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a b s t r a c t

Sac cha ro my ces ce re vi si ae has played an impor tant role as a model sys tem to under stand the bio chem is try 

and molec u lar biol ogy of mam ma lian cells. The genetic tools avail able and the short life span have also 

made S. ce re vi si ae a pow er ful sys tem to study aging. The yeast chro no log i cal life span (CLS) is a mea sure of 

the sur vival of a non-divid ing pop u la tion of cells, and thus can model aging of mam ma lian non-divid ing 

cells but also of higher eukary otic organ isms. The par al lel descrip tion of the pro-aging role of homo logs 

of Akt, S6 kinase, aden yl ate cyclase, and Tor in yeast and in higher eukary otes, sug gests that find ings in 

the S. ce re vi si ae will be valu able to under stand human aging and dis eases. More over, the sim i lar i ties 

between mito chon dria and age-depen dent mito chon drial dam age in yeast and mam ma lian cells indi cate 

that S. ce re vi si ae is a valu able model to study mito chon drial dys func tion and dis eases that involve this 

orga nelle. Here, we describe the use of S. ce re vi si ae CLS in com bi na tion with three meth ods to quan tify 

age-depen dent mito chon drial dam age and the accu mu la tion of mito chon drial DNA muta tions.

© 2008 Else vier Inc. All rights reserved.
1. Intro duc tion

1.1. Sac cha ro my ces ce re vi si ae as a model organ ism to study aging

As a uni cel lu lar eukary ote, S. ce re vi si ae has the advan tage of 

being the sim plest and short est-lived organ ism among the major 

aging model sys tems (chro no log i cal mean life span is 6–15 days 

depend ing on the genetic back ground used; see sec tion below). 

Because of the exten sive genetic and molec u lar biol ogy tech niques 

avail able and wide char ac ter iza tion and often-con served roles of 

its genes, baker’s yeast is an ideal organ ism in which to model 

aging and dis eases [1].

Increas ing evi dence points to sim i lar i ties in age-depen dent 

phe no types includ ing mito chon drial dam age in yeast and mam-

ma lian cells. When lim ited to a non-fer ment able car bon source, 

yeast is forced to obtain energy exclu sively from mito chon drial 

res pi ra tion. The time yeast take to form a vis i ble col ony on a non-

fer ment able car bon source plate increases with age. In addi tion, 

the per cent age of cells that can use non-fer ment able car bon 

sources and there fore res pi ra tion for growth decreases with age 

[2]. Also, inac ti va tion of the mito chon drial acon i tase by super-

ox ide increases with age in yeast [3,4] and in higher organ isms 

[5]. Fur ther more, both nuclear and mito chon drial DNA (mtDNA) 

muta tions increase with aging in mam ma lian divid ing cells [6] 

and post-mitotic cells [7] and preliminary evi dences sug gest 
. All rights reserved.
that mtDNA muta tions also increase in aging yeast (Lon go et al., 

unpub lished results).

Sev eral meth ods are avail able to iden tify and quan tify spe cific 

nuclear and mito chon drial DNA muta tions on a vari ety of exper i-

men tal set tings in higher organ isms [8–11]. Although the mouse is 

a very valu able organ ism to model dis eases and study the effect of 

muta tions on can cer and aging, its life spans is long, and the pro-

ce dures to mea sure DNA muta tions are com plex. There fore, yeast 

rep re sents a pow er ful and sim ple sys tem to com ple ment more 

sophis ti cated mod els in the study of the role of DNA muta tions in 

aging and dis eases.

1.2. Chro no log i cal life span

Our lab o ra tory intro duced a method to mea sure life span in 

yeast based on the sur vival of pop u la tions of non-divid ing yeast 

cells in a mostly high-metab o lism non-divid ing state, i.e., the chro-

no log i cal life span (CLS) [3,12,13]. This method dif fers from the 

rep li ca tive life span, which mea sures the repro duc tive potential 

of indi vid ual yeast mother cells [14], and bet ter resem bles the 

meth ods used to mea sure life span in higher eukary otes. Exper i-

men tally, the organ isms are grown in syn thetic com plete glu cose 

medium (SDC), and kept in the same cul ture until at least 90% of 

the pop u la tion has died. Dur ing the growth phase (approx i mately 

10 h), energy is pro duced mainly by the fer men ta tive catab o lism 

of glu cose. When most of the glu cose is exhausted, the pop u la-

tion switches to a prev a lently respi ra tory metab o lism which uti-

lizes in part the eth a nol pro duced dur ing the growth phase. Yeast 

cells stop divid ing after 24–48 h and sur vive for 5–7 days while 

http://www.sciencedirect.com/science/journal/10462023
http://www.elsevier.com/locate/ymeth
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 main tain ing high met a bolic rates for the first 3–4 days [15]. The 

aging organ isms are main tained at 30 °C with shak ing, and their 

via bil ity is mon i tored by har vest ing ali quots of cells at reg u lar 

times and plat ing them onto rich-medium plates. The via bil ity is 

scored by count ing the num ber of cells able to form col o nies but 

can also be mea sured by live/dead stain ing (FUN-1) or by mea-

sur ing the pro teins released by cells into the medium [15]. An 

addi tional advan tage of the CLS, is that it mim ics envi ron men tal 

con di tions encoun tered by micro or gan isms in their nat u ral envi-

ron ment, where they sur vive as non-divid ing pop u la tions in the 

pres ence of lim ited exter nal nutri ents [16].

