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Abstract In this work, we have used classical

genetics techniques to find improved starter strains

to produce cachaça with superior sensorial quality.

Our strategy included the selection of yeast strains

resistant to 5,50,500-trifluor-D,L-leucine (TLF) and

cerulenin, since these strains produce higher levels

of higher alcohols and esters than parental strains.

However, no clear relationship was observed when

levels of flavoring compounds were compared with the

levels expression of the genes (BAT1, BAT2, ATF2,

EEB1 genes) involved with the biosynthesis of

flavoring compounds. Furthermore, we determined

the stability of phenotypes considered as the best

indicators of the quality of the cachaça for a parental

strain and its segregants. By applying the principal

component analysis, a cluster of segregants, showing a

high number of characteristics similar to the parental

strain, was recognized. One segregant, that was

resistant to TLF and cerulenin, also showed growth

stability after six consecutive replications on plates

containing high concentrations of sugar and ethanol.

‘‘Cachaça’’ produced at laboratory scale using a

parental strain and this segregant showed a higher

level of flavoring compounds. Both strains predomi-

nated in an open fermentative process through seven

cycles, as was shown by mitochondrial restriction

fragment length polymorphisms analysis. Based on

the physical chemical composition of the obtained

products, the results demonstrate the usefulness of the

developed strategies for the selection of yeast strains

to be used as starters in ‘‘cachaça’’ production.

Keywords Saccharomyces cerevisiae � Starter

selection � Cachaça � Flavoring compounds

Introduction

Cachaça, the sugar cane spirit, is the most popular

distilled beverage produced in Brazil. It is obtained

from the distillation of fermented sugarcane broth and

may reach values of alcoholic graduation of 38–48%

(vol/vol) at 20�C. The annual production is around 1.3
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billion liters that makes cachaça the third distilled

alcoholic beverage worldwide after vodka and soju (a

distilled beverage native to Korea originally made

from rice). Cachaça production is initiated with the

sugarcane broth extraction using an electrical milling

machine. After decantation, for the removal of small

sugar cane pieces and other impurities, the broth is

filtered and transferred to steel vats for fermentation.

The majority of the distilleries still use a spontaneous

fermentative process that relies on the microbiota

present in the production environment (sugarcane and

equipments) as starters. Therefore, cachaça produc-

tion is characterized by mixed yeast fermentation with

the predominance of Saccharomyces cerevisiae cells.

Because cachaça production is a feed batch open

fermentative process that takes place up to 6 months

(corresponding to the sugar cane harvest), fermenta-

tive yeast populations are in constant change due to the

continuous introduction of new strains from the

sugarcane juice, and the non-sterile productive condi-

tions (Guerra et al. 2001; Morais et al. 1999; Pataro

et al. 1999, 2000).

Although, different factors interfere in the quality

of distilled alcoholic beverages the yeast strain and the

fermentation conditions have been indicated as the

most important factors for the flavor of alcoholic

beverages, since the majority of the flavoring com-

pounds are synthesized during fermentation (Lamb-

rechts and Pretorius 2000). S. cerevisiae produces

volatile metabolites such as esters, carbonyls, volatile

fatty acids, sulphur compounds and higher alcohols

that derive from the sugar and amino acid metabolism.

Different strains of S. cerevisiae producing variable

amounts of secondary compounds, both desirable and

undesirable flavor determinants, can affect the ulti-

mate product quality (Swiegers et al. 2005).

A strategy widely used to improve the quality of

beverages such as sake is to obtain mutants, induced or

spontaneous, that do not present the feedback inhibi-

tion of synthesis of amino acids. Among strains

resistant to drugs, such as 5,50,500-trifluor-D,L-leucine

(TLF), is common to isolate those with a higher

production of higher alcohols, such as isobutyl and

isoamyl (Ashida et al. 1987; Yoshizawa 1999).

Higher alcohols are the largest group responsible

for the organoleptic characteristics of beverages that

are produced by two distinct processes: the catabolic

pathway, also known as Ehrlich pathway, and the

biosynthetic pathway (Dickinson et al. 1997; Eden

et al. 2001). The extracellular amino acids transported

by the high affinity Bap2p and low affinity Bap3p

transporters are metabolized by the Ehrlich pathway.

Then, there is a transamination step leading to the

production to the correspondent a-keto acids, cata-

lyzed by amino transferases encoded by the genes

BAT1 and BAT2. The a-keto acids are decarboxylated

and reduced to higher alcohols (isoamyl, n-propanol

and isobutyl). It is already known that yeast strains

with the highest expression of BAT1 and BAP2 genes

produce higher concentrations of isoamyl and isobutyl

alcohol in the fermentation process (Ashida et al.

1987; Casalone et al. 1997; Eden et al. 2001; Lilly

et al. 2000, 2006; Pretorius 2000; Schoondermark-

Stolk et al. 2005; Swiegers et al. 2005; Van Der Sluis

et al. 2002; Yoshikawa et al. 1995; Yoshizawa 1999).

