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Abstract

In the course of our studies on mitochondrial defects, we have observed impor-

tant phenotypic variations in Saccharomyces cerevisiae strains suggesting that a

better characterization of the genetic variability will be essential to define the

relationship between the mitochondrial efficiency and the presence of different

nuclear backgrounds. In this manuscript, we have extended the study of such

relations by comparing phenotypic assays related to mitochondrial functions of

three wild-type laboratory strains. In addition to the phenotypic variability

among the wild-type strains, important differences have been observed among

strains bearing identical mitochondrial tRNA mutations that could be related

only to the different nuclear background of the cells. Results showed that

strains exhibited an intrinsic variability in the severity of the effects of the mito-

chondrial mutations and that specific strains might be used preferentially to

evaluate the phenotypic effect of mitochondrial mutations on carbon metabo-

lism, stress responses, and mitochondrial DNA stability. In particular, while

W303-1B and MCC123 strains should be used to study the effect of severe

mitochondrial tRNA mutations, D273-10B/A1 strain is rather suitable for

studying the effects of milder mutations.

Introduction

Saccharomyces cerevisiae has been extensively used to

understand the genetic and molecular aspects of cellular

roles of mitochondria within the cells and to study the

regulation of mitochondrial (mt) functions, due to its

exceptional capability to grow by fermentation when

respiration is absent, repressed, or severely impaired. In

glucose-containing media, respiration-deficient mutants

can be easily identified because they grow slowly, forming

small (petite) colonies that are OXPHOS-deficient

mutants carrying partial deletions of mt DNA

(rho� petites) or mt DNA-less strains (rho° petites).
Saccharomyces cerevisiae has been proposed as a model

for the study of several mt pathologies (Koutnikova et al.

1997; Facchin et al. 2003; Feuermann et al. 2003; Valente

et al. 2007; Montanari et al. 2010; Doimo et al. 2012;

Panizza et al. 2013) as it is able to survive without

functional mitochondria. Mitochondrial pathologies can

be due to mutations in nuclear or mt genes affecting mt

processes such as protein synthesis, assembly of respira-

tory complexes, synthesis of Fe-S centers, mt import/

export; moreover several other serious diseases, including

Parkinson and Huntington diseases, certainly have a mt

link.

Mt gene expression requires the coordinate participa-

tion of nuclear and mt products. The regulatory interac-

tions between these components, and the cis-acting

signals necessary for the control of the mt transcription

and translation are still only partially understood.
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In the last 60 years, the selection and genetic character-

ization of laboratory strains of S. cerevisiae went on,

starting from the previously isolated beer or baker’s

strains, to obtain haploid heterothallic strains in which

genetic analysis was possible (Lindegren and Lindegren

1971). The characters selected were initially the capability

of sugar fermentation, the easiness to isolate nutritional

mutants, and the absence of clumpyness (necessary to iso-

late individual colonies). Bob Mortimer isolated the strain

S288C (Mortimer and Johnston 1986), which is the main

source of the strains present in most laboratories and

from this extensively studied strain, the BY 4743 and

W303-1B, used for genome sequencing (see www.yeast

genome.org), were derived. A different strain, D273-10B/

A1, has been widely used to study the mitochondrial

complexes (Sherman et al. 1968; Tzagoloff et al. 1975)

and certainly has a different origin as its mt genome is

smaller compared to the previously mentioned strains,

due to the absence of several introns and to differences in

the number of G+C clusters. In the present report, we

examined several aspects of mt functions of the two rep-

resentative strains D273-10B/A1 and W303-1B, and of

strain MCC123, which has been selected by T. Fox for mt

biolistic transformation (Mulero and Fox 1993).

In the course of our studies on mt tRNA mutants (De

Luca et al. 2009; Montanari et al. 2010, 2011), we have

previously observed important phenotypic differences

among S. cerevisiae strains, indicating that a better defini-

tion of the involved genetic variability will be essential to

define the relationship between the mt efficiency and the

characteristics of different nuclear backgrounds.

