
FEMS Yeast Research, 19, 2019, foz020

doi: 10.1093/femsyr/foz020
Advance Access Publication Date: 27 February 2019
Research Article

RESEARCH ARTICLE

The hypoxic transcription factor KlMga2 mediates the
response to oxidative stress and influences longevity
in the yeast Kluyveromyces lactis
Rosa Santomartino1,†, Ilaria Camponeschi1, Germano Polo1,
Alessio Immesi1, Teresa Rinaldi1, Cristina Mazzoni1,‡, Luca Brambilla2 and
Michele M. Bianchi1,*
1Department Biology and Biotechnology C. Darwin, University of Roma Sapienza, Piazzale Aldo Moro 5, 00185
Roma, Italy and 2Department Biotechnology and Biosciences, University of Milano Bicocca, Piazza della
Scienza 2, 20126 Milano, Italy
∗Corresponding author: Department Biology and Biotechnology C. Darwin, Piazzale Aldo Moro 5, Roma 00185, Italy. Tel: +39 0649912215; E-mail:
michele.bianchi@uniroma1.it

†Present address: UK Centre for Astrobiology, School of Physics and Astronomy, University of Edinburgh, Edinburgh (UK)

One sentence summary: A network of connections among hypoxia, respiration, growth and ageing, mediated by a single protein regulating lipid
homeostasis, has been established in yeast.

Editor: Ian Dawes
‡Cristina Mazzoni, http://orcid.org/0000-0002-1504-6189

ABSTRACT

Hypoxia is defined as the decline of oxygen availability, depending on environmental supply and cellular consumption rate.
The decrease in O2 results in reduction of available energy in facultative aerobes. The response and/or adaptation to
hypoxia and other changing environmental conditions can influence the properties and functions of membranes by
modifying lipid composition. In the yeast Kluyveromyces lactis, the KlMga2 gene is a hypoxic regulatory factor for lipid
biosynthesis—fatty acids and sterols—and is also involved in glucose signaling, glucose catabolism and is generally
important for cellular fitness.
In this work we show that, in addition to the above defects, the absence of the KlMGA2 gene caused increased resistance to
oxidative stress and extended lifespan of the yeast, associated with increased expression levels of catalase and SOD genes.
We propose that KlMga2 might also act as a mediator of the oxidative stress response/adaptation, thus revealing
connections among hypoxia, glucose signaling, fatty acid biosynthesis and ROS metabolism in K. lactis.
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INTRODUCTION

The yeast Kluyveromyces lactis has been widely used in indus-
trial applications and basic research (Rodicio and Heinisch 2013).
Its preference for respiration is the main regulatory trait that

differentiates it from Saccharomyces cerevisiae. Indeed, K. lac-
tis is a Crabtree-negative organism, having weak or absent
glucose repression and the balance between respiration and
fermentation depends on oxygen availability.
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Fatty acid desaturases (FAD) are redox enzymes that gener-
ate carbon–carbon double bonds in fatty acids, they require oxy-
gen as an electron acceptor and differ in substrate specificity, in
the position of the double bond they generate and in cellular
localization (Los and Murata 1998). In yeasts, FAD enzymes are
differently distributed among strains and clades (Santomartino,
Riego-Ruiz and Bianchi 2017). In S. cerevisiae, only the ubiqui-
tous stearoyl-CoA desaturase (SCD) �9 Ole1 is present (Stukey,
McDonough and Martin 1989) and the modulation of membrane
properties is achieved by synthesis of the mono-unsaturated
fatty acids (MUFAs) oleate (C18) and palmitoleate (C16). In K. lac-
tis the �12 and �15 desaturases (Fad2 and Fad3, respectively) are
also present (Kainou et al. 2006; Micolonghi et al. 2012), allow-
ing the synthesis of the poly-unsaturated (PUFA) linoleic and
linolenic fatty acids (ω6 and ω3, respectively). In humans, PUFAs
are essential FAs since they cannot be synthesized and they
need to be introduced by the diet (Di Pasquale 2009). In particu-
lar, shortage of ω3 has been related to severe diseases like cardio-
vascular disorders and Alzheimer’s disease (Jicha and Markes-
bery 2010). The deletion of FAD2 and FAD3 genes in K. lactis did
not create appreciable phenotypes, except a slow growth rate
at very low temperature (De Angelis et al. 2016), suggesting that
MUFAs are sufficient to achieve a functional membrane com-
position, as has also been suggested for S. cerevisiae (Stukey,
McDonough and Martin 1989). Nevertheless, the presence of a
larger family of unsaturated fatty acids (PUFAs) in K. lactis should
permit a fine tuning of FAs synthesis and a change in membrane
composition in response and/or adaptation to a large variety of
environmental conditions.

