showed a growth defect on oleate,
acetate, and propionate as the sole carbon source. This growth de-
fect could be fully complemented by expression of fdmR in the
AfdmR strain. Supplementation of glucose and glycerol to the me-
dium was unable to relieve the growth impairment of the AfdmR
strain with fatty acids (SI Appendix, Fig. S64). We found that
compared with the wild type the growth rate of the AfdmR mutant
decreased by 30 to 55% with fatty acid (oleate, palmitate, valerate,
propionate, or acetate) as a carbon source (SI Appendix, Fig. S6B).
Therefore, FdmR is required for optimal growth on fatty acids. This
is consistent with our finding that FdmR is crucial for growth of M.
marinum in macrophages and zebrafish. Meanwhile, we measured
the oleate consumption during growth of the M. marinum strains (SI
Appendix, Fig. S6C). Increased rates of oleate consumption were
observed for the AfdmR mutant compared to the wild type (Fig. 3B),
which was probably due to the up-regulation of FAO genes in the
mutant. Thus, the seemingly contradictory results were obtained for
the AfdmR strain that exhibited relatively high substrate consump-
tion but impaired cell growth on fatty acids. Next, we sought to
address this question by performing a systematic and quantitative
analysis of the FdmR-mediated regulation of the fatty acid metab-
olism in M. marinum.

FdmR Deficiency Results in Overactive Catabolism of Fatty Acids. To
quantify the flux through the fatty acid catabolic pathway, we

PNAS | 3of 10
https://doi.org/10.1073/pnas.2019305118

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019305118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019305118

Downloaded at Shanghai Inst of Biological Sc on April 14, 2021

A WT  AfdmR C

210 desA3-desA3_1
[72]
2 fadE24
echA8_7 £ fadES MMAR_1683/fixA 2,
htdX ° 51 rabGa/ icl MMAR_2730 © TC A A
£ fadA2 ™\, AT, C
fabG4 2 | aC CG woVINI=TL
o 04 (o 5 camtoworno0a2tNRIRON00D 3
fadA2 0 1 2 3 6.6
acrAd Genome position (Mb)
desA3 D 375 F 1.02
= C2-CoA 3 —~
fadE12_3 L, & 370 C3.Con £ 1.00 - '_‘aIdAZ
fadE23 SE 565 ~ C10-CoA 25 0.08 ;CdE24
@ . 19 0= 0. a
fadE24 35 C12-Coh S8
22 ~ C14-CoA 25 ok
echA10_1 g 360 ~ C16-CoA 23 0.96
- =0 = C18-CoA = Hekkk
desA3 2 %738 355 o O181.00A 2 094
- Oleate o
Raw Z-Score —-— 350 . . . , 0.92 4 : : ; .
s 0 05 1 0 3 6 9 12 0 3 6 9 12
Acyl-CoAs (uM) Oleoyl-CoA (uM)
E
30 - 8 - " R B WT -FA [ AfdmR -FA
_— c s s CJ WT +FA B8 AfdmR +FA
o o I
‘n ‘» 6 . E *kk
g 20 1 2 s
& % ol — ns L,
o 15 1 o 4 o wrr e ns ns ns ns
[} () p— ke
= 10 - > L. s s L
z 5,
£ 5 &
0- 0 -
fadE24  fadE23 fadA2 fadG4 htdX fadE5 MMAR MMAR icl desA3 desA3 1 fixA fixB MMAR
2730 2729 1683

