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Summary

The well-known role of antibiotics in killing sensitive
organisms has been challenged by the effects they
exert at subinhibitory concentrations. Unfortunately,
there are very few published reports on the advan-
tages these molecules may confer to their producers.
This study describes the construction of a genetically
verified deletion mutant of Streptomyces flaviscleroti-
cus unable to synthesize chromomycin. This mutant
was characterized by a rapid loss of viability in sta-
tionary phase that was correlated with high oxidative
stress and altered antioxidant defences. Altered levels
of key metabolites in the mutant signalled a redistribu-
tion of the glycolytic flux toward the PPP to generate
NADPH to fight oxidative stress as well as reduction
of ATP-phosphofructokinase and Krebs cycle
enzymes activities. These changes were correlated
with a shift in the preference for carbon utilization
from glucose to amino acids. Remarkably, chromomy-
cin at subinhibitory concentration increased longevity
of the non-producer and restored most of the pheno-
typic features’ characteristic of the wild type strain.
Altogether these observations suggest that chromo-
mycin may have antioxidant properties that would
explain, at least in part, some of the phenotypes of the
mutant. Our observations warrant reconsideration of

the secondary metabolite definition and raise the pos-
sibility of crucial roles for their producers.

Introduction

Streptomyces flaviscleroticus is a member of the genus
Streptomyces that are ubiquitous, filamentous gram
positive soil bacteria which are obligatory aerobes.
Streptomycetes are well-known for their ability to pro-
duce a wide range of bioactive compounds including
antibiotics. However, the function of these so called sec-
ondary or specialized metabolites in the physiology of
the producing bacteria remains enigmatic. The concept
of antibiotics as toxic molecules secreted by an organ-
ism for a competitive advantage has prevailed for a long
time, and therefore, other potential roles have remained
unexplored (Vining, 1990). However, since the 1990s,
additional biological effects of antibiotics beyond biologi-
cal warfare have been discovered (Davies, 1990;
Demain and Fang, 2000). In their natural habitat, most
of antibiotics are produced at subinhibitory concentra-
tions and it is now recognized that antibiotics trigger
concentration-dependent phenotypic responses, e.g., a
hormetic effect (Davies et al., 2006; Yim et al., 2006).
Only very few studies report the direct function of antibi-
otics for the producing organism. Phenazines synthe-
sized by Pseudomonas aeruginosa, have important role
in the physiology of the producer including impacts on
central carbon metabolism (Price-Whelan et al., 2007),
iron acquisition, maintenance of the intracellular redox
homeostasis and intercellular signalling (Price-Whelan
et al., 2006). Myxovirescin, an antibiotic produced by
Myxococcus xanthus was shown to play a role in the
virulence of this bacteria (Xiao et al., 2011). Furthermore,
recent studies demonstrate concentration-dependent pro-
and antioxidant effects of some antibiotics (Lertvorachon
et al., 2005; Leirós et al., 2013), this effect being potentially
pertinent to human health applications. Indeed, several
important functions of secondary metabolites have been
discovered in studies designed to screen for metabolites
possessing human medicinal value besides their antibiotic
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function. For instance, the aromatic polyketide chromomy-
cin and minocycline were shown to possess neuroprotec-
tive properties (Kraus et al., 2005; Jain, 2011) but
chromomycin was also reported to interact strongly with
DNA and inhibits transcription and replication (Menendez

et al., 2004). Other functions of molecules belonging to the
aureolic class of compounds that includes chromomycin,
are reviewed (Lombo et al., 2006; Jain, 2011).

In this article, we describe the beneficial effects that
sublethal concentrations of chromomycin (Fig. 1A) have

Fig. 1. Growth characteristics and viability of chromomycin non-producer JP1 mutant, and restoration of its viability by ex vivo supplementation of
chromomycin and ascorbic acid.
A. Structure of chromomycin A3 (Figure source: Sigma); (B) Deletion mutant (JP1) does not produce yellow fluorescent antibiotic chromomycin
on R2YE and grows slowly; (C) exhibits complete absence of sporulation on R2YE; (D) does not grow on minimal media (R4) containing glucose
as sole carbon source; in contrast INT (integrant) and wild type (WT) are indistinguishable with respect to all the phenotypes; (E) Growth curve of
wild type, JP1 and INT cells grown in TSB was measured by DNA (A595 nm) estimation. The results are representative of three independent
experiments and the error bars represent mean � SD; (F) Growth phase dependent viability of cells of WT, INT and JP1 and restoration of viabil-
ity of JP1 mutant in stationary phase by subinhibitory concentration of chromomycin and ascorbic acid as measured by plating on R2YE (undi-
luted). The plate pictures are representative of several plating experiments; (G) representative view of staining of WT, INT, JP1 and JP1 cells
treated with chromomycin and ascorbic acid by Live/Dead Baclight Kit; and visualization under LSM – 710 confocal microscope. Hours of growth
are as indicated. The experiments were repeated more than three times.
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on the life span of its producer, S. flaviscleroticus. We
also revealed that the antibiotic has important impacts on
the physiology and the metabolism of its producer. The
various phenotypes of the non-producing mutant include
(i) growth retardation, (ii) precocious drop of the viability
of cells in early stationary phase, (iii) increase of internal
oxidative stress, (iv) metabolic readjustments such as the
reorientation of the glycolytic flux toward PPP and
reduced ATP-phosphofructokinase and Krebs cycle
enzymes activities and (v) a shift in the preference for the
utilization of carbon source from glucose to amino acids.
Altogether these data suggest that chromomycin pos-
sesses antioxidant properties. Indeed, providing subinhi-
bitory concentrations of chromomycin to the mutant led to
an increase in the life span of the mutant and restoration
of most of the metabolic features of the wild type strain.
This study unambiguously demonstrated the importance
of chromomycin in the antioxidant defence arsenal of its
producer and thus in the survival of the latter. Our results
also confirmed the intimate link existing between oxida-
tive stress and the life span of a prokaryote.