Yeast desaturase genes are regulated at the transcription
level: factors that affect this regulation are saturated FAs, UFAs,
low temperature, hypoxia and, occasionally, ethanol and glucose
(see Santomartino, Riego-Ruiz and Bianchi 2017, for a review).
Promoter sequences involved in UFA repression and hypoxic
induction of OLE1 have been characterized in S. cerevisiae (Bossie
and Martin 1989; McDonough, Stukey and Martin 1992; Choi et al.
1996; Kwast et al. 1999; Nakagawa et al. 2001;Vasconcelles et al.
2001). The best characterized transcription regulatory proteins
of desaturases are S. cerevisiae Mga2 and Spt23, regulators of
OLE1 gene. Mga2 and Spt23 are homologous and inactive ER pro-
teins, activated by proteasomal proteolysis (Hoppe et al. 2000);
they are involved in regulation mediated by UFAs, low temper-
ature and low oxygen (Chellappa et al. 2001; Jiang et al. 2002).
The transcriptional control of these proteins acts on the induc-
tion/repression of mRNA synthesis and/or mRNA stability (Jiang
et al. 2001; Kandasamy et al. 2004). A low-oxygen response ele-
ment (LORE), interacting with Mga2, has been characterized in
the OLE1 promoter (Jiang et al. 2001). Single deletion of MGA2 or
SPT23 does not exhibit a growth phenotype, while the double
deleted strain is auxotrophic for unsaturated FAs, similarly to
the ole1 mutant strain (Zhang, Skalsky and Garfinkel 1999; Chel-
lappa et al. 2001). The Whole Genome Duplication occurred in S.
cerevisiae after the evolutionary separation from K. lactis (Wolfe
and Shields 1997) and consequently the SPT23 gene is absent in
K. lactis. KlMGA2, which is the orthologous to S. cerevisiae MGA2,
is involved in the transcriptional regulation of hypoxic genes,
in particular of lipid biosynthetic genes (Micolonghi et al. 2012).
KlMga2 controls ACC1, FAS1 and FAD2 expression at low temper-
ature and under hypoxia (Micolonghi et al. 2012; Ottaviano et al.
2015).

The KlMGA2 deleted strains of K. lactis display many phe-
notypes: they have a slow growth rate, they are Rag− strains
(Resistance to Antimycin A on high Glucose concentration),
they are multi-budded with partially collapsed mitochondria,

and they have a low oxygen-consumption rate. All these phe-
notypes are reversed by the addition of UFAs, indicating that
restoration of membrane fluidity is sufficient to recover wild
type behavior (Ottaviano et al. 2015). Interestingly, the Rag− phe-
notype is usually associated to glycolytic/fermentative defects,
while oxygen-consumption rate and mitochondrial morphol-
ogy defects are correlated to the respiratory pathway, suggest-
ing the involvement of KlMga2 in both metabolisms. Moreover,
the Klmga2� strain has altered membrane content and compo-
sition that, together with defective respiration and altered mito-
chondria, might be associated to altered permeability and resis-
tance to hydrogen peroxide (Hermann and Shaw 1998; Branco et
al., 2004; Tafforeau et al., 2006; Matias et al., 2007) or to reactive
oxygen species (ROS) accumulation and consequently impaired
response to oxidative stress. Consistent with this hypothesis,
adaptation to oxidative stress induced by hydrogen peroxide
has been reported to involve transcription factors in S. cerevisiae,
including Mga2, with correlations on fatty acids and ergosterol
metabolism (Kelley and Ideker 2009). The involvement of Mga2
in response to the oxidative stress has also been reported in Can-
dida glabrata (Huang and Kao 2018).

Despite the evolutionary conservation between K. lactis and
S. cerevisiae, the mechanisms of ROS response and adaptation in
K. lactis are far from being understood and to date observations
indicated they could differ from those of S. cerevisiae (Blanco et al.
2007; González-Siso et al. 2009). Our present results demonstrate
the involvement of the transcription factor KlMga2 and of unsat-
urated fatty acids in regulation of ROS metabolism and longevity.

