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ŚƌŽŵĂƚŽŐƌĂƉŚŝĐ
^ĞƉĂƌĂƚŝŽŶ

s͘^ƚŽƌĂŐĞ
^ƚĂďŝůŝƚǇŽĨ
WĂƐƚĞƵƌŝǌĞĚ ĂŶĚ
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KǆŝĚĂƚŝǀĞ ^ƚĂďŝůŝƚǇŽĨ^ǁĞĞƚ tŽƌƚ

///͘/ŶĨůƵĞŶĐĞ ŽĨĂƌůĞǇ sĂƌŝĞƚŝĞƐ ŽŶtŽƌƚ
YƵĂůŝƚǇ ĂŶĚWĞƌĨŽƌŵĂŶĐĞ
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ZĂĚŝĐĂů ĚĞƚĞĐƚŝŽŶ
ďǇ ůĞĐƚƌŽŶ ^ƉŝŶ
ZĞƐŽŶĂŶĐĞ ;^ZͿ
ƐƉĞĐƚƌŽƐĐŽƉǇ

dŚŝŽůƋƵĂŶƚŝĨŝĐĂƚŝŽŶ
ďǇ,W>ĂŶĚƉůĂƚĞ
ŵĞƚŚŽĚ

ZĞůĂƚŝǀĞƋƵĂŶƚŝĨŝĐĂƚŝŽŶ ŽĨ
ǀŽůĂƚŝůĞƐ
ďǇŚĞĂĚƐƉĂĐĞ ƐĂŵƉůŝŶŐ
ĂŶĚ'D^

ŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ
ďǇŵĞƚŚŽĚƐ
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ȱȱȱȱȱȱȱ¢ȱȱȱȱ¢ȱȬǯȱȱ
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ȱ
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ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ
ȱȱǰȱȱǰȱȱȱȱ¡ȱ ȱȱȱȱȱ¡ǯȱ ȱȱ
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ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ  ȱ ȱ
ȱȱǻȱǰȱŘŖŖŜǲȱǰȱŘŖŖŜǼǯȱȱŗŞȱ ȱȱȱȱȱȬ
¢ȱȱȱȱȱȱȱȱǯȱ

ŘŘȱ

ȱ
ȱŗŞǱȱȱȱȱȱȱȱǻȱǰȱŘŖŖŜǼǯȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱǯȱ ȱȱ
ȱ¢ȱȱȱȱȱȱȱȱȱ¢ȱȱȱ
ȱȱȱȱȱȱǰȱǰȱ¢£ȱȱȱ¢ȱȱȱŘȬȱȱ
řȬ¢ǯȱ  ǰȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱȱǯȱ

͵Ǥ͵ 
ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ¢ȱ ¢ȱ ȱ ȱ
¢ǯȱ  ǰȱ¢ȱ ȱȱȱȱȱȱȱȱȱȱȱǯȱ
ȱȱȱȱȱȱȱȱ ȱȱȱȱȱȱȱȬ
ǯȱȱȱȱȱȱ ȱ ȱȱȱȱ¢ȱȱȱȱ¡ȱ
¢ȱȱȱȱȱȱ¢ȱȱǯȱȱ
ȱŗşȱ ȱȱȱȱȱȱȱȱȱȱȱ ȱ ȱȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ ȱ  ȱ ȱ ǻȱ Ǽǯȱ
¢ǰȱȱȱȱȱȱ ȱȱȱȱȱȱ ȱȱȱȱ
ȱȱȱ ȱȱȱȱȱȱ¢ȱȱȱȱȱȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ
ȱȱȱȱȱȱȱ¢ȱȱȱȱȱȱȱȱȬ

Řřȱ

ȱȱȱ¢ȱȱȱȱ ȱȱȱȱȱǯȱȱ
ȱȱ ȱȱ¢ȱȱȱȱȱȱȱ ȱȱ¢ȱȱȱȱ
ȱ¡ȱȱǻȱȱ Ǽǯȱȱ
15

ZŽĂƐƚĞĚ ŵĂůƚ

Scores PC#2 (82.675%)

10

P0
P1-6

5

ϭϮŵŽŶƚŚƐ

P2-6
P3-6
P4-6

ĨƌĞƐŚ
ϲŵŽŶƚŚƐ

P1-12
P2-12

0

P3-12
P4-12
R0
R1-6
R2-6

-5

WŝůƐŶĞƌDĂůƚ

R3-6
R4-6

ϭϮŵŽŶƚŚƐ

R1-12
R2-12

ϲŵŽŶƚŚƐ

-10

R3-12

ĨƌĞƐŚ

-4

-3

-2

R4-12

-1
0
Scores PC#1 (7.264%)

1

2

3

ȱ

ȱŗşǱȱȱȱȱȱȱȱ ȱȱ ȱ ȱ ȱ ȱȱȱȱȱ
ȱȱȱȱŖǰȱŜȱȱŗŘȱȱȱŗŖȱǚȱȱŘŖȱǚȱȱ ȱ¢ȱǻ ǼȱȱŖǯŘřŗȱȱŖǯŚřŘȱ
ǻƽřǼǯȱ ƽȱ ȱ ȱ ƽȱ ǯȱ ǻŗȦŗƽŖǯŘřŗǰȱ ŘŖȱ ǚǲȱ ŘȦŘȱ ƽŖǯŚřŘǰȱ ŘŖǚǲȱ řȦřƽŖǯŘřŗǰȱ
ŗŖǚǲȱŚȦŚȱƽŖǯŚřŘǰȱŗŖǚǼǯȱǻȱ Ǽǯȱ

¢ȱȱ ȱȱȱȱȱȱȱȱǻȱ Ǽǯȱ ¢ǰȱ
ȱ ȱ¢ȱȱȱȱȱȱ ȱ ȱȱȱȱȱȱȱȱȱ
ŚŚȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǰȱ ȱ ȱ
ȱȱȱȱśŖȱƖȱǻȱ Ǽǯȱȱȱȱȱȱȱȱȱ
ȱ¢ȱȱȱȱǯȱȱȱǻȱ ȱȱȱ Ǽȱȱȱ
ȱȱȱȱȱȱȱ¡ǰȱȱ¢ȱȱǰȱȱȱȱȱȱ
ȱ¢ȱȱȱȱȱ ȱȱȱȱǯȱȱȱȱȱȱȱ
 ȱ ȱȱȱȱȱ¢ȱȱȱȱȱȱȱ ȱȬ
ǰȱȱȱȱǰȱȱȱȱȱȱȱ£ȱȱǯȱȱ
ȱ ǰȱ ȱ ȱ ȱ  ȱ

ǰȱ ȱ ȱ ¢ȱ ȱ ¡ȱ

¢ȱȱȱȱȱȱȱȱ ȱ ȱǻȱ ȱȱȱ Ǽǯȱ
ȱȱȱȱȱȱǰȱȱȱȱ ȱȱ ȱȱ¢ȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǻŘŖȱ ǚǼȱ ȱ ȱ ȱ
¢ȱǻŖǯŚřŘǼȱȱȱȱȱȱȱȱȱȱȱȱŗŖȱǚȱ ȱȱ
ȱ¢ȱȱŖǯŘřŗȱǻȱ Ǽǯȱȱȱ ȱȱȱȱȱȱȱȬ
ȱ ȱȱȱȱȱȱȱȱȱȱǰȱȱȱ¢ȱȱ

ŘŚȱ

ǰȱȱȱȱȱȱȱȱȱ¡ǯȱȱ¡ȱ¢ȱȬ
ȱȱȱȱ¢ȱȱȱ ȱȱȱ¢ȱȱȱ
ȱ ǯȱ ȱ ȱ ȱ ¡ȱ ǻȱ Ǽȱ  ȱ ȱ ȱ ¢ȱ ȱ ȱ Ȭ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ ǯȱ ȱ ȱ ǰȱ ȱ
ȱȱȱȱȱȱȱȱȱ¢ǯȱ  ǰȱȱȱȱȱȱȬ
ȱȱȱ¢ȱȱȱ¡ȱ¢ǯȱ