Fig. 2. Identification of FAmR regulon and effector molecules. (A) Heat map showing relative expression levels of the genes involved in fatty acid metabolism
in M. marinum. The strains were grown in 7H9 medium with glycerol and OADC enrichment. Data shown are from three independent experiments. (B)
Genome-wide FdmR-binding sites identified by ChIP-Seq. (C) Sequence logo of the FdmR-binding motif derived from ChIP-Seq enriched sequences. (D) Effect
of various acyl-CoAs and oleate on the FAmR-DNA interaction determined by FPAs. The DNA operator of fadA2 was used. (E) Effect of long-chain fatty acid
supplementation on expression of FdmR target genes in wild type and AfdmR mutant. The strains were grown in 7H9 with glycerol and glucose. Long-chain
fatty acids were added to the medium as indicated. The expression levels of each gene were determined by qRT-PCR and normalized to the gene expression in
the wild type grown in the absence of fatty acids. (F) Effect of oleoyl-CoA on the interaction of FAmR with various DNA operators. Data are normalized to the
value in the absence of oleoyl-CoA. Data shown in D, E, and F are mean + SD (n = 3 independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, not significant (ns), by unpaired two-tailed t test with false discovery rate correction.
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Fig. 3. FdmR deficiency results in impaired growth and increased substrate consumption of M. marinum on fatty acids. (A) Growth of M. marinum wild type,
AfdmR mutant, and complemented strain AfdmR/C in modified Sauton’s medium supplemented with glycerol and glucose, oleate, acetate, or propionate as
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S7). During the switch to [U-">CJoleate, intracellular oleoyl-CoA
and acetyl-CoA were substantially labeled within 5 s (Fig. 44),
and their dynamic labeling data allowed us to quantify the oleate-
consumption flux and the FAO flux. The metabolic flux distribution
through central carbon metabolism (CCM) was also determined
based on the labeling data of the intermediate metabolites (S/
Appendix, Fig. S7). In the wild type grown on oleate, 16% of oleoyl-
CoA molecules converted from oleate were degraded through the
FAO pathway and 84% were used for lipid synthesis (Fig. 4B). Of
the acetyl-CoA molecules generated by FAO, 25% directly entered
the glyoxylate shunt, and 25% were converted to isocitrate and
further metabolized by the glyoxylate shunt. The remaining 50%
were routed through the TCA cycle. Compared with the wild type,
the AfdmR mutant exhibited a 1.5-fold increase in the oleate-
consumption flux and a 2.3-fold increase in the FAO flux. The
fluxes through both the glyoxylate shunt and the TCA cycle in-
creased 2.3-fold in the AfdmR strain (Fig. 4B). During growth on
acetate, an increased flux through the glyoxylate shunt was observed
for the AfdmR mutant compared to the wild type (Fig. 4C). During
growth on propionate, the AfdmR mutant showed higher fluxes
through the methylcitrate cycle and the methylmalonyl-CoA path-
way than the wild type (Fig. 4D).

To obtain a global view of the metabolic consequence of
FdmR deficiency, we compared intracellular and extracellular
metabolomes between the wild type and AfdmR mutant. A large
number of intracellular metabolites of CCM were accumulated
in the AfdmR mutant grown on oleate, acetate, or propionate
(Fig. 4E and SI Appendix, Fig. S84). Some of these metabolites
are chemically reactive or biologically toxic intermediates.
Glyoxylate toxicity has been reported for M. tuberculosis (48). 2-
Methylcitrate, citrate, and malate are strong inhibitors of fruc-
tose 1,6-bisphosphatase that is required for bacterial growth on
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fatty acids (49, 50). Accumulation of chemically reactive inter-
mediates such as fumarate or propionyl-CoA has been shown to
result in an intoxication in M. tuberculosis (51, 52). Dihydroxy-
acetone phosphate (DHAP) and y-aminobutyric acid (GABA)
levels markedly increased in the AfdmR mutant compared with
the wild type (Fig. 4E), which can lead to production of the highly
reactive aldehyde methylglyoxal and growth-inhibitory succinate
semialdehyde, respectively (53, 54). Accumulation of the ketones
acetoacetate and p-hydroxybutyrate was observed in the AfdmR
mutant grown on oleate and acetate, which was suggestive of
ketoacidosis arising from the increased flux of acetyl-CoA synthe-
sis. Exo-metabolomics analysis showed remarkable increases in
extracellular levels of CCM intermediates including succinate, fu-
marate, malate, and aconitate for the AfdmR mutant compared
with the wild type (ST Appendix, Fig. S8B), which indicates the
overflow CCM owing to the increased FAO flux. The presence of
these metabolites in the culture medium may inhibit secretion and
enhance the intracellular accumulation of them (51, 55). In addi-
tion, we observed that intracellular acyl-CoAs with chain length
from C4 to C14 were accumulated in the AfdmR mutant grown
on oleate (Fig. 4F). Moreover, the levels of these short- or
medium-chain acyl-CoAs also markedly increased in glycerol-,
acetate-, or propionate-grown cells of the AfdmR mutant
compared with the wild type (Fig. 4E and SI Appendix, Fig.
S84), in which long-chain acyl-CoAs were synthesized de novo
through FAS-I. Together, these findings indicate that FdmR
deficiency results in overactive catabolism of fatty acids from
either an exogenous source or the endogenous biosynthesis. We
speculate that the resulting changes in acyl-CoA profiles may
lead to modified lipid anabolism, because acyl-CoAs serve as
the precursors for lipid production.
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FdmR deficiency results in overactive catabolism of fatty acids. (A) Kinetics of labeling of oleoyl-CoA and acetyl-CoA after switching M. marinum cells
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FdmR Deficiency Results in Synthesis of Shortened Lipids. To test
whether FdmR deficiency influences biosynthesis of fatty acids, we
determined the >C labeling of fatty acids in the wild-type and
AfdmR cells from stationary [U-'*CJacetate labeling experiments.
Compared with the wild type, the AfdmR mutant showed notable
increases in '*C-labeled fatty acids with chain length of C10 and
C12, which were derived mainly from degradation of endoge-
nously synthesized long-chain fatty acids (Fig. 54). In contrast, the
13C-labeled fractions of fatty acids of C18 or longer were signifi-
cantly reduced in the AfdmR mutant, indicating the decreased
biosynthetic flux of these long-chain fatty acids in the mutant.
Similar changes in the "°C labeling patterns of fatty acids were
observed in the AfdmR and wild-type cells from [U->CJoleate
labeling experiments (SI Appendix, Fig. S9).

