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Abstract

Rhodococcus jostii RHA1 is able to degrade toxic compounds and accumulate high amounts of triacylglycerols (TAG) upon

nitrogen starvation. These NADPH-dependent processes are essential for the adaptation of rhodococci to fluctuating

environmental conditions. In this study, we used an MS-based, label-free and quantitative proteomic approach to better

understand the integral response of R. jostii RHA1 to the presence of methyl viologen (MV) in relation to the synthesis and

accumulation of TAG. The addition of MV promoted a decrease of TAG accumulation in comparison to cells cultivated under

nitrogen-limiting conditions in the absence of this pro-oxidant. Proteomic analyses revealed that the abundance of key proteins

of fatty acid biosynthesis, the Kennedy pathway, glyceroneogenesis and methylmalonyl-CoA pathway, among others, decreased

in the presence of MV. In contrast, some proteins involved in lipolysis and b-oxidation of fatty acids were upregulated. Some

metabolic pathways linked to the synthesis of NADPH remained activated during oxidative stress as well as under nitrogen

starvation conditions. Additionally, exposure to MV resulted in the activation of complete antioxidant machinery comprising

superoxide dismutases, catalases, mycothiol biosynthesis, mycothione reductase and alkyl hydroperoxide reductases, among

others. Our study suggests that oxidative stress response affects TAG accumulation under nitrogen-limiting conditions through

programmed molecular mechanisms when both stresses occur simultaneously.

INTRODUCTION

Currently, two of the biggest environmental challenges are
the development of strategies for cleaning up polluted envir-
onments and the search for alternative renewable energy
sources. Over the past years, several studies demonstrated
that the soil-residing actinobacterium Rhodococcus jostii
RHA1 is an interesting model for both purposes. For
instance, R. jostii RHA1 is able to degrade organic com-
pounds such as polychlorinated biphenyls, 1,4-dioxane and
lignin [1–3]. Biodegradation of toxic compounds may pro-
duce a cellular redox imbalance; thus, micro-organisms able
to carry out this process often possess an efficient NADPH-
dependent antioxidant mechanism. R. jostii RHA1 is also an
oleaginous bacterium able to accumulate high amounts of
triacylglycerols (TAGs) [4]. Oleagenicity requires a special
metabolic network involving concerted reactions and path-
ways, including those providing key metabolic intermediates
and cofactors [5]. Generation of acyl-CoA for TAG

biosynthesis, which is performed by the FAS-I system in
rhodococci, demands high levels of NADPH. Thus, the olea-
genic biosynthesis of TAG and the oxidative stress response
could be considered antagonistic processes, both competing
for the limited pool of NADPH in the cell. Previously, we
investigated the effect of pro-oxidants, such as methyl violo-
gen (MV) and H2O2, on the growth, synthesis and mobiliza-
tion of TAG in diverse Rhodococcus strains [6]. We then
studied redox-regulated proteins involved in the TAG bio-
synthesis in R. jostii RHA1 that respond to MV [7]. These
studies demonstrated that exposure of oleaginous rhodococ-
cal cells to pro-oxidants causes a depletion of the TAG syn-
thesis capacity and decreases the accumulation of TAG.

The response of actinobacteria to oxidative agents and the
role of antioxidant systems in the defence against these
agents have been investigated in Mycobacterium tuberculo-
sis, Streptomyces coelicolor, Amycolatopsis tucumanensis and
Corynebacterium glutamicum [8–11]. Organisms in the

Received 19 August 2016; Accepted 6 January 2017
Author affiliations:

1Instituto de Biociencias de la Patagonia (INBIOP), Universidad Nacional de la Patagonia San Juan Bosco y CONICET, Km 4-Ciudad
Universitaria 9000, Comodoro Rivadavia (Chubut), Argentina; 2Planta Piloto de Procesos Industriales Microbiológicos (PROIMI), CONICET, Av. Belgrano
y Pasaje Caseros, 4000 Tucum�an, Argentina; 3Ruhr-Universit€at Bochum, Medizinisches Proteom-Center, Redox Proteomics Group, Bochum, Germany.
*Correspondence: H�ector M. Alvarez, halvarez@unpata.edu.ar
Keywords: Rhodococcus; triacylglycerols; methyl viologen; proteomes; metabolism.