Results and discussion

Deletion mutant lacking chromomycin genes exhibits
pleiotropic phenotypes

The details of the construction of the genomic library of
S. flaviscleroticus and its genomic mutant, JP1, are pro-
vided in Supporting Information Text S1 in the Supporting
Information Figs. S1–S3. The 12 kb DNA fragment (Gene
Bank Accession No. KC249518.1) deleted from the
mutant strain (JP1) carries genes for minimal PKS and
modifying enzymes (Supporting Information Fig. S1 and
Table S1).
The deletion of this fragment abolishes the strain’s abil-

ity to produce chromomycin and was associated with
unexpected phenotypes. These phenotypes include
(i) twofold reduction in the growth rate of the mutant
(Fig. 1B and E); (ii) early loss of viability (Fig. 1F and G);
(iii) complete absence of sporulation (Fig. 1C) and (iv)
absence of growth on minimal medium with glucose as
sole carbon source (Fig. 1D).
These phenotypes could not be inferred from the

genetic information residing in the deleted 12 kb DNA
fragment. Indeed, bioinformatics analysis of the genes
carried by the 12 kb DNA fragment deleted in the mutant
revealed a close match of these genes with those of the
chromomycin biosynthetic gene cluster of S. griseus
subsp. griseus (Menendez et al., 2004) known to be
involved in antibiotic biosynthesis.
The complementation of the JP1 mutant by introduc-

tion of the PKS genes carried by the #2.19 cosmid inte-
grated into the chromosome of the latter (integrant-INT)

restored wild type features ruling out the possible occur-
rence of secondary mutations responsible for the pheno-
types of the JP1 mutant.

Growth of the chromomycin non-producer JP1 mutant is
slower than that of wild type and it loses viability early in
stationary phase

Growth of the JP1 mutant was markedly slower than that
of the wild type strain on rich R2YE agar medium
(Fig. 1B) as well as in liquid trypton soya broth (TSB)
(Fig. 1E). In TSB the JP1 mutant shows a longer lag and
grows twofold slower than the wild type strain. On the
basis of its DNA content analysis, it is delayed approxi-
mately 8–10 h in comparison with the WT and INT strains
(Fig. 1E).

Since in the model organisms E. coli and S. cerevisiae, a
decrease in the plating efficiency of stationary phase cells
is thought to be due to damage to the macromolecular
machinery linked to increased oxidative stress leading to
reduced life span (Nystrom, 1999; Fredriksson and
Nystrom, 2006), we monitored the viability of stationary
phase cells of the JP1 mutant strain compared with the WT
and INT strains. Two methods were used to do so:
(i) plating on R2YE agar and counting the colonies present
in 0.1 ml of culture harvested at different times (ii) staining
the live/dead cells using the fluorescent nucleic acid dyes,
Syto9 and propidium iodide, that stain in green or red the
live and dead cells respectively (BacLight kit, Invitrogen).
We are aware that, considering the mycelial growth of
Streptomyces, assessing the viability of a Streptomyces
culture by the plating method is only an approximation of
the number of viable cells. However, this method is useful
for a continuous assessment of colony forming ability of the
culture over several days of incubation (Fig. 1F). Live/dead
staining of cells shown in Fig. 1G indicated that WT, INT
(24–32 h) and JP1 (40–46 h) strains contain approximately
80%–90% viable cells. Plating 0.1 ml culture of each strain
produced a confluent lawn that was considered to be 100%
viable. The viability of the JP1 begins to diminish after 72 h
of growth. After 96–120 h of growth, the WT and INT con-
tain approximately 50% of the red (dead) and green (live)
stained cells in striking contrast with JP1 whose most cells
were stained red, indicating dead cells (Fig. 1G). The same
pattern was reflected in the plating experiment. The loss of
viability of the WT and INT was 10-fold lower than the radi-
cal loss of viability of the JP1 culture after 96 h of cultivation
(<0.01% living cells, Fig. 1F). The in vivo impact of chromo-
mycin was tested by its ability to reverse/correct the pheno-
types of the JP1 mutant strain. We incorporated in the
growth medium chromomycin or the antioxidant ascorbic
acid at subinhibitory concentrations (Supporting Information
Text S1) and monitored viability. The characteristic rapid
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and early loss of viability of the mutant was reversed to a
significant extent by the addition of chromomycin at subinhi-
bitory concentrations (Fig. 1F and G). This was evidenced
by a > 50-fold greater number of colonies in the culture
treated with chromomycin (Fig. 1F) and the significant
increase in the number of stained green living cells
(Fig. 1G). A comparable reversal in the loss of viability of
the mutant at stationary phase was also observed with
ascorbic acid, a proven antioxidant of nonbacterial origin
(Fig. 1F and G).