In order to compare the phenotypic effect of the same

mt mutation in the presence of different nuclear back-

grounds, mitochondria containing a mutated tRNA gene

were transferred by cytoduction crosses from the

MCC123 strain into D273-10B/A1 and W303-1B rho°
cells. Here, we demonstrated that phenotypes of the yeast

mt tRNA mutants were strongly dependent on the

nuclear background. Although it is not yet clear what

accounts for the strains differences, it is likely that parallel

retrograde signals (from mitochondria to nucleus) or

anterograde signals (from nucleus to mitochondria) oper-

ate in response to mt perturbations with different targets

and effectors. Results showed that specific strains might

be used preferentially to evaluate specific mt functions

and the effect of different mt mutations.

Materials and Methods

Yeast strains and growth conditions

Saccharomyces cerevisiae WT strains used were the

MCC123 (MATa, ade2, ura3-52, Dleu2::KanR, kar1-1,

rho+; Mulero and Fox 1993; the W303–1B (MATa, ade2-
1, can1-100, his3-11,15, leu2-3,112, trp1-1, ura3-1;

Thomas and Rothstein 1989), the D273–10B/A1 (MATa,
met6, ura3-52; Sherman and Slonimski 1964), and the

FF1210-6C (MATa, ura1, ura2; Elelj-Fridhi et al. 1991).

The latter strain has been used to generate the biolistic

mt tRNA-mutant strains (YGM strains), obtained as pre-

viously described in Feuermann et al. (2003). By cytoduc-

tion crosses, we transferred WT and mutated

mitochondria from FF1210-6C into the rho° cells of the

three WT strains; the procedure is described in detail in

De Luca et al. (2009). The mutant strains were named

with the first letter of the isogenic WT and a three-letter

code name of the amino acid indicating the mutated mt

tRNA gene and the position of the base substitution

referring to yeast cytoplasmic tRNAPhe (Sprinzl and Vass-

ilenko 2005).

Strains were grown in YP complete medium (1% yeast

extract and 1% peptone from Difco) containing 3% glyc-

erol or glucose (2% or 0.25%). Comparison of growth

capability was investigated by serial dilutions of concen-

trated suspensions (5 9 106 cell/mL), prepared from fresh

single colonies, spotted onto a unique plate. Pictures were

acquired after 2–3 days of growth on glucose plates and

after 5 days of growth on glycerol plates.

To measure the production of rho�/rho° colonies, a

large fresh colony grown on YP-2% glucose plate was

inoculated in the same liquid medium. After an overnight

growth, the culture was diluted and plated; after 2–3 days

of growth and large and small colonies were counted.

Stress resistance assays

Sensitivity to EGTA was performed by spotting serial

dilution of exponentially growing cells on YP-2% glucose

medium containing 20 or 30 mM EGTA.

Sensitivity to hydrogen peroxide was assayed by halo

assay performed by plating exponentially growing cells

(approximately 2 9 107 cells/mL in YP-2% glucose liquid

medium) at high density on YP-2% glucose; a filter disk

saturated 50 mM H2O2 was then placed on the medium

surface. After an overnight incubation at 28°C, the halo

sizes of growth inhibition were measured.

For chronological lifespan determination, cells were

inoculated in YP-2% glucose liquid medium. As the cul-

ture reached the stationary phase, the same volumes of

10�5 dilutions were plated every 2–3 days. Colonies were

counted after 4-days incubation at 28°C. In the same

plates, we discriminated the petite colonies formation

from the rho+ and we calculated the rho°/rho� percent-

ages. Data were mean values of three independent experi-

ments and standard deviations were calculated. Statistical

analysis was performed with the Student’s t-test.
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Microscopy

Cells from exponential cultures were stained with 1 lM
DASPMI (2-(4 dimethylaminostyryl)-N-methylpyridinium

iodide), as described by Rafael and Nicholls (1984), and

were observed immediately by fluorescence microscopy.

Cultivation in bioreactor and respiration
studies

We used a BiostatQ (B-Braun, Melsungen, Germany) bio-

reactor endowed with four 1-liter vessels, each containing

600 mL of YP 0.25% glucose and inoculated with late log

precultures, grown in YP containing 2% glucose, at

starting cell concentrations of 0.5–1 9 107 cell/mL. Incu-

bations were performed at 28°C with magnetic stirring

(300 rpm) and air supply (0.4 L/min).