Abbreviations: AGPAT, 1-acylglycerol-3-phosphate O-acyltransferase; CAT, catalase; CSP, cold shock protein; DGAT, diacylglycerol acyltransferase;

LC, liquid chromatography; MSH, mycothiol; MV, methyl viologen; SOD, superoxide dismutase; TAG, triacylglycerol.
Four supplementary figures and three supplementary tables are available with the online Supplementary Material.

RESEARCH ARTICLE

D�avila Costa et al., Microbiology

DOI 10.1099/mic.0.000424

000424 ã 2017 The Authors

1

http://www.microbiologysociety.org/
http://mic.microbiologyresearch.org/content/journal/micro/


Rhodococcus genus seem to be particularly resistant to oxi-
dative stress [6, 12–14]; however, the components of
antioxidant systems in these micro-organisms remain to be
investigated in detail. Often, nitrogen starvation and oxida-
tive stress occur simultaneously in natural environments,
e.g. in semi-arid soils of Patagonia, Argentina (oligotrophic
and dryness conditions). We therefore performed a global
analysis to study the integration of the cellular responses
against both stress conditions.

MS-based proteomics is a powerful tool to identify pro-
teins that are regulated in response to specific physiologi-
cal and stress conditions and thus increase or decrease
their abundance. Often, these MS-based approaches rely
on in vivo or in vitro labelling of proteins with isotopes.
Recent advances in liquid chromatography (LC) as well as
MS and, most importantly, in the available evaluation
software now make label-free proteomic approaches feasi-
ble. Label-free proteomics is conceptually an ideal method
for a comparative quantification of proteins, particularly
for large cohorts of samples [15]. It has been successfully
applied in bacterial proteome studies determining the
response of bacteria to different stimuli and examining
metabolic pathways [16, 17].

In the present work, we used an MS-based, label-free and
quantitative proteomic approach as a starting point for
understanding the response of R. jostii RHA1 to MV with
respect to the synthesis and accumulation of TAG. Compar-
ing cells grown in the presence of MV to untreated cells, we
identified key proteins involved in the TAG biosynthesis
that were affected by the addition of the pro-oxidant. In
addition, our study showed that some metabolic pathways
remain active during both oxidative stress and nitrogen star-
vation conditions. To our knowledge, this is the first inte-
grative study performed in oleaginous rhodococci to clarify
the antagonism of two processes that are essentials in the
adaptation of these bacteria to environmental conditions.

METHODS

Culture media, growth conditions and lipid
analyses

R. jostii RHA1 was grown in mineral salts medium [18] sup-
plemented with 1 g l�1 ammonium chloride (MSM1) in order
to promote cellular growth. MSM lacking ammonium chlo-
ride (MSM0) was used to induce lipid accumulation [19].
Sodium gluconate (1%, w/v) was used as a carbon source.
MSM0 supplemented with 10mM MV (MSM0+MV) was
used to evaluate oxidative stress response. All incubations
were performed at 28

�

C and 200 r.p.m. The qualitative and
semiquantitative analyses of intracellular lipids in R. jostii
RHA1 were performed as described elsewhere [7].

Preparation of protein extracts for MS-based label-
free quantitative proteomic analysis

MSM1 culture medium was inoculated with R. jostii RHA1
and incubated overnight. Afterwards, fresh MSM0 medium
was inoculated (initial OD600 ~0.2) and incubated for 8 h at

28
�

C. At that point, the MSM0 culture was split into subcul-
tures. One subculture was then supplemented with MV
(10mM) to induce oxidative stress. After 1 h, for each sample,
2ml of cell culture was harvested by centrifugation (16 100 g,
4

�

C, 10min) and washed twice with washing buffer (25mM
Tris buffer, pH 7, 2mM EDTA). The cell pellet was then
resuspended in 100 µl of urea solution (6 M urea, 100mM
Tris, pH 7.8) and 5 µl of reducing solution (200mM DTT,
100mM Tris, pH 7.8). Cells were disrupted by sonication and
proteins were prepared according to D�avila Costa et al. [7].