͵ǤͶ ǡ
¢ȱȱȱȱȱȱ ȱ¢ȱȱȱȱ¢ȱȱȱȱ
ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱǰȱ¢ȱȱȱ ǰȱȱȱȱȱȱȱȱ
ȱȱ¡ȱ¢ȱǻ¢ȬǰȱŘŖŖŞǲȱȱȱǯǰȱŘŖŖŞǼǯȱ  ǰȱȱȱȱȱ
¢ȱȱȱȱȱȱȱȱ ¢ȱȱǯȱȱȱ¢ȱȱ ȱ
ȱȱ ȱȱ ȱ¢ȱȱȱȱȱȱȱȱȱ
ȱȱȱȱ¢ȱ¢ȱǻȱȱǯǰȱŘŖŗřǼǯȱȱȱȱȱȱȱ
ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ǯȱ ȱ
ȱȱȱȱȱȱȱȱȱ¢ȱȱȱȱȱȱ
ȱ ȱ ȱȱȱȱ

ǯȱȱ

ȱȱ¢ȱ¢ȱȱȱȱ
ȱȱ¢ȱȱǰȱȱȱȱ ȱ ȱȱȱȱȱȱȬ
ȱ ¢ǯȱ ȱ ŘŖǰȱ ǰȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
 ǰȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ǰȱ ȱ ȱ ǯȱ ȱ
 ȱ

ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ

ȱ ȱ

ȱ ȱȱȱȱȱȱȱȱȱȱǯȱȱȱȱ
ȱ ȱ ȱ¡ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱȱ ȱȱȱ ȱ ȱȱȱȱǯȱ  ǰȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ȱ
¡ȱ ȱ ȱ ȱ ¢ȱ ǻȱ ŘŖǰȱ Ǽǯȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ¢ȱ
ȱȱȱȱȱȱ ȱȱ¢ȱ¢ȱȱȱȱȱȱȱ
ȱȱǯȱȱȱȱȱȱ¢ȱȱȱȱȱȱ ȱȬ
ȱ¢ȱ ȱȱǯȱǻŘŖŖŝǼȱ ȱ ȱȱ¢ȱȱȱȱȱȱȱȱ
ȱȱȱ¢ǰȱȱ ȱȱȱ ȱȱȱȱȱȱȱ

Řśȱ

ǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱȱ¢ȱȱȱȱȱ¢ȱȱ¢ȱȱȱȱ
ȱ ȱȱ¢ȱǻ ȱȱǯȱŘŖŖŝǼǯȱȱȱȱȱȱȱ
ȱȱȱȱȱȱȱ¢ȱ ȱȱȱȱ¢ȱȱ
ȱȱ¢ȱ¢ȱ¢ǯȱȱ

A1h

4

F2h
P1h
A3h
A2h
P2h
F1h

Scores PC#2 (27.257%)

3
2

F3h
^ǁĞĞƚtŽƌƚ
A1s
A2s

0

A3s
ŽŝůĞĚtŽƌƚ

-1

P3h

33

F3h
P3h

1



4



ŽŝůĞĚtŽƌƚǁ͘
,ŽƉƐ

P2s
F3s F2s
P1s
P3s

A3b
-2 F1b
P2b P1b
P3b
A1b
-3 F2b
F3b
A2b

Scores PC#2 (20.811%)
Scores PC#2 (20.811%)

5

2
A1h

1

A3h

0
A2h
-1
P2h

F1h

-2
-2
P1h

-4

F2h

-3
-3
-3

-2

-1

0
1
2
3
Scores PC#1 (39.540%)

4

5

6

-4

-3

-2

-1
0
1
Scores PC#1 (33.115%)

2

3

4

ȱ

ȱŘŖǱȱȱȱȱȱȱȱȱȱȱȱ ǰȱȱȱȱȬ
ǰȱȱȱȱ ǯȱ¢ȱȱȱȱȱȱ ȱȱȱ ȱȱȱȬ
ȱȱȱȱ ǯȱ ȱȱȱȱȱ ȱȱȱȱȱȱ
ǯȱǻǼȱ ȱȱ ȱǻŗǰȱŘǰȱřǼǰȱȱȱ ȱǻŗǰȱŘǰȱřǼȱȱȱ
ȱ ǻŗǰȱ Řǰȱ řǼǯȱ  ȱ ȱ ǻŘǰȱ řǼǰȱ ȱ ȱ ǻŗǰȱ Řǰȱ řǼȱ ȱ ȱ ǻŗǰȱ Řǰȱ
řǼǯȱ ȱȱ ȱǻŗǰȱŘǰȱřǼǰȱȱȱ ȱǻŗǰȱŘǰȱřǼȱȱȱ ȱǻŗǰȱ
ŘǰȱřǼǯȱǻǼȱȱȱȱȱȱǰȱȱȱȱ ȱǻȱ Ǽǯȱ

 ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ
ȱ ȱ  ǰȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ ȱ ȱ ȱ ȱ ȱ
¡¢ȱ ŗȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȬŘȬȱ ȱ ȱ
ǻ ȬȱȱǯǰȱŗşşŞǲȱ ȱȱǯǰȱŘŖŖřǲȱ ȱȱǯǰȱŘŖŖśǼǯȱȱȱ
ȱȱȱȱ ȱȱȱȱ£¢ȱȱȱ¢ȱȱȱ
ȱȱȱȱȱ¡ȱȱȱ ȱ¢ȱ ȱȱȱȬŘȬȱ
ǻ ȱȱǯǰȱŘŖŖŜǲȱȱȱǯǰȱŘŖŖŞǲȱȱȱǯǰȱŘŖŗŗǼǯȱ
ȱȱ ȱȱ¢ȱ¢ȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ǯȱ ǰȱ ȱ ȱ ȱ ȱ Ȭ
ȱ¡ȱȱȱ¢ȱȱȱ¢ȱȱȱȱȱ
ȱȱ ¢ȱȱȱȱ¢ȱȱǯȱȱȱȱȱȱȱȬ
£ȱ ȱ ȱ ȱ ȱ ¢ȱ ¢ȱ ȱ ȱ ȱ ¢ȱ  ȱ ȱ £ȱ
ǯȱ ȱ ȱ ȱ ȱ £ǰȱ ȱ ȱ ȱ ȱ ¢ǰȱ ȱ ȱ

ŘŜȱ

ȱ¢ȱȱȱǯȱ¢ȱȱȱȱȱȱȱȱ
ȱȱ¢ǯȱ¢ȱ¢ȱȱȱȱȱȱȱȱȱȱȱȱ
ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ
ȱȱȱȱȱ¢ȱǯȱȱ
ȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ Ȭ
ȱ ǻǰȱ ǰȱ Ǽȱ ȱ ȱ ȱȱȱ ȱ ȱ¢ǯȱ ȱ ȱ

ȱ

ȱȱȱȱ ȱȱȱ ȱȱȱȱȱȱ¢ȱȬ
ȱȱ ȱ ǯȱ ¢ǰȱȱȱȱȱ ȱȱȱȱȱȱȬ
ȱȱȱȱȱȱǻȱ

Ǽȱȱ¢ȱȱ¡ȱ¢ȱ

ȱȱǻȱȱǯǰȱŘŖŗŖǼǯȱ ȱȱȱȱ ȱȱȱȱȱ ȱȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱ¡ȱ¢ǯȱȬ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ
¢ǯȱȱ

͵Ǥͷ 
ȱ ȱ ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱ ȱ ȱȱ ȱ ȱȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ǰȱȱȱ¢ǰȱȱȱȱȱȱȱȱȱ¡ȱ
ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ ȱ ȱ
ȱȱȱȱȱȱ ȱȱȱ¢ȱȱȱǯȱ
ȱȱȱȱȱ ȱȱȱ ȱȱ¡ȱȱȬ
ȱ ȱȱȱȱȱȱȱǯȱȱȱȱȱȱ
ȱȱȱȱȱȱ ȱȱȱȱȱȱȱȱȱȱȱ¡Ȭ
ȱȱȱȱȱȱȱȱǯȱȱ
ȱ ȱȱȱȱ ȱȱȱȱ¢ȱȱȱǯȱ ȱȱȱȱ
ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ ¢ȱ ¢ȱ ȱ ǯȱ ȱ ȱ
ȱǰȱ ȱȱȱȱȱȱ¡ȱȱȱȱȱ
ȱ ¡ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ
ȱȱ¢ȱ¢ȱȱȱȱȱȱȱ ȱȱ¢ȱ¢ȱȱȱ
ȱ