Respiration studies were performed using a Clark oxy-

gen electrode (Hansatech Instruments) as previously

described (De Luca et al. 2009). The pellet corresponding

to 0.03 g (wet weight) was collected from a fresh colony,

washed with 1 mL sterile water, suspended in 1 mL of

Na-phosphate buffer 10 mM pH7.4 containing 0.4% glu-

cose, and loaded in the Reaction Vessel of the previously

calibrated Oxygen Electrode Chamber.

Results

Comparison of growth and respiration
among WT strains

We have compared the growth capability of the three WT

strains W303-1B, D273-10B/A1, and MCC123. Cells

grown overnight in YP-2% glucose liquid medium to

exponential phase were spotted by serial dilution on fer-

mentable (glucose) or respirable (glycerol) solid media.

Figure 1 shows that although the strains grew similarly

on YP-2% glucose-containing plates, on glycerol plates

(respiring condition) the W303-1B strain had the best

growth while MCC123 showed very low growth, both at

28°C or 37°C (not shown). Strain D273-10B/A1 showed

an intermediate behavior.

To verify if the difference in growth capability observed

on YP plates containing 3% glycerol as carbon source

(Fig. 1) could be ascribed to different cell duplication

times due to possible variable respiratory efficiency, we

performed the growth curve in bioreactor for the three

WT strains, measuring the optical density of the cultures.

In parallel, we monitored the dissolved oxygen concentra-

tion with in situ electrodes. The experiments were per-

formed in YP medium containing 0.25% glucose. This

low glucose concentration was chosen to allow respiratory

metabolism by minimizing glucose repression (see Fig. 3).

We did not use glycerol that is metabolized only by

respiring cells in order to permit the comparison of

growth capability with mt-mutant strains unable to grow

on this carbon source (see below). Profiles of representa-

tive experiments are reported in Fig. 2. Comparison of

the growth curves (Fig. 2A) showed a substantial differ-

ence in the duplication rate (calculated at the exponential

growth phase) for the MCC123 (1.8 h) and the W303-1B

(2.8 h) with the D273-10B/A1 showing an intermediate

duplication rate (2.1 h). The OD yields at the stationary

phase were 9–9.5 for the D273-10B, 6.2 for the MCC123

and 5.5–5.7 for the W303-1B.

Oxygen consumption was faster and continuous in the

D273-10B/A1 and MCC123 cultures compared to the

W303-1B, where oxygen consumption slowed down at

the end of the exponential growth before entering in the

stationary phase (Fig. 2B). All together the profiles of

Fig. 2 show that D273-10B/A1 culture rapidly reached the

stationary phase and abruptly stopped to respire after

16.5 h, whereas the W303-1B strain shifted slowly to sta-

tionary phase after 22.75 h. The MCC123 culture showed

fast oxygen consumption similar to the D273-10B/A1 but

with a difference in the extent of respiration; in fact, the

MCC123 cells continued to respire also at the beginning

of the stationary phase until 19.1 h.

To better understand the differences in the rate of oxy-

gen consumption, we compared the respiration of resting

cells previously grown in YP media containing 0.25% or

2% glucose as carbon sources. In this experiment, oxygen

consumption was measured in an Oxygen Reaction

Chamber (Fig. 3). The oxygen consumption rates were

very different among the WT strains (D273-10B/

A1 > W303-1B > MCC123; see Fig. 3A) for cells grown

on fermentative/glucose-repression conditions (2% glu-

cose), whereas minor differences were observed when cells

were allowed/forced to respire by the low glucose concen-

tration (0.25%; see Fig. 3B). The above results demon-

strated a variable glucose-repression sensitivity among the

WT strains, while the respiration capability of the three

strains was substantially similar.

D273-10B/A1

YP 2%GLU

MCC123

W303-1B

YP 3%GLY

Figure 1. Growth capability of WT strains. Serial dilutions of cultures

from three WT strains were spotted on YP plates containing 2%

glucose or 3% glycerol as carbon sources and incubated at 28°C.