We studied the effect of FdmR deficiency on fatty acid com-
position of total lipids. The fatty acids were released from the
extracted lipids by saponification and analyzed by GC-MS. The
AfdmR mutant, compared with the wild type, exhibited markedly
increased levels of fatty acids with length shorter than C18 and
decreased levels of fatty acids longer than C18 when grown on
oleate or acetate (Fig. 5B). Moreover, accumulation of fatty
acids shorter than C17 and depletion of fatty acids of C17 or
longer were observed for the AfdmR strain grown on propionate.

In addition, the ratios of oleic acid (C18:1A9) to stearic acid
(C18:0) and palmitoleic acid (C16:1A9) to palmitic acid (C16:0)
were significantly higher in the acetate- or propionate-grown
AfdmR mutant than the wild type (SI Appendix, Fig. S10), which
was in accordance with up-regulation of desA3 and desA3 I in
the mutant.

We then compared the lipidome between the wild-type and
AfdmR strains during growth in the presence of oleate (SI Ap-
pendix, Fig. S11). The amounts of phenolic glycolipid (PGL) and
trehalose monomycolate (TMM) decreased by over 40% in the
AfdmR mutant (Fig. 5C). A substantial reduction of trehalose
dimycolate (TDM) was also observed for the mutant (SI Ap-
pendix, Fig. S12). PGL is a virulence-associated polyketide lipid
in slow-growing mycobacteria including hypervirulent M. tuber-
culosis strains and displays immunosuppressive properties (56).
TMM and TDM form the outer lipid barrier of mycobacterial
cell envelop and serve as potent triggers of host inflammation
(20, 57). Compared with the wild type, the AfdmR mutant also
showed a significantly increased content of the storage molecule
triacylglycerol (TAG), which could be due to a stress response (58),
and altered levels of phospholipids (Fig. SC). Moreover, for all the
lipids detected, including PGL, phthiocerol dimycocerosate, TAG,
diacylglycerol (DAG), phospholipids, TMMs, and free mycolates
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Fig. 5. FdmR deficiency results in synthesis of shortened lipids and increased cell-wall permeability. (A) 'C fractional labeling of fatty acids in M. marinum

wild type and AfdmR mutant grown on [U-'*Clacetate. (B) Ratio of fatty acid contents in the AfdmR mutant versus wild type during growth on oleate,
acetate, or propionate. Gray color indicates that fatty acid is below detection limits. Data are means of three independent experiments, normalized to the
values in the wild type. (C) Relative abundance of major lipids in M. marinum AfdmR mutant compared to the wild type. The strains were grown in 7H9 with
glycerol and OADC. Abbreviations of phospholipids: PE, phosphatidylethanolamine; Pl, phosphatidylinositol; PG, phosphatidylglycerol; PA, phosphatidic acid;
PS, phosphatidylserine; PIM, phosphatidylinositol mannoside; CL, cardiolipin. (D) Fractions of relatively short and long species within «-TMM and oxygenated
TMM in the wild type and AfdmR mutant. (E) Effect of FdmR deficiency on M. marinum cell-wall permeability determined by ethidium bromide accumulation
assay. Data shown in A, C, D, and E are mean + SD (n = 3 independent experiments). **P < 0.01, ***P < 0.001, not significant (ns), by unpaired two-tailed
t test.
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(FMs), the alkane chain lengths were reduced in the AfdmR strain
(Fig. 5D and SI Appendix, Fig. S11B). The fractions of relatively
short species within each lipid class significantly increased, whereas
the fractions of long species decreased in the AfdmR mutant
compared to wild type. Thus, FdmR deficiency resulted in de-
creased levels of virulence-associated PGL, TMM, and TDM and
synthesis of shortened mycolates and other lipids. These changes in
lipid composition of mycobacterial cell wall could cause a defect in
resisting host defense mechanisms (59).

