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1  | INTRODUC TION

Major advantages of the use of microorganisms for the indus-
trial production of commodity chemicals include the mild re-
action conditions, cheap and non- fossil fuel based reactants 
and the formation of the desired chirality.1 Currently, succinic 
acid is biotechnologically produced with an annual production 
of several tens of thousands of tonnes, and the market is ex-
pected to further grow strongly.2,3 The fermentative production 
of succinic acid is carried out with, for example, Escherichia coli, 

Corynebacterium glutamicum and Basfia succiniciproducens, using 
cheap, non- petroleum based and readily available raw materials, 
for example, glycerol (derived from the production of bio fuels) or 
glucose.4- 7 Succinic acid naturally occurs as an intermediate me-
tabolite of the citric acid cycle. It is commercially used in food as 
acidifier and taste modifier. Due to its bifunctionality, it also rep-
resents a potential starting material for biodegradable polymers 
and many other C4 compounds.2,7 B succiniciproducens is a Gram- 
negative bacterium which was first isolated in 2008 by Scholten 
and Dägele from bovine rumen.4
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Abstract
Culture supernatants of Basfia succiniciproducens derived from the industrial pro-
duction of succinic acid exhibit an intense nutty, root vegetable- like, buttery and 
sourish smell. By means of headspace- gas chromatography- mass spectrometry- 
olfactometry (HS- GC- MS- O), 14 odour- active compounds were perceived and 
identified using two GC- columns of different polarity and comparison of reten-
tion indices and mass spectra to those of authentic reference compounds. Several 
alkylated pyrazines, including 2,3,5- trimethylpyrazine, 5- ethyl- 2,3- dimethylpyrazine, 
2,3,5,6- tetramethylpyrazine, 2,3,5- trimethyl- 6- ethylpyrazine, 2,3,5- trimethyl- 6
- propylpyrazine and 2,3,5- trimethyl- 6- butylpyrazine were found to contribute 
to the aroma of the culture supernatant. Quantitation of the pyrazines was per-
formed by means of dynamic headspace- GC- MS after standard addition, and 
2,3,5,6- tetramethylpyrazine (9.10 mg/L) was the most abundant compound. Waste 
streams of the biotechnological production of commodity chemicals may thus repre-
sent a sustainable resource for the isolation of aroma compounds.
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Surprisingly, industrial fermentation broths of B succiniciproducens 
from succinic acid production were observed to emit an intense, nutty, 
buttery, sourish and root vegetable- like smell. This odour could be at-
tributed, amongst other compounds, mainly to alkylated pyrazines.

Alkylated pyrazines are broadly found in nature, for example, in 
bacteria, plants or insects but typically in low concentrations.8 Some 
representatives are formed during preparation of food by, for exam-
ple, deep frying or roasting from reducing sugars and amino acids 
via the Maillard reaction.9 In thermally processed food, they contrib-
ute to their typical roasty and spicy odour properties.10,11 In some 
of today's common food preparation methods, such as microwave 
cooking, these compounds are not formed due to the relatively low 
temperatures, so the demand for natural flavours with roasty odour 
properties is correspondingly high.1 Some alkylated pyrazines show 
very low odour thresholds (<0.01 ng/L air).10 Actually, 37 alkylated 
pyrazines are listed on the FEMA GRAS list.12 Due to these charac-
teristics, they are highly sought- after by the food industry and nat-
ural flavour compounds are preferred. They may be extracted from 
natural sources such as potatoes, coffee and nuts, but alkylated pyr-
azines do typically occur in trace amounts only in natural sources. 
Accordingly, the prices for natural pyrazines are high. For example, 
1 kg of synthetically produced 2,5- dimethylpyrazine costs ~200 US$, 
while its natural counterpart is currently sold for ~3,500 US$/kg.13

Because of the immense amounts of fermentation broth re-
sulting from the industrial succinic acid fermentation process, the 
extraction of valuable natural flavour compounds from this broth 
might be a promising idea. For the first time, an aroma analysis of a 
fermentation broth of this microorganism was carried out, whereby 
compounds of interest were subsequently quantitated.

