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Abstract The objective of this study was to investigate the
volatile organic compounds (VOCs) produced from heterotro-
phic cultivation of the cyanobacterium Phormidium
autumnale with different sources of monosaccharides. The
volatiles were isolated by headspace solid-phase micro-extrac-
tion in different residence times, separated by gas chromatog-
raphy, and identified by mass spectrometry (SPME-GC/MS).
The profile of volatiles contained a total of 44 volatile com-
pounds when P. autumnale was grown heterotrophically on
glucose and 35 when grown on fructose. A combined total of
68 compounds was identified and 11 volatiles were common
to both extracts. The compound 3-methyl-butanol was identi-
fied among the major volatile compounds formed, reaching a
concentration of 141.5 μg mg−1 dry weight for the glucose-
grown cultures and 69.5 μg mg−1 for the fructose-grown cul-
tures after 144 h. Many of the compounds detected during
heterotrophic cultivation originated from terpenoids (β-
ionone, β-cyclocitral, and 5,6-epoxy-β-ionone), fatty acids
(hexanol, hexanal), or the 2-keto acid pathway (3-methyl-bu-
tanol, propanol, butanol).

Keywords Microalgae/cyanobacteria . Heterotrophic
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Introduction

The continual growth of the commercial application of primary
and secondary biotechnology metabolites and more strict envi-
ronmental legislations have led to interest in developing renew-
able forms to produce these compounds to apply in fine chem-
istry (Havel and Weuster-Botz 2006; Rastogi and Sinha 2009).
Microalgae and cyanobacteria are considered some of the most
promising feedstocks for sustainable supply of food and non-
food industries (Draaisma et al. 2013; Borowitzka 2013).

Volatile organic compounds (VOCs) are secondary metab-
olites obtained from microalgae and cyanobacteria that could
be used as an important alternative source of pharmaceutical
products, aromas, and fragrances at a low cost (Havel and
Weuster-Botz 2006). However, many undesirable taste and
odor outbreaks have been associated with volatile organic com-
pounds such as geosmin and 2-methylborneol, produced by
microalgae and cyanobacteria, and these are typical off-flavor
compounds (Fujise et al. 2010). The exploration of knowledge
about the volatile profile of microalgae without off-flavor com-
pounds is a possibility, and a scientific challenge is to apply
these metabolites as chemical fine feedstocks.

Volatile organic compounds from microorganisms with
commercial appeal include propanol, butanol, 3-methyl-buta-
nol, hexanol, hexanal, β-cyclocitral, β-ionone, and 5,6-
epoxy-β-damascenone (Berger 2009; Smith et al. 2010).
Flavors from microorganisms compete with traditional agri-
cultural sources. Elucidation of metabolic pathways and pre-
cursors and application of bioengineering have resulted in a
set of more than 100 commercial chemical aromas derived
from biotechnology (Berger 2009).

Biosynthesis of VOCs depends on the availability of build-
ing blocks such as carbon and nitrogen as energy provided by
primary metabolism. Therefore, the availability and the kind
of chemical structure of these building blocks have a major
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impact on the concentration of volatile organic compounds.
Based on their biosynthetic origin, VOCs are classified into
several classes, including terpenoids, fatty acid derivatives,
and 2-keto acid pathway products (Dudareva et al. 2013).

The characterization of the volatile fraction of bioreactors
can contribute to the establishment of bioconversion routes of
substrates and enable the identification of potential applica-
tions of the bio-products formed (Jacob-Lopes et al. 2010;
Jacob-Lopes and Franco 2013). The full use of the volatile
fraction of microalgal/cyanobacterial biomass may represent
an improvement in the supply of a large volume of inputs to
many different types of industry. Clearly, there is a need for
prospective studies on the volatile fraction of microalgal bio-
reactors, as well as the elucidation of metabolic pathways of
formation of these compounds. Therefore, the aim of this
study was to evaluate the volatile organic compound profile
produced in heterotrophic cultures of the cyanobacterium
Phormidium autumnale, using glucose and fructose as exog-
enous carbon source.