MATERIALS AND METHODS

Strains and media

The wild type strain GDK (MATa, ura3, leu2, metA1–1,
lac4::ura3, promKlPDC1::promKlPDC1-LacZ-LEU2) and mutant
strain GDK/Klmga2� (MATa, ura3, leu2, metA1–1, lac4::ura3,
promKlPDC1::promKlPDC1-LacZ-LEU2, Klmga2::kanMX4), derived
from parental strains of the University of Lyon (France) collec-
tion, have been previously described (Micolonghi, Wésolowski-
Louvel and Bianchi 2011; Micolonghi et al. 2012). YPD medium
was composed of 1% Yeast Extract (Becton Dickinson and
Company, Sparks, MD, USA), 1% Peptone (Becton, Dickinson and
Company, Sparks, MD, USA) and 2% glucose. Synthetic medium
contained 0.67% Yeast Nitrogen Base w/o aminoacids (Becton,
Dickinson and Company, Sparks, MD, USA) and 2% glucose,
supplemented with auxotrophic requirements (SD medium).
Solid media contained 2% Bacto-Agar (Becton, Dickinson and
Company, Sparks, MD, USA). Tween80 (Sigma-Aldrich, St. Luis,
MO, USA) was added to media at 0.1% as oleate source.

ROS determination

The relative H2O2 level in living cells was measured with the
profluorescent dye dihydrorhodamine 123 (DHR, Fluka; Madeo
et al. 1999). Briefly, 2 × 106 cells were harvested by centrifugation
and suspended in 3 ml of 5 μM dye in PBS (10 mM sodium phos-
phate and 150 mM NaCl, pH 7.0). Samples were treated with 3, 6,
9 and 12 mM H2O2 (final concentrations), respectively, and were
incubated for 75 min at 30◦C with agitation in the dark. Concen-
trations were chosen to encompass the inhibitory concentration
for growth (5 mM; Nikolaou et al. 2009). Growth was affected but
not inhibited at 3 mM H2O2 on YPD medium plates (not shown).
Prior to analysis cells were washed twice and diluted to 106

cells/ml in PBS. Samples were then analyzed using a CYTOMICS
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FC 500 flow cytometer (Beckman Coulter) equipped with a diode
laser (excitation wavelength 488 nm). The fluorescence emission
was measured through a 530 nm long pass filter (FL1 parame-
ter). The sample flow rate during analysis did not exceed 600–
700 cells/s. Threshold settings were adjusted so that the cell
debris was excluded from the data acquisition; 25 000 cells were
measured for each sample. Data analysis was performed with
WinMDI 2.8 software (Purdue University, Cytometry Laboratories
[http://facs.scripps.edu/software.html]). In order to account for
difference in autofluorescence between the strains, fluorescence
evolution was normalized to the value for cells not challenged
with H2O2. The rate of survival to H2O2 treatment was assayed
by plating cells on YPD plates before and after hydrogen perox-
ide incubation and measuring the colony forming units (CFU).
About 250 to 2250 colonies per sample were counted.

Catalase and Superoxide dismutase activity

About 3 to 4 OD600 units of cells were collected from cultures and
extracts were prepared by glass bead crushing in lysis buffer (50
mM Tris-HCl pH 6.8; 100 mM NaCl) or in phosphate buffer, as
described in Landi et al. (2015). Protein content in samples was
determined photometrically (Nanodrop 1000) or by Coomassie
Plus Assay kit (Thermo Fisher Scientific, Waltham, MA, USA)
using bovine serum albumin as a standard. To determine cata-
lase activity, 1–1.5 μl aliquots of samples were added to 0.5 ml
of 11 mM H2O2 in 50 mM phosphate buffer (pH 7.0), 1 μM EDTA.
H2O2 decomposition was monitored at 25◦C using a spectropho-
tometer at 240 nm (ε240 = 39.4 M−1 cm−1). One Unit of catalase
activity was defined as the amount of enzyme that catalyzed the
degradation of 1 μmole min−1 of H2O2. Superoxide dismutase
activity (SOD) was determined by measuring the rate of WST1-
Formazan formation, using the SOD Assay kit-WST, as suggested
by the supplier (Sigma-Aldrich, St. Luis, MO, USA). A calibration
curve was produced using a commercial SOD enzyme (Sigma-
Aldrich, St. Luis, MO, USA), in order to define the linearity range
between product formation and enzyme concentration. Activity
measurements have been performed in two to four biological
repetitions, each of them in technical triplicates. Standard devi-
ations and statistical significances (P-values) have been deter-
mined.

RNA analysis

Transcript analysis was performed by northern blotting. Total
RNAs were prepared by the hot phenol procedure as described
by Köhrer and Domdey (1991). Northern blotting was per-
formed by electrophoresis of RNAs in agarose/formaldehyde
gels followed by transfer to membranes and hybridization
with probes following a standard procedure as described
by Bianchi et al. (1996). Probes were obtained by PCR using
wild type GDK genomic DNA as a template and primes
as follows. CTA1-fw: 5′-GCGTCGTGTAGGTAAGATGGTT-
3′; CTA1-rv: 5′-CTTGGATTTCAGGGCATGCACT-3′;
CTT1-fw: 5′-CGGTACCATTACCCTAACCCAT-3′; CTT1-
rv: 5′-GACTGGAGATGCACCATTGACA-3′; SOD1-fw:
5′-CAGTTGCAGTTTTGAAGGGTT-3′; SOD1-rv: 5′-
TACCAATAACACCAC-3′; SOD2-fw: 5′-ATTGGACTGGGATTT-3′;
SOD2-rv: 5′-CTTAGCAGCTTCCTTCCA-3′. [α-32P] ATP labeling of
the probes was performed using the Random Primed Labelling
Kit (Roche/Sigma-Aldrich, St. Luis, MO, USA), following the
instructions provided by the manufacturer. Quantification of
signals was performed by pixel counting with Phoretics 1D plus