2  | E XPERIMENTAL

2.1 | Culture broths

Culture supernatants of B succiniciproducens, deposited under the 
Budapest Treaty with DSMZ (Deutsche Sammlung von Mikroorganismen 
und Zellkulturen GmbH, Germany) under the deposit number DSM 
18541, derived from the biotechnological succinate production, were 
provided by BASF SE (Ludwigshafen, Germany). Three batches were 
provided, and all analyses were performed with a representative sam-
ple. The microorganism was cultivated in a medium containing 50 g/L 
glycerol and 10 g/L glucose as carbon source, 5 g/L (NH4)2SO4, 2 g/L 
Na2CO3, 1 g/L KH2PO4, vitamins, trace metals and osmolytes. The de-
tailed cultivation conditions and medium composition have been de-
scribed in the patent literature.14 Besides the culture supernatant, the 
autoclaved non- inoculated medium was provided as a control.

2.2 | Chemicals

Petroleum ether (40- 60°C; 95%) was purchased from Acros Organics 
(Geel, Belgium). 2,3- Hexanedione (94%) and 2,4,5- trimethyl 

oxazole (97%) were obtained from Alfa Aesar (Karlsruhe, Germany). 
Benzaldehyde (99%) and hydrogen peroxide (30%) were obtained 
from AppliChem (Darmstadt, Germany). Acetic acid (100%), chlo-
roform- d (99.8 atom% D, with 0.03 vol% TMS, stabilized with Ag), 
diethyl ether (99.5%), iron(II) sulphate heptahydrate (99.5%), sodium 
carbonate decahydrate (98%), sodium sulphate (p.a.) and sulfuric acid 
(96%) were purchased from Carl Roth (Karlsruhe, Germany). Pentanal 
(97%) was obtained from Fisher Scientific (Darmstadt, Germany), 
Silica gel 60 was purchased from Macherey- Nagel (Düren, Germany) 
and 2,3- butanedione (97%) from Merck (Darmstadt, Germany). 
Acetoin (96%), 2,3- pentanedione (97%), 2,3,5,6- tetramethylpyrazine 
(98%) and 2,3,5- trimethylpyrazine (99%) were purchased from Sigma- 
Aldrich (Taufkirchen, Germany). 5- Ethyl- 2,3- dimethylpyrazine (98%) 
was obtained from TCI (Eschborn, Germany). Butanal (97%) and pro-
panal (97%) were purchased from Th. Geyer (Renningen, Germany) 
and ethyl acetate (98%) from VWR (Darmstadt, Germany). Helium 
(5.0) was obtained from Praxair (Düsseldorf, Germany) and nitrogen 
(5.0) from Air Liquide (Düsseldorf, Germany). All numbers given in 
parentheses represent the minimum purity.

2.3 | Methods

2.3.1 | Identification of odour- active compounds

The determination of odour- active compounds was per-
formed by means of headspace- solid phase microextraction- gas 
chromatography- mass spectrometry- olfactometry (HS- SPME- GC- 
MS- O). For HS- SPME, 5 mL samples were added to a 20 mL- HS- vial. 
The samples were incubated and extracted on an agitator (15 min, 
60°C, 250 rpm) of a GERSTEL MPS 2XL autosampler (Mülheim 
an der Ruhr, Germany), followed by an extraction with an SPME 
fibre for 30 min. The SPME fibre (Supelco, Steinheim, Germany) 
was coated with divinylbenzene/carboxen/polydimethylsiloxane 
(1 cm × 50/30 µm). The analytes were desorbed in the GC’s inlet 
(250°C, splitless time: 1 min). The GC system used was an Agilent 
(Waldbronn, Germany) 7890A gas chromatograph equipped with 
either an Agilent VF- WAXms column (30 m × 0.25 mm, 0.25 µm 
film thickness; temperature programme: 40°C (3 min), 5°C/min to 
240°C (12 min), carrier gas: helium, 1.56 mL/min (constant)) or an 
Agilent DB- 5ms (deviating final temperature 300°C) and a split/
splitless (S/SL) inlet. After the column, the carrier gas was split 1:1 
by a GERSTEL µFlowManager splitter to an Agilent 7000B triple 
quadrupole detector (ionisation energy: 70 eV, ion source: 230°C, 
quadrupoles: 150°C, transfer line: 250°C, scan in q1: m/z 33- 300, 
He quench gas: 2.25 mL/min, N2 collision gas: 1.5 mL/min) and a 
GERSTEL ODP3 olfactory detection port (transfer line: 250°C, 
mixing chamber: 150°C, make up gas: N2). Olfactometry was per-
formed by three trained panelists. Compounds were considered 
odour- active if at least two panelists perceived and described the 
odour. The provided non- inoculated medium was analysed in the 
same way. The retention indices (RI) were calculated by linear in-
terpolation from the retention times of n- alkanes (C7- C30).15 The 
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odour- active compounds were identified by their mass spectra, 
their RIs on two columns of different polarities, their odour, and 
by comparison with authentic standards (commercially available or 
synthesized).

