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ABSTRACT

This research effort aimed at a better understanding of microbial phenomena

taking place during time in spontaneous sourdough fermentation for broa, a

traditional Portuguese bread. Unlike most microbiological studies of

sourdough, viable counts obtained were not limited to Lactobacillus and yeasts,

but encompassed also molds, Gram-negative rods, endospore-(non)forming

Gram-positive rods and catalase-positive/negative Gram-positive cocci. This less

conventional approach unveiled the ubiquitous Bacillus genus throughout

spontaneous broa sourdough fermentation. Presumptive yeasts, Lactobacillus

and Bacillus were found to low levels after kneading, but became dominant by

the end of regular (no aeration) fermentation. They apparently inhibit

undesired rods and Staphylococcus, which were found to relatively high

numbers after kneading. By 24 h of fermentation, lactic acid cocci accounted

for an important fraction of biodiversity, and pH decreased significantly

reaching about 4.1. Aeration accelerated the microbial dynamics. In terms of

total viable counts, such a long-term fermentation appeared to reach a quasi-

stationary state.

PRACTICAL APPLICATIONS

Microbial studies encompassing a large set of culture media and incubation

conditions were previously undertaken in samples of maize and rye flours, and

sourdoughs for broa obtained from 14 artisanal producers and in two seasons.

Microbial counts and identification unfolded a complex wild microbiota, and

fermentation played a major effect upon all microbial groups. Flours and

mother-dough microbiota were characterized during storage afterward. A

similar approach was followed here to ascertain the microbiological profile of a

wide range of microorganisms throughout long-term sourdough fermentation,

in attempts to answer the questions: how microorganisms evolve, and how

they respond to increasing aeration. These studies provide an innovative way

to look at sourdough systems and microbial dynamics therein. Results showed

the importance of increasing fermentation time to take full advantage of

ecological competition against undesirable microorganisms, and emphasized the

need for further studies to reveal the role of Bacillus in sourdough

fermentations.
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INTRODUCTION

Sourdough has been used since ancient times in food proc-

essing; it is indeed one of the oldest biotechnological pro-

cesses employed by Man. The use of sourdough in some

wheat breads aims at flavor improvement, whereas in rye

breads it is needed to confer suitable technological properties

for baking (mainly arising from pH reduction). The vast lit-

erature regarding sourdough fermentation has consistently

emphasized the importance of sourdough toward improve-

ment of volume and crumb structure, flavor, nutritional

attributes and shelf-life of bread. The dominant microbiota

of various sourdoughs has been thus comprehensively stud-

ied, being typically complex micro-ecosystems with growth

of microorganisms favored by low temperatures and high

water activity prevailing during fermentation of dough (Faid

et al. 1994; Corsetti et al. 1998; Arendt et al. 2007). Neverthe-

less, the literature on this topic has mainly focused on wheat

sourdough fermentations, and specifically on yeasts and Lac-

tobacillus (and less frequently on other lactic acid bacteria

[LAB]) as dominant microbial flora (Corsetti et al. 1998;

Arendt et al. 2007).

Bread and related products manufactured without baker’s

yeast resort to a sour ferment. Examples of such breads

encompass Portuguese broa (Rocha et al. 2003; Rocha 2011;

Rocha and Malcata 2012, 2015), Finnish sour-rye bread (Sal-

ovaara and Hatunp€a€a 1984), German rye bread (Spicher and

Werner 1988), San Francisco sourdough French bread (Kline

and Sugihara 1971) and soda crackers (Sugihara 1985),

wheat Italian panettone (Ottogalli et al. 1996), Italian pan-

doro (Zorzanello and Sugihara 1982) and colomba (Sugi-

hara 1977), Iranian Sangak bread (Azar et al. 1977), and

Sudanese Kisra (Abdalla et al. 1988; Osman et al. 2010),

among other varieties found in Arabic and African countries

and India, such as lavash, injera, idli and dhokla (Antony

et al. 1996; Salovaara 1998).

Broa (Fig. 1) is a traditional type of Portuguese bread

manufactured in the absence of a commercial starter culture.

It is widely produced at artisan level by farmers of Northern

Portugal, following ancient protocols empirically passed

from generation to generation, and has earned the food spe-

cialty status of AOP. This bread holds a major economic

importance, because of the large number of small farmers

that depend on this extra source of income for survival; it

also helps settling people in rural regions, thereby preventing

rural exodus toward urban areas. Broa is obtained from

maize (Zea mays) and rye (Secale cereale) flours, inoculated

with a given amount of a previously fermented dough (or

mother-dough). The modus operandi of artisan breadmaking

of broa (Fig. 1) varies somehow (but not in essence) among

local producers, namely type of milling (water-mill or elec-

tric mill), yield of milling and sifting, ratio between maize

and rye flours, time and temperature of back-slopping and

fermentation, amount of mother-dough added, manual

kneading length and baking time (Rocha 2011; Rocha et al.

2011; Rocha and Malcata 2012, 2015). This diversity of pro-

tocols of broa breadmaking affect its adventitious microbiota

(Rocha and Malcata 1999, 2012, 2015). For instance, the

time mother-dough (Fig. 1) is kept prior to inoculation (i.e.,

between back-sloppings) varies considerably, since the fre-

quency of bread production varies according to the needs of

local farmers, coupled with its seasonal character (usually

every other week in winter, and weekly during summer).

Another important process parameter is time of fermenta-

tion of the starting sourdough (first fermentation) (Fig. 1):

it is prepared by manual kneading maize and rye flours,

warm water and mother-dough, and left overnight for a

period ranging from about 6 to 18 h, variable from producer

to producer, or even by the same producer (Rocha 2011).

Finally, the duration of the second fermentation (Fig. 1) is

also deemed important: dough is prepared with maize flour

scaled with salted warm water, then rye flour and sourdough

are progressively added and kneaded, and fermentation is

allowed to take place for about 2 h, although it can take

place for 1.5–3h (Rocha 2011).

