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A microbially safe process for the enrichment of conjugated linoleic acid (CLA) in oats was developed.
The process consists of hydrolysis of oat lipids by non-inactivated oat flour, followed by propioni-
bacterium-catalyzed isomerization of the resulting free linoleic acid to CLA. The first stage was
performed at water activity (ay) 0.7, where hydrolysis of triacylglycerols progressed efficiently without
growth of the indigenous microflora of flour. Thereafter, the flour was incubated as a 5% (w/v) aqueous,
sterilized slurry with Propionibacterium freudenreichii ssp. shermanii. The amount of CLA produced
in 20 h was 11.5 mg/g dry matter corresponding to 116 mg/g lipids or 0.57 mg/mL slurry. The oat
flour had also the capability to hydrolyze exogenous oils at a,, 0.7. Sunflower oil, added to increase
linoleic acid content in triacylglycerols 2.7-fold, was hydrolyzed rapidly. Isomerization of this
oil-supplemented flour as a 5% slurry gave final CLA content of 22.3 mg/g dry matter after 50 h of
fermentation, corresponding to 118 mg/g lipids or 1.14 mg/mL slurry. Storage stability of CLA in
fermented oat slurries at 4 °C was good.
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INTRODUCTION hydrolysis in aqueous oat slurries requires several hou#)(2,
Th f tive food matri ids i which is sufficient for substantial microbial growth.
€ use of enzyme-aclive 1ood matrixes as process aius 1S a -, jniqcy dry oat kernels very little if any hydrolysis of lipids

g?sr:g)(t:lig?egr\?/(i:ttrlwct?wi?googo;inigfﬁglf;;?.orolr\r/i?i\(l:zf[io% gfé’fégt occurs b, 6), but crushing of the kernels initiates triacylglycerol
PP P hydrolysis, which continues at a slow rate for several months

inac_tiv_ation of th_e enzyme-active_ foc_)d components aIIowiqg (7). This background knowledge aroused the question whether
the indigenous microflora to remain viable. In addition, to gain he hydrolysis of lipids in oat flour could be accelerated by

g;tee\garrgegigr;zy_rpﬁeizt'?gégeﬁégie?ﬁaet Oggr)](ﬁﬁz(s:t\i'\‘gigsf&? djusting the water activitya(,) at a level, which is favorable
q ’ for lipid hydrolysis but still unfavorable for the growth of

ﬁggg%ﬁgt?cgriaggﬁgﬂh'grlg?;?és afocrhgl]lzndivregcr)\?;?rfsmhg\fv indigenous micro-organisms. The present study describes the
9 ' ’ 9 development of a process where a microbially safe lipid

;go?jctfr\r/ﬁ)(?ngﬁ?\r/\ﬁ?hgl?f {)Toavt(l)cki:’lega(z:ttl)onnct?r)éi?a:tcl); :Qii?g\é?atfd hydroly§|s period is foIIowgd by an isomerization stage for.the
. . : conversion of oat-based linoleic acid to CLA in oat slurries.
growth and pos§|bly als_o toxin formation. _Thes_e aspects are o study also shows that the CLA content in the oat slurry
especially g_ssomated W|_th_ the use Qf non-mactlvated. cereals.cam be further enhanced by supplementation of the oat flour
The nutritionally beneficial properties of oatk) (make it an with exogenous linoleic acid-rich oil.
ideal material to be processed by its endogenous enzymes into
products that will meet the requirements of modern consumer.
An example of this has been the conversion of linoleic acid
present in oat flour into health-beneficial conjugated linoleic ~ Oat Material and Lipid Hydrolysis. Dehulled, non-inactivated
acid (CLA) (2,3). In this method, the flour was used without (nonheat treated) oat groai:ena satival..), cultivar Belinda, used
inactivation to allow the endogenous lipase to produce free in the study were obtained from Finn Cereal Ltd. (Vantaa, Finland).
linoleic acid, which was subsequently isomerized by a food- The groats_ were milled just prlor_to use. Water activity of milled
grade micro-organism into CLAJ. To carry out the hydrolysis, ~ 1ours was adjusted to 0.70 by spraying deionized water to flours. The
the non-inactivated, lipase-active oat flours were incubated in relationship between moisture content and water activity of the

ter. H d bient diti triacvial Inonsupplemented and sunflower oil supplemented oat flours was
excess water. However, under ambient conditions tracyiglyCerol yeiermined previously using saturated solutions of Lagl€ 0.113),