In addi tion, CLS stud ies can be per formed in water by switch ing 

the cells from SDC medium to water after 72 h [13]. These exper i-

men tal con di tions induce a low metab o lism sta tion ary phase and 

rep re sent a form of severe calo ric restric tion (CR) that allows the 

yeast to sur vive much longer than when main tained in SDC. In 

fact, the mean life of wild-type strain DBY746 in water is approx-

i mately 2–3 times longer than in SDC (15–20 days). These con di-

tions also mimic extreme star va tion sit u a tions encoun tered by 

yeast in nature. Both the par a digms (SDC or water) can be used 

for mito chon drial dam age anal y sis. How ever, incu ba tion in water 

is par tic u larly use ful for stud ies of mito chon drial func tion dur-

ing aging, since it extends the mon i tor ing of the index of respi ra-

tory com pe tence (IRC, described in the fol low ing para graphs) for 

 sev eral weeks and allows a bet ter cor re la tion between IRC and  cell 

death [2].

1.3. CLS to model human mito chon drial dis eases

Chro no log i cal life span has been used to study mito chon dria-

related dis eases such as Friedr eich’s ataxia, an hered i tary neu ro de-

gen er a tive dis ease asso ci ated with car dio my op a thy and dia be tes. 

Defi ciency of fra taxin, a mito chon drial pro tein involved in the assem-

bly of the iron–sul fur clus ters and cel lu lar anti-oxidant pro tec tion, 

seems to under lie this dis ease [17]. Isaya and co-work ers employed a 

method sim i lar to the one described in this man u script to study the 

activ ity of the yeast fra taxin [18]. By study ing muta tions that spe cifi -

cally impair fer rox i da tion of yeast fra taxin and reduce chro no log i cal 

life span, they described a primary role for fra taxin in iron detox i-

fi ca tion, a cru cial func tion to take in con sid er ation while design ing 

ther a peu tic strat e gies to treat Friede rich’s ataxia.

Our lab o ra tory com bined the chro no log i cal life span with sev eral 

tech niques to quan tify the age-depen dent mito chon drial dam age 

and the accu mu la tion of mtDNA muta tions. In the fol low ing para-

graphs, we pres ent and dis cuss these meth ods: index of respi ra tory 

com pe tence, eryth ro my cin resis tance assay, acon i tase activ ity assay. 

A broad view of the steps cur rently in use in our group to per form 

these assays can be observed in Fig. 1.

A
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Fig. 1. Scheme rep re sent ing the use of chro no log i cal life span to mon i tor mito chon drial dam age. Few col o nies are inoc u lated from a fresh plate in 1–3 ml of SDC. The 

over night cul ture is diluted in 10–50 ml of SDC. Cell sur vival is deter mined every 2 days by dilut ing the yeast cul tures and plat ing them onto rich-medium (YPD) plates to 

mea sure the col ony form ing units (CFUs). CFUs are counted after 2–3 days. Alter nately the cells are switched to water and the cul tures are washed every 2 days. (A) IRC. 

The same num ber of cells is har vested from the yeast cul ture, diluted and plated onto YPE, YPG or YPL. CFUs are counted after 2–3 days. The IRC is cal cu lated based on the 

num ber of via ble cells as mea sured by the CFUs assay. (B) Detec tion of mtDNA point muta tions. yeast cells (108) are har vested from the SDC solu tion, washed and plated onto 

YPEG + eryth ro my cin plates. The eryth ro my cin resis tant CFUs are scored after 10 days. Muta tion fre quency is cal cu lated as the num ber of eryth ro my cin resis tant col o nies/

total num ber of col o nies scored on YPD plates. (C) Acon i tase activ ity. Ali quots of cells are har vested from the SDC cell cul ture and sub jected to cel lu lar lysis. The whole pro tein 

extract is used to mea sure spec tro pho to met ri cally the enzyme activ ity.