An earlier survey of breadmaking processes employed by

several local producers of broa (Rocha 2011), as well as the

microbiological diversity found in a large number of tradi-

tional sourdoughs (Rocha and Malcata 2012) and, more

recently, the study of the evolution in microbial ecology of

the mother-dough (Fig. 1) during the storage period under

refrigeration (Rocha and Malcata 2015), have raised several

questions: (i) how fermentation time affects evolution of the

microbial ecology of broa dough; (ii) how microbial ecology

evolves throughout a long fermentation period and (iii) how

sourdough (Fig. 1) microbiota responds to increasing aera-

tion. In attempts to address these questions (while compre-

hensively covering a wide range of microbial groups),

unleavened dough (of maize and rye flours), prepared

according to artisanal procedures was analyzed for microbial

counts throughout a long fermentation period (for up to 39

days), under controlled temperature and relative humidity.

Furthermore, to study the effect of aeration, a sample of the

same dough under continuous, gentle mixing was investigat-

ed for up to 14 days. Such a long fermentation period was

undertaken to understand the behavior, and effects between

batches upon existing complex microbiology throughout the

long storage periods of mother-doughs (Fig. 1). Note that

such long time windows are often times used by farmers

between batches for broa production, thus representing in

some cases the real storage time of the mother-dough

(Fig. 1) kept (at room temperature or under refrigeration)

between batches.

The originality of this research effort lies on its contribu-

tion to a better understanding of the phenomena during

spontaneous sourdough fermentation. Studies on the effect
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FIG. 1. FLOWCHART OF TRADITIONAL PORTUGUESE BROA SOURDOUGH BREAD (AND SPECIFIC EXPERIMENTAL CONDITIONS).
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of long-term fermentation periods upon microbial ecology

of sourdoughs are indeed scarce. Moreover, the joint study

of microorganisms other than Lactobacillus and yeasts (viz.

general mesophilic vegetative forms, molds, Gram-negative

rods, endospore-forming and nonsporing Gram-positive

rods, and catalase-positive and catalase-negative Gram-posi-

tive cocci) constitutes a distinct manner to ascertain micro-

bial dynamics in sourdough, and reflects the importance of

studies on the role of a broader range of microorganisms in

sourdough.

MATERIALS AND METHODS

Traditional Manufacture of Sourdough

Traditional breadmaking procedures (Fig. 1) were

employed in loco to prepare sourdough and broa, by a far-

mer from Cabeceiras de Basto (Portugal), as described in

detail by Rocha and Malcata (2012, 2015); additional infor-

mation of breadmaking technology of broa can be found in

Rocha (2011) and Rocha et al. (2003, 2010a,b, 2011,

2012a,b); description of breadmaking of broa has also

resorted to photographs in situ as per Rocha et al. (2003)

and Rocha (2011).

A water-mill house was used for grinding and an 1-mm

mesh sieve was employed. The maize and rye dough yield

(DY) of sourdough (locally called crescente) (Fig. 1) was 233,

and the mother-dough (locally called isco) (Fig. 1) added

was about 6 days of age; the sourdough prepared was left for

fermentation (first fermentation) (Fig. 1) overnight (ca.,

12 h), at room temperature. The maize and rye dough pre-

pared in the next day presented a DY of 151, and were left to

ferment for about 2 h (second fermentation) (Fig. 1), at

room temperature.

Experimental Design and Sampling

An aliquot from the single batch (1-batch) described above

was taken after kneading, and prior to the 2-h (second) fer-

mentation (Fig. 1). At this stage, the dough was composed

by about 59% (w/w) maize and 41% (w/w) rye flours,

0.66 Lwater/kgflour, and 5.9 gsalt/kgdough. Physicochemical

characteristics of maize and rye flours and sourdough can be

found elsewhere (Rocha 2011; Rocha and Malcata 2012,

2015).

The aforementioned (1-batch) sample of type-I sour-

dough taken after kneading and prior to the 2 h fermenta-

tion (Fig. 1) was divided into two equal portions (of ca.

2.5 L), and kept in 3.5-L anaerobic jars (Oxoid, Basingstoke)

in a Fitoclima-S600 PLH chamber with a ClimaPlus-400

controller (ARALAB, Albarraque, Portugal), under con-

trolled temperature (20C) and relative humidity (60%). One

half of said sourdough was left semi-closed (So), and the

other (So-ag) left open under continuous stirring for

enhanced aeration (ca., 20 rpm). Aliquots (in duplicate) of

So were collected through fermentation at 0, 1, 2, 3, 7, 9, 14,

29 and 39 days, whereas aliquots (in duplicate) of So-ag

were taken at 0, 1, 2, 3, 7, 9 and 14 days. The sourdough

under stirring was fully dried by 14 days, so the experiment

had to be discontinued by then. The samples were subject to

microbiological analysis, and the effect of time (in So and

So-ag sampling) as well as the effect of aeration (So versus

So-ag) were studied.

Microbiological Enumeration

Microbial procedures were detailed by Rocha and Malcata

(2012, 2015). Culture media and incubation conditions are

tabulated in Table 1. Total viable counts were obtained after

inoculation and incubation (in duplicate) on the appropriate

culture media, according to Table 1. Therefore, four meas-

urements were obtained for each fermentation time and

incubation conditions. Results were expressed as logarithm

of colony forming units (CFU) per gram of sample.

Statistical Methods

Effect of Time. Comparison of microbiological viable

counts along time was independently done for So and So-ag

samples (Table 2), via a one-way ANOVA using software

IBM SPSS Statistics, v.22.0 (IBM, Chicago IL). The only fac-

tor considered was fermentation time (0, 1, 2, 3, 7, 9, 14, 29

and 39 days in So; and 0, 1, 2, 3, 7, 9 and 14 days in So-ag).

The basic F-test in ANOVA was complemented with Brown-

Forsythe and Welch tests. When F-test proved significant,

Tukey-HSD post-hoc test was applied to ascertain differences

between groups characterized by distinct fermentation times.