(Non-linear Dynamics, Newcastle upon Tyne, UK) using rRNAs
as loading references.

Longevity

Cells were inoculated in flasks containing SD medium and
grown with orbital shaking (175 rpm) at 28◦C. SD medium sup-
plemented with 0.1% Tween80 (Sigma-Aldrich, St. Luis, MO, USA)
was also used for semi-quantitative analysis. At each time point,
OD600 was measured and dilutions were analyzed. Quantita-
tive Chronological Life Span (CLS) was determined by measur-
ing the percentage of cells capable of reproduction and form-
ing microcolonies on YPD medium, observed and counted under
light microscope at 40x (Palermo, Falcone and Mazzoni 2007;
Carmona-Gutierrez et al. 2018). About 500 counts (dead cells
plus microcolonies) per sample were registered after 1–2 days
(wild type) or 2–3 days (mutant strain) on YPD medium. Semi-
quantitative CLS was determined by 10-fold serial dilutions of
the cultures in micro-titer plates followed by transfer with a 48-
pin replicator onto YPD plates and incubation for 3–4 days at
28◦C (Smith et al. 2007; Carmona-Gutierrez et al. 2018).

Lipid droplets analysis

Cultures of wild type and mutant strains were grown in YPD and
collected at early and late exponential phase and at stationary
phase (0.7, 2 and 8 OD600, respectively). About 25μl of DMSO were
added to 250 μl of culture to allow an optimal stain solubiliza-
tion. DMSO at this concentration does not interfere with yeast
growth (Cirigliano et al. 2016). Nile Red (Sigma-Aldrich, St. Luis,
MO, USA) was added to samples at the final concentration of 5
μg/ml (Sitepu et al. 2012). Stained cells were then observed by flu-
orescence microscopy with the microscope Zeiss Axio Imager Z1
Fluorescence Microscope (AxioVision 4.8 Digital Image Process-
ing System and objective lens 63 × Oil): excitation wavelength
515–560 nm; emission wavelength > 590 nm. Quantitative anal-
ysis of lipid droplets-containing cells was carried out by observ-
ing 1 to 6 hundred cells for each sample.

RESULTS

ROS content in the Klmga2� strain

The respiratory and mitochondrial phenotypes associated with
KlMGA2 deletion (Ottaviano et al. 2015) suggested the occurrence
of an altered ROS metabolism. In order to investigate this issue,
we characterized ROS content in exponentially growing cultures
(OD600 = 0.5) stained with 123-DHR by cytofluorimetric assay.
Fluorescence levels of the mutant cells (not shown) were lower
than the wild type cells. Following the exposure to hydrogen
peroxide (H2O2), a treatment that elicits ROS production, cellu-
lar ROS formation was measured in the wild type and Klmga2�

strains. Cells in early exponential phase (OD600 = 0.5) were trans-
ferred into fresh medium with progressively higher concentra-
tions of hydrogen peroxide (up to 12 mM) in presence of 123-
DHR. After 75 min incubation, cells were collected and fluores-
cence was measured. Results of the normalized fluorescence
are reported in Fig. 1A. We observed an increase in fluorescence
detection dependent on the concentration of hydrogen peroxide,
suggesting that the amount of peroxide used was not saturating
the response of the cells. Interestingly, developed fluorescence
was weaker in mutant cells, suggesting that KlMGA2 absence
led to a more efficient ability in ROS inactivation in exponen-
tial phase.When the same experiment was performed with cells
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Figure 1. ROS content of wild type and Klmga2�cells. (A) and (B), show the ROS

content, revealed by fluorescence after staining with DHR, in exponential (A;
OD600 = 0.5) and stationary (B; OD600 = 10) wild type (circles) and mutant (tri-
angles) cells incubated (75 min) with increasing concentrations of hydrogen per-
oxide. Fluorescence values have been normalized by untreated (H2O2 = 0) cell

fluorescence. (C), reports the viability (percentage of cells able to form colonies;
CFU) of exponentially growing cells (OD600 = 0.5) and stationary cells (OD600 = 10)
after treatment with12 mM hydrogen peroxide. About 250 to 2250 colonies per
sample were counted. White blocks indicate wild type and grey blocks indicate

mutant cells.

at OD600 = 10 (stationary phase), ROS content was similar in the
two strains (Fig. 1B) with differences appearing only after expo-
sure to the higher concentrations of hydrogen peroxide. Again,
mutant cells accumulated ROS to a lesser extent.