ǯ

Řŝȱ

ȱ

ŘŞȱ

ȱ

Ś

ȱȱȱȱȱȱ ȱȱ

ȱȱȱȱȱ¢ȱȱȱȱȱ¢ȱȱȱȱȬ
ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ǻȱ ȱ ǯǰȱ ŗşşŜǲȱ ȱ ȱ ǯǰȱ
ŘŖŖśǲȱȱȱǯǰȱŘŖŖŜǼǯȱȱȱȱȱȱȱȱȱȱȱȱ
ȱȱȱȱȱȱ¡ȱȱȱȱȱȱ ȱȱ
ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ
ȱ¢ȱȱȱȱȱȱǯȱȱ ȱȱ ȱȱ ȱȬ
ȱȱȱȱȱȱȱȱȱȱǯȱȱȱ

ͶǤͳ  
ȱȱȱȱȱȱȱȱȱȱ¢ȱȱ¡Ȭ
ȱȱȱȱȱǻ ȱȱǯǰȱŘŖŖřǲȱ ȱȱǯǰȱŘŖŗŗǲȱȱȱǯǰȱŘŖŗŘǼǯȱȱ
ȱ ȱ ȱ ¢ȱ ȱ ¢ȱ ¡£ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ ȱ ȱ ¢ȱ
ȱȱȱȱǻȱȱǰȱŘŖŖŗǼǯȱȱȱȱǻȬǼȱȱȱ
ȱȱȱȱǰȱȱ¢ǰȱȱȱȱȱ¢ȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǻ ȱ ȱ ǯǰȱ ŘŖŖřǼǯȱ ȱ ȱ ȱ
 ȱȱȱȱ¡ȱ¢ȱȱȱȱȱǰȱȱȱȬ
ȱȱȱȱȱȱȱȱȱȱȱȱȱ¡ȱ¢ȱȱȱȱ
ȱȱȱǯȱȱ¡ȱ¢ȱȱȱȱȱ ȱȱȱ¢ȱȱ
ȱȱǻŘŖŖŝǼȱ ȱȱȱȱ ȱȱȱȱȱȱȱȱ¡ȱ
ȱȱȱȱȱȱȱ ȱǯȱȱ¢ȱ ȱ¢ȱ
ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ ȱ ȱ ǻȱ ȱ
ǰȱŘŖŗŗǲȱȱȱǯǰȱŘŖŗŗǲȱȱȱǯǰȱŘŖŗŘǼǯȱȱŗȬ¢¡¢¢ȱȱȱȱ¢ȱ
ȱ ȱ ȱ ȱ ȱ ȱ ǻȱ ŘǯŗǼȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ  ȱ
ȬȱȱȱȱŗȬ¢¡¢¢ȱȱ ȱȱȱȱȱȱȱȬ
ȱȱȱ ȱ ȱȱȱȱȱȬȱȱȱȬ
ȱȱȱ¡ȱ¢ȱȱȱǻȱȱȱǯǰȱŘŖŗřǼǯȱȱȱ¢ȱȱȱ
ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ŗȱ ǻŗǼȱ ȱ ȱ şŗȱ

Řşȱ

ȱȱȱ ȱȱȱȱǯȱŗŖȱǯȱ ȱȱȱ¢ȱȱŗȱȱȱȱȱ
ȱȱȱ ȱŚȱȱȱȱȱȱȱ¡ȱȬ
¢ǯȱ  ǰȱȱȱȱȱȱȱȱ ȱǰȱ ȱȱȬ
ȱȱȱȱȱȱŞȱȱȱȱǻȱȱǯǰȱŘŖŖŜǲȱ ȱȱ
ǯǰȱ ŘŖŖşǲȱ ȱ ȱ ǯǰȱ ŘŖŗŗǼǯȱ ŗȱ ȱ ȱ ȱ ȱ ȱ ȱ £ȱ ǰȱ ȱ
ȱȱȱȱȱ¢ȱȱȱ¢¢ȱȱȱȱ
ȱ ȱȱǻ ȱȱǯǰȱŘŖŖŗǲȱȱȱǯǰȱŘŖŖŜǼǯȱȱ
ȱȱ¢ȱȱȱȱȱȱ¡ȱȱȱǻ ȱȱǯǰȱŗşşŜǲȱȱȱ
ǰȱ ŗşşşǲȱ ȱ ȱ ǯǰȱ ŘŖŖŖǼȱ ȱ ȱ ǻ řȬǼȱ ȱ ȱ ¢ȱ ¡ȱ ȱ
 ȱȱȱ ȱǯȱ
Ȭ

ř ȱȱƸȱȱ

Ȭ

Ř
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ȱ£¢ǰȱȱ ǯȱ ȱȱŘŝȱ ȱȱ ȱ ȱȱȱȱȬ
ȱ ȱ ȱ  ȱ ȱ ǰȱ ȱ ¢ȱ ȱ ¡ȱ ¢ȱ ȱ ȱ ȱ
ȱȱȱ¡ȱȱȱȱȱ¡£ȱ£¢ǯȱ  ǰȱȱȱȱȱȱ
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ȱȱ ȱȱȱȱ ȱȱȱȱȱǯȱ£ȱȱȱȱȱ
ȱȱȱȱȱȱȱȱȱȱ ȱȱȱȱȱȱȱ
ȱ ǰȱȱȱȱ ȱ ȱȱȱȱȱǻȱȱǰȱ
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ȱ