LC-MS/MS analysis of protein extracts, data
analysis and protein quantification

LC-MS/MS experiments of at least three biologically inde-
pendent replicates were performed. A sample (1.2ml)
containing 600 ng of peptides was dissolved in 30ml of
0.1% trifluoroacetic acid and the methodology described
by D�avila Costa et al. [7] was followed. Analysis of the
data from free-label proteomic analyses was performed
using MaxQuant version 1.4.1.2 [20]. MSM0 samples
were compared to the corresponding MSM0+MV sam-
ples. Andromeda was used as peptide search engine and
the protein database of R. jostii RHA1 from NCBI was
used for peptide identification [21]. Proteins were consid-
ered significantly regulated when (1) they showed, on
average, an increase >2-fold in their abundance in MSM0,
(2) the fold change was at least 1.5-fold in each of the
individual biological replicates and (3) Student’s t-test
showed a P value below 0.05. P value was calculated using
the T.TEST function of Excel version 2007 (Microsoft).
Upregulated proteins in MSM0+MV were expressed with
a positive sign in order to differentiate from those upreg-
ulated in MSM0 (negative sign). To estimate the limit of
detection of our instrument on the protein level, we con-
sidered the ninety-ninth percentile of the intensity of all
proteins identified by MaxQuant passing the identification
score threshold with a false discovery rate of 0.01. This
value was 5579. We then used this value to impute miss-
ing intensity values in our label-free quantitation. Values
of intensity in Table 1 are expressed as log2.

Bioinformatic analyses

RVBD_2855 (from M. tuberculosis H37Rv; GenBank acces-
sion number YP_177910) was used as query for the search-
ing using the BLASTP program (NCBI website) in order to
find homologous proteins in several species of Rhodococcus,
using the default parameters and considering as homolo-
gous proteins those with identities higher than 50 %.

Multiple alignments and consensus sequence were per-
formed using T-Coffee Sequence Alignment method [22].
To detect conserved motifs and Rossmann fold sequence
domains (and predict the union of cofactor FAD, NAD or
NADP), we used Cofactory v.1.0 Server (www.cbs.dtu.dk/
services/Cofactory/) and ScanProsite tool (http://prosite.
expasy.org/scanprosite/), respectively. To predict a second-
ary structure from RHA1_RO06610 sequence, PSIPRED
secondary structure prediction method (version 3.3) was
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used [23]. Besides, I-TASSER and Phyre2 servers were used
for an ab initio modelling of the tertiary structure [24, 25].
The global accuracy in I-TASSER model is estimated using
a C-score where values between 0 and 2 indicate a high con-
fidence prediction, while Phyre2 considers the coverage of
sequence to calculate the confidence. The resulting model
was generated using the program PyMOL (DeLano Scien-
tific; www.pymol.org).

RESULTS AND DISCUSSION

Cultivation of R. jostii RHA1 cells under lipid-
accumulating conditions in the presence/absence
of MV

In a previous study, we determined that MV negatively
affected TAG biosynthesis and accumulation in Rhodococcus
opacus PD630. In these cells, addition of MV to nitrogen-lim-
ited medium resulted in a dramatic decrease of the TAG accu-
mulation typical in this medium [6]. To analyse the
interaction between lipid metabolism and the response to
MV-induced oxidative stress in rhodococci, we analysed the
expression of proteins in R. jostii RHA1 in medium that pro-
motes lipid synthesis and accumulation (MSM0), both in the
presence and in the absence of MV. Cells were grown in nitro-
gen-containing MSM1 medium to the mid-exponential
growth phase and then transferred to nitrogen-free MSM0. In
this medium, which still contains the carbon source gluconate,
the culture exhibited a slight increase in cellular biomass
between 2 and 10h of incubation due to carry over of the
nitrogen source. The oxidant MV was added to MSM0 after
8 h of incubation, before the cell culture reached the stationary
growth phase, which occurred after 11 h of incubation (Fig. 1).
A slight inhibition of growth after the addition of the pro-oxi-
dant was observed (Fig. 1).

Effect of MV on lipid metabolism

Depletion of TAG accumulation in R. jostii RHA1 by MV is

caused by downregulation of Kennedy pathway

enzymes, the FAS system and glyceroneogenesis

For proteomics studies, cells were harvested from MSM0 and
MSM0 with added MV 9h after inoculation, with R. jostii
RHA1 being in late exponential growth phase at this point
(Fig. 1). Similar to R. opacus PD630 [6], a decrease in the
TAG accumulation by R. jostii RHA1 cultivated in MSM0
+MV compared to MSM0 was observed at this time point
(Fig. 1). TAG are synthesized in rhodococci through the Ken-
nedy pathway. This pathway is composed of sequential reac-
tions catalysed by four different enzymes. Our proteomic data
revealed a significant decrease in the abundance of some
enzymes of this pathway. Four different isoenzymes of 1-acyl-
glycerol-3-phosphate O-acyltransferase (AGPAT) were
significantly downregulated in the presence of MV
(RHA1_RS05380, RHA1_RS19670, RHA1_RS09865 and
RHA1_RS10035) (Table 1). These AGPAT isoenzymes have
been found previously to be highly synthesized during TAG
accumulation in R. jostii RHA1 [7]. Of these, RHA1_RS05380
was the AGPAT most affected by the presence of MV. Amara
et al. [26] reported that RHA1_RS19670 occurs in an operon