Pictures were acquired after for 2–3 days of growth for plates

containing glucose, and after 5 days of growth for plates containing

glycerol as carbon source.
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Comparison of growth and respiration
among mt tRNA mutants

In a previous work (De Luca et al. 2009), we analyzed the

phenotype of the mutants bearing an identical mt tRNA

substitution (LeuA29G) in different strains and found

that the severity of respiratory defects followed this trend:

D273-10B/A1 > MCC123 > W303-1B. This behavior

should be ascribed only to the influence of the nuclear

background as the mutated mitochondria were transferred

by cytoduction crosses in the different rho° strains. By

following this procedure, both nuclear and mt interstrains

recombination were prevented and mt DNA was main-

tained (De Luca et al. 2009).

In the present work, we extend our investigation to

other mt tRNA mutants (LeuT20C and ValC25T) to eval-

uate how the different nuclear background can influence

the respiratory phenotypes. To this purpose, we inten-

tionally excluded mt mutations that completely abolished

glycerol growth in each nuclear background and we

choose mutants whose mt protein synthesis might be only

partially affected. In fact, previous data showed that the

LeuT20C mutation produced a conformational change in

the three-dimensional structure impairing the tRNALeu

aminoacylation at 37°C (Montanari et al. 2008); a gener-

alized decrease in mt transcription for the LeuA29G

mutant was observed; no detectable tRNAVal was reported

for ValC25T cells (De Luca et al. 2009). In Fig. 3C, D we

show the cultivation in bioreactor of three strains harbor-

ing the C25T substitution in the same mt tRNA gene

(tRNA valine), performed identically to the WT strains.

The mutated mitochondria were introduced by cytoduc-

tion (see Materials and Methods) from the MValC25T

strain (MCC123 WT parental strain) into W303-1B and

D273-10B/A1 rho° cells. The mutants were named by

their mutation type and position, according to the stan-

dard tRNA numbering (Sprinzl and Vassilenko 2005); the

first letter corresponded to their isogenic WT strain.

The effect of the mt mutation on growth in bioreactor

was evident only in the D273-10B/A1 nuclear back-

ground. In fact, growth of DValC25T in YP-0.25% glu-

cose-containing medium was supported only for the early

exponential growth phase when presumably the cells con-

sumed the endogenous pool of metabolites till exhaustion.

Duplication was arrested after about 9 h of growth

(duplication time was 2.8 h, OD yield 1.8: see Fig. 2C).

Differently, the WValC25T and MValC25T mutants grew

very similarly to their WT strains, although the

WValC25T showed a slightly longer duplication time

(3.3 h) and slightly higher biomass yield (7.5 OD), than

its corresponding WT strain, reaching the stationary

phase after 26.5 h of growth. Oxygen consumption pro-

files of the three mt tRNAVal mutants overlapped for the

first 8 h of growth, but after longer time, substantial dif-

ferences are shown: in DValC25T oxygen consumption

and growth stopped after 8.25 h; in WValC25T growth

continued and stopped respiring after 26.5 h, similar to

the isogenic WT; the MValC25T exhibited an intermedi-

ate behavior with an arrest in respiration after 19.7 h

(Fig. 2D). In conclusion, the ValC25T mutation in
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D273-10B/A1 nuclear background did not permit respira-

tion; in the MCC123 background, the mutation induced

a significant decrease in respiration (from 20 to 60% of

residual O2), while in the W303-1B nuclear background

had only a minor effect.

The comparison of growth capability of mt tRNA

mutants was also studied by serial culture dilutions spot-

ted on plates containing 2% or 3% glycerol as carbon

sources and incubated at 28 and 37°C. As we obtained

similar results at both temperatures, in Fig. 4, we show

only plates incubated at 28°C. For each nuclear back-

ground, we also analyzed the growth phenotype of two

mutations located in the tRNALeu (LeuT20C, LeuA29G)

in addition to the C25T mutation in the tRNAVal. In

YP-2% glucose plates all mutants were found to grow

similar to their WT. Differently, no defective growth

phenotype was observed for the tested mutants in the

MCC123 nuclear background on YP-glycerol medium,

whereas, in the D273-10B/A1 background, all the muta-

tions analyzed completely abolished glycerol growth

(Fig. 4). A mild defective growth was observed in the

W303-1B background only for mutant WValC25T

(Fig. 4).