ȱ
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ȱ ȱ ǯǰȱ ŘŖŗŗǲȱ ȱ ȱ ǯǰȱ ŘŖŗŘǼǯȱ ȱ ȱ ȱ ȱ ȱ £ȱ ȱ Ȭ
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ȱ¢ȱȱȱ¢ȱ¡ȱȱȱȱȱ ȱŞȱΐȱȱ¢ȱ ǯȱ
ȱȱȱ ȱȱȱȱȱ ȱǻȱŘŝǼȱȱȱȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢Ȭȱ ȱ ¡ȱ ȱ ¢ȱ ȱ ȱȱ
ǯȱ £ȱȱǯȱǻŘŖŗřǼȱ¢ȱ ȱȱ¢ȱȱ¢ȱȱȱȬ
ȱǰȱȱȱ¢ȱȱ ȱȱȱȱȱȱǯȱ ȱȱȱȱ
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ȱ ȱ ȱ ȱ ȱ ȱ  ȱ ¡ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ
ȱȱȱȱ£ȱȱȱȱȱȱȱȱȱȱȱȬ
ȱȱȱ¢ǯȱȱȱȱȱȱȱȱȱȱȱȱ¢ȱȱȱȬ
ȱȱȱǯȱȱȱ¡ȱ ȱȱȱȱȱȱȱȬ
ȱȱǰȱȱȱȱȱ ȱȱȱȱȱȱȱȱ¢ȱ
ȱȱȱ¢ȱ ȱȱȱȱȱřȱȱȱǯȱȱ
ȱȱȱȱȱ ȱ¢£ȱȱȱ£ȱȱȱȱȱȱ
ȱ ǯȱȱȱȱȱȱȬ¡ȱȱȱȱ ȱȱȱ¢ȱ
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ȱ ȱ ǻŘŖŗŗǼȱ ȱ ȱ ȱ ȱ ȱ ŗŗȱ ȱ ǯȱ ȱ ȱ ȱ
ȱ ȱ ȱ ǻȱ ŘşǼȱ ¢ȱ ȱ ȱ ȱ ǰȱ ȱ ǰȱ ȱ ȱ
ȱ¡ȱ¢ȱȱ¢ȱȱȱȱ ȱ¢ȱǯȱȱȱǰȱ
ȱȱȱǰȱȱȱȱȱ ȱȱǯȱȱȱȱŗȱȬ
¢ȱ ȱ¡ȱ ȱ ȱ ȱ ȱ ȱ¡ȱ¢ȱ ȱ ǯȱŘȱ
¢ȱ ȱ ¡ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱȱȱȱǻȱǼȱȱ ȱȱǰȱȱȱȱȱȱȬ
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¢ȱȱȱȱȱȱȱȱȱ ȱȱȱȱȱǯȱȱȱ
¢ȱ ȱ ȱ ¡ǰȱ ȱ¡ȱ ȱ ¡¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱǯȱȱȱȱȱȱȱ ȱ¢ȱǯȱ ȱȱ
¡ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ǯȱ  ȱ ȱ ȱ ȱ ȱ ȱ
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¢ȱ ȱ ȱ Ȭ¡£ȱ ȱ ȱ ȱ ȱ ȱ ǲȱ ȱ
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ǯȱ ȱ ȱ £ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ Ȭ
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ȱȱȱȱȱ
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ǯȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ  ȱ ȱ
Ȭȱ£ȱȱȬ£ȱǰȱȱȱȱȱ ȱȱȬ
ȱȱǻŚŖȱǚǰȱŚŗȱ¢Ǽǯȱ
ȱȱȱȱ¡ȱ¢ȱ ȱȱ¢ȱȱ¢ȱȱȱȬ
ȱȱȱȱȱ ȱȱ¢ȱȱȱȱ Ȭȱ¢Ȭ
ǯȱȱȱȱ ǰȱȱȱȱřŗȱǰȱ ȱȱȱȱȱȱȱȱ
Ȭ£ȱ ȱ ȱ ȱ ȱ ȱ ŘŘȱ ǚǰȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ Ȭ
ȱȱȱȱ ȱǯȱ ȱȱȱ£ȱȱȱ¢ȱŚŘŜȱȱȱȬ
ȱȱŗŚŖȱǯȱȱȱȱȱ ȱȱȱȱȱȱ ȱȱ
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ȱȱ ȱȱȱȱǯȱ  ǰȱȱȱ ȱ¢ȱ¡£ȱȱȱȬ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ
ȱȱȱǯȱ ȱ ȱȱȱȱȱ ȱȱȱȱȱȬ
£ȱȱȱ¢ȱȱȱȱȱ¡ȱ¢ȱȱǰȱ ȱȱȱȬ
ȱȱȱȱȱ ǯȱȱ
 ǰȱȱȱȱ¡ȱ¢ȱȱȱ£ȱǰȱ£ȱ
ȱȱȱȱȱȱȱȱȱȱ ȱȱȱȱȱȱ
ȱȱȱȱǯȱȱȱȱȱȱ ȱȱ
ȱȱȱȱǰȱȱȱȱȱȱ ȱȱ¢ȱȱȱ
ȱȱǻȱȱǯǰȱŘŖŖřǲȱȱȱǯǰȱŘŖŖřǼǯȱȱȱȱȱ
ȱȱȱ¢ȱȱȱ¢ȱȱȱ¡ȱǯȱ Ȭ
¢ǰȱȱȱȱȱȱȱȱȱȱ ǰȱ ȱȱȱȱ
¢ȱ ȱ ȱ ¢ȱ ȱ £ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ
ȱȱȱȱ ȱ£ȱȱȬ£ȱȱ ȱȱȱȬ
ȱȱȱǻŚŖȱǚȱŚŗȱ¢Ǽǰȱ ȱȱȱȱȱȱȱȱ
ǯȱ ȱ ȱ ȱ ȱ ¡ǰȱ ȱ ȱ ȱ ȱ £ȱ
ȱ ¢ȱ ȱȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ¢ǰȱ ȱ ȱ
ȱ ȱȱǰȱȱ¢ȱȱȱȱǰȱȱȱȱ
 ȱȱȱȱȱȱȱȱ¢ȱȱȱȱȱȱǯȱȱ

ŚŘȱ

ȱȱ ȱȱȱ¢ǰȱȱȱǰȱȱȱȱȱȱȱȱ
ǯȱȱȱȱ¢ȱ¡ȱ¢ȱȱȱȱȱȱȱȱȱȱȱȬ
ȱ¢ȱ¡ȱǯȱ ȱȱ¢ȱȱȱ¢ȱȱȱȱȱȱȬ
ȱȱȱȱȱ¢ǯȱ ȱȱȱȱȱȱȱ¢ȱȱȱ
ȱȱȱǯȱȱȱȱȱȱȱȱȱȱȱȱȱȬ
ȱȱȱ¡ȱȱȱȱȱǻȱȱǯǰȱŗşşŜǼǰȱ ȱȱȱȬ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱǰȱȱ
ȱ¡ȱȱȬ¡ȱǯȱ  ǰȱȱȱ ȱȱ ȱ¡ȱ
ȱȱȱȱȱȱȱȱǻȱȱŘǯřǼǯȱ ȱȱȱ£Ȭ
ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ Ȭ£ȱ ȱ ȱ ȱ
ȱȱȱȱȱȱȱǯȱ¢ȱȱȱȱ¡ȱȱȱȱ
ȱ£ȱȱȱ¢ȱȱȱȱȱȱȱȱȱȱ¢ȱ
ȱǯȱ
ȱȱȱȱ ȱȱȱȱ¢ȱ ȱȱ£ȱȱȱȬ
ǰȱȱȱȱȱȱȱ ǯȱ ȱȱ¢ȱȱȱȱȱ
ȱȱȱ¡ȱǰȱȱȱȱȱȱȱȱȱ¡ȱȱȬ
£ȱȱȱǰȱȱȱȱȱ¡ȱ¢ǯȱ ȱȱ ȱȱ ȱ
ȱȱȱȱ ȱ£ȱȱȬ£ȱȱ ȱ¢ȱȱ
¢ȱȱȱȱȱȱ¡ǯȱ ȱȱȱȱȱȱȱȱȬ
ȱȱȱȱ¢ȱȱȱ¡ȱ ǰȱ¢ȱȱȱȱ¢ȱ
ȱ ȱ ȱ ȱ £ȱ ȱ ȱ £ȱ ȱ ȱ ȱ ȱ ¢ǰȱ ȱ ȱ Ȭ
£¢ǰȱ ȱ¢ȱȱ¡ȱȱǯȱ ȱȱȱȱȱȱ
ȱ¢ȱȱȱȱ¡ǰȱȱ¡ȱȱȱȱȱȱ
ȱ ȱ ȱ ǰȱ ȱ ȱ ¢ȱ ȱ ǯȱ ȱ ȱ ¡ȱ
ȱȱȱȱȱ ȱ¢ȱ ȱȱȱȱȱǰȱȱȱ ȱȬ
ȱ¡ȱǯȱȱ
ȱȱȱ ȱȱȱȱ¡ȱȱǻȱ ȱȱ ǰȱ £ȱ
ȱǯȱŘŖŗřǼǯȱ  ǰȱȱ£ȱȱȱȱȱȱȱȱ
ȱȱȱȱȱȱȱ¡ȱȱǻȱ ȱȱǼǯȱȱȱȱȱ
ȱ ȱ ȱ ȱ £ȱȱ ȱ ¢ȱ¢ȱȱ ȱ ¢ȱ ¢ȱ
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ȱȱȱȱȱȱǯȱǰȱȱȱȱ¡ȱȱȱȱ
ȱȱȱȱȱȱ£ȱȱȱǯȱ
ȱȱȱȱ ȱȱȱȱȱ¢ȱȱȱȱȱȱȱ
£ȱȱȱ¢ǯȱ ȱȱȱȱ ȱ¡ȱȱȱȱȱȱ¡Ȭ
ȱ¢ȱȱǯȱǰȱȱȱȱȱ ȱȱȱȱ ȱ
ȱ  ǰȱ ȱ ȱ ȱ ȱ ȱ ȱ  ǯȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ
¡ȱȱ ȱȱȱ¢ȱȱȱȱȱȱ¡ȱȱ
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ȱȱȱȱȱȱȱ ȱȱȱȱ ȱ ȱȱȱȱ
ȱȱǰȱȱȱ¡ǰȱȱȱȱȱȱȱȱȱ
ǯȱȱȱǰȱȱȱȱȱȱȱȱȱ ȱ ȱȱȱ
ȱȱ£ȱȱȱȱȱ¡ȱȱȱȱȱȱȱȱȬ
ǯȱȱȱȱǰȱǰȱȱȱȱȱȱȱȬ
¢ȱȱȱȱȱ ȱȱȱ¡ȱȱȱȱ ȱȱ¢ȱȬ
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ȱȱȱǯȱ
ȱȱȱ ȱȱ
ȱȱȱȱ¢ȱȱȱȱȱȱ¡ȱǯȱȱ
ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ  ȱ
¢ȱǯȱȱȱ¢ȱȱȱ¡ǰȱȱ¡ȱȱ¡¢ȱȱȱȱ
ȱȱȱȱȱȱǯȱ ȱȱ¡ȱȱȱȱȱ ȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ  ȱ ȱ ȱ ȱ ȱ ȱ Ȭ
ȱȱȱ¡£ȱȱȱȱȱȱȱȱȃȬȱ¢ȄǯȱȱȬ
¢ȱ ȱ ȱ Ȭ¡£ȱ ȱ ȱ ȱ ȱ ȱ ǲȱ ȱ
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Śśȱ
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ȱȱȱȱ¡ȱȱ¢ȱ¢ȱȱȱȱȬ
ȱ ȱȱǯȱȱ
ȱ
ȱȱȱȱǰȱȱȱȱȱȱȱȱȱȱȱȱȱȬ
ȱ ȱȬȱǯȱȱȱȱȱȱȱȱȱȱ
ȱ ǰȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱ£¢ȱȱȱ¡ǯȱȱȱ¢ȱ¢ȱȱȱȱ
ȱȱȱȱȱȱȱȱ ȱȱǯȱȱ ȱȱȱȱ
 ȱ ȱ ȱ ǰȱ £ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱ ȱȱȱ¡ȱ¢ǯȱȱ
ȱ ȱ ȱ ȱ ¡ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ
¢ȱȱȱȱȱȱȱ¢ȱȱȱȱȱȱ¢ȱȱȱ
ȱǯȱ
£ȱ
ȱ ȱ ȱ ȱ £ȱȱ ȱ£ȱ ȱ ȱ ¡ȱ ¢ȱ ȱ
ȱȱȱȱ ȱȱȱȱȱȱȱȱȱȱ£Ȭ