Deletion of chromomycin biosynthesis genes is
associated with high oxidative stress in the JP1 mutant

Oxidative stress constitutes the ‘Achilles heel’ that deter-
mines the viability and life span of any organism utilizing
O2 as a terminal electron acceptor. Reactive Oxygen
Species (ROS) such as superoxide anion radical (O−

2 ),
hydrogen peroxide (H2O2) and the highly reactive
hydroxyl radicals (�OH) generate oxidative stress. To
combat this stress, the cell induces several antioxidant
enzymes such as catalase, hydroperoxidase or superox-
ide dismutase. However, if the generation of oxidants
exceeds the antioxidant defences of the cells, acceler-
ated aging, decreased viability and deleterious effects on
life span are observed (Nyström, 2004). In order to deter-
mine whether the early loss of viability of the JP1 mutant
was linked to oxidative stress, we quantified and com-
pared the activity of various antioxidant enzymes (cata-
lase, hydroperoxidase and superoxide dismutase) in the
WT, INT and JP1 mutant strains every 24 h after inocula-
tion (Figs 1F and G and 2A). The catalase activity slowly
increased in the WT (and INT) from ~30 h onward,
peaked at 72–80 h, and then gradually decreased over
the next 48 h (120 h) (Fig. 2A). The pattern of catalase
activity was correlated with viability as measured by plat-
ing (Fig. 1F). In contrast, the catalase activity in JP1
peaked at 40–46 h, then decreased continuously over
the next 60–80 h. Interestingly, the catalase activity pat-
tern was also correlated with the viability of the JP1
strain; the number of viable cells reaching its maximum
after 40 to 72 h of growth and was then drastically
reduced after 96 h of cultivation (Figs 1F and 2A). The
decrease in the total catalase activity of JP1 at stationary
phase is also reflected in a higher concentration of extra-
cellular H2O2 production as measured by an amplex red
horseradish peroxidase assay (Fig. 2B).

Subsequently, considering that 24–32 h and 50–60 h
represented mid-log and stationary phases of growth for
WT and INT, respectively, whereas 40–46 h 70–80 h
represented mid-log and stationary phases for the JP1
mutant strains (Fig. 1E), we measured the expression

levels of four different catalase encoding genes identified
in the genome of S. flaviscleroticus (Supporting Informa-
tion Text S1) using semi quantitative RT-PCR. We
showed that the transcripts of the H2O2-inducible cata-
lases (Fig. 2C), cat1 and cat2, were more abundant in
mid-log phase than in stationary phase cells of the JP1
mutant (Fig. 2D) whereas cat3 expression was undetect-
able in JP1 in both growth phases (Fig. 2D). In contrast,
the expression of the three catalases was higher in sta-
tionary phase than in the mid-log phase, in the WT and
INT strains. At last, the expression of the putative
manganese-dependent catalase, cat4, was not detect-
able during any phase of growth in any of the three
strains (data not shown). The transcriptional pattern of
expression of different catalase genes is thus consistent
with the characteristic pattern of the total enzymatic activ-
ity of the WT, INT and JP1 strains.

Interestingly, the supplementation of subinhibitory con-
centrations of chromomycin during growth enhanced the
activity and expression of different catalase genes at sta-
tionary phase in the JP1 mutant strain (Fig. 2E). This was
correlated with the restoration of the expression of cat1
and cat2 in stationary phase (Fig. 2F).

Similarly, the activity of the alkyl hydroperoxidase
was twofold higher in the JP1 mutant than in the WT
and INT strains in the mid-log phase and decreased in
stationary phase (Fig. 2G). Consistently, the decrease
in the catalase/hydroperoxidase activity of stationary
phase cells of the JP1 mutant was correlated with a
higher sensitivity to 100 mM H2O2 than mid-log phase
cells of this strain (Fig. 2H). In contrast, the total SOD
activity was found to be similar in the three strains in
both mid-log and the stationary phases (Fig. 2I), sug-
gesting that the oxidative stress in JP1 may not involve
superoxide radicals.

Interestingly, fluorescence of the DCFDA dye, sensitive
to oxidation by ROS, was almost twofold higher in the
JP1 mutant strain than in the WT and INT strains sug-
gesting that the JP1 mutant was probably under constitu-
tive oxidative stress (Fig. 2J). Consistently, the in vitro
fluorescence of DCFDA in cell-free extracts of the JP1
mutant strain was also higher than that of the WT strain
extracts (data not shown). Since it was reported that
DCFDA fluorescence could be used as a reporter of the
redox reactions linked to intracellular iron (Kalyanaraman
et al., 2012), we cannot exclude that chromomycin plays
a role in iron homeostasis, since it is known to bind iron
and other divalent metals (Kamiyama, 1968).

External supplementation of chromomycin at subinhibi-
tory concentration in the course of the growth of the JP1
mutant was correlated with a reduction of DCFDA fluo-
rescence (Fig. 2K), of extracellular production of H2O2