In order to assay how induced ROS accumulation affected
cell viability, the wild type and the deleted strains were plated
on YPD medium to allow colony formation. This was performed
before and after treatment. Considering that 12 mM of H2O2 gave
the higher difference in ROS production between two strains,
this concentration was used for this experiment and results are
shown in Fig. 1C. After hydrogen peroxide treatment, only 13%
of wild type cells in exponential growth phase were able to form
colonies. The fraction of viable cells increased to 32% in the
stationary phase(OD600 = 10). Mutant cells showed an increased
viability compared to the wild type in exponential phase and
were not affected at all in stationary phase by this treatment.

Chronological life span of the Klmga2� strain

ROS can elicit mechanisms of cell defense, including modulation
of life span, programmed cell death, autophagy and mitophagy,
and mitochondria are strongly involved in this process as major
producers of ROS (González Siso and Cerdán 2012).The role of
oxidative stress on aging and longevity has been widely estab-
lished and several molecular mechanisms underlying cellular
aging are conserved in eukaryotes (Kainz et al. 2017).Yeast cells
are an excellent model system in this type of studies. We won-
dered if the increased protection against ROS, together with
lower growth rate (Ottaviano et al, 2015), could lead to differ-
ences in lifespan in the deleted mutant strain. To this aim, we
performed a quantitative assay of viability of the wild type and
mutant strains (Chronological Life Span, CLS) by measuring the
percentage of cells capable to form microcolonies (μCFU) under
microscopic observation in samples collected at different time
points from cultures grown in synthetic SD medium (Carmona-
Gutierrez et al. 2018). Results are shown in Fig. 2. Cell population
had the highest viability in wild type and mutant cultures after
1 day and values were normalized to Day 1 measurement. In
wild type cultures viability decreased progressively and reached
0.2% after 14 days. In contrast, the viability of the mutant strain
decreased slowly to 10% over 19 days and then more rapidly
to about 0.2% after 24 days. These results demonstrated an
extended CLS of the mutant strain. The extended viability could
be dependent on the activity of ROS metabolic enzymes, protect-
ing mutant cells from cumulative damage caused by ROS gener-
ation with better efficiency than wild type cells.

Transcription analysis of KlCTA1, KlCTT1, KlSOD1 and
KlSOD2 genes

The observed reduced level of ROS and extended cell survival
of the mutant strain could be the result of an increased activity
of catalase (Cat) and superoxide dismutase (SOD) enzymes. In
S. cerevisiae, these enzymes are coded by CTA1, CTT1, SOD1 and
SOD2 genes. The first two are the peroxisomal and the cytoso-
lic catalases (Cohen et al. 1985), respectively. The latter two are
the Cu-Zn (cytosolic) and Mn (mitochondrial) containing super-
oxide dismutases, respectively (Gralla and Kosman 1992). Cata-
lase genes CTA1 and CTT1 (KLLA0D11660g and KLLA0D14685g,
respectively) have been identified in K. lactis by Blanco et al.
(2007). We have identified the homologous SOD1 and SOD2 genes
in the GRYC database (http://www.gryc.inra.fr) as KLLA0E05567g
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Figure 2. Chronological Life Span (CLS) in wild type and Klmga2� strains. CLS
was determined by viability, calculated at each time point by measuring the
percentage of cells capable to undergo cell divisions and to form microcolonies
(μCFU/cell). Samples at different time points (days of growth) were plated on

YPD and observed for microcolonies formation (A). 500 counts per sample were
registered. OD600 was also measured for each time point (B). Averages and stan-
dard deviations of 3 to 4 independent cultures are reported. Circles are wild type
strain values and triangles are mutant strain values.

and KLLA0E03609g, respectively. The K. lactis enzymes were 68%–
80% identical to the S. cerevisiae enzymes and sequence analysis
(http://smart.embl-heidelberg.de/) showed the presence of cata-
lase and superoxide dismutase functional domains. No other
gene encoding for highly similar Cat or SOD enzymes was found
in the K. lactis genome. These genes were named KlCTA1, KlCTT1,
KlSOD1 and KlSOD2.The KlSOD1 gene of K. lactis has been previ-
ously characterized in heterologous protein production studies
(Raimondi et al. 2008).