258 E. Par rel la, V.D. Lon go / Methods 46 (2008) 256–262

1.4. Index of respi ra tory com pe tence (IRC)

The abil ity of yeast to grow by either res pi ra tion or fer men ta-

tion offers a par tic u larly impor tant fea ture for the study of mito-

chon drial func tion. In fact, S. ce re vi si ae can sur vive for sev eral 

days by fer ment ing glu cose even in the absence of mito chon drial 

res pi ra tion. As long as gly col y sis can occur, res pi ra tion incom pe-

tent strains (petite mutants) can remain via ble. When mito chon-

drial res pi ra tion is intact, yeast can also grow by res pi ra tion using 

non-fer ment able car bon sources such as glyc erol, lactate or eth a-

nol. This abil ity is a remark ably use ful fea ture used to deter mine 

whether mito chon dria are exten sively dam aged at a point when 

the cell is still via ble. We have defined the per cent age of cells able 

to grow in both fer ment able (glu cose) and non-fer ment able (eth a-

nol, glyc erol or lactate) car bon sources as the “index of respi ra tory 

com pe tence” (IRC) [2]. For exam ple, if all the cells that grow using 

glu cose as a car bon source also grow uti liz ing lactate, it indi cates 

that all the mito chon dria are func tional and the IRC is 100%. IRC 

has been used to char ac ter ize yeast lack ing mito chon drial super-

ox ide dis mu tase [2] (Fig 2). By day 7 of the life span, whereas close 

to 80% of wild-type cells main tained the abil ity to grow by uti liz ing 

the non-fer ment able car bon sources lactate and glyc erol, the IRC 

was only 40% for mutants lack ing the mito chon drial super ox ide 

dis mu tase SOD2 (Fig 2), sug gest ing that IRC can reflect the res pi ra-

tion sta tus of mito chon dria.

1.5. Mito chon drial muta tion fre quency assay

Eryth ro my cin is a mac ro lide anti bi otic that spe cifi  cally inhib-

its mito chon drial trans la tion [19,20]. Spe cific point muta tions in 

the rib2 and rib3 loci, the mito chon drial genes for the large ribo-

somal RNA (21rRNA), can con fer resis tance to the drug [21–23]. For 

this reason, acqui si tion of eryth ro my cin resis tance is a con ve nient, 

direct mea sure ment of mtDNA point muta tions.

In order to study age-depen dent mito chon drial DNA dam age, 

the eryth ro my cin resis tance assay can be cou pled to the chro no-

log i cal life span method. The con di tions used in the eryth ro my-

cin resis tance assay can be adapted from the pro to col of Chi and 

Ko lod ner [24] mod i fied by Sha del and co-work ers [25].

1.6. Acon i tase activ ity and reac ti va tion

Acon i tase, a mito chon drial enzyme sen si tive to super ox ide, 

iso mer iz es cit rate to iso ci trate, a key inter me di ate of the cit ric 

acid cycle. Loss of acon i tase activ ity is an intra cel lu lar indi ca tor of 

oxi da tive dam age in a vari ety of degen er a tive dis eases and aging 

[5,26]. Acon i tase can be revers ibly inac ti vated through the oxi-

da tion of its 4Fe–4S clus ter. Super ox ide can cause the revers ible 

release of one iron atom from the 4Fe–4S clus ter but the enzyme 

can then be reac ti vated through iron–sul fur clus ter reduc tion 

in the pres ence of sul fur and iron [27]. The portion of the acon-

i tase activ ity that can be reac ti vated by iron and sul fur, thereby, 

serves as an indi rect but sen si tive method to mea sure mito chon-

drial super ox ide lev els in both bac te ria [28] and mam ma lian cells 

[29]. By mea sur ing acon i tase activ ity dur ing var i ous stages of the 

chro no log i cal life span, we esti mated the level of super ox ide in 

yeast aging. The revers ibly inac ti vated portion of acon i tase activ-

ity increased pro gres sively with aging in wild-type cells, indi cat-

ing that mito chon drial super ox ide level increases with chro no log-

i cal age (Fig. 3)[4,15]. Another study revealed the impor tance of 

mito chon drial super ox ide dis mu tase SOD2 dur ing aging [2]. The 

dra matic age-depen dent decrease of acon i tase activ ity on cells 

lack ing SOD2 indi cates that super ox ide pro duced by mito chon dria 

inac ti vates acon i tase if not removed by enzy matic activ ity of the 

mito chon drial super ox ide dis mu tase. In addi tion, we iden ti fied 

other pro teins that impact acon i tase activ ity: muta tions in SCH9 (a 

pro-aging ser ine–thre o nine kinase) and CYR1 (aden yl ate cyclase) 

delay the revers ible inac ti va tion of acon i tase [4,15]. Fig. 3 shows 

the appli ca tion of the acon i tase assay with chro no log i cal life span 

Fig. 3. The acon i tase assay and the chro no log i cal life span have been exploited to study the effect of muta tions that reduce activ i ties of cyr1 and sch9.(A) Mito chon drial acon-

i tase percent reac ti va tion after treat ment of whole-cell extracts of yeast removed from cul tures at day 5 through 7 with agents (iron and Na2S) able to reac ti vate super ox ide 

inac ti vated [4Fe–4S] clus ters. (B) Death rate reported as the frac tion of cells that lose via bil ity in the 24-h period fol low ing the indi cated day. The percent reac ti va tion of 

acon i tase was low est in long-lived mutants and high est in wild-type cells and cor re lated with death rates [4].

