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Understanding how the dough fermentation conditions influence the wheat bread 
production time and the bread aroma is important for the bread industry. The overall 
purpose of this PhD project was to investigate the effects of commercial baker’s yeast 
(level and type) and fermentation temperature on dough expansion and aroma in bread 
crumb.

In Paper I the effects of commercial baker’s yeast (level and type) and fermentation 
temperature on dough expansion were investigated. Wheat doughs were fermented 
by seven commercial baker’s yeasts at three yeast concentrations (2.88•1011, 5.76•1011 
and 8.64• 1011 CFU/kg flour) and four fermentation temperatures (5, 15, 25 and 35°C). 
Dough expansion was investigated by monitoring the dough height and the expansion 
profile was found to be described well by a first order kinetic model.  The highest kinetic 
rate constants corresponding to the shortest fermentation times were found for doughs 
fermented at 25°C and the highest yeast concentration. Doughs fermented by four of 

the seven baker’s yeasts had significantly shortest fermentation times. The longest fermentation times were generally found for 
doughs fermented with all baker’s yeasts at 5°C and the lowest yeast concentration (2.88•1011 CFU/kg flour).

In Paper II, III and V wheat breads were produced for volatile analysis. The dough samples were fermented to equal height and 
baked and the volatile compounds from the bread crumb were extracted by dynamic headspace sampling and analysed by gas 
chromatography mass spectrometry. A wide range of volatile compounds was identified in bread crumb, mainly originating from 
the activity of yeast.  The dominating fermentation compounds were alcohols, aldehydes as well as 2,3-butanedione (diacetyl), 
3-hydroxy-2-butanone (acetoin), esters and acids. Furthermore, oxidation of flour lipids was generating primarily aldehydes and 
ketones. 

In Paper II the effects of yeast level (20, 40 and 60 g baker’s yeast/kg flour) and fermentation temperature (5, 15 and 35ºC) 
on aroma in bread crumb were investigated. Fermentation with the highest yeast concentration (60 g/kg flour) resulted in bread 
containing the highest concentration of the majority of the compounds formed from yeast activity. A fermentation temperature 
at 5°C resulted in breads with the highest concentration of esters having fruity odours. Fermentation at 15 and 35°C resulted in 
breads with the highest concentration of many lipid oxidation compounds (sometimes characterised as off-odours).

In Paper III the effect of the type of commercial baker’s yeast (2.88•1011 yeast CFU/kg flour) on bread aroma was investigated. 
Significantly different aroma profiles between bread fermented by the seven commercial baker’s yeasts were found. The differ-
ences in the aroma profiles may be due to differences in the gene-regulated mechanisms and biosynthetic pathways of aroma 
compound formation between different yeast strains during dough fermentation.

Commercial baker’s yeast (level and type) and fermentation temperature are concluded to significantly influence the fermen-
tation time and the aroma profile of bread crumb. Sensory analysis and analysis of acids and non-volatile compounds in breads 
fermented at the same conditions as in this PhD thesis could be relevant in future research studies to elucidate the importance of 
the different chemical components for the flavour and taste of bread. 
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ABSTRACT 
 
Understanding how the dough fermentation conditions influence the wheat bread production time 
and the bread aroma is important for the bread industry. The overall purpose of this PhD project is 
to investigate the effects of commercial baker’s yeast (level and type) and fermentation temperature 
on dough expansion and aroma in bread crumb. 
 
In Paper I the effects of commercial baker’s yeast (level and type) and fermentation temperature on 
dough expansion were investigated. Wheat doughs were fermented by seven commercial baker’s 
yeasts (baker’s yeast I to VII) at different yeast concentrations (2.88•1011, 5.76•1011 and 8.64•1011 
CFU/kg flour, corresponding to 20-40, 40-80 and 60-120 g/kg flour) and fermentation temperatures 
(5, 15, 25 and 35°C). Dough expansion was investigated by monitoring the dough height and the 
expansion profile was found to be described well by a first order kinetic model.  The highest kinetic 
rate constants corresponding to the shortest fermentation times were found for doughs fermented at 
25°C and the highest yeast concentration. Doughs fermented with commercial baker’s yeast I, II, III 
and V had shorter fermentation times compared to fermentation with baker’s yeast IV, VI and VII. 
The longest fermentation times were generally found for doughs fermented with all baker’s yeasts 
at 5°C and the lowest yeast concentration (2.88•1011 CFU/kg flour). 
 
In Paper II, III and V wheat breads were produced for volatile analysis. The dough samples were 
fermented to equal height and baked and the volatile compounds from the bread crumb were ex-
tracted by dynamic headspace sampling and analysed by gas chromatography mass spectrometry. A 
wide range of volatile compounds was identified in bread crumb, mainly originating from the ac-
tivity of yeast and from oxidation of flour lipids.  The dominating fermentation compounds were 
alcohols, aldehydes as well as 2,3-butanedione (diacetyl), 3-hydroxy-2-butanone (acetoin), esters 
and acids. Furthermore, oxidation of flour lipids was generating primarily aldehydes and ketones.  
 
Quantification of the volatile compounds in bread crumb was performed by multiple headspace 
extraction (Paper II, III and V). The compounds were evaluated according to their odour activity 
value (OAV). The most aroma active compounds (OAV > 6) identified in bread crumb were; (E)-2-
nonanal (green, tallow), 3-methylbutanal (malty), 3-methyl-1-butanol (balsamic, alcoholic), nonanal 
(citrus), hexanal (green), 2,3-butanedione (buttery, caramel), 1-octen-3-ol (mushroom) and phe-
nylacetaldehyde (honey-like). Esters were also identified in bread crumb (e.g. ethyl acetate, ethyl 
hexanoate and ethyl octanoate) and they are of interest because of their fruity and pleasant odours, 
however the OAV’s of the esters were generally low (0.1 to 0.5). 
 
In Paper II the effects of yeast level (20, 40 and 60 g baker’s yeast VII/kg flour) and fermentation 
temperature (5, 15 and 35ºC) on aroma in bread crumb were investigated. Fermentation with the 
highest yeast concentration (60 g/kg flour) resulted in bread containing the highest concentration of 
the majority of the compounds formed from yeast activity (e.g. 2,3-butanedione and phenylacetal-
dehyde), compared to doughs fermented at lower yeast concentrations (20 and 40 g/kg flour). A 
fermentation temperature at 5°C resulted in breads with the highest concentration of the three es-
ters; ethyl acetate, ethyl hexanoate and ethyl octanoate, compared to breads fermented at higher 
temperatures (15 and 35°C). Fermentation at 15 and 35°C resulted in breads with the highest con-
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centration of many lipid oxidation compounds (e.g. heptanal and hexanal) compared to breads fer-
mented at 5°C. 
 
In Paper III the effect of the type of commercial baker’s yeast (baker’s yeast I to VII, 2.88•1011 
yeast CFU/kg flour) on bread aroma was investigated. Breads fermented by commercial baker’s 
yeast I to IV had the significantly highest concentration of 2,3-butanedione and 1-propanol com-
pared to breads fermented by the other yeasts. Furthermore, 3-methylbutanal, 2-methyl-1-propanol 
and ethyl acetate were found in significantly highest concentration in breads fermented by baker’s 
yeast I and II. Phenylacetaldehyde and 2-phenylethanol were found in the significantly highest con-
centration in breads fermented by baker’s yeast V and VI. The fact that dough fermentation time 
and bread aroma was significantly influenced by the type of commercial yeast indicates that some 
of the seven baker´s yeasts might differentiate in yeast strain. 
 
Commercial baker’s yeast (level and type) and fermentation temperature are concluded to signifi-
cantly influence the fermentation time and the aroma profile of bread crumb. Sensory analysis and 
analysis of acids and non-volatile compounds in breads fermented by the same conditions as in this 
PhD thesis could be relevant in future research studies. 
 
  



IV 
 

SAMMENDRAG 
 
Viden om hvordan forskellige fermenteringsbetingelser påvirker produktionstiden og aromaen i 
hvedebrød er vigtig for brødindustrien.  Det overordnede formål med dette PhD projekt er at under-
søge effekterne af kommercielle bage gær (niveau og type) og fermenteringstemperatur på dejek-
spansion og brødaroma. 
 
I Paper I undersøges effekterne af kommercielle bage gær (niveau og type) og fermenteringstempe-
ratur på dejekspansion. Hvededejene blev fermenteret med syv kommercielle gær (bage gær I til 
VII) ved forskellige gærkoncentrationer (2.88•1011, 5.76•1011 og 8.64•1011 CFU/kg mel, svarende 
til 20-40, 40-80 og 60-120 g/kg mel) og fermenteringstemperaturer (5, 15, 25 og 35°C). Dejekspan-
sion blev undersøgt ved at monitorere dejhøjden, og det blev fundet, at ekspansionen af dej kunne 
beskrives ud fra en første ordens kinetisk model. Den højeste kinetiske hastighedskonstant, svaren-
de til den korteste fermenteringstid, blev fundet for deje fermenteret ved 25°C og den højeste gær-
koncentration. Deje fermenteret med de kommercielle bage gær I, II, III og V havde kortere fermen-
teringstider sammenlignet med deje fermenteret med bage gær IV, VI og VII. De længste fermente-
ringstider blev generelt fundet for deje fermenteret med alle bage gær ved 5°C og den laveste gær-
koncentration (2.88•1011 CFU/kg mel). 
 
I Paper II, III og V blev der produceret hvedebrød til analyse af flygtige stoffer. Dejene blev fer-
menteret til den samme højde og bagt, og de flygtige stoffer blev opsamlet og analyseret ved hjælp 
af dynamisk headspace opsamling og gas kromatografi masse spektrometri. En stor variation af 
flygtige stoffer blev identificeret i brødkrummen, og de stammer hovedsageligt fra gæraktivitet og 
oxidation af melets lipider. De dominerende fermenterings stoffer er alkoholer, aldehyder, 2,3-
butanedion (diacetyl), 3-hydroxy-2-butanon (acetoin), estrer og syrer. Derudover dannes især alde-
hyder og ketoner ud fra oxidation af melets lipider. 
 
Kvantificering af de flygtige stoffer i brødkrummen blev foretaget ved hjælp af multiple headspace 
ekstraktion (Paper II, III og V). Aroma aktiviteten af hvert stof blev evalueret ud fra deres duft akti-
vitets værdi (odour activity value; OAV). De mest aroma aktive stoffer (OAV > 6), der blev identi-
ficeret i brødkrummen, var; (E)-2-nonanal (grøn, talg), 3-methylbutanal (malt), 3-methyl-1-butanol 
(balsamisk, alkoholisk), nonanal (citrus), hexanal (grøn), 2,3-butanedion (smøragtig, karamel), 1-
octen-3-ol (champignon) og phenylacetaldehyd (honning). Der blev også identificeret estrer i brød-
krummen (f.eks. ethyl acetat, ethyl hexanoat og ethyl octanoat), og de er interessante på grund af 
deres frugtagtige og behagelige duft, men OAV’erne af estrene var dog generelt lave (0.1 til 0.5). 
 
I Paper II blev effekterne af gærniveau (20, 40 og 60 g bage gær VII/kg mel) og fermenteringstem-
peratur (5, 15 og 35ºC) på aroma i brødkrumme undersøgt. Fermentering med den højeste gærkon-
centration resulterede i brød indeholdende den højeste koncentration af de fleste fermenteringsstof-
fer (f.eks. 2,3-butandion og phenylacetaldehyd) sammenlignet med brød fermenteret ved lavere 
gærkoncentrationer (20 and 40 g/kg mel). En fermenteringstemperatur på 5°C resulterede i brød 
med den højeste koncentration af de tre estrer; ethyl acetat, ethyl hexanoat og ethyl octanoat, sam-
menlignet med brød fermenteret ved højere temperaturer (15 og 35°C). Fermentering ved 15 og 
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35°C resulterede derimod i brød med den højeste koncentration af mange lipid oxidationsprodukter 
(f.eks. heptanal and hexanal) sammenlignet med brød fermenteret ved 5°C. 
 
I Paper III undersøgtes effekten af kommercielle bage gær (bage gær I til VII, 2.88•1011 gær 
CFU/kg mel) på brødaroma. Brød fermenteret med bage gær I til IV havde den signifikant højeste 
koncentration af 2,3-butanedion og 1-propanol sammenlignet med brød fermenteret med bage gær 
V til VII. Derudover var koncentrationen af 3-methylbutanal, 2-methyl-1-propanol og ethyl acetat 
signifikant højest i brød fermenteret med bage gær I og II. Koncentrationen af phenylacetaldehyd 
og 2-phenylethanol var derimod signifikant højest i brød fermenteret med bage gær V og VI. Den 
kendsgerning, at både fermenteringstiden og brødaromaen var signifikant påvirket af typen af 
kommerciel bage gær, indikerer at nogle af de syv kommercielle bage gær måske indeholder for-
skellige gær stammer.  
 
Type og niveau af kommercielle bage gær samt fermenteringstemperatur er tre vigtige faktorer, der 
signifikant påvirker både fermenteringstiden af dej og aromaprofilen i brødkrummen. Sensoriske 
analyser og analyser af syrer og ikke-flygtige stoffer i brødkrumme fermenteret under samme betin-
gelser som undersøgt i denne PhD afhandling, kunne være relevant i fremtidige forskningsstudier. 
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 INTRODUCTION 1.
 
Flour, water, salt and yeast are the four basic ingredients that by mixing, fermentation and baking 
can undergo the unique transformation to aromatic bread. Bread making has been known for over 
6000 years (Jacob, 1944) and bread is still a very important part of the diet for people in most parts 
of the world. 
 
The quality of bread is often described by the texture, the volume and the aroma. For decades re-
search has mainly been focussing on improving bread texture and increasing volume (Young, 
2012). However, recently focus from both the consumers and the bread industry has been directed 
more towards aroma as a quality criterion.  
 
The aroma of wheat bread crumb is mainly formed from the fermentative activity of yeast and from 
oxidation of flour lipids (Schieberle and Grosch, 1991; Frasse et al., 1992), while the aroma of 
bread crust is mainly formed by Maillard reactions during baking (Purlis, 2010). Changes in the 
fermentation conditions therefore mainly influence the aroma formation in the crumb. Today, indus-
trially produced wheat bread is often made from dough with a high concentration of yeast (40-60 
g/kg flour) and the dough is fermented at high temperatures (30 to 35°C) in order to decrease the 
production time (Cauvain, 1998). A short production time (1-2 hrs) results in an economical benefit 
and a continuous flow on the production line. However, it is generally believed that a longer fer-
mentation time results in bread with a more pleasant aroma (Decock and Cappelle, 2005), although 
only few studies have been done within this area (Schieberle and Grosch, 1991; Maeda et al., 2009). 
Fermentation temperature has been found to influence aroma formation during wine fermentation 
(Beltran et al., 2008), however knowledge within the influence of temperature on volatile formation 
during dough fermentation is sparse (Gassenmeier and Schieberle, 1995).  
 
Furthermore, little attention has generally been paid towards the influence of the yeast strain in 
bread making, however research within alcoholic fermentation shows that the strain of yeast is very 
important for the aroma profile of the final fermented beverage (Procopio et al., 2011; Suárez-Lepe 
and Morata, 2012). Different commercial baker’s yeasts may potentially consist of different strains 
of Saccharomyces cerevisiae.  
 
Different yeast strains might also have different fermentative activities influencing the dough ex-
pansion profile and hence the dough fermentation time. Furthermore, changes within yeast level and 
fermentation temperature will most likely alter the fermentation time of the dough. Thorough inves-
tigation of these correlations will provide important information for the baking industry, as dough 
fermentation time is an important aspect. 
 
Bread staling is an important issue for the bread industry as the shelf-life of wheat bread is marked-
ly decreased by bread firming during storage. A possible influence of the fermentation conditions 
on bread staling is relevant to investigate, as it is assumed that a long fermentation time might de-
crease the staling rate, caused by an increased time for starch degradation by α-amylases naturally 
present in the flour. 
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1.1 Overall purpose 
The overall purpose of this PhD project was to investigate the influence of commercial baker’s 
yeast (level and type) and fermentation temperature on dough expansion and aroma in bread crumb. 
 

1.2 Overview of the research work 
An overview of the research work can be seen in Figure 1 and the purposes of Paper I-V are pre-
sented in section 1.2.1 and 1.2.2. 
 

Figure 1. Overview of the research work carried out in this PhD thesis. 

 
 

1.2.1 Dough expansion 
Paper I 
The purpose was to investigate the expansion of doughs fermented by seven commercial com-
pressed baker’s yeasts by development of a theoretical kinetic model. Simultaneously, the effects of 
temperature (5, 15, 25 and 35°C) and yeast concentration (2.88•1011, 5.76•1011 and 8.64•1011 

CFU/kg flour) on dough expansion were investigated.  
 

1.2.2 Bread aroma 
Paper II 
The purpose was to investigate how different yeast concentrations (20, 40 and 60 g Malteserkors/kg 
flour) and dough fermentation temperatures (5, 15 and 35°C) influence the aroma profile of wheat 
bread crumb. 
 
Paper III 
The purpose was to investigate the influence of seven commercial baker´s yeasts on the formation 
of bread aroma by comparing the aroma profile of bread fermented at 25°C by seven commercial 
compressed baker’s yeasts (2.88•1011 CFU/kg flour).  
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Paper IV 
The purpose was to present the compounds identified in wheat bread crumb from 11 research stud-
ies from 1979 to 2013 with focus on the most aroma-active compounds. Furthermore, the purpose 
was to provide an overview of the complex reactions involved in formation of the volatile com-
pounds during dough fermentation. Crust aroma compounds might diffuse into the crumb, therefore 
an overview of the most aroma-active crust aroma compounds formed during baking were also pre-
sented.   
 
Paper V 
The purpose was to investigate the possibility of using multiple headspace extraction (MHE) com-
bined with dynamic headspace sampling followed by gas chromatography-mass spectrometry in 
order to quantify the aroma compounds in bread crumb. The sample set consisted of bread ferment-
ed with 40 g Malteserkors/kg flour at 15°C. 

.  
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 BREAD MAKING 2.
 
The expansion of dough and formation of bread aroma compounds are highly influenced by the 
ingredients as well as the bread making process. In this section ingredients and processes used in 
Paper I-III and V are described. Furthermore, the influence of the fermentation conditions on dough 
expansion is discussed.  
 

2.1 Ingredients 
As for all processed food products the quality and the choice of ingredients used in bread making 
are very important factors for the overall quality of the final bread product. A list of ingredients in 
the wheat bread produced in Paper I-III and V is presented in Table 1.  

 

Table 1. Ingredients in wheat bread produced for Paper I-III and V. 
Ingredients % of Flour, w/w 
Wheat flour (adjusted to 14% moisture content) 100 
Watera 61.6 (Paper I and III) and 63.3 (Paper II and V) 
Baker’s yeast 2-6 (Paper II), 4 (Paper V) and 2-12b (Paper I and III) 
Salt 1.3 
Sugar 1.3 
aThe amount of water was chosen from knowledge of the water uptake of the flour and pre-trials with baking of doughs 
containing  different amounts of water. bIn Paper I and III the amount (w/w) of baker’s yeast varies according to the 
amount of colony forming units (CFU) in the seven commercial baker’s yeasts, three different concentrations were 
used: Paper I (2.88•1011, 5, 76•1011 and 8.64•1011 CFU/kg flour) and Paper III (2.88•1011 CFU/kg flour) . 

 

The amounts of yeast in doughs investigated in Paper II and V were based on the weight of baker’s 
yeast (Table 1), as the study was based on one type of commercial yeast (Maltserkors). While in 
Paper I and III the amount of added yeast to the dough was based on the number of colony forming 
units (CFU) of yeast cells in seven commercial bakers yeast’s (Table 1). 

 

2.1.1 Wheat flour 

Wheat flour is the main ingredient in typical wheat bread and the main constituents of wheat flour 
are given in Table 2.  

 

Table 2. Constituents of wheat flour (Pedersen and Eggum, 1983; Goesaert et al., 2005). 
Wheat flour %  
Starch 70-75 
Water 14 
Proteins (mainly gluten) 10-12 
Dietary fibres 2-3 
Lipids 2 
Minerals 0.7 
Sugars 0.5 
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The gluten proteins (gliadins and glutenins) are highly responsible for formation of the strong, co-
hesive and viscoelastic network formed during mixing (Li et al., 2004; Barak et al., 2013). The gli-
adins primarily form intra-chain disulphide bonds with cysteine residues (Shewry and Tatham, 
1997) and they have been found to provide extensibility to the dough, allowing the dough to rise 
during fermentation (Khatkar et al., 1995). The glutenins also form intra-chain disulphide bonds 
with cysteine residues, but they also form inter-chain disulpide bonds with cysteine residues to oth-
er glutenins (Shewry and Tatham, 1997). Glutenins provide elasticity and strength to the dough, 
preventing the dough from being over-extended and collapse during fermentation or baking 
(Khatkar et al., 1995). The gluten proteins bind water during mixing (Bot and de Bruijne, 2003), 
and a high content of gluten and a high gluten quality are generally correlated to a high water up-
take of the flour. The gluten content in wheat flour is primarily influenced by the method of cultiva-
tion of wheat but also by the variety, while the gluten quality is primarily genetically determined 
(Shewry et al., 1995). The composition of high molecular weight (HMW) subunits of glutenin has 
been found to be the dominating factor determining the gluten strength (Popineau et al., 2001). 
Flours from different wheat varieties might therefore exhibit differences in dough volume capaci-
ties, since the gluten content and quality might differ (Khatkar et al., 1995; Barak et al., 2013). 
 
Starch originates from the endosperm of the wheat kernel and starch consists of approximately 25% 
amylose and 75% amylopectin (Goesaert et al., 2005). Amylose is an essentially linear molecule, 
consisting of α-(1,4)-linked D-glucopyranosyl units with a degree of polymerisation (DP) in the 
range of 500–6000 glucose units. In contrast, amylopectin is a very large, highly branched polysac-
charide with a DP ranging from 3•105 to 3•106 glucose units. It is composed of chains of α-(1,4)-
linked D-glucopyranosyl residues which are interlinked by α-(1,6)-bonds (Goesaert et al., 2005) . 
 
The level of α-amylases naturally present in wheat flour is important, as α-amylases are responsible 
for converting hydrated starch molecules into dextrins during baking. α-Amylases has its maximum 
activity between 60 and 70°C and the α-amylase is inactivated at 85°C (van der Maarel et al., 2002). 
A high α-amylase activity (Falling number <180 sec) increases the rate of starch degradation and 
hence the risk of sticky bread (Every and Ross, 1996). Very low α-amylase activity (Falling number 
> 300 sec) result on the other hand in starch molecules being so large that it complicates the starch 
gelatinisation, making the bread dry and crumbling. The enzyme activity is mainly influenced by 
the weather conditions at the time of harvesting (Dornez et al., 2008). 
 
Wheat flour should have a certain quality, before it is accepted for commercial wheat bread making, 
primarily regarding gluten content, gluten quality, α-amylase activity, and water uptake. The ac-
ceptable levels of these parameters in wheat flour for bread making and the standard methods used 
for testing the flour used in Paper I-III are given in Table 3.  
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Table 3. Acceptable gluten content (% wet gluten), gluten quality (gluten wash), α-amylase activity (Falling number), 
dough development time (calculated from a farinogram) and water uptake (calculated from a farinogram) in wheat flour 
for bread making. 
Quality test Acceptable level Method used in Paper I-III 

% Wet gluten > 26a AACC method no. 38-12 (AACC, 1995b) 

Gluten wash Elastic and coherentb AACC method no. 38-12 (AACC, 1995b) 

Falling number 220-250 seca ICC standard method no. 107/1 (ICC, 1995) 

Farinograph dough parameters: 

     Water uptake 

 

> 60c 

 

AACC method no. 54-21 (AACC, 1995a) 
aErekul and Kôhn (2006). bShewry et al.(1995). cCattarall (1998). 

 
Wheat variety has been found to influence the volatile profile of bread, though very few studies 
have treated this subject (Chang et al., 1995; Brabant et al., 2007).  The milling procedure has also 
been found to affect the aroma profile with significantly higher concentrations of some aroma com-
pounds in whole-meal flour when compared to milled white flour (Czerny and Schieberle, 2002). In 
the research work of this PhD thesis milled wheat flour from the same batch was used for the exper-
iments for Paper I-III, respectively. The influence of wheat variety and milling procedure on aroma 
formation in wheat bread was therefore not investigated. 
 
2.1.2 Baker’s yeast 
Baker’s yeast, which consists of the yeast species Saccharomyces cerevisiae (Figure 2), is the typi-
cal leaving agent used in wheat bread making, and it is also the most common yeast species identi-
fied on cereals (Poitrenaud, 2004). Commercially produced yeast for bread making was introduced 
in the late 19th century (Weibiao and Nantawan, 2012). Today, baker’s yeast is produced in aseptic 
systems in which the suitable strain is selected and propagated under sterile conditions. Yeast cells 
are grown in specific media for cultivation, and substrate availability, pH, aeration rate, and temper-
ature are all important factors influencing yeast growth (Weibiao and Nantawan, 2012).  

 

                                   
Figure 2. A: Microscopy of Saccharomyces cerevisiae cells (Users.rcn.com, 2013). B: The yeast cell (Williams and 
Pullen, 1998). 
 
 

A B 
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The cells of baker’s yeast vary in size from 6 to 8 µm and are round to oval in shape (Figure 2). 
One g of compressed baker’s yeast with a 30% dry matter content contains about 1*1010 Colony 
Forming Units (CFU) (Paper I and III). Yeast is a unicellular organism. In the nucleus the cell’s 
genetic information is stored as DNA (Figure 2B) and a yeast cell has around 6000 different genes 
(Williams and Pullen, 1998). The yeast reproduces by budding and, in ideal conditions, a cell can 
reproduce itself in 20 min (Williams and Pullen, 1998). 

The following types of compressed commercial baker's yeast were included in the research work in 
Paper I and III: MALTESERKORS from Lallemand, De Danske Gærfabrikker, Grenå, Denmark; 
SKÆRTOFTMØLLE, organically produced baker’s yeast from Agrano, Riegel am Kaiserstuhl, 
Germany; RAPUNZEL, organically produced baker’s yeast from Rapunzel Naturkost AG, Legau, 
Germany; SEMA from Lallemand, Panevezys, Lithuania; L’HIRONDELLE from Le Saffre, 
Marcq-en-Baroeul, France; BRUGGEMAN from Algist Bruggeman, Gent, Belgium; ZYMAROM 
from Algist Bruggeman, Gent, Belgium. In Paper II and V the baker’s yeast named MAL-
TESERKORS was the only yeast included in the study. All baker’s yeasts were used a few days 
after the purchase and therefore well before their expiration dates. 
 

2.1.3 Additional ingredients 

Water is added to the dough in order to hydrate primarily the gluten proteins and starch molecules. 
The content of water in wheat dough is typically 55-60% depending on the water uptake of the flour 
(Table 3). The content of water showed no significant effect on dough expansion when addition of 
56%, 58%, and 60% w/w flour basis, respectively was added to wheat doughs (Chevallier et al., 
2012).  
 
The content of salt in wheat bread is typically 1-2% of the flour. Salt has been found to increase the 
cross-linking of gluten proteins and hence strengthen the gluten network (Lynch et al., 2009; Beck 
et al., 2012). Furthermore, salt decreases the metabolic activity of yeast by increasing the osmotic 
pressure on the semi-permeable membrane of yeast cells (Lynch et al., 2009). Salt also functions as 
a flavour enhancer, and it is an important taste component in bread (Salovaara et al., 1982; Barylko-
Pikielna et al., 1990). 
 
The presence of fermentative sugars in the dough is essential as substrate for the yeast. The level of 
fermentative sugars in wheat flour is 0.5% of the flour (Table 2) and the level of added sugar to 
wheat dough is usually 1-3% of the flour. The absolute concentration of fermentative sugars in 
wheat dough is typically so low that the yeast has metabolised all the sugar during fermentation 
(Maloney and Foy, 2003).  
 
Besides sugar and salt, a large number of additional ingredients are often used in bread making such 
as ascorbic acid, lipids, enzymes, emulsifiers and shortening, the purpose of these ingredients are 
generally to improve the bread texture, shelf-life and volume. However, the effects of these addi-
tional ingredients on dough expansion or aroma formation were not investigated in the research 
work of this PhD thesis and they will not be further described.  
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2.2 Mixing and fermentation 
The overall aims of mixing are to disperse the ingredients uniformly, to hydrate particularly the 
gluten proteins, to add energy required for gluten network formation and to incorporate air bubbles 
into the dough. When the flour is hydrated under the action of mechanical energy, the gluten pro-
teins gliadin and glutenin form a viscoelastic network as elucidated in section 2.1.1.  
 
After mixing, all the oxygen that has been incorporated into the dough is rapidly used up by the 
yeast (Poitrenaud, 2004). At these anaerobic conditions, the yeast starts to metabolise fermentable 
sugars into carbon dioxide and ethanol as the two primary products (Figure 3) (Lagunas, 1986). S. 
cerevisiae has several transporter mechanisms for taking up mono- or disaccharides (Does and 
Bisson, 1989; Ozcan and Johnston, 1999). Sugar is often added to the dough to initialise the fer-
mentation process, but also maltose, originating from starch molecules degraded by α-amylases, 
naturally present in the flour, can be metabolised during yeast fermentation  (Bell et al., 2001). The 
temperature for optimal fermentative activity of S. cerevisiae is approximately 25°C (Attfield, 
1997).  
 

 

 
Figure 3. Yeast fermentation (Carballo, 2012). 

 

The carbon dioxide produced initially dissolves in the free water in the dough. When it reaches the 
saturation point (0.0303kmol m- 3), carbon dioxide is transformed into the gaseous form, using the 
internal pressure on the impermeable gluten network (Shah et al., 1998). The gas diffuses into the 
air bubbles, which are incorporated and dispersed in the dough during mixing. The elastic and ex-
tensible gluten network formed during mixing retains the gas and enables the dough to rise 
(Maloney and Foy, 2003; Poitrenaud, 2004).  
 
 
 
 
 

Glucose

Pyruvic acid

Acetaldehyde
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CO2

Glycolysis
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2.3 Bread making procedures used in Paper I-III and V 
The mixing procedure and the fermentation conditions used in bread making can vary considerably 
according to the type of bread product produced (Cauvain, 1998). An overview of the bread making 
procedure used in the research work of this PhD thesis is shown in Figure 4.  

 

 
Figure 4. Overview of the bread making procedure used for Paper I-III and V. The conditions that are varied in the 
bread making procedures for Paper I-III are marked bold. 
 
 
Initially all the ingredients were mixed, then the dough was divided and left for fermentation at the 
yeast concentrations and fermentation temperatures specific for Paper I-III and V as described in 
section 1.2. 
 
Dough fermentation times varied greatly according to yeast level, type of commercial baker’s yeast 
and fermentation temperature. The aim in Paper I was to follow the dough expansion at these dif-
ferent fermentation conditions (see section 1.2) and this was done by monitoring the dough height 
by a web camera as exemplified in Figure 5. The dough fermentations in Paper II, III and V were 
terminated (baked) at predefined dough heights. These predefined dough heights were the heights of 
fully developed doughs, and they were determined by baking experiments and subjective evaluation 
of the crumb structure of breads baked with different heights. The exact fermentation times to reach 
the predefined dough height were determined by monitoring the dough expansion in preliminary 
tests (as exemplified in Figure 5). The fermentation times for the doughs in Paper II and III are 

MIXING 

• Flour 
• Water
• Baker’s yeast  (different amounts and types)
• Salt
• Sugar
• All ingredients were mixed for 19 minutes in a baking machine.

DIVIDING

• The mixed dough (exact  weight) was pressed towards the bottom 
of a beaker glass and then covered with tin foil.

FERMEN-
TATION

• The dough was fermented in an incubator at different 
temperatures either to a specific dough height (Paper II, III and 
V) or the dough expansion was monitored without baking (Paper 
I).

BAKING

• The doughs for Paper II, III and V were baked at 130°C with 
steam to a center temperature of 98°C.
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presented in Table 4 and Table 5, respectively. In Paper V the fermentation time was 1h (as the 
dough was fermented by 40g Malteserkors/kg flour at 15°C, Table 4). 
 

 
Figure 5. Monitoring dough expansion with a web camera in a temperature controlled incubator. This is an example 
from a pre-experiment with doughs containing four different yeast concentrations (5, 10, 20 and 40 g Malteserkors/kg 
flour, respectively from left to right). The dough height can be measured as each lego brick is one cm in height. 
 
 
Table 4. Fermentation times for the doughs in Paper II to reach 8 cm in height according to fermentation temperature 
and yeast concentration (g Malteserkors/kg flour). 

 
 

 

 
 

Table 5. Fermentation times in Paper III for doughs fermented with seven commercial baker´s yeasts at a concentration 
of 2.88• 1011 CFU/kg flour and 25°C to reach a total height of 10 cm.  

Baker’s yeast 
Fermentation times (min) for the dough  

to reach a total height of 10 cm 
Malteserkors 100 ± 7 
Skærtoftmølle 71 ± 5 
Rapunzel 65 ± 3 
Sema 60 ± 8 
Zymarom 46 ± 2 
Bruggeman 40 ± 5 
l´Hirondelle 40 ± 6 
 
After fermentation the doughs in Paper II, III and V were baked at 130°C with addition of steam to 
a core crumb temperature of 98°C. It is generally accepted that baking to a core crumb temperature 
of 95°C is necessary for the structure to be adequately rigid throughout the loaf (Wiggins, 1998). 
The doughs in Paper I were not baked, as the aim was to follow the dough expansion (see section 
1.2). 
 
The procedure illustrated in Figure 4 is related to the so-called straight dough process, where all the 
ingredients are added simultaneously before mixing (Cauvain, 1998). Proofing is the final dough-
rising step before baking. Proofing is typically performed at a relatively high temperature (around 
35°C) and relatively high humidity (80%) and this step is typically used in the straight-dough pro-
cess (Wiggins, 1998). Proofing was, however, not included in the research work of this PhD thesis, 
as investigation of the influence of different temperatures on dough expansion and aroma formation 

 
Fermentation  
temperature (°C) 

Yeast concentration (g Malteserkors/kg flour) 
 

20 
 

40 
 

60 
5 21 h 3h 30 min 3h  
15 3 h 1h 35 min 
35 50 min 25 min 15 min 
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was not compatible with the high temperatures used in the proofing step. Furthermore, a simple 
bread making procedure was chosen for optimal control of the changes in the fermentation condi-
tions. 
 

2.4 Influence of the fermentation conditions on dough expansion (Paper I) 
In Paper I the effects of commercial baker’s yeasts (type and level), and fermentation temperature 
on dough expansion were investigated. The fermentation times for optimally developed doughs at 
the different fermentation conditions were estimated by mathematical modelling. 
 

2.4.1 Kinetic rate constants and fermentation time 

The majority of the expanding dough profiles in Paper I followed a first order kinetic model 
(Figure 6), which could be used to estimate the effect of the different fermentation conditions on 
the dough height throughout the fermentation process, as shown in 
 

                                                         h(t)  = b0 + b1 • (1-e-k • t)                                                 Equation 1 

 
where h(t) is the dough height (mm) at time t (min), b0 (mm) is the estimate for the initial height, b1 
(mm) is the estimate for the increment in height and k is the kinetic rate constant (min-1). As a result 
of this equation a high kinetic rate constant therefore corresponds to a short fermentation time. The 
fermentation time is the time required for optimal dough development determined by preliminary 
experiments (see section 2.3).  
 

 
Figure 6. An example of dough expansion at discrete time points/images (●) following the first order kinetic model 
estimate from Equation 1. The estimated initial time point and end time point are marked with ●.The green curve is the 
fitted line. This dough was fermented with the baker’s yeast Bruggeman at a concentration of 2.88•1011 CFU/kg flour at 
15°C.  
 