Given the importance of mycolates in the impermeability of
mycobacterial cell walls, we examined the cell-wall permeability
using the ethidium bromide accumulation assay and the antibi-
otic susceptibility of the M. marinum strains. The AfdmR mutant
showed a much higher accumulation rate of ethidium bromide
than the wild type (Fig. SE), which indicates the increased per-
meability of the mutant’s cell wall. Moreover, the AfdmR mutant
was more susceptible than the wild type to rifampicin, erythro-
mycin, and ciprofloxacin, with 8- to 16-fold lower minimal in-
hibitory concentration (MIC) (SI Appendix, Table S2). Relatively
small (two- to fourfold) differences were detected for the two
strains in resistance to isoniazid, ethambutol, and streptomycin.
Complementation of the AfdmR strain by expressing fdmR fully
restored the cell-wall impermeability and resistance to the anti-
biotics (Fig. SE and SI Appendix, Table S2). Thus, FdmR defi-
ciency resulted in a defect in the permeability barrier of
mycobacterial cell wall.

Discussion

While fatty acids have long been recognized as an important
carbon source for pathogenic mycobacteria during infection, it
remains unknown how mycobacterial cells regulate the catabolism
in response to the availability of fatty acids from hosts. In this
study, we identified FdmR, a TetR-family transcriptional factor, as
the key regulator of fatty acid catabolism in M. marinum. The
mutant deficient in FdmR showed defective growth on fatty acids
and severe attenuation in zebrafish. Through a combination of
transcriptomic analysis with ChIP-Seq, FdmR was identified as a
repressor of the FAO and CCM genes, which are differentially
regulated by FdmR in response to long-chain acyl-CoA levels. By
combining use of dynamic *C-based flux analysis, metabolomics,
and lipidomics we demonstrated that the strong repression of
FAO genes by FdmR avoids the overactive catabolism of fatty
acids and accumulation of toxic CCM intermediates (SI Appendix,
Fig. S13). Moreover, FdmR-mediated regulation enables suffi-
cient supply of long-chain fatty acids for production of lipids with
their full chain lengths. Thus, FdmR is a key player in optimization
of fatty acid utilization, which acts as a valve to direct the fatty acid
flux away from f-oxidation toward lipid biosynthesis. This control
mechanism enables mycobacterial cells to grow at a high rate with
modest consumption of fatty acid nutrients, which is strikingly
different compared with the regulatory mechanisms used by other
bacteria such as E. coli to support maximal utilization and deg-
radation of fatty acids from the growth medium (21). The high
growth efficiency on fatty acids may confer a growth advantage for
pathogenic mycobacteria, which often reside in niches with re-
strictive nutrients (29). Our results thus reveal that inhibition of
fatty acid catabolism is crucial for mycobacterial cell growth and
pathogenicity. Therefore, FdmR is a potentially attractive target
for chemotherapeutic intervention.