MgCl (aw = 0.328), KCOs (aw = 0.432), Mg(NQ)2 (aw = 0.529),

* Corresponding author. Tel:+358-9-4511. Fax: +358-9-462373.  and NaCl &, = 0.753). Finala, values of the moistened flours were
E-mail: Marjatta.Vahvaselka@hut.fi. checked with a water activity meter (Testo AG, Lenzkirch, Germany).
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The moistened flours were sieved (50@) and stored in polyethene 100
bags at 23C for 14 days. Samples for lipid hydrolysis analysis were g -
taken at *4-day intervals and samples for microbiological analysis - 80 _—
(11 g of flour in triplicate) at the beginning and end of the period. 3
After the lipid hydrolysis period, the flours were stored-a80 °C. S 60
The lipid hydrolysis was studied also in 5% (w/v) oat flour slurries :;.
incubated for 17 h and in unmoistened flour stored for 28 days at %S 40
23°C. e
Supplementation of oat flour with sunflower seed oil (Sigma, St. > 20
Louis, MO) was performed by spaying the oil into moistened flour. 8
The amount of oil added was 85 g per kg of dry flour. The linoleic 0 ! ‘ ‘
acid content of the oil was 70%. 0 5 10 15
Microbial Strain and Culture Conditions. The bacterium used was Time (days)

Propionibacterium freudenreichsisp.shermaniDSM 20270. The cells . . o o

were cultivated at 30C for 48 h in lactate growth medium containing Figure 1. Progress of triacylglycerol hydrolysis in non-inactivated oat flour

per liter 10 g of tryptone (LabM, Bury, Englandj g ofyeast extract @t & 0.70. The results are means + SD (n = 4).

(LabM), and 20 g of 50% sodium lactate solution (Merck, Darmstadt,

Germany). The pH of the medium was adjusted to 7.0 before proportion of free fatty acids from the sum of fatty acids in triacyl-

sterilization. The bacterial cells were harvested by centrifugation at glycerols and as free acids.

5900gfor 15 min and resuspended in saline containing per liter 8.5 g  Viable counts of the propionibacterium were determined by the pour

of NaCl and 1 g of bacteriological peptone (LabM). plate method on sodium lactate agar containing per liter 10 g of yeast
Isomerization Experiments. The hydrolyzed oat flours were  €xtract (LabM), 5 g ofryptone (LabM), 10 g of3-glycerophosphate

suspended in water to yield slurries containing 5% (w/v) flour. The (Merck), 17 mL of 50% sodium lactate solution (Merck), and 12 g of

slurries were homogenized with an Ultra Turrax for 2 min at 24 000 agar (LabM). The plates were incubated anaerobically (Anaerocult A,

rpm before use. Thermostabiteamylase fromBacillus amylolique- Merck) at 30°C for 6 days.

faciens(Fluka, Buchs, Switzerland) in 0.2 M phosphate buffer (pH Total viable counts were established by the pour plate method on

7.0) was added to the slurry at 1000 U per liter of slurry before autoclave Plate count agar (LabM). The colonies were enumerated after incubation

sterilization for 15 min at 122C. One unit (U) of activity corresponds ~ at 30°C for 72 h.

to the amount of enzyme, which liberategthol maltose per minute Yeasts and molds were determined by plating on Potato dextrose

from soluble potato starch (Fluka) at pH 6.9 at 25 agar (LabM). As a selective agent, chloramphenicol (Sigma) was used
The isomerization reaction was performed in a Biostat MD 2 at a final concentration of 100 mg/L. The plates were incubated at 25

fermentor (B. Braun, Melsungen, Germany) at 3D. To 1.0 L of °C for 56 days.

sterilized oat slurry, propionibacterial cell suspension in 35 mL of saline  Statistical Methods. The data represent the mean of four to six
was added to yield a viable cell count ofd101° CFU/mL of slurry. samples of two to three independent trials. The results are reported as

Stirring applied was 156200 rpm depending on the viscosity of the 1€ means and standard deviations (SD). The studefest was used
slurry. After 20 min, the pH of the slurry was elevated to pH-8324 to evaluate statistically significant differences €p0.05).