Materials and methods

Standards

The standards 2-butanone, 3-methy-2-butanone, 2-propanol,
2-methyl-1-propanol, 1-butanol, 2-heptanone, 3-hydroxy-2-
butanone, 6-methyl-5-hepten-2-one, and β-ionone, as well
as 3-octanol which was employed as an internal standard,
were from Sigma-Aldrich (USA). The identities of volatile
compounds were confirmed with retention indices and com-
parison with the MS spectral database.

Microorganism and culture conditions

Axenic cultures of P. autumnale were originally isolated from
the Cuatro Cienegas desert (26° 59′ N, 102° 03′, W. Mexico).
Stock cultures were propagated and maintained in solidified
agar-agar (20 g L−1) containing BG11 medium (Rippka et al.
1979). The cultures were illuminated with 20-W fluorescent
daylight-type tubes (Osram Sylvania, Brazil), located in a
photoperiod chamber at a photon flux density of 15 μmol
photons m−2 s−1 and a photoperiod of 12/12 h light/dark at
25 °C.. The photon flux density was adjusted and controlled
by using a digital photometer (Spectronics, model XRP3000).

To obtain the inocula in liquid form, 1 mL of sterile medi-
umwas transferred to slants, and the colonies were scraped off
and then homogenized with the aid of mixer tubes. The entire
procedure was performed aseptically.

The cultivations were performed in a bubble column bio-
reactor (Francisco et al. 2014) operating under a batch regime,
in 2.0 L of culture medium. The bioreactor including filtering
units was sterilized by autoclaving at 121 °C for 40 min and

then for 30 min containing the medium. The experimental
conditions were as follows: initial concentration of inoculum
100 mg L−1, temperature 26 °C, pH adjusted to 7.6, and aer-
ation of 0.1 volume of air per volume of culture per minute
and absence of light. The culture medium consisted of BG11
medium supplemented with either glucose or fructose
(12.5 g L−1) as exogenous carbon source.

Biomass concentration

Cell biomass was determined gravimetrically by filtering a
known volume of culture through a 0.45-μm membrane filter
(Millepore) and drying at 60 °C for 24 h before weighing.

Samples were collected over 7 days at 0, 24, 48, 72, 96,
120, and 144 h. The experiments were performed twice and in
duplicate for each substrate. Therefore, data refer to the mean
value of four repetitions.

Isolation of the volatile organic compounds

The volatile compounds were isolated using headspace
solid-phase micro-extraction (HS-SPME) with a 50/30-μm
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS) fiber (Supelco, USA). Sample preparation was per-
formed using 20 mL of culture medium, equally separated
into two portions. These two portions were analysed by
HS-SPME coupled with GC/MS for the quantitative deter-
mination of the volatile compounds. The aliquot was placed
in a headspace septum vial containing 3 g of NaCl and
10 μL of an internal standard solution. The SPME fiber
was inserted into the headspace of the vial containing the
sample for 45 min at 40 °C, with agitation provided by a
magnetic stir bar. After this period, the fiber was removed
from the vial and immediately desorbed into the injector of
the GC. The analytical procedure was performed twice and
in duplicate. Therefore, data refer to the mean value of four
repetitions.

GC/MS analysis

The volatile compounds were separated on a DB-Wax fused
silica capillary column, 60 m in length, 0.25 mm id, and
0.25 μm film thickness (Chrompack Wax 52-CB) in a
Shimadzu QP 2010 Plus gas chromatograph mass spectrome-
ter. The initial oven temperature for the DB-Wax column was
set at 35 °C for 5 min, followed by a linear increase at
5 °C min−1 to 220 °C, and this temperature was held for
5 min. For identification, an electron-impact ionization voltage
of 70 eV was applied, and helium was used as the carrier gas.