Fig. 2. Index of respi ra tory com pe tence (IRC) in wild-type and mutants lack ing 

mito chon drial super ox ide dis mu tase (sod2D). Wild-type and sod2D mutants were 

grown in com plete min i mal glu cose medium (SDC) and switched to water on day 

3. At the indi cated times an ali quot of cells was removed from each flask, seri ally 

diluted, and plated onto YPD, YPG and YPL plates. The sam ples on day “0” were 

taken when the cells were actively grow ing. The IRC was cal cu lated as (num ber of 

col o nies formed on YPG or YPL)/(num ber of col o nies formed on YPD). The IRC for 

sod2D mutants decreased steadily with time. This result indi cates that the mito-

chon dria in sod2D were under go ing time-depen dent changes that even tu ally pre-

vented their proper func tion [2].
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to char ac ter ize the role of life span exten sion muta tions in CYR1 

and SCH9 in age-depen dent oxi da tive stress. Acon i tase activ ity was 

mea sured spec tro pho to met ri cally, as described by Racker [30] and 

Gard ner et al. [29].

1.7. Con clu sion

The ver sa til ity of the yeast model, the sim plic ity of the meth-

od ol ogy, the effec tive ness of com bin ing the CLS assay with one 

or more of the tools described above, and cost-effec tive of the 

tech niques employed make the chro no log i cal life span a valu able 

method to study the fun da men tals of mito chon drial dys func tion.

2. Mate ri als

2.1. Chro no log i cal life span

1. SDC liquid medium (see Note 4.1.1): 0.18% yeast nitro gen 

base with out amino acids and ammo nium sul fate (Bec ton, Dick-

en son and Com pany), 0.5% ammo nium sul fate, 0.14% NaH2PO4, 

and 0.173% com plete amino acid mix (dis cussed later). Dis solve all 

com po nents almost com pletely in water and adjust pH to 6.0 with 

NaOH. Auto clave and add dex trose to a final con cen tra tion of 2% 

before use (dis cussed later).

2. Com plete amino acid mix with ade nine and ura cil (Sigma–

Aldrich): 80 mg/L ade nine, 80 mg/L ura cil, 80 mg/L tryp to phan, 

80 mg/L his ti dine–HCl, 40 mg/L argi nine–HCl, 80 mg/L methi o-

nine, 40 mg/L tyro sine, 1200 mg/L leu cine, 60 mg/L iso leu cine, 

60 mg/L lysine–HCl, 60 mg/L phen yl al a nine, 100 mg/L glu tamic 

acid, 100 mg/L aspar tic acid, 150 mg/L valine, 200 mg/L thre o-

nine and 400 mg/L ser ine. This is a mod i fi ca tion of the original 

rec ipe [1].

3. Yeast extract/pep tone dex trose solid medium (YPD): 10 g/L 

bacto-yeast extract (Bec ton, Dick en son and Com pany), 20 g/L 

bacto-pep tone (Bec ton, Dick en son and Com pany), 20 g/L bacto-

agar (Bec ton, Dick en son and Com pany). Dis solve in water. Auto-

clave and add dex trose to a final con cen tra tion of 2%. Mix well and 

pour plates.

4. Auto claved glu cose (20% (w/v)) stock solu tion

5. Auto claved 18 MX Milli-Q grade water is used for all media 

prep a ra tions and dilu tions for CFUs assay.

6. 100 £ 15 mm Petri dishes (VWR).

2.2. Index of respi ra tory com pe tence (IRC)

The same mate ri als described in Sec tion 2.1 are used, except for 

points 3 (YPD plates) and 4 (glu cose stock solu tion).

 1. Yeast extract/pep tone eth a nol solid medium (YPE): eth a nol is 

used as a car bon source instead of glu cose. The same rec ipe as 

above, but eth a nol is added to a final con cen tra tion of 2%.

 2. Yeast extract/pep tone glyc erol solid medium (YPG): glyc erol is 

used instead of glu cose. Glyc erol (Sigma–Aldrich) is added to 

the yeast extract/pep tone solu tion while stir ring, reach ing a 

final con cen tra tion of 3%. A 30% (w/v) auto claved glyc erol stock 

solu tion is used.

 3. Yeast extract/pep tone lactate solid medium (YPL): the non-fer-

ment able car bon source used is lactate. The com pound is added 

to the final con cen tra tion of 2%. 60% (w/w) sodium dl-lactate 

(Sigma–Aldrich) is used.

2.3. Eryth ro my cin resis tance mito chon drial muta tion fre quency 

assay

The same mate ri als described in Sec tion 2.1 are used, exclud ing 

the points 3 (YPD plates) and 4 (glu cose stock solu tion).