(Fig. 2L).
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Fig. 2. The JP1 mutant exhibits enhanced oxidative stress corrected by ex vivo supplementation of chromomycin at subinhibitory concentration.
A. status of the antioxidant enzyme catalase in the JP1 mutant; (B) extracellular production of H2O2, estimated by Amplex Red-HRP in cells of
WT, INT and JP1 in mid-log and in stationary phase of growth; (C) transcription analysis of catalase genes, cat1 through cat3 by semi quantita-
tive RT-PCR of RNA extracted from cells of WT, INT and JP1 mutant in mid-log and stationary phase of growth; (D) transcription analysis of
induction of cat1 and cat2 in mid-log phase culture of WT treated with 100 mM H2O2 for 2 h. The transcription profiles are representative of three
independent experiments. Agarose gel electrophoresis image processed by ImageJ software; (E) increase in the total catalase activity in the sta-
tionary phase of the JP1 mutant treated with chromomycin; (F) cat transcript levels are more pronounced in the cells treated with chromomycin in
stationary phase; (G) alkyl hyroperoxidase enzyme activity monitored at different phases of growth in WT, INT and JP1; (H) Sensitivity of JP1
mutant to killing by H2O2 in mid-log and in stationary phase; (I) total SOD levels monitored at different phases of growth in WT, INT and JP1 (spe-
cific enzyme activity expressed as units mg−1 protein); (J) Total ROS measured by DCFDA fluorescent probe; (K) decrease in intracellular ROS
levels in JP1 mutant treated with chromomycin; (L) reduction in extracellular production of H2O2 (as measured in B) in chromomycin treated cul-
ture of JP1. Results are representative of three independent experiments and error bars represent mean � SD. Statistically significant differences
between strains at each time point were assessed by one-way ANOVA followed by post hoc test (Tukey test; GraphPad Prism) *p < 0.05,
**p < 0.01, ***p < 0.001.
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It is well-known that oxidative stress triggers the induc-
tion of specific enzymes involved in the resistance to oxi-
dative stress in various microorganisms (Imlay, 2008,
2013). Consequently, the early expression of these
enzymes in the JP1 mutant indicates that it suffers from
early oxidative stress. We propose that the absence of
chromomycin is responsible for this early oxidative stress
in the JP1 mutant suggesting that chromomycin fulfils an
anti-oxidant function. The extracellular supplementation
of chromomycin can largely reverse the obvious effects
of oxidative stress (Fig. 2E, F, K and L).

Chromomycin acts as an antioxidant in vitro

In order to assess the antioxidant properties of chromo-
mycin and determine whether its absence could lead to
the high oxidative stress of the chromomycin non-producer
mutant JP1, we assessed its antioxidant potential with
three different methods: (i) the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) assay. It measures the hydrogen donating ability
of the antioxidant to the stable DPPH radical, (ii) the
FRAP assay in which the reducing power of the electron-
donating antioxidant leads to a change in the colour of
ferric-tripyridyl triazine (FeIII TPTZ, straw colour) com-
plexed to its ferrous form (blue colour) that is monitored
at 593 nm, (iii) the ferric ferrozine assay is performed at
a physiological pH (Berker et al., 2010) and thus more
relevant for measuring the antioxidant property of a com-
pound, unlike the FRAP method in which highly unrealis-
tic pH (pH 3.6) may suppress the reducing capacity
of antioxidant compounds due to their protonation. The
outcome of these assays was compared with that of stan-
dard molecules, ascorbic acid and tetracycline. Chromo-
mycin scored as a better antioxidant than tetracycline
with all three assays (Table 1). The results of these
assays indicate that chromomycin has in vitro antioxidant
and iron binding/reducing activity that could have impor-
tant in vivo implications.

Chromomycin non-producer mutant of S. flaviscleroticus
is characterized by upregulation of PPP enzymes and
downregulation of glycolytic and Krebs cycle enzymes

A reorientation of the glycolytic flux toward PPP is known
to be necessary to generate NADPH to combat oxidative
stress in Pseudomonas fluorescens (Mailloux et al.,
2011). Indeed, the conversion of fructose-6-phosphate to
6-phosphogluconate catalysed by G6PDH (zwf ) and the
conversion of the latter into ribulose-5-phosphate cata-
lysed by the 6-phosphogluconate dehydrogenase
(6-PGDH) generates NADPH (Berg et al., 2002).

In order to determine whether the high oxidative stress
of the JP1 mutant (Fig. 2) was correlated with a similar
rewiring of its metabolism, we determined the activity of
the G6PDH and the 6-PGDH. These activities were ~
twofold higher (Fig. 3A and B) and the NADPH levels
were also ~2.5-fold higher (Fig. 3C and D; Supporting
Information Fig. S4) in the JP1 mutant strain than in the
WT and INT strains. A higher transcriptional activity of
both zwf1 and − 2 genes in JP1 mutant strain than in the
WT strain is consistent with the higher activity of these
enzymes (Fig. 3E).

To demonstrate that the enhancement in the carbon
flow into the PPP pathway was achieved at the expense
of glycolysis, we assayed the activity of the
6-phosphofructokinase (PFK), the first committed enzyme
of glycolysis that catalyses a rate limiting step and has
an important regulatory role (Berg et al., 2002). The PFK
encoding genes of S. flaviscleroticus were found by com-
paring its genome sequence with that of other Streptomy-
ces species (see Supporting Information Text S1). We
assayed individually the activity of the ATP-PFK and PPi-
PFK enzymes from cell-free extracts of the WT, INT and
JP1 mutant strains (Borodina et al., 2008). The PPi-
dependent activity of PFK (PFK2) was undetectable (data
not shown) whereas the levels of the ATP-dependent
enzyme (PFK3) were reduced by more than twofold in
JP1 compared with the WT and INT strains (Fig. 3F).
This reduced activity coincided with the reduced tran-
script levels of the pfk3 gene (Fig. 3G) whereas the tran-
script of the second putative ATP-dependent pfk1 was
undetectable in both the WT, INT and JP1 mutant strains
(data not shown). The decrease in the total PFK activity
in the JP1 mutant is thus likely to be primarily due to the
reduced transcription of pfk3. The reduction in the
channelling of glucose through glycolysis may have
affected the levels of the end-product acetyl-CoA accord-
ingly, the amounts of this metabolite in JP1 were reduced
twofold relative to the WT, as measured by HPLC
(Fig. 3H and Supporting Information Fig. S5).