with RHA1_RS19675 and RHA1_RS19680, which encode
another AGPAT enzyme and a haloacid dehalogenase type
hydrolase (predicted as a potential phosphatase). In our study,
RHA1_RS19675 and RHA1_RS19680 were also detected, but
they did not pass our test to be considered significantly regu-
lated (see Methods and Table S1, available in the online Sup-
plementary Material). These proteins may have been affected
by the presence of MV to some extent, but under the strict
parameter of significance that we used for the analysis of our
proteomes, they were not considered as significantly affected
proteins. In addition, two diacylglycerol acyltransferase
(DGAT) isoenzymes were significantly downregulated in the
presence of MV (Atf6 and Atf8) (Table 1). Atf6 is the ortho-
logue of the well-characterized DGAT Atf2 from R. opacus
PD630, which contributes significantly to TAG synthesis and
accumulation [27]. On the other hand, the gene coding for
Atf8 isoenzyme was the most upregulated gene in R. jostii
RHA1 during cultivation of cells with benzoate under nitro-
gen-limiting conditions [26]. The remaining DGAT isoen-
zymes from strain RHA1 did not significantly changed their
abundances after addition of MV to the culture medium.

Although the Kennedy pathway is necessary for the produc-
tion of TAG, it is not sufficient, as TAG synthesis requires
glycerol-3-phosphate and acyl-CoA produced by the FAS sys-
tems. MV also led to a significant decrease in the abundance
of FAS-I and FAS-II proteins, which could lead to a depletion
of the acyl-CoA pool in cells (Table 1). Downregulation of
protein components of FAS-I and FAS-II in the presence of
MV correlated with the decrease of phosphoenolpyruvate car-
boxykinase, the first enzyme of the glyceroneogenesis path-
way, and glycerol-3-phosphate dehydrogenase NAD(P)+,
which catalyses the conversion of DHAP to glycerol-3-phos-
phate in the same pathway. Interestingly, enzymes involved in
the methylmalonyl-CoA pathway, such as methylmalonyl-
CoA mutase and propionyl-CoA carboxylase, which provides
propionyl-CoA as precursor for odd-numbered fatty acid syn-
thesis, were significantly downregulated in the presence of
MV in comparison to MSM0 (Table 1). Chemical analyses of
lipid fractions extracted from preparative TLCs revealed that
significant amounts of odd-numbered fatty acids (approxi-
mately 30% of the total fatty acids, w/w) occurred in the TAG
fraction, whereas the phospholipid fraction contained only
even-numbered fatty acids. This result and the concomitant
downregulation of the methylmalonyl-CoA route and fatty
acid and TAG biosynthesis pathways (FAS-I, FAS-II, AGPAT,
DGAT, etc.) in RHA1 cells during cultivation under TAG-
accumulating conditions with the addition of MV (Table 1)
suggested that the methylmalonyl-CoA pathway is part, to
some extent, of the regulatory network controlling TAG syn-
thesis and accumulation in strain RHA1.

MV induces enzymes involved in the degradation of
TAG

The observed decrease in TAG accumulation upon exposure
to MV can be explained, in part, by a decrease in synthesis
capacity. However, several enzymes involved in TAG mobi-
lization, b-oxidation and glycerol assimilation were
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significantly upregulated during cultivation of cells in the
presence of MV (Table 1). The abundance of a TAG lipase,
a long-chain fatty acid CoA ligase and an acyl-CoA dehy-
drogenase (b-oxidation pathway), as well as the glycerol
kinase (GlpK) and FAD-dependent glycerol-3-phosphate
dehydrogenase (GlpD) (conversion of glycerol-3-phosphate
in dihydroxyacetone phosphate), increased more than two-
fold in the presence of MV (Table 1, Fig. 2).