In mycobacteria, the long-chain acyl-CoAs synthesized by
FAS-I are used as the precursors for production of lipids. Our
study, however, indicates that the FAS-I-derived acyl-CoAs can
be degraded through FAO (SI Appendix, Fig. S13). Fatty acid
cycling through biosynthetic and degradative pathways, which
constitute a waste of energy and assimilated carbon, is generally
thought to be absent in bacteria. This is partly due to the fact that
most bacteria lack FAS-I but utilize FAS-II for de novo fatty acid
synthesis, which generates long-chain acyl-acyl carrier protein
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(ACP) (60). As mycobacterial cells possess exceptionally com-
plex pathways of fatty acid metabolism, tight control of fatty acid
fluxes between these pathways is essential to meet the need for
synthesis of lipids. We found that degradation of the FAS-
I-synthesized long-chain acyl-CoAs is generally suppressed by
FdmR (SI Appendix, Fig. S13). However, when lipid synthesis is
impaired (e.g., inhibition of the FAS-II complex by isoniazid),
substantial accumulation of intracellular long-chain acyl-CoAs
leads to derepression of FdmR target genes for the recycling of
acyl-CoAs. FdmR-mediated regulation also supports the synthesis
of longer-chain FAS-I products (Fig. 54 and SI Appendix, Fig. S9).
FdmR deficiency resulted in production of shortened lipids and
reduction of PGL, TMM, and TDM levels, which could be due to
the decreased availability of longer-chain acyl-CoAs for synthesis
of polyketide lipids and mycolates (61). Thus, by modulating the
supply of long-chain acyl-CoAs for lipogenesis, FdmR controls the
abundance and chain length of virulence-associated lipids and
mycolates. Hence, besides the previously reported regulators of
lipid anabolism (e.g., MabR and FasR) (14), FdmR is also a key
modulator of lipid homeostasis. In particular, the FdmR-deficient
mutant produced shorter mycolates and exhibited increased cell-
wall permeability, which is similar to M. tuberculosis mutants of
kasB encoding 3-oxoacyl-ACP synthase 2 of FAS-II (62, 63).
Therefore, regulation of fatty acid catabolism is required for
maintaining lipid homeostasis and impermeability of the myco-
bacterial cell envelope.

FdmR is widely present among mycobacteria. Notably, highly
conserved homologs of FdmR (>78% sequence identity) were
identified in many strict or opportunistic pathogens of mycobac-
teria, including members of the M. tuberculosis complex, Myco-
bacterium leprae, and nontuberculous mycobacteria (64) (S
Appendix, Fig. S144). In contrast, FAmR protein is absent in ani-
mals, yeast, and most bacteria, although a relatively distant ho-
molog is present in some species of Corynebacteriales. The FdmR
regulons in mycobacterial species, which were reconstructed by a
comparative genomic approach, are almost identical (SI Appendix,
Fig. S14B and Table S3). According to the reconstructed regulons,
the candidate target genes of FdmR in M. tuberculosis are likely the
same as those in M. marinum except for the duplicate des43 gene
present in the latter species. However, it remains unclear whether
FdmR is important for M. tuberculosis virulence. Inconsistent re-
sults from screening of transposon mutant libraries have been
reported on the essentiality of Rv0238 for M. tuberculosis infection
in mice (8, 35, 36). Transcriptional profiling showed up-regulation
of FdmR and down-regulation of almost all of its regulon genes in
M. tuberculosis in infected macrophages isolated directly from
mouse lungs (65), which suggests repression of fatty acid catabo-
lism by FdmR during in vivo infection of M. tuberculosis. Further
studies are needed to clarify the role of FdmR and characterize its
regulatory function in M. tuberculosis. Finally, the genetic variation
of FdmR in the whole-genome sequences of 10,220 clinical strains
of M. tuberculosis was analyzed (66). Only 37 nucleotide substitu-
tions of FdmR were found, including 11 nonsynonymous and 26
synonymous changes (SI Appendix, Table S4). The ratio of non-
synonymous and synonymous substitutions of FdmR was 0.18,
which was much lower than those of the essential genes (median,
0.53) and nonessential genes (median, 0.65) (67), indicating that
FdmR is under strong purifying selection.