The volatile compounds were identified by a comparison of
their MS spectra with those provided by the computerized
library (NIST MS Search). In addition, to assist with identifi-
cation, each volatile linear retention index (LRI) was
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Table 1 Volatile compounds detected by GC/MS in the samples from bioreactors with retention index (LRI) and odor descriptors

Peak LRI DB-Waxa ID Compound Mediumb Odor descriptorsc

1 648 B Acetaldehyde g, f Fruit, apple

2 741 B 1-Heptene f –

3 797 B 2,4-Dimethylheptane f –

4 821 B Isobutyraldehyde g Pungent, malt, green

5 832 B Butanal g Pungent, green

6 835 B Hexamethylcyclotrisiloxane f –

7 868 B Tetrahydrofuran f –

8 896 B 2-Methylbutanal f Cocoa, almond

9 905 B Ethylacetate g Pineapple

10 910 B 3-Methylbutanal f Malt

11 921 A 2-Butanone g Camphor

12 957 A 3-Methyl-2-butanone g Camphor

13 962 A 2-Propanol g, f Alcohol, pungent

14 978 B 2,3-Butanedione g Butter

15 990 B 2-Butyl acetate f Fruit

16 1,015 B 4-Methyl-2-pentanone g, f Ether, fruit

17 1,026 B Acetonitrile g –

18 1,083 B Hexanal f Grass, tallow, fat

19 1,092 A 2-Methyl-1-propanol g, f –

20 1,117 B Isoamyl acetate g Fruit, banana

21 1,138 B 2,3-Hexanedione g –

22 1,151 B 2-Pentanol g Green

23 1,172 B Isobutyl acetate f Pungent, fruit

24 1,174 A 1-Butanol f Medicine, fruit

25 1,190 A 2-Heptanone g Soap

26 1,228 B 3-Methyl-1-butanol g, f Whiskey, malt, burnt

27 1,232 B 1-Methoxy-2-propylacetate f Fruit, herb

28 1,236 B 6-Methyl-2-heptanone f –

29 1,269 B 3-Methylbutenol g Herb

30 1,278 B 1-Hydroxy-2-propanone g –

31 1,325 A 3-Hydroxy-2-butanone f Butter, cream

32 1,385 B 2,3-Octanedione f –

33 1,387 A 6-Methyl-5-hepten-2-one g, f –

34 1,396 B 1-Hexanol g, f Flower, green

35 1,397 B 2-Ethylhydroxyisovalerate g Sweet, citrus

36 1,405 B 2-Butoxyethanol g –

37 1,420 B Dihydro-2-methyl-3-furanone g –

38 1,425 B Heptanol g Chemical, green

39 1,450 B Acetic acid g Sour

40 1,484 B Decanal g Soap, tallow

41 1,498 B 3-Octenal f Green

42 1,518 B 2-Hepten-1-ol f –

43 1,522 B Ethyl-3-hydroxybutanoate g Marshmallow

44 1,530 B 3-Nonen-2-one f Pungent

45 1,536 B 2-Ethyl-mercaptoethanol g –

46 1,553 B 1-Octanol g Chemical, metal, burnt

47 1,574 B Isobutyric acid g Rancid, butter

48 1,590 B 2-Octen-1-ol f –

49 1,602 B β-cyclocitral f Mint
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calculated using the retention times of a standard mixture of
paraffin homologues prepared in hexane and compared with
the LRI values published in the literature for columns with the
same polarity (Acree and Arn 2015). Co-injection of the sam-
ple and the standard mixture provided experimental LRIs for
the compounds, which were compared with those of standards
analyzed under similar conditions.

Results and discussion

Table 1 shows the volatile organic compounds identified in all
experiments. The cultivations with glucose had a total of 44
compounds, and those with fructose had 35 compounds. A
combined total of 68 compounds was identified, and 11 vol-
atiles were common to both experiments. The 68 compounds
include 23 alcohols, 15 ketones, 10 aldehydes, 8 esters, 5
miscellaneous, 4 acids, and 3 hydrocarbons.

Figure 1 and Table 2 show the impact of the metabolic
transformation as a function of time on the composition of
volatile compounds in the heterotrophic bioreactor supple-
mented with glucose. Between 24 and 72 h of cultivation,
there was a clear change in the volatile profile of the

heterotrophic P. autumnale; all of the 24 news compounds
were formed in this period.