A limited number of dough expansion profiles did not follow the first order kinetic model showing 
either a convex curve shape instead of a concave in the initial steep curve, or showed another unex-
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pected profile, all resulting in unreliable parameter estimates in Equation 1; these samples will be 
identified distinctly in the results (section 2.4.2 and 2.4.3). Overall the model performance was rea-
sonable good as the differences between the mathematical modelled and the direct determined fer-
mentation times were small for the majority of the samples (see Figure 1B and C in Paper I). The 
model performance is further elaborated in Paper I. 
 

2.4.2 Effect of fermentation temperature and yeast level on dough expansion  

The four fermentation temperatures (5, 15, 25 and 35°C) were chosen to investigate the influence of 
a wide range of temperatures used in bakeries for dough fermentation. The typical industrial dough 
fermentation temperature is between 25 and 35°C (Wiggins, 1998), which is close to the optimal 
temperature for fermentation with S. cerevisiae which is approximately 25°C (Attfield, 1997). A 
fermentation temperature of 5°C is however also used in dough retarding (Cauvain, 1998) and this 
low temperature has also been shown to increase formation of esters with fruity and pleasant odours 
during dough fermentation compared to fermentation at higher temperatures (see section 5.2.3).  
 
An overview of the effects of fermentation temperature and yeast concentration on the kinetic rate 
constants for the expanding doughs fermented with seven commercial baker’s yeasts is shown in 
Table 6. The estimated fermentation times based on the kinetic rate constants are presented in Fig-
ure 7.  
 
Doughs fermented with the baker’s yeasts Malteserkors, Skærtoftmølle, Rapunzel and Sema at 
25°C had significantly higher kinetic rate constants, and hence the shortest fermentation time, when 
the highest yeast concentration (8.64•1011 CFU/kg flour) was used compared to the other fermenta-
tion temperatures and yeast concentrations (Table 6).  This tendency towards the highest kinetic 
rate constants for the doughs fermented at 25°C was also seen for the baker’s yeasts l’Hirondelle, 
Bruggeman and Zymarom at the highest yeast concentration (Table 6). 
 
Gujral and Singh (1999) found that wheat dough fermentation at 27°C resulted in the largest bread 
volume compared to fermentation at 24, 30, 33 and 36°C, which is in close agreement with the re-
sults in Paper I with 25°C as the optimal fermentation temperature. Mousia et al. (2007) investigat-
ed dough expansion rates at 30, 35, 40, 45 and 50°C and they found the highest dough expansion 
rate at 40°C. These results are in close agreement with Chevallier et al. (2012) which found the 
highest dough expansion rate at 35°C compared to 25 and 30°C. The different correlations of fer-
mentation temperature and dough expansion rates found in the research studies are most likely ex-
plained by differences in yeast strains and process variables, however it is generally stated that the 
optimal fermentation temperature of S. cerevisiae is between 25 and 28°C (Attfield, 1997; Redon et 
al., 2011). 
 
As expected, the longest fermentation times for all doughs were generally found at the lowest tem-
perature (5°C) and the lowest yeast concentration (2.88•1011 CFU/kg flour) (Table 6). Doughs fer-
mented with the two highest yeast concentrations (5.76•1011 and 8.64•1011 CFU/kg flour) had statis-
tically more similar kinetic rate constants compared to the doughs fermented with the lowest yeast 
concentration (2.88•1011 CFU/kg flour), which had markedly lower kinetic rate constants (Table 6) 
and hence longer fermentation times (Figure 7). 
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Table 6. Kinetic rate constants (k, min-1) of expanding wheat doughs influenced by yeast concentration and fermentation temperature (Paper I). The results of the two-
way ANOVA are shown for the two factors – yeast concentration (yc) and fermentation temperature (ft) – and their possible interaction (yc•ft).   
 Kinetic rate constant (k, min-1)a  Two-way ANOVAb 

 2.88•1011 CFU/kg flour  5.76•1011 CFU/kg flour  8.64•1011 CFU/kg flour  yc (•1011CFU/kg flour)  ft (°C) 

Yeast 5°C 15°C 25°C 35°C  5°C 15°C 25°C 35°C  5°C 15°C 25°C 35°C  2.88 5.76 8.64  5 15 25 35 

Malteserkors 0.0005g 0.005g 0.01f 0.01f  0.005g 0.02d 0.03c 0.03c  0.02ef 0.02de 0.05a 0.04b          

Sema 0.002d 0.01cd ne 0.01cd  0.01cd 0.03bc 0.03bc 0.03bc  0.03bc 0.03bc 0.09a 0.05b          

Skærtoftmølle 0.002g 0.006fg 0.01ef 0.02de  0.006fg 0.04c 0.04c 0.03d  0.004g 0.05b 0.06a 0.05b          

Bruggeman 0.02 0.04 0.03 0.05  0.03 0.04 0.07 0.06  0.03 0.05 0.1 0.07  b ab a  b ab a ab 

Zymarom 0.01 0.03 0.02 0.04  0.04 0.03 0.06 0.05  0.05 0.04 0.08 0.04  b ab a  a a a a 

Rapunzel 0.004g 0.006g 0.002g 0.03ef  0.02f 0.04de 0.04cde 0.05c  0.05cd 0.06bc 0.08a 0.07ab          

l'Hirondelle 0.03 0.04 ne 0.03  0.07 0.02 0.07 0.08  0.06 0.05 0.1 0.07  a a a  a a a a 
aMean kinetic rate constants of duplicates; ne, not estimated. The kinetic rate constants marked with italic type are estimated from dough expansion curves which do 
not completely fit the first order kinetic model. 
bDifferent letters in the same row indicate significant differences (significance level 95%). When the interaction between yc and ft is significant the letters are shown 
for each kinetic rate constant. If a significant interaction effect was not found, the Tukey HSD test is reported for the two main effects (yc and fc). 
 
Table 7. Kinetic rate constants (k, min-1) of expanding wheat doughs fermented with seven commercial baker’s yeasts at different yeast concentrations (yc) and fer-
mentation temperatures (ft) (Paper I). The results of the one-way ANOVAa are shown for the seven baker’s yeasts. 

 yc Kinetic rate constant (k, min-1)b 

ft (°C) 
(•1011 CFU/kg 
flour) Malteserkors Sema Skærtoftmølle Bruggeman Zymarom Rapunzel l’Hirondelle 

5 2.88 0.0005b 0.002b 0.002b 0.02ab 0.01ab 0.004b 0.03a 

 
5.76 0.005b 0.01b 0.006b 0.03ab 0.04ab 0.02ab 0.07a 

 
8.64 0.02cd 0.03abc 0.004d 0.03bc 0.05ab 0.05ab 0.06a 

15 2.88 0.005c 0.01bc 0.006c 0.04a 0.03a 0.006c 0.03ab 

 
5.76 0.02c 0.03abc 0.04ab 0.04a 0.03bc 0.04ab 0.02c 

 
8.64 0.02 0.03 0.05 0.05 0.04 0.06 0.05 

25 2.88 0.01 ne 0.01 0.03 0.02 0.02 ne 

 
5.76 0.03c 0.03c 0.04c 0.07a 0.06abc 0.04bc 0.07ab 

 
8.64 0.05 0.09 0.06 0.1 0.08 0.08 0.1 

35 2.88 0.01d 0.01d 0.02cd 0.05a 0.04ab 0.03bc 0.03bc 

 
5.76 0.03b 0.03b 0.03b 0.06a 0.05ab 0.05ab 0.08a 

 
8.64 0.04c 0.05bc 0.05bc 0.07ab 0.04c 0.07a 0.07a 

aDifferent letters in the same row indicate significant differences (significance level 95%).  
bMean kinetic rate constants of duplicates; ne= not estimated. The kinetic rate constants marked with italic type are estimated from dough expansion curves which do 
not completely fit the first order kinetic model. 
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Figure 7. Estimated fermentation times for optimally fermented doughs (dough height of 90 mm for doughs fermented at 5°C and dough height of 100 mm for doughs 
fermented at 15, 25 and 35°C) fermented with seven commercial baker’s yeasts at 5 (A), 15 (B), 25 (C) and 35°C (D) (Paper I). Note the different scale on the y-axis. 
If the column is marked not any number (NAN) the dough could not reach the optimal height for that temperature. 
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2.4.3 Effect of baker’s yeast on dough expansion 

The kinetic rate constants were not significantly different between the yeasts when they were fer-
mented at 25°C at the highest yeast concentration (Table 7). This indicates that the activity of all 
baker’s yeast were (statistically) equal at these fermentation conditions.  
 
When fermentations were done at 5, 15 and 35°C higher kinetic rate constants were generally found 
for doughs fermented with four of the baker’s yeasts (Rapunzel, l’Hirondelle, Bruggeman and Zy-
marom) at all yeast concentrations compared to doughs fermented with the three baker’s yeasts 
(Malteserkors, Sema and Skærtoftmølle) (Table 7).  
 
The significant differences in the kinetic rate constants were found in spite of the fact that all 
doughs compared had the same initial yeast CFU. These differences in fermentative activity there-
fore indicate that some of the commercial baker’s yeasts differentiate in yeast strain. The lower ki-
netic rate constants estimated from the expansion of doughs fermented with Malteserkors, 
Skærtoftmølle and Sema are assumed to be due to a lower fermentative activity of the yeast cells in 
these baker’s yeasts compared to the activity of the yeast cells with a higher kinetic rate constant 
(Bruggeman, Zymarom, Rapunzel and l’Hirondelle) (Table 7). If the kinetic rate constants were 
estimated from doughs containing equal yeast amount (g/kg flour) instead of equal number of yeast 
cells (CFU/kg flour) it is assumed that the kinetic rate constants would be markedly different as the 
number of yeast cells per g between the baker’s yeasts differed significantly (see Table 1). 
 
Doughs fermented with three of the seven baker’s yeasts (Malteserkors, Sema and Skærtoftmølle) 
were not able to reach the optimal dough height at 5°C (Table 7 and Figure 7). The different abili-
ties of the seven commercial baker’s yeasts to ferment at 5°C might have something to do with the 
lipid content of their cell membrane. At lower temperatures the fluidity of the yeast cell membrane 
is decreased resulting in a lower activity of the transmembrane proteins responsible for uptake of 
nutrients. Redon et al. (2011) found that different S. cerevisiae strains compensates for this by in-
creasing the formation of triacylglycerides and medium-chain fatty acids, and yeasts having higher 
contents of these compounds are also better at adapting to lower fermentation temperatures. 
 
Bell et al. (2001) also found significant differences in the fermentative activity of 39 wild and do-
mestic baker’s yeasts. The fermentative activity of S. cerevisiae was found to be influenced by the 
cultivation conditions of baker’s yeast (Angelov et al., 1997). The authors found the highest fer-
mentative activity when cultivation of S. cerevisiae was done at pH 6, 32°C and 20% dissolved ox-
ygen (Angelov et al., 1997). Furthermore, the authors found that strains having a high maltase activ-
ity were also having a higher dough leaving ability (Angelov et al., 1997). Hence, the different fer-
mentative activities observed for the seven commercial baker’s yeasts in Paper I, might be caused 
by differences within the cultivation method of the baker’s yeasts or by the mode of regulation of 
maltose utilisation in the yeasts. 
 
A high fermentative activity resulting in a short fermentation time is obviously an economic benefit 
for the baking industry if focus is solely on bread volume. The results in Paper I elucidate that the 
strain of commercial baker’s yeast, the fermentation temperature and the yeast concentration are 
three very important factors influencing the fermentation time of optimally developed doughs.   
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 STALING 3.
 
Staling of bread is defined as almost any changes, except microbial spoilage, that occur in bread 
during storage and which makes it less acceptable to a consumer (Bechtel et al., 1953). Particularly, 
the firming of bread during storage is unwanted in a sensory point of view (Angioloni and Collar, 
2009). Starch has been found to be significantly involved in the complex staling process (Goesaert 
et al., 2009). The transformation of starch during storage has been found to be closely related to 
bread firming. The main proces is the reversible re-crystallisation of amylopectin from the com-
pletely amorpheous state of a fresh baked bread (Figure 8) (Zobel and Kulp, 1996). Starch retro-
gradation is the process in which gelatinised starch molecules re-associate to form a double helix 
crystalline structure (Zobel and Kulp, 1996) (Figure 8). It has been suggested that the increasing 
size and number of crystalline junction zones in the amylopectin network during storage is an im-
portant factor involved in bread firming (Fredriksson et al., 1998; Goesaert et al., 2009). Further-
more, during storage the water migrates within the crumb structure and more water is immobilised 
within the amylopectin crystallites, which furthermore increases crumb firmness (Goesaert et al., 
2009).  

 

 
Figure 8. A model for bread crumb staling showing the molecular structures present in the dough stage, fresh bread, 
staled bread and reheated bread (Zobel and Kulp, 1996). 
 
Today, addition of anti-staling enzymes is a widely used method to limit the formation and the 
strength of the amylopectin network and furthermore to decrease water mobilization in commercial 
wheat bread (Goesaert et al., 2009). Enzymes can normally be added to the dough without labeling 
of the bread, since enzymes are inactivated during baking at around 85°C. Amylases are widespread 
anti-staling enzymes used in the bread industry today. Particularly, the maltogenic α-amylases have 
been highlighted to prevent crumb firming without decreasing crumb elasticity during storage (Hug-
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Iten et al., 2003). The maltogenic α-amylases have been found to degrade the outer amylopectin 
crystallisable branches and significantly lower the average chain length (Goesaert et al., 2009), 
whereas α-amylases, naturally present in the flour, mainly reduce the molecular size of both amyl-
ose and amylopectin, with little effect on the outer crystallisable branches of amylopectin (Hug-Iten 
et al., 2003).  
 
Staling is typically measured by analysis of bread during storage by a Texture Analyser (TA) and/or 
by Differential Scanning Calorimetry (DSC) (Addo et al., 2001; Primo-Martin et al., 2007; 
Angioloni and Collar, 2009; Purhagen et al., 2012). The TA detects the firmness of the crumb by 
measuring the force required for compressing a bread sample and the DSC measures the energy 
required to melt the crystalline amylopectin in a bread sample. The crystallised amylopectin melts 
around 60°C, and the amount of crystalline amylopectin can be measured by integration of the peak 
area from the DSC curve around 60°C (Leon et al., 2006). 
 

3.1 Influence of the fermentation time on bread staling  
Staling is an important issue for the bread industry, as staling significantly decreases the shelf-life 
of fresh bread. Addition of enzymes to the dough has successfully proven to increase the shelf-life 
of bread dramatically. However, some consumers prefer bread without added enzymes and produc-
ers of organic bread typically do not add enzymes to the dough. Therefore it could be relevant to 
investigate if the fermentation time affects the staling rate which, to our knowledge, has not previ-
ously been investigated.  
 
The following hypothesis was constructed: “It is assumed that a longer fermentation time will allow 
the α-amylases, naturally present in the wheat flour, to degrade the starch to a higher extent than if 
the dough is fermented for a shorter period. A longer fermentation time will thereby decrease the 
staling rate”. 
 
To investigate the hypothesis two types of bread samples were produced; short-time fermented and 
long-time fermented bread. Both samples were fermented to an equal dough height at 15°C. The 
short-time fermented bread was fermented for 1 hour with addition of 60 g baker’s yeast/kg flour 
and the long-time fermented bread were fermented for 21 hrs with addition of 5 g baker’s yeast/kg 
flour. The falling number was 280 sec indicating an acceptable enzyme activity in the flour (>250 
Erekul and Kohn (2006)). The samples were analysed during storage (6 days) by DSC and TA. If 
the hypothesis was supported by the results, we furthermore wanted to investigate the aroma profile 
of the bread samples (short-time fermented and long-time fermented bread) during storage supple-
menting the DSC and TA analyses. 
 
The results from the DSC and the TA analyses showed that no significant differences were found in 
the concentration of crystalline amylopectin (Figure 9) or in the increase of bread firming (Table 8) 
between the bread samples fermented at two different fermentation times during storage. Based on 
the result the hypothesis was rejected and the aroma analyses were not completed. 
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Figure 9. Transition enthalpies (∆H, J/g) for melting of crystalline amylopectin in short- and long-time fermented bread 
samples stored for 6 days analysed by Differential Scanning Calorimetry (DSC). The results are based on means of 6 
replicates for each sample and the CV% is 6-12. Unpublished data. 
 

Table 8. Increase in firmness of short- and long-time fermented bread samples stored for 6 days measured by a Texture 
Analyser (TA). The results are based on means of 6 replicates for each sample. The firmness dimensions are from 816 
to 4069 g and the CV% is from 3-12. Unpublished data. 
 Days 

 
1 3 6 

Short-time fermented bread 1.8 2.9 3.4 
Long-time fermented bread 1.6 2.4 3.4 

 

Apparently, the increased fermentation time was not sufficient for the α-amylases to degrade the 
starch to an extent that it could decrease the staling rate. However, it might also be explained by the 
mechanism of starch degradation by α-amylases as mentioned in section 3. Namely, that α-
amylases, naturally present in the flour, compared to maltogenic α-amylases, mainly reduce the 
molecular size of both amylose and amylopectin, with little effect on the outer crystallisable 
branches of amylopectin, and thereby little effect on the staling rate (Hug-Iten et al., 2003).  

 

Another approach for decreasing the staling rate of bread, without addition of enzymes, have been 
to add sourdough to the wheat dough, which have been found to successfully decrease the staling 
rate (Chavan and Chavan, 2011). The technological benefits of the use of sourdough in wheat bread 
making has been described as a delay of starch retrogradation, higher loaf volumes and slower rate 
of bread firming (Corsetti et al., 1998; Corsetti et al., 2000). Addition of sourdough has furthermore 
been found to decrease the microbiological spoilage of the bread, since some lactic acid bacteria 
(LAB) contain antimicrobial and antimould activity (Elhariry et al., 2011; Chavan and Chavan, 
2011).  
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 ANALYSIS OF VOLATILE COMPOUNDS 4.
 

The taste and odour are two very important parameters for bread quality and the term flavour is 
often used as an overall term including both taste and odour. Sensory studies and analysis of vola-
tile compounds (often denoted aroma analysis) are both excellent methods to increase knowledge 
within bread flavour and the volatile profile of bread, respectively. Sensory analysis employs the 
human senses for evaluation of the bread flavour, while aroma analysis is extracting and analysing 
the volatile compounds by an instrumental method. In aroma analysis the detected volatile com-
pounds, depending on their threshold values, can be correlated to the odour perception of bread. 
Aroma analysis, which is used in the research work of this PhD thesis, has the great advantage of 
being the less expensive of the two methods and furthermore the method provides a great insight 
into the chemical and enzymatic reactions in the dough during formation of the volatile compounds.  
 

4.1 Sampling of volatile compounds from bread 
4.1.1 Headspace sampling 

Extraction of volatile compounds from a bread matrix is often performed by extraction of the head-
space phase above the food matrix by static headspace sampling (Maeda et al., 2009) dynamic 
headspace sampling (DHS) (Seitz et al., 1998; Bianchi et al., 2008; Jensen et al., 2011) or solid 
phase micro extraction (SPME) (Ruiz et al., 2003; Quílez et al., 2006; Poinot et al., 2007; Poinot et 
al., 2010). 
 
In static headspace sampling the volatiles are allowed to reach equilibrium, where after the volatiles 
in the headspace can be injected to the gas chromatograph (GC). Due to the absence of a concentra-
tion step, the sensitivity of static headspace sampling is low compared to SPME and DHS (Mestres 
et al., 2000). The concentration of volatiles in bread crumb is relatively small compared to more 
odorous food products as coffee, for which static headspace sampling has been used (Sanz et al., 
2002). The reported lower sensitivity of static headspace sampling was the background for not us-
ing this sampling method in the research work of this thesis. Static headspace sampling is though a 
common method for sampling the headspace above other food matrices, particularly because of 
development of effective auto-samplers (Bicchi et al., 2004).  
 
In DHS the sample is purged with carrier gas through a collection trap, which retains the volatile 
compounds while letting the carrier gas pass through. In this way, the volatiles from a large head-
space volume are concentrated in the trap (Wampler, 2002). The trap is typically filled with Tenax, 
which is a sorbent material, capable of sorbing a wide range of organic volatiles (Wampler, 2002).  
 
SPME, which is a combination of static headspace sampling and DHS, is an equilibrium technique, 
which utilises the partitioning of organic components between an aqueous or vaporous phase and 
the fibre in the SPME apparatus (Zeng and Noblet, 2002).  
 
In the beginning of the PhD project, extraction of bread volatiles by SPME and DHS, respectively 
were compared in order to find the optimal extraction method. Both extraction methods were per-
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formed by tempering the sample for 10 min at 40°C before the extractions were performed at 40°C 
in 40 min. The SPME fibre was a Carboxen fibre (Supelco, Bellefonte, PA) coated with polydime-
thylsiloxane at 85 µm thickness. The DHS was performed by extracting the volatiles in a trap con-
taining Tenax-TA (poly-2,6-diphenyl-p-phenylene oxide, 200 mg) and the sample was purged with 
nitrogen (150 ml/min). It was found that 12 volatile compounds were extracted by SPME and the 
same 12 volatiles plus 38 more volatiles were extracted by DHS (unpublished results). The 50 vola-
tiles identified by DHS were all expected bread aroma volatiles and the reproducibility of the rela-
tive peak areas was generally high.  
 
Zeng and Noblet (2002) found that the analytical performance of SPME was largely dependent of 
the analyte polarity, fibre properties and sample parameters. The lower sensitivity of SPME com-
pared to DHS in the pre-experiment for the research work of this PhD thesis was most likely due to 
the smaller volume of the SPME fibre (0.5 µl) compared to the amount of Tenax used in the trap 
when using DHS (0.2 g). Tenax, thereby, has a markedly larger surface area that can retain the vola-
tiles, compared to the SPME fibre.  
 
Development of specific SPME fibres increases the sensitivity of the sampling of specific volatile 
compounds, the purpose of this PhD project was however to analyse the entire volatile profile in 
bread crumb, therefore use of specific fibres was not an optimal solution. 
 
From the pre-experiments it was concluded that DHS was clearly the most sensitive method when 
sampling volatiles from bread crumb, and DHS was therefore used in Paper II, III and V. 
 

4.1.2 Sample preparation 

In aroma analyses in general it is important to optimise sample preparation in order to minimise loss 
of volatile compounds due to evaporation. Several sample preparation methods were tested in the 
beginning of the PhD project. It was tested if the crumb sample should consist of grinded crumbs or 
larger pieces of bread, furthermore if the sample could be frozen and if the sample should be stirred 
during DHS. The test comparing the volatiles from frozen and fresh bread samples showed no sig-
nificant differences (data not shown), and therefore freezing of the samples was done for practical 
reasons. The optimal sample preparation method was concluded to be: to cool down the loafs for 1 
hour at room temperature, then quickly cut off the crust and the outer part of the crumb (1 cm in 
total). Then samples of 15 g of crumb in 4-6 pieces were packed in aluminium foil surrounded by a 
plastic bag and then frozen at -18°C until DHS. The frozen bread pieces were directly transferred to 
the DHS purge vessel without grinding and the DHS was performed without stirring in the vessel. 
The sample preparation procedure described here was used for the sample sets in Paper II, III and 
V. 
 

4.1.3 Breakthrough volume 

When using DHS it is important to consider the breakthrough volume (Bv) particularly of small 
polar compounds. The term Bv is defined as the volume of carrier gas that will purge a volatile 
compound through one (1.0) gram of adsorbent resin in a desorption tube at a specific temperature 
(sisweb.com, 2013). The volatile begins to elute from the sorbent material at a carrier gas volume 
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above the safe sampling volume (Bs = Bv*0.5) and is totally eluted from the sorbent material at a 
complete sample elution volume (Bf = Bv*2). The Bv depends on the nature of the compound, its 
volatility, the interaction between the compound and the sorbent, the amount of sorbent used, and 
the temperature of the trap. In practice, a Bs is typically used and Bs can for each volatile com-
pound be calculated from a reference database (sisweb.com, 2013).  
 
Particularly small polar alcohols (e.g. 2-methyl-1-propanol), aldehydes (e.g. 3-methylbutanal), ke-
tones (e.g. 2,3-butanedione) and esters (e.g. ethyl acetate), which have been identified in bread 
crumb (Schieberle and Grosch, 1991; Frasse et al., 1992; Gassenmeier and Schieberle, 1995; Jensen 
et al., 2011), have small Bv’s (sisweb.com, 2013). In Paper II and III the DHS was therefore per-
formed by two different gas volumes (0.25L and 9L) applied to two different sample sets in order to 
extract the very volatile compounds without exceeding the Bs (0.25L) and furthermore to extract 
the less volatile compounds, which required a higher gas volume (9L) in order to provide reproduc-
ible relative peak areas.  
 
From pre-experiments the influence of the sample temperature (30 and 40°C) at the two different 
carrier gas volumes (0.25L and 9L) was tested. The temperatures 30 and 40°C was chosen as it is 
close to the temperature in the human mouth, and as the release of compounds is highly temperature 
dependent, it is of interest to extract the volatiles at a temperature close to the temperature of the 
bread when it is eaten. The optimal temperature with the highest relative concentration of bread 
volatiles was found to be 40°C (unpublished data).  
  

4.1.4 Water management 

When performing DHS from foods, the sample matrix typically contains water. Bread crumb has a 
water content of approximately 35%. The presence of even 1 μl of water in the trap will result in a 
large water peak in the chromatogram and the retention time might be shifted (Wampler, 2002). 
Tenax has a very large affinity for most organic volatile compounds compared to water, however a 
trapping tube filled with 100–150 mg of Tenax can retain about 1 μl of water for each of 40 ml of 
purge gas used in the process (Wampler, 2002). Passing the dry purge gas through the trap for 5 min 
at a low gas flow (50 ml/min) was found to vent the water from the trap without disturbing the vola-
tile compounds (Paper II and III). 
 

4.2 Analysis of volatile compounds by gas chromatography mass spec-
trometry 

Gas chromatography mass spectrometry (GC-MS) is a well-documented and sensitive technique for 
separating and detecting volatile compounds in foods. Before separation of the compounds in the 
GC, the trapped volatile compounds were thermally desorbed. A simplified illustration of the flow 
of volatiles as they were analysed in Paper II and III is shown in Figure 10. 
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Figure 10. A simple illustration of the gas chromatography mass spectrometry instrument installed with a thermal de-
sorption unit that desorbs the trapped volatiles from the bread sample and a computer that registers the detected mass 
spectra. 

 

Gas chromatography is used for separating compounds that can be vaporised without decomposi-
tion. The GC requires supply of carrier gas, which is the mobile phase that transports the sample 
through the column. Best results are obtained with the smallest amount of sample that can be ade-
quately detected therefore split injection is often used to decrease the amount of the volatiles of in-
terest (Reineccius, 1998). Split 1:10 was used when analysing the volatiles from the sample sets in 
Paper II and III. The GC column contains a stationary phase that decides how the different com-
pounds in the sample are partitioned. The capillary columns used today are very efficient, which 
often results in sufficient compound separation even though the phase is not optimal. Temperature 
programming of the oven surrounding the GC column is often used because it ensures that all com-
pounds are eluted within reasonable time and that the separation of the peaks is fairly uniform. The 
column temperature programme used in Paper II, III and V had a starting temperature (10 min) at 
40°C (Paper III) or 45°C (Paper II and V), hereafter heating by 6 (Paper II and V) or 8°C/min (Paper 
III) up to 240°C, and holding this temperature for 10 min. Temperature programmes like these are 
typically used for separation of volatiles in GC’s (Reineccius, 1998).  

 

In the mass spectrometer the volatiles eluting from the GC column are now introduced to an ion 
source where the molecules are ionised typically by electron ionization as used in Paper II, III and 
V. Fragmentation of the molecules occurs after the ionisation in the mass analyser (Figure 10). The 
molecular ion (having the highest m/z ratio) of a molecule represents the part of the molecule that 
does not fragmentise. Finally the separated, charged fragments are monitored by a detector resulting 
in mass spectra and a total ion chromatogram (TIC) (see section 4.4.1). 

 

4.3 Quantification and evaluation of volatile compounds 
4.3.1 Multiple headspace extraction 

Quantification of volatile compounds in semi-solid food matrices, as bread, can be problematic, 
because it typically requires addition of internal standards. Multiple headspace extraction (MHE) is 
a quantification method that has been found to be independent of the food matrix (Kolb, 1982; Kolb 
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and Ettre, 1991). MHE has recently been successfully performed within food systems (Carrillo and 
Tena, 2006; Soria et al., 2007). The principle is that stepwise headspace extractions of volatile 
compounds are performed, each extraction resulting in a lower area of the volatile compound 
(Figure 11).  

 

 
Figure 11. Illustration of stepwise headspace extractions resulting in decreased peak areas.  
  

After an infinite number of extractions all volatile compounds are extracted from the sample. The 
peak area corresponding to a complete dynamic headspace extraction can be calculated assuming 
that the decline in peak area during MHE follows first order kinetics, i.e.:  

 

where Ai is the sum of all extractions from A1 to A∞, A1 represents the area of a volatile compound 
obtained in the first extraction and q represents the slope of the regression curve of the natural loga-
rithm to the peak area vs. number of extractions (Kolb and Ettre, 1991). q can be determined for 
each volatile compound, where after A1 for each volatile compound can be used to calculate the 
area representing the total amount of volatile compound in each sample. Finally, areas can be trans-
formed into absolute concentrations as described in Paper II, III and V.  
 
MHE can besides being a quantification method also be used to check if the volatiles detected are 
actually volatiles present in the sample or if they might be artefacts (e.g. from breakdown of 
Tenax). If each extraction results in a lower area of the volatile compound, then the compound was 
most likely present in the sample. 
 
MHE was originally developed for static headspace extraction however from Paper II, III and V it 
was found that DHS is also a well suited extraction method for quantification by MHE. MHE was 
found to be a relatively simple and reproducible quantification method of volatiles from bread 
crumb (Paper II, III and V). However, the method has been found to be improved by modifications 
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in the calculation procedure (Soria et al., 2007). The authors investigated the possibly great influ-
ence of an error in the peak area in the first extraction step (A1) on the estimation of the total 
amount of the volatile compound. They found that the model was improved (by a decreased root 
mean square error) when the calculations took this factor into account. Therefore, in further studies 
using MHE, it could be relevant to use the calculations presented by Soria et al. (2007). 
 

4.3.2 Odour activity value 

Quantification of aroma compounds is relevant for the purpose in Paper II, III and V, since it is of 
interest to identify which compounds that can be sensed when the bread is eaten. In Paper II, III and 
V this evaluation is based on odour activity values (OAV’s) defined in Figure 12. An aqueous 
odour threshold value of a volatile compound will only give an approximation of the OAV in bread 
crumb. It would have been more appropriate to calculate the OAV’s from odour threshold in starch 
or cellulose. They were however, not available from the literature for the majority of the volatile 
compounds identified in bread crumb. To take the uncertainty of the calculated OAV’s into account 
it was assumed in Paper II and III that volatile compounds having an OAV of 0.1 or higher might be 
important bread aroma compounds. It should be noted that in Paper II and V all compounds are de-
noted aroma compounds regardless of their OAV’s, but in Paper III and this PhD thesis the (more 
correct) definitions shown in Figure 12 is used.  
 

 

 

 

 

Figure 12. Definitions of volatile compound, odour activity value and aroma compound as it is used in this PhD thesis. 
 

In some research studies the aroma extraction dilution analysis (AEDA) is employed to analyse 
potent volatile compounds in bread (Schieberle and Grosch, 1991; Schieberle and Grosch, 1994). In 
AEDA the result for each volatile compound is presented as a flavour dilution factor (FD factor). 
The FD factor is the ratio of the concentration of the volatile compound in the initial liquid extract 
to its concentration in the most dilute extract in which the odour is still detectable by GC olfactome-
try (GC-O). A compound having  a FD factor below 1 means that the compound was not perceptible 
at the sniffing port (Schieberle and Grosch, 1987). Consequently, the FD factor is a relative measure 
and it is proportional to the OAV calculated in the research work of this PhD thesis. The FD factors 
are not corrected for losses of the odourants during the isolation and concentration step; furthermore 
in AEDA the volatiles are completely volatilised and then evaluated by sniffing, whereas the vola-
tility of the aroma compounds in foods depends on their solubility in the aqueous and/or lipid phase 
as well as on their binding to non-volatile food constituents (Grosch, 1993). Therefore calculation 
of the FD factors is a screening method suitable for the analysis of potent volatile compounds, how-
ever in order to find the most aroma-active compounds important when eating the food OAV’s 
should be calculated (Grosch, 1993). AEDA has been criticised because the liquid extraction in-
cludes also semi- and non-volatile compounds in the analysis and they might not be very relevant, 
when the food is eaten (Mahattanatawee and Rouseff, 2011).  

Volatile compound           Compound extracted from headspace of bread crumb 

Odour activity value (OAV)      Volatile compound concentration/odour threshold in water       

Aroma compound Compound that is likely to be sensed, when the bread is eaten 

(OAV>0.1)  
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Quantification of volatile compounds in a food matrix is necessary when calculating OAV’s and 
hence when evaluating which volatiles are aroma active. When the important aroma compounds are 
well identified in a specific food product, it is often not relevant to quantify the volatile compounds 
of the food product in future experiments. Quantification is time-consuming and the results of the 
relative peak areas are sufficient in comparison of different treatments of samples, where the 
OAV’s are already well established. 
 

4.4 Data analysis 
4.4.1 Handling GC-MS data 

A mass spectrum is normally depicted as a bar plot indicating the intensity of the various fragments 
produced when a molecule is subjected to ionization (Figure 13A). Mass spectra are obtained at a 
certain frequency over the entire chromatographic run and form the basis of the so-called total ion 
chromatogram (TIC), which is often used to present data from GC-MS analyses (Figure 13B). Each 
point on the curve represents a mass spectrum and the sum of all peaks in the spectrum determines 
the position of the individual point in the TIC.  
 

 
Figure 13. Example of a mass spectrum for hexanal where each line represents the m/z fragment with the abundance 
unique to a specific compound (A) and a total ion chromatogram for a bread crumb sample (B). 
 

Analysis of GC-MS data can be problematic regarding shifts, baseline drift, co-eluting peaks and 
low-intensity peaks. The software Enhanced ChemStation (Agilent Technologies, Inc) is a common 
tool for relative quantification of a volatile compound by integration of either TIC or by a single 
ion. The mass spectra can furthermore be compared to a commercial mass spectra library (e.g. 
Wiley275) for identification of the volatile compounds. However, working with ChemStation is 
time consuming and the integration can be problematic, especially when the compound concentra-
tion is low. Furthermore, baseline drift, shifts and co-elution are not completely handled in Chem-
Station.  
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A multivariate method called  parallel factor analysis 2 (PARAFAC2) has been shown to be a use-
ful tool to solve these problems (Amigo et al., 2008; Amigo et al., 2010). PARAFAC2 decomposes 
the three-way GC-MS data into three matrices; one for the samples, one for the retention times and 
one for the mass spectra. PARAFAC2 allows the retention time profiles to be different from each 
other and the method can therefore handle shifted data. If a successful model is obtained, PARA-
FAC2 can separate different data regarding the abundance, retention time profiles and mass spectra 
of each volatile.  
 
Pre-experiments during this PhD project showed that PARAFAC2 could solve the three common 
GC-MS data problems; co-eluting peaks (Figure 14), shifted data (results not shown) and low-
intensity peaks (results not shown).  
 

 
Figure 14. A: A small interval of GC-MS data from 26 bread samples showing two possible co-eluting peaks. B: 
Chromatographic loadings calculated by three components by PARAFAC2 showing complete separation of two peaks 
(Unpublished data).  
 