An a-value (level of significance) of 0.05 was used as refer-

ence for the F- and post-hoc tests.

Effect of Aeration. To study the effect of aeration upon

fermentation, So and So-ag samples were subjected to a two-

way ANOVA (using SPSS) to ascertain the effect of aeration

upon fermentation (Table 3). The parameters considered

were: type of sample (So and So-ag); and fermentation time

(0, 1, 2, 3, 7, 9 and 14 days). A full factorial model (with

intercept) and a type-III sum of squares were used. A com-

plete 7 3 2 factorial design was accordingly followed, by

coding various contrasts. The a-value of 0.05, considered as

reference for each F-test, was corrected for the multiple tests

by dividing it by the number of tests (per family error-rate

method).

RESULTS AND DISCUSSION

The statistical significance of the microbial counts (in Figs.

2a–5a, for So, and Figs. 2b–5b, for So-ag) was obtained
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independently for each type of fermentation [sourdough

obtained under regular conditions, i.e., fermentation without

agitation (So), and sourdough obtained under gentle agita-

tion (So-ag)] via 1-way-ANOVA and Tukey-HSD post-hoc

tests, and is depicted in Table 2. Contrast estimates (mean

differences) bearing a statistical significance, obtained in the

2-way ANOVA design encompassing the type of fermenta-

tion (So versus So-ag), are shown in Table 3.

pH

As a result of microbial action (Figs. 2–5, and Table 2), a

major pH drop occurred in the first 24 h under both

fermentation conditions, reaching about 4.1 as apparent in

Fig. 2. The drop of pH in the first day plays an important

role upon control of sourdough microbiota, and eventually

upon the final taste and texture of broa, since it affects the

hydration capacity of several constituents, enzymatic activi-

ties and such properties of the final bread as loaf volume,

texture and aroma (Barber et al. 1982, 1987; Arendt et al.

2007). According to results presented below, the drop of pH

during sourdough fermentation is also of major importance

toward control of Gram-negative rods (Fig. 3), although the

endospore-forming Gram-positive rods are likely to persist

(Fig. 4). The pH decline in such a short initial time-window

of 24 h is chiefly associated with the fast growth of Gram-

TABLE 1. GROWTH MEDIA, TARGET MICROORGANISMS AND INCUBATION CONDITIONS USED IN MICROBIOLOGICAL ANALYSES

Culture medium and supplement(s) Target microorganisms Incubation conditions

Total viable counts

Tryptone soy agar (TSA, Lab M, Lancashire, UK);

pHfinal 5 7.0 6 0.2

Total viable counts 30C; 1–2 days; Spread plate;

Aerobiosis

Yeasts and molds

Yeast extract dextrose chloramphenicol agar (YEDCA,

Lab M); pHfinal 5 6.6 6 0.2 (not re-autoclaved); 2 vials/L

X009 (Lab M)

Yeast counts 30C; 2 days, Spread plate;

Aerobiosis

Rose-Bengal chloramphenicol agar base (RBCAB, Difco,

Lawrence KS, USA), pHfinal 5 7.2 6 0.2; 2 vials/L rose

Bengal Antimicrobial Supplement C (Difco)

Mold counts Room temperature; 3–5 days; Dark-

ness; Spread plate; Aerobiosis

Facultative anaerobic Gram-negative rods

Violet red bile dextrose agar (VRBDA, Merck, Darmstadt,

Germany), pHfinal 5 7.4 6 0.2 (not autoclaved)

Enterobacteriaceae counts 37C; 1 day; Pour-plate with overlay;

Anaerobiosis

MacConkey agar (Merck); pHfinal 5 7.1 6 0.2 Salmonella, Shigella, Yersinia

and others, and coliform

bacteria

37C; 1 day; Spread plate,

Anaerobiosis

Gram-negative aerobic rods

Pseudomonas agar base (PAB, Lab M), pHfinal 5 7.1 6 0.2;

10.0 mL glycerol (Merck) (before autoclaving); 2 vials/L

X108 CFC (Lab M)

Pseudomonas counts 30C, 1–2 days; Spread plate;

Aerobiosis

Endospore-forming Gram-positive rods

Bacillus cereus medium (BCM, Lab M); pHfinal 5 7.2 6 0.2;

100 mL/L X073 (Lab M); 2 vials/L X074 (Lab M)

Bacillus counts 37C; 1–2 days; Spread plate;

Aerobiosis

Reinforced clostridial medium (RCM, Lab M); pHfinal 5 6.8 6

0.2; 100 mg/mL neomycin sulfate (Merck)

Clostridium counts 30C; 3 days; Spread plate; Anaerobi-

osis (N2 1 H2 1 CO2, 10:10:80, v/v)

Regular, nonsporing Gram-positive rods

de Man, Rogosa and Sharp agar (MRS, Lab M);

pHfinal 5 6.2 6 0.2 (at 47C)

Lactobacillus (Pediococcus

and Leuconostoc) counts

30C; 3–5 days; Spread plate;

Aerobiosis

Gram-positive, catalase-positive cocci

Baird-Parker medium base (BPM, Lab M); pHfinal 5 6.8 6 0.2;

50 mL/L X085 (Lab M); 50 mg/L sulphamethazine (Merck)

Staphylococcus (Micrococcus)

counts

37C; 2 days; Spread plate;

Aerobiosis

Gram-positive, catalase-negative cocci

M17 (Merck); pHfinal 5 7.2 6 0.2 Streptococcus (Lactococcus)

counts

30C; 2–3 days; Spread plate;

Anaerobiosis

Kenner fecal streptococcal agar (KFS, Merck); pHfinal 5 7.2 6

0.2; 10 mL/L (1%) TTC (Merck)

Streptococcus (Enterococcus)

counts

37C; 2–3 days; Spread plate;

Anaerobiosis

Kanamycin esculin azide agar (KEAA, Merck);

pHfinal 5 7.1 6 0.2

Enterococcus (group D-strep-

tococci) counts

37C; 2–3 days; Spread plate;

Anaerobiosis

Mayeux, Sandine and Elliker agar (MSE, Biokar, Beauvais,

France); pHfinal 5 6.9 6 0.2

Leuconostoc counts 30C; 2–3 days; Spread plate;

Aerobiosis
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negative rods and, to a larger extent, to LAB (i.e., regular

nonsporing Gram-positive rods and Gram-positive catalase-

negative cocci), as observed in Figs. 3–5 and Table 2.