Śŝȱ

ȱȱȱȱȱȱȱǯȱ ȱȱȱȱȱȱȱ
ȱȱȱȱȱȱǯȱȱ
ȱ

ŚŞȱ

ȱ

ȱ
¢ȬǰȱŘŖŖŞǯȱȱ ¢ȱǱȱ¢Ȭǰȱȱ ȱǰȱ
ûǯȱ
ǰȱǯȱǯǰȱǰȱ ǯǰȱǰȱǯȱ ǯǰȱŘŖŖŖǯȱȱ¡ȱȱȱȱ¢ȱ
ȱȱǯȱ ȱȱȱȱȱ¢ȱŚŞǰȱřŗŖŜȬřŗŗŗǯȱ
ǰȱǯȱǯǰȱǰȱǯȱ ǯǰȱŗşşŞǯȱȱȱȱȱȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ ȱ
¢ȱŚŜǰȱŗŘŝŘȬŗŘŝśǯȱ
ǰȱǯȱǯǰȱǰȱǯȱ ǯǰȱŘŖŖŘǯȱȱȱ¢ȱȱȱȱ¡ȱ¢ȱȱ
ȱȱ¢ǯȱȱ ȱȱȱȱȱ¢ȱŗŖŚǰȱŜśȬŜŞǯȱ
ǰȱǯȱ ǯǰȱǰȱǯȱǯǰȱŗşŞŘǯȱ¢ȱȱȬȱȱ ǯȱ ȱȱȱ ȱȱ
 ȱŞŞǰȱŘŚŚȬŘśŘǯȱ
ǰȱ ǯȱ ǯǰȱȱǰȱ ǯǰȱ ǰȱǯȱǯǰȱȱǰȱǯǰȱǰȱ ǯǰȱŘŖŗŘǯȱȱȱȱȱ
ȱ ȱ ȱ ȱ ¢ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ŜŖǰȱ
ŗŗŚŚşȬŗŗŚŝŘǯȱ
ǰȱǯǰȱŗşŞŘǯȱȬȱȱȱ¢ȱȱȱǯȱȱ¢ȱşǰȱśşȬ
ŝřǯȱ
ǰȱǯȱǯǰȱǰȱǯǰȱŗşŞśǯȱ ȱȱȱ ȱȱȱ¢ȱȱǯȱ
ȱȱȱȱ¢ȱȱ ȱȱŚřǰȱŗşŝȬŘŖŘǯȱ
ǰȱ ǯȱ ǯǰȱ £ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ŘŖŖşǯȱ ȱ ȱ ǰȱ ȱ ¡ǰȱ ȱ
 ȱǯȱ ȱȱȱȱ¢ȱȱ ȱȱŜŝǰȱŞşȬşŚǯȱ
¡ǰȱǯȱǯǰȱŗşŞŘǯȱ¡ȱȱȱȱǯȱ ȱȱȱ ȱȱ ȱ
ŞŞǰȱřşŖȬřşŜǯȱ
¡ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŗşŞŖǯȱ ȱ ȱ ȱ ȱ ȱ
ȱ ȱ £¢ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ ȱ  ȱ ŞŜǰȱ ŗŞŘȬ
ŗŞśǯȱ
ǰȱǯȱǯȱǭȱǰȱǯȱŘŖŗřǯȱȱȱȱ¡ȱȱȱ ȇȱȱȱȱ
¡ȱ¢ȱȱȱǻȱȱǼǯȱȱȱ
ǰȱǯȱǯǰȱǰȱǯǰȱŘŖŗŘǯȱȱȱȱȱȱ¢ȱȱ¡ȱ¢ȱȱȱ
ǯȱȱȱȱ¢ȱśŚǰȱŘŘśȬŘřŘǯȱ
ǰȱǯǰȱǰȱǯǰȱǰȱ ǯǰȱ££ǰȱǯǰȱŘŖŗŘǯȱ ȱȱ¢ȱ¢ȱȱȱ
ȱȱȱȱȱǯȱȱ¢ȱŗřśǰȱŗŗŗŘȬŗŗŗŝǯȱ