There is some evidence that the degradation and biosynthe-
sis of TAG can occur simultaneously in rhodococci, leading
to a steady turnover of glycerol-3-phosphate and fatty acids
[7]. However, under nitrogen-limiting conditions, lipogene-
sis dominates; thus, an increase of TAG content is usually
observed under these conditions [7]. In the presence of MV,
the balance between these two processes seems to switch
and the decrease in TAG accumulation may be the com-
bined result of an inhibition of lipogenesis and an induction
of lipolysis (Fig. 1, Table 1). In addition, we could hypothe-
size that the increase in the abundance of GlpK and GlpD
promotes the flux of dihydroxyacetone phosphate to the
central metabolic reactions. This hypothesis may be sup-
ported by the downregulation of GpsA (glycerol-3-phos-
phate dehydrogenase), an enzyme that consumes
dihydroxyacetone phosphate. Overall, this may contribute
to the production of NADPH principally by the Entner–
Doudoroff and pentose phosphate pathways, which is
needed for antioxidant responses in the presence of MV in
the culture medium (Fig. 2). However, metabolomics or
metabolic flux studies would be required in order to demon-
strate it.

Oxidative stress response caused by MV in R. jostii

RHA1

Classical enzymatic scavengers were upregulated in the

presence of MV

The first line of defence is composed by enzymes that
detoxify reactive species, such as superoxide dismutases
(SODs) and catalases (CATs). Exposure to MV led to sig-
nificant upregulation of two Fe/Mn SODs and three CATs
in R. jostii RHA1 (Table 1, Fig. 3). This is similar to the
observation by Bequer Urbano et al. [6] that Mn SODs
are activated in several Rhodococcus strains when exposed
to pro-oxidants. The protein most affected by MV was
CAT RHA1_RS25800, which showed a fold change of
11.5 (Table 1). Previously, four CATs (KatA, KatB, KatC
and KatD) were identified in the pathogen Rhodococcus
equi [28], but only KatA was determinant in the resistance
to exogenous H2O2 exposure and crucial for surviving in
mouse peritoneal macrophages [28]. RHA1_RS25800
exhibited 30% of similarity with KatA of R. equi, whereas
the reciprocal best hits of KatA (RHA1_RS20960) with
88% of similarity exhibited a fold change of 2.6 (Table 1).
In addition, Goordial et al. [13] also reported the presence
of SODs and several CATs in the cold-adapted Rhodococ-
cus sp. JG3.

While SODs and CATs directly detoxify the insulting agents
of oxidative stress, bacteria also count on NADPH-depen-
dent antioxidant mechanisms that can repair damage
caused by oxidants and contribute to maintain the cellular
integrity.

(a) (b)MSM1

1
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D
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0

0.1

0 2 4 6 8 10 12 14 16 18

Time (h)

20 22 24 26 28 30 32 34
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MSM0+10 mM Methyl viologen
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TAG

Fig. 1. (a) Cultivation of R. jostii RHA1 in mineral salts medium supplemented with sodium gluconate (1%, w/v) without any nitrogen

source (MSM0) and MSM0 supplemented with 10mM MV (MSM0+MV). Vertical arrows represent sampling point for proteomic studies.

(b) Total TAG content using TLC.
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MV activated the NADPH-dependent mycothiol
antioxidant system

Low-molecular-weight thiols, including GSH, are important
antioxidants. GSH depends on NADPH to keep its reduced,
active form. Instead of gluthatione, some Gram-positive
bacteria, including rhodococci, use mycothiol (MSH), a
conjugate of N-acetylcysteine with 1-D-myo-inosityl-2-
amino-2-deoxy-a-D-glucopyranoside, as their major low-
molecular-weight thiol [29, 30]. Biosynthesis of MSH con-
sists of sequential reactions catalysed by six enzymes [29].
Four of these enzymes, Ino1, MshB, MshC and MshD, were
upregulated in the proteome of R. jostii RHA1 in response
to MV (Table 1, Fig. 3). The antioxidant property of MSH
relies on the sulfur atom of the amino acid cysteine, func-
tional only in its reduced (–SH) form. Oxidized MSH
(MSSM) is then reduced by a specific NADPH-dependent
mycothione disulfide reductase Mtr [31]. While genes
involved in the synthesis of MSH were previously identified
in R. jostii RHA1 [32], a mycothione reductase (Mtr) has
not been identified yet. Mtr has been mainly studied in M.
tuberculosis because of its protective role against macro-
phage and antibiotics [33, 34]. The first identified Mtr,
RVBD_2855 from M. tuberculosis H37Rv, is a homodimer
that belongs to the group of Flavoprotein Disulfide