In the biosynthetic pathway, amino acids as L-leucine

are produced from glucose via a-isopropylmalate

(a-IPM) by the action of a-IPM synthase, a-IPM

isomerase and b-IPM dehydrogenase. The enzyme

a-IPM synthase is inhibited by L-leucine through

negative feedback and it can also be regulated

by coenzyme-A (CoA) (Tracy and Kohlhaw 1977;

Cavalieri et al. 1999; Kohlhaw 2003, Oba et al. 2006).

By its turn, esters are produced in very low

concentrations, far below the limit of human olfactory

perception. Nevertheless, due to the ‘‘matrix effect’’, a

synergy occurs between the substances causing a

pleasant olfactory sensation to the consumer. There

are two groups of esters: acetate esters and medium

chain fatty acid esters (Lambrechts and Pretorius

2000). The acetate esters are those who have received

greater attention, since they are found in higher

concentration, they are more easily characterized by

the detection methods available and more easily

excreted by yeast cells. From the sensory point of

view, the most important are ethyl acetate, isoamyl

acetate, phenylethyl acetate. The production of acetate

esters occurs by the transfer of acetyl group (from

acetyl-CoA) to a higher alcohol in a reaction catalyzed

by alcohol acetyl transferases Atf1 and Atf2 (Mason

and Dufour 2000; Verstrepen et al. 2003a, b). More

recently, the medium-chain fatty acids esters have

attracted attention because the description of the genes

encoding for enzymes involved their production. They

are produced in very low concentrations, and its

excretion by the yeast is strongly influenced by the

length of the fatty acid chain constituent. The main

representatives are: ethyl hexanoate, ethyl octanoate
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and ethyl decanoate. The enzymes involved in the

biosynthesis of these compounds are Eth1 and Eeb1

(Saerens et al. 2006, 2008a, b). The synthesis of fatty

acids in yeast is catalyzed by a multifunctional fatty

acid synthase. The change in the balance of the

catalytic activity of this enzyme affects the long-chain

fatty acids synthesized. Thus, the use of inhibitors,

such as cerulenin, is a proposed strategy to select

strains with improved production and accumulation of

medium-chain fatty acids esters (Ichikawa et al. 1991).

The use of selected yeast starters is a well-known

practice used in the wine and beer industries, but not

yet established for production of cachaça with

enhanced and more reproducible quality attributes;

in that cases, the yeast starters belong, with a few

exceptions, to the species S. cerevisiae. Natural strains

of S. cerevisiae, as those found in cachaça production,

are predominantly diploid, homothallic and mostly

homozygous (65%), with low (Bakalinsky and Snow

1990; Barre et al. 1992; Guijo et al. 1997) and to high

([85%) sporulation capacity (Mortimer 2000). More-

over, it is known that wine yeast strains are charac-

terized by high karyotype instability that is believed to

be a potential source of genetic variability (Carro et al.

2003; Lopez et al. 2001; Nadal et al. 1999). On the

other hand, a mechanism called ‘‘genome renewal’’

(Marullo et al. 2004) has been proposed for natural

wine yeast strains that undergo mating among their

progeny cells and thereby change a multiple hetero-

zygote into completely homozygous diploids, leading

to gradual replacement of heterozygous diploids and

the elimination of deleterious mutations.

A methodology was developed for the isolation of

yeast strains showing the characteristics required for

the production of a good quality cachaça (Vicente

et al. 2006; Oliveira et al. 2008): low or null H2S

production, positive flocculation, higher fermentation

capacity, tolerance to high ethanol and sugar concen-

trations, high temperatures, and resistance to drugs.

The aim of the present work was to establish

correlations between the levels of both higher alcohols

and esters (1-propanol, isobutanol, isoamyl alcohol,

ethyl octanoate, ethyl decanoate) produced by the

selected strains to study the expression of genes (genes

BAT1, BAP2, ATF2, EEB1) that encode for enzymes

of metabolic routes involved with of the formation of

these by-products. In addition, the stability of the

select strains and their segregants was evaluated by

assays of the set of physiological and biochemical

phenotypes applied to samples withdrawn from the

process over consecutive fermentation cycles.

Materials and methods

Yeast strains, maintenance and growth media used

Saccharomyces cerevisiae strains LBCM 422 and

LBCM 427 were isolated from a spontaneous fermen-

tation carried out in a cachaça distillery located in

Ouro Preto, Minas Gerais, Brazil (Oliveira et al.

2008). Yeast cells were propagated under laboratory

conditions at 30�C in YPD medium, which contained

yeast extract (1%, w/v), peptone (1%, w/v) and

glucose (2%, w/v) (Difco� Laboratories). Solid

medium was supplemented with agar (2%, w/v)

(Difco� Laboratories). All yeast isolates obtained

throughout the present work were frozen in glycerol

(30%, v/v) and kept at -80�C for long-term storage,

whereas short-term storage was at 4�C on YPD plates.

As a control, commercial S. cerevisiae wine yeast was

used, that is occasionally utilized for cachaça pro-

duction. As a control, commercial S. cerevisiae wine

yeast was used, that is occasionally utilized for

cachaça production.