One of the most abundant volatile groups produced in the
experiment was ketones. Both 2,3-butanedione and dehydro-
2-methyl-furanone were found in relatively high amounts,
180.6 and 146.8 μg mg−1, respectively, between 24 until
72 h of cultivation (Table 2). Ketones can be formed in many
ways; aliphatic ketones might be products of lipid oxidation or
degradation and methyl ketones (C3–C17), such as 6-methyl-
5-hepten-2-one, could be formed from the oxidative cleavage
of carotenoids. Rodrigues et al. (2014) identified β-carotene
and echinenone as the major carotenoids in P. autumnale bio-
mass, observing that these compounds have in common a
neutral planar polyene chain. Acree and Arn (2015) reported
the odor descriptors for ketones identified in P. autumnale
cultivation: 2-butanone and 3-methyl-butanone (camphor),
2,3-butanedione (butter), 4-methyl-2-pentanone (fruity), 2-
heptanone (soap), and β-ionone (violet, flowers).

As expected, a few aldehydes were formed (Table 2).
These aldehydes can provide several notes to food matrices
depending on the number of carbon atoms and the degree of
saturation. The structures formed were C2 and C4 compounds;
the short chain linear aldehydes are often derived from chem-
ical lipid oxidation and feature a green-like, fruit-like, and

Table 1 (continued)

Peak LRI DB-Waxa ID Compound Mediumb Odor descriptorsc

50 1,619 B Butanoic acid g Rancid, sweet

51 1,665 B Isovaleric acid g Sweet, acid, rancid

52 1,666 B 1-Nonanol g, f Fat, green

53 1,687 B 2-Propylheptanol f –

54 1,697 B 3-Nonen-1-ol f –

55 1,700 B Heptadecane g Alkane

56 1,706 B 2,4-Nonadienal f Watermelon

57 1,764 B 4-Decen-1-ol f –

58 1,765 B 1-Decanol g Fat

59 1,767 B 2-Phenyl-2-propanol g, f –

60 1,839 B Dibutylformamide g –

61 1,912 A β-ionone g, f Violet, flower

62 1,915 B Benzyl alcohol g Sweet, flower

63 1,935 B 1-Dodecanol g –

64 1,938 B Benzothiazole g Gasoline, rubber

65 1,952 B 2,4-Decadien-1-ol f –

66 1,958 B 5,6-Epoxy-β-ionone g, f Fruit, sweet, wood

67 1,963 B 2-Phenylethanol g Honey, spice

68 2,031 B Diethyl ester hexanedioic acid g –

Amass spectrum and LRI agree with those of an authentic compound run on the DB-wax column,Bmass spectrum agrees with reference spectrum in the
NIST mass spectral data base and LRI agrees with those in the literature
a Linear retention indices in the DB-Wax column
bDetected in medium containing glucose (g) and/or fructose (f)
c According to Acree and Arn (2015)
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malt-like odor (Durme et al. 2013). Decanal (peak 40) is the
second major compound in 0 h of residence time
(229.80 μg mg−1). Losses of 99.1 % of this compound are
evidenced throughout cultivation. The primary barrier to over-
production of aldehydes in microorganisms is the rapid con-
version of the desired aldehydes into alcohols by numerous
endogenous enzymes (Kunjapur et al. 2014).

All alcohols formed are short chain linear (C3–C5) com-
pounds. These compounds are a chemical signature of
cyanobacteria and have been confirmed in studies involving
the identification of organic volatiles in these microorgan-
isms (Ozaki et al. 2008; Sun et al. 2012; Durme et al.
2013; ). The biosynthesis of peaks 13 and 26 is known
to be generated from 2-keto acid; these keto acids are

Fig. 1 Chromatogram (total ion
current) of the volatile organic
compounds from the bioreactor
with addition of glucose. The
letters correspond to the residence
times with which the
chromatograms were obtained: A
= 0 h, B=24 h, C 72=h, and D=
144 h
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intermediates in the amino acid biosynthesis pathways and
can be converted into alcohol by alcohol dehydrogenases
(Dickinson 1996).

All esters identified in the volatile profile of P. autumnale
have sweet fruity flavors (Table 1). These compounds are
widely applied in food industries (Berger 2009; Sun et al.