2.3.2 | Synthesis of 2,3,5- trimethyl- 6- ethylpyrazine, 
2,3,5- trimethyl- 6- propylpyrazine and 2,3,5- trimethyl- 
6- butylpyrazine

The pyrazines were synthesized (Figure 1) based on a method de-
scribed by Bohman et al.16 One eq. 2,3,5- trimethylpyrazine and 
0.4 eq. FeSO4 x 7H2O were solved in water and 4 eq. propanal, 
butanal or pentanal were added, respectively. At 0°C 50 eq. conc. 
sulfuric acid and 2.2 eq. H2O2 (30%) were added, and the solution 
was stirred for 3 h at room temperature. After 1 h and after 2 h 
1.1 eq. H2O2 (30%) and 2 eq. of the respective aldehyde were added. 
Subsequently, the reaction mixture was washed with diethyl ether, 
the pH of the aqueous solution was adjusted to 8 with Na2CO3, and 
the mixture was extracted twice with diethyl ether. The combined 
organic extracts were dried over anhydrous Na2SO4 and the solvent 
was removed in vacuo. The residue was purified by means of column 
chromatography with SiO2 using ethyl acetate and petroleum ether 
(1:1) as eluent. The structures of the isolated compounds were con-
firmed by means of nuclear magnetic resonance (NMR). The NMR- 
experiments were performed on a Bruker (Rheinstetten, Germany) 
Avance II 400 MHz and a Bruker Avance III HD 400 MHz.

NMR data of 2,3,5- trimethyl- 6- ethylpyrazine
1H NMR (CDCl3, 400 MHz): δ 2.77 (2 H, q), 2.50 (3 H, s), 2.48 (3 H, s), 
2.47 (3 H, s), 1.27 (3 H, t). 13C NMR (CDCl3, 100 MHz): δ 153.0, 148.5, 
148.2, 147.6, 28.0, 21.6, 21.5, 21.0, 13.0.

NMR data of 2,3,5- trimethyl- 6- propylpyrazine
1H NMR (CDCl3, 400 MHz): δ 2.72 (2 H, m), 2.50 (3 H, s), 2.47 (3 H, s), 
2.47 (3 H, s), 1.71 (2 H, m), 1.00 (3 H, t). 13C NMR (CDCl3, 100 MHz): 
δ 151.9, 148.4, 148.1, 147.7, 36.6, 22.4, 22.2, 14.1, 14.1.

NMR data of 2,3,5- trimethyl- 6- butylpyrazine
1H NMR (CDCl3, 400 MHz): δ 2.73 (2 H, m), 2.49 (3 H, s), 2.47 (3 H, s), 
2.46 (3 H, s), 1.63 (2 H, m), 1.27 (2 H, m), 0.95 (3 H, t). 13C NMR 

(CDCl3, 100 MHz): δ 152.2, 148.5, 148.2, 147.8, 34.6, 31.2, 22.9, 
21.6, 21.5, 21.1, 14.1.

These data are in accordance with those described in the litera-
ture.17 The NMR spectra can be found in the Figure SA1- SC2.