Sporulation and isolation of spores

The standard protocol used here was described by

Sherman (2002). The yeast strain LBCM 427 was

inoculated in YPD medium and incubated overnight at

30�C. Sporulation was induced on acetate medium

[sodium acetate (1%, w/v), potassium acetate (1%,

w/v) and agar (2% w/v)] during 3 days at 24�C. Ascus

wall was digested using snail intestinal juice (Sigma�)

and ascospores were isolated by micromanipulation.

Germination efficiency was expressed as the percent-

age of colony forming spores after incubation (3 days,

30�C). Thirty-six ascospores were analyzed and ten

presented four viable spores. These spores were

further analyzed to evaluate the physiological stability

of spores.

Physiological and biochemical characteristics

of the segregants

The segregants were submitted to the following tests:

H2S production, growth in YPD at 37�C, growth in YP
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media supplemented with sucrose or ethanol, floccu-

lation, killer behavior, sensitivity to mycocins, TFL

and cerulenin resistance. Each segregant was previ-

ously inoculated in tubes containing 3 ml YPD

medium and incubated overnight at 30�C. The

suspension was used to inoculate plates and tubes in

all tests described below.

H2S production was examined by inoculation on

plates containing bismuth sulfite agar (Merck). Strains

were incubated at 30�C for 3 days and H2S producing

strains were identified by the brown or black color of

their colonies. Segregant colonies were also tested for

their ability to grow in stressing conditions such as

high temperature (37�C, YPD agar medium, 3 days

incubation) or high alcohol concentration (YP med-

ium supplemented with ethanol 10%, v/v). Growth on

YP media (yeast extract, 1% and peptone, 1%, w/v)

containing ethanol or glucose was scored by visual

inspection after 3 days of incubation at 30�C (Ribeiro

and Horii 2004).

Flocculation capacity was evaluated during growth

in YPD liquid medium (peptone, 2% w/v yeast extract

1% w/v). Cells were inoculated into test tubes

containing 4 ml of medium and grown at 200 rpm

and 30�C until absorbance at 600 nm reached 1.0.

Flocculent strains were then selected by their capacity

to sediment at the bottom of the tube at the end of

fermentation as described before (Verstrepen et al.

2001).

Killer toxin production and resistance to mycocins

was assessed using Candida glabrata NCYC 388 and

S. cerevisiae NCYC 1006, respectively, as references

strains (Morais et al. 1999; Pataro et al. 1999). Briefly,

YM agar (yeast extract, 0.3% w/v, malt extract, 0.3%

w/v, peptone, 0.5% w/v, glucose 1% w/v and 1.5% w/v

agar), supplemented with 0.003% (w/v) methylene

blue (Sigma,) and buffered to pH 4.2 with sodium

acetate (Sigma) was previously seeded with C. glab-

rata and S. cerevisiae. Segregant strains were inocu-

lated and identified as killer (if they produced a halo of

dark blue dead cells of the sensitive strain) or resistant

(if they grew in the presence of the killer strain).

Segregant strains were also transferred to plates

containing minimal medium (SD) containing glucose

(2%, w/v) and 1 mM TLF (Ashida et al. 1987) or

25 lM cerulenin (Ichikawa et al. 1991) and incubated

at 30�C for 3 days. Strains were considered as resistant

when colonies were observed within 3 days of incu-

bation at 30�C.

To evaluate the physiological stability of the segre-

gants, the plates were successively replica-plated to

other plates containing YPD medium and incubated at

30�C for 48 h. Six replications were performed and the

colonies resulting of first, second, fourth and sixth

replications were tested for the characteristics described

above.

Fermentation procedures

In order to study gene expression and production of

flavoring compounds by strains LBCM 427 and its

segregant RB-23A, the cells stored at -80�C were

grown in liquid YPD medium (2% glucose) by two

consecutive cultivations (72 h culturing at 30�C

starting with an initial cell density of 107 cells/ml,

followed by a 24 h growth period on a fresh YPD

medium). Then the cells were washed (a threefolds

washing) with sterile water, prior to be used as

inoculum for 300 ml of minimal medium (15%

sucrose; 0.2% yeast nitrogen base) added to the

500 ml bottles, which were locked up with a locking

air system. The fermentation was carried out for 36 h

at 30�C during which five samples were withdrawn for

volatile assays and RNA extraction for analysis.