Reductases enzymes (FDR enzymes [35]) and uses NADPH
as cofactor. A protein with 64% of amino acid identity to
the known Mtr RVBD_2855, RHA1_RS32310 (the recipro-
cal best hits), was upregulated in the presence of MV in R.
jostii RHA1 with a fold change of 2.7 (Table 1, Fig. 3). Com-
bined with further bioinformatic analyses, we suggest that
RHA1_RS32310 is indeed R. jostii RHA1’s Mtr. High simi-
larities were observed with Mtrs in other Rhodococcus spe-
cies, while other bacterial genera showed lower identities
(Table S2). Conserved domains and amino acids described
for RVBD_2855 were also found in RHA1_RS32310
(Fig. S1), including the probable binding site for NADPH
(YYGXGXXA, where Y is apolar; amino acids 173–180 in
this protein sequence) [33]. The predicted secondary
and tertiary structures of RHA1_RS32310 are shown in
Figs. S2–S4.

Other NADPH-dependent antioxidant systems were
activated by MV

The NADPH-dependent thioredoxin/thioredoxin reductase
system was also upregulated in R. jostii RHA1 in the pres-
ence of MV (Table 1, Fig. 3). The classical system is formed
by the small redox-active protein thioredoxin whose reduc-
tion is attended by the NADPH-dependent thioredoxin
reductase. Thioredoxins are ubiquitous proteins that serve
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as a source of electrons in numerous metabolic processes,
including the oxidative stress response [36].

Alkyl hydroperoxide reductases (Ahps) are also central ele-
ments of the antioxidant defence mechanisms by reducing
hydroperoxides. This leads to the formation of a disulfide
bond. The formed disulfide bond is then reduced by desig-
nated reductases, thioredoxin or MSH [37, 38]. An AhpCF
system of R. jostii RHA1 was upregulated. Fold changes for
AhpC and AhpF were 3.1 and 28.3 under MV exposure,
respectively (Table 1).

The high abundance of the enzymes mentioned above would
support the presumption that thioredoxin and MSH were
active during MV exposure of R. jostii RHA1 cells (Fig. 3).

General stress proteins complemented the
antioxidant defence of R. jostii RHA1

Additionally, cold shock protein (CSP), heat shock protein,
heavy metal resistance protein and universal stress protein

were identified upregulated in response to MV (Table 1).
These proteins are often upregulated upon stress conditions
generated by anoxia, ethanol, certain heavy metal ions and
antibiotics [39–41]. The proteome of R. jostii RHA1 showed
two CSPs with high abundance in the presence of MV
(Table 1). CSPs were extensively studied; however, their
precise function in normal and cold shock conditions is still
unknown in many genera, including Rhodococcus. CSPs
from R. jostii RHA1 possess the typical conserved residues
of these proteins (Fig. S1) [39]. The elevated fold change for
CSPs in the presence of MV (3.7 and 5.7) suggests a more
important role of these proteins during the oxidative stress
response than under normal growth conditions.

DnaK, DnaJ and GrpE are heat shock proteins whose syn-
thesis is induced upon exposure to high temperatures. Simi-
lar to CSPs, these proteins are involved in a variety of
cellular processes [42–44]. The proteome of R. jostii RHA1
also showed induction of this chaperone system (Table 1).
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There are no previous reports on these proteins in Rhodo-
coccus; thus, their role in the rhodococcal cells remains to be
investigated.

Reactions and pathways which remained active
under both stress conditions

NADPH-producing pathways of the central metabolism

remain active during TAG accumulation and oxidative

stress response

In a previous proteomic study, we demonstrated that central
metabolic routes, such as the pentose phosphate and Ent-
ner–Doudoroff pathways and the amino acid degradation,
among others, were induced during TAG-accumulating
conditions [7]. Several of these pathways generate reducing
equivalents in the form of NADPH, which is a required
cofactor not only for the biosynthesis of fatty acids but also
for the antioxidant response of cells.

In cells exposed to 10mM MV, no significant differences in
the abundance of enzymes involved in these NADPH-gen-
erating pathways were found when compared to MSM0
(Table S3a). These results indicated that NADPH-generat-
ing reactions need to be active under TAG-accumulating
conditions as well as oxidant conditions.