The phenotypic variability observed in Fig. 4 was not

due nucleomitochondrial incompatibilities as FF1210-6C

WT mitochondria, introduced by cytoduction crosses in

rho° cells derived from the three WT strains, allowed

similar growth capability in glucose- and in glycerol-con-

taining media (Fig. 5). Strain FF1210-6C was the strain

used to generate the mt tRNA-mutant strains here

described.

Rho�/rho° production in WT and tRNA
mutants

It is known that inhibition of mt protein synthesis

increases the formation of petite mutants (Myers et al.

1985); these cells have partially or completely lost their

mt DNA. We have previously shown that within a specific

nuclear background, it is possible to use the percentage of

rho�/rho° production as an indicator of the importance

of the mt protein synthesis defect (De Luca et al. 2009).

D273-10B/A1

YP 3%GLYYP 2%GLU

MLeuA29G

MLeuT20C

MValC25T

MCC123

WLeuA29G

WLeuT20C

WValC25T

W303-1B

DLeuA29G

DLeuT20C

DValC25T

Figure 4. Influence of three different nuclear backgrounds on the

glycerol growth phenotype of mt tRNA mutants. Serial dilutions of

LeuT20C, LeuA29G and ValC25T yeast mutant strains, having

MCC123, W303-1B and D273-10B/A1 as nuclear background, grown

overnight in YP liquid medium containing 2% glucose, were spotted

on a YP plate containing 2% glucose or 3% glycerol and incubated

at 28°C for 7 days.
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Figure 3. Oxygen consumption curves of resting WT strains.

Comparison of Oxygen consumption rates in reaction chamber of WT

cells in resting condition. Cells were previously grown in YP medium

containing 2% (A) or 0.25% glucose (B).
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We report here (Table 1) that after an overnight growth

in YP containing 2% glucose, the three WT strains had

similar rho�/rho° percentage (2%). Table 1 also shows

that this value was maintained in the analyzed mt

tRNA-mutant strains having the D273-10B/A1 nuclear

background, whereas when the mutated mitochondria

were transferred to the other nuclear backgrounds by cy-

toduction procedure, a statistically significant increase in

rho�/rho° production was observed. In particular, in

MCC123 and in W303-1B cells, the mutated mt DNA

was very unstable depending on the mt tRNA substitu-

tion. This behavior has been observed for other mt tRNA

mutations and we have previously shown that the rho°
production could reach 80% for the human equivalent

MELAS substitutions (Feuermann et al. 2003; Montanari

et al. 2008).

Stress resistance assays comparison

We tested how mt tRNA-mutant cells responded to stress

assays and if protection mechanisms were activated simi-

larly in different nuclear contexts. For this purpose, a halo

assay sensitive to hydrogen peroxide with cells having dif-

ferent respiratory ability (WT, isogenic rho° petite and

mt tRNA-mutant cells) was performed.

The results showed that strains having defective respira-

tion (rho° cells and mt tRNA mutants) were in general

all more sensitive to H2O2 compared to the isogenic WT

(Fig. 6). However, in the W303-1B background, where

the presence of rho° mitochondria produced the higher

increase in sensitivity, the mt tRNA mutations did not

cause a significant variation in sensitivity compared to the

isogenic WT. Only in the MCC123 background, it was

possible to observe a variable sensitivity among the differ-

ent mt tRNA mutants, with the LeuA29G substitution

exhibiting the higher sensitivity.

In addition to respiration, mitochondria also play

an important role in regulating calcium homeostasis

Figure 5. Influence of three different nuclear backgrounds associated

to the same WT mt DNA on the glycerol growth phenotype. Serial

dilutions of the three strains MCC123, W303-1B and D273-10B/A1,

endowed with WT mitochondria of the strain FF1210-6C, were

grown overnight in YP liquid medium containing 2% glucose, spotted

on a YP plate containing 2% glucose or 3% glycerol and incubated

at 28°C for 5 days.