Furthermore, aeration had no significant effect upon pH

(a 5 0.01). By 14 days, pH attained 3.5 under both fermen-

tation conditions (Fig. 2), which is consistent with Arendt

et al. (2007) who claimed a typical pH in the range 3.5–4.3

by the end of the fermentation process of sourdoughs.

It is worth noting that the pH values typically found in

wheat and rye sourdough breads are not reached in tradi-

tional broa: average values of pH obtained in complementary

chemical analyses (data not shown) pertaining to sourdough

and broa samples provided by several traditional producers

were 4.15 and 5.16, respectively. The main reason for such

high values found in broa’s sourdough and in the final bread

(broa) is the shorter (first and second) fermentation time

employed, and (to a lesser extent) the significantly higher

buffer capacities of maize and rye flours relatively to wheat

flours.

Total Viable Counts

In regular (no agitation) fermentation (Fig. 2a and Table 2),

total viable counts on TSA increased significantly (a 5 0.01)

up to 2 days, whereas under aeration (Fig. 2b and Table 2) it

took only 1 day to attain said maxima. A significant decrease

(a 5 0.01) in total viable counts was observed between 2 and

3 days (Fig. 2a and Table 2), probably due to the major drop

of pH observed in the first 24 h and the consequent decline

in microbiota diversity. Total counts stabilized after 3 days in

both cases (Fig. 2a,b and Table 2), and from 3 days on they

reached values comparable to the grand average of sour-

doughs obtained from 14 regional producers and in two dif-

ferent periods of the year (Rocha and Malcata 2012). These

results encompassing total viable counts are consistent with

the microbial profiles obtained for different group of micro-

organisms studied (Figs. 3–5 and Table 2). Additionally,

comparison of total viable counts from both fermentations

revealed that significantly lower values (a 5 0.05) were

obtained when aeration was present, except by 1 day when

no significant differences could be detected (Table 3). In

terms of total viable counts, such a long-term fermented

sourdough appeared to be a quasi-stationary system during

most of the period monitored.

Yeasts and Molds

Yeasts (on YEDCA) grew significantly on the first day, and

from 9 days on under regular fermentation conditions (Fig.

2a and Table 2). Evolution of yeast counts revealed a gap of

1 day between fermentations (i.e., a lag period was observed

when fermentation took place without aeration), with refer-

ence to the first 3 days (Fig. 2a,b, and Table 2). Under aera-

tion (Fig. 2b and Table 2), yeast counts tended toT
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FIG. 2. EVOLUTION OF LOGARITHM OF TOTAL VIABLE COUNTS (AVERAGE 6 STANDARD DEVIATION, CFU/GSAMPLE) ON DIFFERENT CULTURE MEDIA FOR

TOTAL VIABLE COUNTS, YEASTS AND MOLDS, AND PH IN (A) SOURDOUGH (SO) AND (B) SOURDOUGH UNDER AGITATION (SO-AG) THROUGHOUT TIME.

TOTAL VEGETATIVE MESOPHILIC FORMS ON TRYPTONE SOY AGAR (TSA); AND YEASTS AND MOLDS ON YEAST EXTRACT DEXTROSE CHRORAMPHENICOL

AGAR (YEDCA) AND ROSE-BENGAL CHLORAMPHENICOL AGAR BASE (RBCAB), RESPECTIVELY. STATISTICAL RESULTS ARE DEPICTED IN TABLE 2.

FIG. 3. EVOLUTION OF LOGARITHM OF TOTAL VIABLE COUNTS (AVERAGE 6 STANDARD DEVIATION, CFU/GSAMPLE) ON DIFFERENT CULTURE

MEDIA FOR GRAM-NEGATIVE RODS IN (A) SOURDOUGH (SO) AND (B) SOURDOUGH UNDER AGITATION (SO-AG) THROUGHOUT TIME. FACUL-

TATIVE ANAEROBIC GRAM-NEGATIVE RODS ON VIOLET RED BILE DEXTROSE AGAR (VRBDA) AND MACCONKEY AGAR (MACCONKEY); GRAM-

NEGATIVE RODS ON PSEUDOMONAS AGAR BASE (PAB). STATISTICAL RESULTS ARE DEPICTED IN TABLE 2.

FIG. 4. EVOLUTION OF LOGARITHM OF TOTAL VIABLE COUNTS (AVERAGE 6 STANDARD DEVIATION, CFU/GSAMPLE) ON DIFFERENT CULTURE MEDIA

FOR GRAM-POSITIVE RODS IN (A) SOURDOUGH (SO) AND (B) SOURDOUGH UNDER AGITATION (SO-AG) THROUGHOUT TIME. VEGETATIVE

ENDOSPORE-FORMING GRAM-POSITIVE RODS ON BACILLUS CEREUS MEDIUM (BCM) AND REINFORCED CLOSTRIDIAL MEDIUM (RCM); AND REGU-

LAR, NONSPORING GRAM-POSITIVE RODS ON DE MAN, ROGOSA AND SHARP AGAR (MRS). STATISTICAL RESULTS ARE DEPICTED IN TABLE 2.
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significantly stabilize (a 5 0.05) from 3 to 9 days, as hap-

pened in regular fermentation (Fig. 2a and Table 2); howev-

er, unlike regular fermentation, a small decrease took place

by 14 days, so their viable numbers became identical to those

at 0 days. Furthermore, yeast counts under aeration were sig-

nificantly higher (a 5 0.05) during this period (by 3–9 days),

and essentially the same as at the beginning of fermentation,

specifically 0–1 days (Table 3).