Separation of co-eluting peaks by ChemStation can be handled by using the button “peak purity”, 
showing the major extracted ion chromatograms for the co-eluting peaks. Correct integration of the 
peak areas of co-eluting peaks can be done by choosing different quantifier ions for each co-eluting 
peak. A high correlation (coefficient of determination (R2) = 0.96-0.99) was found between the rela-
tive concentrations for the two separated peaks calculated by ChemStation and PARAFAC2, re-
spectively (Figure 15).  
 

 
Figure 15. Correlation between the relative concentration of the two peaks A and B based on integration of the peak 
areas by ChemStation and by the sample score values calculated by PARAFAC2 (Unpublished data). R2 is the coeffi-
cient of determination. 
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Identification of the volatiles from the mass spectra was relatively easily done in ChemStation be-
cause of the commercial mass spectra library (e.g. Wiley) adapted to the software, this is somewhat 
more problematic when using PARAFAC2, since it is necessary to extract the data and compare the 
mass spectra with a mass spectra library. Both PARAFAC2 and ChemStation are time consuming 
and advanced data analysis methods, however it is believed that a combination of Enhanced Chem-
Station and PARAFAC2 would be an advantage when handling general GC-MS data problems such 
as shifts, baseline drift, co-elution and low-intensity peaks. 
 
The chromatograms representing the volatiles of bread crumb were relatively simple to analyse, 
because of the low content of volatiles (approximately 50-60 compounds) and only few co-eluting 
peaks, therefore ChemStation was chosen for handling GC-MS data in the research work of this 
PhD thesis.  
 

4.4.2 Multivariate data analysis 

Both univariate and multivariate data analyses were employed to investigate the influence of the 
fermentation conditions on bread aroma and dough expansion (Paper I-III). Univariate data analysis 
is a common method when testing for example if significant differences can be seen between the 
means in a dataset by using e.g. Student’s T-test (Paper II and III) or Tukey’s honestly significant 
difference (HSD) test (Paper I).  
 
Multivariate data analysis involves analysis of more than one statistical variable at a time and par-
ticularly principal component analysis (PCA) formulated by Hotelling (1933) is a useful technique 
to describe major trends in a data set and to detect possible outliers as done in Paper II and III.  
 
PCA decomposes the data into scores (T) and loadings (P) according to: 
 

X = TP’ + E, 

where X is the raw data, T is the score matrix, P’ is the transposed loadings matrix and E is the error 
matrix. In PCA the scores are related to the samples and the loadings are related to the variables 
(volatile compounds in Paper II and III). In PCA new variables (principal components) are con-
structed from a data matrix of samples. The first principal component captures as much as possible 
of the variability in all the original variables and each new principal component (applied orthogo-
nally - i.e. being independent of - the previous principal component) accounts for as much of the 
remaining variability as possible. A large portion of the variability is therefore often described by a 
few principal components and the results in Paper II and III could be presented by PCA bi plots 
showed for principal component 1 and 2. A bi plot is a combination of a score plot of the samples 
and a loadings plot showing the correlations between the variables (e.g. volatile compounds). 

 

Partial Least Squares (PLS) regression is another multivariate method used in Paper II to determine 
the relationship between variables (e.g. volatile compounds) and properties of interest (e.g. fermen-
tation temperature or yeast concentration) (Næs et al., 2004).  Calculation of PLS models were done 
in order to investigate the PLS regression coefficients. Volatile compounds having very low PLS 
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regression coefficients related to the properties of interest (fermentation temperature or yeast con-
centration in Paper II) do not contribute much to the variability and can therefore be removed in 
order to improve the PCA model. 

 

PCA and PLS regression models were computed by the software Latentix (version 2.00, Latent5) 
and all GC-MS data was autoscaled prior to the analysis (Figure 16). Autoscaling means that all 
variables are divided with the standard variation and this pre-processing method is used to ensure 
that all volatile compounds have equal importance in the data analysis (Figure 16). Autoscaling is 
important when analysing volatile compounds, since a volatile compound with low abundance 
might be an important aroma compound if the odour threshold of the compound is low (see section 
4.3). 

  

 
Figure 16. Raw (A) and autoscaled (B) peak areas of 39 detected volatile compounds (variables) in 21 bread samples 
(the dataset is from Paper III).  
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 BREAD CRUMB AROMA 5.
 
A wide range of volatile compounds has been identified in wheat bread crumb and a compilation of 
the more than 150 volatile compounds identified in wheat bread crumb from 11 research studies can 
be found in Table 1 in Paper IV. The 45 most aroma-active compounds found in bread crumb are 
presented in Table 2 in Paper IV. Many of these volatile compounds originate from different enzy-
matic or non-enzymatic reactions involving the fermentative activity of yeast, oxidation of flour 
lipids and/or Maillard reactions (in the crust). An overview of these chemical reactions is explained 
in Paper IV.  
 
The volatile compounds identified from bread crumb in the research work of this PhD project are 
presented in this section with focus on the most aroma active compounds. Furthermore, the effects 
of commercial baker’s yeast (level and type), fermentation temperature and fermentation time on 
bread aroma are discussed in this section and in Paper IV.   
 

5.1 Aroma compounds in bread crumb (Paper II and III) 
The volatile compounds identified in bread crumb from the research work of this PhD project are 
shown in Table 9.  Overall the bread volatiles are dominated by alcohols, aldehydes, ketones, acids 
and esters. The most important bread aroma compounds found in Paper II and III is presented in 
Table 9 based on their odour activity values (OAV’s). The volatile compounds identified in wheat 
bread crumb might be sensed, when the bread is eaten, if they have OAV’s > 0.1 (as elucidated in 
section 4.3.2). The most important bread aroma compounds were in Paper II and III found to be: 
(E)-2-nonanal (green, tallow), 3-methyl-1-butanol (balsamic, alcoholic), 3-methylbutanal (malty), 
hexanal (green), 2,3-butanedione (buttery, caramel), nonanal (citrus), 1-octen-3-ol (mushroom) and 
phenylacetaldehyde (honey-like) (Table 9).  
 
A review of the important bread aroma compounds based on both OAV and FD factors from differ-
ent research studies can be found in Table 2 in Paper IV. Schieberle and Grosch (1991) and Gas-
senmeier and Schieberle (1995) found the following compounds to have high FD factors: (E)-2-
Nonenal, 3-methyl-1-butanol, hexanal, 2,3-butanedione and 2-phenylethanol, which is in close 
agreement with the results of Paper II and III (Table 9). Schieberle and Grosch (1991) identified 
(E,E)-2,4-decadienal, trans-4,5-epoxy-(E)-2-decenal and 2,4-decadienal in bread crumb and Gas-
senmeier and Schieberle (1995) identified 4-hydroxy-2,5-dimethyl-3(2H)-furanone and 4-vinyl-2-
metoxyphenol. These five compounds were all found to have high FD factors (8 to 512). The five 
compounds are semi-volatile compounds with relatively high boiling points and their relevance for 
the aroma might be questioned. As mentioned in section 4.3.2 AEDA, which is based on liquid ex-
traction, also includes these semi-volatile compounds in the analysis, which might not be very rele-
vant, when the bread is eaten (Mahattanatawee and Rouseff, 2011). The dynamic headspace method 
used in Paper II and III includes only the volatile compounds and this discrimination of compounds 
is assumed to be more comparable with the situation, where the bread is eaten.     
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Table 9 Volatile compounds identified in Paper II and III. The odour activity valuea (OAV) of the compound and the 
odour characteristics are presented if the OAV is above 0.1. The origin of the compounds having an OAV above 0.1 is 
shown based on the theory in Paper IV; fermentative activity of yeast (F), lipid oxidation (L) and Maillard reactions 
(M). The compounds are grouped first according to chemical group then according to OAV. 
Chemical 
group 

Volatile compound Origin OAV Odour 

Alcohols 3-methyl-1-butanolII and III F 17-25II and 25-35III balsamic, alcoholic 
 1-octen-3-olII L 9-13II mushroom 
 1-heptanolII and III L 2-3II and 8-14III green 
 2-methyl-1-propanolII and III F 0.1-0.3II and 0.2-0.8III glue, alcohol 
 1-propanolII and III L 0.1-2III fruity, plastic 
 2-phenylethanolII and III F 0.2-0.4II and 0-0.1III flowery 
 1-butanolII and III    
 1-penten-3-olII    
 2-penten-1-olIII    
 3-methyl-3-buten-1-olII and III    
 1-pentanolII and III    
 (E)-2-penten-1-olII and III    
 1-hexanolII and III    
 3-hexenolII    
 2-octen-1-olIII    
 2-ethyl-1-hexanolII and III    
 1-octanolII and III    
 3-nonen-1-olII    
 1-dodecanolII    
Aldehydes (E)-2-nonenalII, IIIb L 40-65II green, tallowy 
 3-methylbutanalII and III F, L 25-54II and 56-236III malty 

 hexanalII and III L 12-20II and 49-87III green 
 phenylacetaldehydeII and III F 8-13II and 6-35III honey-like 
 nonanalII and III L 15-20II and 18-34III citrus 
 octanalII and III L 4-7 and 19-30 citrus 
 heptanalII and III L 5-13II and 14-26III fatty, rancid 
 decanalII and III L 2-4II and 8-21III citrus 
 benzaldehydeII and III F, L 0-0.2II and 0.1-0.2III almond 
 2-furancarboxaldehydeII and III    
Ketones 2,3-butanedioneII and III F, M 9-33II and 19-103III buttery and caramel 
 6-methyl-5-hepten-2-oneIII  2-5III herbaceous, green 
 3-hydroxy-2-butanoneII and III F 0.8-1.5III butterscotch 
 2-octanoneII  0.1-0.2II  
 2-heptanoneII and III    
 3-octen-2-oneII    
Esters ethyl 3-methylbutanoateII F 1.5-11 fruity, apple 
 ethyl hexanoateII F 0.2-0.5II fuity, juicy 
 ethyl acetateII and III F 0-0.1III sweet, fuity 
 ethyl octanoateII and III F 0-0.1III sweet, soap, fresh 
 3-methylbutyl acetateII    
 phenylethyl acetateII    
Acids acetic acidII  -  
 2-methylpropanoic acidII  -  
 butanoic acidII  -  
 pentanoic acidII  -  
 hexanoic acidII  -  
Other com-
pounds 

2-pentylfuranII and III F, L, M 1-3II and III floral, fruity 
methylbenzeneIII    

 limoneneIII    
 gamma-nonalactoneII    
 trimethylpyrazineII and III    
aOAV is defined as the volatile compound concentration divided to the odour threshold in water. 
b2-Nonenal was not quantified in Paper III because of a non-linear standard curve. 
IIPaper II.  
IIIPaper III 
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5.1.1 Fermentation compounds 

The most important bread aroma compounds formed from the yeast metabolism were in Paper II 
and III found to be; 3-methylbutanal, 3-methyl-1-butanol, 2,3-butanedione and phenylacetaldehyde, 
because of their high OAV’s (Table 9). This result is in agreement with Schieberle and Grosch 
(1991) and Gassenmeier and Schieberle (1995) as they found 3-methyl-1-butanol, 2,3-butanedione 
and phenylacetaldehyde to be important bread aroma compounds based on their high FD factors 
(Table 2 in Paper IV). However, 3-methylbutanal has not previously been characterised as an im-
portant aroma active compound in bread by other authors. 
 
Gassenmeier and Schieberle (1995) found the two fermentation compounds; 2-phenylethanol and 
ethyl octanoate to have high OAV’s (2.9-11.8 and 14.6-18.8, respectively) compared to the relative-
ly low OAV’s (0-0.4) found in Paper II and III. The high contents of these two compounds in the 
research work of Gassenmeier and Schieberle (1995) could be due to the use of pre-ferments (flour, 
water and yeast) and long fermentation times (18 hrs), which increases the contents of yeast fermen-
tation compounds. On the other hand, Gassenmeier and Schieberle (1995) reported the OAV’s of 
another typical fermentation compound 3-methyl-1-butanol to be 9.7-18.1, which is lower than the 
OAV’s reported in Paper II and III (17-35) (Table 9). Schieberle and Grosch (1991) reported the 
FD factor of 2-phenylethanol to be 4 in a short-time fermented bread (time not stated in their paper) 
and 256 in a long-time (3 hrs) fermented bread. The differences observed in the OAV’s for 2-
phenylethanol might also be caused by the markedly different methods for sampling the bread com-
pounds by liquid extraction and dynamic headspace sampling, respectively as mentioned in section 
5.1. Because of the differing results of the OAV’s and FD factors of 2-phenylethanol, the role of 2-
phenylethanol as an important aroma active compound in bread crumb is not clear.  
 
Ethyl octanoate was not reported in the paper by Schieberle and Grosch (1991) indicating that the 
FD factor was below 2, as they only reported compounds having FD factors higher than 2. The 
small impact of ethyl octanoate on the overall aroma profile of bread crumb was in agreement with 
the results of Paper II and III, therefore ethyl octanoate is not concluded to be among the most aro-
ma active compounds in bread crumb, though it can most likely be sensed.  
 
The most aroma active esters in bread crumb were ethyl 3-methylbutanoate, ethyl hexanoate, ethyl 
acetate and ethyl octanoate (Table 9). Formation of esters in bread crumb is particularly interesting, 
since they are often characterised as having pleasant and fruity odours (Table 9). However, the es-
ters are generally found to have low OAV’s (Table 9).  
 
It could have been interesting if the acids in bread crumb were also quantified in the research work 
of Paper II and III. However, this was not possible with the DHS method employed, since very low 
reproducibility was found for the identified acids (acetic acid, 2-methylpropanoic acid, butanoic 
acid, pentanoic acid and hexanoic acid, Table 9). It is assumed that the low reproducibility is main-
ly caused by disassociation of the acid groups, which strongly decreases the volatility of the acid 
(Sha et al., 2010). The three acids, acetic acid, butanoic acid and 3-methylbutanoic acid can most 
likely be sensed in bread crumb, because of FD factors above 8 (Gassenmeier and Schieberle, 
1995). The odour characteristics are acetic, pungent, rancid and sweaty (Gassenmeier and 
Schieberle, 1995).  
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5.1.2 Compounds formed from the lipid oxidation 

It is clear that lipid oxidation plays a very important role for the aroma profile of wheat bread crumb 
(Table 9). Especially the aldehydes, with low odour threshold values ((E)-2-nonenal, nonanal, hex-
anal, heptanal and octanal), account for a large part of the most important bread aroma compounds 
and their formation is explained in Paper IV. These aldehydes have green, tallowy, mushroom and 
citrus odours, and they are often denoted as off-aroma compounds (Zehentbauer and Grosch, 1998).  
 
(E, E)-2,4-Decadienal (fatty, waxy)  was found as an important aroma compound (with FD factor 
512) formed from degradation of unsaturated fatty acids (Schieberle and Grosch, 1991; 
Gassenmeier and Schieberle, 1995). (E, E)-2,4-Decadienal was also detected by Ruiz et al. (2003), 
however the compound was not detected in the research work of this PhD thesis and the importance 
of this semi-volatile compound for the overall bread aroma was questioned in section 5.1.  
 
Sensory tests or GC-O analyses could be relevant in order to clarify the sensory importance of par-
ticularly the fermentation compounds 2-phenylethanol, esters and acids as well as the aldehydes 
formed from oxidation of flour lipids. 
 

5.1.3 Crust compounds 

Crust aroma compounds are mainly formed from Maillard reactions during baking and they might 
diffuse into the crumb. An overview of the most important crust aroma compounds formed during 
baking can be found in Paper IV. Bread baking was, in the research work of this PhD thesis, done 
with steam and at 130°C to limit Maillard reactions (see Figure 4, section 2.3). The baked bread 
was very pale and the crust was relatively soft indicating that the Maillard reaction did not occur, 
therefore the risk of diffusion of crust compounds to the crumb was small. Only few compounds (2-
furancarboxaldehyde and trimethylpyrazine) originating from Maillard reactions were found in the 
bread crumb samples in Paper II and III (Table 9). 
 
It should be noted that some aldehydes (e.g. 3-methylbutanal, acetaldehyde and phenylacetalde-
hyde), some ketones (2,3-butanedione and 3-hydroxy-2-butanone) and some acids (e.g. acetic acid 
and 3-methylbutanoic acid) formed during yeast fermentation, can also be formed from the Maillard 
reaction (Hofmann et al., 2000; Prost et al., 2012). This fact elucidate that when investigating for-
mation of volatile compounds in bread crumb it is important to separate the crust from the crumb, 
since some compounds can be formed from different pathways in the crumb and crust, respectively. 
 

5.2 Influence of the fermentation conditions on bread crumb aroma 
The aroma profile of wheat bread crumb has been found to be dependent on baker’s yeast (level and 
type), fermentation temperature and fermentation time, which will be discussed in this section. 
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5.2.1 Yeast level (Paper II) 

The effect of yeast level (20, 40 and 60 g Malteserkors/kg flour) on bread crumb aroma was inves-
tigated in Paper II. An overview of the results is shown in a PCA biplot (Figure 17). A two-way 
analysis of variance between the samples was furthermore calculated and can be found in Table 2 in 
Paper II. Dough fermented with a high yeast concentration (60 g /kg flour) resulted in bread with a 
higher concentration of the majority of the compounds formed from the fermentative activity of 
yeast, compared with dough fermented with lower yeast concentrations (20 and 40 g/kg flour) 
(Figure 17). 2,3-Butanedione and phenylacetaldehyde were the most aroma active of these fermen-
tation compounds (Table 9).  
 

 
Figure 17. PCA biplot showing the effect of yeast concentration on aroma formation (Paper II). Blue squares, green 
circles and red triangles show samples fermented with 20, 40 and 60 g yeast/kg flour, respectively. The number before 
C in the sample name shows the fermentation temperature, the number before g/kg shows the yeast concentration and 
the letter a, b or c corresponds to the triplicate number.  Only aroma compounds having an OAV of 0.1 or higher and 
furthermore with regression coefficients higher than ±0.1 were included in the PCA model for the PCA biplot. Regres-
sion coefficients were calculated from a PLS model with yeast concentration as the y-variable (data not shown). 
 
It was expected that dough fermented with a high yeast concentration would result in a higher con-
centration of the aroma compounds formed by the yeast activity, compared to dough fermented with 
a lower yeast concentration. However, it is of interest that all the fermentation compounds did not 
increase equally in concentration, when the yeast level was increased from 20 to 60 g/kg flour. The 
concentration of 3-methyl-1-butanol was for example not significantly influenced by yeast level.  
 
Gassenmeier and Schieberle (1995) investigated how two different yeast levels (15 and 46 g/kg 
flour in the final dough) influence formation of aroma compounds in wheat bread crumb. The au-
thors found the lowest content of 3-methyl-1-butanol, and 2-phenylethanol in bread crumb, while 
the content of phenylacetaldehyde was highest in bread, when the final dough contained 46 g 
yeast/kg flour compared to 15 g yeast/kg flour (Gassenmeier and Schieberle, 1995). This result is 
not in agreement with the results from Paper II, as these three compounds were all found to increase 
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with increasing yeast concentration (Figure 17). The different results are probably explained by the 
markedly different fermentation conditions or sampling methods in the research work of Gassen-
meier and Schieberle (1995) compared to the conditions in Paper II, as mentioned in section 5.1 and 
5.1.1. 
 
Richard-Molard et al. (1979) investigated the effect of yeast level from 5 to 20 g/kg flour on for-
mation of acetic acid in bread crumb, when the fermentation was done for 5h at 22°C. They found 
an increase in acetic acid from 123 to 195 mg/kg when the yeast level was increased from 5 to 15 
g/kg flour. A yeast level above 15 g/kg flour did not further increase the level of acetic acid in bread 
crumb. 
 
Yeast added in levels from 20 to 60 g/flour did not influence formation of the compounds formed 
from lipid oxidation (e.g. 2-nonenal and hexanal) (Figure 17). Yeast contains lipids in their cell 
membrane, and lysis of yeast cells during baking might therefore influence the level of lipid oxida-
tion compounds in breads fermented with different yeast levels this was however not seen from the 
results. 
 
A high yeast concentration obviously decreases the fermentation time, which is an economical ben-
efit for the bread industry. However, it is possible that non-volatile compounds from the yeast are 
unwanted from a sensory point of view. Research within identification and quantification of non-
volatile compounds in bread could therefore be relevant in order to provide a more detailed flavour 
profile of bread fermented at different yeast levels. 
 

5.2.2 Baker´s yeast (Paper III) 

The effect of the type of commercial baker’s yeast on bread crumb aroma was investigated in Paper 
III. An overview of the aroma profile of the seven commercial baker’s yeasts is shown in a PCA 
plot (Figure 18). A one-way analysis of variance between the samples was furthermore calculated 
and can be found in Table 3 in Paper III.  
 
Fermentation of wheat dough by seven commercial baker´s yeast resulted in a diverse aroma profile 
of the bread crumb depending on the type of baker’s yeast (Figure 18). The fermentation com-
pounds 2,3-butanedione and 1-propanol were found in a higher concentration in breads fermented 
with the four baker’s yeasts (Bruggeman, Zymarom, Sema and l’Hirondelle) (Figure 18) having the 
shortest fermentation times (Table 5). Furthermore, 3-methylbutanal, 2-methyl-1-propanol and 
ethyl acetate were found in a higher concentrations in two of those yeasts (Bruggeman and Zy-
marom) (Figure 18).  
 
On the other hand crumb of bread produced with the two organically produced baker’s yeasts 
(Skærtoftmølle and Rapunzel) were found to have significantly higher concentration of the fermen-
tation compounds phenylacetaldehyde and 2-phenylethanol, and were together with the bread fer-
mented with Sema, furthermore characterised by having higher concentrations of the lipid oxidation 
compound hexanal (Figure 18). The higher concentration of hexanal might be due to a higher 
lipoxygenase activity of the yeast in Skærtoftmølle, Rapunzel and Sema compared to the other 
baker’s yeasts. Apart from this, no significantly differences were found in the concentration of lipid 
oxidation compounds in the bread samples.  
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Bread fermented with the baker’s yeast named Maltserkors had a significantly lower concentration 
of the majority of all the volatile compounds compared to the other six baker’s yeasts (Figure 18). 
This picture would be different if the doughs were prepared with equal yeast amount (w/w) instead 
of equal number of yeast cells (CFU/kg flour) (see Table 1). 
 
 

 
Figure 18. PCA biplot showing the aroma compounds formed in the bread samples fermented with the seven commer-
cial baker’s yeasts (2.88•1011 CFU/kg flour). The samples are named as following; Mal for Malteserkors, Skæ for 
Skærtoftmølle, Rap for Rapunzel, Hir for L´Hirondelle, Sem for Sema, Bru for Bruggeman and Zym for Zymarom. The 
number at the end of the sample name corresponds to the triplicate number. The seven yeast samples are manually 
marked with circles in order to highlight the results of the PCA. Only aroma compounds having an OAV of 0.1 or high-
er were included in the PCA model. 
 

The significant differences in the aroma profile between the bread fermented with the seven baker’s 
yeasts indicate that some of the baker’s yeasts differentiate in yeast strain. The aroma profiles of the 
organically produced baker’s yeasts Skærtoftmølle and Rapunzel are quite similar, which might 
indicate that they contain the same yeast strain. The differences in the aroma profiles may be due to 
differences in the gene-regulating mechanisms and biosynthetic pathways of aroma compound for-
mation between these different yeast strains during dough fermentation.  
 
Phenylacetaldehyde and 2-phenylethanol, both formed from catabolism of phenylalanine in the Ehr-
lich pathway (Dickinson et al., 2003), were, as mentioned above, found in higher concentrations in 
bread fermented with Rapunzel and Skærtoftmølle compared with bread fermented with the other 
five baker’s yeasts (Paper III). On the other hand 1-propanol, 2-methyl-1-propanol and 3-
methylbutanal formed from valin and leucin also through the Ehrlich pathway (Hazelwood et al., 
2008) were found in a higher content for the two Belgian yeasts (Bruggeman and Zymarom). These 
apparently contradictory results might be explained by the presence of different carboxylases in the 
commercial baker’s yeast. Different carboxylases have been found to be important for the catabo-
lism of the branched-chain amino acids (leucin and valin) and the aromatic amino acid (phenylala-
nine), respectively in the Ehrlich pathway (Dickinson et al., 2003).  
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A high content of lactic acid bacteria (LAB) (0.1•1010 to 4.1•1010 CFU of LAB/g baker’s yeast) 
were found in the seven commercial baker’s yeasts investigated in Paper III. However, it is assumed 
that the majority of the fermentation compounds identified in the bread samples in the research 
work of Paper III (Table 9) were produced mainly from the metabolism of yeast based on the short 
fermentation times (see Table 5). 
 
Identification of the yeast strains in the seven baker’s yeasts could be very interesting in order to 
increase knowledge within aroma formation during dough fermentation by baker’s yeast.  
 

5.2.3 Temperature (Paper II) 

The influence of fermentation temperature (5, 15 and 35°C) on bread crumb aroma was investigated 
in Paper II. An overview of the results is shown in a PCA plot (Figure 19). Furthermore, a two-way 
analysis of variance between the samples was calculated and can be found in Table 2 in Paper II.  
 
A low fermentation temperature (5°C) resulted in a higher concentration of the three esters ethyl 
acetate, ethyl hexanoate, and ethyl octanoate (Figure 19), with ethyl hexanoate (OAV’s 0.2-0.5) as 
being the most aroma active of the esters (Table 9). A higher concentration of esters was also found 
by reducing the fermentation temperature from 25-28 to 13-15°C during wine fermentation (Molina 
et al., 2007; Beltran et al., 2008). 
 
 

 
Figure 19. PCA biplot showing the effect of fermentation temperature on aroma formation (Paper II). The sample 
names are described in Figure 17. Blue, green and red triangles show samples fermented at 5, 15 and 35°C, respective-
ly. Only aroma compounds having an OAV of 0.1 or higher and furthermore with regression coefficients higher than 
±0.4 were included in the PCA model for the PCA biplot. Regression coefficients were calculated from a PLS model 
with fermentation temperature as the y-variable (data not shown). 
 
The typical fermentation compound, 3-methylbutanal, was found in a significantly higher amount, 
when the fermentation was done at 15ºC compared to 5 and 35ºC. Formation of the other important 
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fermentation compounds (e.g. 3-methyl-1-butanol, 2,3-butanedione and phenylacetaldehyde) was 
not significantly influenced by fermentation temperature (see Table 2 in Paper II).  
 
Gassenmeier and Schieberle (1995) found the significant highest concentrations of 3-methyl-1-
butanol and 2-phenylethanol when fermentations of liquid pre-ferments were done at 35ºC, com-
pared to 25, 30 and 40ºC. The disagreeing results regarding the effect of fermentation temperature 
on formation of fermentation compounds are most likely explained by different fermentation times 
in the two research studies. Gassenmeier and Schieberle (1995) fermented a liquid pre-ferment at 
different temperatures (25, 30, 35 and 40ºC) for eight hours, while the dough fermentations at dif-
ferent temperatures (5, 15 and 35 ºC) carried out in Paper II were terminated at a pre-defined dough 
height, resulting in different fermentation times (ranging from 15 min to 21 hrs (Table 4),  
 
Fermentation temperatures of 15 and 35°C resulted in a higher concentration of the majority of the 
compounds formed from degradation of unsaturated fatty acids compared to fermentation at 5°C 
(Figure 19), with hexanal and heptanal as being the most aroma active (OAV’s from 12 to 20 and 5 
to 13, respectively). It is well known that a higher temperature increases the rate of lipid oxidation. 
However, it is of interest that (E)-2-nonenal and nonanal, evaluated as two of the most aroma active 
compounds in bread crumb (Table 9), was not found in significant higher concentrations, when the 
fermentation temperature was increased from 5 to 35°C (see Table 2 in Paper I). 
 
The high influence of fermentation temperature on lipid oxidation compounds might be of great 
importance for the overall aroma profile of bread, and particularly the aldehydes are important, be-
cause of their relatively low odour threshold and green off-odours (Zehentbauer and Grosch, 1998). 
 

5.2.4  Fermentation time 

Yeast level, fermentation temperature, and fermentation time are three factors that are inextricably 
linked with each other and changes within yeast level or fermentation temperature will have a great 
impact on the fermentation time (Paper II). This is important to consider when investigating the 
effect of fermentation time on bread aroma. In Paper II it was found that the fermentation time var-
ied greatly from 15 min to 21h when doughs were fermented at different fermentation temperatures 
(5, 15 and 35°C) and yeast levels (20, 40 and 60 g/kg flour). However, no direct correlation was 
found between fermentation time and formation of volatile compounds by this experimental design.  
 
Maeda et al. (2009) found that a 3h dough fermentation period resulted in the highest content of 
alcohols, esters and aromatic compounds in bread crumb, compared to fermentation for shorter pe-
riods (15 min, 1h and 2h). On the other hand the authors found that the level of aldehydes, carbox-
ylic acids, ketones and diketones was reduced during 3h fermentation, compared to the shorter fer-
mentation times. The level of alkenals, sulphuric and furanic compounds was not found to be influ-
enced by fermentation times from 15 min to 3h (Maeda et al., 2009). Schieberle and Grosch (1991) 
found that the concentration of the fermentation compounds 2,3-butanedione, 3-methyl-1-butanol, 
2-phenylethanol and increased by 2, 8 and 64 times, respectively in long-time fermented bread (3h) 
compared to short-time fermented bread (time not stated). The result is in agreement with Maeda et 
al. (2009), however not for 2,3-butanedione, which might be due to the yeasts ability to reabsorb 
2,3-butanedione (Dulieu et al., 2000). 
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Richard-Molard et al. (1979) investigated the effect of fermentation time from 3 to 10h on for-
mation of acetic acid in bread crumb. The fermentations were done with 20 g yeast/kg flour (tem-
perature not stated in the paper). They found an increasing content of acetic acid from 30 to 75 
mg/kg when the fermentation time was increased from 3 to 6 hrs, where after the concentration of 
acetic acid stagnated. Acetic acid is described as sour and pungent (Gassenmeier and Schieberle, 
1995), however it is also suggested to act as an aroma enhancer in the levels of 100-200 mg/kg 
(Richard-Molard et al., 1979).  
 
It was stated in the introduction of this thesis that a longer fermentation time is generally believed to 
result in bread with a more pleasant aroma. The truth of this statement is not yet clarified from the 
research work of this thesis or from the research work of Maeda et al. (2009), Schieberle and Gro-
sch (1991) and Richard-Molard et al. (1979), since additional sensory analysis should be done. 
However, from the results of Paper II it could be speculated that fermentation temperature might be 
more important than a long fermentation time for a pleasant bread aroma, as a low fermentation 
temperature (5°) resulted in bread with a higher content of esters and a lower content of compounds 
formed from the lipid oxidation compared to fermentation at higher temperatures (15 and 35°C).   
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  CONCLUSIONS 6.
6.1 Dough expansion 

Dough expansion was found to be significantly influenced by the type and level of commercial 
baker’s yeast, as well as by the fermentation temperature. Doughs fermented with baker’s yeast I, 
II, III and V (Bruggeman, Zymarom, l’Hirondelle and Rapunzel) generally had higher kinetic rate 
constants and hence shorter fermentation times compared to doughs fermented with baker’s yeast 
IV, VI and VII (Sema, Skærtoftmølle and Malteserkors). The highest kinetic rate constants were 
found for doughs fermented at 25°C with the highest yeast concentration (8.64•1011 CFU/kg flour) 
compared with doughs fermented at 5, 15 and 35°C and/or with lower yeast concentrations. This 
result was found with significance for baker’s yeast IV, VI and VII and as a clear trend for baker´s 
yeast I, II, III and V.  
 
The doughs fermented with the two highest yeast concentrations (for all baker’s yeasts) had more 
comparable kinetic rate constants and markedly shorter fermentation times compared to dough fer-
mented with the lowest concentration of yeast. Lower kinetic rate constants and hence longer fer-
mentation times were generally found for doughs fermented with all baker’s yeasts at 5°C and the 
lowest yeast concentration (2.88•1011 CFU/kg flour) compared with doughs fermented at higher 
temperatures (15, 25 and 35°C) and higher yeast concentrations (5.76•1011 and 8.64•1011 CFU/kg 
flour). Baker’s yeast IV, VI and VII were not able to reach the optimal dough height at 5°C and the 
lowest yeast concentration.  
 

6.2 Bread aroma 
A wide range of aroma compounds were identified in bread crumb, mainly originating from the 
activity of yeast and from oxidation of flour lipids. The most aroma active compounds were found 
to be (E)-2-nonanal (green, tallow), 3-methyl-1-butanol (balsamic, alcoholic), 3-methylbutanal 
(malty), hexanal (green), 2,3-butanedione (buttery, caramel), nonanal (citrus), 1-octen-3-ol (mush-
room) and phenylacetaldehyde (honey-like). A relatively high level of lactic acid bacteria (0.1•1010 
to 4.1•1010 CFU of LAB/g baker’s yeast) was found in the seven baker’s yeasts however, it is as-
sumed that the vast majority of the volatile compounds was formed from yeast activity due to the 
short fermentation times. 
 
Bread aroma was found to be greatly influenced by the level and type of baker’s yeast as well as the 
fermentation temperature. Fermentation with the highest yeast concentration (60 g/kg flour) resulted 
in breads with the highest concentration of compounds originating from the yeast activity compared 
with breads fermented at lower yeast concentrations (20 and 40 g/kg flour). Formation of com-
pounds originating from oxidation of flour lipids was found to be independent of the yeast level. A 
fermentation temperature at 5°C resulted in breads with the highest concentration of esters (fruity 
odours), compared to breads fermented at higher temperature (15 and 35°C). Fermentation at 15 
and 35°C resulted on the other hand in breads with the highest concentration of many lipid oxida-
tion compounds often characterised as off-odours compared to breads fermented at 5°C. 
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Fermentation by baker’s yeasts I to IV resulted in breads having a significantly higher concentration 
of 2,3-butanedione and 1-propanol compared to breads fermented by the other baker’s yeasts. Fur-
thermore, 3-methylbutanal, 2-methyl-1-propanol and ethyl acetate were found in significantly high-
er concentration in breads fermented by baker’s yeasts I and II. Breads fermented by baker’s yeast 
V and VI had a significantly higher concentration of phenylacetaldehyde and 2-phenylethanol. 
Breads fermented by baker’s yeast VII had a significantly lower content of the majority of the aro-
ma compounds. The fact that dough fermentation time and bread aroma was significantly influ-
enced by the type of commercial yeast indicates that some of the seven baker´s yeasts might differ-
entiate in yeast strain. 
 
From the results of the research work of this PhD thesis it could be speculated that the conditions 
for the most optimal bread aroma might be dough fermentation by one of the two Belgian commer-
cial baker’s yeasts (Zymarom or Bruggeman) at a fermentation temperature of 5°C, as these condi-
tions result in bread with a slightly fruity odour from the esters and a low content of lipid oxidation 
compounds (green and citrus odours). However, it is recommended to include sensory analysis in 
future research studies in order to support the results of this PhD project. 
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 FUTURE PERSPECTIVES 7.
 
Dough fermentation with a high concentration of yeast (60 g Maltserkors/kg flour) was found to 
increase formation of the majority of the fermentation compounds, without influencing the for-
mation of lipid oxidation compounds as well as decreasing the fermentation time, compared to 
dough containing lower yeast concentration (20 and 40 g Malteserkors/kg flour) (Paper II). Howev-
er, it is possible that non-volatile compounds from the yeast are unwanted from a sensory point of 
view. Very few research studies have been investigating the influence of non-volatile compounds 
on bread flavour (Jensen et al., 2011; Bin et al., 2012). Research within identification and quantifi-
cation of non-volatile compounds as well as aliphatic acids in bread could support the findings of 
Paper II and hence provide a more detailed flavour profile of bread fermented at different yeast lev-
els. Analysis of non-volatile compounds and also aliphatic acids could be done by high performance 
liquid chromatography (HPLC) analysis (Jensen et al., 2011; Jayaram et al., 2013) or by applying 
different derivatisation methods followed by GC-MS analysis (Proestos et al., 2006; Sha et al., 
2010) in combination with sensory analysis.  
 