Śşȱ

ǰȱ ǯǰȱǰȱǯǰȱǰȱǯǰȱǰȱǯǰȱ ǰȱǯǰȱǭȱǰȱǯȱǯȱŘŖŖŞǯȱ¢ȱȱ
ȱȱȬȱǯȱŗŖȦŞŖŖǰŘŖŖǽȱŝǰŚŘŖǰŗŖśŘǾǯȱȱ
ǰȱ ǯǰȱ  ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ŗşşşǯȱ ȱ ȱ ¢ȱ ȱ ¡ȱ ȱ ȱ
¢ȱǯȱ ȱȱȱȱ¢ȱȱ ȱȱśŝǰȱŗřřȬŗřŝǯȱ
ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŗǯȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ
ȱ¢ǯȱ ȱȱȱ ȱȱ ȱŗŗŝǰȱśŞŝȬśşŘǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŘǯȱ
ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ ȱ
ȱȱ ȱȱȱ¢ǯȱȱ¢ȱȱ¢ȱŗŜŜǰȱ
ŚŖŘȬŚŗřǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ¢ǰȱ ǯȱ ǯǰȱ ¡ǰȱ ǯȱ ǯǰȱ ŘŖŖřǯȱ
£ȱ ȱ ȱ ¢ȱ Ǳȱ  ȱ ȱ ȱ ȱ ȱ ȱ Ȭȱ ȱ
¡ȱ¢ǯȱ ȱȱȱȱ¢ȱȱ ȱȱŜŗǰȱŗŘśȬŗřŘǯȱ
ǰȱ ǯǰȱ £ǰȱ ǯǰȱ £ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŖǯȱ ȱ ȱ
ȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ
¡ȱȱ¢ǯȱ ȱȱȱȱ¢ȱȱ ȱȱŜŞǰȱŗŖŝȬŗŗřǯȱ
ǰȱ ǯǰȱ ŘŖŖşǯȱ ȱ ȱ ȱ ȱ ǯȱ Ǳȱ ȱ
ȱ ǰȱ ȱ ȇȱ ǰȱ ǰȱ ǰȱ ǰȱ ȱ ǻǯǼǯȱ ȱ
¢ȱǭȱǰȱ ǯǰȱ ǰȱ ȱ ¢ǰȱǯȱřȬřśǯȱ
ǰȱ ǯȱ ǯȱ ŗşŝŝǯȱ ȱ ¢ǯȱ ȱ ȱ ȱ ȱ ȱ  ¢ȱ ȱ
ȱǻǯȱŜŘřȬŜśşǼǯȱ
ȱ ǰȱ ǯȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗřǯȱ ȱ Ȭ
ȱ ȱ ȱ ¡ȱ ¢Ǳȱ ȱ ȱ ¢ȱ ȱ ŗȬ¢£¢¢ȱ ȱ
ȱ¢ǯȱ ȱȱȱȱȱ¢ȱŜŗǰȱşŚŚŚȬşŚśŘǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ Ȭǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ
ǰȱ ǯȱ ǯǰȱ ǭȱ ȱ ǰȱ ǯȱ ǯȱ ŘŖŗŗǯȱ  Ȭ¡¢ȱ ŗȱ ¢ǯȱ ŖŗşŖŘśşŝǯŘǽȱ
ŗřŚŜŖřŖŗǾǯȱȱ
ǰȱ ǯȱǯǰȱŗşśşǯȱȱ¢¢ȱ ǯȱȱȱ¢ȱȱ¢ȱŞŘǰȱ
ŝŖȬŝŝǯȱ
ǰȱ ǯȱ ŗşşŘǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ
ŝśŗşŚŖǽśŗŝŗśşŝǾǯȱȱǯȱȱ
ǰȱǯǰȱ ǰȱǯǰȱ ȬǰȱǯǰȱǰȱǯǰȱŘŖŖřǯȱȬȱȱȱȱ
¢ȱȱȱǰȱȱ¢ǰȱ ǯȱ

śŖȱ

ǰȱǯȱǯǰȱǰȱǯȱǯǰȱǰȱǯȱǯǰȱŘŖŖŞǯȱ¡ȱȱȱ¢ȱ
ȱ ȱ ȱ  ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ
ȱȱȱ¢ȱśŜǰȱŞśŗŚȬŞśŘŖǯȱ
ǰȱ ǯǰȱ ¸ǰȱ ǯǰȱ ǰȱ ǯǰȱ ¢Ȭǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŘŖŖŚǯȱ
ȱȱȱȱȱ¢ȱǰȱ ȱǰȱȱȱǯȱ
ȱȱȱȱ¢ȱȱ ȱȱŜŘǰȱşŝȬŗŖŘǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŖśǯȱ ȱ ¢ȱ
ȱȱȱȱȱȱȱȱǯȱȱȱȱȱ
¢ȱŘŘŖǰȱŘŖŖȬŘŖŜǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŖŝǯȱ
ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ¢Ǳȱ ȱ ¢ǯȱ
ȱȱȱȱȱ¢ȱśśǰȱŝŘŞȬŝřřǯȱ
ǰȱǯǰȱ£¢ǰȱǯǰȱ ǰȱ ǯǰȱǰȱǯȱǯǰȱǰȱǯǰȱŘŖŗŗǯȱȱȱȱ
¡ȱ ȱ ȱ Ȭȱ ¡ȱ ȱ ¢ȱ ȱ ȱ ȱ ǯȱ
ȱŞřǰȱŗŜśŖȬŗŜśŞǯȱ
ǰȱǯǰȱ£ǰȱǯǰȱŗşŝŞǯȱȱȱȱǯȱ ȱȱȱ ȱȱ ȱŞŚǰȱ
ŘşŗȬŘşŘǯȱ
ǯ ǯ ǯǰȱ ǯȱ ǯȱ ŗŞşŚǯȱ ¡ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ
ȱ¢ǰȱȱŜśǰȱŞşşȬşŗŖǯȱȱ
 ǰȱǯȱǯǰȱǰȱǯȱǯǰȱǰȱǯȱ ǯǰȱŘŖŖşǯȱȱȱȱȱ¢ȱ
¡ǯȱȱȱ¢ȱȱȱŚŜǰȱşŜśȬşŞŞǯȱ
ǰȱǯǰȱ ǰȱ ǯǰȱǰȱ ǯǰȱ ǰȱǯǰȱ ǰȱ ǯǰȱǰȱ ǯǰȱǰȱǯǰȱ ǰȱ ǯǰȱ
ǰȱ ǯǰȱ ŘŖŖŜǯȱ  ȱ ȱ ȱ ȱ ¡¢Ȭŗȱ ȱ ¢ȱ ȱ ȱ ȱ
ȱȱ¢ȱȱǯȱȱ¢ȱŞřǰȱŘśŖȬŘśŚǯȱ
ǰȱǯǰȱŗşŞşǯȱ¡ȱȱ ¡ȱ¢ǯȱ ȱȱȱ¢ȱ
ŘŜŚǰȱŗřşŜřȬŗřşŜŜǯȱ
ǰȱ ǯǰȱŗşřřǯȱ¢ȱȱȱ¡ȱȱȱȱȱȱǯȱ
ȱȱȱ¢¢ȱŘŚǰȱŚŗŝȬŚŚŗǯȱ
ǰȱǯǰȱ ǰȱ ǯȱǯǰȱ ǰȱǯȱǯǰȱǰȱ ǯǰȱŘŖŖřǯȱȱȱǱȱȱȱȱ¡ȱ
ȱȱȱȱȱǯȱ ȱȬ ȱȱŚŘǰȱŚŝŚŘȬ
ŚŝśŞǯȱ
ǰȱǯȱǯȱǭȱȱ  ǰȱ ǯȱǯȱǯȱŗşŝŖǯȱ ȱȱȱȱȱȱ
ȱȱȱǯȱ ȱȱȱȱȱ¢ȱȱ ȱȱǻǯȱŗşŘȬ
ŗşŝǼǯȱ