2.3.3 | Quantitation of alkylated pyrazines

Five alkylated pyrazines were quantitated by means of stand-
ard addition and dynamic headspace (DHS)- GC- MS (Table 3). 
2,3,5- Trimethyl- 6- butylpyrazine could not be quantitated due to its very 
low concentration in the culture broth. For quantitation, each standard 
compound was dissolved separately in water, a mixed stock solution 
was prepared and five standard solutions with differing concentrations 
were prepared. 100 µL of the standard solutions were added to 1 mL 
sample, each. Subsequently, 550 µL of these mixtures were extracted 
at room temperature (22 ± 1°C) by means of DHS with 3 L nitrogen and 
a flow rate of 100 mL/min. The analytes in the effluent were trapped 
on a TDU tube, filled with Tenax TA (GERSTEL). After DHS extraction, 
the Tenax tube was dried with 1 L nitrogen (flow rate 100 mL/min). 
Subsequently, the analytes were desorbed from the Tenax tube by 
means of a GERSTEL thermal desorption unit (TDU) (temperature pro-
gramme: 30°C (0.5 min), 100°C/min to 240°C (3 min), transferline tem-
perature: 250°C (fixed), split ratio: splitless, septum purge: 3 mL/min) 
coupled with a GERSTEL cooled injection system 4 (CIS 4) (temperature 
programme: 10°C (0.5 min), 12°C/s to 240°C (7 min), CIS glass liner 
packed with Tenax TA, split ratio: 10:1) and analysed by GC- MS. The GC 
system used was an Agilent 7890B gas chromatograph equipped with 
an Agilent VF- WAXms column (cf. 2.3.1; carrier gas: helium, 1.2 mL/
min (constant)). The MS (Agilent 5877B quadrupole detector, ionisa-
tion energy: 70 eV, ion source: 230°C, quadrupole: 150°C, transferline: 
250°C) was operated in selected ion monitoring- mode (SIM) (Table 1).

3  | RESULTS AND DISCUSSION

3.1 | Identification of odour- active compounds

The odour of the fermentation broths was perceived as sourish, but-
tery, nutty and root vegetable- like. By means of HS- SPME- GC- MS- O, 
14 odour- active compounds were perceived and identified (Table 2, 

F I G U R E  1   Synthesis of alkylated pyrazines via Minisci reaction (referring to Bohman et al)
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608  |     BIRK et al

Figure 2). The odour impressions perceived at the olfactory detector 
port well mirrored the overall impressions of the fermentation broths. 
Short chain 2,3- diketo compounds, for example, 2,3- butanedione 
and 2,3- pentanedione, are known for their buttery odour.18 
3- Hydroxy- 2- keto compounds (acyloins) are described in the litera-
ture as caramel- like, sweetish, buttery (3- hydroxy- 2- pentanone) and 
earthy, mushroom- like (3- hydroxy- 2- hexanone).19 2,4,5- Trimethyl 
oxazole is known for its fresh, mustard like20 and acetic acid for its 
sourish, vinegar- like odour.21 Alkylated pyrazines are aroma com-
pounds which are typically formed by thermal food processing, for 
example, by roasting or frying, and exhibit an intense roasty, nutty 
or root vegetable- like odour.10,22- 24 The biosynthetic production 
of pyrazines has been described for some bacteria, for example, 
Pseudomonas and Paenibacillus.25,26 In addition to their properties as 
potent aroma compounds, pyrazines are also known for their antimi-
crobial effects, which may explain their biosynthesis by bacteria to 
protect themselves from competitors.27,28

Diketo compounds, such as diacetyl, are constituents of many 
dairy products.29 Diacetyl is produced by many different bacte-
ria, for example, Lactococcus lactis or Streptococcus diacetilactis.30,31 
It is formed from 2- acetolactate, which is an intermediate in the 
biosynthesis of amino acids, such as valine, leucine, isoleucine, or 
aspartate.32,33

The biosynthesis of valine, leucine and isoleucine starts with 
the transfer of pyruvate to thiamine pyrophosphate under de-
carboxylation. In the case of leucine and valine, the resulting ace-
tyl group is transferred to another pyruvate molecule, resulting in 
2- acetolactate. In the biosynthesis of isoleucine, the acetyl group 
is transferred to 2- oxobutanoate instead of pyruvate, resulting in 
2- aceto- 2- hydroxybutanoate. The next step on the way to the amino 
acid is catalysed by a ketol- acid reductoisomerase. Dickschat et al pro-
posed a pathway for the formation of acyloins in C glutamicum.17 In 
this proposed pathway, acyloins are formed from 2- acetolactate 
and 2- aceto- 2- hydroxybutanoate by decarboxylation resulting in 
acetoin or the respective elongated 3- hydroxy- 2- keto compounds. 
By oxidation of the hydroxy group, 2,3- diketo compounds, for exam-
ple, diacetyl, can be formed. A mutant of C glutamicum with deleted 
ketol- acid reductoisomerase activity showed a strongly increased 
formation of acyloins and 2,3- diketo compounds.17 The production 
of acetoin by C glutamicum was already observed previously inves-
tigating a strain that was unable to form valine, leucine and isoleu-
cine.34 Furthermore, in both studies not only acyloins and 2,3- keto 
compounds were found but surprisingly also different alkylated 
pyrazines. Demain et al identified 2,3,5,6- tetramethylpyrazine in the 
fermentation broth of C glutamicum.34 Dickschat et al additionally 
identified 2,3,5- trimethyl- 6- ethylpyrazine, 2,3,5- trimethyl- 6- prop