Additionally, it could be relevant to evaluate breads fermented at different fermentation tempera-
tures by a sensory analysis in order to elucidate if the higher concentration of esters and the lower 
concentration of lipid oxidation compounds found in bread fermented at 5°C compared to 15 and 
35°C (Paper II) can actually be sensed in bread. Furthermore, it should be investigated, whether the 
breads fermented at 5°C are preferred over breads fermented at higher temperatures. It should be 
noted that bread fermentation at 5°C is problematic, since industrial bakeries do not typically have 
the facilities to store large amounts of dough at 5°C. Cooling is expensive therefore dough fermen-
tation at 5°C might only be relevant in production of “high quality” specialty breads. Another im-
portant issue for the baking industry is the 10% lower volume of dough fermented at 5°C compared 
to dough fermented at 15, 25 or 35°C (Paper I). 
 
The fermentation times for doughs fermented at different yeast levels and fermentation tempera-
tures were achieved from model doughs (around 240 g). The fermentation times achieved by the 
same fermentation conditions used in the research work of this thesis would be distinctly different 
from the times obtained in industrial bakeries because of the markedly larger dough volumes and 
the additional proofing step. Therefore investigation of the differences between small scale and 
large scale fermentation profiles could be relevant to investigate.  
 
Research within selection of yeast strains with improved aroma formation could be of industrial 
interest (Styger et al., 2011). Particularly selection of yeast strains with increased ester formation 
could be interesting. Studies have recently been carried out on alcohol acetyltransferases from S. 
cerevisiae and their influence on ester formation in alcoholic fermentation (Verstrepen et al., 2003; 
Procopio et al., 2011; Suárez-Lepe and Morata, 2012). The results from these studies might be suc-
cessfully applied to dough fermentation in the search for novel ways of developing the aroma of 
bread. Further experiments with the use of non-Saccharomyces strains producing high concentra-
tions of esters in the dough could also be interesting in order to develop bread with a more fruity 
and appealing aroma. The choice of strain could be inspired from research studies within alcoholic 
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fermentation, where strains of Pichia anomala, Hanseniospora guillermondii and Hanseniospora 
osmophila were found to significantly increase formation of some esters (Rojas et al., 2001; Rojas 
et al., 2003; Viana et al., 2008). Non-Saccharomyces yeasts are normally used in mixed cultures 
combined with S. cerevisae in alcoholic fermentation. Ciani et al. (2006) and Andorrá et al. (2012) 
found that pure cultures of some non-Saccharomyces wine yeasts (Hanseniaspora uvarum, 
Torulaspora delbrueckii, Candida zemplinina and Kluyveromyces thermotolerans) had reduced 
fermentation rate compared with pure cultures of S. cerevisae. Use of non-Saccharomyces yeast 
combined with S. cerevisae is therefore also assumed to be the best choice in future experiments 
within dough fermentation. 
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Abstract 
Commercial baker’s yeast consist of Saccharomyces cerevisae, however the strain can vary in each 
baker’s yeast, which might influence the dough fermentation time. The scope of this research was to 
investigate the dough expansion  of wheat doughs fermented by seven commercial baker’s yeasts at 
different yeast concentrations (2.88•1011, 5.76•1011 and 8.64• 1011 colony forming units/kg flour) and 
fermentation temperatures (5°C, 15°C, 25°C and 35°C). Dough expansion was investigated by monitor-
ing the dough height and it was found to be described well by a first order kinetic model. Doughs fer-
mented with four of the seven yeasts generally had higher kinetic rate constants and hence shorter fer-
mentation times compared to fermentation with the other three yeasts. The shortest fermentation times 
were found for doughs fermented at 25°C and the highest yeast concentration, a trend found for all the 
yeasts tested. The differences in the kinetic rate constants indicate a differentiation in yeast strain 
among the commercial baker’s yeasts emphasising the great importance of the choice of baker’s yeast 
for the dough fermentation time.   
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1. Introduction 
Baker’s yeast used in bread making is essential for dough fermentation. During dough fermentation 
baker’s yeast uses simple carbohydrates to produce ethanol and carbon dioxide as the most important 
primary products. The carbon dioxide diffuses into the air bubbles, which are incorporated and dis-
persed in the dough during mixing. The elastic and extensible gluten network formed during mixing 
retains the gas and enables the dough to rise (Poitrenaud, 2004; Romano et al., 2007). A wide range of 
secondary products are furthermore produced during dough fermentation and particularly aroma active 
compounds such as aldehydes, acids, esters and ketones produced from the fermentative activity of 
yeast are very important for the overall bread aroma (Birch et al., 2013b; Frasse et al., 1992; Schieberle 
and Grosch, 1991).  
 
Several analytical methods have been used to study the expansion of dough volume during dough fer-
mentation, particularly rheofermentometer measurements (Gujral and Singh, 1999; Ktenioudaki et al., 
2010; Rollini et al., 2007) and image analyses (Bellido et al., 2009; Shehzad et al., 2010). The dough 
surface in a cylindrical solid container has a domed shape, which is depended on dough rheology, how-
ever the volumetric expansion of dough has often been investigated by measuring dough heights 
(Gandikota and MacRitchie, 2005; Gujral and Singh, 1999; Ktenioudaki et al., 2010; Pérez-Nieto et al., 
2010; Rollini et al., 2007; Therdthai et al., 2007) since the increase in dough height have been found to 
correlate well with the volume expansion of dough (Ktenioudaki et al., 2010). Dough expansion has 
been described previously as a first-order, non-Arrhenius kinetic model (Therdthai et al., 2007).  
 
The dough expansion depends on several factors such as yeast concentration, type of wheat flour, addi-
tives (lactic acid, fat, sugar and sodium chloride) and process variables (relative humidity, fermentation 
temperature and mixing duration) (Birch et al., 2013b; Chiotellis and Campbell, 2003; Gujral and 
Singh, 1999; Ktenioudaki et al. 2010; Therdthai et al., 2007). Furthermore, the strain of baker’s yeast 
might influence the dough expansion profile.  
 
The production of commercial baker’s yeast today is limited to relatively few companies and commer-
cial baker’s yeasts are typically highly selected strains of the species Saccharomyces cerevisiae. It is 
likely that different strains of S. cerevisiae are produced in each company and they might possess dif-
ferent dough leavening capacities during fermentation. Knowledge about the dough expansion profiles 
of the baker’s yeast and hence the dough fermentation times are of great industrial interest, since strains 
with a high fermentative activity will result in a short dough fermentation time, which is an economical 
benefit for the bakers when focus is solely on bread volume. 
 
The purpose of this work was to investigate the expansion profiles of doughs fermented by seven 
commercial compressed baker’s yeasts by development of a theoretical kinetic model. Simultaneously, 
the effects of temperature and yeast concentration on dough expansion were investigated.  
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2. Materials and methods 
2.1 Flour 
Wheat flour (Reform) was supplied by Lantmännen Mills A/S (Vejle, Denmark). Water content of the 
flour was measured the day of baking (HOH-express, Pfeuffer) and varied from 12.6 to 13.2%. The 
gluten content was 30.0% (wet gluten) and the gluten index was 91 (Glutomatic 2100, Perten) accord-
ing to the American Association of Cereal Chemists (AACC) international approved method no. 38-12 
(AACC, 1995). The falling number was 300 sec (Falling number 1500, Perten) according to the Inter-
national Association for Cereal Science and Technology (ICC) standard method no. 107/1 (ICC, 1995). 
 
2.2 Commercial baker’s yeasts 
The following types of compressed commercial baker's yeast were included in the study: MAL-
TESERKORS from Lallemand, De Danske Gærfabrikker, Grenå, Denmark; SKÆRTOFTMØLLE, or-
ganically produced baker’s yeast from Agrano, Riegel am Kaiserstuhl, Germany; RAPUNZEL, organi-
cally produced baker’s yeast from Rapunzel Naturkost AG, Legau, Germany; SEMA from Lallemand, 
Panevezys, Lithuania; L’HIRONDELLE from Le Saffre, Marcq-en-Baroeul, France; BRUGGEMAN 
from Algist Bruggeman, Gent, Belgium; ZYMAROM from Algist Bruggeman, Gent, Belgium. 
All baker’s yeasts were used a few days after the purchase and therefore well before their expiration 
dates. 
 
2.3 Count of yeast cells 
1 g of baker’s yeast was suspended in 9 ml sterile sporulation (SPO) medium (8.5 g NaCl, 1.0 g pep-
tone, 0.3 g Na2HPO4, 1 L ion exchanged water, pH 5.5) to dilution 10-1. The dilution was continued to 
10-8. 25 µL of the 10-6, 10-7 and 10-8 dilutions were inoculated on sterile yeast extract peptone glycerol 
(YPG) agar plates (10 g glucose, 3 g yeast extract, 5 g peptone, 1 L ion exchanged water and 20 g agar, 
pH 5.5). The plates were incubated at 25˚C for 48 hours before counting the yeast colony forming units 
(CFU) (Table 1). The dilution series and the inoculation on YPG plates were both performed in dupli-
cate.  
 
2.4 Monitoring dough height 
300 g of flour (adjusted to 14% water content), 185 mL water (30°C), 4 g saccharose, 4 g NaCl and an 
equal number of baker’s yeast cells according to Table 1 (dough containing 2.88•1011, 5.76•1011 and 
8.64•1011 CFU/kg flour, respectively, corresponding to 20-40, 40-80 and 60-120 g/kg flour) were 
mixed in a baking machine (FAB-100, Funai) for 19 minutes. A dough sample of 235 g was transferred 
to a 1 L beaker glass. The beaker glass was covered with aluminium foil and the dough was left for 
fermentation at 5°C, 15°C, 25°C and 35°C respectively in an incubator (Cooling incubator series 6000, 
Termaks). The dough height was monitored by a web camera (Live! Cam Voice, Creative Technology 
Ltd.) taking pictures of the doughs in intervals of 1-15 minutes (depending on the expected fermenta-
tion rate of each dough). The dough heights were monitored as duplicates from the same dough that 
was divided in two samples of 235 g dough. The dough height was measured as the highest point of the 
dough, as the dough height has previously been found to correlate well with the volume expansions of 
the dough (Ktenioudaki et al., 2010).The height for optimally developed dough was 90 mm for fermen- 
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tation at 5°C and 100 mm for fermentation at 15°C, 25°C and 35°C. The dough heights for optimally 
developed doughs were determined from pre-trials (results are not shown) where fermented doughs 
with different heights were baked and the crumb structures for each dough height were evaluated. 
 
Table 1. CFUa of yeast cells per g compressed baker’s yeast and the amount of baker’s yeast in the dough corresponding to 
2.88•1011, 5.76•1011 and 8.64•1011 CFU/kg flour.  
Yeast  CFU of yeast 

pr. g yeast 
Amount of baker’s yeast in the dough (g baker’s yeast/kg flour) 

2.88•1011 CFU/kg flour 5.76•1011 CFU/kg flour 8.64•1011 CFU/kg flour 
Malteserkors  (1.44 ± 0.17) •1010 20 40 60 
Sema  (1.33 ± 0.42) •1010 22 44 66 
Skærtoftmølle  (0.92  ± 0.14) •1010 31 62 93 
Zymarom  (0.77  ± 0.14) •1010 37 74 111 
Bruggeman  (0.73  ± 0.10) •1010 39 78 117 
Rapunzel  (0.72  ± 0.19) •1010 40 80 120 
l’Hirondelle  (0.72 ± 0.11) •1010 40 80 120 
aCFU = Colony Forming Units. 

2.5 Data Analysis 
The data obtained for the 84 different conditions (seven baker’s yeasts, four temperatures and three 
yeast concentrations) were fitted to first-order non-Arrhenius kinetic models using non-linear regres-
sion with the Levenberg-Marquardt fitting function. For each condition the kinetic rate constant, b0 and 
b1 were estimated. Image editing,  curve fitting and preparation of the box-and whisker plot were per-
formed by the software Matlab (version 7.11/R2011b, Mathworks) using in-house routines. The Tukey 
Honest Significant Difference (HSD) test was used for comparison of means in the analysis of variance 
(ANOVA) computed by the software Jump (version 7.0, SAS Institute Inc.).  
 
3. Results and discussion 
3.1 First order kinetic model 
The majority of the expanding dough profiles followed a first order kinetic model (Figure 1A), which 
could be used to estimate the change of dough height throughout the fermentation process, as shown in 
 

h(t)  = b0 + b1 • (1-e-k • t)    Equation 1 

where h(t) is the dough height (mm) at time t (min), b0 (mm) is the estimate for the initial height, b1 
(mm) is the estimate for the increment in height and k is the kinetic rate constant (min-1). A limited 
number of dough expansion profiles did not follow the first order kinetic model showing either a con-
vex curve shape instead of a concave in the initial steep curve, or showed another unexpected profile, 
all resulting in unreliable parameter estimates in Equation 1; these samples will be identified distinctly 
in the results (Section 3.2 and 3.3). The model performance was evaluated by comparing the differ-
ences between the estimated dough fermentation times for reaching a predefined dough height for a 
fully developed dough (see section 2.4) by mathematically modelling and by direct determination (from 
pictures of the developing dough) (Figure 1B and C). A larger difference between the mathematically 
and direct determined fermentation times was generally found for the fermentation times for the sam-
ples fermented at 5°C (Figure 1B) compared to the samples fermented at 15°C, 25°C and 35°C. This is 
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mostly explained by the generally longer fermentation times of samples fermented at the low fermenta-
tion temperature (5°C) which will be further discussed in section 3.2. Generally, the mathematically 
modelled fermentation times were comparable with the direct determined fermentation times for sam-
ples fermented at 5°C (Figure 1B), as they were centred around zero in the box-and whisker plot. The 
mathematically modelled fermentation times for the samples fermented at 15°C, 25°C and 35°C had 
slightly longer fermentation times compared to the direct determined (Figure 1C). Overall the model 
performance was reasonable good as the differences between the mathematical modelled and the direct 
determined fermentation times were small for the majority of the samples (Figure 1B and C).  
 

 

Figure 1. A: An example of dough expansion at discrete time points/images (●) following the first order kinetic model es-
timate from Equation 1. Each time-point is like a "bar" from a picture of dough expansion, these bars are placed next to 
each other, which result in the dough expansion profile. The white curve is the fitted line. This dough was fermented with 
the baker’s yeast Bruggeman at a concentration of 2.88•1011 CFU/kg flour at 15°C. B and C: Box-and-whisker plot of the 
differences (in minutes) between estimated dough fermentation times to reach a fully developed dough height by mathemat-
ically modelling  and by direct determination - (B) 5⁰C samples (N=18) and (C) 15, 25 and 35⁰C samples (N=56). The 
black crosses mark those samples considered outliers for the median-estimate in the box-and-whisker determination. 

 
The two dough samples fermented at 25°C with the lowest concentration (2.88•1011 CFU/kg flour) of 
the baker’s yeasts l’Hirondelle and Sema were both outlying samples because of their curve shape and 
they were not included in the further data analysis. The mean coefficient of variation (CV%) of the ki-
netic rate constants for all samples was 17.1.  
 
If the kinetic rate constants were estimated from doughs containing equal yeast amount (g/kg flour) in-
stead of equal number of yeast cells (CFU/kg flour) it is assumed that the kinetic rate constants would 
be markedly different as the number of yeast cells per g between the baker’s yeasts differed significant-
ly (Table 1). 
 
 

A 
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3.2 Effect of fermentation temperature and yeast concentration on the kinetic rate constant 
The four fermentation temperatures (5°C, 15°C, 25°C and 35°C) were chosen to investigate the influ-
ence of a wide range of temperatures used in bakeries for dough fermentation. The typical industrial 
dough fermentation temperature is between 25 and 35°C (Wiggins, 1998), which is close to the optimal 
temperature for fermentation with S. cerevisiae which is approximately 25°C (Attfield, 1997). A fer-
mentation temperature of 5°C is however also used in dough retarding (Cauvain, 1998) and this low 
temperature has also been shown to increase formation of esters (characterised as having a fruity and 
pleasant odour) during dough fermentation (Birch et al., 2013b).  
 
An overview of the effects of fermentation temperature and yeast concentration on the kinetic rate con-
stants for the expanding doughs fermented with each commercial baker’s yeast is shown in Table 2, 
where a high kinetic rate constant corresponds to a short fermentation time. Doughs fermented with the 
baker’s yeasts Malteserkors, Skærtoftmølle, Rapunzel and Sema at 25°C had significantly higher kinet-
ic rate constants when the highest yeast concentration (8.64•1011 CFU/kg flour) was used compared to 
the other fermentation temperatures and yeast concentrations (Table 2).  This tendency towards the 
highest kinetic rate constants for the doughs fermented at 25°C was also seen for the baker’s yeasts 
l’Hirondelle, Bruggeman and Zymarom at the highest yeast concentration (Table 2).  
 
Description of the dough expansion profiles as a first order kinetic model is in agreement with a previ-
ous study (Therdthai et al., 2007). These authors developed a model to investigate how relative humidi-
ty (70 to 90%) and temperature (30°C to 55°C) influence the expansion rate of rice-flour-based doughs. 
They found the significant highest kinetic rate constant at 46°C and 90% relative humidity. Gujral and 
Singh (1999) found that wheat dough fermentation at 27°C resulted in the largest bread volume com-
pared to fermentation at 24°C, 30°C, 33°C and 36°C, which is in agreement with our results in Table 2 
with 25°C as the optimal fermentation temperature. Mousia et al. (2007) investigated dough expansion 
rates at 30°C, 35°C, 40°C, 45°C and 50°C and they found the highest dough expansion rate at 40°C. 
These results are in agreement with Chevallier et al. (2012) which found the highest dough expansion 
rate at 35°C compared to 25°C and 30°C. The different correlations of fermentation temperature and 
dough expansion rates found in the research studies are most likely explained by differences in yeast 
strains (type of yeast strain was not stated in the three papers) and process variables, however it is gen-
erally stated that the optimal fermentation temperature of S. cerevisiae is between 25°C and 28°C (Att-
field, 1997; Redon et al., 2011). 
 
The estimated fermentation times based on the kinetic rate constants are presented in Figure 2. Increas-
ing the yeast concentration markedly decreased the fermentation times of all doughs (Figure 2). 
Doughs fermented with the two highest yeast concentrations (5.76•1011 and 8.64•1011 CFU/kg flour) 
had statistically more similar kinetic rate constants compared to the doughs fermented with the lowest 
yeast concentration (2.88•1011 CFU/kg flour). The doughs fermented with the lowest yeast concentra-
tion had markedly lower kinetic rate constants (Table 2) and hence longer fermentation times (Figure 
2) compared to doughs fermented with the two highest yeast concentrations. A short fermentation time  
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Table 2. Kinetic rate constants (k, min-1) of expanding wheat doughs influenced by yeast concentration and fermentation temperature. The results of the two-way ANO-
VA are shown for the two factors - yeast concentration (yc) and fermentation temperature (ft) - and their possible interaction (yc•ft).  The mean coefficient of variation 
(CV%) of the kinetic arte constant for all samples was 17.1. 

 Kinetic rate constant (k, min-1)a  Two-way ANOVAb 

 2.88•1011 CFU/kg flour  5.76•1011 CFU/kg flour  8.64•1011 CFU/kg flour  yc (•1011CFU/kg flour)  ft (°C) 

Yeast 5°C 15°C 25°C 35°C  5°C 15°C 25°C 35°C  5°C 15°C 25°C 35°C  2.88 5.76 8.64  5 15 25 35 

Malteserkors 0.0005g 0.005g 0.01f 0.01f  0.005g 0.02d 0.03c 0.03c  0.02ef 0.02de 0.05a 0.04b          

Sema 0.002d 0.01cd ne 0.01cd  0.01cd 0.03bc 0.03bc 0.03bc  0.03bc 0.03bc 0.09a 0.05b          

Skærtoftmølle 0.002g 0.006fg 0.01ef 0.02de  0.006fg 0.04c 0.04c 0.03d  0.004g 0.05b 0.06a 0.05b          

Bruggeman 0.02 0.04 0.03 0.05  0.03 0.04 0.07 0.06  0.03 0.05 0.1 0.07  b ab a  b ab a ab 

Zymarom 0.01 0.03 0.02 0.04  0.04 0.03 0.06 0.05  0.05 0.04 0.08 0.04  b ab a  a a a a 

Rapunzel 0.004g 0.006g 0.002g 0.03ef  0.02f 0.04de 0.04cde 0.05c  0.05cd 0.06bc 0.08a 0.07ab          

l'Hirondelle 0.03 0.04 ne 0.03  0.07 0.02 0.07 0.08  0.06 0.05 0.1 0.07  a a a  a a a a 
aMean kinetic rate constants of duplicates; ne, not estimated. The kinetic rate constants marked with italic type are estimated from dough expansion curves which do not 
completely fit the first order kinetic model. bDifferent letters in the same row indicate significant differences (significance level 95%). When the interaction between yc 
and ft is significant the letters are shown for each kinetic rate constant. If a significant interaction effect was not found, the Tukey HSD test is reported for the two main 
effects (yc and fc). 
 
Table 3. Kinetic rate constants (k, min-1) of expanding wheat doughs fermented with seven commercial baker’s yeasts at different yeast concentrations (yc) and fermen-
tation temperatures (ft). The results of the one-way ANOVAa are shown for the seven baker’s yeasts. The mean coefficient of variation (CV%) of the kinetic arte con-
stant for all samples was 17.1. 

 yc Kinetic rate constant (k, min-1)b 

ft (°C) 
(•1011 CFU/kg 
flour) Malteserkors Sema Skærtoftmølle Bruggeman Zymarom Rapunzel l’Hirondelle 

5 2.88 0.0005b 0.002b 0.002b 0.02ab 0.01ab 0.004b 0.03a 

 
5.76 0.005b 0.01b 0.006b 0.03ab 0.04ab 0.02ab 0.07a 

 
8.64 0.02cd 0.03abc 0.004d 0.03bc 0.05ab 0.05ab 0.06a 

15 2.88 0.005c 0.01bc 0.006c 0.04a 0.03a 0.006c 0.03ab 

 
5.76 0.02c 0.03abc 0.04ab 0.04a 0.03bc 0.04ab 0.02c 

 
8.64 0.02 0.03 0.05 0.05 0.04 0.06 0.05 

25 2.88 0.01 ne 0.01 0.03 0.02 0.02 ne 

 
5.76 0.03c 0.03c 0.04c 0.07a 0.06abc 0.04bc 0.07ab 

 
8.64 0.05 0.09 0.06 0.1 0.08 0.08 0.1 

35 2.88 0.01d 0.01d 0.02cd 0.05a 0.04ab 0.03bc 0.03bc 

 
5.76 0.03b 0.03b 0.03b 0.06a 0.05ab 0.05ab 0.08a 

 
8.64 0.04c 0.05bc 0.05bc 0.07ab 0.04c 0.07a 0.07a 

aDifferent letters in the same row indicate significant differences (significance level 95%). bMean kinetic rate constants of duplicates; ne= not estimated. The kinetic rate 
constants marked with italic type are estimated from dough expansion curves which do not completely fit the first order kinetic model. 
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Table 2. Kinetic rate constants (k, min-1) of expanding wheat doughs influenced by yeast concentration and fermentation temperature. The results of the two-way ANO-
VA are shown for the two factors - yeast concentration (yc) and fermentation temperature (ft) - and their possible interaction (yc•ft).  The mean coefficient of variation 
(CV%) of the kinetic arte constant for all samples was 17.1. 

 Kinetic rate constant (k, min-1)a  Two-way ANOVAb 

 2.88•1011 CFU/kg flour  5.76•1011 CFU/kg flour  8.64•1011 CFU/kg flour  yc (•1011CFU/kg flour)  ft (°C) 

Yeast 5°C 15°C 25°C 35°C  5°C 15°C 25°C 35°C  5°C 15°C 25°C 35°C  2.88 5.76 8.64  5 15 25 35 

Malteserkors 0.0005g 0.005g 0.01f 0.01f  0.005g 0.02d 0.03c 0.03c  0.02ef 0.02de 0.05a 0.04b          

Sema 0.002d 0.01cd ne 0.01cd  0.01cd 0.03bc 0.03bc 0.03bc  0.03bc 0.03bc 0.09a 0.05b          

Skærtoftmølle 0.002g 0.006fg 0.01ef 0.02de  0.006fg 0.04c 0.04c 0.03d  0.004g 0.05b 0.06a 0.05b          

Bruggeman 0.02 0.04 0.03 0.05  0.03 0.04 0.07 0.06  0.03 0.05 0.1 0.07  b ab a  b ab a ab 

Zymarom 0.01 0.03 0.02 0.04  0.04 0.03 0.06 0.05  0.05 0.04 0.08 0.04  b ab a  a a a a 

Rapunzel 0.004g 0.006g 0.002g 0.03ef  0.02f 0.04de 0.04cde 0.05c  0.05cd 0.06bc 0.08a 0.07ab          

l'Hirondelle 0.03 0.04 ne 0.03  0.07 0.02 0.07 0.08  0.06 0.05 0.1 0.07  a a a  a a a a 
aMean kinetic rate constants of duplicates; ne, not estimated. The kinetic rate constants marked with italic type are estimated from dough expansion curves which do not 
completely fit the first order kinetic model. bDifferent letters in the same row indicate significant differences (significance level 95%). When the interaction between yc 
and ft is significant the letters are shown for each kinetic rate constant. If a significant interaction effect was not found, the Tukey HSD test is reported for the two main 
effects (yc and fc). 
 
Table 3. Kinetic rate constants (k, min-1) of expanding wheat doughs fermented with seven commercial baker’s yeasts at different yeast concentrations (yc) and fermen-
tation temperatures (ft). The results of the one-way ANOVAa are shown for the seven baker’s yeasts. The mean coefficient of variation (CV%) of the kinetic arte con-
stant for all samples was 17.1. 

 yc Kinetic rate constant (k, min-1)b 

ft (°C) 
(•1011 CFU/kg 
flour) Malteserkors Sema Skærtoftmølle Bruggeman Zymarom Rapunzel l’Hirondelle 

5 2.88 0.0005b 0.002b 0.002b 0.02ab 0.01ab 0.004b 0.03a 

 
5.76 0.005b 0.01b 0.006b 0.03ab 0.04ab 0.02ab 0.07a 

 
8.64 0.02cd 0.03abc 0.004d 0.03bc 0.05ab 0.05ab 0.06a 

15 2.88 0.005c 0.01bc 0.006c 0.04a 0.03a 0.006c 0.03ab 

 
5.76 0.02c 0.03abc 0.04ab 0.04a 0.03bc 0.04ab 0.02c 

 
8.64 0.02 0.03 0.05 0.05 0.04 0.06 0.05 

25 2.88 0.01 ne 0.01 0.03 0.02 0.02 ne 

 
5.76 0.03c 0.03c 0.04c 0.07a 0.06abc 0.04bc 0.07ab 

 
8.64 0.05 0.09 0.06 0.1 0.08 0.08 0.1 

35 2.88 0.01d 0.01d 0.02cd 0.05a 0.04ab 0.03bc 0.03bc 

 
5.76 0.03b 0.03b 0.03b 0.06a 0.05ab 0.05ab 0.08a 

 
8.64 0.04c 0.05bc 0.05bc 0.07ab 0.04c 0.07a 0.07a 

aDifferent letters in the same row indicate significant differences (significance level 95%). bMean kinetic rate constants of duplicates; ne= not estimated. The kinetic rate 
constants marked with italic type are estimated from dough expansion curves which do not completely fit the first order kinetic model. 
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Figure 2. Estimated fermentation times for optimally fermented doughs (dough height of 90 mm for doughs fermented at 5°C and dough height of 100 mm for doughs 
fermented at 15, 25 and 35°C) fermented with seven commercial baker’s yeasts at 5 (A), 15 (B), 25 (C) and 35°C (D). Note the different scale on the y-axis. If the col-
umn is marked not any number (NAN) the dough could not reach the optimal height for that temperature.  
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achieved by a high yeast concentration might be economically beneficial for the baker if focus is solely 
on bread volume. However, it is possible that compounds from the yeast are unwanted from a sensory 
point of view. The specific influence of yeast level on bread taste has to our knowledge not been inves-
tigated. Very few studies have been investigating the influence of non-volatile compounds on bread 
flavor, the focuses of these few studies were however not related to the level of yeast, but to the effect 
of storage on bread flavor and in the identification of bitterness in bread, respectively (Jensen et al., 
2011; Bin et al., 2012). In future studies the effect of yeast level on non-volatile compounds in bread 
should be investigated by sensory analysis and by quantification of the non-volatile compounds (e.g. by 
HPLC). Birch et al. (2013b) found that a high yeast concentration (60 g/kg flour) resulted in bread with 
a high content of volatile fermentation compounds, with 2,3-butanedione (buttery and caramel odour) 
and phenylacetaldehyde (honey-like odour) being the most aroma active compounds, compared to 
breads fermented at lower yeast concentrations (20 and 40 g/kg flour).  

The longest fermentation times for all doughs were generally found at the lowest temperature (5°C) and 
the lowest yeast concentration (2.88•1011 CFU/kg flour) (Table 2). Dough expansion at 5°C was prob-
lematic for most of the baker’s yeasts, especially at the lowest yeast concentration where the standard 
deviations were also larger compared to the samples fermented at higher temperatures. Furthermore, 
doughs fermented with Malteserkors, Sema and Skærtoftmølle did not reach the optimal dough height 
when fermented at the lowest fermentation temperature (5°C) and yeast concentration (2.88•1011 

CFU/kg flour) (Figure 2A). This phenomenon is likely associated with a lower fermentative activity of 
the yeast cells at this low fermentation temperature. The different abilities of the seven commercial 
baker’s yeasts to ferment at 5°C might have something to do with the lipid content of their cell mem-
brane. At lower temperatures the fluidity of the yeast cell membrane is decreased resulting in a lower 
activity of the transmembrane proteins responsible for uptake of nutrients. Redon et al. (2011) found 
that different S. cerevisiae strains compensates for this by increasing the formation of triacylglycerides 
and medium-chain fatty acids, and yeasts having higher contents of these compounds are also adapting 
better to lower fermentation temperatures. 
 
3.3 Effect of baker’s yeast on the kinetic rate constant 
To investigate the effect of baker’s yeast on the kinetic rate constant a one-way ANOVA was calculat-
ed (Table 3), it should be mentioned that the kinetic rate constants are the same as in the two-way 
ANOVA presented in Table 2. When comparing the kinetic rate constants of the doughs fermented 
with the seven commercial baker’s yeasts, doughs fermented with Rapunzel, l’Hirondelle, Bruggeman 
and Zymarom generally had higher kinetic rate constants and hence shorter fermentation times com-
pared to doughs fermented with the yeasts Malteserkors, Skærtoftmølle and Sema for nearly all fer-
mentation temperatures and yeast concentrations (Table 3 and Figure 2). No statistically significant 
differences were though found between the kinetic rate constants of doughs fermented with the seven 
baker’s yeasts at 15°C with the highest yeast concentration or at 25°C with the lowest and highest yeast 
concentrations (Table 3). It is interesting to observe that although the kinetic rate constants differ sig-
nificantly between doughs fermented with each baker’s yeast at most temperatures and yeast concentra-
tions, the kinetic rate constants were not significantly different between the yeasts when they were fer-



10 
 

mented at 25°C at the highest yeast concentration, which corresponds to optimal and customary fer-
mentation conditions for the majority of the baker’s yeasts (Table 3).  
 
The significant differences in the kinetic rate constants for doughs at most temperatures and yeast con-
centrations were found in spite of the fact that all doughs compared had the same initial yeast CFU 
(Table 1). The lower kinetic rate constants estimated from the expansion of doughs fermented with 
Malteserkors, Skærtoftmølle and Sema are assumed to be due to a lower fermentative activity of the 
yeast cells in these baker’s yeasts compared to the activity of the yeast cells with a higher kinetic rate 
constant (Bruggeman, Zymarom, Rapunzel and l’Hirondelle) (Table 3).  
 
A previous study also found significant differences in the fermentative activity between commercial 
baker’s yeast by measuring the carbon dioxide production in a synthetic dough media (Bell et al., 
2001). The fermentative activity of S. cerevisiae was found to be influenced by the cultivation condi-
tions of baker’s yeast (Angelov et al., 1997) and the highest fermentative activity was found when cul-
tivation of S. cerevisiae was done at pH 6, 32°C and 20% dissolved oxygen. Furthermore, the authors 
found that strains having a high maltase activity also had a higher dough leaving ability. Hence, the dif-
ferent fermentative activities observed for the seven commercial baker’s yeasts in Table 3, might be 
caused by differences within the cultivation method of the baker’s yeasts or by the mode of regulation 
of maltose utilisation in the yeasts. 
 
The differences in the kinetic rate constants between the seven commercial yeasts indicate that some of 
the yeasts differentiate in yeast strain. This result is supported by significant different aroma profiles 
found between breads fermented by the same seven commercial baker’s yeasts (Birch et al. 2013a). As 
the differences in the aroma profiles may be due to differences in the gene-regulating mechanisms and 
biosynthetic pathways of aroma compound formation between these different yeast strains during 
dough fermentation.  
The desirable properties of an ideal baking strain of S. cerevisiae are manifold and include for example 
high glycolytic activity, high chemical tolerance (resistance to bread additives and sodium chloride), 
greater ability to utilize maltose under glucose-repressing conditions and good storage ability (Walker, 
1998). Furthermore, the baker’s yeast producers constantly search for new strains with improved tech-
nological abilities to meet the industrial demands for strains that are better suited for sweet dough, fro-
zen dough, etc. (Rollini et al., 2007).  
 
Besides research within strains of baker’s yeasts for specific dough formulas, additional investigations 
within selection of yeast strains with improved aroma formation could be of industrial interest. Particu-
larly the selection of yeast strains with increased ester formation could be of relevance, since esters 
have been found to have a fruity and pleasant aroma (Lee and Noble, 2003). 
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4. Conclusion 
Dough expansion could be described in a first order kinetic model that fitted most of the dough samples 
well. The optimal conditions resulting in the shortest fermentation time for all the seven baker’s yeasts 
were fermentation of the doughs at 25°C with the highest yeast concentration (8.64•1011 CFU/kg flour). 
Dough fermentations at 5°C, 15°C and 35°C had generally shorter fermentation times when fermented 
by the baker’s yeasts Rapunzel, l’Hirondelle, Bruggeman and Zymarom at all yeast concentrations 
compared to doughs fermented by Malteserkors, Sema and Skærtoftmølle. The doughs fermented with 
the two highest yeast concentrations had more similar fermentation times compared to the doughs fer-
mented with the lowest yeast concentration, which had clearly longer fermentation times, a trend ob-
served for all fermentation temperatures. The markedly lowest kinetic rate constants were found for 
fermentation at 5°C combined with the lowest yeast concentration (2.88•1011 CFU/kg flour) and 
doughs fermented with Malteserkors, Sema and Skærtoftmølle were not able to reach the optimal 
dough height at this temperature.  
 