Distinct deleterious effects of acetic and lactic acids upon

yeasts (H€aggman and Salovaara 2008) may possibly account

for the significant growth of yeasts surprisingly observed

from 9 days on (Fig. 2a and Table 2), as well as a complex

range of local synergistic interactions between yeasts and

LAB (Barber et al. 1983, 1987; Barber and B�aguena 1988;

Gobbetti et al. 1995; Almeida and Pais 1996b; Gobbetti

1998). According to our results, yeasts apparently adapted to

the prevailing acidic environment (G€anzle et al., 1998).

Description of typical yeasts isolated from broa sourdough

may be found elsewhere (Almeida and Pais 1996a; Rocha

and Malcata 1999).

Regarding mold counts on RBCAB, maximum values

were attained at an intermediate stage of 7–14 days in

regular fermentation (Fig. 2a and Table 2), although

molds are expected to be inhibited throughout fermenta-

tion due to outgrowth by (more rapidly multiplying)

yeasts and bacteria; by the end of fermentation (29–39

days), mold counts were essentially the same as at the

beginning. Under agitation (Fig. 2b and Table 2), mold

counts tended to keep their values from 7 days on; unlike

happened during 1–3 days, significantly lower counts

than in regular fermentation were observed (Table 3),

which can be justified by the adverse effect of mixing

upon mold growth.

Gram-Negative Rods

Under regular conditions (Fig. 3a and Table 2), counts on

VRBDA decreased significantly on the first day (which were

similar to those by 2 days), and vanished by 3 days; counts

on PAB increased significantly from 0 to 1 days, and then

decreased significantly until depletion by 7 days; and counts

on MacConkey increased significantly on the first day, but

vanished from the third day on. Similarly to regular fermen-

tation, under agitation (Fig. 3b and Table 2), viable counts

on VRBDA and MacConkey media vanished by 3 days.

However, the profile observed under the two fermentations

was distinct, during the first 3 days, in terms of viable counts

on VRBDA, PAB and MacConkey media; in addition, and

unlike regular fermentation, the maximum values in these 3

culture media were observed by 0 days under additional aer-

ation (Fig. 3a,b and Tables 2 and 3).

Compared with regular fermentation, viable counts on

VRBDA medium were initially higher under aeration and

lower by 2 days (a 5 0.05); and on MacConkey medium,

they were lower by 1–2 days but similar at 0 days (Table 3).

Viable counts on PAB medium were significantly lower

(a 5 0.05) under agitation for 14 days (Table 3). Further-

more, vanishing of Pseudomonas on PAB medium was bene-

ficially observed earlier when aeration was applied (Fig. 3a,b,

and Table 2). Rocha and Malcata (1999) identified broa

sourdough microorganisms grown on VRBDA and PAB

media.

In a mixture of flour and water allowed to ferment for 1

day, Gram-negative endogenous bacteria initiate their

metabolism with formation of gas and acidic odors, and a

concomitant small drop in pH is observed. The competitive

acid-tolerant yeasts and LAB reach rapidly viable numbers

above those of the other adventitious microbiota initially

FIG. 5. EVOLUTION OF LOGARITHM OF TOTAL VIABLE COUNTS (AVERAGE 6 STANDARD DEVIATION, CFU/GSAMPLE) ON DIFFERENT CULTURE

MEDIA FOR GRAM-POSITIVE COCCI IN (A) SOURDOUGH (SO) AND (B) SOURDOUGH UNDER AGITATION (SO-AG) THROUGHOUT TIME. GRAM-

POSITIVE, CATALASE-POSITIVE COCCI ON BAIRD–PARKER MEDIUM BASE (BPM); AND GRAM-POSITIVE, CATALASE-NEGATIVE COCCI ON M17

AGAR (M17), KENNER FECAL STREPTOCOCCAL AGAR (KFS), KANAMYCIN ESCULIN AZIDE AGAR (KEAA) AND MAYEUX, SANDINE AND ELLIKER

AGAR (MSE). STATISTICAL RESULTS ARE DEPICTED IN TABLE 2.
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present in the flours, thus justifying the current results. LAB

eventually becomes the dominating microbiota, so the

dough becomes more acidic. The pH of a spontaneous ripen

sourdough is typically 3.6–3.9, and the stability of sour-

doughs depends on cooperation of specific species of yeasts

and LAB (R€ocken and Voysey 1995; de Vuyst et al. 2009).

While bread is thermally treated through baking (thus con-

tributing to its microbiological safety), our results (Fig. 3a,b,

and Table 2) outlined the important role of fermentation

toward inhibition of Gram-negative rods (grown on

VRBDA, PAB and MacConkey), including potentially patho-

genic and spoilage microorganisms originally present in

flours (Salovaara 1998).

Among traditional producers of broa, the first spontaneous

sourdough fermentation (i.e., first propagation step) (Fig. 1)

is frequently very short in duration, and sometimes even

neglected (Rocha 2011). Although maize flour for broa pro-

duction is normally scalded, and further baking of dough

(i.e., submission to strict heat treatment) brings about favor-

able effects toward food safety, the recommended period for

broa spontaneous sourdough fermentation prior to dough

manufacture (first fermentation), or even the recommend

duration of both fermentations (i.e., the first and second fer-

mentations) (Fig. 1) may still be questioned in attempts to

take full ecological advantage against undesirable microbiota,

and thus eventually increase shelf-life and safety of product.

According to our results (Fig. 2a–5a and Table 2), a period of

2–3 days is indeed recommended for the first fermentation.

An eventual extension of the second fermentation may also

be recommended, although the effects on the final bread

characteristics and the acceptance by consumers must be

studied over increasing time of fermentation. In fact, typical

Portuguese breads on the local market do not entertain acidi-

ty levels comparable to those found in sourdough breads

from Central and Northern Europe. The artisanal home-

made manufacture of broa occurs usually every other week or

weekly, and even monthly (and, consequently, the same hap-

pens to the mother-dough between back-sloppings); hence,

this extension of time for the first fermentation would not

bring any extra processing requirements, such as need to

increase fermentation vessel capacity or energy consumption

(with concomitant extra costs), or time lost by farmers (to

whom broa breadmaking represents a complementary source

of income). While to our knowledge no public case exists of

food poisoning arising from consumption of broa, our results

showed that fermentation constitutes a critical control point,

and increasing the broa fermentation period would be a good

manufacturing practice to increase food safety.