Materials and Methods

Strains and Culture Conditions. M. marinum ATCC BAA-535 (strain M) and its
derivative strains were routinely grown at 30 °C in Middlebrook 7H9 broth or
on 7H10 agar supplemented with 0.4% glycerol, 10% oleic acid-albumin-
dextrose—catalase (OADC; 0.6, 50, 20, and 0.03 g-L™", respectively), and 0.04%
tyloxapol (broth only). For carbon-use experiments, strains were cultivated in
carbon-defined minimal medium, which consisted of modified Sauton’s me-
dium (51, 68) supplemented with 0.2% glucose and 0.2% glycerol, 0.02% so-
dium oleate (with 1% fatty acid-free bovine serum albumin [BSA]), 0.2%
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acetate, or 0.2% propionate as the sole carbon source. Strains were also grown
in 7H9 with 0.5% BSA, 0.2% glucose, and 0.2% glycerol and supplemented with
0.0056% palmitate, 0.009% oleate, 0.2% acetate, 0.2% valerate, or 0.2%
propionate as an additional carbon source. For growth curves, M. marinum cells
were precultured to an optical density at 600 nm (ODgg) of ~1.0, washed, and
resuspended in fresh medium to an ODggo of ~0.01. The cultures were grown at
30 °C in 100-mL shake flasks with 30 mL of media and ODgyg measurements
were made at successive time points. For metabolomic profiling, M. marinum
cells were grown in modified Sauton’s medium with 0.009% oleate or in 7H9
with 0.2% of acetate or propionate to an ODgg of ~0.5. Because of the pres-
ence of citrate and glutamate in commercial 7H9 medium and the poor solu-
bility of oleate, the modified Sauton’s medium was used, in which oleate was
the sole carbon source. For RNA-Seq and lipidomic profiling, M. marinum cells
were grown in 7H9 with 0.2% glycerol and 10% OADC to an ODgg of ~0.8. For
transcriptional analysis using qRT-PCR, M. marinum cells were exponentially
growing in 7H9 with 0.2% glucose, 0.2% glycerol, 1.5% fatty acid-free BSA, and
0.085% NaCl. Long-chain fatty acids (a mixture of 0.003% palmitate, 0.003%
oleate, and 0.003% stearate), decanoate (0.01%), or valerate (0.05%) was
added to the culture medium. Isoniazid (200 ug-mL™") was added to expo-
nentially growing cultures and cells were collected after 2-h treatment.

Mutant Construction and Complementation. The fdmR (MMAR_0500)-defi-
cient mutant of M. marinum was constructed by replacing the target gene
with the kanamycin resistance cassette as described previously (12). For
complementation of AfdmR, the coding region along with the 300-bp up-
stream promoter region of the fdmR gene was cloned to pMV306 vector (12)
and the resulting plasmid was integrated into the genome of AfdmR mu-
tant. The complete list of strains and primers used in this study is shown in S/
Appendix, Tables S5 and S6, respectively.

Zebrafish Infections. Zebrafish larvae were injected via the caudal vein with
about 100 CFU of M. marinum strains carrying the Wasabi fluorescent protein-
expressing vector pTEC15 (31) as described previously (69). Bacterial burdens in
larvae were determined by fluorescence pixel counts using the EVOS FL color
imaging system (Invitrogen) and ImageJ software. Adult zebrafish were in-
fected by intraperitoneal injection with 10 pL of single-cell bacterial suspen-
sions at a dosage of 5,000 CFU per fish (69). For survival experiments, 25 fish
per group were infected with each of the M. marinum strains. For the histo-
pathological study, three fish were killed at 1 and 3 wpi. Fish were fixed in
10% formalin, dehydrated with ethanol, and embedded in paraffin (69). Serial
paraffin sections (5-um thickness) were stained with a hematoxylin—-eosin so-
lution or with Ziehl-Neelsen staining. Sections were scanned by Pannoramic
MIDI (3DHISTECH), and images were collected with CaseViewer software. Ex-
perimental protocols involving zebrafish were approved by the Institutional
Animal Care and Use Committee of Fudan University (approval number
20160225-018).

Macrophage Infection. RAW 264.7 macrophages were infected with M. mar-
inum strains and intracellular bacterial growth was measured as described
previously (69).

Cell-Wall Permeability Assay. Cell-wall permeability of M. marinum strains was
assayed by measuring the intracellular accumulation of ethidium bromide as
previously reported (70). Cells exponentially growing in 7H9 with glycerol and
OADC were washed and resuspended in potassium phosphate buffer (pH 7) to
an ODgqp of ~0.4. After addition of ethidium bromide (2 pM), the fluorescence
was monitored over time using a plate reader (Spark; Tecan) equipped with an
excitation filter of 540/25 nm and an emission filter of 580/20 nm.

Antibiotic Susceptibility Assay. Susceptibility of M. marinum strains to antibi-
otics was determined in 7H9 with glycerol and OADC as previously described
(69). The MIC was defined as the minimal concentration at which no visible
growth occurred after 7 d of incubation.