Table 1. Generation of petites in wild type and mt tRNA mutant

strains

Strain

rho�/°

percentage, % References

MCC123 2 Montanari et al. (2008)

MLeuT20C 35 Montanari et al. (2008)

MLeuA29G 45 De Luca et al. (2009)

MValC25T 27 De Luca et al. (2009)

W303-1B 2 Montanari et al. (2008)

WLeuT20C 13 Montanari et al. (2008)

WLeuA29G 11 This paper

WValC25T 22 This paper

D273-10B/A1 2 Montanari et al. (2008)

DLeuT20C 2 Montanari et al. (2008)

DLeuA29G 2 This paper

DValC25T 2 This paper
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Figure 6. Hydrogen peroxide sensitivity of WT, rho° and mt tRNA mutants in MCC123, W303-1B, and D273-10B/A1 nuclear backgrounds.

Comparison of the halo sizes of H2O2 growth inhibition (disks saturated with 50 mM H2O2) obtained by plating 2 9 109 cells from exponential

cultures. The values of halo sizes, expressed in cm as halo radius after subtraction of disk radius, are means (with standard deviations) obtained

from three independent experiments. *(p < 0.05) and **(p < 0.01) indicate the statistical significance of differences calculated by comparing the

strains linked by the bars.
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(Babcock et al. 1997). We investigated whether growth of

the WT and mutant strains was equally inhibited by the

presence of the cation chelator EGTA. The tests, per-

formed at 28 and 37°C (the latter was not shown because

very similar to the former) in YP plates containing 2%

glucose, are shown in Fig. 7: WT strains had similar sen-

sitivity to 20 or 30 mM EGTA; on the contrary, tRNA

mutants showed a variable sensitivity depending to the

nuclear background. The MCC123 mutants were totally

sensitive to 20 mM, whereas both the W303-1B and espe-

cially to the D273-10B/A1 mutants were resistant to the

EGTA. Figure 7 also shows that, within the same nuclear

background, the mutated position did not influence the

growth capability in the presence of EGTA.

It is interesting to note that by comparing the growth

capability of rho° cells, only those isolated from the

D273-10B/A1 were resistant to EGTA suggesting that this

nuclear background had a very efficient mechanism of

intracellular Ca++ release also in absence of mt protein

synthesis.

Chronological life span and petite
production in WT strains

A number of theories have been proposed to explain the

mechanism of aging. According to the theory, proposed

by Harman in the 1950s, aging is a consequence of free

radical damage. Later, he extended the idea to implicate

mt production of ROS in the 1970s. Nowadays, mito-

chondria functionality is considered a very important

contributor to longevity in yeast and in other eukaryotic

organisms and is connected with the general problem of

diet restriction and aging.

As a contribution to this open discussion, we wanted

to analyze the chronological life span of the three WT

strains grown in YP liquid medium containing 2% glu-

cose. Figure 8 (panel A) shows very important differences

among the studied strains. In fact, viability of D273-10B/

A1 and MCC123 decreased in 15 days, while the viability

of W303-1B was almost constant up to 30 days and

dropped only after 50 days. Figure 8 (panel B) also shows

that in this strain, the production of petite colonies

increased starting after the fifth day and continued up to

the 35th day of incubation. The flat petite generation pro-

file of the first 5 days confirmed the similar percentage of

petite formation (2%) of the three WT strains reported in

Table 1.

It might be proposed that petites can generate a lower

oxidative stress than WT cells (Guidot et al. 1993; Longo

et al. 1996) and indeed we noted that the petite percent-

age reached about 7% in the first 26 days of incubation

of the W303-1B strain. However, when the W303-1B cells

started to die, we observed a further increase in rho�/
rho° cells (up to 15%) which did not account for the

high longevity of W303-1B cells. Interestingly, rho° cells

of W303-1B strain showed a much reduced life span,

compared to the isogenic WT strain (from 50 to 20 days),

whereas the rho° cells of strains D273-10B/A1 and

MCC123 maintained a chronological life span similar to

their WT (Fig. 8, panel C).