The cells previously grown in YPD medium were

also used to produce cachaça at laboratorial scale; in

this case a sufficient amount of yeast cells was obtained

through adaptation to the fermentative environment by

subsequent inoculations (28�C, 24 h) and up-scaling

(20 ml, 8�Brix; 100 ml, 12�Brix; 1,000 ml, 15�Brix),

always using sterilized sugarcane must. The 1,000 ml-

cultures were used as inoculum for small-scale fer-

mentations in cylindrical stainless steel tanks (20 l)

filled with 12 l of ‘‘non-sterilized’’ sugar cane juice

(15�Brix). The initial cell concentration was adjusted to

2.4 9 107 cells ml-1. After the end of a 24-hours

fermentative cycle (28�C), musts were distilled and the

stainless steel tanks were again filled with 12 l of sugar

cane juice (15�Brix) for a new cycle. The predominance

of LBCM 427 and RB-23A strains during the fermen-

tative process was evaluated in must samples that were

collected at the moment of inoculation of the 12 l

fermenters and after the end (day 7) of seven fermen-

tative cycles. The samples were serially diluted, and

two dilutions (10-4 and 10-5) were plated on YPD

medium. After incubation (28�C, 24 h), 30 colonies

were randomly chosen from each sample and submitted

to mitochondrial DNA RFLP analysis (see below).
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The ethanol production was evaluated after must

distillation (Distillatore Elettronico Enochimico Gi-

bertini) by densitometry with a glass picnometer of

20 ml. The temperature of the sugarcane wine was

maintained between 90 and 95�C and the distillation

rate set to about 1 l h-1. Cachaça distillation pro-

duced three fractions: the first one (‘‘head fraction’’)

was discarded and corresponds to about 5% of the total

volume of cachaça. The main (‘‘heart’’) fraction was

collected until an ethanol concentration of about

42–44�GL. The last (‘‘tailing’’) fraction was also

discarded. The obtained cachaça samples from the

main fraction was then stored in glass bottles with caps

and kept at room temperature.

Gas chromatography analysis

In order to measure higher alcohols and esters the

organic compounds were previously extracted in a

liquid–liquid system. To be identified and quantified by

gas chromatography, 25 ml of fermented broth at

indicated time were collected in conical glass tubes of

50 ml, previously identified. The samples were cen-

trifuged at 1,0009g for 5 min. The resulting superna-

tant was transferred to new 50 ml conical tubes

containing 5 g NaCl and 3 ml of a mixture of diethyl

ether/hexane (1:1) and the mixture stirred in vortex for

2 min. Then, the mixture was centrifuged at

1,0009g for 3 min and the organic phase collected

and stored in 15 ml tube. A re-extraction was per-

formed by adding a new amount of 3 ml mixture of

ethyl ether/hexane (1:1) to the fermentation broth and

the other procedures were repeated in the same manner

as described above as well as the collection and transfer

of organic phase in 15 ml tube. Subsequently, 3 ml of

this organic phase were transferred to new tubes, and

concentrated under nitrogen gas until completely dry.

Then, it was added 490 ll of ethyl ether/hexane (1:1)

and the desired final volume of 500 ll was corrected

with a solution of 4 methyl 2-pentanol diluted 500

times. The samples were analyzed with a Shimadzu

Shimadzu GCMS-QP2010 Plus is equipped with a

quadrupole mass detector operating in electron impact

mode at 70 eV, scan and selective ion monitoring

(SIM). The chromatographic column used was a

capillary column of polyethylene glycol (J & W

Scientific) 30 m, 0.25 mm internal diameter and

0.5 mm thick film. The chromatographic conditions

used were as follows: The temperature of injector and

the interface of the gun was equal to 240�C, raised to

10�C min-1–120�C, followed by an elevation of

20�C min-1–240�C and held for 5 min. Helium was

used as carrier gas with a flow rate of 1.24 ml/min and a

rate of split of 1:50. The injection of samples was done

in direct mode with 2 ll of each sample. The injections

were performed in triplicate.

The compounds were identified by comparison with

retention times of standards and monitoring of selected

ions. Initially the standards were injected separately to

determine retention times. The method of internal

standardization was used for quantification of com-

pounds in samples using the 4-methyl-2-pentanol as

internal standard for all analysis. The calibration

curves for the compounds under analysis were con-

structed by plotting the area ratio of the composite

pattern and the area of internal standard versus the

concentration that, for the following compounds:

n-propanol, isobutanol, isoamyl alcohol, ethyl hexa-

noate, ethyl octanoate and ethyl decanoate. To con-

struct the calibration curve, different known amounts

of each standard compound were added to 25 ml of

minimal medium and after this addition, all steps of

extraction, liquid–liquid were performed as described

previously. The calibration curves were constructed

using five concentration levels as described for each

compound: n-propanol (50, 100, 150, 200, 300 g/ml),

isobutanol (50, 100, 200, 300, 500 mg/ml), IAA (50,

500, 750, 1,000, 1,500 mg/ml), ethyl hexanoate (500,

1,000, 1,500, 2,000, 2,500 ng/ml), ethyl octanoate

(500, 1,500, 2,500, 3,500, 5,000 ng/ml) and ethyl

decanoate (100, 500, 1,500, 2,500, 3,500 ng/ml). We

used the following standards Merck: isoamyl alcohol

(PA grade), 1-propanol (PA grade), isobutanol (PA

grade), ethyl hexanoate (PA grade), ethyl octanoate

(PA grade) and ethyl decanoate (grade PA). To prepare

the alcoholic solution (ethanol/water) 40% v/v ethyl

alcohol was used HPLC grade (Fisher Scientific) and

distilled deionized water in MilliQ system (Millipore).

We used water Purification System Milli-Q in all the

steps when necessary. The experiments were per-

formed three times with less than 10% of standard

deviation for each point.