Furthermore, since TCA cycle generates reduced
co-factor that donate electrons to the respiratory chain, it is
also potentially involved in ROS generation. Consequently,

Table 1. Assessing in vitro antioxidant and iron–reducing property of
chromomycin.

Ascorbic
acid Chromomycin Tetracyclin

DPPH assay
IC50 (50%

Scavenging
activity) in μg

7.7 28 141

FRAP assay
FRAP Value in μM

2 0.7166 7 � 0.05 0.0766 � 0.02

Ferric Ferrozine
Assay

Total antioxidant
capacities (TAC)

mM trolox-equivalent

1.1 × 10−2 2.8 × 10−3 4.1 × 10−4
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the downregulation of enzymes of the Krebs cycle generat-
ing NADH is consistent with the adjustments required to
limit ROS generation and thus oxidative stress (Nyström,
2004; Imlay, 2008). We thus assayed the enzymatic

activities of aconitase (Acn) and isocitrate dehydroge-
nase (ICDH) in the three strains. These activities were
twofold to fourfold lower in the JP1 mutant strain than
in the WT and INT strains (Fig. 3I–K). The levels of

Fig. 3. The alterations in central carbon metabolism in JP1 mutant.
The measurement of enzyme activities (specific activity -units mg−1 protein), metabolite analyses and expression analyses were performed with
cultures of WT, INT and JP1 grown to mid-log phase. Results are representative of three independent experiments (A) G6PDH- and (B) 6-PGDH
enzyme activities; Intracellular levels of NADPH compared by (C) HPLC and (D) enzymatic cycling method; (E) semi quantitative RT-PCR analy-
sis of zwf1 and − 2. Agarose gel electrophoresis image processed by ImageJ software; (F) ATP-PFK activity; (G) semi quantitative RT-PCR anal-
ysis of ATP-pfk (pfk3) and PPi-pfk (pfk2). Agarose gel electrophoresis image processed by ImageJ software; (H) measurement of intracellular
levels of acetyl Co-A in cells of WT and JP1 by HPLC. The TCA cycle enzyme activities were assayed for (I) Aconitase; (J) NADP – Isocitrate
dehydrogenase (ICDH); (K) NAD – Isocitrate dehydrogenase (ICDH); (L) α-ketoglutatrate levels; error bars represent mean � SD. Statistically
significant differences between strains at each time point were assessed by one-way ANOVA followed by post hoc test (Tukey test; GraphPad
Prism3) for multiple comparisons and unpaired t-test *p < 0.05, ** p < 0.01.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 21, 814–826

820 D. Prajapati et al.



α-KG, the entry point of nitrogen in the metabolism and
a proposed antioxidant (Lemire et al., 2010), were simi-
larly twofold lower in JP1 than in the WT and INT
strains (Fig. 3L). These features might contribute to the
slow growth of the mutant.

Interestingly, the supplementation of subinhibitory con-
centrations of chromomycin during growth enhanced
ATP-PFK activity (Fig. 4A) twofold to threefold in compar-
ison with the JP1 culture grown in its absence. Semi
quantitative RT-PCR analysis of the pfk genes expres-
sion indicated that the expression of pfk3 encoding
ATP-PFK, was significantly enhanced in the cells of JP1
treated chromomycin while the pfk2 transcript was only
marginally affected (Fig. 4B). The activities of TCA cycle
enzymes (aconitase, NAD- and NADP-IDH) and the

levels of the metabolite α-ketoglutarate were augmented
in the cells of JP1 grown in the presence of sublethal
concentration of chromomycin (Fig. 4C–F). Consistent
with the reduction in measures of oxidative stress
(Fig. 2E, F, K and L), the levels of NADPH in JP1 mutant
treated with sublethal levels of chromomycin were
reduced in relation to wild type (Fig. 4G).These effects
could well be the indirect consequences of the correction
of oxidative stress parameters.

S. flaviscleroticus preferentially utilizes amino acids as a
carbon source over glucose

S. flaviscleroticus exhibits an inherent preference for amino
acids as a carbon source over glucose (Fig. 5A). Indeed,

Fig. 4. The restorative effects of sublethal concentration chromomycin on central carbon metabolism in JP1.
Restoration of (A) ATP-PFK activity; (B) pfk transcript levels; Kreb cycle enzyme activities for (C) aconitase; (D) NADP-IDH; (E) NAD-IDH and
metabolites, (F) α-ketoglutarate levels; (G) intracellular levels of NADPH as measured by enzymatic cycling method in JP1. The results are repre-
sentative of three independent experiments; error bars indicate mean � SD. Statistically significant differences between strains at each time point
were assessed by one-way ANOVA followed by post hoc test (Tukey test; GraphPad Prism3) for multiple comparisons and Student’s t-test
***p < 0.001, **p < 0.01.
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the biomass yield in minimal glucose media is half of that
in minimal media containing casamino acids (CAA) as car-
bon source (Fig. 5A). Streptomyces fradiae (Romano and
Nickerson, 1958) and Streptomyces coelicolor (Millan-
Oropeza et al., 2017) also preferentially uses amino acids
rather than glucose as carbon source but the molecular
basis of these metabolic features are not known.
Interestingly, the chromomycin non-producer mutant