śŗȱ

£ǰȱǯȱ ǯǰȱŗşŝŗǯȱȱǯȱȱȱȱȱŚǰȱřŗȬŚŖǯȱ
ǰȱǯǰȱ£ǰȱ ǯȱǯǰȱǰȱǯǰȱǰȱǯǰȱǰȱǯǰȱŘŖŖŗǯȱȱȱȱ¢ȱȱ
ȱȱŗȱȱȱȱȱ ȱǯȱ ȱȱȱȱ
ȱ¢ȱŚşǰȱŚşŚŘȬŚşŚşǯȱ
ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŗǯȱ ȱ ȱ ȱ ȱ
ȱȱȱȱȱȱ ȱȱǯȱȱ¢ȱŗŘśǰȱřŞŖȬřŞŝǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŖşǯȱ ȱ ȱ ȱ ȱ
ȱȱǯȱȱŗŚǰȱŗŖŞŗȬŗŖşŝǯȱ
ǰȱ ǯǰȱ ǰȱǯǰȱ ǰȱǯǰȱ¢ǰȱ ǯǰȱŗşşŘǯȱȱȱȱȱ ȱ ȱ
ȱȱǯȱ ȱȱȱȱȱ¢ȱŚŖǰȱŘŗŖŘȬŘŗŖŝǯȱ
ǰȱ ǯǰȱ ǰȱǯǰȱ ǰȱǯǰȱ  ǰȱǯǰȱ ǰȱǯǰȱŗşşŚǯȱȬȱȱȱ
ȱ ȱ £ǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ Řşǰȱ ŗşśȬ
ŘŖŖǯȱ
ǰȱ ǯǰȱ ¢ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǭȱ ǰȱ ǯȱ ŗşşşǯȱ ȱ ȱ
ǯȱǯǯȱ ǯǯǯȱřŜǽŗǾǰȱŚŗȬŚŝǯȱȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ  ǰȱ ǯǰȱ  ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŗşşŜǯȱ ȱ ȱ ȱ
ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ  ȱ
ȱśŚǰȱŗŗśȬŗŘŖǯȱ
Ȭǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŗşşŞǯȱ ȱ ȱ ¢ȱ ȱ
ȱȱȱ¡¢ȱǯȱȱ¢ȱŝśǰȱŝŚŘȬŝŚŜǯȱ
£ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǭȱ ûǰȱ ǯȱ ŘŖŖŞǯȱ ȱ ȱ ȱ ȱ
ȱ ¡ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ¢ǯȱ
ŗŘȦŖŜŜǰŗŜŖǽȱŘŖŖŞȦŖŘŚŞśŞŖȱŗǾǯȱȱ
£ǰȱǯǰȱ ǰȱǯǰȱǰȱǯǰȱǰȱǯȱ ǯǰȱŘŖŗřǯȱȱȱȱȱ
ȱ ȱ ¢ȱ ȱ ȱ ȱ  ȱ ǯȱ ȱ ȱ ȱ
ȱ¢ȱȱ ȱȱŝŗǰȱŗŘŚȬŗřŖǯȱ
£ǰȱ ǯǰȱ §ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗřǯȱ ȱ ȱ
ȱȱȱȱ ȱȱȱȱȱ¡ȱ¢ȱȱ
ǯȱȱ¢ȱȱ ȱȱŝŗǰȱŗŗŚȬŗŘřǯȱ
£ǰȱǯǰȱǰȱǯȬ ǯǰȱǰȱǯǰȱǰȱǯȱ ǯǰȱŘŖŗŗǯȱ ȱȱȱ¡ȱȱȱ
ȱ¢ȱ¢ȱ ȱȱ¢ȱǯȱ ȱȱŜŚǰȱŝśȬŞŘǯȱ
£ǰȱǯǰȱŘŖŖŚǯȱ¢ȱ ȱȱǰȱřȱȱȱǯȱȱǰȱ
¢ǰȱ

śŘȱ

ǰȱ ǯǰȱǰȱǯǰȱǰȱ ǯǰȱǰȱǯǰȱŘŖŖřǯȱ£ȱȱȱȱ
ȱ ȱ ȱ ȱ ŘǻǼȬȱ ȱ ǯȱ ȱ ¢ȱ ȱ
¢ȱŜŝǰȱŜşŗȬŜşŝǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŘŖŖŘǯȱ ȱ ȱ ȱ ǻǼȬŘȬȱ
ȱ ȱ ȱ ȱ ȱ ȱ ¢£ȱ ȱ ǯȱ ȱ ȱ
ȱȱȱ¢ȱśŖǰȱŝŜřŚȬŝŜřŞǯȱ
ǰȱǯȱǯǰȱǰȱǯȱǯǰȱŘŖŗŗǯȱȱȱȱȱȱȱȱȱȱ
ȱ¡ȱ¢ǯȱ ȱȱȱȱ¢ȱȱ ȱȱŜşǰȱŗŜřȬŗŜşǯȱ
ǰȱǯȱǯǰȱŗşŗŘǯȱȱȱȱȱȱȱǲȱȱȱȱȱ¢ȱȱ
ȱ ǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ŗśŚǰȱŜŜȬŜŞǯȱ
ǰȱǯǰȱȱǰȱǯǰȱȱǰȱ ǯǰȱ¢¢ǰȱǯǰȱ ǰȱ ǯǰȱȱǰȱǯǰȱǰȱ
ǯǰȱ ŘŖŖŞǯȱ ȱ ¢ȱ ȱ ȱ ȱ Ǳȱ ȱ ȱ ¢ȱ ȱ ȱ
ȱȱ¢ȱǯȱ ȱȱȱ ȱȱ ȱŗŗŚǰȱŗŞŖȬŗşŘǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŗşŞŚǯȱ Ȭȱ ȱ
¢ȱ ȱ ȱ ¢ȱ
Ȭȱ Ȭ¢ȱ
ȱ ȱ
£ǯȱ ȱȱȱ ȱȱ ȱşŖǰȱŘŖȬŘřǯȱ
ǰȱ ǯȱ ǯǰȱ £ǰȱ ǯǰȱ ǭȱ ãǰȱ ǯȱ ŘŖŖŝǯȱ ȱ ȱ £ȱ ȱ ȱ ȱ
ȱ ȱ Ȭ¡ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ řŗȱ ȱ ǰȱ
ȱǻǯȱŗȬŗŖǼǯȱ
ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŖśǯȱ £ȱ ȱ ȱ ȱ ȱ ¢ǯȱ
ȱȱȱȱȱ¢ȱśřǰȱŗŖŗŜŗȬŗŖŗŜśǯȱ
ǰȱ ǯȱ ǯȱǯǰȱ ǰȱǯǰȱŗşŞŜǯȱȱȱȱȱȱȱ¢ǰȱȱ
ȱȱ Ȭȱȱ¢ǯȱ ȱȱȱ ȱȱ ȱşřǰȱŗŘśȬŗřŖǯȱ
ǰȱ ǯǰȱ ŗşşśǯȱ ȱ ȱ śǰśȇȬȱ ǻŘȬ£ȱ Ǽȱ ȱ ȱ ȱ ȱ ¡ȱ
ȱǯȱ ȱȱȱȱ¢ȱȱ ȱȱśřǰȱśřȬśŞǯȱ
¢ǰȱ ǯȱǯǰȱ ŘŖŗŘǯȱ ȱ ȱ ȱ ¡ȱȱ ȱ ¡ȱ Ǳȱ
ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ǯȱ ¡ȱ ǭȱ ¡ȱ
ȱŗŜǰȱŚŝŜȬŚşśǯȱ
ǰȱǯǰȱ ǰȱ ǯǰȱŘŖŖŖǯȱ¡ȱǯȱȱ ȱřŚŜǰȱŗȬŞǯȱ
®ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŘŖŖŚǯȱ ȱ Ȭ¢ȱ ȱ ȱ ȱ
ȱȱǰȱ ȱǰȱȱ ǯȱ
¢ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŖǯȱ ȱ Ŝȱ Ȭȱ ¡ȱ ¢ȱ ȱ ȱ ǯȱ Ǳȱ
ȱȱȱ¡¢ǰȱ ǰȱȱȱǻǯǼǯȱǰȱǯȱŗŞřȬŘŘŘǯȱ