The results elucidate that the type of commercial baker’s yeast, the fermentation temperature and the 
yeast concentration are three very important factors influencing the fermentation time of optimally de-
veloped doughs.  
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a b s t r a c t

The consumers of today have an increasing interest in high quality bread with appealing aroma. The
scope of this work is to investigate how aroma in wheat bread crumb is influenced by different
fermentation conditions: amount of yeast (20, 40 and 60 g/kg flour) and fermentation temperature (5, 15
and 35 �C). Dough samples were fermented to equal height and baked, and the aroma compounds from
the bread were extracted by dynamic headspace extraction and analyzed by gas chromatographyemass
spectrometry. Quantification of the aroma compounds was performed by multiple headspace extraction.
The most aroma active compounds identified were 3-methylbutanal, (E)-2-nonenal, 3-methyl-1-butanol,
and 2,3-butanedione. Increasing the yeast concentration was found to increase formation of the majority
of the compounds formed from the yeast metabolism, with 2,3-butanedione and phenylacetaldehyde as
the most aroma active compounds. High fermentation temperature (15 and 35 �C) increased formation of
many lipid oxidation compounds, with hexanal and heptanal having the highest odor activity values. Low
fermentation temperature (5 �C) was found to increase formation of the three esters ethyl acetate, ethyl
hexanoate, and ethyl octanoate, with ethyl hexanoate having the highest odor activity value. The odor
activity values of the esters were generally low.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Today, industrially produced wheat bread is often made from
dough with a high concentration of yeast and the dough is fer-
mented at high temperature in order to decrease the production
time (Cauvain, 1998a). A short fermentation time results in an
economical benefit and a continuous flow on the production line.
However, it is generally believed that a longer fermentation time
results in bread with a more pleasant aroma, although only few
studies have been done in this area (Hironaka, 1986; Maeda et al.,
2009). Aroma development in bread crumb has been found to be
dependent on yeast concentration, mixing stage and fermentation
time (Frasse et al., 1992; Gassenmeier & Schieberle, 1995; Maeda
et al., 2009; Richard-Molard, Nago, & Drapron, 1979; Schieberle
& Grosch, 1991). Fermentation temperature was found to have
a significant effect on the crust aroma of baguettes (Zehentbauer

& Grosch, 1998). The influence of fermentation temperature on
the crumb aroma has only been investigated for the two fermen-
tation products 3-methyl-1-butanol and 2-phenylethanol
(Gassenmeier & Schieberle, 1995). Aroma compounds identified
in fermented bread crumb are mainly derived from the metabolism
of yeast and from the oxidation of flour lipids (Frasse et al., 1992;
Schieberle & Grosch, 1991), whereas the aroma compounds in the
crust originates from Maillard reactions occurring at high temper-
atures and low water activity between reducing sugars and amino
acids (Purlis, 2010). Dynamic headspace extraction (DHE) followed
by gas chromatographyemass spectrometry (GCeMS) has proven
to be a sensitive and fast method to analyze the aroma compounds
in bread or bread-like systems (Christensen, Leitao, Petersen,
Jespersen, & Engelsen, 2009; Luning, Roozen, Moëst, &
Posthumus, 1991). Quantification of aroma compounds by
multiple headspace extraction (MHE) developed by Kolb and
Pospisil (1977) is an effective quantification method, since it is
independent of the food matrix. MHE has recently been success-
fully performed within food systems (Carrillo & Tena, 2006; Soria,
Martinez-Castro, & Sanz, 2007). Numerous papers have eluci-
dated the effects of yeast and fermentation temperature on aroma
development during alcoholic fermentation in wine and beer
production (Molina, Swiegers, Varela, Pretorius, & Agosin, 2007;
Saerens, Verbelen, Vanbeneden, Thevelein, & Delvaux, 2008;

Abbreviations: AACC, American Association of Cereal Chemists; ANOVA, analysis
of variance; DHE, dynamic headspace extraction; GCeMS, gas chromatographye
mass spectrometry; ICC, International Association for Cereal Science and Tech-
nology; MHE, multiple headspace extraction; PCA, principal component analysis;
PLS, partial least squares; OAV, odor activity value; OT, odor threshold.
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Tominac et al., 2008; Trelea, Titica, & Corrieu, 2004). However,
knowledge within aroma development in bread fermented at
different yeast concentrations and fermentation temperatures is
lacking. Information on how these different fermentation condi-
tions influence the aroma in bread crumb is of interest for the bread
industry in order to improve the aroma of the bread products. The
purpose of this research paper is therefore to investigate how
different yeast concentrations (20, 40 and 60 g/kg flour) and dough
fermentation temperatures (5, 15 and 35 �C) influence the aroma
profile of wheat bread crumb. The aroma compounds were
extracted by DHE followed by GCeMS analysis, and the quantifi-
cation of the identified aroma compounds was performed by MHE.

2. Material and methods

2.1. Flour

Wheat flour (Reform) was supplied by Lantmännen Mills A/S
(Vejle, Denmark). Moisture content of the flour was measured the
day of baking (HOH-express, Pfeuffer) and varied from 11.7 to 11.9%.
The gluten content was 28.9% (wet gluten) and the gluten index
was 95 (Glutomatic 2100, Perten) according to the American
Association of Cereal Chemists (AACC) international approved
method no. 38-12 (AACC, 1995). The following Farinograph dough
parameters were measured: the dough development time, 3 min;
the dough stability, 13/4 min; the degree of softening, 20 BU; and
the water uptake was 54.8% (Farinograph DCE 330, Brabender)
according to AACC international approved method no. 54-21
(AACC, 1995). The falling number was 299 s (Falling number 1500,
Perten) according to ICC standard method no. 107/1 (ICC, 1995).

2.2. Yeast

Commercial pressed baker’s yeast (Saccharomyces cerevisiae,
Malteserkors from Lallemand, De Danske Gærfabrikker, Grenå,
Denmark) was usedwithout washing the yeast cells. The drymatter
was 28%. The cell count was 1.44*1013 yeast cells/g yeast and
2.0*109 lactic acid bacteria/g yeast. Preliminary tests showed that
the yeast cell density was the same in the dough immediately after
mixing of the dough and in the end of the fermentation period. The
yeast was taken from the same batch to decrease the risk of
different cell count of yeast and different contaminant bacteria.

2.3. Bread making

300 g of Flour (adjusted to 14% moisture content), 190 mL water
(30 �C), 4 g saccharose, 4 g NaCl and 6, 12 and 18 g yeast (corre-
sponding to 20, 40 and 60 g yeast/kg flour), respectively were
mixed in a baking machine (FAB-100 from Funai) for 19 min. Two
pieces of 235 g dough was each transferred to 1 L beaker glass. The
beaker glasses were sealed with aluminum foil and the doughs
were left for fermentation at 5, 15 or 35 �C, respectively in an
incubator. The fermentations were terminated when the doughs
reached 8 cm in total height. Preliminary tests were made at each
yeast level and fermentation temperature to find the right
fermentation time as the dough height was monitored by a web-
camera. The fermentation times are presented in Table 1. The
dough was baked at 130 �C for 31 min in a convection oven with
steam (Conmatic line, Hounö) to a center temperature of 98 �C. The
relatively low baking temperature and steam during baking were
chosen to decrease crust formation. The bread was cooled for
15 min and was then released from the beaker glass and further
cooled at room temperature for 1 h on a grate. 1 cm crust was
quickly removed and samples of 15 g of bread crumb were cut into
4e6 pieces and packed in tin foil surrounded by a plastic bag.

Approximately six samples could be taken from each bread. The
samples were frozen at �18 �C until aroma analysis within few
weeks. A preliminary test was made for comparison of the aroma
profile of frozen and fresh bread samples. The test showed no
significant differences between the treatments (data not shown),
therefore freezing of the samples were done for practical reasons.

2.4. Standards

1-Penten-3-ol, 3-methyl-1-butanol, 3-methyl-3-buten-1-ol, 1-
pentanol, 2-penten-1-ol, 1-hexanol, 3-hexenol, 2-ethyl-1-hexanol,
1-octanol, 3-nonen-1-ol, 2-phenylethanol, 1-dodecanol, 3-
methylbutanal, heptanal, octanal, nonanal, decanal, benzalde-
hyde, (E)-2-nonenal, phenylacetaldehyde, 2-heptanone, 3-
hydroxy-2-butanone, 2-octanone, 3-octen-2-one, ethyl acetate,
ethyl octanoate, gamma-nonalactone, acetic acid, butanoic acid,
hexanoic acid, 2-pentylfuran and trimethylpyrazine were
purchased from SigmaeAldrich (Gillingham, U.K.). 2-Methyl-1-
propanol, 1-octen-3-ol, hexanal, 2,3-butanedione, 2-
methylpropanoic acid and pentanoic acid were purchased from
Fluka (Buchs, Switzerland). 1-Propanol, 1-heptanol, 2-
furancarboxaldehyde, ethyl 3-methylbutanoate and ethyl hex-
anoate were purchased from Merck (Darmstadt, Germany). 1-
Butanol was purchased from Ferak (Berlin, Germany) and phenyl-
ethyl acetate was purchased from ICN Pharmaceuticals, Inc (Costa
Mesa, U.S.).

2.5. Dynamic headspace extraction (DHE)

15 g of Frozen bread crumb in pieces of 4e6 was placed in
a 500 mL glass flask (7.5 cm in diameter). A trap containing Tenax-
TA (200 mg) was attached to the sealed flask. The flask containing
the sample was immersed in a laboratory water bath and held at
40 �C. The sample was tempered for 10 min before purging with
nitrogen. One sample set (nine sample combinations in triplicates
according to Table 1) was purged with nitrogen (50 mL/min) for
5 min to extract the very volatile aroma compounds. Another
sample set (nine sample combinations in triplicates according to
Table 1) was purged with nitrogen (150 mL/min) for 60 min to
extract the less volatile compounds. Tenax-TA traps purged for
60 min were furthermore dry-purged directly with nitrogen
(50 mL/min) for 10 min to remove excess water. Sealed Tenax-TA
traps were kept from 1 to 3 days at 5 �C before analysis by gas
chromatographyemass spectrometry.

2.6. Multiple headspace extraction (MHE)

To determine the total amount of the aroma compounds in the
bread samples seven consecutive dynamic headspace extractions
were performed from the same sample (the sample containing 40 g
yeast/kg flour fermented at 15 �C). The same DHE procedures as
described above were used, including two combinations of flow
and time. All extractions were performed in triplicates. To deter-
mine the relationship between peak areas and absolute amounts of

Table 1
Fermentation times for the dough to reach 8 cm in height according to fermentation
temperature and yeast concentration.

Fermentation temperature (�C) Yeast concentration (g/kg flour)

20 40 60

5 21 h 3 h 30 min 3 h
15 3 h 1 h 35 min
35 50 min 25 min 15 min

A.N. Birch et al. / LWT - Food Science and Technology 50 (2013) 480e488 481



compounds sampled on traps, standard series of pure aroma
compound in heptane solution were analyzed for all above
mentioned standards (Section 2.4) in concentrations of 10, 100, 500
and 1000 mL/L 2 mL of each solution was injected to Tenax-TA traps.
Standard series were performed in triplicates.

2.7. Gas chromatographyemass spectrometry (GCeMS)

The trapped volatiles were desorbed using an automatic thermal
desorption unit (ATD 400, Perkin Elmer, Norwalk, USA). Primary
desorptionwas carried out by heating the trap to 250 �Cwith a flow
(60 mL/min) of carrier gas (helium) for 15.0 min. The stripped
volatiles were re-trapped in a Tenax-TA cold trap (30 mg held at
5 �C),whichwas subsequently heated at 300 �C for 4min (secondary
desorption, outlet split 1:10). This allowed for rapid transfer of
volatiles to the GCeMS (G1800A GCD System, HewlettePackard,
Palo Alto, CA, USA) through a heated (225 �C) transfer line. Separa-
tion of volatiles was carried out on a polar DB-Wax capillary column
(J&W Scientific, 30 m long � 0.25 mm internal diameter, 0.25 mm
film thickness). The column flow rate was 1.0 mL/min using helium
as a carrier gas. The column temperature programmewas: 10min at
45 �C, hereafter heating by 6 �C/min up to 240 �C, and holding this
temperature for 10 min. The GC was equipped with an MS detector,
operating in the electron ionization mode at 70 eV. Mass-to-charge
ratios between 15 and 300 were scanned. Volatile compounds were
identified by matching their mass spectra with those of a commer-
cial database (Wiley275.L, HP product no. G1035A) and by
comparing their retention times and mass spectra with those of
authentic standards. The software program, GCD Plus ChemStation
G1074B (Version A.01.00.237, HewlettePackard, Palo Alto,
California), was used for data analysis.

2.8. Data analysis

The peak area corresponding to a complete dynamic headspace
extraction was calculated assuming that the decline in peak area
during MHE follows first order kinetics, i.e.:

Xi¼N

i¼1

Ai ¼
A1

1� e�q;

where Ai is the sum of all extractions from A1 to AN, A1 represents
the area of an aroma compound in a new sample and q represents
the slope of the regression curve of the natural logarithm to the
peak area vs. number of extractions (Kolb & Pospisil, 1977). q was
determined for each aroma compound, where after A1 for each
aroma compound could be used to calculate the area representing
the total amount of aroma compound in each sample. Finally, areas
were transformed into absolute amounts, using the standard curves
obtained from analyzing heptane solutions of pure standards
injected directly into the Tenax-TA traps.

The chemometric method principal component analysis (PCA) is
a useful technique to describe major trends in the data by data
reduction and compression. PCA decomposes the data into scores
(T) and loadings (P) according to the equation X¼ TP0 þ E, where X is
raw data, T is the score matrix, P0 is the transposed loadings matrix
and E is the error matrix (Wold, Esbensen, & Geladi, 1987). In PCA
the scores are related to the samples and the loadings are related to
the variables. Applied to a data matrix of samples and variables PCA
constructs new variables known as principal components (PCs).
The first PC captures as much as possible of the variability in all the
original variables and each successive new variable (applied
orthogonally to the previous PC and therefore being independent)
accounts for asmuch of the remaining variability as possible. By use

of PCA it is therefore often possible to describe a very large
proportion of the variability in highly multivariate data with
a modest number of these new variables (PCs) (Næs, Isaksson,
Fearn, & Davies, 2004). Partial least squares (PLS) regression is
another chemometric method that determines the relationship
between variables X and properties of interest y. The PLS regression
model is defined as y ¼ Xb þ E, where b is the vector of regression
coefficients (Næs et al., 2004). Calculation of PLS models were
primarily done in order to investigate the regression coefficients,
since aroma compounds having regression coefficients close to zero
do not contribute much to the explanation of the separation
between the samples and can hence be removed in order to
improve the model. PCA and PLS regression were computed by the
software Latentix (version 2.00, Latent5) and all GCeMS data was
autoscaled prior to the analysis. Two-way analysis of variance (two-
way ANOVA) was computed by the software JMP (version 7.0, SAS
Institute Inc.) with fermentation temperature and yeast concen-
tration as model effects. Student’s t-test was computed for the
aroma compounds (95% significant level) to describe the effect of
fermentation temperature and yeast concentration.

3. Results and discussion

3.1. Identification and quantification of aroma compounds

A total of 46 aroma compounds were identified in the bread
crumb from the nine different fermented bread, of which 45
compounds were confirmed by comparing their retention times
and mass spectra with authentic standards. The MHE method for
quantification of the identified aroma compounds was found to
perform well with generally low standard deviations. The coeffi-
cient of variation (CV%) of the slope of the regression curve of the
natural logarithm to the peak area vs. number of extractions (q) was
from 2.2 to 13.3% and the CV% of the slope of the standard curves of
the authentic pure standards was from 1.2 to 7.3%. Quantification of
3-hydroxy-2-butanone (acetoin) by MHE was not possible, since
the slope of the regression curve (q) was close to 0 (data not
shown). Furthermore, quantification of five acids (acetic acid, 2-
methylpropanoic acid, butanoic acid, pentanoic acid, hexanoic
acid) was not possible because of poor repeatability of their peak
areas. 39 of the identified aroma compounds were quantified by
MHE (Table 2). The identified aroma compounds were formed
mainly from the metabolism of yeast during fermentation (iso-
alcohols, 3-methylbutanal, phenylacetaldehyde, 2,3-butanedione
(diacetyl), 3-hydroxy-2-butanone, esters and acids) and from
oxidation of flour lipids (aldehydes, ketones and 2-pentylfuran)
(Table 2).

3.2. Outlying samples

One of the triplicate samples fermented at 5 �C with a yeast
concentration of 20 g/kg flour (5C20g/kgc) and one of the triplicate
samples fermented at 35 �C with a yeast concentration at 60 g/kg
flour (35C60g/kgb) were both characterized as outlying samples
based on residual variance and Hotellings T2 (data not shown) and
were hence not included in the further data analysis.

3.3. Odor activity value (OAV)

OAVs were calculated as the ratio of each aroma compound
concentration found in bread crumb to the odor threshold (OT) in
water. Bread is, however, a complex food matrix and therefore it
should be underlined that an aqueous OT value of an aroma
compound will only give an approximation of the OAV in bread
crumb. It would have been more appropriate to calculate the OAVs
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from OT in starch or cellulose. They were however, not available
from the literature for the majority of the compounds. To take the
uncertainty of the calculated OAVs into account it was assumed that
aroma compounds having an OAV of 0.1 or higher might be
important in bread crumb aroma. This was the case for 19
compounds (Table 3) which are emphasized in the further data
analysis and discussion.

In the discussion of which aroma compounds are sensorily most
important in bread crumb it is relevant to emphasize that chewing,
and several saliva constituents have been found to influence the
release of aroma compounds from food matrices in the human
mouth (Buettner, 2002; Van Ruth & Roozen, 2000). How these in
mouth conditions influence the aroma release from bread crumb
were not investigated in the present study.

3.4. Effect of yeast concentration on aroma formation in bread
crumb

Of the 19 aroma compounds having OAVs of 0.1 or higher, the
formation of four compounds (2-methyl-1-propanol, octanal,
phenylacetaldehyde, and 2-octanone) was significantly positively
influenced by yeast concentration (Table 2). For an overview of the
effect of yeast concentration in the complex dataset a PCA was
calculated (Fig. 1). A clear positive effect of yeast concentration on
the production of the majority of aroma compounds formed from
the fermentative activity of yeast (2-methyl-1-propanol,
2-phenylethanol, phenylacetaldehyde, 2,3-butanedione and ethyl
3-methylbutanoate) was found (Fig. 1). 3-Methyl-1-butanol and 3-
methylbutanal were found to have high OAVs in the bread samples

Table 3
Odor activity valuesa (OAVs) of the aroma compounds in bread samples, their odor thresholds (OT) and odors. Only aroma compounds having an OAV of 0.1 or higherb are
presented. Odor threshold (OT) values in water and odor descriptions of the identified aroma compounds are collected from scientific papers.

Aroma compound OAVs of aroma compounds in bread samplesc OT in water (mg/kg) Odor

20 g Yeast/kg flour 40 g Yeast/kg flour 60 g Yeast/kg flour

5 �C 15 �C 35 �C 5 �C 15 �C 35 �C 5 �C 15 �C 35 �C

2-Methyl-1-propanol 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.3 0.3 3200d Glue, alcohole

3-Methyl-1-butanol 22.7 19.8 17.0 19.4 22.6 21.6 24.6 22.9 18.8 250f Balsamic, alcohole

1-Octen-3-ol 12.5 10.8 10.6 10.6 11.8 12.1 10.0 11.1 9.2 1g Mushroomh

1-Heptanol 3.1 2.8 2.9 2.5 2.8 2.9 2.7 2.7 2.4 3i Greenh

2-Phenylethanol 0.3 0.2 0.3 0.2 0.3 0.3 0.3 0.4 0.3 1100f Floweryj

3-Methylbutanal 46.0 53.8 25.0 40.6 44.0 25.2 37.4 54.2 37.2 0.2f Maltyj

Hexanal 14.1 19.5 14.9 11.8 19.8 20.1 13.5 19.2 12.9 4.5f Greenk

Heptanal 6.1 10.1 11.4 5.1 11.6 13.0 11.1 13.4 11.3 3g Fatty, rancidh

Octanal 4.4 5.0 4.9 4.8 6.1 6.6 5.3 6.5 5.6 0.7g Citrush

Nonanal 14.6 16.9 14.7 17.9 20.4 19.4 16.1 18.8 17.7 1g Citrush

Decanal 2.1 1.9 2.6 3.6 2.8 2.5 2.0 2.3 2.0 2g Citrush

Benzaldehyde 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.2 0.1 350g Almondh

(E)-2-nonenal 64.6 45.9 48.6 40.1 52.2 54.5 40.7 53.3 37.1 0.08g Beans, cucumberh

Phenylacetaldehyde 8.5 8.0 8.5 6.8 11.7 10.6 12.1 12.6 12.1 4g Honey-likej

2,3-Butanedione 11.6 15.3 9.2 19.3 23.3 17.8 19.0 29.7 32.9 6.5d Buttery, caramelk

2-Octanone 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 50g e

Ethyl 3-methylbutanoate 1.5 0.0 2.5 1.7 3.9 5.2 6.1 11.0 2.9 0.2l Fruity, applee

Ethyl hexanoate 0.5 0.3 0.2 0.4 0.3 0.2 0.5 0.3 0.2 1m Fruity-juicye

2-Pentylfuran 1.8 2.7 2.3 1.2 2.7 3.1 1.6 2.7 1.7 6f Floral, fruith

a The OAV is the ratio of the concentration of aroma compound and the OT of the compound.
b An OAV of 0.1 or higher and not an OAV above 1 is chosen to limit the risk of disregarding aroma compounds in bread crumb that can be sensorily detected, since the OAVs

are based on OT in water and not in bread crumb.
c Mean OAVs of triplicates.
d From Mulders (1973).
e From Lee and Noble (2003).
f From Buttery, Teranishi, Ling, and Turnbaugh (1990).
g From Buttery et al. (1988).
h From Yang et al. (2008).
i From Fazzalari (1978).
j From Frauendorfer and Schieberle (2006).
k From Le Guen et al. (2001).
l From Schieberle and Hofmann (1997).

m From Takeoka et al. (1989).
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Fig. 1. PCA biplot showing the effect of yeast concentration on aroma formation. Blue
squares, green circles and red triangles show samples fermented with 20, 40 and
60 g yeast/kg flour, respectively. The number before C in the sample name shows the
fermentation temperature, the number before g/kg shows the yeast concentration and
the letter a, b or c corresponds to the triplicate number. Only aroma compounds having
an OAV of 0.1 or higher and furthermore with regression coefficients higher than �0.1
were included in the PCA model for the PCA biplot. Regression coefficients were
calculated from a PLS model with yeast concentration as the y-variable (data not
shown). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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(Table 3). 3-Methyl-1-butanol has been characterized as having
a balsamic or alcoholic odor (Lee & Noble, 2003) and
3-methylbutanal as having a malty odor (Frauendorfer &
Schieberle, 2006) and both compounds can undoubtedly be
sensed in the samples. Neither 3-methyl-1-butanol nor
3-methylbutanal were, however, significantly influenced by yeast
concentration. 3-Methyl-1-butanol and 2-phenylethanol have
previously been described as the two most sensorily important
aroma compounds formed in yeast fermented bread crumb (Frasse
et al., 1992; Gassenmeier & Schieberle, 1995; Schieberle & Grosch,
1991). 2-Phenylethanol is mentioned as one of the aroma
compounds formed in highest concentration in bread crumb
(Frasse et al., 1992) and this was confirmed from our results with
concentrations around 300 mg/kg (Table 2). However,
2-phenylethanol might not be one of the sensorily most important
aroma compounds having OAVs between 0.2 and 0.4. There is
a non-significant tendency to increasing formation of
2-phenylethanol with increasing yeast concentration (Table 2 and
Fig. 1). 2,3-Butanedione was found to be an important aroma
compound with OAVs from 9 to 33 (Table 3) and the concentration
of the compound increased with higher yeast level (Table 2 and
Fig. 1). The high level of 2,3-butanedione is expected to be of
sensory importance and the odor is described as buttery and
caramel (Le Guen, Prost, & Demaimay, 2001). Formation of both
2,3-butanedione and 3-hydroxy-2-butanone has previously been
reported as being directly linked to the fermentative yeast activity
in dough (Frasse et al., 1992; Schieberle & Grosch, 1991). Quantifi-
cation of 3-hydroxy-2-butanone was as mentioned in Section 3.1
not possible, but when computing an analysis of variance on the
raw peak areas the amount of 3-hydroxy-2-butanone was signifi-
cantly increased with increasing yeast concentration (data not
shown) as was also the case for 2,3-butanedione. The similar effect
of yeast level on formation of both 2,3-butanedione and 3-hydroxy-
2-butanone might be explained from the two compounds being
formed from the same pathways of respectively oxidative decar-
boxylation and decarboxylation of 2-acetolactate. 2,3-Butanedione
can furthermore be enzymatically reduced to 3-hydroxy-2-
butanone or 2,3-butanediol by the yeast (Rothe & Stockel, 1978;
Wainwright, 1973). Phenylacetaldehyde was produced in a signifi-
cantly higher concentration in bread fermented with a yeast
concentration of 60 g/kg flour compared to the lower yeast
concentrations (20 and 40 g/kg flour) (Table 2). Phenyl-
acetaldehyde, characterized as having a honey-like odor (Buttery,
Turnbaugh, & Ling, 1988), might be a sensorily important
compound due to the relatively high OAVs (Table 3). 2-Methyl-1-
propanol was produced in a significantly higher concentration
with increasing yeast concentration (Table 2), however, the OAVs of
2-methyl-1-propanol were calculated as being close to 1 (Table 3),
so the sensorily importance of 2-methyl-1-propanol is therefore
expected to be small.

Gassenmeier and Schieberle also investigated how two different
yeast levels influence formation of aroma compounds in wheat
bread crumb (Gassenmeier & Schieberle, 1995). However, the
fermentation conditions (particularly addition of pre-ferments and
several fermenting periods) in their study were different from our
study. This may explain why they found that the concentration of
both 3-methyl-1-butanol and 2-phenylethanol decreased in bread
with high yeast concentration, while phenylacetaldehyde increased
with a high yeast concentration (Gassenmeier & Schieberle, 1995)
which is not in agreement with the results from this work (Table 2).

The second most important path in aroma formation in bread
crumb is the lipid oxidation. Formation of the lipid oxidation
products 2-octanone and octanal was significantly increased with
increasing yeast concentration (Fig. 1 and Table 2). The level of lipid
oxidation products was found to be independent of yeast

concentration for the majority of the lipid oxidation products; 1-
octen-3-ol, 1-heptanol, hexanal, (E)-2-nonenal and decanal
(Table 2). 1-Octen-3-ol, hexanal, heptanal, nonanal and (E)-2-
nonenal were the five lipid oxidation products having the highest
OAVs in bread crumb (Table 3). The OAVs for 2-octanone and
benzaldehyde were very close to 0.1 (Table 3), the sensory impor-
tance of 2-octanone and benzaldehyde is therefore probably small.

3.5. Effect of fermentation temperature on aroma formation in
bread crumb

The three fermentation temperatures (5, 15 and 35 �C) were
chosen to investigate the extremes within the temperatures of
dough fermentation. 35 �C is the typical industrial dough fermen-
tation temperature, since this is close to the optimal temperature
for fermentation with Saccharomyces cerevisiae, which is between
25 and 30 �C. However, also a low fermentation temperature of 5 �C
is widely used in dough retarding (Cauvain, 1998b) and as low
fermentation temperature has been shown to increase formation of
esters during beer and wine fermentation (Beltran, Novo,
Guillamon, Mas, & Rozes, 2008; Molina et al., 2007), this rela-
tively low fermentation temperature was also chosen.

Of the 19 aroma compounds having OAVs of 0.1 or higher the
formation of four compounds (3-methylbutanal, octanal,
2-octanone, and ethyl hexanoate) was significantly influenced by
fermentation temperature (Table 2). The fermentation compound
3-methylbutanal was formed in a significantly higher amount at
15 �C compared to 5 and 35 �C (Table 2). The significant effect of the
fermentation temperature on formation of the ester ethyl hexanoate
will be discussed in the following section. The remaining fermen-
tation compounds were not significantly influenced by fermentation
temperature. This is not in agreement with Gassenmeier and
Schieberle, they investigated how formation of the two fermentation
compounds 3-methyl-1-butanol and 2-phenylethanol was influ-
enced by different fermentation temperatures (25, 30, 35 and 40 �C)
in a liquid pre-ferment after incubation for 8 h, and they found the
highest concentration of both fermentation products at 35 �C
(Gassenmeier & Schieberle, 1995).

The concentration of the lipid oxidation products 1-heptanol,
hexanal, heptanal, octanal, decanal and 2-pentylfuran increased
when increasing the fermentation temperature from 5 �C to 15 or
35 �C (Fig. 2), though the trend was not significant for 1-heptanol
and decanal (Table 2). Hexanal and heptanal, characterized as
having a respectively green (Le Guen et al., 2001) and fatty or rancid
(Yang, Lee, Jeong, Kim, & Kays, 2008) odor, have high OAVs (Table 3),
and might therefore be sensorily important compounds in bread
crumb. 2-Octanone was formed in a significantly higher concen-
trationwhen the fermentationwas done at 15 �C compared to 5 and
35 �C (Table 2), however this compound might be of minor sen-
sorily importance due to OAVs close to 0.1 (Table 3). It is well known
that the rate of lipid oxidation increases with increasing tempera-
ture, this explains the trend of higher concentrations of the
majority of the lipid oxidation products when fermenting at 15 and
35 �C compared to 5 �C. Zehentbauer and Grosch also found
a higher formation of crust lipid oxidation products ((E)-2-nonenal
and 1-octen-3-one) when the fermentation temperature was
increased from 4 to 26 �C (Zehentbauer & Grosch, 1998). The
authors suggested that by lowering the fermentation temperature
and hereby decreasing the level of lipid oxidation products might
result in a sensorily improved bread crust because the compounds
are often characterized as off-flavors.

For eight of the compounds (2-phenylethanol, hexanal,
heptanal, (E)-2-nonenal, benzaldehyde, 2,3-butanedione, ethyl
3-methylbutanoate, and 2-pentylfuran) a significant interaction effect
was found between yeast concentration and fermentation
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temperature (Table 2). Formation of the fermentation products (2-
phenylethanol, 2,3-butanedione and ethyl 3-methylbutanoate) does
not share the same trends within the combined effects of yeast
concentration and fermentation temperature (Table 2). The formation
of the three lipid oxidation products hexanal, (E)-2-nonenal and 2-
pentylfuran seems to be increased for the samples fermented with
40and60gyeastperkgflourandat a fermentation temperatures of 15
and 35 �C (Table 2, Figs. 1 and 2).

3.6. Effect of yeast concentration and fermentation temperature on
ester formation in bread crumb

The esters identified in the bread crumb have OAVs below 0.1
except for ethyl 3-methylbutanoate and ethyl hexanoate (Table 3).

In spite of the low OAVs, it is of interest to explore how the ester
formation was influenced by the fermentation conditions, since
esters are often characterized as having pleasant, fruity and sweet
odors. Furthermore, limited work has been done on the effect of
fermentation temperature on ester formation during dough
fermentation, compared to the detailed research within ester
formation in alcoholic fermentation in general. Formation of the
identified esters; ethyl acetate, ethyl 3-methylbutanoate, ethyl
hexanoate, ethyl octanoate and phenylethyl acetate increased with
increasing yeast concentration (Fig. 3A), however, this tendency
was though not significant for ethyl acetate and ethyl hexanoate
(Table 2). Ethyl acetate was the most abundant ester identified in
bread crumb (Table 2). Ethyl 3-methylbutanoate has not previously
been detected in bread crumb, however, this compound has been
identified in alcoholic yeast fermentation (King et al., 2008).
Formation of ethyl acetate, ethyl hexanoate and ethyl octanoate
were significantly higher at the low fermentation temperature
(5 �C) compared to fermentation at 15 and 35 �C (Fig. 3B). No clear
effect of the fermentation temperature on the formations of the
two esters ethyl 3-methylbutanoate and phenylethyl acetate was
found (Fig. 3B). Ethyl acetate, ethyl hexanoate and ethyl octanoate
are well known esters formed during fermentation of bread (Frasse,
Lambert, Richardmolard, & Chiron, 1993; Maeda et al., 2009) and
increasing formation of those esters with lower fermentation
temperature has also been found during wine fermentation
(Beltran et al., 2008; Molina et al., 2007). Gamma-nonalactone was
not significantly influenced by either yeast concentration nor
fermentation temperature (Table 2), which might be explained by
the fact that gamma-nonalactone is not produced from the yeast
fermentation but rather from the oxidation of oleic and linoleic acid
(Tressl, Haffner, Lange, & Nordsiek, 1996).

It is assumed that the concentration of acids (particularly acetic
acid, hexanoic acid and octanoic acid) in the bread crumb would
increase with decreased fermentation temperature, which has also
been found during wine fermentation (Beltran et al., 2008; Molina
et al., 2007). This would also explain the higher concentration of
ethyl acetate, ethyl hexanoate and ethyl octanoate in the crumb
with decreasing temperature fermentation temperature (Fig. 3B). It
is of interest that Richard-Molard et al. suggested that acetic acid
might act as an aroma enhancer in wheat bread crumb (Richard-
Molard et al., 1979). Sensory tests or GCeOlfactometry analyses
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could be relevant in order to clarify the sensorily importance of the
esters and acids, and also if a possible synergy effect could be found
between the identified aroma compounds.

4. Conclusion

The result of this study showed that increasing the yeast
concentration caused an increased formation of the majority of
aroma compounds (2-methyl-1-propanol, 2-phenylethanol,
phenylacetaldehyde, 2,3-butanedione, ethyl acetate, ethyl 3-
methylbutanoate, ethyl hexanoate, ethyl octanoate and phenyl-
ethyl acetate) formed from the fermentative activity of yeast.
Phenylacetaldehyde and 2,3-butanedione as being the sensory
most important of these compounds. Formation of the majority
of the lipid oxidation compounds was independent of yeast
concentration. Increasing the fermentation temperature from
5 �C to 15 or 35 �C was found to increase the concentration of
the lipid oxidation products 1-heptanol, hexanal, heptanal,
octanal, decanal and 2-pentylfuran. Hexanal and heptanal were
the most aroma active of these compounds, and they are often
characterized as off-flavors. Decreasing the fermentation
temperature to 5 �C was found to increase formation of the three
esters ethyl acetate, ethyl hexanoate and ethyl octanoate in
bread, which are often characterized as having a fruity and
pleasant aroma. From the results it is therefore suggested to
ferment the dough at low temperature (5 �C) with high
concentration of yeast (60 g/kg flour) in order to develop bread
with a relatively short production time combined with a high
concentration of esters and a low concentration of hexanal and
heptanal. It could be of interest to further investigate how the
recognized differences in the aroma profile of bread crumb can
be evaluated by a sensory panel, particularly since the OAVs of
esters were found to be low.
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Baker's yeast is used for bread fermentation throughout the world and it is very important for the bread quality.
The scope of this work was to investigate how the aroma of wheat bread crumb is influenced by yeast fermen-
tation by comparing the aroma formation of bread fermented by seven commercial baker's yeasts. Dough sam-
ples were fermented with equal number of yeast cells to equal height and then baked. The volatile components
were extracted by dynamic headspace sampling and analyzed by gas chromatography mass spectrometry. The
dough fermentation time varied significantly from40 to 100 min. The fermentation compounds 2,3-butanedione
and 1-propanol were found in significantly higher concentration in bread fermentedwith the four baker's yeasts
having the shortest fermentation times. Furthermore, 3-methylbutanal, 2-methyl-1-propanol and ethyl acetate
were found in significantly higher concentration in two of the yeasts. On the other hand phenylacetaldehyde and
2-phenylethanol were found in significantly higher concentration in bread fermented with two other yeasts. It
can be concluded that use of the seven commercial baker's yeasts for bread fermentation resulted in significantly
different bread aroma profiles.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Baker's yeast, used for bread fermentation throughout the world, is
very important for the bread quality and different commercial baker's
yeasts are each highly selected strains of the species Saccharomyces
cerevisiae. The fermentative activity of baker's yeast is essential not
only for the rising action of the dough by production of CO2, but also
in production of the wide range of aroma compounds identified in
bread (Birch, Petersen, & Hansen, 2013; Frasse et al., 1992; Schieberle
& Grosch, 1991). They found that most of the aroma compounds in
the crumb of fermented bread are derived from the metabolism of
yeast and the dominating compounds are alcohols, aldehydes as well
as 2,3-butanedione (diacetyl), 3-hydroxy-2-butanone (acetoin) and es-
ters. These aldehydes or their corresponding alcohols are formed inside
the yeast cell from degradation of the flour amino acids via the Ehrlich
pathway (Hazelwood, Daran, van Maris, Pronk, & Dickinson, 2008).
The esters are produced in the yeast cell by an enzymatic reaction be-
tween acetyltransferases, acetyl coenzyme A and various alcohols
(Lilly, Lambrechts, & Pretorius, 2000). The di-ketones 2,3-butanedione
and 3-hydroxy-2-butanone are formed from acetohydroxy acids leaked
from the yeast cell through non-enzymatic chemical reactions outside
the yeast cell (Wainwright, 1973). Furthermore, products from

oxidation offlour lipids, such as alcohols, aldehydes and ketones, contrib-
ute highly to the aroma profile of bread crumb (Birch et al., 2013; Frasse
et al., 1992; Schieberle & Grosch, 1991). Recently, aroma of bread has
attained more focus as a quality criterion for bread (Birch et al., 2013;
Jensen, Oestdal, Skibsted, Larsen, & Thybo, 2011; Poinot et al., 2008).