Discussion

The role of mitochondria in intracellular signaling has

implications in development, aging, disease, and environ-

mental adaptation: mt metabolic functions are tightly

integrated in cell metabolism and several pathways are

known to regulate this integration, which might lead to

nuclear control of mt protein synthesis and to retrograde

effect of respiratory defects on nuclear genes transcrip-

tion. Retrograde regulation is broadly defined as cellular

responses to changes in the functional state of mitochon-

dria. Due to the multiplicity of organelle functions, a vari-

ety of interlinked anterograde and retrograde pathways

MLeuA29G

MLeuT20C

MValC25T

YPD 20mM EGTA YPD 30mM EGTA

DLeuA29G

DLeuT20C

DValC25T

D273-10B/A1

MCC123

WLeuA29G

WLeuT20C

WValC25T

W303-1B

MCC123 rho°

W303-1B rho°

D273-10B/A1 rho°

Figure 7. EGTA sensitivity of WT, rho° and mt tRNA mutants in

MCC123, W303-1B, and D273-10B/A1 nuclear backgrounds.

Exponential cultures grown overnight in YP liquid medium containing

2% glucose, were spotted on plates containing EGTA as indicated.

Plates are incubated at 28°C for 4 days.
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can be expected (Kelly and Scarpulla 2004). The retro-

grade response compensates for accumulating mitochon-

drial dysfunction as yeast cells progress through their

replicative life span. This raises the notion that mitochon-

drial quality control is not sufficient to maintain this

organelle over a cell’s lifetime. It is consistent with the

decline of natural selection along aging and the necessity

to devote resources to the survival of young daughter cells

and not to the maintenance of old and damaged cells.

The link between the retrograde response and the mito-

chondrial quality control, in the form of autophagy and

mitophagy, suggests coordination in the cells. Our study

indicates that retrograde regulation might have a relevant

importance in the choice of the genetic background for

analysis of mt functions. Moreover, differences among

various strains might depend on the additive effects of

various nuclear genes. At present, researchers have failed

to identify a single nuclear gene as major contributor to

the variation in the effect of the mt mutations and from

our present results no simple and direct relationship can

be found.

Variability in regulation of gene expression is also

observed in the mt pathologies; the generally accepted

explanation for phenotypic diversity of mt DNA muta-

tions is the uneven segregation of mutated and WT mt

DNA molecules, with the resulting phenotype being

dependent on the ratio of these molecules. However, this

explanation is often inadequate for heteroplasmic muta-

tions and inapplicable to homoplasmic mutations. More-

over, homoplasmic mt DNA mutations, showing

incomplete penetrance and variability in clinical presenta-

tion between patients belonging to the same family, are

believed to cause diseases in association with unknown

factors (Carelli et al. 2003).

It is known that several laboratory strains are geneti-

cally and physiologically heterogeneous, with differences

in growth behaviors and chronological life span (Fabrizio

and Longo 2007; Ocampo and Barrientos 2011). The

S288C derivatives, for example, carry a mutation affecting

Hap1, a heme-dependent regulator of a number of genes

involved in the aerobic metabolism (Gaisne et al. 1999).

This contributes to their reduced ability to respire when

compared with strains carrying a wild-type HAP1 gene,

such as W303 (Ocampo et al. 2012). Another variant that

may influence mitochondria efficiency has been identified

in the sequence of the Tuf1 protein, encoding the mt fac-

tor for the mt translation elongation factor, in the D273-

10B/A1 strain (Montanari et al. 2013). Moreover, it has

been demonstrated that petite frequency varies within a

large range among laboratory strains (Marmiroli et al.

1980). For example, mt DNA instability of the W303-1B

compared to D273-10B/A1 strain has been ascribed to

mutations in the MIP1 gene, which encodes the mt DNA

polymerase c (Baruffini et al. 2007).