Gram-Positive Rods

Viable counts on MRS by the end of the regular fermenta-

tion period (i.e., at 29 and 39 days) were essentially the same

as at 0 days; in addition, Lactobacillus grew rapidly, especially

between 0 and 1 day (Fig. 4a, and Table 2). In spite of signifi-

cant similarity observed within the first day of fermentation

(i.e., rapid multiplication), growth of Lactobacillus (on

MRS) was significantly lower in fermentation under contin-

uous aeration from 2 days on (Table 3); furthermore, differ-

ent profiles were observed in the two fermentations (Fig.

4a,b and Table 2). It appears that Lactobacillus remained at

high levels for a longer period under regular fermentation:

no differences were indeed observed by 1–2 days under regu-

lar fermentation, whereas agitation decreased such numbers

(Fig. 4a,b and Tables 2 and 3).

Microbial counts of typical Lactobacillus (and lactic acid

Coccaceae) in regular fermentation (Fig. 4a and Table 2)

were 10- to 100-fold those of their yeast counterparts Fig. 2a

and Table 2), in agreement to what happens with wheat

(Barber et al. 1983) and rye (H€aggman and Salovaara 2008)

sourdoughs. According to said results (Fig. 4a and Table 2),

a 1 day-fermentation period was needed to reach sufficiently

high counts of Lactobacillus and a significant decrease of pH,

which represents an important breakthrough to be consid-

ered when attempting to choose an appropriate time for the

(first) fermentation of sourdough for broa.

The role of sourdough fermentation upon inhibition of

food spoilage and pathogenic microorganisms is mainly

attributed to the LAB present therein, whereas homofer-

menters have a greater inhibitory effect against coliforms

than heterofermenters. LAB can inhibit growth of accompa-

nying microorganisms (contributing to their predominance

and to regulation of microbial interactions in such complex

systems) via production of several compounds, namely

organic acids (in particular, acetic and lactic acids), hydrogen

peroxide, carbon dioxide, ethanol and diacetyl. On the other

hand, the relative insensitivity of some yeast strains contrib-

utes to their stable interactions with LAB in sourdoughs

(Gobbetti and Corsetti 1997; Gobbetti 1998; Messens and de

Vuyst 2002; Corsetti and Settanni 2007). Furthermore, LAB

bacteriocins and bacteriocin-like inhibitory substances (pro-

duced by different LAB genera) are likely active against a

large variety of Gram-positive bacteria (including spores of

Bacillus and Clostridium), whereas Gram-negative bacteria

are usually resistant, as well as yeasts and fungi (Gobbetti

and Corsetti 1997; Caplice and Fitzgerald 1999; Messens and

de Vuyst 2002; Corsetti and Settanni 2007; Settanni and Cor-

setti 2008). LAB, belonging to Lactobacillus, Lactococcus, Ped-

iococcus and Leuconostoc genera, are also known to limit

mycotoxinogenic mold growth (Dali�e et al. 2010).

After having remained constant for 1 day Clostridium

counts decreased significantly and eventually vanished by 3

days, under regular fermentation conditions (Fig. 4a and

Table 2). Moreover, the same 1 day-advance in fermentation

behavior was observed under agitation (Fig. 4a,b and Table

2); however, and unlike regular fermentation, a decrease
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occurred in these viable counts from 0 to 1 day (Fig. 4b and

Table 2). Under agitation, viable counts on RCM were signif-

icantly higher (a 5 0.05) by 1 day, and lower by 2 days, but

were essentially similar throughout the remaining period

(Table 3).

A large number of specific viable Clostridium species

should be present in food to cause poisoning symptoms,

while dangerous exotoxin-producer Clostridium species are

more frequent in other foods where severe heat processing

(as happens in bread) is not employed at all (Harrigan and

McCance 1976). In fact, thermal baking and relative low pH

values hamper their development throughout storage of

broa. The effect of broa spontaneous sourdough fermenta-

tion toward Clostridium depletion is apparent in Fig. 4a and

Table 2.

Bacillus (on BCM) were found to increase in number, and

essentially remain at relatively high levels throughout this

long-term fermentation (Fig. 4a and Table 2). Maximum

viable counts were obtained by 1 day in both fermentations

(Fig. 4a,b and Table 2). In regular fermentation, minima val-

ues were observed initially (t 5 0 day) and by 14 days (Fig.

4a and Table 2). Under both fermentation conditions, Bacil-

lus species (Fig. 4a,b and Tables 2 and 3) exhibited similar

trends over 14 days, but were always significantly lower

(a 5 0.05) under stirring (Table 3), except for the absence of

differences by 1 day. The most abundant species of Gram-

positive rods genera in sourdough for broa were reported by

Rocha and Malcata (1999).

Unlike Gram-negative rods, the relatively high viable

counts of endospore-forming Gram-positive rods (grown on

BCM) observed throughout the whole period under scrutiny

(Fig. 4a and Table 2) revealed the almost inevitability of hav-

ing such microorganisms present during spontaneous sour-

dough fermentations. Bacillus spp. may grow over a wide

range of pH values (from 2 to 11), which explains their

ubiquitous presence in nature (Claus and Berkeley 1986).

Based on the data hereby generated, Bacillus are present to

important levels in sourdoughs and, therefore, their role in

spontaneous sourdough fermentation (rather than their

potential health risks) has been clearly underestimated. In

our view, said findings constitute an important contribution

to sourdough science, and unfold a new challenge; more spe-

cifically, there is a need to better specify the role of ubiqui-

tous Bacillus species in sourdough fermentations. Some

species (e.g., Bacillus subtilis, Bacillus coagulans and Bacillus

cereus) are broadly known to cause food spoilage, e.g., ropi-

ness in bread and related foods, and are even potentially

harmful to humans (Doyle 1989). According to Salovaara

(1998), acids produced by LAB inhibit germination of endo-

spores of Bacillus spp., which may, however, survive baking

temperatures.