Table 2 Quantification of
volatile compounds (μg mg−1±σ)
obtained through the bioreactor
using glucose as a carbon source

Compound 0 h 24 h 72 h 144 h

Acetaldehyde nd 34.8±1.1 63±2.0 1.6±0.0

Isobutyraldehyde nd 7.7±0.4 0.3±0.1 0.1±0.0

Butanal nd nd 0.4±0.0 0.1±0.0

Ethyl acetate 156.9±1.8 25.5±1.91 9.0±0.4 1.5±0.0

2-Butanone 81.3±1.5 11.7±0.1 5.7±0.5 1.1±0.1

3-Methyl-2-butanone nd 2.0±0.1 0.5±0.1 0.1±0.0

2-Propanol nd nd 1.6±0.0 16.4±0.4

2,3-Butanedione 86.4±3.2 180.6±2.1 14.4±0.3 2.2±0.0

4-Methyl-2-pentanone nd 2.7±0.0 0.6±0.0 0.1±0.0

Acetonitrile nd 1.3±0.0 9.3±0.2 0.8±0.0

2-Methyl-1-propanol 76.5±0.5 24.1±1.8 19.6±0.5 3.7±0.1

Isoamyl acetate nd nd 0.2±0.0 0.1±0.0

2,3-Hexanedione nd 11.3±0.6 0.4±0.1 nd

2-Pentanol nd nd 0.9±0.0 3.3±0.1

2-Heptanone nd 6.1±0.5 0.8±0.0 0.1±0.0

3-Methyl-1-butanol nd nd 21.2±0.9 141.5±1.7

3-Methylbutenol nd 20.3±1.1 17.1±1.2 2.2±0.0

1-Hydroxy-2-propanone nd 3.3±0.1 2.6±0.4 nd

6-Methyl-5-hepten-2-one 44±2.9 10.2±2.1 5.4±0.2 1.4±0.0

1-Hexanol 117.4±2.5 9.0±0.2 2.0±0.1 nd

2-Ethylhydroxy isovalerate nd 11.6±1.2 7.0±0.2 1.4±0.2

2-Butoxyethanol 35.4±0.2 6.8±0.8 2.1±0.1 0.4±0.0

Dihydro-2-methyl-3-furanone nd 17.5±0.4 146.8±2.8 20.5±0.4

Heptanol 62.6±1.3 5.9±0.3 0.9±0.2 nd

Acetic acid nd 75.0±2.2 9.7±0.3 2.0±0.0

Decanal 229.8±1.1 19.6±0.4 15.4±0.3 2.1±0.0

Ethyl-3-hydroxy butanoate nd 2.7±0.0 39.8±1.3 1.5±0.0

2-Ethyl-mercaptoethanol nd 2.9±0.0 8.7±0.4 1.7±0.0

1-Octanol 124.5±0.3 10.9±0.1 5.7±0.3 0.6±0.0

Isobutyric acid nd 21.1±0.8 5.5±0.1 3.3±0.0

Butanoic acid nd nd 29.9±0.9 12.8±0.5

Isovaleric acid nd nd 8.7±0.3 7.4±0.1

1-Nonanol 183.1±0.8 16.3±0.1 7.2±0.2 1.0±0.0

Heptadecane 298.5±1.1 39.2±0.4 2.7±0.1 0.6±0.0

1-Decanol 42.9±1.8 3.2±0.0 nd nd

2-Phenyl-2-propanol 80±1.3 11.2±0.1 3.5±0.1 0.9±0.0

Dibutylformamide 33.5±0.2 2.5±0.1 0.8±0.0 nd

β-Ionone 1.1±0.0 1.7±0.0 0.8±0.0 nd

Benzyl alcohol 26.7±1.9 7.3±0.3 0.7±0.0 0.1±0.0

1-Dodecanol 75.7±0.6 8.8±0.1 2.9±0.2 0.6±0.0

Benzothiazole 29.3±0.6 3.7±0.1 1.0±0.0 0.1±0.0

5,6-Epoxy-β-ionone nd nd 0.2±0.0 2.7±0.1

2-Phenylethanol 31.1±0.1 7.2±0.1 1.9±0.0 0.3±0.0

Hexanedioic acid diethyl ester nd 26.9±0.5 8.2±0.1 0.7±0.0

nd not detected
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Fig. 2 Chromatogram (total ion
current) of the volatile organic
compounds from the bioreactor
with addition of fructose. The
letters correspond to the residence
times with which the
chromatograms were obtained: A
= 0 h, B = 48 h,C = 96 h, andD =
144 h
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2012). Although it has been reported in the literature that
Phormidium produces dibutyl-phthalate, regarded as a toxic
component, this compound was not detected in this study,
which enhances the commercial potential of this technological
route (Sun et al. 2012).