Formation of aroma compounds in bread crumb is highly influenced
by the fermentation temperature, fermentation time and yeast level
(Birch et al., 2013; Frasse et al., 1992; Gassenmeier & Schieberle, 1995;
Maeda et al., 2009; Richard-Molard, Nago, & Drapron, 1979; Schieberle
& Grosch, 1991). Furthermore, it is known from studies of alcoholic bev-
erage fermentations that the choice of yeast strain is very important for
the aroma formation and by this the quality of the final product
(Procopio, Qian, & Becker, 2011; Suárez-Lepe & Morata, 2012). It has
been suggested that differences in the genes of S. cerevisiae strains
play a central role in explaining the diverse aroma profile produced by
the different strains during alcoholic fermentation (Styger, Jacobson, &
Bauer, 2011).

The European production of commercial baker's yeast is today limit-
ed to relatively few companies. Potentially different strains of S. cerevisiae
are produced in each company, whichmight result in diverse aroma for-
mation during dough fermentation. Knowledge within this field is of
great commercial interest, since the choice of yeast strain is assumed to
be very important for the aroma formation in bread. Furthermore, it is
of interest to investigate if lactic acid bacteria can be found in commercial
baker's yeast, since they might also contribute to the aroma of the bread
(Hansen & Hansen, 1994).

The purpose of this research is therefore to investigate the influence
of baker's yeasts on the formation of bread aroma by comparing the
aroma profile of bread fermented with seven commercial compressed
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baker's yeasts. This is donebyusingdynamic headspace extraction (DHE)
followed by gas chromatography mass spectrometry (GC–MS) analysis.
Quantification of the volatiles in the bread samples was performed by
multiple headspace extraction (MHE).

2. Materials and methods

2.1. Flour

Wheat flour (Reform) was supplied by Lantmännen Mills A/S
(Vejle, Denmark). Moisture content of the flour was measured the
day of baking (HOH-express, Pfeuffer) and varied from 12.6 to 13.2%.
The gluten content was 30.0% (wet gluten) and the gluten index was
91 analyzed according to Birch et al. (2013). The falling number was
300 s analyzed according to Birch et al. (2013).

2.2. Commercial baker's yeasts

The following types of baker's yeast were included in the study:
MALTESERKORS from Lallemand, De Danske Gærfabrikker, Grenå,
Denmark; SKÆRTOFTMØLLE, organically produced baker's yeast from
Agrano, Riegel am Kaiserstuhl, Germany; RAPUNZEL, organically
produced baker's yeast from Rapunzel Naturkost AG, Legau,
Germany; SEMA from Lallemand, Panevezys, Lithuania; L'HIRONDELLE
from Le Saffre, Marcq-en-Baroeul, France; BRUGGEMAN+ from Algist
Bruggeman, Gent, Belgium; and ZYMAROM from Algist Bruggeman,
Gent, Belgium.

All baker's yeasts were used a few days after the purchase and
therefore well before their expiration dates.

2.3. Count of yeast

1 g of baker's yeast was suspended in 9 mL sterile SPO medium
(8.5 g NaCl, 1.0 g peptone, 0.3 g Na2HPO4, 1 L ion exchanged water,
pH 5.5) to dilution 10−1. The dilution was continued to 10−8. 25 μL
of the 10−6, 10−7 and 10−8 dilutions were inoculated on sterile
YPG agar plates (10 g glucose, 3 g yeast extract, 5 g peptone, 1 L ion
exchanged water and 20 g agar, pH 5.5). The plates were incubated
at 25 °C for 48 h before counting the yeast colony forming units
(CFU) (Table 1). The dilution series and the inoculation on YPG plates
were both performed in duplicate.

2.4. Count of lactic acid bacteria (LAB)

Dilution series were performed as described for count of yeast. 25 μL
of the 10−2, 10−3 and 10−4 dilutions were inoculated on MRS media
(10.00 g tryptone, 5.00 g meat extract, 3.00 g yeast extract, 15 mL
fresh yeast extract (50 g fresh yeast dissolved in 200 mL ion exchanged
water, autoclaved and cooled for 12 h), 7.00 g glucose, 7.00 g fructose,
7.00 g maltose, 2.00 g Na-gluconate, 5.00 g Na-acetate·H2O, 2.60 g
K2HPO4·3H2O, 0.10 g MgSO4·7H2O, 0.05 g MnSO4·4H2O, 0.50 g
cystein-HCL·H2O, 1.00 mL Tween 80, 18.25 g agar, 1000 mL ion
exchanged water. pH 5.5, sterilized for 15 min at 118 °C). The plates
were incubated anaerobically at 30 °C for 4–5 days before counting

the CFU of LAB (Table 1). The dilution series and the inoculation on
MRS plates were both performed in duplicate.

2.5. Bread making

300 g of flour (adjusted to 14% moisture content), 185 mL water
(30 °C), 4 g saccharose, 4 gNaCl and compressed baker's yeast according
to Table 1 (each dough containing 2.88 ∗ 1014 CFU/kg flour, correspond-
ing to approximately 20 g baker's yeast/kg flour)weremixed in a baking
machine (FAB-100, Funai, Japan) for 19 min. Two pieces of 235 g dough
were each transferred to a 1 L beaker glass. The beaker glasses were
sealed with aluminum foil and the dough was left to ferment at 25 °C
in an incubator (Termaks, series 6000, cooling incubator).

The fermentations were terminated when the dough reached 10 cm
in total height. Preliminary tests weremade for each commercial baker's
yeast to determine the exact fermentation time to reach a dough height
of 10 cm, as the dough height was monitored by a web-camera during
fermentation. The fermentation times are presented in Table 2. Baking
and sample preparation were done according to Birch et al. (2013).

2.6. Standards

For quantification and confirmation of the identity of the volatile
compounds the following standards were used: 3-methyl-1-butanol,
3-methyl-3-buten-1-ol, 1-pentanol, 1-hexanol, 2-ethyl-1-hexanol,
1-octanol, 2-phenylethanol, 3-methylbutanal, heptanal, octanal,
nonanal, decanal, benzaldehyde, phenylacetaldehyde, 2-heptanone,
3-hydroxy-2-butanone, ethyl acetate, ethyl octanoate, methyl-benzene,
limonene, 2-pentylfuran and trimethylpyrazine (purchased from
Sigma-Aldrich, Gillingham, U.K.); 2-methyl-1-propanol, hexanal
and 2,3-butanedione (purchased from Fluka, Buchs, Switzerland);
1-propanol, 1-heptanol and 2-furancarboxaldehyde (purchased from
Merck, Darmstadt, Germany); 1-butanol (purchased from Ferak, Berlin,
Germany) and 6-methyl-5-hepten-2-one (purchased from Acros
Organics, Geel, Belgium).

2.7. Dynamic headspace extraction (DHE)

Extraction of volatiles from the bread crumb samples was done
according to Birch et al. (2013).

Table 1
Colony forming units (CFU) of yeast and lactic acid bacteria (LAB) per g baker's yeast and the amount of baker's yeast in the dough corresponding to 2.88 ∗ 1014 CFU/kg flour.

Baker's yeast CFU of yeast per g baker's yeast CFU of LAB per g baker's yeast Amount of baker's yeast in the dough
(g baker's yeast/kg flour)

Amount of LAB in the dough
(CFU of LAB/kg flour)

Malteserkors 1.44 ∗ 1013 ± 0.17 ∗ 1013 0.2 ∗ 1010 ± 0.02 ∗ 1010 20 0.4 ∗ 1011 ± 0.04 ∗ 1011

Sema 1.33 ∗ 1013 ± 0.42 ∗ 1013 4.1 ∗ 1010 ± 0.62 ∗ 1010 22 9.0 ∗ 1011 ± 1.4 ∗ 1011

Skærtoftmølle 0.92 ∗ 1013 ± 0.14 ∗ 1013 2.7 ∗ 1010 ± 0.31 ∗ 1010 31 8.4 ∗ 1011 ± 0.9 ∗ 1011

Zymarom 0.77 ∗ 1013 ± 0.14 ∗ 1013 – 37 –

Bruggeman 0.73 ∗ 1013 ± 0.10 ∗ 1013 0.5 ∗ 1010 ± 0.01 ∗ 1010 39 2.0 ∗ 1011 ± 0.04 ∗ 1011

Rapunzel 0.72 ∗ 1013 ± 0.19 ∗ 1013 2.9 ∗ 1010 ± 0.45 ∗ 1010 40 11.6 ∗ 1011 ± 1.8 ∗ 1011

l'Hirondelle 0.72 ∗ 1013 ± 0.11 ∗ 1013 0.1 ∗ 1010 ± 0.03 ∗ 1010 40 0.4 ∗ 1011 ± 0.1 ∗ 1011

Table 2
Fermentation times for dough fermented with seven baker's yeasts to reach a total
height of 10 cm. The fermentation times are calculated from monitoring the dough
heights during fermentation by a video camera.

Baker's yeast Fermentation times (min) for the dough
to reach a total height of 10 cm

Malteserkors 100 ± 7
Skærtoftmølle 71 ± 5
Rapunzel 65 ± 3
Sema 60 ± 8
Zymarom 46 ± 2
Bruggeman 40 ± 5
l'Hirondelle 40 ± 6
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2.8. Multiple headspace extraction (MHE)

Todetermine the total amount of volatiles in the bread samples, seven
consecutive dynamic headspace extractions were performed from the
same sample (the bread fermented with Malteserkors). The same DHE
procedures as described in Birch et al. (2013) were used.

2.9. Gas chromatography mass spectrometry (GC–MS)

The trapped volatiles were desorbed using an automatic thermal
desorption unit (ATD 400, Perkin Elmer, Norwalk, CT) according to
Birch et al. (2013), the carrier gas in this work was however hydrogen
(instead of helium). The volatiles were rapidly transferred to the GC–
MS (G3440A GC System and G3170A VL MSD with triple axis detec-
tor, Agilent Technologies, Palo Alto, California, USA) through a heated
(225 °C) transfer line. Separation of volatiles was carried out on a
ZB-Wax capillary column (Zebron, 30 m long × 0.25 mm internal di-
ameter, 0.25 μm film thickness, Phenomenex, Torrance, California,
USA). The column flow rate was 1.0 mL/min using hydrogen as a car-
rier gas. The column temperature programwas: 10 min at 40 °C, here-
after heating by 8 °C/min up to 240 °C, and holding this temperature for
10 min. The GCwas equippedwith anMS detector as described in Birch
et al. (2013). Volatile compounds were identified and peak areas for
each volatile compound integrated according to Birch et al. (2013).

2.10. Odor activity value (OAV)

OAVs were calculated as the ratio of each volatile compound con-
centration found in bread crumb to the odor threshold (OT) in water.
Bread is, however, a complex food matrix and therefore it should be
underlined that an aqueous OT value of a volatile compound will
only give an approximation of the OAV in bread crumb. It would
have been more appropriate to calculate the OAVs from OT in starch
or cellulose. They were however, not available from the literature
for the majority of the compounds. To take the uncertainty of the cal-
culated OAVs into account it was assumed that volatiles having an
OAV of 0.1 or higher might be important in bread crumb aroma. Vol-
atiles with an OAV of 0.1 or higher are therefore named aroma com-
pounds and they are the compounds which are emphasized in the
data analysis and discussion.

2.11. Data analysis

Quantification of the volatile compounds identified in the bread
samples by MHE was done according to Birch et al. (2013).

Principal Component Analysis (PCA) formulated by Hotelling (1933)
is a useful technique to describe major trends in a data set and to detect
possible outliers. PCA decomposes the data into scores and loadings,
where the scores are related to the samples and the loadings are related
to the variables (in this paper volatile compounds). In PCA newvariables
(principal components) are constructed from a data matrix of samples.
The first principal component captures as much as possible of the vari-
ability in all the original variables and each new principal component
(applied orthogonal on the previous principal component) accounts
for as much of the remaining variability as possible. A large portion of
the variability is therefore often described by a few principal compo-
nents. The results can be presented by a PCA bi plot, as done in this
paper, which is a combination of a score plot of the samples and a load-
ings plot showing the correlations between the variables volatile com-
pounds. Principal Component Analysis (PCA) was computed by Matlab
and all GC–MS data was autoscaled prior to the analysis.

One-way analysis of variance (one-way ANOVA) was computed
by the software JMP (version 7.0, SAS Institute Inc.). Student's t-test
was computed for the aroma compounds (95% significant level).

3. Results and discussion

3.1. Yeast and LAB count

The CFU of both yeast and LAB in the baker's yeasts are shown in
Table 1. The CFU of yeast were high and relatively equally for the
seven baker's yeasts. The highest CFU of yeast was found in the
baker's yeast named Malteserkors (1.44 ∗ 1013 CFU/g baker's yeast)
and the lowest in Rapunzel and l'Hirondelle (both 0.72 ∗ 1013 CFU/g
baker's yeast). The numbers of LAB per g baker's yeasts were surpris-
ingly high, varying from 0.1 ∗ 1010 CFU/g baker's yeast in l'Hirondelle
to 4.1 ∗ 1010 CFU/g baker's yeast in Sema (Table 1). Because equal
amounts of yeast cells was added to the dough, the actual amount
of LAB in the dough was highest in dough fermented with Rapunzel
(11.6 ∗ 1011 CFU/kg flour) and lowest in dough fermented with
Malteserkors and l'Hirondelle (both containing 0.4 ∗ 1011 CFU/kg
flour) (Table 1). The high contents of LAB are of interest since they
might also contribute to the aroma of the bread crumb (Hansen &
Schieberle, 2005).

3.2. Fermentation time

The fermentation times for thedough to reach a total height of 10 cm
differed significantly between the different baker's yeasts (Table 2) from
40 min in the dough fermented with l'Hirondelle and Bruggeman to
100 min in the dough fermented with Malteserkors. This is in spite of
the fact that all doughs had the same initial yeast concentration. This in-
dicates that the baker's yeast named Malteserkors has lower fermenta-
tive activity than e.g. l'Hirondelle and Bruggeman. A high fermentative
activity resulting in a short fermentation time is obviously an economic
benefit for the bakers if focus is solely on breadvolume. Bell, Higgins, and
Attfield (2001) also found significant differences in the fermentative ac-
tivity of 39wild and domestic baker's yeasts. The fermentative activity of
S. cerevisiae have been found to be influenced by pH, temperature and
dissolved oxygen during an 8 h fed-batch cultivation, with the highest
fermentative activity at pH 6, 32 °C and 20% dissolved oxygen in the
phase of maturation of the baker's yeast (Angelov, Hristozova, &
Roshkova, 1997). Furthermore, the authors found that strains hav-
ing a high maltase activity were also having a higher dough leaving
ability. Hence, the different fermentation times observed for doughs
fermented with the seven commercial baker's yeasts (Table 1) might
be caused by differences within the cultivation method of the baker's
yeasts or by the mode of regulation of maltose utilization in the yeasts.

3.3. Identification and quantification of aroma compounds

A total of 32 volatile compounds were identified in the crumb of
bread fermented with the seven baker's yeasts (Table 3). Among
them, 30 were quantified by MHE. This method was found to perform
well with generally low standard deviations as also found recently
(Birch et al., 2013). The coefficient of variation (CV%) of the slope of
the regression curve of the natural logarithm to the peak area vs.
number of extractions (q) was from 2.5 to 19.4%.

The identified iso-alcohols, 3-methylbutanal and phenylacetaldehyde
(Table 3) are typically fermentation compounds likely formed via the
Erhlich pathway in the yeast cell (Hazelwood et al., 2008). The identified
2,3-butanedione and 3-hydroxy-2-butanone (Table 3) were most likely
formed by oxidative decarboxylation and decarboxylation, respectively
of acetohydroxy acids outside the yeast cell. The yeast cell has been
found to be responsible for the synthesis and excretion of these
acetohydroxy acids (Wainwright, 1973). The identified esters; ethyl ac-
etate andethyl octanoate (Table 3)weremost probable formed fromen-
zymatic reactions inside the yeast cell (Lilly et al., 2000). The remaining
aldehydes, ketones and 2-pentylfuran identified in the samples (Table 3)
were most likely formed from oxidation of flour lipids (Frasse et al.,
1992; Schieberle & Grosch, 1991).
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The typical fermentation volatiles identified (Table 3) were there-
fore formed mainly from the metabolism of yeast. However, many of
the identified fermentation compounds have also been identified
from sourdough (Hansen & Hansen, 1994, 1996) thus questioning if
the compounds presented in Table 3 were formed from the metabo-
lism of LAB or yeast. Hansen and Hansen (1994) concluded that a
higher number of fermentation compounds were produced during
sourdough fermentation when yeast was added to the sourdough.
Furthermore, the authors found a higher concentration of fermentation
compounds when yeast was added to the sourdough. It is therefore as-
sumed that the majority of the fermentation compounds identified in
the bread samples in this researchwork (Table 3)were producedmainly
from the metabolism of yeast.

3.4. Outlying samples

One of the triplicate samples fermented with Malteserkors (Mal_2)
and one of the triplicate samples fermented with Zymarom (Zym_2)
were characterized as outlying samples based on residual variance
and Hotellings T2 (data not shown) and were hence not included in
the further data analysis.

3.5. Crumb aroma of bread fermented with baker's yeasts

A total of 20 aroma compounds was found having an OAV of 0.1 or
higher (Table 4). Of those, the concentration of 14 compounds was
significantly different between the bread samples (Table 3). A PCA
was calculated based on the 20 aroma compounds having an OAV of

0.1 or higher to provide an overview of the differences in aroma com-
pound concentration in the seven samples (Fig. 1).

The sensorily most important fermentation aroma compounds
were predicted to be 3-methylbutanal, 3-methyl-1-butanol,
phenylacetaldehyde and 2,3-butanedione, based on their OAVs
(Table 4). The same compounds were stated as the most aroma active
in wheat bread crumb in a recent study (Birch et al., 2013).

The fermentation compounds 2,3-butanedione and 1-propanol
were found in significantly higher concentration in bread fermented
with Bruggeman, Zymarom, Sema and l'Hirondelle (Table 3 and Fig. 1).
2,3-Butanedione was found to be an important aroma compound with
OAVs from 19 to 103 (Table 4). The high OAVs of 2,3-butanedione is
expected to be of sensory importance and the odor is described as buttery
and caramel (Le Guen et al., 2001). 3-Methylbutanal, 2-methyl-1-
propanol, ethyl acetate and ethyl octanoate were found in signifi-
cantly higher concentration in bread fermented with Bruggeman and
Zymarom (Table 3 and Fig. 1). The higher concentrations of esters in
the bread fermented with Bruggeman and Zymarom is of interest,
since esters are often characterized as having a fruity and pleasant
aroma (Lee & Noble, 2003). However, the OAVs of the esters were gen-
erally found to be low (Table 4). 3-Methylbutanal is characterized as
having a malty odor (Frauendorfer & Schieberle, 2006) and because of
the high OAVs this aroma compound can highly likely be sensed in the
samples (Table 4). The concentration of the important fermentation
compound 3-methyl-1-butanol was only differentiated by having sig-
nificantly lower concentration in bread fermented with Malteserkors
(Table 3 and Fig. 1). The OAVs of 3-methyl-1-butanol were generally
high for all samples (Table 4) and the balsamic or alcoholic odor

Table 3
Concentration (μg/kg) of volatile compounds in wheat bread crumb fermented with seven baker's yeasts. Different letters in the same row indicate significant differences (signif-
icant level 95%). The compounds marked bold are the compounds with significant differences.

Volatile compounda Ion used for quantification (m/z) Volatile compound concentration (μg/kg) in bread samplesb

Malteserkors Skærtoftmølle Rapunzel l'Hirondelle Sema Bruggeman Zymarom

1-Propanolc 57 531c 440c 980c 8186b 12740a 7739b 11608ab
2-Methyl-1-propanolc 42 797c 849c 554c 964c 746c 3010a 2460b
1-Butanolc 56 22bc 18c 18c 19c 23bc 51a 34b
2-Penten-1-old 57 nq nq nq nq nq nq nq
3-Methyl-1-butanole 70 6313b 7770a 8304a 8706a 8131a 8768a 8076a
3-Methyl-3-buten-1-ole 41 8ab 5b 5b 7ab 10a 11a 8ab
1-Pentanole 42 78b 110ab 129a 107ab 121a 92ab 92ab
1-Hexanole 56 360 515 589 523 575 436 450
2-Octen-1-old 57 nq nq nq nq nq nq nq
1-Heptanole 43 24 35 33 38 38 27 41
2-Ethyl-1-hexanole 57 9d 22bc 41a 24bc 23bc 15cd 27b
1-Octanole 55 2 3 3 3 2 2 3
2-Phenylethanole 91 39cd 86b 178a 61c 34d 59c 32d
3-Methylbutanalc 44 14c 25bc 14c 12c 11c 47a 33ab
Hexanale 56 230b 393a 352a 241b 329a 222b 251b
Heptanale 70 50 77 73 41 69 41 44
Octanale 41 16 17 21 15 17 13 16
Nonanale 57 18 28 34 27 30 20 26
2-Furancarboxaldehydee 95 2c 3a 3a 3abc 3ab 2c 3bc
Decanale 57 15c 32ab 41a 28bc 28abc 21bc 29ab
Benzaldehydee 77 23c 56a 46ab 30c 35bc 30c 34bc
Phenylacetaldehydee 91 24d 130a 141a 89b 77bc 57c 83bc
2,3-Butanedionec 43 123c 143c 121c 473ab 422b 669a 513ab
2-Heptanonee 43 4 4 3 2 3 2 3
3-Hydroxy-2-butanonee 43 638d 794c 875bc 1216a 947b 816bc 936b
6-Methyl-5-hepten-2-onee 43 99c 242a 184b 129c 108c 124c 135bc
Ethyl acetatec 43 38c 69c 60c 99c 52c 398a 284b
Ethyl octanoatee 88 1c 4bc 6ab 7ab 7ab 10a 8ab
Methylbenzenee 92 208ab 191bc 183c 214a 183c 146d 150d
Limonenee 68 4c 6d 7a 3cd 5bc 3d 4cd
2-Pentylfurane 81 9 15 13 8 13 8 9
Trimethylpyrazinee 42 9b 0d 0d 16a 3c 9b 10b

a Identification of all volatile compounds was obtained by comparing authentic standards with their mass spectra.
b Mean concentrations of triplicates; nq, not quantitated.
c Quantified from the samples purged with nitrogen (50 mL/min) for 5 min.
d No standard available.
e Quantified from the samples purged with nitrogen (150 mL/min) for 60 min.

163A.N. Birch et al. / Food Research International 52 (2013) 160–166



(Lee & Noble, 2003) is assumed to be easily sensed in the samples.
Generally, the bread fermented with Malteserkors was characterized
by having significantly lower concentrations of nearly all aroma com-
pounds compared to the other breads (Table 3 and Fig. 1).

The fermentation compounds phenylacetaldehyde and 2-
phenylethanol showed a different tendency than the other fermentation

compounds by being found in the highest concentration in bread
fermented with Skærtoftmølle and Rapunzel (Table 3 and Fig. 1). The
odors of phenylacetaldehyde and 2-phenylethanol are described as
honey-like and flowery, respectively (Frauendorfer & Schieberle,
2006). Phenylacetaldehyde might be a sensorily important aroma com-
pound because of the relatively high OAVs (Table 4). 2-Phenylethanol is
mentioned as one of the aroma compounds formed in highest concentra-
tion in bread crumb (Frasse et al., 1992) and this was confirmed from
our results with concentrations from 32 to 178 μg/kg bread crumb.
However, 2-phenylethanol might not be one of the sensorily most
important aroma compounds due to the low OAVs (between 0.01
and 0.2).

The most aroma active lipid oxidation compounds were found to be
hexanal, heptanal, octanal, nonanal and decanal, based on their OAVs
(Table 4). For the majority of the aroma compounds formed from the
lipid oxidation, no significant differences were found between the
bread samples (Table 3). However, hexanal was found in a significantly
higher concentration in the bread fermented with Skærtoftmølle,
Rapunzel and Sema (Table 3). Hexanal, characterized as having a green
odor (Le Guen et al., 2001), has high OAVs (Table 4), andmight therefore
be a sensorily important compound in bread crumb. Lipid oxidation
compounds are often characterized as being off-flavors, therefore the
high level of hexanal in bread fermented with Skærtoftmølle, Rapunzel
and Sema respectively, might result in a lower acceptance of these
breads if a sensory evaluation were performed with all seven breads.

The differences in the aroma profile between the breads fermented
with the seven commercial baker's yeasts may be due to differences in
the gene-regulating mechanisms and biosynthetic pathways of aroma
compound formation for each yeast strain that take place during the
dough fermentation. The genes important for the aroma formation

Table 4
Odor activity valuesa (OAVs) of aroma compounds in bread samples, odor thresholds (OT) and odor quality. Only compounds having an OAV of 0.1 or higherb are presented. Odor
threshold (OT) values in water and odor descriptions of the identified aroma compounds are collected from scientific papers.

Aroma compound OAVs of aroma compounds in bread samplesc OT (μg/kg) Odor

Malteserkors Skærtoftmølle Rapunzel l'Hirondelle Sema Bruggeman Zymarom

1-Propanol 0.1 0.1 0.1 1.2 1.9 1.2 1.8 6600d Fruity, plastice

2-Methyl-1-propanol 0.2 0.3 0.2 0.3 0.2 0.9 0.8 3200f Glue, alcoholg

3-Methyl-1-butanol 25 31 33 35 33 35 32 250h Balsamic, alcoholg

1-Hexanol 0.1 0.2 0.2 0.2 0.2 0.2 0.2 2500i Green grassg

1-Heptanol 8.0 12 11 13 13 9.0 14 3j Greenk

2-Phenylethanol 0.0 0.1 0.2 0.1 0.0 0.1 0.0 1100h Floweryl

3-Methylbutanal 71 126 70 61 56 236 167 0.2h Maltyl

Hexanal 51 87 78 54 73 49 56 4.5h Greene

Heptanal 17 26 24 14 23 14 15 3i Fatty, rancidk

Octanal 22 25 30 21 25 19 23 0.7i Citrusk

Nonanal 18 28 34 27 30 20 26 1i Citrusk

Decanal 7.7 16 21 14 14 11 15 2i Citrusk

Benzaldehyde 0.1 0.2 0.1 0.1 0.1 0.1 0.1 350i Almondk

Phenylacetaldehyde 6.0 33 35 22 19 14 21 4i Honey-likel

2,3-Butanedione 19 22 19 73 65 103 79 6.5f Buttery, caramele

3-Hydroxy-2-butanone 0.8 1.0 1.1 1.5 1.2 1.0 1.2 800i Butterscotchg

6-Methyl-5-hepten-2-one 2.0 4.8 3.7 2.6 2.2 2.5 2.7 50h Herbaceous, greenm

Ethyl acetate 0.0 0.0 0.0 0.0 0.0 0.1 0.0 6200f Sweet, fruityg

Ethyl octanoate 0.0 0.0 0.1 0.1 0.1 0.1 0.1 92n Sweet, soap, freshg

2-Pentylfuran 1.5 2.6 2.2 1.3 2.2 1.3 1.5 6h Floral, fruityk

a The OAV is the ratio of the concentration of aroma compound and the OT of the compound.
b An OAV of 0.1 or higher and not an OAV above 1 is chosen to limit the risk of disregarding aroma compounds in bread crumb that can be sensorily detected, since the OAVs are

based on OT in water and not in bread crumb.
c Mean OAVs of triplicates.
d From Rychlik, Schieberle, and Grosch (1998).
e From Le Guen, Prost, and Demaimay (2001).
f From Mulders (1973).
g From Lee and Noble (2003).
h From Buttery, Teranishi, Ling, and Turnbaugh (1990).
i From Buttery, Turnbaugh, and Ling (1988).
j From Fazzalari (1978).
k From Yang, Lee, Jeong, Kim, and Kays (2008).
l From Frauendorfer and Schieberle (2006).
m From Carbonell-Barrachina, Agustí, and Ruiz (2006).
n From Takeoka, Buttery, and Flath (1992).

Fig. 1. PCA biplot showing the aroma compounds formed in the bread samples fermented
with the seven commercial baker's yeasts. The samples are named as following; Mal for
Malteserkors, Skæ for Skærtoftmølle, Rap for Rapunzel, Hir for L'Hirondelle, Sem for
Sema, Bru for Bruggeman and Zym for Zymarom. The number at the end of the sample
name corresponds to the triplicate number. The seven yeast samples aremanuallymarked
with circles in order to highlight the results of the PCA. Only aroma compounds having an
OAV of 0.1 or higher were included in the PCA model.
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formed via the Ehrlich pathway have recently been investigated
(Styger et al., 2011). Phenylacetaldehyde and 2-phenylethanol, both
formed from catabolism of phenylalanine in the Ehrlich pathway
(Dickinson, Eshantha, Salgado, & Hewlins, 2003), were as mentioned
found in a higher concentration in bread fermented with Rapunzel
and Skærtoftmølle compared with breads fermented with the
other five baker's yeast (Table 3). This result is interesting, since the
compounds (1-propanol, 2-methyl-1-propanol and 3-methylbutanal)
formed from valin and leucin through the Ehrlich pathway (Hazelwood
et al., 2008) were found in a higher content for the two Belgian yeasts
(Bruggeman and Zymarom, Table 3). These results might be explained
by different carboxylases in the commercial baker's yeast, since different
carboxylases have been found to be important for the catabolism of the
branched-chain amino acids (leucin and valin) and the aromatic amino
acid (phenylalanine), respectively in the Ehrlich pathway (Dickinson
et al., 2003). The aroma profiles of the organically produced baker's
yeasts Skærtoftmølle and Rapunzel are quite similar, which might indi-
cate that they contain the same yeast strain.

The difference in the aroma profile might also be caused by different
concentrations and strains of LAB in the baker's yeasts. As mentioned in
Section 3.3 the majority of the volatile compounds are assumed to be
formed from the yeast metabolism and not from LAB. However, the
doughs fermented with Rapunzel, Sema and Skærtoftmølle were
containing the highest amounts of LAB (Table 1) and were as previ-
ously described having a generally higher content of compounds
formed from the lipid oxidation, which was significant for hexanal
(Table 3 and Fig. 1). The increased formation of lipid oxidation com-
pounds could be due to an increased lipase activity in Skærtoftmølle,
Rapunzel and Sema compared to the other baker's yeasts. However,
Czerny and Schieberle (2002) found that lactic acid bacteria de-
creased the amounts of unsaturated aldehydes such as (E)-2-nonenal
and (Z)-4-heptenal during sourdough fermentation. The LAB metab-
olism are often linked with formation of acids (Hansen & Hansen,
1996), unfortunately quantification of acids were not possible by
the DHE GC–MS method used in this paper, because of very poor re-
peatability of the peak areas as also found in Birch et al. (2013).
Quantification of the acids in the bread crumb combined with iden-
tification of the yeast and LAB strains in the different baker's yeasts
could be of interest in order to explain the significant differences
in the production of aroma compounds in the bread samples.

Additional research within selection of yeast strains with improved
aroma formation could be of industrial interest (Styger et al., 2011). Par-
ticularly selection of yeast strains with increased ester formation could
be of relevance, since esters have fruity and pleasant aroma (Lee &
Noble, 2003). Studies have recently been carried out on S. cerevisiae al-
cohol acetyltransferases and their influence on ester formation in alco-
holic fermentation (Procopio et al., 2011; Suárez-Lepe & Morata, 2012;
Verstrepen et al., 2003). Knowledge from these studies might be suc-
cessfully applied to dough fermentation in the search for novel ways
of developing the aroma of bread.

4. Conclusions

Fermentation of wheat dough with seven commercial baker's yeast
resulted in a diverse aroma profile of the bread crumb. Furthermore, a
significant difference was found in the fermentation time for the
dough to reach 10 cm in total dough height, ranging from 40 min in
dough fermented with the baker's yeasts named l'Hirondelle and
Bruggeman to 100 min in dough fermented with Malteserkors. The
powerful odor compounds were 3-methylbutanal, 2,3-butanedione,
3-methyl-1-butanol and phenylacetaldehyde. The fermentation com-
pounds 2,3-butanedione and 1-propanol were found in significantly
higher concentration in breads fermented with Bruggeman, Zymarom,
Sema and l'Hirondelle, the baker's yeasts having the shortest fer-
mentation time. 3-Methylbutanal, 2-methyl-1-propanol and ethyl
acetate were found in significantly higher concentration in the

breads fermented with Bruggeman and Zymarom. Crumb of bread pro-
duced with the two organically produced baker's yeasts Skærtoftmølle
and Rapunzel were found to have significantly higher concentration of
the fermentation compounds phenylacetaldehyde and 2-phenylethanol,
and were together with the bread fermented with Sema furthermore
characterized by having significantly higher concentration of the lipid ox-
idation compound hexanal. Apart from this, no significantly differences
were found in the concentration of lipid oxidation compounds in the
bread samples.

The significantly differences in the aroma profile and fermentation
time between the breads fermented with the seven baker's yeasts in-
dicates that some of the baker's yeasts differentiate in yeast strain.
The choice of baker's yeast is therefore very important in respect of
both the aroma of the bread and the fermentation time of the dough.
It could be speculated from the results that the two Belgian yeasts
(Bruggeman and Zymarom) might have the most balanced aroma pro-
filewith a low content of lipid oxidation compounds combinedwith the
shortest fermentation time.
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Corrigendum 
 
Corrigendum to “Influence of commercial baker's yeasts on bread aroma profiles” 
 
Anja N. Birch*, Mikael A. Petersen, Nils Arneborg and Åse S. Hansen 

Department of Food Science, Faculty of Science, University of Copenhagen, Rolighedsvej 30, 1958 Frederiksberg C, Denmark 

 
 
In the paper " Influence of commercial baker's yeasts on bread aroma profiles " by 
Anja N. Birch*, Mikael A. Petersen, Nils Arneborg and Åse S. Hansen. (Food 
Research Int., 52 160-166, doi: http://dx.doi.org/10.1016/j.foodres.2013.03.011 
[2013]),  
 
The authors have been aware of a mistake in the calculation of yeast and lactic acid 
bacteria cells. The results in Table 1 should: 

 for all CFU of yeast per g baker’s yeast be *1010 instead of 1013.  
 for all CFU of LAB per g baker’s yeast  be *107 instead of 1010.  
 for amount of LAB in the dough be *108 instead of 1011. 
 The yeast concentration added to the dough should be changed to 2.88 ∗ 1011 

CFU/kg flour instead of 2.88 ∗ 1014 CFU/kg flour (this number should also be 
changed in 2.5 Bread making). 
 