Therefore, the acidification via spontaneous sourdough

fermentation appears important to effectively prevent

malfermentation and bread spoilage, mainly as a result of

poor hygienic practices and conditions prevailing in the bak-

ery equipment. At pH levels typical of sourdoughs, the

growth and activity of spoilage and ropiness microorganisms

(e.g., some strains of B. subtilis, Bacillus licheniformis, Bacil-

lus megaterium and B. cereus, as well as some species of Clos-

tridium) may be prevented. Representative strains of B.

subtilis and B. licheniformis may cause food-borne illness if

present to levels over 105 CFU/g. Although food-borne ill-

nesses related to consumption of ropy bread are unlikely to

happen (due to the slimy manifestation of the crumb),

loaves with relatively high counts of those species and no

apparent rope symptoms may cause diarrhoea and vomiting

(R€ocken and Voysey 1995; Messens and de Vuyst 2002; Cor-

setti and Settanni 2007; Settanni and Corsetti 2008).

Despite claims that the levels of bacilli observed by the

first 24 h of spontaneous sourdough fermentation do not

constitute a real problem for broa breadmaking and con-

sumption, their potential risks demand special caution; since

Bacillus are present to high levels during spontaneous sour-

dough fermentation, their technological role upon spontane-

ous sourdough fermentation should not be neglected, unlike

has happened to date. Moreover, extension of fermentation

period would be a good manufacturing practice to be imple-

mented in small-scale traditional breadmaking of broa, in

attempts to increase food safety, thus avoiding potential

(even remote) risks related to some groups of microorgan-

isms. This realization is particularly important because short

fermentation periods are frequent, thus resulting in broa

exhibiting acidity well below that found in most sourdough

breads. The implementation of such a procedure would

not bring relevant logistic or technological constraints to

the rural households where such a type of bread is

manufactured.

Gram-Positive Cocci

In both fermentations (So and So-ag), Staphylococcus viable

counts on BPM decreased significantly since the first day,

and disappeared rapidly after 2 days (Fig. 5a,b and Table 2).

Viable counts on BPM remained essentially the same by 0–1

days under agitation, but decreased during regular fermenta-

tion; furthermore, significantly lower values (a 5 0.05) at 0

day and higher at 1 day were attained under aeration (Table

3). The dynamics of disappearance of Staphylococcus (grown

on BPM) was faster than that of Gram-negative rods (Fig. 3a

and Table 2).

In both fermentations, Gram-positive catalase-negative

cocci (Fig. 5a,b and Table 2) grew significantly in number

within the first 24-h, but they also decreased rapidly after-

ward. Distinct behaviors resulted in both fermentations

(Fig. 5a,b and Table 2). Under regular fermentation (Fig. 5a

and Table 2), they remained at relatively high values until
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9 days-fermentation but vanished afterward (14 days),

whereas minimum viable counts were reached by this time

under aeration (Fig. 5b and Table 2). In most culture media

used, this group of microorganisms reached the maximum

by 1 or 2 days under regular fermentation (Fig. 5a and Table 2),

or by 1 day under agitation conditions (Fig. 5b and Table 2).

This significant growth of Gram-positive catalase-negative

cocci and their permanence for a relative long period con-

firm their importance in spontaneous sourdough fermenta-

tion, and justify their use in commercial starter cultures.

On the other hand, viable counts of Gram-positive catalase-

negative cocci in both fermentations were as follows (Fig.

5a,b, and Tables 2 and 3): mostly similar (a 5 0.05), by 0

and 1 days; unlike in KEAA medium, one observed signifi-

cantly lower values (a 5 0.05) under agitation by 2 to 9

days on M17, KFS and MSE media; and (as stated before)

counts were negligible by 14 days under regular fermenta-

tion, unlike happened under aeration. Description of typi-

cal Gram-positive cocci found in sourdough for broa may

also be found in Rocha and Malcata (1999).

In spontaneous dough fermentation, LAB (which are the

major contributors to acidification of dough) dominate rap-

idly over Gram-negative bacteria, in particular those belong-

ing to Lactobacillus genus (R€ocken and Voysey, 1995; de

Vuyst et al. 2009). LAB are generally mesophilic but can

grow under a wide range of temperatures (from 5 to 45C).

In addition, most LAB strains grow at pH values ranging

from 4.0 to 4.5, while some grow at pH values of 3.2 or 9.6

(Caplice and Fitzgerald 1999). Nevertheless, our Gram-

positive catalase-negative cocci counts showed tended to dis-

appear in long term fermentations. In fact, drying and acidic

conditions prevailing during mother-dough storage may

lead to LAB depletion in sourdough (Messens and de Vuyst

2002; Corsetti and Settanni 2007).

The relevant foregoing results of Gram-positive cocci (Fig.

5a,b and Table 2) emphasized the effect of fermentation time

upon mother-dough microbiota. As stated before, mother-

dough is preserved in home-bakeries and used on a weekly

(or even monthly) basis, according to farmer’s needs and the

current season of year. Hence, an irregular use of mother-

dough (besides short dough fermentation periods) may

favor decrease of its biodiversity with regard to lactic cocci

(viz. Enterococcus, Pediococcus, Lactococcus and Leuconostoc).

In a previous study (Rocha and Malcata 2015), no significant

differences in viable counts of Gram-positive cocci were

observed throughout a storage period of mother-dough for

6 days at 4C.

General Discussion

After manual kneading and under regular fermentation con-

ditions (Figs. 2a and 5a; Table 2), dough generally showed

low viable counts of total microorganisms, yeasts, Bacillaceae

and Lactobacillus, but high viable counts of Staphylococcus

and Enterobacteriaceae. Furthermore, high total viable

counts were reached by 2 days of fermentation, although

Staphylococcus vanished by this time. Enterobacteriaceae and

Clostridium vanished by 3 days, Pseudomonadaceae by 7

days and Gram-positive catalase-negative cocci by 14 days.