Transcriptional Profiling. Total RNA isolation and sample preparation for RNA-
Seq were performed as previously reported (71). RNA-Seq was conducted us-
ing the lllumina HiSeq 4000 system. Sequence reads were mapped to the M.
marinum M strain reference sequence (GenBank GCA_000018345.1). Differ-
ential expression analysis for RNA-Seq was performed using edgeR (72). For a
subset of genes, Z-score normalization was applied to their expression values
that had been log-transformed. The qRT-PCR experiments were conducted
with the sigA gene as an internal standard (71).
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ChIP-Seq. To generate an M. marinum strain overexpressing C-terminal 3xFLAG-
tagged FdmR protein, the fdmR gene along with the sequence encoding the
3XFLAG was cloned into pMV261 vector (73) and the resulting plasmid was
transformed into the wild type. Cells were grown in 7H9 medium with 0.2%
glycerol and 10% ADC to an ODgg of ~0.8 and then cross-linked with 1%
formaldehyde for 15 min at room temperature followed by quenching with
125 mM glycine. Sample preparation for ChIP-Seq was performed as previously
reported (71) and purified DNA was sequenced in an lllumina NovaSeq 6000 by
SegHealth Tech. The MACS2 program (74) was employed for peak calling and
the data were visualized using ggplot2 package. DNA sequences of enriched
regions were subjected to a binding motif search with MEME (75).

Fluorescence Polarization Assay. For expression and purification of FAmR pro-
tein, the M. marinum fdmR gene was cloned into the vector pET28a and the
resulting plasmid was used to produce the N-terminal hexahistidine-tagged
FdmR. The 28- to 29-bp Cy5 fluorescence-labeled double-strand DNA frag-
ments containing the upstream promoter regions of individual genes from M.
marinum were chemically synthesized by Sangon Biotech. The DNA fragments
(5 nM) were incubated at room temperature for 10 min with purified FdmR
protein. FPAs were performed using a plate reader (Spark; Tecan) equipped
with an excitation filter of 635/35 nm and an emission filter of 665/8 nm.

Dynamic Isotope Labeling Experiments. The labeling compounds including uni-
formly '*C-labeled sodium oleate ([U-'*Cloleate), uniformly '*C-labeled propi-
onate ([U-"*Clpropionate), and uniformly '*C-labeled acetate ([U-'>Clacetate)
were >99% pure and were purchased from Cambridge Isotope Lab. Dynamic
isotope labeling experiments were performed using a variant of the filter cul-
tivation method as previously reported (47). Briefly, M. marinum cells were
grown in shake flasks with modified Sauton’s medium supplemented with 0.09
g-L™" oleate or in 7H9 with 1 g-L™" of acetate or propionate to an ODggo Of ~0.3.
Fifty-milliliter aliquots of the culture were transferred onto a nitrocellulose filter
(0.45-um pore size; Millipore) mounted on a vacuum device. Subsequently, cells
were continuously perfused with the media containing 0.09 g-L™" of a mixture
of 50% (wt/wt) [U-"*Cloleate and 50% unlabeled oleate, or 1 g.L™" of [U-'3C]
propionate or [U-"*Clacetate. At various time points after isotope switch the
filter was extracted after filtration and cell extracts were used for metabolite
analysis. The stationary [U-"3Clacetate and [U-'3Cloleate labeling experiments
were performed as reported previously (76), and the exponentially growing
cells were collected for fatty acid analysis.

Metabolomics. Metabolism was quenched, and metabolites were extracted
with —80 °C 80% methanol (77). Cells were lysed with 0.1-mm zirconia beads
(Biospec) in a tissue homogenizer (Bertin) for 3 min at 6,500 rpm. The samples
were centrifuged, and the supernatant was collected.

Cell extracts were analyzed by ultrahigh-performance liquid chromatograph
(UHPLG; Acquity; Waters) coupled to a Q Exactive hybrid quadrupole-orbitrap
mass spectrometer (Thermo Fisher). The injection volume was 10 pL. Metab-
olites were separated with a Luna NH2 column (100 mm x 2 mm, 3-um particle
size; Phenomenex) as described previously (78). The mass spectrometer was
run in both electrospray ionization positive (ESI*) and negative (ESI") modes.
Data were acquired using full scan over 70 to 1,000 m/z at 70,000 resolution.
MS/MS spectra were acquired with 30-eV collision energy. This method was
used to generate data on most of the central metabolites, amino acids, and
nucleotides. The compound identities were verified by mass and retention-time
match to authenticated standards. Relative concentrations of metabolites were
determined by using a calibration curve generated with varying concentrations
of chemical standard spiked into mycobacterial cell extract.