1. Yeast extract/pep tone eth a nol/glyc erol solid medium (YPEG) 

con tain ing eryth ro my cin (2 mg/mL) (see Note 4.3.1). For this 

medium, both eth a nol and glyc erol are used instead of dex-

trose. Eryth ro my cin is dis solved in the eth a nol solu tion (see 

Note 4.3.2). The glyc erol stock solu tion is added to the yeast 

extract/pep tone solu tion while stir ring, fol lowed by the eth a nol 

with the dis solved anti bi otic. The final con cen tra tion of both 

glyc erol and eth a nol is 3%.

2. (¡)-Eryth ro my cin hydrate, 96% (Sigma–Aldrich).

3. 150 £ 15 mm Petri dishes (VWR) (see Note 4.3.3).

2.4. Acon i tase activ ity

1. Lysis buffer [50 mM Tris pH 7.2, 150 mM NaCl, 5 mM EDTA 

and 0.2 mM pro te ase inhib i tor phen yl meth yl sul fonyl fluo ride 

(PMSF) (VWR)].

2. 0.05 mm acid-washed glass beads (VWR).

3. Reac tion mix ture: 50 mM Tris–HCl, pH 7.5, 5 mM sodium cit-

rate, 0.6 mM MnCl2, 0.2 mM NADP+ (Sigma–Aldrich) and 2 U of 

NADP+ iso ci trate dehy dro ge nase (Sigma–Aldrich).

4. For 4Fe–4S clus ter reac ti va tion exper i ments: add to the cuvette 

con tain ing all the reagents required for the acon i tase assay 

1 mM fer ric sul fate (FeSO4) and 1 mM sodium sul fide (Na2S) 

(Sigma–Aldrich).

3. Meth ods

3.1. Chro no log i cal life span in SDC

1. Using an appli ca tor stick, streak a small portion of the fro zen 

stock onto a YPD plate and incu bate at 30 °C for 2–3 days (see Note 

4.1.2).

2. Inoc u late a few col o nies (4–5) into 1–2 mL of SDC medium in 

glass tubes and grow over night. Dilute the over night cul ture to an 

ini tial den sity of 1–2 £ 106 cells/mL (OD600 of 0.1–0.2) in 10–50 mL 

of SDC. Incu bate at 30 °C in flasks with a vol ume/medium ratio of 

5:1, shak ing at 220 rpm (see Notes 4.1.3–4).

3. After 3 days, start mon i tor ing sur vival by mea sur ing the 

abil ity of an indi vid ual yeast cell/organ ism to form a col ony (col-

ony form ing units [CFUs]) (see Note 4.1.5). Nor mally, cul tures are 

seri ally diluted to reach a 1:104 dilu tion in ster ile dis tilled water, 

and 10 lL of the same dilu tion are plated in dupli cate onto two 

halves of a YPD plate (start ing from cell cul ture den sity OD600 = 10 

roughly 100 cells are plated). Par tic u lar care must be taken to avoid 

spread ing the diluted cul ture over the line that marks the sep a ra-

tion between the two halves of a plate. Two dilu tions per cul ture 

are used rou tinely to reduce fluc tu a tions due to man ual error. The 

plates are incu bated at 30 °C to allow the growth of the col o nies. 

CFUs are counted after 2–3 days (see Note 4.1.6). In our clas sic 

chro no log i cal aging study, the num ber of CFUs at day 3 is usu ally 

con sid ered to be the ini tial sur vival (100% sur vival) and is used to 

deter mine the age-depen dent percent sur vival (see Note 4.1.7).

4. Mon i tor CFUs every 48 h by adjust ing the dilu tion fac tor and 

the vol ume plated accord ing to the mor tal ity rate. Con tinue until 

sur vival reaches 1–10% to record a time value that approx i mates 

the max i mum sur vival time (see Notes 4.1.8–9).

3.2. Chro no log i cal life span in water (CR)

1. Pro ceed as in Sec tion 3.1, steps 1–3.

2. Har vest cells by cen tri fug ing at 1400 RCF for 5 min at room 

tem per a ture in ster ile poly pro pyl ene tubes. Resus pend the pellet 

in a vol ume of ster ile dis tilled water and cen tri fuge as before (see 

Notes 4.1.10–11).
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3. Wash cells two more times and resus pend them in a vol ume 

of ster ile dis tilled water.

4. Pour the cul ture into the original flask used for incu ba tion 

after rins ing it with ster ile water.

5. Repeat steps 2–4 every 48 h.

6. Mon i tor CFUs as described above every 48 h.

3.3. IRC

Both the par a digms (sur vival study in SDC or water) can be 

applied to study IRC.

1. Pro ceed as in Sec tion 3.1, steps 1 and 2, or Sec tion 3.2, steps 

1–5.