Pseudomonadaceae, Lactobacillus, endospore-forming

Gram-positive rods and Gram-positive catalase-negative

cocci grew significantly within the first 24 h.

Lower counts of total viable microorganisms, Bacillus and

Lactobacillus were typically obtained under increased aera-

tion (Figs. 2b and 5b; Table 2), whereas higher yeast counts

were observed from 3 to 9 days. In the first 3 days, however,

evolution of total viable counts, yeasts, Pseudomonas and

Clostridium were faster under agitation, with disappearance

of Enterobacteriaceae, Clostridium and Staphylococcus con-

comitantly observed. Regarding lactic acid Gram-positive

cocci (grown on M17, KFS, KEAA and MSE media), a dis-

tinct behavior was found according to fermentation type

(Table 3): significantly higher viable counts were attained

throughout 2–9 days under regular fermentation, with van-

ishing by 14 days (unlike observed under aeration).

Since sourdough is an intermediate product, the role of

the associated microorganisms may to advantage be assessed

via their impact upon the final bread and other baked goods.

The microbial growth and activity in sourdoughs are in gen-

eral dependent on endogenous factors – i.e., those deter-

mined by cereal constituents (e.g., carbohydrate, nitrogen,

vitamin, mineral and enzyme profiles), and on exogenous

factors or processing parameters – such as temperature and

time of fermentation, dough yield, redox potential, addition

of sodium chloride, use of a sourdough starter or indigenous

microorganisms, and number of propagation steps (Arendt

et al. 2007).

The metabolic interactions between sourdough microor-

ganisms enable them to use sources of substrates that would

otherwise not be available; furthermore, the capacity to fer-

ment other metabolites as a function of the prevailing eco-

logical environments is also frequent. According to Gobbetti

and Corsetti (1997), aeration may also induce changes in the

metabolism of microorganisms; for instance, they verified

that a fructose-negative strain of L. sanfranciscensis can co-

ferment fructose in the presence of glucose and maltose. The

same authors stated that similar changes in the sugar metab-

olism of obligate heterofermentative lactobacilli may also be

induced by aeration, or by addition of other suitable electron

acceptors instead of fructose (e.g., citrate or malate).

As stated earlier, sourdough under stirring became fully

dry by 14 days; therefore, it is expected that the decreasing

water activity dramatically affects microbial growth therein.

Such an extended stirring period would not be practical at

all, especially because manufacture of broa at artisanal and

household scale is entirely handmade.
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When comparing results in both fermentations (Figs. 2–5;

Tables 2 and 3), a faster microbiota evolution was apparent

under agitation. This finding may be of great importance,

since fermentation represents a major processing step toward

elimination of undesirable microorganisms. Although mech-

anized stirring may hardly be applicable in broa manufac-

ture, an increase in manual kneading would certainly be

feasible.

Final Considerations

Sourdough fermentation is usually required to bring about a

few baking improvements, mostly arising from acidification

during fermentation: increased loaf volume, shorter mixing

time, increased mineral bioavailability, better machinability,

more elastic behavior, enhanced anti-stalling features, higher

sensory scores, longer shelf-life and improved nutritional

value (Mart�ınez-Anaya 1994; Arendt et al. 2007). However,

presence of microorganisms other than LAB and yeasts has

systematically been overlooked in the past, as well as the

effect of extra aeration upon sourdough acidification.

Type-I sourdough for Portuguese broa is traditionally pre-

pared by trial and error and at irregular periods, so a wide

variation between batches is expected. To obtain a more sta-

ble sourdough and a final broa characterized by a higher and

more consistent quality (i.e., improved taste, extended shelf-

life, and enhanced resistance against microbial spoilage),

control of selected breadmaking steps is a must. Our results

suggested that inoculation with mother-dough at more regu-

lar intervals, and extension of fermentation time are feasible

routes to address this goal; such approaches do not disturb

the classical manufacture protocols at farm level. Regulation

of acidity of broa (recall that pH 3.5–4.0 is usually accepted

as optimum for sourdough breads) is thus of major impor-

tance to obtain a compromise between a pleasant acidic taste

and a reasonable anti-bacterial and anti-mold performance

(Mart�ınez-Anaya 1994; Corsetti and Settanni 2007); and

extra stirring for some time may help in this particular, as it

fastens microbial metabolism, and consequently changes the

microecology prevailing in dough.

CONCLUSIONS

The evolution of the micro-ecology during a long-

fermentation period (hardly tackled so far in the literature),

was studied in sourdough for broa, a Portuguese traditional

bread made of maize and rye flours. Our results showed that

a pH decrease, mainly due to metabolic activity of LAB,

occurs in the first day of either type of fermentation condi-

tions; pH further decreased 0.5 units by 14 days. Results also

showed that spontaneous sourdough fermentation (i.e., the

first fermentation prior to dough preparation) by a period of

2–3 days is recommended as a compromise between

disappearance of microorganisms and sufficient multiplica-

tion of beneficial microorganisms, as well as to allow dough

reach the acidity typical of sourdough breads. On the other

hand, keeping mother-dough without renewal for a long time

caused Gram-positive cocci belonging to LAB to essentially

vanish.

Regarding fermentation under continuous, gentle mixing,

our results showed that faster evolution of dough microbiota

is promoted by aeration. One should specifically draw atten-

tion to the role of other groups of microorganisms, such as

ubiquitous endospore-forming Gram-positive rods Bacillus,

in spontaneous sourdough fermentations further to lactoba-

cilli and yeasts.

NOMENCLATURE

Ag agitation

B broa (bread)

CFU colony-forming units

DY dough yield

LAB lactic-acid bacteria

M maize flour;

MD mother-dough

R rye flour

So sourdough (sourdough obtained under regular fer-

mentation conditions, i.e., without agitation/

aeration)

So-ag sourdough under agitation
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