JP1 did not grow at all on mineral minimal medium con-
taining glucose as the sole carbon source (Figs 1D and
5B) despite the fact that glucose uptake was similarly
complete in the WT and JP1 mutant strain at the end of
growth (data not shown). The JP1 mutant grew equally
well on minimal medium supplemented with 0.5% casa-
minoacids (CAA) or with a mixture of 20 amino acids at
0.5% with or without added glucose (Fig. 5B). Growth of
the JP1 mutant was specifically rescued by the gluconeo-
genic amino acids that generate α-KG, including gluta-
mate, glutamine, histidine, proline and arginine at
concentrations that meet the carbon requirement of JP1
(Fig. 5B). The combination of these five amino acids was
better at promoting growth than any individual amino
acid. For reasons not yet understood, arginine supple-
mentation is compulsory in combination with the other
two or three amino acids whereas none of the remaining
15 amino acids were able to support the growth of the
JP1 mutant strain on mineral media (Fig. 5B). We there-
fore postulate that growth of JP1 could be limited by
α-KG availability.
Furthermore, interestingly, the NADPH levels were

found to be 40% higher in cells grown in CAA than in
those grown in glucose (Table 2) and consistently the
glucose-grown cultures of the WT strain were more vul-
nerable to inhibition by H2O2 and diamide (Table 2) than
the cells grown in media containing CAA. These high
NADPH levels might contribute to the reduction of oxida-
tive stress in the WT strain grown on CAA.

Chromomycin biosynthetic genes are expressed early
in exponential phase of growth and induced by
H2O2 stress

The synthesis of most secondary metabolites usually
takes place in stationary phase and to determine whether
it was also the case for chromomycin, we assessed the
expression of a few representative genes of chromomy-
cin biosynthetic pathway, (i) sflD, encoding a NDP- glu-
cose synthase, is the first gene of a four genes operon
whereas sflP encoding the acetate condensing aglycone
synthesis function constitutes the third gene of this
operon (ii) sflMIII encoding a O-methyl transferase cataly-
ses the late step of chromomycin biosynthesis, (iii) sflRI,
encodes a putative transcriptional activator and (iv) sflRII,
encodes a putative repressor that regulates chromomycin

biosynthesis (Supporting Information Fig. S1 and
Table S1). We observed that the expression of sflRI, sflD
and sflMIII was detectable within 12 h after spores inocu-
lation and significantly increased in mid-log phase (27 h)
remaining high in stationary phase (60 h/end of the
experiment) (Fig. 6A). In contrast, the expression of sflRII
was detectable at all time points at constant levels
(Fig. 6A). Even if the transcriptional profile of all the
genes of the cluster was not determined, we believe that
these results are significant and reflect the chromomycin
biosynthesis potential of the organism in early growth
phase as also testified by the yellow colour of the 24 h
lawns of. S. flaviscleroticus (Fig. 1F). So in contrast to
most other secondary metabolites, chromomycin is likely
to be produced during the log growth phase of the wild
type strain. At early time points (12 h, 17 h, 21 h), chro-
momycin may be synthesized at sub-MIC (minimum

Fig. 5. Inherent preference of WT for amino acids over glucose as a
sole carbon source aggravate the growth defect of JP1 mutant on
minimal glucose media.
A. Growth curve of WT/INT as measured by DNA estimation (A595

nm) in minimal medium with glucose as sole carbon source and in
minimal glucose medium with 0.5% CAA as carbon source;
(B) Growth of WT and JP1 was compared on mineral salt media/R4
media with supplementations as indicated (C source is glucose and
proline, N source is proline and P source is potassium phosphate,
C/N ratio of the components of the growth media are provided in the
Supporting Information Text S1).
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inhibitory concentration) that might affect the physiology
of the strain but are presumably insufficient to bind DNA
and thus inhibit replication/transcription and finally
growth. Treatment of wild type cells grown in TSB broth
(~ 28–32 h), at mid-log growth phase, with 50 mM H2O2

for 1 h, induced the expression of the putative pathway
specific activator sflRI, as well as sflD, suggesting that
the expression of these genes is induced by oxidative
stress (Fig. 6B). This suggests that the synthesis of chro-
momycin constitutes an adaptative response to oxidative
stress.

Conclusion

The data presented in this study strongly suggest that chro-
momycin acts as an antioxidant in vitro as in vivo. This prop-
erty explains the pleiotropic phenotypes of the chromomycin

non-producer mutant that are mostly reversed by external
supplementation of chromomycin with one exception.
Indeed, external supplementation of chromomycin did not
reverse the growth defect of the JP1 mutant on mineral
media with glucose as sole carbon source. This may be due
to (i) an inherent preference of S. flaviscleroticus for amino
acids rather than glucose as carbon source,
(ii) reconfiguration/rewiring of carbon metabolism due to con-
stitutive oxidative stress in the JP1 mutant and (iii) the inabil-
ity of exogenous chromomycin provided during growth to
mimic its intracellular regulated production. It should also be
mentioned that the chromomycin non- producing mutant of
Streptomyces griseus sub spp. griseus (Menendez et al.,
2004) does not exhibit the same phenotype as the JP1
mutant of S. flaviscleroticus. The reason for this discrepancy
is not yet clear. Although there is a remarkable conservation
of both the sequence and organization of the genes of the
chromomycin biosynthesis gene cluster (Supporting Infor-
mation Table S1), it is pertinent to note that the ribotyping of
the 16S rDNA sequence indicate that the two strains are
unrelated (data not shown). Additionally, it is not uncommon
that mutations have strain-specific effects in Streptomyces.
For example, mutations in pfk2, zwf and relA exhibit strain
specific effects on antibiotic production (Chakraburtty and
Bibb, 1997; Butler et al., 2002; Ryu et al., 2006; Borodina
et al., 2008; Gomez-Escribano et al., 2008).