Exponential and stationary phase cells of K. lactis behaved
differently in the wild type and in the mutant strains in rela-
tion to ROS metabolism. We thus assayed the transcription of
KlCTA1, KlCTT1, KlSOD1 and KlSOD2 genes by northern blot anal-
ysis. Strains were cultivated in flask on YPD medium and cells
were collected at different growth phases. Results, together with
the corresponding histogram for signal quantification respect
to ribosomal RNAs, are reported in Fig. 3. In the wild type
strain, transcript levels of KlCTA1, KlCTT1, KlSOD1 and KlSOD2
genes showed a progressive increase from early growth phase
(OD600 = 0.7) to late stationary phase (OD600 = 12). The levels of

transcription of the four genes were higher across the exponen-
tial phase in the mutant strain. Accordingly, the high expres-
sion of catalase and SOD genes in the mutant, already occur-
ring in early exponential phase, could explain the more efficient
response to H2O2 addition shown in Fig. 1.

Activity of catalase and superoxide dismutase enzymes

To assess if the higher transcription rates of the catalase (Cat)
and SOD genes in the mutant strain corresponded to increased
enzymatic activities, Cat and SOD activities were measured in
cells sampled between OD600 = 0.7 to OD600 = 8 in YPD cul-
tures. Results are reported in Fig. 4. Cat activity (Fig. 4A) in the
wild type strain increased progressively from less than 5 U/mg
in exponential cells to 28 U/mg in stationary cells. Cat activ-
ity was constant during late stationary phase in the wild type
strain (OD600 > 12; not shown). The mutant strain showed a dif-
ferent pattern of Cat activity: it was consistently high (30 U/mg)
in exponential cells up to OD600 = 4, then increased abruptly at
OD600 = 8 (> 60 U/mg).

SOD activity in the wild type strain (Fig. 4B) showed a pro-
gressive increase from exponential to stationary cells: 3.4 U/mg
at OD600 = 0.7 and 6.4 U/mg at OD600 = 8. Similar to the catalases,
SOD enzymes were highly expressed (> 15 U/mg) in mutant cells
during the exponential phase (OD600 = 0.7 and 2) with values sig-
nificantly higher than the wild type up to OD600 = 4. However,
when approaching to the stationary phase (OD600 = 4 and 8),
cells showed a significantly decreased SOD activity with respect
to cells in exponential phase at OD600 = 0.7 (P = 0.02 and 0.007,
respectively).

The overall data of Cat and SOD enzymes showed high and
constant values in the mutant strain at the exponential phase
while a progressive increase of enzymatic activity was present
in the wild type strain. Notably, the enzymatic activities corre-
lated well with the transcription profiles reported above (Fig. 3),
although total protein extraction could not distinguish the con-
tribution of the two isoforms to the measured enzyme activity.
These findings were consistent with a constitutively activated
ROS metabolism in the absence of KlMga2, independently of the
growth phase.

Effects of unsaturated fatty acids on ROS metabolism
and longevity

It has been previously shown that addition of oleic and/or palmi-
toleic unsaturated fatty acids suppress Klmga2� mutant phe-
notypes (Ottaviano et al. 2015). In order to assay the effects of
UFAs on ROS metabolism, wild type and mutant strains were
cultivated in YPD medium in the presence of a source of oleate
(Tween80). Figure 4 shows results of Cat and SOD activity assays
performed using cell grown at different growth phases. In wild
type cells, Cat activity values significantly increased during
growth phases, but no differences were observed with oleate
addition (Fig. 4A). As observed for YPD grown cells, Cat activity
in the mutant strain on Tween80-supplemented medium was
much higher than in the wild type, and progressively increased
along growth phases. The SOD activity profile of wild type cells
didn’t change in the presence of Tween80. Interestingly, Tween80
added in mutant cell cultures (Fig. 4B) caused a significant
decrease of SOD activity, especially in the exponential phase
(OD = 0.7 and 2) leading to a flat profile with values comparable
to that of the wild type. In summary, the addition of an oleate
source did not affect Cat and SOD activities in growing wild type
cells, while we observed a different effect of oleate on Cat and
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6 FEMS Yeast Research, 2019, Vol. 19, No. 3

Figure 3. Transcription of KlCTT1, KlCAT1, KlSOD1 and KlSOD2 genes. Results of northern blot analysis of catalase and superoxide dismutase genes in wild type (WT)
and mutant (Klmga2�) strains grown in YPD flask cultures to the indicated OD600 are shown. Ribosomal RNAs (rRNAs) have been used as loading control. Signals have

been quantified by pixel counting and normalized by rRNAs pixel values (Phoretics 2D, Non-linear Dynamics). Wild type value at OD600 = 0.7 has been used as unit
value and obtained data are reported as histogram below each corresponding northern blot image. White blocks are wild type values and grey blocks are the mutant
values. (A), (B), (C) and (D) report KlCTT1, KlCTA1, KlSOD1 and KlSOD2 transcription analysis, respectively. Duplicated experiment sets gave the same results.