Glyoxylate, pyruvate, isocitrate, citrate, methylcitrate, and methylisocitrate
were analyzed by GC-MS (GC7890—MS7200QTOF; Agilent). The dried cell ex-
tracts were oximated with 20 g-L~" methoxyamine hydrochloride in pyridine at
30 °C for 60 min and then derivatized with N-methyl-N-[tert-butyldimethylsilyl]
trifluoroacetamide (Sigma) at 70 °C for 30 min. After filtration, 1 pL of samples
were injected into the GC-MS system with an DB-5HT column (30 x 0.25 mm,
0.1 pm). The mass spectrometer was operated in the electron impact (El) mode
at 70 eV. This method enables good separation of the isomers isocitrate and
citrate as well as methylcitrate and methylisocitrate.

Acyl-CoAs were analyzed by the above-mentioned UHPLC-MS system us-
ing a modified procedure (79). Acyl-CoAs were separated with an Acquity
UPLC HSS T3 columm (100 x 2 mm, 1.8 um; Waters). The mobile phases A was
10 mM ammonium acetate (pH 6.8) and B was acetonitrile. The MS was
operated in ESI* mode. Data were acquired using full scan over 800 to
1,200 m/z at 70,000 resolution.
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Lipidomics. Total lipids were extracted using a previously reported method with
minor modifications (80). Briefly, cell pellets were collected by centrifuging
10-mL culture aliquots and resuspended in 1.5 mL cold methanol. Then, 5 mL
of methyl tert-butyl ether (MTBE) was added and the mixture was sonicated
for 1 h. Phase separation was induced by adding 1.25 mL cold water followed
by incubation at room temperature for 10 min. After centrifugation, lipid
extracts were decanted, and cell pellets were subjected to an additional ex-
traction using MTBE/methanol/water (10:3:2.5, volivol/vol). The extracts were
pooled and dried under nitrogen gas.

To release fatty acids from lipids, saponification was performed by
resuspending the dried lipids in 1 mL 90% methanol with 0.3 M KOH and
incubating at 80 °C for 1 h. The samples were then neutralized with formic
acid and extracted twice with hexane. The extracts were vacuum-dried,
dissolved in pyridine, and derivatized at 80 °C for 30 min with N,O-bis
[trimethylsilyl]trifluoroacetamide (with 1% trimethylchlorosilane; Sigma).
The samples (1 pL) were injected into the GC-MS system described above.

The lipids were dissolved in acetonitrile/isopropanol/water (6:3:1, vol/ivol/vol)
to 1 g-L™" and analyzed by an LC-30A UHPLC (Shimazu) coupled to a Q Exactive
hybrid quadrupole-orbitrap MS (Thermo Fisher). The injection volume was 3 pL.
Lipids were separated with an Acquity UPLC HSS C18 columm (100 x 2.1 mm,
1.7 pm; Waters). The mobile phase A was 10 mM ammonium formate and 0.1%
formic acid in 60% water and 40% acetonitrile, and B was 10 mM ammonium
formate and 0.1% formic acid in 90% isopropanol and 10% acetonitrile. The
mass spectrometer was run in both ESI* and ESI~ modes. Lipid identification was
performed with the LipidSearch (Thermo) and by querying the m/z in the
mycobacteria-specific database MycoMass at a 5-ppm mass window with the
TraceFinder software (81). The PGL was identified by matching m/z to the lipids
from M. marinum (82). For each lipid class, individual molecular species that
possess various alkane chain length or unsaturation degree were tracked by
mass and their peak intensities were summed up to calculate the abundance of
the lipid class.

Thin-layer chromatography (TLC) of the lipids was performed on silica gel
60-precoated plates F254 (Merck) (83). The lipids were developed with
chloroform/methanol/water (20:4:0.5, vol/vol/vol). The TLC plate was sprayed
with a-naphthol to specifically reveal glycolipids.

Quantification of Metabolic Fluxes. Mass isotopomer distributions (MIDs) of
intact and fragmented metabolites were determined from measured peak
areas of the mass spectra and corrected for naturally occurring stable isotopes
as described previously (77). The fractional labeling of individual fatty acids was
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