Real time PCR

For RNA extraction, six independent experiments

were done. The cells were collected by centrifugation

and washed twice with 2 ml of Milli Q water at 4�C
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(3,0009g for 10 min, 4�C). The pellets were sus-

pended in 1 ml of phenol/water 3.75:1 and 1 ml of

TES (10 mM Tris HCl; 10 mM EDTA; 0.5% SDS;

pH 7.5) followed by vigorous agitation in Vortex.

Then, the tubes were incubated at 70�C for 1 h, and

agitated vigorously in Vortex at intervals of 5 min.

The tubes were centrifuged (3,0009g for 10 min 4�C)

and the superior phase of the suspension was trans-

ferred to microcentrifuge tubes. After that, 400 ll of

phenol/water (3.75:1) were added to the suspension,

and after homogenization, the tubes were again

centrifuged (3,0009g for 10 min 4�C). The superna-

tant was collected and 300 ll of chloroform were

added, following new agitation in Vortex and centri-

fugation (3,0009g for 10 min 4�C). RNA was

precipitated with 70% ethanol, washed once with

70% ethanol, suspended with 50-ll DEPC-treated

water and stored at -70�C until use.

Then three sets of two RNA samples were pooled;

from each pool 4 lg of pooled RNA were treated with

DNase (Promega, Madison, WI) and Reverse tran-

scription was carried out using M-MLV Reverse

Transcriptase (Promega) and oligo-dT(18) primer

(Promega) according to the manufacturer’s instruc-

tions. Real-time PCR reactions were performed on an

ABI7500 instrument (Applied Biosystems, Foster

City, CA), using Platinum� qPCR SuperMixes (Invit-

rogen). The amplification reactions were performed as

follows: 2 min at 50�C, 10 min at 95�C, and 40 cycles

of 94�C for 15 s and 59�C for 1 min. To confirm primer

specificity, the dissociation curves of all amplification

products were analyzed in the ABI7500 instrument.

Fold variation in gene expression was quantified using

the comparative Ct method: 2^-(DCt treatment–Dct

control), which is based on the comparison of expres-

sion of the target gene (normalized to the endogenous

control) between experimental and control samples

(Livak and Schimittgen 2001). RDN1 mRNA was used

as endogenous control to normalize all values in the

real-time PCR assays, since it exhibited no significant

variation in expression values among treatments. The

results express means of three RNA pools each one

originated from two samples of experiments performed

six times. Standard deviations are indicated in figure.

Mytochondrial DNA restriction fragment analysis

For mitochondrial DNA RFLP analysis, total DNA

isolation was carried out as previously described

(Querol et al. 1992) with some minor modifications

(Shuller et al. 2005). From the total genomic DNA

extracted, about 200–300 ng, diluted in 16.5 ll deion-

ized water, were digested with 1.0 ll of the restriction

endonucleases HinfI (10 U/ll, MBI Fermentas) in

presence of 2 ll of the corresponding 109 buffer

(MBI Fermentas) and 0.5 ll of RNAse (10 mg/ml,

MBI Fermentas), overnight at 37�C. The mtDNA

restriction fragments were separated by electrophore-

sis in a 1.5% (w/v) agarose gel, GelRed
TM

stained and

photographed.

Statistical analysis

The experiments were performed at least three times

with consistent results. Statistics analysis was done by

using the Student’s t test. Differences were considered

statistically significant when the P value was smaller

than 0.05.

Principle component analysis (PCA) was used to

choose the segregants that present similar behavior

to the parental strain (no H2S production; tolerance to

ethanol and temperatures; fermentative capacity;

ability to flocculate and to produce mycocins; resis-

tance to the drugs TFL and cerulenin). The selected

segregants were also subjected to PCA to find the

strain with the highest physiological stability regard-

ing stressing growth conditions (37�C, 20% (w/v)

sucrose, 10% (v/v) ethanol) as well as TFL and

cerulenin resistance. The analyses were carried out

using statistical software MINITAB for Windows

(release 14).

Results and discussion

Production of higher alcohols and esters by yeast

selected cachaça strains

Since higher alcohols and esters have been detected in

cachaça as compounds that incorporate the aroma and

taste (Nonato et al. 2001, Oliveira et al. 2005), we

measured the level of higher alcohols and esters

produced by the strains LBCM 422 and LBCM 427

that are, respectively, sensitive and resistant strains to

both TFL and cerulenin (Vicente et al. 2006). The

results shown in Fig. 1 indicate that only the produc-

tion of isoamyl alcohol was clearly higher in the strain

LBCM 427 when compared to the strain LBCM 422.
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Related to the production of esters, it was observed

that for both ethyl octanoate and decanoate, higher

levels were also observed in the cerulenin-resistant

strain LBCM 427 (Fig. 2).