with 3 M NaOH and was automatically maintained at that level with

1 M NaOH during the fermentation. Samples for fatty acid analysis RESULTS AND DISCUSSION

and viable counts were taken at appropriate intervals. Slurry samples . - -
for fatty acid analysis containing both the oat material and the bacterial _Hydt:’_olly_s,ls of _OaF Llp'ds'. Theh production 0]]: l.CL'IA‘ . by id
cells were freeze dried. The fermented oat slurries enriched with cLA Microbial isomerization requires the presence of linoleic aci

were stored at 4C and analyzed for CLA content after 30 days. as free acid. Therefore, the initial stage is to release linoleic
Analytical Methods. In fatty acid analysis, the fatty acids in oat acid from the lipids of ground oats. This raised the interest to

flour samples or in freeze-dried oat slurry samples were subjected to (€St whether the hydrolytic reaction would progress fast enough
the methylation procedure described by Suutari et &). [n this and reach sufficient degree of hydrolysis when the water activity
procedure, the fatty acids were saponified with 3.7 M NaOH in 49% of the flour is adjusted to a level where the indigenous oat
methanol at 100C for 30 min and then methylated with 3.3 M HCI  microflora is not expected to proliferate.
in 48% methanol at 80C for 10 min. For analysis of the isomeric The oat flour used for these experiments contained total fatty
composition of CLA, the methylation reagent used was 2.2 M HCl in - acids 93 mg/g dry matter, of which the total amount of linoleic
64% methanol. The_ methyl esters were extracted in hexgne/methyl-acid was 38 mg/g dry matter. From this linoleic acid 75% was
tert-putyl ethe_r solution (1:1), and the extract was washed with aqueous o nd in triacylglycerols. Fatty acids from the storage lipids
alkali. Analysis of the fatty acid methyl esters was performed by a were released by increasing the water activity of the flour from
Hewlett-Packard model 6890 gas chromatograph using an HP-FFAP y g Y o
column (25 m, 0.2 mm inside diameter, 0,3 film thickness) with the _storage level ady 0.20 (moisture cqntent 5'5_/0) & 0.70
a flame ionization detector. The column temperature was programmed (Moisture content 12%), where most micro-organisms are unable
from 70 to 200°C at a rate of 28C/min. Nonadecanoic acid methyl ~ to proliferate (9,10).
ester (Sigma) was added to the samples as an internal standard. The hydrolysis of triacylglycerols progressed rapidlyagat

For analysis of the amount and fatty acid composition of major lipid 0.70 (Figure 1). Hydrolysis of polar lipids was negligible. The
classes, the lipids were extracted from oat flour samples or freeze- amount of free linoleic acid was 19 mg/g dry matter at day
dried oat slurry samples in dichloromethane/methanol (2:1) twice for three and after hydrolysis period of 14 days, the corresponding
2 h. The extracts were combined and evaporated to dryness undefyalue was 30 mg/g.
nitrogen. The lipids were separated into the major classes by thin-layer  £q comparison, in aqueous suspension of non-inactivated
chromatography4). For oat flour samples, a mixture containing known o+ flour (506 wiv, @ about 1) the degree of lipid hydrolysis
amounts of triheptadecanoin (Sigma), dipentadecanoin (Sigma), hep-and the amount of free linoleic acid after 17 h were 41% and

tadecanoic acid (Sigma), and dipentadecanoyl phosphatidylcholine . . - ]
(Sigma) was used as an internal standard. For oat slurry samples withlO mg/g dry matter, respectively. Prolonging of the incubation

the propionibacterium, nonadecanoic acid was substituted for hepta-under these conditions would further increase the hydrolysis
decanoic acid in the standard mixture. The separated lipid classes werd4), but as shown later under the heading “Oat-Borne Microflora
scraped off from thin-layer plates and used for fatty acid analysis as during Lipid Hydrolysis Period”, growth of the indigenous
described above. The degree of lipid hydrolysis was calculated as themicrobes was substantial already after 17 h incubation.
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~ 100 Table 1. Effect of Storage at a, = 0.70 on Indigenous Microflora of
£ Non-Inactivated Oat Flour and the Same Flour Supplemented with
> 801 "”"""'{ Sunflower Oil2
>
§ 60 total viable count yeasts and molds
S oat flour start 14 days start 14 days
§ 40 nonsupplemented 4.48+0.13 428+022 2414027 240+0.28
_g SN Sy 2 oil-supplemented 457 +0.22 4.23+0.39 2.94+0.57 277%0.75
Y (3.45+0.06)" (3.39+0.31)b
k: (2430350 (2.14 +0.50)
0
0 5 10 15 aThe flours were stored at 23 °C for 14 days. Counts expressed as log CFU/g

Time (days) dry matter of mean values + SD (n = 6). ?Values in two separate trials with

Figure 2. Formation of free linoleic acid in nonsupplemented oat flour oi-supplemented flours (n = 3).