Acetic acid was the most abundant of the acid compounds
identified, followed by butanoic acid (29.9 μg mg−1 at 72 h),
isobutyric acid (21.1 μg mg−1 at 24 h), and isovaleric acid
(8.7 μg mg−1 at 72 h).

Figure 2 and Table 3 show the volatile profile of the
cultivations with fructose. Between 48 and 96 h of cul-
tivation, 20 new compounds were formed. The cultiva-
tions with fructose need more time to convert organic
carbon into volatile compounds, compared to glucose.
These results are in agreement with Francisco et al.
(2014), who reported maximum specific growth rates
of 0.76 and 0.57 day−1 for glucose and fructose, respec-
tively, in the same experimental conditions.

Based on their biosynthetic origin, several unquestionable
volatile organic compounds identified in P. autumnale were
derived from different classes, including 2-keto acid deriva-
tives, fatty acid derivatives, and terpenoids.

Almost all alcohols identified in the culture with
fructose were formed between 48 and 96 h of the ex-
periment. The compounds 2-propanol (peak 13), 1-
butanol (peak 24), and 3-methyl-1-butanol (peak 26)
are formed by deamination followed by decarboxylation
of the branched-chain amino acid, such as L-leucine and
L-isoleucine (Fujise et al. 2010; Ouchi et al. 1980) lead-
ing to the formation of a correspondent 2-ketocid
(Fig. 3).

The alcohol 1-hexanol (peak 34) shows an increase in
concentration until 96 h (45.1 μg mg−1), in the same
period that the aldehyde hexanal (peak 18) was consumed.
Volatile organic compounds like hexanol and hexanal are
fatty acid derivates from the C18 unsaturated fatty acids,
linoleic or linolenic acid (Fig. 3). Biosynthesis of these
compounds is based on acetyl-CoA, which is generated
from pyruvate, the final product of the penthose phosphate
pathway. The lipoxygenase pathway forms 9-hydroperoxy
and 13-hydroperoxy intermediates. The hydroperoxide ly-
ase branch converts both hydroperoxides into C6 and C9

aldehydes, which are reduced to alcohols by dehydroge-
nases (Gigot et al. 2010).

The other aldehyde formed (3-methylbutanal) also has
been found in other microalgae species (Sun et al. 2012;
Durme et al. 2013), and the major aldehyde produced was
acetaldehyde (41.8 μg mg−1) at 48 h; this compound shows
an attractive odor description (fruit) for the food industry.

β-cyclocitral (peak 49), β-ionone (peak 61), and 5,6-
epoxy-β-ionone (peak 66) seem to be important volatile
organic compounds in some microalgae such as
Chlorella vulgaris and Scenedesmus sp. (Rzama et al.

1995; Durme et al. 2013). β-cyclocitral was formed
until 96 h (2 μg mg−1) and disappeared in 144 h, while
β-ionone decreased and 5,6-epoxy-β-ionone was formed
during the whole experiment. These compounds are pro-
duced by the terpenoid biosynthetic pathway. β-
cyclocitral can be formed from the enzymatic cleavage
of the double bond between carbons 7 and 8 of β-
carotene (Fig. 3). β-ionone is produced by enzymatic
cleavage of the double bond between carbons 9 and
10 of the same carotenoid (Donadio et al. 2011;

Table 3 Quantification of volatile compounds (μg mg−1±σ) obtained
through the bioreactor using fructose as a carbon source