It has been demonstrated that in yeast strains used

to produce beers or wine the production of acetate

esters correlates with the expression of ATF genes

(Verstrepen et al. 2003b; Saerens et al. 2008b). A

positive correlation has been also found for higher

alcohols and the expression of BAT1 and BAT2 genes

(Kodama et al. 2001; Yoshimoto et al. 2002; Lilly

et al. 2006; Saerens et al. 2008b). It is also known that

the expression of specific gene that encode for the

amino acid transporter Bap2 is also associated to a

higher production of higher alcohols, particularly

isoamyl alcohol (Lilly et al. 2006). Only in the case of

ethyl esters there is no correlation between the

expression of the genes EEB1 and EHT1. In this case,

the fatty acid precursor level is likely the major

limiting factor for ethyl ester production rather than

the activity of the biosynthetic enzymes (Saerens et al.

2008a, b).

Therefore, we also measured the level of expression

of different genes that encode for proteins that are

Fig. 1 Production of higher alcohols during the cellular growth

of strains LBCM 422 (circle) and LBCM 427(square) in

minimal medium presenting sucrose as carbon source. The

experiment was repeated three times with less than 10% of

deviation in each point. A representative result is shown

Fig. 2 Medium-chain fatty acids esters produced during the

cellular growth of strains LBCM 422 (circle) and LBCM

427(square) in minimal medium presenting sucrose as carbon

source. The experiment was repeated three times with less than

10% of deviation in each point. A representative result is shown
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involved in the production of flavoring compounds in

the cachaça yeast strains. However, if we compare the

data related to the quantification of isoamyl alcohol

(Fig. 1) with the level of expression of the genes BAT1

and BAP2 (Fig. 3–Panel A), there is not clear

relationship between the expression of these genes

with the production of isoamyl alcohol. Even, the

expression of BAT2 gene was higher in the strain

LBCM 422, compared to the strain LBCM 427

(Fig. 3–Panel A).

On the other hand, we measured the level of

expression of ATF2 and EEB1 genes that are related to

the production of acetate and ethyl esters, respectively.

Again, the data indicate that there is any relationship

between gene expression and ester production during

the fermentation process. In fact, we observed that the

expression of ATF2 was higher in LBCM 427 strain

and the expression of EEB1 is more significant in

LBCM 422 strain (Fig. 3–Panel B). Nevertheless, in

our experimental conditions, it was not detected any

measurable level of acetate ester and the quantification

of octanoate and decanoate ethyl esters showed an

higher production in LBCM 427 than in LBCM 422

strain.

This apparent contradiction could be related to the

fact that the expression of such genes has never been

studied in conditions where the main carbon source

was sucrose and/or in sugar cane fermentations. In this

sense, it was already seen that ATF1 gene is induced

by glucose and nitrogen compounds [as a target of the

Ras/cAMP/PKA and the fermentable growth medium-

induced pathway] (Thevelein and de Winde 1999;

Verstrepen et al. 2003a). On the other hand, Molina

et al. (2007) found no correlation between expression

of ATF1 and ATF2 genes and the production of any

ester compound during wine fermentation suggesting

that under wine fermentation conditions, ester pro-

duction was largely regulated by other mechanisms.

We believe that this point must be further studied in

the cachaça conditions in order to clarify the situation.

Our data suggest that there is a reasonable rela-

tionship between the resistance to TFL and cerulenin

and production of higher alcohols and ethyl esters.

Nevertheless, when we measured the level of the

Fig. 3 Levels of relative expression of genes that encode for

amino acid carriers and enzymes involved in the biosynthesis of

higher alcohols—BAT1 and BAP2 (Panel A) or esters—ATF2
and EEB2 (Panel B) of strains LBCM 422 (black bars) and

LBCM 427(grey bars). The levels of all RNAs were normalized

by using RDN1 gene that encodes for 18s region of the rDNA.

The results express means of three RNA pools each one

originated from two samples of experiments performed six

times
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Table 1 Phenotypical and biochemical characteristics of forty segregants compared with the parental yeast strain isolated from a

cachaça distillery

Strain Qualitative set of assays to select strains

Growth on solid

media 37�C

Killer

activity

Mycocins

resistance

H2S

production

Sucrose (20%)

resistance

Ethanol (10%)