2. From the same flasks that have been used for the clas sic 

chro no log i cal aging study described above, har vest a new ali quot 

of cells in order to mon i tor their abil ity to form col o nies in pres-

ence of only non-fer ment able car bon sources. Cul tures are seri ally 

diluted to reach a 1:104 dilu tion in ster ile dis tilled water, and 10 lL 

of the same dilu tion are plated in dupli cate onto two halves of YPE, 

YPG, and/or YPL plates as pre vi ously described. Two dilu tions per 

cul ture are also per formed, and the plates are incu bated at 30 °C. 

CFUs are counted after 3 days (see Note 4.2.1).

3. Mon i tor CFUs every 48 h by adjust ing the dilu tion fac tor and 

the vol ume plated accord ing to the col o nies counted scored the 

pre vi ous count ing and the mor tal ity rate deter mined thanks to 

CFUs scored in YPD plates.

4. IRC is cal cu lated as col o nies on non-fer ment able car bon 

source plates (YPE, YPG, or YPL) divided by col o nies on fer ment-

able car bon source plates (YPD) times 100%.

3.4. Eryth ro my cin resis tance mito chon drial muta tion fre quency 

assay

Both par a digms (sur vival study in SDC or water) can be applied 

to deter mine mito chon drial muta tion fre quency.

1. Pro ceed as in Sec tion 3.1, steps 1 and 2, or Sec tion 3.2, steps 

1–5.

2. From the same yeast cul ture flasks that have been used for 

the clas sic chro no log i cal aging study described in Sub head ing 3.1, 

har vest 1 £ 108 cells (con sid er ing den sity OD600 = 10 the required 

vol ume is 1 mL) using ster ile poly pro pyl ene tubes. Cells are water 

washed and plated onto the whole sur face of the YPEG + eryth ro-

my cin plates (see Note 4.3.3). Two ali quots per cul ture are plated 

rou tinely to reduce the fluc tu a tions due to man ual error. The 

plates are incu bated at 30 °C. Eryth ro my cin-resis tant col o nies are 

counted after 10 days (see Note 4.3.4).

3. Mon i tor CFUs every 48 h by adjust ing the dilu tion fac tor and 

the vol ume plated accord ing to the col o nies counted scored the 

pre vi ous count ing and the mor tal ity rate deter mined thanks to 

CFUs scored in YPD plates.

4. Muta tion fre quency is cal cu lated as the num ber of eryth ro-

my cin resis tant col o nies/the total num ber of col o nies scored on 

YPD plates (see Note 4.3.5).

3.5. Acon i tase activ ity

Both the par a digms (sur vival study in SDC or water) can be 

applied to mea sure acon i tase activ ity.

1. Pro ceed as in Sec tion 3.1, steps 1 and 2, or Sec tion 3.2, steps 

1–5.

2. Har vest 5 mL cells from the same flasks have been used for 

chro no log i cal life span study.

3. The pro tein extracts are obtained by glass bead lysis under 

argon. The cells are lysed in a mix ture con sist ing of one vol ume 

of lysis buffer and an equal vol ume of 0.5 mm acid-washed glass 

beads (see Sec tion 2.4). Resus pend the cell pellet in 0.25 mL of lysis 

buffer and 0.3 g glass beads. Argon is bub bled through the sam ples 

before vor texing (see Note 4.4.1). Vor tex for six cycles of 30 s fol-

lowed by 2 min of cool ing.

4. Micro cen tri fuge the extracts at 4 °C for 15 min.

5. After cen tri fu ga tion, ali quot the super na tants, freeze them 

quickly and store at ¡70 °C (see Note 4.4.1).

5. Acon i tase activ ity is mea sured spec tro pho to met ri cally [2]. 

Add approx i mately 50 lg of pro tein extract to the reac tion mix-

ture (Sec tion 2.4). The enzyme activ ity is fol lowed as absor bance 

change at 340 nm at 25 °C due to NADPH pro duc tion by iso ci trate 

dehy dro ge nase, using iso ci trate pro duced by the acon i tase reac-

tion (see Note 4.4.2). The slop is mea sured dur ing a 5-min lin ear 

portion of assay.

6. For 4Fe–4S clus ter reac ti va tion exper i ments, add 1 mM fer ric 

sul fate (FeSO4) and 1 mM sodium sul fide (Na2S) to the cuvette con-

tain ing all the reagents required for the acon i tase assay.

4. Notes

4.1. Chro no log i cal life span

1. In our exper i ments, we use SDC medium [13] instead of the 

rich-medium YPD com monly used for sta tion ary phase char ac ter-

iza tion stud ies [31,32]. Our choice is mainly jus ti fied by the obser-

va tion that the YPD medium induces con tin ued slow growth after 

day 2 and fluc tu a tions in cell via bil ity, prob a bly due to a re-entry of 

part of the yeast pop u la tion to the cell cycle. This prob lem is min i-

mized in the SDC medium.