(@) and in oat flour supplemented with sunflower oil (a), each at a, o )
0.70. Sunflower oil supplementation was 85 g per kg of dry flour. The indicated that fatty acids were released from both exogenous

results are means + SD (n = 4). and oat triacylglycerols. After the hydrolysis period of 14 days,
the amount of free linoleic acid in sunflower oil-supplemented

In unmoistenedd, 0.20) and non-inactivated oat flour, low ~ flour was 82 mg/g dry matter corresponding to 92% degree of
water activity was clearly the rate-limiting factor for the hydroly3|s. Thus, supplementaﬂon of oa'tflourwrth linoleic acid-
hydrolysis. The degree of lipid hydrolysis was 34% 14 days rich o_|I off_ers an attractive means to increase the amount of
after milling and 51% after 28 days of storage. Then, the amount free linoleic acid for CLA production in oat-based materials.
of free linoleic acid had increased to 14 mg/g dry matter. Noninactivated oats have also earlier been used to hydrolyze

On the basis of these results, it can be concluded that wateréxogenous lipids. For example, Parmar and Hammdrig (
activity of 0.70 creates favorable conditions for hydrolysis of hydrolyzed fats and oils utilizing the endogenous oat lipase.
oat lipids. However, the oat caryopses used were moistened to 20%

Isomerization of Oat-Based Free Linoleic Acid to CLA. moisture content.

The high concentration of free linoleic acid released in oat flour ~ Oat-Borne Microflora during Lipid Hydrolysis Period.

at a, 0.70 aroused further questions if the free linoleic acid Seeds of cereal plants are known to harbor a large number of
formed in the flour matrix is available for and tolerated by the different types of micro-organism4Z2). In the non-inactivated
isomerizing propionibacterium. To test this, the hydrolyzed flour oat flours used in the present study, bacteria and low levels of
was mixed in excess water as 5% (w/v) oat slurry, sterilized, yeasts and molds were detected. After moistening of the flours
and inoculated with a culture d®ropionibacterium freuden-  to aw 0.70, possible growth of this indigenous microflora was
reichii ssp.shermanii The pH of the isomerization was adjusted followed for 14 days. According tdable 1, during this period

to 8.2—8.4, since alkaline pH has previously been shown to the micro-organisms did not proliferate ¢ 0.05), either in
favor CLA formation in aqueous oat slurrie)( the nonsupplemented or in the oil-supplemented flour. This is

Isomerization of free linoleic acid to CLA initiated without  in accordance with literature information thategt0.70 growth
delay, indicating that at least a portion of the free linoleic acid Of micro-organisms, except a few xerophilic molds, is inhibited
released in the presence of limited water and thereafter sterilized(9, 10). Further, mycotoxin production by toxigenic fungi
in the presence of excess water was readily available for therequiresa, environments ofa, = 0.80 (9,13—14). As no
cells. The highest rate of CLA formation, 1.5 mg/g dry matter Mmicrobial growth occurred during the lipid hydrolysis period
per hour, occurred during the fird h of fermentation. The in flour, loss of oat-based nutrients can also be suspected to be
amount of CLA produced in 20 h was 11.5 mg/g dry matter minimal.
corresponding to 116 mg/g lipids or 0.57 mg/mL slurry. The For comparison, the lipid hydrolysis was performed also in
proportion of thecis-9,trans-11 isomer was 79% of the total aqueous 5% oat slurryaf about 1) prepared from non-
CLA formed. During the fermentation, 40% of the initial free inactivated oat flour. Then, the indigenous microflora of oat
linoleic acid was converted to CLA. The remaining free linoleic flour grew rapidly. The total viable counts increased during 17
acid may have been buried into the flour particles or in inclusion h from log CFU/mL 3.524 0.27 to 6.54+ 0.20 (n= 4). Also
complexes formed and became so unavailable for the propi-the counts of fungi increased from log CFU/mL 2:88.22 to
onibacterium. 4.40+ 0.20 (n= 4). These results emphasize the importance