resistance

Flocculation Drug

resistance

TFL Cer

LBCM427 ? 1 1 2 1 1 1 R R

RB-5A ? 2 2 2 1 2 1 S S

RB-5B ? 2 2 2 1 1 2 S S

RB-5C ? 2 2 2 1 1 2 S S

RB-5D ? 1 1 2 1 1 2 S S

RB-7A ? 2 1 2 1 1 2 S S

RB-7B ? 2 1 2 1 1 2 S S

RB-7C ? 2 1 2 1 1 2 S S

RB-7D ? 2 2 2 1 1 2 S S

RB-8A Poor 2 2 2 1 1 2 S S

RB-8B ? 2 1 2 1 2 2 R R

RB-8C Poor 2 2 2 1 2 1 R R

RB-8D ? 2 1 2 1 2 1 S S

RB-14A ? 2 2 2 1 1 2 S S

RB-14B ? 2 1 2 1 1 2 S S

RB-14C ? 2 1 2 1 2 2 S S

RB-14D ? 2 2 2 1 1 2 S S

RB-18A Poor 2 2 2 1 2 2 S S

RB-18B ? 2 2 2 1 1 2 S S

RB-18C Poor 2 2 2 1 2 1 S S

RB-18D Poor 2 2 2 1 2 1 S S

RB-23A ? 2 1 2 1 2 2 R R

RB-23B Poor 2 2 2 1 2 1 S S

RB-23C ? 1 1 2 1 2 2 R R

RB-23D Poor 2 2 2 1 2 1 S S

RB-26A ? 2 1 2 1 2 2 R R

RB-26B ? 2 1 2 1 2 2 R R

RB-26C ? 2 1 2 1 1 1 R R

RB-26D Poor 2 2 2 1 2 1 S S

RB-27A ? 2 ? 2 1 2 2 R R

RB-27B ? 2 ? 2 1 2 1 R R

RB-27C ? 2 ? 2 1 2 2 S S

RB-27D ? 2 ? 2 1 2 2 R R

RB-31A Poor 2 - 2 1 2 1 S S

RB-31B ? 2 ? 2 1 1 2 R R

RB-31C ? 1 ? 2 1 2 1 R R

RB-31D ? 1 ? 2 1 2 2 S S

RB-36A ? 2 ? 2 1 2 1 R R

RB-36B Poor 2 2 2 1 2 1 S S

RB-36C Poor 2 2 2 1 2 1 S S
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expression of genes that encode for enzymes involved

in the synthesis of these flavoring compounds any

relationship could be established. Therefore, these

results suggest that resistance to drugs such as TFL

and cerulenin be a good strategy to select yeast strains

with a higher capacity to produce flavoring com-

pounds. However, it cannot be discarded that the

conditions of the fermentation may play an important

role in the regulation of the expression of genes

encoding for enzymes involved in the production of

higher alcohols and esters.

Segregant analysis and evaluation of physiological

stability

Routine observations in our laboratories have shown

that yeast strains isolated directly from different

cachaça distilleries present a clear phenotypic insta-

bility, even when manipulated in laboratory conditions

(not shown). Indeed, it is already known that yeast

strains may present genetic instability through differ-

ent mechanisms (Carro et al. 2003; Lopez et al. 2001;

Nadal et al. 1999; Marullo et al. 2004).

Based on these considerations, our interest was also

to obtain cachaça yeast starters that present a higher

phenotypic stability after successive sub-culturing,

mainly the potential to produce flavoring compounds.

Therefore, we evaluated the possibility to get partic-

ular more stable segregants. This is a frequently used

strategy for genetic studies as far as the parental strain

produces a reasonable number of asci with viable

spores (Johnston et al. 2000; Marullo et al. 2004;

Romano et al. 1998; Sipiczki et al. 2004).

As shown in Table 1, forty segregants from asci

with four viable spores from strain LBCM 427 were

chosen and further characterized (growth in YPD at

37�C, YP supplemented with sucrose—20%, w/v, YP

supplemented with ethanol—10%, v/v, flocculation,

killer behavior, sensitivity to mycocins, H2S produc-

tion, TFL and cerulenin resistance) in order to obtain

strains with improved properties for cachaça produc-

tion (Vicente et al. 2006). All segregants differed from

strain LBCM 427 regarding their phenotypic profile.

Growth in YP medium containing sucrose (20%, w/v)

and absence of H2S production was maintained for all

segregants, whereas growth at 378C, mycocin resis-

tance, flocculation, resistance to ethanol, TFL and

cerulenin and killer activity was maintained by 29

(73%), 22 (55%), 16 (40%), 14 (35%), 14 (35%), 14

(35%), and 4 (10%) of the segregants, respectively.

The data were then subjected to PCA to verify

differences between segregants of the 10 tetrads in

different growth conditions and to choose the segre-

gant that presents the closest behavior to the parental

strain LBCM 427.

The Fig. 4 (Panel A) shows the score plot of the

principal component 1 versus principal component 2

(PC1 vs. PC2) for all strains. PCA shows one cluster

with four segregants (RB-8B, RB-23A, RB-23C, RB-

27D) with a high number of similar characteristics

compared to the parental LBCM 427 strain, including

the resistance to TFL and cerulenin. All four segre-

gants lost flocculation capacity and ethanol resistance,

whereas three segregants (RB-8B, RB-23A, RB-27D)

lost killer activity.

Considering the continuous process of cachaça

production, it seems logical to us to evaluate the

stability of phenotypic characteristics during succes-

sive sub-culturing of strains. This was estimated by

assessing the amount of mitotic variability of the four

segregants (RB-8B, RB-23A, RB-23C, RB-27D),

during several rounds of replication in YPD medium.