SOD activities in the mutant strain: Cat activity was maintained
higher than the wild type while SOD activity was reduced.

We tested if growth in the presence of oleate could also
reverse the extended CLS of the Klmga2� strain. The wild type
and mutant were grown in SD medium with or without addi-
tion of 0.1% Tween80 in duplicate cultures. CLS was determined
then semi-quantitatively: at various time points (days) cells were
collected and serial dilutions were grown on YPD plates (Fig. 5).
Viable wild type cells could be detected up to day 5 and 7 while
viability of the mutant strain was extended at least to day 21.
Surprisingly, CLS of the wild type was slightly increased to day 7–
11 by the addition of Tween80, while the viability in the mutant
strain was shortened to day 9 in the same growth medium. This

finding further confirmed that UFAs could affect phenotypes of
Klmga2� mutant strain.

Lipid droplets

Lipid droplets (LDs) are ubiquitous cellular organelles special-
ized in storing and supplying lipids. Despite they were first
thought to be only storage organelles, they mediate the main
functions related to lipid metabolism (Pol, Gross and Parton
2014); they accumulate during oxidative stress (Lee et al. 2015)
and have been related to longevity (Goldberg et al. 2009). Consid-
ering the role of KlMga2 in lipid biosynthesis and the impairment
of FAs/UFAs cell content when KlMGA2 is deleted (Micolonghi et
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Santomartino et al. 7

Figure 4. Activity of catalases (Cat) and SOD enzymes. Total extracts from wild type and Klmga2� strains grown to the indicated OD600 (x axis) were assayed for catalase
and superoxide dismutase activities as described in the Materials and Methods section. Results are reported as histograms: white blocks are wild type values and grey

blocs are mutant values. (A), shows Cat activities: on the left sides, activities of YPD cultures are reported; on the right sides, activities of YPD cultures supplemented
with 0.1% Tween80 are reported. Activity values are averages of two to four independent determinations, each measured by three technical repetitions, with standard
deviations reported. Differences between wild type and mutant and between cultures of the same strain at different OD600 were all significant (P < 0.05) except those

indicated. Other statistics are reported in text. (B), shows SOD activities: activities of YPD cultures are reported on the left; activities of YPD cultures supplemented
with 0.1% Tween80, as a source of UFAs, are reported on the right. Activity values are averages of three independent determinations, each measured by three technical
repetitions, with indicated standard deviations. P-values between wild type and mutant and between cultures of the same strain at different OD600 are reported. Other
P-values are reported in text.

al. 2012; Ottaviano et al. 2015), LD content in the wild-type and
mutant cells has been investigated. Cultures were analyzed by
fluorescence microscopy at different growth phases after Nile
Red staining (Greenspan, Mayer and Fowler 1985) and represen-
tative images of the analyzed samples are reported in Fig. 6.
Quantification of LD content showed that all wild type cells

contained LDs, independent on the growth phase. Conversely,
as few as 3% of the mutant cells contained LDs at the
exponential phase (OD600 = 0.7). This percentage increased
to 16% at OD600 = 2 and 57% at OD600 = 8, respectively.
These results suggested a low fatty acid storage in Klmga2�

strain.
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Figure 5. Viability of wild type and Klmga2� strains on oleate. Strains were cultured on SD (wt and mga2� rows) and SD supplemented with Tween80 (+ t rows). Two
independent cultures (two rows) were performed for each strain/condition. Viability was determined as the capacity to form colonies on YPD plates after 10-fold serial

dilutions in microtiter plates. Samples were collected at various time points (day). Plates of the last day showing colony growth at the first dilution of each sample are
shown. Viability of Klmga2� strain was maintained up to day 24 in SD (plate not shown).

Figure 6. Lipid droplets in wild type and mutant strains. Cells were grown in YPD, collected at different growth phases (OD600 = 0.7, 0.2 and 8) and observed after
Nile Red staining. Wild type cells -left columns (fluorescence and visible visualizations); mutant cells—right columns. Scale bar: 1 μm. Quantification of LDs has been
performed by counting the number of LD-containing cells in 1 to 6 hundred cells per sample. LD-containing cells were 98% (OD600 = 0.7), 100% (OD600 = 2) and 100%
(OD600 = 8) in the wild type strain and 3% (OD600 = 0.7), 16% (OD600 = 2) and 57% (OD600 = 8) in the mutant strain, respectively.
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Figure 7. Scheme of possible connections among the functions affected by dele-
tion of KlMGA2. Features considered as ‘positive’ in terms of cell fitness are

marked with full lines. Features considered as ‘negative’ are marked with dashed
lines. Mechanisms possibly involved, are indicated (see text for details).