TA B L E  1   Quantifier ions and qualifiers ions of analytes used 
for quantitation and starting time of measurement in mass 
spectrometer

Starting time [min] m/z quantifier ion
m/z qualifier 
ions

14.00 122 42, 81

15.60 135 54, 136, 137

15.60 136 54, 135, 137

17.00 149 122, 150

18.50 136 149, 164

F I G U R E  2   HS- SPME- GC- MS chromatogram (determined on a VF- WAXms column) of the analysed fermentation broth of 
B succiniciproducens with perceived and identified odour- active compounds on VF- WAXms column
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ylpyrazine and 2,3,5- trimethyl- 6- butylpyrazine.17 In the proposed 
pathway by Dickschat et al, the alkylated pyrazines are formed from 
acyloins or 2,3- diketo compounds. The first step is a transamina-
tion of these compounds, followed by a condensation reaction of 
two molecules and oxidation to give the final alkylated pyrazines 
(Figure 3). However, no quantitative data on the formation of al-
kylated pyrazines have been reported in this study.

Because of the similarities of the product patterns, it seems likely 
that B succiniciproducens might use analogous pathways to form acy-
loins, 2,3- diketo compounds and alkylated pyrazines. Therefore, it 
might be possible to delete the ketol- acid reductoisomerase activity, 
as described for C glutamicum, and to add the required amino acids 
to the fermentation medium to further increase the production of 
alkylated pyrazines.

Another N- containing heterocyclic compound identified in the 
samples was 2,4,5- trimethyl oxazole. It is known to be formed from a 
Schiff base (possibly derived from acyloins or 2,3- diketo compounds) 
in a condensation reaction with acetic acid.17,35 Acetic acid was also 
perceived olfactorily during the analysis by means of GC- MS- O.

All of the described compounds, except for acetoin and ace-
tic acid,3 have not yet been described previously to be formed by 
B succiniciproducens.

Alkylated pyrazines are known for their intense odour impres-
sions, and some representatives exhibit very low odour thresh-
olds. By investigating the structure- odour- activity of more than 
80 pyrazines, Wagner et al showed that trifunctionalized pyrazine 
stereoisomers bearing two methyl groups in ortho positions to one 
nitrogen atom show the lowest odour thresholds compared to iso-
mers bearing two methyl groups in ortho and meta position.10 All of 

the tetra- alkylated pyrazines analysed in this study bear two methyl 
groups in ortho positions. Therefore, it might be possible that the 
tetra- alkylated pyrazines detected in the fermentation broths of B 
succiniciproducens also show very low odour thresholds. However, 
the effect of the substitution pattern of tetrafunctionalized pyra-
zines on the respective odour threshold needs to be investigated to 
support this assumption.

Due to their desirable odour and low odour thresholds, alkylated 
pyrazines are important aroma compounds. Nevertheless, they are 
rarely found in higher amounts in nature and an economical ex-
traction is thus difficult to achieve. 2,3,5- Trimethyl- 6- butylpyrazine 
was only described a few times, for example, to be formed by C glu-
tamicum,17 in roasted cocoa,36 or as a product of the Maillard reaction 
from wheat protein.9 2,3,5- Trimethyl- 6- propylpyrazine occurs more 
often in natural sources. For example, it was described to be formed 
by Pseudomonas spp.,25 in fermented soybean paste,37 or as an aroma 
compound of gouda cheese.22 2,3,5- Trimethyl- 6- ethylpyrazine has 
also been described as a Maillard product38 and as an aroma com-
pound found in chocolate.39 The biosynthetic nature of the formed 
alkylated pyrazines was clearly shown, as no odour- active alkylated 
pyrazines could be detected in the non- inoculated media analysed as 
controls (cf. Figure SD).