Hydrolysis of Lipids in Sunflower Qil-Supplemented Oat of controlling the water activity of non-inactivated flour to
Flour. Since the storage lipids of oat flour were hydrolyzed ensure microbial safety and feasibility e.g. for a subsequent CLA
rapidly ata,, 0.70, it was of interest to test whether the flour enrichment process.
could be used for the hydrolysis of added linoleic acid-rich Isomerization in Oat Slurries Containing Sunflower Oil.
edible oil at the samea,, level. By supplementation of 85 g  Flour supplemented with sunflower oil and hydrolyzedaat
sunflower oil per kg of dry flour, the total linoleic acid content 0.70 similarly as nonsupplemented flour was suspended in
of the flour was increased to 88 mg/g dry matter, of which 87% excess water as 5% slurry, sterilized, and inoculated with
was in triacylglycerols. Thus, the amount of linoleic acid in propionibacterium. The time course of CLA formation was
triacylglycerols was 2.7-fold in comparison with nonsupple- distinctly different from that observed with nonsupplemented
mented oat flour. flour (Figure 3). The formation of CLA initiated after a lag

During the lipid hydrolysis period a, 0.70, the amounts of  phase of at least 6 h. Between 20 and 28 h of fermentation, the
fatty acids released were much higher than expected on the basisate of formation was 0.75 mg/g dry matter per hour. Final
of the amount of oat lipids aloné&igure 2). In fact, the initial concentration of CLA was 22.3 mg/g dry matter after 50 h of
rate of hydrolysis in oil-supplemented flour was 2.8-fold fermentation corresponding to 118 mg/g lipids or 1.14 mg/mL
compared with the nonsupplemented flour. These observationsslurry. Thus, when oil-supplemented flour with the 2.7-fold
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Figure 3. Production of CLA by Propionibacterium freudenreichii ssp.
shermanii cells (PAB) in 5% (w/v) oat slurries prepared from nonsupple-
mented oat flour (@) or oat flour supplemented with sunflower oil (A).
Sunflower oil supplementation was 85 g per kg of dry flour. Prior to
fermentation, linoleic acid was released from triacylglycerols by adjusting
a,, of the flours to 0.70. Fermentations were performed at 30 °C, and the
pH of slurries was maintained at 8.2—8.4. The results are means + SD
(n = 6).

increased content of free linoleic acid was used for isomeriza-
tion, the amount of CLA formed was 1.9-fold higher than
without supplementation. At the end of fermentation, 32% of
the initial free linoleic acid had been consumed.

The isomerization of linoleic acid to CLA in oat slurries
occurs without growth of the propionibacteriug).(In sunflower
oil-supplemented slurries, the viable count of propionibacterium
decreased rapidly to less than one-sixth of initiig(re 3),
probably due to the high concentration of free linoleic at#).(
Nevertheless, the formation of CLA, once initiated, continued
with the remaining viable cells at least for 35 h reaching
surprisingly high final levels. This time period of CLA formation
was considerably longer than periods reported for efficient CLA
production by nongrowing cells oP. freudenreichii ssp.
shermaniiin fed-batch cultivations in whey-based medium or

in reaction systems where concentrated cell suspensions were

incubated in a phosphate buffer solution in the presence of
micellar free linoleic acid (1617).

Storage Stability of CLA in Oat Slurries. It has been
reported that concentrated preparations of CLA undergo rapid

oxidative degradation when exposed to air at elevated temper-

atures (18—20). When the present CLA-enriched oat slurries
were stored at £C, only a slight if any decrease in CLA
occurred during 30 days. The percentage of CLA remaining
from original CLA was 87.8- 2.0 and 102.3t 7.0 (h=4) in

slurries from nonsupplemented and oil-supplemented oat flours,

respectively. The oat matrix may have had a protective effect

against the oxidative free radical chain reactions. On the other

hand, as some of the propionibacterial cells stayed viable in
the CLA-containing oat slurry, the possibility remains that a
loss of preformed CLA is masked behind slow CLA formation
during the storage period at°€. In any case, the results favor
the view that the content of CLA in chill-stored food materials
stays relatively stable.

Previously, microbial production of CLA has been carried
out in synthetic media or in dairy-based matrixes most often
supplemented with free linoleic aci®X—25). The present

Vahvaselka et al.

results suggest that oat is a plausible candidate to be converted
into an edible CLA concentrate. As a whole, the present study
succeeded in combining different pieces of existing knowledge
and developing them into a novel process. The single stages of
the method or the components used are either natural or been
in use for other food manufacturing purposes. The benefits over
existing methods are obvious: oat lipids can be hydrolyzed
without a risk of harmful microbial proliferation, the hydrolysis
step can be done separately from the aqueous isomerization,
and the overall handling of liquid is essentially reduced. In
addition, the amounts of CLA produced are at least as high as
reported previously. The method also enables supplementation
of the oat flour with linoleic acid-rich oil without the risk of
oil—water phase separation and so offers further possibilities
to enhance the concentration of CLA.
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