2. Ide ally, via bil ity exper i ments should be started using yeast 

that have been recov ered from fro zen stocks and grown on YPD 

plates for 2–3 days only. Incu ba tion of the mas ter plates at 4 °C, 

espe cially for an extended period of time (>1 week) and for par tic-

u lar sen si tive mutants, might affect sur vival sig nifi  cantly.

3. The stan dard pro ce dure in our lab o ra tory is to start exper i-

ments by inoc u lat ing a few col o nies instead of a sin gle one to reduce 

the effect of sto chas tic com po nents on life span. The selec tion of the 

size of the flasks used for aging stud ies per formed in SDC depends on 

the life expec tancy of the strains used. Big ger flasks (250 mL) are rec-

om mended for long-term exper i ments (>3 weeks), to avoid medium 

evap o ra tion. In case of oxy gen-sen si tive mutants, we rec om mend 

using more SDC vol ume in order to limit the con tact of the cells with 

the envi ron ment oxy gen inside the flask.

4. Exper i ments are nor mally per formed at 30 °C. Incu ba tion at 

higher tem per a tures (37 °C) causes cel lu lar stress and could reduce 

yeast sur vival.

5. We have con firmed that the pro gres sive decline in CFUs over 

time reflects a loss in cell via bil ity, observ ing an increase in the 

pro teins released in the medium by dead and dam aged cells and 

also using a live-dead assay (FUN-1) [15].

6. Older cells tend to re-enter the cell cycle more slowly than 

young ones. At the more advanced stages of a sur vival exper i ment, 

incu bate the YPD plates for an addi tional day at 30 °C to avoid the 

under es ti ma tion of via bil ity.

7. Usu ally, the num ber of CFUs at day 3 is selected as ini tial sur-

vival (100%), since in our wild-type strains DBY746 and SP1, the 

pop u la tion den sity does not nor mally increase after day 3, indi-

cat ing that the great major ity of the cells have stopped divid ing. 

When work ing with strains or mutants that are par tic u larly short-

lived, it is rec om mended to mon i tor sur vival daily start ing at day 

1. This is effec tive if the chro no log i cal life span study is cou pled to 

a mito chon drial dam age anal y sis. In fact, some mutants exhibit a 

par tic u lar sen si tiv ity to mito chon dria dam age, show ing a decrease 

in the index of respi ra tory com pe tence already at day 3.

8. In our stud ies, we have noticed that after more than 99% 

of wild-type DBY746 and SP1 strains grown in SDC die, in about 

50% of the cases, a sub pop u la tion is able to uti lize the nutri ents 
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 rea lised by dead cells and grow back [33]. Under these con di tions, 

the sur vival can increase as much as 100-fold, allow ing an easy 

detec tion of the re-growth. How ever, the pos si bil ity that a small 

frac tion of cells in the cul ture starts divid ing again before sur vival 

reaches 1% remains.

9. In some genetic back grounds (i.e., BY4741), sur vival rate usu-

ally lev els out after reach ing approx 5–10%. It is not clear whether 

this is due to the selec tion of extremely long-lived sub pop u la tions 

or, more prob a bly, to the re-growth of a frac tion of the pop u la tion 

able to uti lize the nutri ents released by dead cells.

10. For chro no log i cal aging stud ies per formed in water, we 

rec om mend to start the exper i ment with day 3 SDC cul tures that 

have reached a proper con cen tra tion. The use of cells that had not 

grown opti mally can inval i date the sur vival in water.

11. With water cul ture, the risk of con tam i na tion is higher 

com pared to SDC exper i ments. We rec om mend par tic u lar care in 

manip u lat ing yeast cul tured in water.

12. In our lab o ra tory the com mon method for trans fer ring yeast 

cells to solid media is spread ing the sus pen sion of cells on the 

plate thanks a spreader. A spreader can be eas ily obtained hold ing 

a glass rod over a bun sen burner. When the glass is pli able it can be 

bend ed to form a tri an gle. Prior to use, the spreader is ster il ized by 

dip ping the tri an gle end in 70% eth a nol and ignit ing it in a flame. 

Before apply ing to a cell sus pen sion, the spreader must be cooled 

by touch ing the sur face of the agar plate. The use of an inoc u lat ing 

turn ta ble, con sist ing of a solid base and a freely rotat ing plat form, 

facil i tates the plat ing [34].

4.2. I.R.C.

 1. Some yeast mutants could show a slower growth in the pres-

ence of non-fer ment able car bon sources com pared to those in 

YPD plates, although their mito chon drial res pi ra tion is still effi-

cient. We rec om mend incu bat ing plates for addi tional days to 

allow proper growth.

4.3. Eryth ro my cin resis tance mito chon drial muta tion fre quency 

assay

1. The proper sol u bi li za tion of the eryth ro my cin is essen tial. 

The eryth ro my cin sol u bil ity is poor in water, higher in eth a nol. We 

rec om mend dis solv ing the drug in the eth a nol solu tion. Be sure 

that the anti bi otic is com pletely dis solved, then pour the alco holic 

solu tion into the plate mix ture while stir ring.