These corrections do not change the discussion or the conclusions. 
 
The authors apologize for this oversight. 
____________________________ 
* Corresponding author. Tel.:+45 23 35 67 66. 
E‐mail address: annb@life.ku.dk 
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Analysis; OAV, Odour Activity Value; FD, Flavour Dilution. 
 
 
ABSTRACT 
Bread aroma is an important parameter for bread quality and this review aims to provide an 
overview of aroma compounds identified in bread crumb and how these compounds are formed. 
More than 150 volatile compounds were identified in bread crumb and they mainly originate 
from the fermentative activity of yeast, from oxidation of flour lipids and from Maillard 
reactions (diffused from the crust).  Of those volatile compounds, 45 compounds can be 
characterised as aroma compounds, as they most likely can be sensed when the bread is eaten 
due to high odour activity values and flavour dilution factors. The influence of ingredients and 
mixing conditions on bread aroma has only been scarcely investigated. The fermentation 
conditions; yeast level and strain as well as fermentation temperature and time were found to 
significantly influence the aroma of bread crumb. Yeast level and strain mainly influence 
formation of compounds directly related to the fermentative activity of yeast, while fermentation 
temperature and time also influence formation of compounds from oxidation of flour lipids.  
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INTRODUCTION 
Flour, water, salt and yeast are the four basic ingredients which by mixing, fermentation and 
baking can undergo the unique transformation to aromatic bread. Bread making has been known 
for over 6000 years (Jacob, 1997) and bread is still a very important part of the diet for people in 
most parts of the world. The quality of bread is often described by the texture, the volume and 
the aroma. For decades research has mainly been focussing on improving bread texture and 
increasing volume (Young, 2012). Recently, focus from both the consumers and the bread 
industry has, however, been directed more towards aroma as a quality criterion. 
 
The influence of the flour type on bread aroma has been scarcely investigated. Chang et al. 
(1995) found that ethyl acetate, ethanol, 2-ethyl-3-methylpyrazine, and ethyl octanoate were 
higher in relative quantities in hard red winter wheat breads than in hard white winter wheat 
breads, and 2-butoxy-ethanol and 2-furfural were more abundant in hard white winter wheat 
breads. However, formation of bread aroma is mainly a result of multiple enzymatic and non-
enzymatic reactions occurring during fermentation and baking. The aroma of wheat bread crumb 
is mainly formed from the fermentative activity of yeast and from oxidation of flour lipids 
(Schieberle and Grosch, 1991; Frasse et al., 1992; Birch et al., 2013b), while the aroma of bread 
crust is mostly formed by Maillard reactions during baking (Maillard, 1912; Nursten, 1981; 
Purlis, 2010). Changes in the fermentation conditions will therefore primarily influence the 
aroma formation in the crumb (Birch et al., 2013b). 
 
Understanding how the dough fermentation conditions influence the aroma formation in bread 
will support the bakers in order to control and improve the aroma profile of the final bread 
product. The purpose of this review is to present the most important volatile aroma compounds 
identified in wheat bread crumb based on 12 research studies made on yeast and naturally 
fermented wheat doughs from 1979 to 2013. Furthermore, an overview is presented of the 
complex reactions involved in formation of the volatile compounds in bread crumb. Crust aroma 
compounds formed by Maillard reactions during baking might diffuse into the crumb, as they are 
found in bread crumb, therefore a brief overview of those reactions are presented.  
 
AROMA IN WHEAT BREAD CRUMB 
Volatile Compounds Identified In Wheat Bread Crumb 
A wide range of volatile compounds were identified in wheat bread crumb (Table 1). Overall, 
the volatiles in bread crumb are found from a wide variety of chemical groups such as aldehydes, 
alcohols, ketones, esters, acids, benzenes, terpenes, lactones and furans. 
 

The different bread volatile profiles among the papers cited in Table 1 can be explained by 
several factors, such as variations within; ingredients, fermentation conditions, baking 
conditions, sample preparation method, the method for isolation of volatile compounds, and/or 
sensitivity of the gas chromatography mass spectrometry instrument. 
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Table 1 Volatile compounds identified in wheat bread crumb from 12 research studies. The compounds are in each 
chemical group arranged according to the number of references that have identified the compound in wheat bread 
crumb, with the compound being identified most often in the top. 
Chemical 
group 

Volatile compound References 

Aldehydes Hexanal b, c, e, f, g, h, i, j, k, l 
 Nonanal c, e, f, g, h, i, j, k, l 
 Benzaldehyde c, e, f, g, h, i, j, k, l 
 Heptanal c, e, g, h, i, j, k, l 
 (E)-2-Nonenal c, d, e, f, g, h,  k 
 3-Methylbutanal c, e, g, h,  j, k, l 
 (E)-2-Octenal b, c, e, f, g, h 
 Phenylacetaldehyde e, d, h, j, k 
 (E)-2-Heptenal c, e, f, g, h 
 Octanal f, g, j, k, l 
 Pentanal c, f, g, h 
 2-Methylbutanal g, h, i, l 
 Decanal g, j, k, l 
 (E, E)-2,4-Decadienal c, b, f 
 Methional b, d, e 
 Propanal g, l 
 2-Methylpropanal e, l 
 2-Propenal g, l 
 Butanal g, l 
 (Z)-2-Butenal h 
 Acetaldehyde h 
 2-Methyl-2-propenal g 
 (E)-2-hexenal e 
 (Z)-4-Heptenal b 
 (Z)-2-Nonenal b 
 (E, E)-2,4-Nonadienal b 
 2,4-Decadienal b 
 Vanillin d 
 4,5-Epoxy-(E)-2-decenal d 
 Trans-4,5-Epoxy-(E)-2-decenal b 
 5-Ethyl-1-cyclopentene-

carboxaldehyde 
e 

Alcohols 3-Methyl-1-butanol b, c, d, e, f, g, h, i, j, k 
 1-Pentanol c, e, f, g, h, i, j, k, l 
 1-Hexanol c, e, f, g, h, i, j, k, l 
 2-Phenylethanol c, d, f, g, h, i, j, k 
 1-Propanol e, g, h, i, j, k, l 
 2-Methyl-1-propanol e, f, h, i, j, k, l 
 1-Octen-3-ol c, e, f, g,  i, k 
 Ethanol e, f, g, h, i, l 
 1-Heptanol e, f, h, j, k 
 1-Butanol e, g,  j, k 
 (E)-2-Penten-1-ol g, h, j, k 
 2-Ethyl-1-hexanol e, g, j, l 
 1-Octanol f, j, k 
 3-Nonen-1-ol f, g, k 
 2-Methyl-1-butanol c, h, l 
 1-Penten-3-ol e, k 
 3-Methyl-3-buten-1-ol j, k 
 2-Octen-1-ol j, l 
 Phenylmethanol f 
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Chemical 
group 

Volatile compound References 

 2-Hexenol g 
 3-Hexenol k 
 1-Dodecanol k 
 3-Pentanol g 
 1-Nonanol f 
 3-Decen-1-ol f 
 2-Ethyl-1-ethanol f 
 2-Butoxyethanol f 
 3-Ethoxy-1-propanol f 
Ketones 2,3-Butanedione b, d, e, f, g, h, i, j, k, l 
 3-Hydroxy-2-butanone c, e, f, h, i,  j, k, l 
 2-Heptanone c, g, h, j, k, l 
 2-Octanone  f, g, h,  k 
 2-Butanone g, h, i, l 
 2,3-Pentanedione e, g, h, l 
 6-Methyl-5-hepten-2-one f, g,  j, l 
 1-Octen-3-one b, d, f 
 Acetone g, h, l 
 3-Octen-2-one g, k 
 2-cyclopenten-1,4-dione g, l 
 3-Methyl-2-butanone h 
 1-Hydroxy-2-propanone i 
 2,3-Octanedione e 
 (Z)-1,5-Octadien-3-one b 
Esters Ethyl octanoate d, e, f, h, i,  j, k 
 Ethyl acetate e, g, h, i, j, k, l 
 Ethyl 2-hydroxypropanoate e, f, i 
 Ethyl hexanoate h, i, k 
 Ethyl propanoate h, i 
 Butyl acetate c, f 
 3-Methylbutyl acetate h, k 
 2-Phenylethyl acetate f, k 
 Ethyl nonanoate d 
 2-Methylpropyl acetate  f 
 Ethyl 3-methylbutanoate j 
 Methyl 2-methylpropanoate c 
 Ethyl 2-methylpropanoate b 
 Ethyl decanoate h 
 Methyl 2-cyanopropanoate e 
 Methyl cyanoacetate e 
Acids Acetic acid a, d, e, f, h, i, k 
 3-Methylbutanoic acid a, d, f, h, i 
 2-Methylpropanoic acid a, f, h, i, k 
 Butanoic acid a, d, f, k 
 Hexanoic acid a, f, i, k 
 Propanoic acid a, f, h 
 2-Methylbutanoic acid d, h 
 Pentanoic acid f, k 
 Heptanoic acid f 
 Octanoic acid f 
Benzenes Methylbenzene (toluene) e, f, g, h, j 

Styrene e, f, h 
 Ethylbenzene f, g, h 
 1-Ethyl-2-methylbenzene f, g, h 
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Chemical 
group 

Volatile compound References 

 1, 2-Dimethylbenzene f, h 
 1,2,4-Trimethylbenzene f, h 
 1,3-Dichlorobenzene f, h 
 Xylene g, h 
 Butylbenzene g 
 Benzene h 
 1, 4-Dimethylbenzene f 
 1,4-Ethylmethylbenzene f 
 1,3,5-Trimethylbenzene h 
 1,4-Dichlorobenzene e 
Terpenes Limonene f, g, h, i, j 
 γ-Nonalactone f, k 
 Linalool f 
 α-Terpineol f 
 α-Phellandrene g 
 γ -Butyrolactone c 
 γ -Valerolactone c 
 γ -Caprolactone c 
 4-Hydroxy-2,5-dimethyl-3(2H)-

Furanone (furaneol) 
d 

Furans 2-Furancarboxaldehyde (furfural) c, e, f, g, h, i, j, k, l 
 2-Pentylfuran e, f, g, h, i, j, k, l 
 2-Furanmethanol (furfuryl alcohol) e, f, g, i, l 
 2-Methylfuran g, i, l 
 Furan g, h 
 2-Ethylfuran g, h 
 2-Butyl furan e 
 3-Furancarboxaldehyde g 
 2,3,5-Trimethylfuran g 
 Tetrahydrofuran g 
 1-(2-Furanyl)-ethanone e 
 5-Furfuryl-5-methyl-2(5H)-furanone  g 
 Furfurylformate g 
 Furfurylmethyl ketone g 
 5-methyl-2-furfural g 
 2,2-Bifuran g 
 2-Acetylfuran l 
 5-Methyl-2-furaldehyde l 
Sulphides Dimethyltrisulphide e, f, h 
 Dimethyldisulphide e, g, h  
 Dimethylsulphide h 
 Thiazole g 
Pyrazines Trimethylpyrazine j, k 
 2-Methylpyrazine e, g 
 2-Ethylpyrazine g, l 
 2-Ethyl-3-methylpyrazine g 
 2-Methoxy-3-isopropylpyrazine d 
Pyridines 3-Methylpyradine h 
Pyrrolines 2-Acetyl-1-pyrroline c, d 
Phenols 4-Vinyl-2-methoxyphenol c, f 
 Phenol f 
Alkanes Octane h, i 
 Decane f, i 
 Heptane h 
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a Richard-Molard et al. (1979). bSchieberle and Grosch (1991). cFrasse et al. (1992). dGassenmeier and Schieberle 
(1995). eSeitz et al. (1998). fRuiz et al. (2003). gBianchi et al. (2008). hMaeda et al. (2009). iJensen et al. (2011). 
jBirch et al. (2013a). kBirch et al. (2013b). lChiavaro et al. (2008). 
 
Aroma Active Compounds in Bread Crumb 
Odour activity value and flavor dilution factor. Aroma compounds can be defined as the volatile 
compounds that are likely to be sensed when the food product is eaten. Calculation of odour 
activity values (OAV’s) are often carried out in order to evaluate the most aroma active 
compounds in a food product. OAV is defined as the ratio of the concentration of the volatile 
compound in the food product to the compound odour threshold. A compound might therefore be 
sensed when the concentration of the volatile compound exceeds the odour threshold of the 
compound (OAV>1). When calculating OAV’s of bread volatiles, odour threshold values in 
water are used. Bread is, however, a complex food matrix and therefore it should be underlined 
that an aqueous odour threshold value of an aroma compound will only give an approximation of 
the OAV in bread crumb. It would have been more appropriate to calculate the OAV’s from 
odour thresholds in starch.  
 
Aroma extraction dilution analysis (AEDA) is based on gas chromatography olfactometry 
(GCO) of a liquid extract of the food. Results are presented as flavour dilution (FD) factors, 
which is defined as the ratio of the concentration of the volatile compound in the initial extract to 
its concentration in the most dilute extract in which the odour is still detectable by a judge 
sniffing the volatiles leaving the GC coloumn (Schieberle and Grosch, 1987). Consequently, the 
FD factor is a relative measure and it is proportional to the OAV. However, the FD factors are 
not corrected for losses of the odourants during the isolation and concentration step; furthermore 
in AEDA the volatiles are completely volatilised and then evaluated by sniffing, whereas the 
volatility of the aroma compounds in foods depends on their solubility in the aqueous and/or 
lipid phase as well as on their binding to non-volatile food constituents (Grosch, 1993). 
Therefore calculation of the FD factors is a screening method suitable for the analysis of potent 
volatile compounds, however in order to find the most aroma-active compounds important when 
eating the food, Grosch (1993) suggests that OAV’s should be calculated. It should be noted that 
the OAV’s and the FD factors provides information about the aroma activity of the volatile 
compounds, however information of whether the compounds contribute positively or negatively 
to the overall aroma profile can only be evaluated from the odour descriptions and/or from 
further sensory analysis. 
 

Chemical 
group 

Volatile compound References 

Others Azulene f 
 2-Octene g 
 1,3-Octadiene h 
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The volatile compounds in wheat bread crumb which are the most important for the sensory 
quality will be those with a higher OAV’s and/or FD factors. An overview of compounds having 
OAV’s higher than 0.1 and FD factors higher than 8 is presented in Table 2. 
 
When comparing the results of the OAV’s and FD factors in Table 2, the most important bread 
aroma compounds were found to be: (E)-2-nonanal (green, tallow), 3-methyl-1-butanol 
(balsamic, alcoholic), hexanal (green), 2,3-butanedione (buttery, caramel), and 
phenylacetaldehyde (honey-like). Furthermore, 3-methylbutanal (malty), nonanal (citrus), 1-
octen-3-ol (mushroom), heptanal (fatty, rancid), and octanal (citrus) were concluded to be 
important bread crumb aroma compounds with OAV’s at 4 or higher.  
 
Moreover, 2-phenylethanol (flowery), ethyl octanoate (sweet, soap), (E, E)-2,4-decadienal (fatty, 
waxy), trans-4,5-epoxy-(E)-2-decenal (metallic), acetic acid (acid, pungent), (Z)-2-nonenal 
(green), methional (potato-like),  2,4-decadienal (fatty, green), 1-octen-3-one (mushroom-like), 
4-hydroxy-2,5- dimethyl-3(2H)-furanone (caramel-like),  and 4-vinyl-2-methoxyphenol (spicy) 
were found to be important aroma compounds having FD factors at 64 or higher (Schieberle and 
Grosch, 1991; Gassenmeier and Schieberle, 1995) (Table 2). The semi-volatile compounds (E, 
E)-2,4-decadienal, trans-4,5-epoxy-(E)-2-decenal, 2,4-decadienal, 4-hydroxy-2,5-dimethyl-
3(2H)-furanone and 4-vinyl-2-methoxyphenol were identified in the research studies using 
AEDA and not by the research studies using headspace methods. AEDA is based on liquid 
extraction and hence semi- and non-volatile compounds are also included in the analysis 
(Mahattanatawee and Rouseff, 2011). The headspace methods include only the volatile 
compounds.    
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Table 2. Important aroma compounds with odour activity valuesa (OAV’s) above 0.1 and flavor dilution factorsa (FD factors) above 8 and their odour threshold (OT) 
values in water and their odour descriptions. The origin of the volatile compound is shown: (F) from the fermentative activity of yeast, (L) from lipid degradation, and 
(M) from Maillard reaction. The compounds are arranged first according to their chemical group, then according to their OAV and then according to their FD factor.  
Chemical 
group 

Volatile compound Origin OAV FD factor OT in water 
(µg/kg) 

Odourc,d,e,f 

Aldehydes (E)-2-Nonenal L 40-65f  256 and 128d, 512 and 512c 0.08 Green, tallowy 
 3-Methylbutanal F, M 25-54f and 56-236e  0.2 Malty 
 Nonanal L 15-20f and 18-34e  1 Citrus 
 Hexanal L 12-20f and 49-87e 16c 4.5 Green 
 Phenylacetaldehyde F, M 8-13f and 6-35e <8 and 16d 4 Honey-like 
 Heptanal L 5-13f and 14-26e  3 Fatty, rancid 
 Octanal L 4-7f and 19-30e  0.7 Citrus 
 Decanal L 2-4f and 8-21e  2 Citrus 
 Benzaldehyde F, L 0-0.2f and 0.1-0.2e  350 Almond 
 (E, E)-2,4-Decadienal L  512 and 512c 0.07 Fatty, waxy 
 Trans-4,5-Epoxy-(E)-2-decenal L  512 and 512c 0.02 Metallic 
 (Z)-2-Nonenal L  128 and 128c 0.02 Green 
 Methional L  16 and 64d, 64 and 128c 0.04 Potato-like 
 2,4-Decadienal L  64 and 64c 0.1 Fatty, green 
 (E, E)-2,4-Nonadienal L  32 and 128c 0.06 Fatty, waxy 
 4,5-Epoxy-(E)-2-decenal L  <8 and 32d  Metallic 
 (Z)-4-Heptenal L  16c 0.06 Biscuit-like 
 (E)-2-Octenal L  16c 3 Fatty, nutty 
 Vanillin   <8 and 16d 22 Vanilla-like 
Alcohols 3-Methyl-1-butanol F 17-25f and 25-35e, 18 and 10d 128 and 32d, 32 and 256c 250 Balsamic, alcoholic 
 1-Octen-3-ol L 9-13f  1 Mushroom 
 1-Heptanol L 2-3f and 8-14e  3 Green 
 2-Methyl-1-propanol F 0.1-0.3f and 0.2-0.8e  3200 Glue, alcohol 
 2-Phenylethanol F 0.2-0.4f and 0-0.1e, 12 and 3d 512 and 128d, 4 and 256c 1100 Flowery 
 1-Propanol F 0.1-2e  6600 Fruity, plastic 
Ketones 2,3-Butanedione F, M 9-33f and 19-103e 8 and 16d, 64 and 128c 6.5 Buttery, caramel 
 6-Methyl-5-hepten-2-one  2-5e  50 Herbaceous, green 
 3-Hydroxy-2-butanone F 0.8-1.5e  800 Butterscotch 
 1-Octen-3-one L  <8 and 64d, 128 and 128c 0.01 Mushroom-like 
 2-Octanone  0.1-0.2f  50  
 (Z)-1,5-Octadien-3-one   16c 0.0004 Green, geranium 
Acids 3-Methylbutanoic acid F, L, M 5.5 and 15d <8 and 32d 120 Rancid, Sweaty 
 Acetic acid F, M  64 and 128d 32300 Acidic, pungent 
 Butanoic acid F, L <1d <8 and 32d 240 Rancid, Sweaty 
Esters Ethyl 3-methylbutanoate F 1.5-11f  0.2 Fruity, apple 
 Ethyl hexanoate F 0.2-0.5f  1 Fruity, juicy 
 Ethyl octanoate F 0-0.1e, 19 and 15d 512 and 128d 92 Sweet, soap, fresh 
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Chemical 
group 

Volatile compound Origin OAV FD factor OT in water 
(µg/kg) 

Odourc,d,e,f 

 Ethyl acetate F 0-0.1e  6200 Sweet, fruity 
 Ethyl-2-methyl propanoate F  16c 4.5 Fruity 
 Ethyl nonanoate F  16 and  <8d  Fruity 
Furans 2-Pentylfuran F, L, M 1-3f,e  6 Floral, fruity 
 4-Hydroxy-2,5-dimethyl-3(2H)-

furanone 
M  8 and 64d 40 Caramel-like 

Phenol 4-Vinyl-2-methoxyphenol M  16 and 64d 3 Spicy 
Pyrroline 2-Acetyl-1-pyrroline M  8d and 32c 0.053 Roasted 
Pyrazine 2-Methoxy-3-isopropylpyrazine M  16 and 32c  Roasty 
aOAV is defined as the ratio of the volatile compound concentration to the odour threshold in water. bFD factor is defined as the ratio of the concentration of the odorant 
in the initial extract to its concentration in the most dilute extract in which the odour is still detectable by gas chromatography olfactometry. cSchieberle and Grosch 
(1991). dGassenmeier and Schieberle (1995). eBirch et al. (2013a). fBirch et al. (2013b). 
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Table 2. Important aroma compounds with odour activity valuesa (OAV’s) above 0.1 and flavor dilution factorsa (FD factors) above 8 and their odour threshold (OT) 
values in water and their odour descriptions. The origin of the volatile compound is shown: (F) from the fermentative activity of yeast, (L) from lipid degradation, and 
(M) from Maillard reaction. The compounds are arranged first according to their chemical group, then according to their OAV and then according to their FD factor.  
Chemical 
group 

Volatile compound Origin OAV FD factor OT in water 
(µg/kg) 

Odourc,d,e,f 

Aldehydes (E)-2-Nonenal L 40-65f  256 and 128d, 512 and 512c 0.08 Green, tallowy 
 3-Methylbutanal F, M 25-54f and 56-236e  0.2 Malty 
 Nonanal L 15-20f and 18-34e  1 Citrus 
 Hexanal L 12-20f and 49-87e 16c 4.5 Green 
 Phenylacetaldehyde F, M 8-13f and 6-35e <8 and 16d 4 Honey-like 
 Heptanal L 5-13f and 14-26e  3 Fatty, rancid 
 Octanal L 4-7f and 19-30e  0.7 Citrus 
 Decanal L 2-4f and 8-21e  2 Citrus 
 Benzaldehyde F, L 0-0.2f and 0.1-0.2e  350 Almond 
 (E, E)-2,4-Decadienal L  512 and 512c 0.07 Fatty, waxy 
 Trans-4,5-Epoxy-(E)-2-decenal L  512 and 512c 0.02 Metallic 
 (Z)-2-Nonenal L  128 and 128c 0.02 Green 
 Methional L  16 and 64d, 64 and 128c 0.04 Potato-like 
 2,4-Decadienal L  64 and 64c 0.1 Fatty, green 
 (E, E)-2,4-Nonadienal L  32 and 128c 0.06 Fatty, waxy 
 4,5-Epoxy-(E)-2-decenal L  <8 and 32d  Metallic 
 (Z)-4-Heptenal L  16c 0.06 Biscuit-like 
 (E)-2-Octenal L  16c 3 Fatty, nutty 
 Vanillin   <8 and 16d 22 Vanilla-like 
Alcohols 3-Methyl-1-butanol F 17-25f and 25-35e, 18 and 10d 128 and 32d, 32 and 256c 250 Balsamic, alcoholic 
 1-Octen-3-ol L 9-13f  1 Mushroom 
 1-Heptanol L 2-3f and 8-14e  3 Green 
 2-Methyl-1-propanol F 0.1-0.3f and 0.2-0.8e  3200 Glue, alcohol 
 2-Phenylethanol F 0.2-0.4f and 0-0.1e, 12 and 3d 512 and 128d, 4 and 256c 1100 Flowery 
 1-Propanol F 0.1-2e  6600 Fruity, plastic 
Ketones 2,3-Butanedione F, M 9-33f and 19-103e 8 and 16d, 64 and 128c 6.5 Buttery, caramel 
 6-Methyl-5-hepten-2-one  2-5e  50 Herbaceous, green 
 3-Hydroxy-2-butanone F 0.8-1.5e  800 Butterscotch 
 1-Octen-3-one L  <8 and 64d, 128 and 128c 0.01 Mushroom-like 
 2-Octanone  0.1-0.2f  50  
 (Z)-1,5-Octadien-3-one   16c 0.0004 Green, geranium 
Acids 3-Methylbutanoic acid F, L, M 5.5 and 15d <8 and 32d 120 Rancid, Sweaty 
 Acetic acid F, M  64 and 128d 32300 Acidic, pungent 
 Butanoic acid F, L <1d <8 and 32d 240 Rancid, Sweaty 
Esters Ethyl 3-methylbutanoate F 1.5-11f  0.2 Fruity, apple 
 Ethyl hexanoate F 0.2-0.5f  1 Fruity, juicy 
 Ethyl octanoate F 0-0.1e, 19 and 15d 512 and 128d 92 Sweet, soap, fresh 

9 
 C

he
m

ic
al

 
gr

ou
p 

V
ol

at
ile

 c
om

po
un

d 
O

ri
gi

n 
O

A
V

 
FD

 f
ac

to
r 

O
T

 in
 w

at
er

 
(µ

g/
kg

) 
O

do
ur

c,
d,

e,
f 

 
E

th
yl

 a
ce

ta
te

 
F 

0-
0.

1e 
 

62
00

 
S

w
ee

t, 
fr

ui
ty

 
 

E
th

yl
-2

-m
et

hy
l p

ro
pa

no
at

e 
F 

 
16

c  
4.

5 
Fr

ui
ty

 
 

E
th

yl
 n

on
an

oa
te

 
F 

 
16

 a
nd

  <
8d  

 
Fr

ui
ty

 
Fu

ra
ns

 
2-

P
en

ty
lf

ur
an

 
F,

 L
, M

 
1-

3f,
e 

 
6 

Fl
or

al
, f

ru
it

y 
 

4-
H

yd
ro

xy
-2

,5
-d

im
et

hy
l-

3(
2H

)-
fu

ra
no

ne
 

M
 

 
8 

an
d 

64
d  

40
 

C
ar

am
el

-l
ik

e 

P
he

no
l 

4-
V

in
yl

-2
-m

et
ho

xy
ph

en
ol

 
M

 
 

16
 a

nd
 6

4d  
3 

Sp
ic

y 
P

yr
ro

lin
e 

2-
A

ce
ty

l-
1-

py
rr

ol
in

e 
M

 
 

8d  a
nd

 3
2c  

0.
05

3 
R

oa
st

ed
 

P
yr

az
in

e 
2-

M
et

ho
xy

-3
-i

so
pr

op
yl

py
ra

zi
ne

 
M

 
 

16
 a

nd
 3

2c  
 

R
oa

st
y 

a O
A

V
 is

 d
ef

in
ed

 a
s 

th
e 

ra
tio

 o
f 

th
e 

vo
la

til
e 

co
m

po
un

d 
co

nc
en

tr
at

io
n 

to
 th

e 
od

ou
r 

th
re

sh
ol

d 
in

 w
at

er
. b FD

 f
ac

to
r 

is
 d

ef
in

ed
 a

s 
th

e 
ra

tio
 o

f 
th

e 
co

nc
en

tr
at

io
n 

of
 th

e 
od

or
an

t 
in

 th
e 

in
it

ia
l e

xt
ra

ct
 to

 it
s 

co
nc

en
tr

at
io

n 
in

 th
e 

m
os

t d
il

ut
e 

ex
tr

ac
t i

n 
w

hi
ch

 th
e 

od
ou

r 
is

 s
til

l d
et

ec
ta

bl
e 

by
 g

as
 c

hr
om

at
og

ra
ph

y 
ol

fa
ct

om
et

ry
. c Sc

hi
eb

er
le

 a
nd

 G
ro

sc
h 

(1
99

1)
. d G

as
se

nm
ei

er
 a

nd
 S

ch
ie

be
rl

e 
(1

99
5)

. e B
ir

ch
 e

t a
l. 

(2
01

3a
).

 f B
ir

ch
 e

t a
l. 

(2
01

3b
).
 

9 
 

Chemical 
group 

Volatile compound Origin OAV FD factor OT in water 
(µg/kg) 

Odourc,d,e,f 

 Ethyl acetate F 0-0.1e  6200 Sweet, fruity 
 Ethyl-2-methyl propanoate F  16c 4.5 Fruity 
 Ethyl nonanoate F  16 and  <8d  Fruity 
Furans 2-Pentylfuran F, L, M 1-3f,e  6 Floral, fruity 
 4-Hydroxy-2,5-dimethyl-3(2H)-

furanone 
M  8 and 64d 40 Caramel-like 

Phenol 4-Vinyl-2-methoxyphenol M  16 and 64d 3 Spicy 
Pyrroline 2-Acetyl-1-pyrroline M  8d and 32c 0.053 Roasted 
Pyrazine 2-Methoxy-3-isopropylpyrazine M  16 and 32c  Roasty 
aOAV is defined as the ratio of the volatile compound concentration to the odour threshold in water. bFD factor is defined as the ratio of the concentration of the odorant 
in the initial extract to its concentration in the most dilute extract in which the odour is still detectable by gas chromatography olfactometry. cSchieberle and Grosch 
(1991). dGassenmeier and Schieberle (1995). eBirch et al. (2013a). fBirch et al. (2013b). 
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REACTION PATHWAYS FOR AROMA FORMATION IN BREAD 
Bread Volatile Compounds Formed by Yeast Activity 
Many of the aroma active compounds identified in the crumb of fermented bread are derived from the 
metabolism of yeast and the dominating compounds are alcohols, aldehydes as well as 2,3-butanedione 
(diacetyl), 3-hydroxy-2-butanone (acetoin), esters and acids (Table 2).  
 
Aldehydes and alcohols. The most aroma-active fermentation aldehydes and alcohols identified in 
bread crumb are 3-methylbutanal, phenylacetaldehyde, 3-methyl-1-butanol and 2-phenylethanol (Table 
2). Furthermore, ethanol, the primary product of yeast fermentation together with carbon dioxide, is 
formed in high concentrations during dough fermentation. The vast majority of the ethanol has 
however evaporated during baking, as ethanol is a small polar molecule and the concentration in the 
bread is therefore low. The fermentation aldehydes and their corresponding alcohols are formed inside 
the yeast cell from degradation of the flour amino acids (Figure 1) via the Ehrlich pathway as 
exemplified for leucine in Figure 2 (Ehrlich, 1907; Berry and Watson, 1987; Dickinson et al., 2003; 
Perpète et al., 2006; Hazelwood et al., 2008).  
 
 

Figure 1. Overview of the aldehydes and alcohols formed during dough fermentation from flour amino acids via the Ehrlich 

pathway in the yeast cell. 

 

 

 

 

 

 

 

 
 
 
 
 
 

AMINO ACID ALDEHYDE ALCOHOL

Valine 2-Methylpropanal 2-Methyl-1-propanol
Leucine            3-Methylbutanal 3-Methyl-1-butanol
Isoleucine        2-Methylbutanal 2-Methylbutanol
Methionine      Methional Methionol and Methanthiol
Phenylalanine  Phenylacetaldehyde 2-Phenylethanol 

and Benzaldehyde Phenylmethanol
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Figure 2. Overview of the formation of 3-methylbutanal and 3-methyl-1-butanol from leucine in the Ehrlich pathway inside 

the yeast cell.  

 
Acids. The three acids, acetic acid, butanoic acid and 3-methylbutanoic acid can most likely be sensed 
in bread crumb, because of their high FD factors (Table 2). The odour characteristics are acetic, 
pungent, rancid and sweaty (Table 2). Some carboxylic acids (e.g. acetic acid, butanoic acid and 
hexanoic acid) identified in bread (Table 1) are produced in the fatty acid synthase pathway in the 
yeast cell, with yeast malonyl CoA as the substrate for the fatty acid synthase (Berry and Watson, 
1987). Another route is the amino acid biosynthetic pathway, where aldehydes formed during the 
Ehrlich pathway can be oxidized to their corresponding acids (e.g. 2-methylpropanoic acid and 3-
methylbutanoic acid) by aldehyde dehydrogenase (Berry and Watson, 1987).  
 
Esters. The most aroma-active esters in bread crumb were ethyl 3-methylbutanoate, ethyl hexanoate, 
ethyl octanoate, ethyl acetate and ethyl nonanoate (Table 2). Formation of esters in bread crumb is 
particularly interesting, since they are often characterized as having pleasant and fruity odours (Table 
2). However, the esters are generally found to have low OAV’s and FD factors compared to the other 
classes of compounds found in bread crumb (Table 2), as particularly the small esters (ethyl acetate 
and ethyl 3-methylbutanoate) are very volatile and evaporates during baking.  
 

Transamination

Decarboxylation

Reduction by alcohol dehydrogenase

AMINO ACID
Leucin

α‐KETO ACID
4‐Methyl‐2‐oxopentanoic acid

ALDEHYDE
3‐Methylbutanal

ALCOHOL
3‐Methyl‐1‐butanol

CO2

NADH + H+

NAD+

α‐ketoglutarate

glutamate
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The esters identified in bread crumb is produced in the yeast cell by an enzymatic reaction catalyzed by 
transferases between acetyl coenzym A (acetyl-CoA) derivatives of short to medium chain fatty acids 
and alcohols (mainly ethanol) as exemplified for ethyl hexanoate in Figure 3 (Lilly et al., 2000). The 
reaction requires energy, which is provided by the thioester linkage of the acyl CoA co-substrate 
(Figure 3) (Mason and Dufour, 2000). The majority of acetyl-CoA is formed by the oxidative 
decarboxylation of pyruvate (Mason and Dufour, 2000). The fatty acids are produced by the fatty acid 
metabolism in the yeast cell, and it is suggested that ester production is functioning as a way to remove 
the toxic fatty acids from the yeast cell (Nordstrom, 1964; Lilly et al., 2006). The alcohol 
acetyltransferase (AAT) encoded with acyltransferase 1 (ATF1) is the yeast enzyme mainly responsible 
for the syntheses of acetate esters, such as ethyl acetate, 3-methylbutyl acetate (isoamylacetate), hexyl 
acetate and 2-phenylethyl acetate, which are the major esters produced during dough fermentation 
(Lilly et al., 2006). Formation of ethyl hexanoate, ethyl octanoate and ethyl decanoate have on the other 
hand been demonstrated to require activity of the EHT1 encoded ethanol hexanoyl transferase (Figure 
3) (Lilly et al., 2006).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Overview of the formation of ethyl hexanoate through an enzymatic reaction inside the yeast cell (modified from 

Park et al. (2009)).  

 
2,3-Butanedione and 3-hydroxy-2-butanone. 2,3-Butanedione (diacetyl) is an important aroma 
compound in bread crumb with high OAV’s, low odour threshold value (6.5 µg/kg) and with buttery 
and caramel odour (Table 2). The concentration of the ketone 3-hydroxy-2-butanone in bread crumb 
was higher than 2,3-butanedione, but due to the high odour threshold value of 3-hydroxy-2-butanone 
(800µg/kg) the compound was not found to be very aroma active  (Table 2) (Birch et al., 2013a). The 
ketone 3-hydroxy-2-butanone can furthermore be enzymatically degraded to 2,3-butanediol (Ehsani et 
al., 2009).  