Compound 0 h 48 h 96 h 144 h

Acetaldehyde 13.3±0.4 41.8±1.1 3.4±0.1 4.9±0.8

1-Heptene nd 5.5±0.3 6.4±0.5 3.4±0.3

2,4-Dimethylheptane 1.9±0.0 0.5±0.0 0.2±0.0 nd

Hexamethylcyclotrisiloxane 36.9±2.9 15.2±0.7 3.3±0.0 1.5±0.0

Tetrahydrofuran 7.1±0.6 0.9±0.0 nd nd

2-Methylbutanal nd nd 0.2±0.0 0.6±0.0

3-Methylbutanal nd nd 0.6±0.0 2.2±0.1

2-Propanol nd nd 1.7±0.1 11.1±0.2

2-Butyl acetate 10.4±0.7 4.2±0.2 1.7±0.1 nd

4-Methyl-2-pentanone 2.5±0.2 0.7±0.0 0.4±0.0 0.2±0.0

Hexanal 4.7±0.5 31.7±0.6 5.0±0.2 1.8±0.1

2-Methyl-1-propanol nd nd 21.3±1.8 47.9±1.6

Isobutylacetate nd nd 1.2±0.0 0.2±0.0

1-Butanol nd 0.2±0.0 1.1±0.0 0.7±0.0

3-Methyl-1-butanol nd nd 30.7±0.8 69.5±1.9

1-Methoxy-2-propylacetate 10.8±0.2 0.6±0.4 nd nd

6-Methyl-2-heptanone nd nd 0.2±0.0 nd

3-Hydroxy-2-butanone nd nd nd 8.4±0.4

2,3-Octanedione nd 1.5±0.3 1.5±0.1 0.6±0.0

6-Methyl-5-hepten-2-one 5.9±0.6 1.7±0.0 1.4±0.0 nd

1-Hexanol 1.9±0.0 15.1±1.1 45.1±1.3 26.2±0.6

3-Octenal nd nd 1.1±0.0 2.1±0.0

2-Hepten-1-ol nd 0.3±0.0 1.9±0.0 0.4±0.0

3-Nonen-2-one nd nd 0.8±0.0 0.3±0.0

2-Octen-1-ol nd 3.1±0.1 3.4±0.2 1.3±0.1

β-Cyclocitral nd 1.8±0.4 2.0±0.3 nd

1-Nonanol nd 1.8±0.4 0.7±0.0 0.5±0.0

2-Propylheptanol nd 1.1±0.1 0.2±0.0 0.1±0.0

3-Nonen-1-ol nd 0.5±0.0 1.7±0.4 1.2±0.0

2,4-Nonadienal nd 0.6±0.0 1.2±0.1 nd

4-Decen-1-ol 0.1±0.0 0.3±0.0 1.3±0.0 4.3±0.3

2-Phenyl-2-propanol nd nd 0.3±0.1 1.4±0.3

β-Ionone 7.7±0.6 3.3±0.1 1.9±0.4 1.2±0.1

2,4-Decadien-1-ol nd nd 0.5±0.0 1.3±0.1

5,6-Epoxy-β-ionone nd 0.3±0.0 0.7±0.1 1.0±0.0

nd not detected
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Dudareva et al. 2013). Ketone 5,6-epoxy-β-ionone is a
product from the oxidative reaction of another ketone,
β-ionone, and this explains the decrease in concentra-
tion of β-ionone while there is an increase of 5,6-
epoxy-β-ionone over the experimental time (Table 3).

The experiment with fructose produced fewer esters
than glucose—just isobutyl acetate (peak 23), with the
highest formation at 96 h (1.2 μg mg−1) and odor de-
scription pungent and fruity.

Finally, the descriptor odor of the compounds detected in
experiments with glucose or fructose was mainly classified as
fruity, spice, and floral compounds, and no compound off-
flavor compound was identified in heterotrophic cultivation
of P. autumnale.

The cultivation on glucose produced more kinds of
volatile compounds in less time when compared with the
cultivation with fructose. This information could be corre-
lated with the carbon balance of the system, considered in
terms of conversion of organic carbon into biomass
(Francisco et al. 2014).

Conclusion

Phormidium autumnale can produce a variety of industrially
interesting volatile compounds, and the knowledge about the

biosynthesis of these structures from microalgae/
cyanobacteria might prove useful to help elucidated ways to
the application of these biobased feedstocks for both food and
non-food industries.
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