In summary, we propose the use of the studied yeast

strains as follows:

1 W303-1B strain has a very high capability of

growth on glycerol medium (Fig. 1) and extended

respiration (Fig. 2C) suggesting high efficiency of

0

20

40

60

80

100

120

V
ia

b
ili

ty
 (

%
)

Time (days)

MCC123

W303-1B

D273-10B/A1

(A)

0 10 20 30 40 50

12

16

20
MCC123

W303-1B
(B)

0

4

8

0 10 20 30 40 50

P
et

it
e 

(%
)

Time (days)

D273-10B/A1

0

20

40

60

80

100

120

V
ia

b
ili

ty
 (

%
)

Time (days)

MCC123rho°

W303-1Brho°

D273-10B/A1rho°

0 10 20 30 40 50

(C)

Figure 8. Chronological life span and petite formation. Panel A:

comparison of chronological viability of WT strains grown in YP liquid

medium containing 2% glucose, reported as percentages of colony

forming units. Stationary phases were taken as 100%. Panel B:

comparison of petite colonies formation during chronological survival

as in panel A. For each analysis (A, B) the same aliquots of cultures

were diluted and plated on solid medium. Large and petite colonies

forming units were counted after 3 days. Panel C: comparison of

chronological viability of rho° strains performed as in panel A. Data

are means of at least three independent experiments, with reported

standard deviations bars.
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mitochondrion-related metabolic functions. In the

presence of the mt tRNA mutations considered in this

study, petite production is intermediate (Table 1). This

strain can be utilized to study the molecular effect of

severe mt tRNA mutations (Montanari et al. 2008)

which would have catastrophic effect in other nuclear

backgrounds. Kirchman et al. (1999) have demon-

strated that retrograde regulation is constitutively active

in W303-1B strain and this probably explains why the

mt mutations cause a milder phenotype compared with

other nuclear backgrounds. An exceptional characteris-

tic of W303-1B strain is the very high chronological life

span; it is interesting to note that this strain has also

been described to have a high replicative life span,

which has been directly correlated to activation of the

retrograde regulation (Kirchman et al. 1999). Further-

more, the chronological and the replicative lifespan

appear to be regulated by overlapping but distinct

mechanisms (Fabrizio and Longo 2003). W303-1B cells

are, therefore, the best tool to study the mechanisms

and to identify genes involved in longevity; in particu-

lar, it will be useful to study which are the changes (at

transcriptional and expression levels) that occur after

25 days of incubation.

2 D273-10B/A1 strain has the higher growth rate in glu-

cose-containing medium (Fig. 3A) with a very rapid

O2 consumption, poorly influenced by glucose concen-

tration (Figs 3B and 4). The analyzed mt tRNA muta-

tions do not increase petite production (Table 1), but

have deleterious effect on the capacity of growth in

medium containing either 3% glycerol or low glucose

concentration (Fig. 2C, D and 4). We might hypothe-

size that in this strain the retrograde effect is absent or

strongly reduced. It can be used to study mutations

with mild effect on mt functions.

3 MCC123 strain has the lowest growth rate in glycerol

medium (Fig. 1). The studied mt tRNA mutations

increase the percentage of petite cells and this value

depends on the severity of the mutation (Table 1).

Therefore, the MCC123 might be preferentially used to

test the phenotypic effects of tRNA substitutions and

to study the molecular effect of mutations that cause

severe impair of mt protein synthesis. Moreover,

MCC123 cells have been used to isolate nuclear sup-

pressor genes that, when overexpressed, rescued the

defective growth phenotype of the tRNA mutants (De

Luca et al. 2006). In fact, we note that the efficiency of

suppression is also strain-dependent as mutants with

D273-10B/A1 nuclear background were never rescued

by suppressor genes.

4 Stress assays show that the three WT strains have dif-

ferent resistance to EGTA suggesting that probably the

regulation of specific pathways is characteristic for each

strain. For example: (i) the MCC123 nuclear back-

ground is the only one in which the presence of mt

tRNA mutations cause a complete sensitivity to EGTA;

(ii) the D273-10B/A1 nuclear background causes a par-

tial sensitivity to EGTA only in the complete impair-

ment of mt protein synthesis (rho° cells).
It is well-known that yeast is a very good model to

understand the molecular pathways and mechanisms

involved in health and diseases. Many genes and regula-

tory mechanisms are evolutionarily conserved so that the

knowledge gained using this simple eukaryote can be

extrapolated to metazoans (Johnson et al. 2013). Finally,

the genetic variability in yeast strains may offer important

opportunities as each of them can be more profitably

used to investigate specific pathways.
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