3.2 | Quantitation of compounds of interest

Five alkylated pyrazines were quantitated by means of standard 
addition and DHS- GC- MS (Table 3, Figures SE1 and SE2). Amongst 
the analysed pyrazines, 2,3,5,6- tetramethylpyrazine showed by 

TA B L E  2   Perceived and identified odour- active compounds from the fermentation broth of B succiniciproducens analysed by means of 
HS- SPME- GC- MS- O with their corresponding retention indices (RI) on two columns of different polarity

# Compound Odour impression

RI (VF- WAXms) RI (DB- 5ms)

Sample Standard Sample Standard

1 2,3- butanedione
(diacetyl)

intense buttery 973 977 <700 <700

2 2,3- pentanedione buttery, fresh 1054 1057 <700 <700

3 2,3- hexanedione buttery, fruity, sweetish 1131 1131 791 793

4 2,4,5- trimethyl oxazole green, fresh 1192 1196 833 841

5 3- hydroxybutan- 2- one
(acetoin)

buttery, green 1285 1284 712 711

6 2,3,5- trimethylpyrazine nutty, musty 1400 1400 1002 1002

7 3- hydroxyhexan- 2- one roasty, earthy 1438 1434 892 890

8 acetic acid vinegar 1443 1452 <700 <700

9 5- ethyl- 2,3- dimethylpyrazine cooked potatoes 1458 1458 1088 1087

10 2,3,5,6- tetramethylpyrazine sweetish, nutty, musty 1470 1469 1085 1085

11 2,3,5- trimethyl- 6- ethylpyrazine spicy, vegetable stock like 1509 1509 1157 1156

12 benzaldehyde bitter almond 1521 1521 964 964

13 2,3,5- trimethyl- 6- propylpyrazine sweetish, vegetable stock 
like

1577 1577 1237 1237

14 2,3,5- trimethyl- 6- butylpyrazine nutty, vegetable stock like 1674 1677 1330 1329

 10991026, 2021, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ffj.3674 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [24/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



610  |     BIRK et al

far the highest concentration. The concentrations of the other 
alkylated pyrazines were much lower. Although the amounts of 

alkylated pyrazines were far away from other industrial processes 
for the fermentative production of odour- active compounds, the 
isolation from the fermentation broth could be achieved by con-
centration and distillation at reduced pressure or alternatively after 
acidification by cation exchangers.14 Currently, natural alkylated 
pyrazines are typically extracted from food, such as potatoes, cof-
fee or nuts.13 To the best of our knowledge, there is no industrial 
production for these alkylated pyrazines based on fermentation. 
The succinic acid production process has actually neither been 
designed nor optimized for the production of alkylated pyrazines. 
Much higher amounts might thus be obtained, for example, by op-
timization of the fermentation medium or genetic optimization of 
the B succiniciproducens strain.

F I G U R E  3   Proposed pathway for the formation of alkylated pyrazines according to Dickschat et al (here shown for 
2,3,5,6- tetramethylpyrazine with R1 = R2 = Me)

TA B L E  3   Quantitated amounts of the five compounds of 
interest by means of standard addition and DHS- GC- MS

Compound
Amount 
[µg/L] R²

2,3,5- trimethylpyrazine 179 0.998

5- ethyl- 2,3- dimethylpyrazine 15 0.999

2,3,5,6- tetramethylpyrazine 9104 0.991

2,3,5- trimethyl- 6- ethylpyrazine 36 0.999

2,3,5- trimethyl- 6- propylpyrazine 233 0.993
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4  | CONCLUSION

A novel biotechnological access to alkylated pyrazines from cul-
ture supernatants of B succiniciproducens was investigated. The 
substrate used for the fermentation process is inexpensive glyc-
erol, which is released in large quantities during the production of 
biofuels. Isolation of the flavour compounds from culture super-
natants, a designated waste product produced during a large- scale 
process, may allow for a sustainable production of aroma com-
pounds which do not occur in large quantities in nature. Alkylated 
pyrazines might be separated from the fermentation broth by 
distillation or cation exchangers. Depending on the cost of down-
stream processing, it might be economical to monetise the waste 
stream directly. Alternatively, the strain could be optimised for 
aroma production, for example, by deleting the ketol- acid reductoi-
somerase activity, or the amino acids needed as precursors could 
be added to the fermentation medium.
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