It is evident from recent bacterial genome sequencing
projects that the Streptomyces genus harbours a large
repertoire of silent/cryptic genes (Rutledge and Challis,
2015; Ochi, 2017) for secondary metabolites, including
antibiotics, in addition to the genes expressed under lab-
oratory conditions. Thus, in the natural soil environment,
there is a strong possibility that a function of an antibiotic
unrelated to its growth inhibitory effect is important for the
producer bacterium.

Experimental procedures

Bacterial strains and plasmids used in this study are listed
in Supporting Information Table S2. S. flaviscleroticus and
its derivatives were routinely grown on R2YE and TSB
medium (Hi Media). Antibiotics apramycin and thiostrep-
tone were used at 50 μgm ml−1 final concentration.

Table 2. The effect of carbon content of the growth medium on tolerance to oxidative stress.

Growth medium

Diamide H2O2 NADPH levels
(mM mg−1)Diameter (mm) Surface area (mm2) Diameter (mm) Surface area (mm2)

Minimal glucose 20.166 � 0.28 319.255 20.26 � 0.46 322.4 1.7 � 0.15
Minimal glucose +

Casamino acids
14.66 � 0.57 168.86 10.33 � 0.57 83.82 2.7 � 0.17

The zone of inhibition of growth and area correspond to that formed by 0.5 M diamide and 0.9 M H2O2.
The SD is determined from three independent experiments.

Fig. 6. Early growth phase expression of chromomycin biosynthesis
genes in the wild type and their induction by extracellular H2O2.
A. Growth by DNA estimation (A595 nm) of WT in liquid R2YE
medium and expression analysis of representative chromomycin bio-
synthesis genes. The cells were harvested for the isolation of total
RNA at the time points indicated. Stages of growth were defined by
changes in DNA content of the cells; (B) Induction by H2O2 (50 mM)
of early chromomycin biosynthesis gene, sflD, representing the tran-
script of sflP (encoding the chromomycin aglycone synthesizing
function) and putative activator, sflRI. The expression analysis
results are representative of three independent experiments.
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Buffered R4 medium containing either glucose (1%) or
casaminoacids (0.5%) was used as minimal medium
(Kieser, 2000).
Quantitation of growth by DNA estimation (diphenyl-

amine method), protocols of different enzyme assays,
protein estimation, quantitation of intracellular reactive
oxygen species, NADPH estimation by enzymatic cycling
method and details of RT-PCR are described in Support-
ing Information Text S1. A list of oligos used in this study
is included in Supporting Information Table S3. Normali-
zation of the cultures used for all enzyme assays was
carried out considering viability and protein estimation.
Enzyme activities are expressed as units/mg protein.
Wild-type (and INT) (post 24–32 h) and JP1 (post
40–46 h) cells representing mid-log phase of growth of
each, were harvested for the measurement of enzyme
activities of antioxidant enzymes (catalase, alkylhydroper-
oxidase and SOD), glycolytic and TCA enzymes (PFK,
aconitase, G6PDH, 6-PGDH and ICDH) and quantitation
of metabolites (Acetyl-CoA, α-KG and NADPH). For esti-
mation of antioxidant enzyme activities (catalase, SOD
and AHP) in stationary phase cultures, WT and INT each
were grown for 50–60 h and JP1 mutant was grown for
70–80 h. The viability of JP1 mutant at time point
i.e. 70–80 h is partial and represents stationary phase
of JP1.

Extraction of intracellular NADPH for HPLC

Bacterial cells grown to mid-log phase were suspended
in a cell storage buffer (CSB; 50 mM Tris–HCl, 5 mM
MgCl2 and 1 mM phenylmethylsulfonylfluoride, pH 7.3),
disrupted by sonication and subjected to centrifugation at
3000 × g to remove any intact cells. The cell-free extract
(CFE) was then centrifuged for 3 h at 1 80 000 × g to
obtain a soluble CFE fraction. Purity of the fraction was
verified by monitoring G6PDH. For NADPH estimation,
soluble CFE was diluted to 2 mg protein equivalent ml−1

in ddH2O and then boiled for 2 min. Following removal of
precipitate, the supernatant was injected in Agilent 1260
Infinity HPLC equipped with C18 reverse phase column
(Agilent 5 HC-C18 (2) 250X4.6 mm) (Singh et al., 2008).
HPLC protocol for separation and quantitation is
described in Supporting Information Text S1.

Determination of intracellular concentration of
acetyl-CoA

Acetyl-CoA extraction was conducted using the method
described earlier with a few modifications. Cells (150 ml)
grown in TSB broth until mid-log phase were harvested
by centrifugation at 8000 × g for 10 min, resuspended in
a mixture of 10 mM sodium phosphate (pH 7.5), 10 mM
MgCl2 and 1 mM EDTA were extracted with ice-cold

perchloric acid (0.5 M HClO4) for 40 min on ice with inter-
mittent vortexing. The suspension was centrifuged for
5 min at 2800 × g and approximately 2 to 5 ml of super-
natant was neutralized with saturated KHCO3, concen-
trated by lyophilization to reduce the volume to 20% of
the original (Lesley and Waldburger, 2003). HPLC proto-
col for separation and quantification is described in Sup-
porting Information Text S1.

Assay of in vivo role of chromomycin

The subinhibitory concentration of chromomycin (Sigma)
used for in vivo studies was 315 ng ml−1 for JP1. Deter-
mination of minimum inhibitory concentration (MIC) of
chromomycin is presented in Supporting Information Text
S1. Ascorbic acid was added at the final concentration of
200 μg ml−1. Each of the two compounds was added to
the culture at the start of the growth. At 40–46 h and
96–120 h, JP1 culture was withdrawn for plating, confo-
cal microscopy and enzymatic assays.