Table 1 continued

Strain Qualitative set of assays to select strains

Growth on solid

media 37�C

Killer

activity

Mycocins

resistance

H2S

production

Sucrose (20%)

resistance

Ethanol (10%)

resistance

Flocculation Drug

resistance

TFL Cer

RB-36D ? 1 1 2 1 2 1 R R

These forty segregants were originated from 10 asci (identified by the numbers 5, 7, 8, 14, 18, 23, 26, 27, 31, 37); each one received a

code where the number identifies the ascus and the letters (A, B, C, D) the spores

R Resistant, S sensitive

? Growth; - no growth
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As shown in Table 2, all segregants keep their

phenotype regarding growth in sucrose containing

medium during 6 rounds of sub-culturing. Ethanol

resistance tended to increase with increasing rounds of

sub-cultivation while the opposite was observed for

TFL resistance and growth at 37�C. All data were used

for PCA (Fig. 4, Panel B), including also a hypothet-

ical ‘‘ideal’’ strain considered as being stable through-

out the whole replication process. Segregant RB-23A

presented a higher tendency to stability, since it was

found to be closest to the hypothetical ideal strain.

Besides, it was the only strain that maintained TFL and

cerulenin resistance during the successive replications

(Table 2). Taking in account that the main focus of our

selective methodology was to find yeast strains with

the best potential to produce flavoring compounds

(Vicente et al. 2006; Oliveira et al. 2008), the

segregant RB-23A was chosen to be used in fermen-

tation trials in sugar cane juice.

During the fermentative process, mtDNA-RFLP

was used to monitor the predominance of strains

LBCM 427 and RB-23A. Thirty colonies of the yeast

strains were obtained from the freshly inoculated must

and from the end of seven successive fermentation

cycles and submitted to mtDNA-RFLP analysis. The

strains predominated at 100% throughout 7 days of

Fig. 4 PCA of segregants of the parental strain LBCM 427

tested for different growth conditions. Panel A score plot of PC1

versus PC2 for cluster classification of segregants regarding to

the selected characteristics found in the parental strain LBCM

427. Panel B score plot of PC1 versus PC2 for identification of

the segregant regarding to the maintenance of physiological

stability of different characteristics through successive

replications

Table 2 Physiological stability of selected segregants during a successive replication process regarding specific traits

Number of repetitive replications before growth on solid media

YPD at 37�C YP sucrose (20%, w/v) YP ethanol (10%, w/v) Drug resistance

TFL Cerulenin

Strain 1st 2nd 4th 6th 1st 2nd 4th 6th 1st 2nd 4th 6th 1st 2nd 4th 6th 1st 2nd 4th 6th

RB-8B ? - - - ? ? ? ? - - - ? ? - ? ? ? ? ? ?

RB-23A ? ? - - ? ? ? ? - - ? ? ? ? ? ? ? ? ? ?

RB-23C ? - ? - ? ? ? ? - - ? - ? - - - ? ? ? ?

RB-27D ? - ? - ? ? ? ? - - - ? ? - - - ? ? ? ?

? Growth, - no growth

Fig. 5 mtDNA RFLP patterns of S. cerevisiae isolates obtained

from small-scale fermentations performed with strains LBCM

427 and RB-23A at the moment of sugar cane broth inoculation

(0) and seven days later (7). (For each time, the profiles of 4–5

colonies are shown)
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fermentation, since all of the 30 isolates obtained from

the beginning and end of fermentations corresponded

to the mtDNA RFLP profile of the inoculated strain

(Fig. 5).

Strains LBCM 427 and RB-23A produced similar

ethanol levels, significantly higher compared to the

cachaça produced with the commercial strain sug-

gesting a best fermentative power. Cachaça produced

with LBCM 427 and RB-23A strains had also higher

isobutyl and isoamyl alcohol content compared to that

produced with a commercial strain (Table 3).

Since our results also showed an absence of 2:2

segregation in tetrads, the majority of the phenotypical

characteristics used for yeast strains selection seem to

be of polygenic origin with independent segregation.

The segregants did also not maintain their phenotypic

stability when replicated through successive genera-

tions (Tables 1 and 2). This is in agreement with

previous studies showing that segregants present a

significant variation regarding galactose and maltose

utilization, resistance to sulphur dioxide and ethanol as

well as synthesis of compounds such as n-propanol,

isobutanol, isoamyl alcohol, acetaldehyde and ethyl

acetate (Cavalieri et al. 2000; Sipiczki et al. 2004).

Conclusions

In this work, we studied some characteristics of the

cachaça produced by a selected strain and one more

stable segregant in comparison to cachaça produced

by a commercial wine strain and in the same

production conditions. Our data related to the pre-

dominance of the selected strain in an open fermen-

tative process (Fig. 4) and to the chemical

composition (Table 3) indicate that the strategies used

here can contribute to improve the quality of the

cachaça, since in general both strains—LBCM 427

(parental strain) and RB-23A (segregant)—produced

higher concentrations of higher alcohols when com-

pared to the values found in commercial cachaça.

Our results point out to the possibility to obtain

stable yeast strains that present a clear high potential to

produce flavoring compounds. However, it seems

clear that natural strains isolated from cachaça

distilleries present different alleles that cause modifi-

cation in the global gene expression. Physiological

instability during successive replications might be

related to different mechanisms of genomic reorgani-

zations. Therefore, the data presented in this study are

the basis for further strategies in order to get still better

strains to be used as starters to the production of

cachaça.
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