Overall, our results suggested that NADPH may be redir-
ected from lipogenesis pathways to antioxidant reactions
when RHA1 cells are cultivated in the presence of MV.

Amino acid degradation is active under nitrogen-limited

conditions in the absence as well as in the presence of

MV

Previously, we demonstrated that several enzymes involved
in the degradation of proteins and amino acids significantly
increase their abundance during cultivation of R. jostii
RHA1 under nitrogen-limiting, TAG-accumulating condi-
tions [7]. Degradation of amino acids significantly contrib-
utes to the generation of metabolic energy and reducing
equivalents (NADPH) [45], as well as in the release of bio-
available nitrogen. The addition of MV during cultivation of
cells in MSM0 did not significantly change the level of pro-
teins involved in the degradation of amino acids. Enzymes
involved in the degradation of L-isoleucine, L-glutamate and
L-valine were synthesized in similar amounts in both
conditions (Table S3b). The degradation of L-glutamate and
L-valine directly generates NADPH [7]. Since TAG biosyn-
thesis decreased in the presence of MV (Fig. 1), we again
propose that the produced NADPH is needed for antioxi-
dant systems, which were upregulated during oxidative
stress. The release of nitrogen under nitrogen starvation
conditions through amino acid degradation and the upregu-
lation of specific amino acid transporters in MSM0 in the
absence/presence of MV (Table S3b) may help the cells to
maintain nitrogen homeostasis.

Cells produce proteins to access alternative nitrogen

sources in ammonium-chloride-lacking medium MSM0 in

the presence of MV

In addition to the amino acid transports, the bacterial cells
try to tap alternative nitrogen sources. Key proteins of

nitrogen metabolism were not affected by the absence or
presence of MV in MSM0. Cells synthesized enzymes for
nitrate or nitrite reduction, cleavage of nitrogen sources
(urease complex) and proteins responsible for nitrogen
uptake, among others (Table S3b). Our previous work dem-
onstrated that the abundance of amino-acid-degrading
enzymes, transporters and proteins of nitrogen metabolism
were upregulated in the absence of nitrogen [7]. These
results suggest that the downregulation of lipid accumula-
tion is a specific response towards oxidative stress, whereas
R. jostii RHA1’s response to nitrogen starvation is not
affected by MV in the culture medium and thus not regu-
lated by oxidative stress.

Conclusions

Our label-free proteomic analysis performed in the oleag-
inous R. jostii RHA1 strain indicates that the decrease of
TAG biosynthesis and accumulation by cells after adding
MV to the culture medium is the result of a programmed
physiological mechanism. The main changes in protein
expression induced by MV affecting TAG accumulation
included (1) downregulation of glyceroneogenesis enzymes
and GpsA, which decrease the availability of glycerol-3-
phosphate; (2) decrease of the abundance of enzymes
involved in the synthesis of methylmalonyl-CoA, which
provide propionyl-CoA as precursor for the synthesis of
odd-numbered fatty acids; (3) decrease in the abundance of
FAS-I and FAS-II components, which generate the acyl-
CoA pool available for TAG biosynthesis; (4) downregula-
tion of several acyltransferase enzymes of the Kennedy
pathway involved in TAG synthesis; (5) upregulation of
proteins involved in lipolysis and b-oxidation of fatty acids
and (6) activation of GlpK and GlpD involved in the degra-
dation and assimilation of glycerol. In contrast to proteins
related to TAG accumulation, those involved in NADPH-
generating pathways, such as ED, PPP and amino acid deg-
radation, did not change their abundance significantly in
the presence of MV. Additionally, the expression of proteins
involved in nitrogen metabolism and the molecular
responses of cells to nitrogen starvation were not affected by
the presence of the pro-oxidant.

Exposure to MV resulted in the upregulation of the antioxi-
dant machinery composed of SODs and CATs as first line
of defence. Additionally, NADPH-dependent antioxidant
mechanisms, mainly governed by thioredoxin, MSH and
Mtr, as well as Ahp, were also upregulated. Our study sug-
gested that R. jostii RHA1 counters combined nitrogen star-
vation and oxidative stress with a directed cellular response,
affecting specifically TAG biosynthesis, which may be
through a redirection of NADPH fluxes towards antioxidant
systems, while keeping systems that maintain
nitrogen homeostasis unaffected.
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