Ethyl hexanoate

EHT1 encoded ethanol hexanoyltransferase 

Hexanoic acid Reduced coenzym a

+



13 
 

 
The ketones 2,3-butanedione and 3-hydroxy-2-butanone are produced from α-acetolactate leaked from 
the yeast cell by a non-enzymatic reaction outside the yeast cell (Figure 4) (Wainwright, 1973; Duong 
et al., 2011). α-Acetolactate is produced in the yeast cell as an intermediate in the synthesis of valine 
and leucine in the biosynthetic pathway, which is essential for yeast growth (Wainwright, 1973; 
Bartowsky and Henschke, 2004) (Figure 4). 2,3-Butanedione can be reabsorbed to the yeast cell, 
where it can be reduced to 3-hydroxy-2-butanone by diacetyl reductase (Dulieu et al., 2000; Duong et 
al., 2011).  

Figure 4. Biosynthetic origin of 2,3-butanedione and 3-hydroxy-2-butanone outside the yeast cell (modified from 

Wainwright (1973)). 

 
Lactones. Lactones (e.g. γ-nonalactone) identified in wheat bread crumb (Table 1) can be formed from 
the yeast metabolism (Endrizzi et al., 1996; Garbe and Tressl, 2004). Free fatty acids can be catabolised 
to 4- or 5-hydroxy acids through the peroxisomal β-oxidation system. The 4- or 5-hydroxy acids can 
then be transformed to the very aroma active γ- and δ lactones, respectively by yeast (Endrizzi et al., 
1996; Garbe and Tressl, 2004), through a pathway that is still largely unknown. Lactones are known to 
have a pleasant, aromatic and often fruity odour (Endrizzi et al., 1996). 
 
Terpenes. The terpenes limonene, linalool, α-terpineol and α-phellandrene have been identified in 
bread crumb (Table 1). The terpenes might be produced from their corresponding glucosidic form by 
β-glucosidase activity present in the cell walls of some yeast (Mateo and DiStefano, 1997; Sadoudi et 
al., 2012). 
 
Bread Volatile Compounds Formed from Lipid Oxidation 
Aldehydes. Degradation of unsaturated fatty acids plays an important role for the aroma profile of 
wheat bread crumb. Especially the aldehydes, with low odour threshold values, ((E)-2-nonenal, 
nonanal, hexanal, heptanal and octanal) account for a large part of the most important bread aroma 
compounds (Table 2). These aldehydes have green, tallowy, mushroom and citrus odours, and they are  
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often denoted as off-aroma compounds (Zehentbauer and Grosch, 1998).  
 
The polyunsaturated fatty acids in wheat (mainly linoleic and linolenic acid) can undergo peroxidation 
processes primarily during grinding of the wheat grain, but also during mixing of the dough as long as 
oxygen is present in the dough (Figure 5) (Maraschin et al., 2008). The peroxidation can be an 
autoxidation process (Frankel, 1980) or an enzymatic process catalysed by lipoxygenase (Drapron and 
Beaux, 1969). The primary products from both processes are hydroperoxides (Figure 5), which are not 
aroma active. The hydroperoxides produced are unstable and they quickly break down to free radicals, 
which decompose into several secondary peroxide products. The peroxide products are further 
degraded into a wide range of volatile compounds during dough mixing, fermentation and baking, with 
aldehydes (e.g. (E)-2-nonenal and hexanal) as the most aroma active compounds in bread crumb 
(Frankel, 1980; Ullrich and Grosch, 1987) (Figure 5). The hydroperoxides can also be converted to 
aldehydes by hydroperoxide lyases (Drapron and Beaux, 1969; Gardner, 1996; Gargouri et al., 2004) 
(Figure 5). The two enzyme classes, lipoxygenases and hydroperoxide lyases, are naturally present in 
wheat endosperm, though the activity is many times higher in the wheat germ and bran (Rani et al., 
2001; Every et al., 2006; Lin et al., 2010). 
 

Figure 5. Simplified overview of the volatile compounds formed from degradation of flour lipids.  

 
Maraschin et al. (2008) found that the level of free fatty acids (inclusive polyunsaturated fatty acids) in 
flour increased and the lipoxygenase activity in flour decreased with higher flour storage temperature 
(from 22 to 45°C) and longer storage time (from 0 to 16 weeks) as well as with higher water content in 
the flour (from 10 to 14% of the flour). Furthermore, Delcros et al. (1998) found that mixing markedly 
decrease the lipoxygenase activity, as two thirds of the activity was lost during the first five minutes of 
mixing by denaturation of the enzyme.  
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The volatile compounds formed from peroxidation and further degradation of linoleic acid and 
linolenic acid were thoroughly investigated by Drapron and Beaux  (1969), Frankel (1982), and Ullrich 
and Grosch (1987), where a more detailed description of the complex reactions can be found.  
 
Furans. Several furans have been identified in wheat bread crumb (Table 2). The most aroma active 
furan in bread crumb is 2-pentylfuran with floral and fruity odour (Table 2). 2-Pentylfuran is formed 
during baking from (E)-2-nonenal, the lipid oxidation product of linoleic acid (Adams et al., 2011). 
 

Alcohols. The majority of the alcohols identified in bread crumb, which are not formed from yeast 
fermentation (Table 1) are formed by reduction of aldehydes from the lipid oxidation by alcohol 
dehydrogenase (Drapron and Beaux, 1969; Gardner, 1996). Of these alcohols, 1-heptanol (green odour) 
was the most aroma active identified in bread crumb (Table 2). 
 

Bread Volatile Compounds Formed in the Bread Crust 
Crust aroma compounds might diffuse into the crumb and hence contribute to the overall aroma profile 
of bread crumb, therefore the most aroma-active compounds identified in bread crust are presented in 
this section. The aroma compounds in bread crust has generally attained more focus than the 
compounds in bread crumb, and the pathways forming the various volatile compounds in bread crust 
have been widely reviewed in several papers (Pozo-Bayón et al., 2006; Purlis, 2010; Prost et al., 2012). 
 
Aroma-active crust compounds. Schieberle and Grosch (1994) and Grosch and Schieberle (1997) found 
the most aroma active compounds in bread crust to be 2-acetyl-1-pyrroline, 3-methylbutanal, 
methional, (E)-2-nonenal, acetic acid, (E,E)-2,4-decadienal, 2-ethyl-3,5-dimethylpyrazine, and 4-
hydroxy-2,5-dimethyl-3(2H)-furanone.  
 
Maillard reactions. Volatile compounds, not associated with yeast fermentation or lipid oxidation, such 
as pyrazines and pyrroles, were identified in the bread crumb (Table 1). The majority of these 
compounds were found in high concentrations in bread crust (Schieberle and Grosch, 1994; Poinot et 
al., 2010) and they are formed by the heat induced complex Maillard reactions on the dough surface 
during baking (Hodge, 1953). Since those typical crust compounds are identified in the crumb (Table 
1), they might have diffused into the crumb. 
 
The brown colour and the typical roasted aroma of bread crust are correlated to both caramelisation and 
Maillard reactions occurring during baking. Caramelisation of the sugars initiates at temperatures 
above 120-150°C (Kroh, 1994), and it occurs simultaneously with the Maillard reactions (Wiggins, 
1998), however it is widely documented that the overall aroma profile of bread crust mainly origins 
from Maillard reactions (Pozo-Bayón et al., 2006; Prost et al., 2012).  
 
Hodge (1953) explained the overall reactions in the complex non-enzymatic browning reactions 
designated the Maillard reactions. Generally, the Maillard reaction is a reaction between carbonyls 
(most often reducing sugars) and a free amino group of amino acids, peptide or protein (Maillard,  
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1912). The major end products are melanoidins (brown nitrogenous polymers) and a high number of 
volatile compounds (Hodge, 1953). Maillard reactions typically require water activities around 0.4 to 
0.7 and temperatures above 150°C (Wiggins, 1998; Purlis, 2010)..  
 
The volatiles formed in highest content via the Maillard reaction can be divided into the following 
groups; furanones, pyranones, pyrroles, aldehydes (e.g. 3-methylbutanal, phenylacetaldehyde and 2-
carboxaldehyde), ketones (e.g. 2,3-butanedione and 3-hydroxy-2-butanone) pyridines, pyrazines, 
oxazoles, thiazoles, pyrroles, and imidazoles (Nursten, 1981; Ravagli et al., 1999; Prost et al., 2012). 
The relative amount of those volatiles might be small, however they are very important for the overall 
aroma profile because of their generally low odour threshold. 
 
Compounds formed in both crumb and crust. Some aldehydes (e.g. 3-methylbutanal, acetaldehyde and 
phenylacetaldehyde), some ketones (2,3-butanedione and 3-hydroxy-2-butanone) and some acids (e.g. 
acetic acid and 3-methylbutanoic acid) formed during yeast fermentation, can also be formed from the 
Maillard reaction (Hofmann et al., 2000; Prost et al., 2012).  
 
EFFECT OF THE FERMENTATION CONDITIONS ON BREAD CRUMB AROMA 
Effect of Yeast Level on Bread Crumb Aroma 
Frasse et al. (1992) investigated the fermentative activity of baker’s yeast on the presence of volatile 
compounds in bread crumb. The authors compared dough containing 25 g inactivated baker’s yeast/kg 
flour with dough containing 25 g active baker’s yeast/kg flour (Frasse et al., 1992). As expected the 
formation of the typical fermentation compounds (such as 3-methyl-1-butanol) was markedly higher in 
the dough containing the active yeast. The authors found a markedly higher concentration of the 
volatile compounds formed from the lipid oxidation, such as hexanal and heptanal, in the dough 
containing the inactivated yeast. The authors suggested that this was due to the substantial consumption 
of oxygen by the yeast during mixing, which reduces the efficacy of the lipoxygenase reaction in the 
dough containing the active yeast. Lysed yeast cells might also contribute to the explanation of these 
results found by Frasse et al. (1992).  
 
Birch et al. (2013b) investigated the aroma profile of doughs fermented at three different yeast 
concentrations (20, 40 and 60 g/flour). The fermentations were stopped at a predefined equal dough 
height, therefore the fermentation times changed according to the yeast concentration. Dough 
fermented with the highest yeast concentration resulted in bread with a higher concentration of the 
majority of the compounds formed from the fermentative activity of yeast. 2,3-Butanedione and 
phenylacetaldehyde were the most aroma active of these fermentation compounds (Birch et al., 2013b). 
Yeast added in levels from 20 to 60 g/kg flour did not influence the formation of the compounds 
formed from degradation of unsaturated fatty acids (Birch et al., 2013b).  
 
Gassenmeier and Schieberle (1995) investigated how two different yeast levels (15 and 46 g/kg flour) 
influenced formation of aroma compounds in wheat bread crumb. The author’s results are based on 
wheat dough fermented by the use of pre-ferments (flour, water and yeast) and long fermentation times  
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(18 hours). The two yeast concentrations investigated is hence the yeast concentration in the final 
dough. The authors found the lowest content of 3-methyl-1-butanol and 2-phenylethanol and the 
highest content of phenylacetaldehyde in bread, where the final dough contained 46 g yeast/kg flour 
compared to 15 g yeast/kg flour (Gassenmeier and Schieberle, 1995). This result is not in agreement 
with the results from the study by Birch at al. (2013b). The different results are probably explained by 
the longer fermentation times and the use of pre-ferments in the research work of Gassenmeier and 
Schieberle (1995) compared to the conditions by Birch at al. (2013b).  
 
Richard-Molard et al. (1979) investigated the effect of yeast level from 5 to 20 g/kg flour on formation 
of acetic acid in bread crumb, when the fermentation was done for 5h at 22°C. They found an increase 
in acetic acid from 123 to 195 mg/kg when the yeast level was increased from 5 to 15 g/kg flour. A 
yeast level above 15 g/kg flour did not further increase the level of acetic acid in bread crumb. 
 
A high yeast concentration is used to decrease the fermentation time, which is an economical benefit 
for the bread industry. However, it is possible that non-volatile compounds from the yeast are 
unwanted from a sensory point of view. Very few research studies have investigated the influence of 
non-volatile compounds on bread flavour (Jensen et al., 2011; Bin et al., 2012). Research within 
identification and quantification of non-volatile compounds in bread could therefore be relevant in 
order to provide a more detailed flavour profile of bread fermented at different yeast levels. Analysis of 
non-volatile compounds could be done by high performance liquid chromatography (HPLC) analysis 
(Jensen et al., 2011; Jayaram et al., 2013) or by applying different derivatisation methods followed by 
GC-MS analysis (Proestos et al., 2006; Sha et al., 2010) in combination with sensory analysis.  
 
Effect of Yeast Strain on Bread Crumb Aroma 
Little attention has generally been paid towards the influence of the yeast strain on bread aroma, 
however research within alcoholic fermentation shows that the strain of yeast is very important for the 
aroma profile of the final fermented beverage (Procopio et al., 2011; Suárez-Lepe and Morata, 2012). 
Different commercial baker’s yeasts may consist of different strains of Saccharomyces cerevisiae. 
Birch et al. (2013a) investigated the influence of fermentation by seven European commercial baker’s 
yeasts on bread aroma. The seven baker’s yeasts were added to the dough in different amounts to 
obtain equal number of yeast cells in the doughs. They found significantly different aroma profiles 
between bread fermented by seven commercial baker’s yeasts. Fermentation by the two baker´s yeast 
from Belgian resulted in bread having a higher concentration of the typical fermentation compounds. 
However, two of the fermentation compounds (2-phenylethanol and phenylacetaldehyde) were found in 
a higher concentration in bread fermented with two organic baker´s yeast, hence the aroma formation 
during fermentation was different for some of the yeasts. The compounds formed from the lipid 
oxidation were also influenced by the type of yeast and particularly the breads fermented with the two 
organic yeasts were having a higher concentration of these oxidation compounds (e.g. hexanal).  The 
authors suggested that the different aroma profiles were due to different yeast strains in some of the 
commercial baker’s yeasts. The differences in the aroma profiles may therefore be due to differences in 
the gene-regulated mechanisms and biosynthetic pathways of aroma compound formation between  
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these different yeast strains during dough fermentation.  
 
Additional research is needed to improve the understanding of aroma formation during dough 
fermentation with different yeast strains. Research within selection of yeast strains with improved 
aroma formation could be of industrial interest. Particularly selection of yeast strains with increased  
ester formation could be interesting. Studies have recently been carried out on alcohol 
acetyltransferases from S. cerevisiae and their influence on ester formation in alcoholic fermentation 
(Verstrepen et al., 2003; Procopio et al., 2011; Suárez-Lepe and Morata, 2012). The results from these 
studies might be successfully applied to dough fermentation in the search for novel ways of optimising 
the aroma of bread.  
 
Further experiments with the use of non-Saccharomyces yeast strains producing high concentrations of 
esters in the dough could also be interesting in order to develop bread with a more fruity and appealing 
aroma. The choice of strain could be inspired from research studies within alcoholic fermentation, 
where strains of Pichia anomala, Hanseniospora guillermondii and Hanseniospora osmophila were 
found to significantly increase formation of some esters (Rojas et al., 2001; Rojas et al., 2003; Viana et 
al., 2008). Non-Saccharomyces yeasts are normally used in mixed cultures combined with S. cerevisae 
in alcoholic fermentation. Ciani et al. (2006) and Andorrá et al. (2012) found that pure cultures of some 
non-Saccharomyces wine yeasts (Hanseniaspora uvarum, Torulaspora delbrueckii, Candida 
zemplinina and Kluyveromyces thermotolerans) had reduced fermentation rate compared with pure 
cultures of S. cerevisae. Use of non-Saccharomyces yeast combined with S. cerevisae is therefore also 
assumed to be the best choice in future experiments within dough fermentation. Several non-
saccharomyces yeast strains are common in natural sourdoughs (Hansen, 2012). 
 
Effect of Fermentation Temperature on Bread Crumb Aroma 
Gassenmeier and Schieberle (1995) found the significantly highest concentrations of 3-methyl-1-
butanol and 2-phenylethanol in wheat bread when fermentations of liquid pre-ferments (flour, water 
and yeast) were done at 35ºC, compared to 25, 30 and 40ºC. Another study of the effect of fermentation 
temperature (5, 15 and 35°C) on the aroma profile of bread crumb found that a low fermentation 
temperature (5°C) increased formation of the three esters ethyl acetate, ethyl hexanoate, and ethyl 
octanoate (Birch et al., 2013b). Increasing formation of these esters by decreasing the fermentation 
temperature has also been found during wine fermentation (Molina et al., 2007; Beltran et al., 2008). 
Furthermore, 3-methylbutanal was found in a significant higher concentration in breads fermented at 
15°C compared to breads fermented at 5 and 35°C (Birch et al., 2013b).   
 
Fermentation temperatures of 15 and 35°C was found to increase formation of the majority of the 
compounds formed from degradation of unsaturated fatty acids compared to fermentation at 5°C (Birch 
et al., 2013b). It is well known that the rate of lipid oxidation increases at higher temperature. Many 
lipid oxidation compounds have low odour thresholds and are often characterised as off-aroma 
compounds with green odours (Zehentbauer and Grosch, 1998). 
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In future experiments sensory evaluation of bread fermented at different fermentation temperatures 
would be relevant in order to elucidate if the increased ester formation and decreased formation of lipid 
oxidation compounds by lowering the fermentation temperature to e.g. 5°C can actually be sensed in 
bread. Furthermore, it should be investigated, whether these breads are preferred over breads fermented 
at higher temperatures. It should be noted that bread fermentation at 5°C is problematic, as industrial 
bakeries do typically not have the facilities to store large amounts of dough for several hours. 
Furthermore, cooling is expensive and therefore dough fermentation at 5°C might only be relevant in 
production of “high quality” specialty breads.  
 

Effect of Fermentation Time on Bread Crumb Aroma 
Yeast level, fermentation temperature, and fermentation time are factors that are indistinguishably 
linked with each other and changes within yeast level or fermentation temperature will have a great 
impact on the fermentation time (Birch et al., 2013b). This is important to consider when investigating 
the effect of fermentation time on bread aroma. Maeda et al. (2009) investigated the influence of 
fermentation time (15min, 1h and 2h) on the aroma profile of bread crumb. The doughs were fermented 
by 20g yeast/kg flour at 27°C. The authors found that a 3h dough fermentation period resulted in the 
highest content of alcohols, esters and aromatic compounds in bread crumb, compared to fermentation 
for shorter periods. They found on the other hand that the levels of aldehydes, carboxylic acids, ketones 
and diketones were reduced during 3h fermentation, compared to the shorter fermentation times. The 
levels of alkenals, sulphuric and furanic compounds were not found to be influenced by fermentation 
times from 15min to 3h (Maeda et al., 2009). Schieberle and Grosch (1991) found that the 
concentration of the fermentation compounds 2,3-butanedione, 3-methyl-1-butanol and 2-
phenylethanol increased by 2, 8, and 64 times, respectively, in long-time fermented bread (3h) 
compared to short-time fermented bread (time not stated). The doughs were fermented with 60g 
yeast/kg flour at 35°C. The result from Schieberle and Grosch (1991) is in agreement with Maeda et al. 
(2009), however not for 2,3-butanedione. 
 
Richard-Molard et al. (1979) investigated the effect of fermentation time from 3 to 10h on formation of 
acetic acid in bread crumb. The fermentations were done with 20 g yeast/kg flour (temperature not 
stated in the paper). They found an increasing content of acetic acid from 30 to 75 mg/kg when the 
fermentation time was increased from 3 to 6 hrs, where after the concentration of acetic acid was 
stable. Acetic acid is described as sour and pungent (Gassenmeier and Schieberle, 1995), however it is 
also suggested to act as an aroma enhancer in the levels of 100-200 mg/kg (Richard-Molard et al., 
1979).  
 
Birch et al (2013b) found that  the fermentation time for an optimally developed dough varied greatly 
from 15min to 21h when doughs were fermented at different fermentation temperatures (5, 15 and 
35°C) and yeast levels (20, 40 and 60 g/kg flour). However, no direct correlation was found between 
fermentation time and formation of volatile compounds by their experimental design.  
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CONCLUSIONS 
More than 150 compounds were identified in wheat bread crumb originating mainly from the 
fermentative activity of yeast, from oxidation of flour lipids and from Maillard reactions (in the crust). 
The most aroma-active compounds in wheat bread crumb were (E)-2-nonanal (green, tallow), 3-
methyl-1-butanol (balsamic, alcoholic), 3-methylbutanal (malty), hexanal (green), 2,3-butanedione 
(buttery, caramel), nonanal (citrus), 1-octen-3-ol (mushroom),  phenylacetaldehyde (honey-like), (E, 
E)-2,4-decadienal (fatty, waxy) and trans-4,5-epoxy-(E)-2-decenal (metallic). 
 
Yeast level and strain, as well as fermentation temperature and time, are important factors significantly 
influencing bread crumb aroma. Yeast level and strain primarily influenced formation of compounds 
formed from the yeast activity and the yeast strain furthermore affected the level of hexanal in the 
bread crumb. A high fermentation temperature was found to increase the concentration of compounds 
formed from the lipid oxidation, whereas a low temperature was found to increase the concentration of 
some esters. Disagreeing results were found regarding the effect of fermentation temperature on 
formation of volatile compounds formed from yeast fermentation. A long fermentation time (3h) was 
found to increase formation of some compounds (such as 3-methyl-1-butanol and 2-phenylethanol) 
formed from the yeast activity, however contradictory results were found regarding the effect of 
fermentation time on formation of 2,3-butanedione. 
 
Based on this review the conditions for the most optimal bread aroma might be to ferment the dough at 
a fermentation temperature of 5°C, as these conditions result in bread with a slightly fruity odour from 
the esters. However, it is recommended to include sensory analysis combined with analysis of non-
volatile compounds in future research studies of bread crumb aroma in order to improve the 
understanding of the effect of the fermentation conditions on the overall flavour (taste and odour) of 
bread crumb.  
 
Furthermore, research within the effect of yeast strains on bread aroma has only just been initiated and 
it is suggested that investigation of yeast strains with improved aroma formation, as e.g. increased ester 
formation, might have great potential for the bread industry. Additionally, the effect of mixed cultures 
of S. cerevisiae and non-Saccharomyces strains on bread aroma should be included in future studies of 
bread aroma. 
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ABSTRACT 

Quantification of aroma compounds in a solid food product as bread can be difficult and 
time-consuming. Multiple headspace extraction (MHE) was performed on wheat bread 
crumb by dynamic headspace sampling followed by gas chromatography mass 
spectrometry analysis. MHE was found to be a successful, relatively simple and 
reproducible method for quantification of aroma compounds in bread, since addition of 
standards directly into the solid bread sample is not necessary. Furthermore, two different 
purge conditions within dynamic headspace sampling were successfully used for 
quantification of volatiles with low and high breakthrough volumes.   

1. INTRODUCTION 

Quantification of the aroma compounds in solid food matrices as bread can be difficult, 
because uniform dispersion of internal standards is practically impossible. An effective 
quantification method “Multiple Headspace Extraction” (MHE) was developed by Kolb 
and Pospisil in 1977[1], but the method has only rarely been applied within food science 
[2]. Extraction and further quantification of aroma compounds in food products are today 
primarily done with solid phase micro extraction (SPME), dynamic headspace extraction, 
static headspace extraction, Likens-Nickerson or stable isotope dilution assay (SIDA). 
However, many of these methods are time-consuming and/or require internal standards 
added directly to the food sample. The MHE method is particularly interesting when 
extracting aroma compounds from a solid or semi-solid matrix, since addition of standards 
directly into the food sample for quantification is not necessary [3]. MHE was originally 
developed for static headspace sampling. The purpose of this study has been to investigate 
the possibility of using MHE combined with dynamic headspace extraction and gas 
chromatography mass spectrometry (GC-MS) in order to quantify the aroma compounds in 
bread crumb. 
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2. MATERIALS AND METHODS 

Bread making. 300 g of flour, 190 mL water (30°C), 4 g saccharose, 4 g NaCl and 12 g 
baker´s yeast (4% of the flour) were mixed and the dough was left for fermentation for 60 
minutes at 15°C before baking for 31 minutes at 130°C.  
MHE. Seven consecutive dynamic headspace extractions were performed from the same 
sample. Two different combinations of purge flow and time were used; 1) purging seven 
times with nitrogen (50 mL/min) for 5 minutes to extract the very volatile aroma 
compounds and 2) purging seven times with nitrogen (150 mL/min) for 60 minutes to 
extract the less volatile compounds. All extractions were performed in triplicates. To 
determine the relationship between peak areas and absolute amounts of compounds 
sampled on traps, standard series of pure aroma compound in heptane solution were 
analyzed for the identified aroma compounds (Table 1) in concentrations of 10, 100, 500 
and 1000 µL/L. 2 μL of each solution was injected to Tenax-TA traps. Standard series were 
performed in triplicates.  
Gas Chromatography Mass Spectrometry (GC-MS): Separation of aroma compounds was 
performed by GC-MS. 
Data analysis: The principle of MHE is that stepwise headspace extractions of aroma 
compounds are performed, each successive extraction resulting in a lower area of the aroma 
compound. After an infinite number of headspace extractions all aroma compounds are 
extracted from the sample. In practice, the peak area corresponding to a complete dynamic 
headspace extraction is calculated assuming that the decline in peak area during MHE 
follows first order kinetics, i.e.:  , where Ai is the sum of all extractions 
from A1 to A∞, A1 represents the area of an aroma compound in a the first extraction and q 
represents the slope of the regression curve of the natural logarithm to the peak area vs. 
number of extractions [1]. q is determined for each aroma compound by running a limited 
number of consecutive extractions of a selected sample, where after A1 for each aroma 
compound can be used to calculate the area representing the total amount of aroma 
compound in other similar samples. Finally, areas can be converted into absolute amounts, 
using the standard curves obtained from pure standards injected directly on traps. 

3. RESULTS 

The MHE method for quantification of the identified aroma compounds was found to 
perform well with generally low standard deviations. The coefficient of variation (CV%) of 
q was from 2.2 to 13.3% and the CV% of the slope of the standard curves for the authentic 
pure standards was from 1.2 to 7.3%.  A total of 39 aroma compounds identified in wheat 
bread crumb were quantified by MHE (Table 1).  
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Table 1: Concentrations of aroma compounds identified in bread crumb, their q values, Odor Activity 
Value’s (OAV’s) a and odor characteristics. Aroma compounds having an OAV of 0.1 or higherb are 
highlighted with bold. 
Aroma compound  Concentration (µg/kg) qc OAV Odor 
1-propanold 269 ± 24 -0.45 0.040 fruity, plastic 
2-methyl-1-propanold  3160 ± 37 -0.58 0.99 glue, alcohol 
1-butanold  28.0 ± 3.5 -0.46 0.060 medicinal 
1-penten-3-ole 6.36 ± 1.0 -0.98 0.020 paint-like, chemical 
3-methyl-1-butanole 232000 ± 42000 -0.47 928 balsamic, alcohol 
3-methyl-3-buten-1-ole  0.89 ± 0.26 -0.36 - herbaceous  
1-pentanole 26.8 ± 4.0 -0.39 0.010 fruity 
2-penten-1-ole  3.34 ± 0.67 -0.29 - mushroom 
1-hexanole  42.3 ± 6.6 -0.26 0.020 green grass 
3-hexenole 1.28 ± 0.36 -0.25 0.10 green  
1-octen-3-ole  9.85 ± 2.2 -0.29 9.9 mushroom 
1-heptanole  8.08 ± 1.3 -0.22 2.7 green 
2-ethyl-1-hexanole  6.80 ± 0.84 -0.16 0.000025 green, alcohol 
1-octanole 4.95 ± 1.4 -0.072 0.050 citrus 
3-nonen-1-ole 11.7 ± 1.2 -0.24 - - 
2-phenylethanole 812 ± 55 -0.016 0.74 flowery 
1-dodecanole 5.64 ± 3.7 -0.59 - - 
3-methylbutanald 22.3 ± 2.4 -0.13 112 malty 
hexanale 88.5 ± 10 -0.55 20 green 
heptanale 34.9 ± 2.3 -0.37 12 fatty, rancid 
octanale 2.45 ± 0.93 -0.21 3.5 citrus 
nonanale 18.6 ± 6.7 -0.24 19 citrus 
2-furancarboxaldehydee 7.34 ± 0.74 -0.36 0.00032 woody, almond 
decanale 5.37 ± 3.2 -0.26 2.7 citrus 
benzaldehydee 56.6 ± 5.3 -0.39 0.16 almond 
2-nonenale 5.82 ± 0.67 -0.34 73 beans, cucumber 
phenylacetaldehydee  41.1 ± 8. -0.14 10 honey-like 
2,3-butanedioned 133 ± 29 -0.058 20 buttery, caramel 
2-heptanonee 3.36 ± 0.27 -0.56 0.020 fruity, sweet 
3-hydroxy-2-butanone  nq  - butterscotch 
2-octanonee 4.15 ± 0.52 -0.32 0.080 - 
3-octen-2-onee  1.82 ± 0.60 -0.44 - rose 
ethyl acetated  147 ± 8.1 -0.22 0.020 sweet, fruity 
ethyl-3-methyl butanoatee 0.79 ± 0.19 -0.45 4.0 fruity, apple 
3-methylbutyl acetatef nq -0.75 - banana 
ethyl hexanoatee 0.26 ± 0.044 -0.80 0.26 fruity-juicy 
ethyl octanoatee 0.70 ± 0.072 -0.35 0.010 sweet, soap, fresh 
phenethyl acetatee  3.26 ± 0.56 -0.19 0.010 flowery 
gamma-nonalactonee 1.33 ± 0.40 -0.13 0.010 sweet, creamy 
2-pentylfurane 15.1 ± 2.7 -0.45 2.5 floral, fruit 
trimethylpyrazinee  0.83 ± 0.11 -0.11 0.0013 earthy 
aOAV is the ratio of the concentration of aroma compound and the literature OT of the compound in 
water [4]. bAn OAV of 0.1 or higher and not above 1 is chosen to limit the risk of missing aroma 
compounds, that can be detected in bread crumb, since the OAV’s are based on OT in water and not 
in bread crumb. cq represents the slope of the regression curve of the natural logarithm to the peak 
area vs. number of extractions.  dQuantified from the samples purged with nitrogen (50 mL/min) for 5 
minutes. eQuantified from  the samples purged with nitrogen (150 mL/min) for 60 minutes. fNo 
standard available. nq, not quantitated. 

3-Methyl-1-butanol, 3-methylbutanal, (E)-2-nonenal and 2,3-butanedione were found to be 
the sensorily most important aroma compounds identified in bread crumb based on their 
odour activity values (OAV’s). OAV’s were calculated as the ratio of each aroma 
compound concentration found in bread crumb to the literature odor threshold (OT) in 
water [4]. Bread is, however, a complex food matrix and therefore it should be underlined 
that an aqueous OT value of an aroma compound will only give an approximation of the 
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2-pentylfurane 15.1 ± 2.7 -0.45 2.5 floral, fruit 
trimethylpyrazinee  0.83 ± 0.11 -0.11 0.0013 earthy 
aOAV is the ratio of the concentration of aroma compound and the literature OT of the compound in 
water [4]. bAn OAV of 0.1 or higher and not above 1 is chosen to limit the risk of missing aroma 
compounds, that can be detected in bread crumb, since the OAV’s are based on OT in water and not 
in bread crumb. cq represents the slope of the regression curve of the natural logarithm to the peak 
area vs. number of extractions.  dQuantified from the samples purged with nitrogen (50 mL/min) for 5 
minutes. eQuantified from  the samples purged with nitrogen (150 mL/min) for 60 minutes. fNo 
standard available. nq, not quantitated. 

3-Methyl-1-butanol, 3-methylbutanal, (E)-2-nonenal and 2,3-butanedione were found to be 
the sensorily most important aroma compounds identified in bread crumb based on their 
odour activity values (OAV’s). OAV’s were calculated as the ratio of each aroma 
compound concentration found in bread crumb to the literature odor threshold (OT) in 
water [4]. Bread is, however, a complex food matrix and therefore it should be underlined 
that an aqueous OT value of an aroma compound will only give an approximation of the 
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OAV in bread crumb. It would have been more appropriate to calculate the OAV´s from 
OT in starch or cellulose. They were however, not available from the literature for the 
majority of the compounds. To take the uncertainty of the calculated OAV’s into account it 
was assumed that aroma compounds having an OAV of 0.1 or higher might be sensorily 
important compounds. This was the case for 18 compounds (highlighted with bold in Table 
1). 
 
DISCUSSION AND CONCLUSION 
Dynamic headspace sampling with two different purge conditions resulted in successful 
quantification of aroma compounds even with very high volatility (and therefore low 
breakthrough volumes) e.g. 2,3-butanedione and 3-methylbutanal. MHE was originally 
developed for static headspace extraction, however this study showed that dynamic 
headspace sampling is also a well suited extraction method for quantification by MHE. 
 
In conclusion MHE was found to be a relatively simple and reproducible method for 
quantification of aroma compounds in bread crumb. The great advantage is that it is 
possible to quantify the aroma compounds from a large sample set with similar texture, by 
performing MHE only on one sample (in triplicate). The method is anticipated to be well 
suited for quantification of aroma compounds from solid or semi-solid food products, since 
addition of standards directly into the food sample for quantification is not necessary.  
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Understanding how the dough fermentation conditions influence the wheat bread 
production time and the bread aroma is important for the bread industry. The overall 
purpose of this PhD project was to investigate the effects of commercial baker’s yeast 
(level and type) and fermentation temperature on dough expansion and aroma in bread 
crumb.

In Paper I the effects of commercial baker’s yeast (level and type) and fermentation 
temperature on dough expansion were investigated. Wheat doughs were fermented 
by seven commercial baker’s yeasts at three yeast concentrations (2.88•1011, 5.76•1011 
and 8.64• 1011 CFU/kg flour) and four fermentation temperatures (5, 15, 25 and 35°C). 
Dough expansion was investigated by monitoring the dough height and the expansion 
profile was found to be described well by a first order kinetic model.  The highest kinetic 
rate constants corresponding to the shortest fermentation times were found for doughs 
fermented at 25°C and the highest yeast concentration. Doughs fermented by four of 

the seven baker’s yeasts had significantly shortest fermentation times. The longest fermentation times were generally found for 
doughs fermented with all baker’s yeasts at 5°C and the lowest yeast concentration (2.88•1011 CFU/kg flour).

In Paper II, III and V wheat breads were produced for volatile analysis. The dough samples were fermented to equal height and 
baked and the volatile compounds from the bread crumb were extracted by dynamic headspace sampling and analysed by gas 
chromatography mass spectrometry. A wide range of volatile compounds was identified in bread crumb, mainly originating from 
the activity of yeast.  The dominating fermentation compounds were alcohols, aldehydes as well as 2,3-butanedione (diacetyl), 
3-hydroxy-2-butanone (acetoin), esters and acids. Furthermore, oxidation of flour lipids was generating primarily aldehydes and 
ketones. 

In Paper II the effects of yeast level (20, 40 and 60 g baker’s yeast/kg flour) and fermentation temperature (5, 15 and 35ºC) 
on aroma in bread crumb were investigated. Fermentation with the highest yeast concentration (60 g/kg flour) resulted in bread 
containing the highest concentration of the majority of the compounds formed from yeast activity. A fermentation temperature 
at 5°C resulted in breads with the highest concentration of esters having fruity odours. Fermentation at 15 and 35°C resulted in 
breads with the highest concentration of many lipid oxidation compounds (sometimes characterised as off-odours).

In Paper III the effect of the type of commercial baker’s yeast (2.88•1011 yeast CFU/kg flour) on bread aroma was investigated. 
Significantly different aroma profiles between bread fermented by the seven commercial baker’s yeasts were found. The differ-
ences in the aroma profiles may be due to differences in the gene-regulated mechanisms and biosynthetic pathways of aroma 
compound formation between different yeast strains during dough fermentation.

Commercial baker’s yeast (level and type) and fermentation temperature are concluded to significantly influence the fermen-
tation time and the aroma profile of bread crumb. Sensory analysis and analysis of acids and non-volatile compounds in breads 
fermented at the same conditions as in this PhD thesis could be relevant in future research studies to elucidate the importance of 
the different chemical components for the flavour and taste of bread. 
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