DISCUSSION

We previously reported that deletion of KlMGA2 produces
pleiotropic phenotypes that can be ascribed to defects in lipid
biosynthesis, glucose catabolism (fermentation) and/or mito-
chondrial functions (respiration) (Micolonghi et al. 2012; Otta-
viano et al. 2015). In this work, we report new phenotypes of
the Klmga2� strain, which are related to ROS metabolism and
altered expression of Cat and SOD genes, extended life span and
lipid storage, as summarized in Fig. 7. Phenotypes of the mutant
strain could be explained by the fact KlMga2 is a transcription
regulator of FA biosynthesis and its absence affects the propor-
tion of UFAs and the unsaturation index (Micolonghi et al. 2012).
The finding that most of mutant’s phenotypes are suppressed by
UFAs suggests that defects derive from altered membrane com-
position and, consequently, from affected cell functions asso-
ciated with membranes. The importance of lipid composition
in cell homeostasis has been well established in all organisms,
from bacteria to humans (see Zhang and Rock 2009; Santos and
Riezman 2012; Holthuis and Menon 2014 for review).

The results presented here indicate that membrane func-
tions affected by KlMga2 deletion are involved in the regulation
of the expression of ROS protective enzymes, suggesting a link
between a fine tuning of lipid metabolism and response to the
oxidative stress.

To investigate this hypothesis, we should take into account
also the respiratory and mitochondrial defects of the Klmga2�

strain (Ottaviano et al. 2015) since they might be directly cor-
related to the onset of oxidative stress. Notably, KlMga2 has
mitochondrial related functions not reported to date for its
counterpart Mga2 in S. cerevisiae. Retrograde response, defined
as mitochondria-mediated signaling from damaged or stressed
mitochondria to the nucleus (Liu and Butow 2006), could be

involved in this mechanism. Such communication triggers
changes in nuclear gene expression in order to repair the
mitochondrial defects. In particular, the retrograde pathway
could induce signals to protect cells from ROS accumulation
due to damaged mitochondria, including transcription of Cat
and SOD genes (Espinosa-Diez et al. 2015). When oxidative
response enzymes were already functional during early expo-
nential phase, as in the case of Klmga2 mutant, ROS accumu-
lation during culture lifetime could be reduced, thus protecting
cells against ROS damage and aging and consequently expand-
ing lifespan.

Besides the indirect effect of KlMGA2 deletion through
membrane-associated functions, the solubility of molecular
oxygen and ROS also depends on membrane composition
(Steels, Learmonth and Watson 1994). Changes in the ratio
between FAs and UFAs in membranes could cause local changes
in the redox properties of cell membranes, elicit an oxida-
tive stress response and activate the expression ROS metabolic
enzymes. Furthermore, the down-regulation of FAD2 in the
Klmga2� strain reduces the content of linoleic acid (De Ange-
lis et al. 2016) which is a potential oxidant precursor because
it can be oxidized to the highly toxic 13-hydroperoxylinoleic
acid (Levine, 2002; Alic et al. 2004; Kelley and Ideker, 2009). This
situation might alter the ROS response in the mutant strain.
Indeed, when a heterologous �12 desaturase from plant has
been expressed in S. cerevisiae, it resulted in an enhanced sensi-
tivity to oxidative stress (Cipak et al. 2006). Deletion of KlMGA2
also expands CLS. In addition to the early activation of ROS
response, this behavior might also be the consequence of the
reduced growth rate of the mutant strain a feature that could be
assimilated to caloric restriction which is, in turn, a condition
known to expand longevity (Kyryakov et al. 2012). The Klmga2
mutant strain showed a reduced lipid droplet content consis-
tent with caloric restriction (limiting carbon source consump-
tion rate) and with the reduced FA content (Micolonghi et al.
2012).

Finally, we cannot exclude that phenotypes of the mutant
strain might derive from the deregulated transcription of Cat
and SOD genes, both in timing (early logarithmic growth phase)
and quantity (increased level of transcription), due to a direct
role of KlMga2 in phase-dependent repression of transcription
of Cat and SOD genes or indirectly in regulating the expression
of Cat and SOD genes regulators.

In conclusion, analysis of the phenotypes resulting from
KlMGA2 deletion demonstrated that KlMga2 ensures opti-
mal growth rate, respiration and fitness, counter-balanced by
reduced longevity and ROS protection. The results presented
here on the hypoxic factor KlMga2 open new interesting fields
to study the connection between unsaturated fatty acids, oxida-
tive stress and longevity in K. lactis.
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