2. We have noticed that some yeast mutants dis play resis tance 

to eryth ro my cin. The effect of this anti bi otic on the yeast sur vival 

should be tested before the exper i ment, in case the drug con cen-

tra tion needs to be increased. In our exper i ments, we did not use 

anti bi otic con cen tra tion higher than 4 mg/ml due to a sol u bil ity 

prob lem (see Note 4.3.1).

3. Espe cially when the mor tal ity rate is increas ing, a very high 

num ber of cells and there fore yeast cul ture vol umes are required 

to obtain a sig nifi  cant num ber of eryth ro my cin resis tant col o nies. 

For this reason, we rec om mend plat ing the yeast cells on the whole 

sur face of the dish. In addi tion, we sug gest using larger Petri dishes 

in the last stages of the chro no log i cal aging study.

4. We have observed that some yeast mutants, par tic u larly long-

lived mutants, need more than 10 days to form vis i ble col o nies in 

the pres ence of eryth ro my cin. We sug gest count ing CFUs on dif fer-

ent days in order to iden tify the best day for the col o nies count ing. 

Because of the length of the exper i ment, the risk of con tam i na-

tions and dehy dra tion of the YPEG eryth ro my cin plates is high. To 

get around this issue, we rec om mend par tic u lar care dur ing the 

manip u la tion of eryth ro my cin plates and advise the use of more 

YPEG solu tion when pour ing the Petri dishes, in order to obtain 

plates that are less thin. In our expe ri ences, the plates became too 

dry to sup port fur ther growth after 3 weeks.

5. To cal cu late the muta tion fre quency, we divide the num ber 

of col o nies scored on YPEG + eryth ro my cin plates by the col o nies 

scored on YPD plates. S. ce re vi si ae can sur vive for sev eral days by 

fer ment ing glu cose whether or not the mito chon dria are func-

tional. Thus, con sid er ing the col o nies grown on YPD plates, in 

our assay we deter mine the mito chon dria muta tions occur ring 

in the whole pop u la tion, as well as in cells that could be defi-

cient in mito chon drial res pi ra tion. In order to asses the muta tion 

fre quency of a cell pop u la tion whose mito chon drial res pi ra tion 

is still effi cient, the cells har vested from the SDC cul ture can be 

also plated onto YPEG with out eryth ro my cin, and the muta tion 

fre quency cal cu lated as fol lows: num ber col o nies counted on 

YPEG + eryth ro my cin/col o nies counted on YPEG. Alter nately, col-

o nies can be directly rep li cated from YPD plates to fresh YPEG 

plates.

4.4. Acon i tase activ ity and reac ti va tion

1. Because of the insta bil ity of 4 iron–4 sul fur (4Fe–4S) clus-

ters in air, the extrac tion pro ce dures must be per formed as rap-

idly as pos si ble min i miz ing the con tact with envi ron ment oxy gen. 

Fur ther more, we rec om mend thaw ing the ali quots kept at ¡70 °C 

only once and imme di ately before the assay.

2. Acon i tase assay kits are also com mer cially avail able. Sim i-

larly to our exper i men tal con di tions, the Acon i tase-340 Assay Sys-

tem (Oxis Research) uti lizes the cou pled reac tion of cit rate to iso ci-

trate and iso ci trate to a-keto glu tar ate to quan tify enzyme activ ity. 

Under these assay con di tions, the rate of NADH pro duc tion is a 

mea sure of acon i tase activ ity.

5. Equip ment and sup ply

5.1. Chro no log i cal life span

Equip ment:

 I Media prep a ra tion: auto clave, pH-meter, mag netic stir bar and 

stir plate.

 I Cul tur ing yeast: bun sen burner, 30 °C incu ba tor shaker (New 

Bruns wick Sci en tific), 30 °C incu ba tor, spec tro pho tom e ter 

(k = 600 nm), micro cen tri fuge, vor tex (Fisher Sci en tific).

Sup plies: 100 £ 15 mm Petri dishes (VWR), glass tubes, glass 

flasks, poly pro pyl ene tubes, wood appli ca tor sticks (VWR), 

spreader, inoc u lat ing turn ta ble (Fisher Sci en tific) (see Note 

4.1.12).

5.2. IRC

Equip ment: see Sec tion 5.1.

Sup ply: see Sec tion 5.1

5.3. Eryth ro my cin resis tance mito chon drial muta tion fre quency 

assay

Equip ment: see Sec tion 5.1.

Sup ply: see Sec tion 5.1, besides 150 £ 15 mm Petri dishes 

(VWR).

5.4. Acon i tase activ ity and reac ti va tion

Equip ment: spec tro pho tom e ter (k = 320 nm), refrig er ated 

micro cen tri fuge, argon cyl in der.

Sup ply: poly pro pyl ene tubes.
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