Preparation of samples for RT-PCR for expression
analysis of chromomycin biosynthesis genes

The protocol is as described previously (Kieser, 2000).
Briefly, 108/ml of fresh spores were collected, pregermi-
nated, and then inoculated in R2YE broth. Cultures were
drawn at indicated time points (12 h, 17 h, 22 h, 27 h,
32 h, 38 h, 48 h, 60 h), were spun down and used for
RNA extraction (RNA easy kit from Ambion) as described
in Supporting Information Text S1.

Diamide and H2O2 sensitivity test

Equal number of spores (108/ml) of wild type was spread
directly on surface of minimal agar medium containing glu-
cose and that containing 1% of casamino acids. Different
concentrations of each of diamide and H2O2 were placed
in the wells created by cup borer. Zone of inhibition were
examined after 36–48 h of incubation of plates at 30 �C.

Viability measurements

Cells were washed with 0.9% (w/v) NaCl and 20 μl of sus-
pension was used for staining with LIVE/DEAD Bac-Light
Bacterial Viability Kit (Molecular Probes) according to
manufacturer instructions and observed under Leica
TCSSP2-AOBS confocal laser-scanning microscope and
LSM – 710 confocal microscope at wavelengths of
488 nm and 568 nm excitation and 530 nm (green) or
630 nm (red) emission (Manteca et al., 2005). Simulta-
neously, 0.1 ml of cultures was also plated on R2YE agar.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Restriction map and genetic organization of the
partial biosynthetic gene cluster of Chromomycin.
A. Restriction map of the cluster with respect to enzymes
BamHI, BglII and EcoRI. B. The open reading frames and
transcription directionality are represented as arrows, and
their putative functions are described in Supporting

Information Table S1C. The overlapping DNA present in dif-
ferent cosmid clones is indicated by a bold-line and the dot-
ted lines indicate the tentative limits of insert DNA in each
clone. The boxed portion in the cosmid #2.19 corresponds to
the DNA deleted from the genome of the mutant JP1.
Fig. S2. Genetic evidence for accuracy of the deletion of
PKS DNA in the JP1. (I) Restriction enzyme sites for
BamHI are shown encasing the deletion joint point marked
by the unique BglII site with the plasmid pGMΔPst present
at that site in the chromosome of JP1; (II) Predicted struc-
ture of the plasmid retrieved from the chromosome of JP1
following BglII (A) and BamHI (B) digestion of genomic
DNA of JPI. (III) RE analysis of the retrieved plasmid: Lane
1- BglII digestion of plasmid (retrieved from JP1 mutant fol-
lowing BamHI digestion and religation) releases 2.284 Kb
DNA encompassing deletion joint point.; Lane 2- The
BamHI fragment including the deletion joint point is cloned
in pBluescript KS vector from #2.19ΔBgl and released with
BamHI restriction digestion; Lane 3- Lambda HindIII
marker; Lane 4- EcoRI + PstI digestion of pGMΔPst plas-
mid recovered from JP1 (following BglII digestion and intra-
molecular religation) and Lane 5 – The EcoRI + PstI
digestion original pGMΔPst vector DNA (IV) Southern
hybridization of JP1 chromosomal DNA using pGMΔPst as
a probe. Left: agarose gel of the BamHI and BglII digestion
of JP1 genomic DNA; Right: Southern hybridization of the
aforementioned blot.
Fig. S3. HPLC analysis of extracts for chromomycin produc-
tion. HPLC analysis of extract of wild type (I); JP1 (II) and
integrant (JP1+ #2.19) (III). The retention times are indicated
for chromomycin A1 (22 min.), A2 (25 min.) and A3
(28 min.).
Fig. S4. NADPH estimation by HPLC. Intracellular levels of
NADPH in WT and JP1 as measured by HPLC.
Fig. S5. Acetyl Co-A estimation by HPLC. Intracellular
levels of Acetyl Co-A in WT and JP1 as measured by HPLC.
Table S1. List of genes of chromomycin biosynthetic
cluster from gene bank accession number KC249518.1*

Table S2. List of strains and plasmids used
Table S3. List of primer pairs used for RT-PCR analysis

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 21, 814–826

826 D. Prajapati et al.


	 Chromomycin, an antibiotic produced by Streptomyces flaviscleroticus might play a role in the resistance to oxidative stre...
	Introduction
	Results and discussion
	Deletion mutant lacking chromomycin genes exhibits pleiotropic phenotypes
	Growth of the chromomycin non-producer JP1 mutant is slower than that of wild type and it loses viability early in stationa...
	Deletion of chromomycin biosynthesis genes is associated with high oxidative stress in the JP1 mutant
	Chromomycin acts as an antioxidant in vitro
	Chromomycin non-producer mutant of S. flaviscleroticus is characterized by upregulation of PPP enzymes and downregulation o...
	S. flaviscleroticus preferentially utilizes amino acids as a carbon source over glucose
	Chromomycin biosynthetic genes are expressed early in exponential phase of growth and induced by H2O2 stress

	Conclusion
	Experimental procedures
	Extraction of intracellular NADPH for HPLC
	Determination of intracellular concentration of acetyl-CoA
	Assay of in vivo role of chromomycin
	Preparation of samples for RT-PCR for expression analysis of chromomycin biosynthesis genes
	Diamide and H2O2 sensitivity test
	Viability measurements

	Acknowledgements
	References