śřȱ

è®ǰȱǯȱǯǰȱǰȱǯȱǯǰȱŘŖŖŝǯȱȱȱȱȱ£ȱȱȱ
¡ȱȱȱȱǯȱ ȱȱȱȱ¢ȱȱ ȱȱŜśǰȱŗśȬ
ŘŖǯȱ
ºǰȱǯǰȱǰȱǯǰȱǰȱ ǯȱǯȱǯǰȱǰȱǯǰȱǰȱǯǰȱŗşşşǯȱȱȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢£ȱ ȱ ȱ ȱ ǯȱ
ȱȱȱȱȱ¢ȱŚŝǰȱŚřŘřȬŚřŘŜǯȱ
`ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŘŖŖŘǯȱ ȱ ȱ ¢ȱ ȱ
ȱ¢ȱȱȱǯȱȱŘǰȱŝřřȬŝřşǯȱ
ǰȱǯȱ ǯǰȱǰȱǯȱ ǯǰȱŘŖŖŗǯȱȱȱȱȱȱȱȱ¢ȱ
ȱ ȱȱȱȱȱȱǯȱȱȱȱ¡¢ȱŗŚǰȱŗŚśřȬ
ŗŚŜŚǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŘŖŖŜǯȱ ¢ȱ ȱ ¢ȱ ȱ ȱ ȱ
ȱ ȱ ŗȱ ǻŗǼȱ  ȱ ȱ ȱ ȱ Ǳȱ ȱ ȱ ȱ
 ȱǯȱ ȱȱȱȱȱ¢ȱśŚǰȱřŗŖŞȬřŗŗřǯȱ
ǰȱǯǰȱǰȱǯȱǯǰȱ  ǰȱǯǰȱǰȱǯǰȱǰȱǯǰȱǰȱǯǰȱǰȱǯȱǯǰȱǰȱ ǯȱ
ǯǰȱ ŗşşŚǯȱ ȱ ȱȱ ȱȱ ȱ ȱ ȱ ȱ Ȭȱ ¢ȱȱ ȱ
ȱȱ ¢¡¢ȱǯȱ¢ȱ¢ȱŘŗŝǰȱŝŜȬŞřǯȱ
¢ǰȱǯǰȱǰȱǯǰȱȬǰȱǯǰȱ Ȭǰȱǯǰȱ ǰȱǯǰȱŘŖŖŘǯȱȱȱ
ȱ¢¢ȱȱ¢ȱȱȬȱȱȱȱǯȱ ȱȱȱ
ȱȱ ȱŗŖŞǰȱŘŜŗȬŘŜŝǯȱ
ǰȱ ǯǰȱŘŖŖŜǯȱȱ¢ȱȱ¢ǰȱŘȱǯȱȱȱ¢ȱȱȱ
ǰȱȱǯȱ
ǰȱǯȱ ǯȱǭȱǰȱǯȱǯȱŘŖŖŝǯȱȱ¡ȱ ȱȱȱǲȱȱ
ȱȱřŗȱȱ ¢ȱȱǯȱ ȱǻǯȱŜşŘȬŝŗŝǼǯȱǰȱ ¢Ǳȱ
ȱ ȱǯȱ
ǰȱǯȱǯǰȱǰȱǯȱǯǰȱǰȱǯȱǯǰȱ ǰȱǯȱ ǯǰȱǰȱ ǯȱǯǰȱŘŖŖśǯȱ¡ȱ
ȱȱȱȱȱǯȱ ȱȱȱȱȱ¢ȱśřǰȱŞŖŜŞȬ
ŞŖŝŚǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ¢ǰȱ ǯȱ ǯǰȱ ŗşşŜǯȱ ȱ ȱ Ȭ¢ȱ £ȱ ȱ
ǯȱ ȱȱȱȱȱ¢ȱŚŚǰȱŗşşŝȬŘŖŖśǯȱ
ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯȱ ǯȱ ǯǰȱ ¡ǰȱ ǯǰȱ
ŘŖŖŞǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ
ǰȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ǻ ȱ ȱ ǯǼȱ
ǯȱȱ¢ȱŗŖŜǰȱŞŘŖȬŞŘşǯȱ

śŚȱ

ǰȱǯǰȱǰȱǯǰȱǰȱǯǰȱŘŖŖŜǯȱ ȱȱȱ ȱȱȱ¡¢ȱ
¢ǯȱȱ¢ȱşşǰȱŝŗŗȬŝŗŝǯȱ
ǰȱ ǯǰȱǰȱǯȱǯȱǯǰȱ ǰȱǯȱǯǰȱŘŖŗřǯȱ¢ȱȱȱȱȱȱ ȱ
ȱȱǯȱ ȱȱȱȱśŝǰȱŘşśȬřŖřǯȱ
ǰȱ ǯȱ ǯǰȱ  ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŖřǯȱ ¢Ȭȱ
ȱȱȱȱȱ¡¢ȱȱǯȱ ȱȱȱ ȱȱ ȱŗŖşǰȱŘŝřȬŘŞřǯȱ
£ǰȱ ǯȱ ǯǰȱ £ǰȱ ǯǰȱ £ǰȱ ǯȱ ǯǰȱ  ¢ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŗǯȱ
ȱȱȱȱȱȱ¢ȱȱȱȱȱ ȱȱȱȱȱ
ȱǯȱȱ¢ȱŗŘśǰȱŞśŖȬŞśşǯȱ
 ǰȱ ǯǰȱ  ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǭȱ ǰȱ ǯȱ ŘŖŖřǯȱ ȱ
ȱ ȱ ȱ ȱ ȱ ¢ȱȱ ȱ ȱ ȱ ȱǯȱ ȱ The
29th European Brewery Convention CongressȱǻǯȱŝŖŝȬŝŘŘǼǯȱòǡ ǣ   
ǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ £ ǰȱ ǯǰȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŘŖŖŝǯȱ ȱ ȱ ¡ȱ ȱ ¢ȱ ȱ ȱ
ȱǱȱ£ȱȱ¡ȱ ȱǯȱȱ¢ȱȱ
¢ȱŝśǰȱŗřşřȬŗřşşǯȱ
ǰȱǯǰȱǰȱǯǰȱŗşşŜǯȱ ȱȱ¡ȱȱ¢ȱȱȱȬȱȱȱ Ȭ
ȱȱȱ¡ǯȱ ȱȱȱȱ¢ȱȱ ȱȱśŚǰȱŗşŞȬŘŖŚǯȱ
ǰȱǯǰȱǰȱǯǰȱŗşşşǯȱȱȱ¢ȱ¡ȱȱȱȱȱȱȱȱ
¡ǯȱ ȱȱȱȱ¢ȱȱ ȱȱśŝǰȱŗŚśȬŗśŖǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ŗşşŜǯȱ ȱ ȱ ¡ȱ ȱ ¢ȱ ȱ ȱ Ȭȱ
ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ¢ȱ ȱ ȱ ȱ ¢ǯȱ
ȱȱȱȱ¢ȱȱ ȱȱśŚǰȱŘŖśȬŘŗŗǯȱ
ȱ ǰȱ ǯȱ ǯȱ ǯȱ ǯǰȱ ŘŖŖŜǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ
¢ȱȱŘŚǰȱŘřŖȬŘřřǯȱ
ǰȱǯȱǯȱ ǯǰȱǰȱǯǰȱǰȱǯǰȱǰȱǯǰȱ¡ǰȱǯȱǯǰȱŘŖŗŗǯȱȱȱ
ǰȱǰȱȱȱ ȱȱȱȱȱȱȱ¢ȱǯȱ
ȱȱȱȱ¢ȱȱ ȱȱŜşǰȱŗśŖȬŗśŝǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ¡ǰȱ ǯǰȱ
ŘŖŖřǯȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ Ȭȱ ǯȱ
ȱȱȱȱȱ¢ȱśŗǰȱŜŝŞŘȬŜŝşŖǯȱ
ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ¡ǰȱ ǯǰȱ ŘŖŖŜǯȱ ȱ ¢ȱ ȱ ȱ
ȱȬȱȱȱ ǯȱȱ¢ȱşśǰȱřśŝȬřŞŗǯȱ

śśȱ

ǰȱ ǯȱ ǯǰȱ¡ǰȱ ǯǰȱǰȱ ǯȱǯǰȱ¡ǰȱ ǯǰȱǰȱ ǯȱǯǰȱǰȱ ǯȱ
ǯǰȱ¡ǰȱǯȱǯǰȱŘŖŖřǯȱȬȱǱȱȱȱȱǯȱ ȱȱȱ
ȱȱşŜǰȱŗŗŖȬŗŗŞǯȱ
ǰȱ ǯǰȱ Ȭ¢ǰȱ ǯǰȱ ǭȱ ǰȱ ǯȱ ŘŖŗřǯȱ ȱ  ȱ ȱ ȱ ȱ ȱ
£ǯȱ ȱřŚȱȱ ¢ȱǰȱ¡ǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŗşşŜǯȱ ȱ ȱ ȱ ȱ ȱ
ȱȱȱȱȱ¢¡¢ȱ¢ȱȱȱȱȱȱȱȱ
ȱȱǯȱ ȱȱȱȱȱȱȱȱŝŖǰȱřŚŗȬřŚŜǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŗǯȱ ȱ ȱ ¢ȱ ȱ ȱ Ǳȱ
ȱȱȱ¢ǯȱȱ¢ȱŗŘŞǰȱśŝřȬśŞŚǯȱ
ǰȱ ǯǰȱ £ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ŘŖŗŖǯȱ ȱ ȱ
¡ȱ ȱ ȱ ȱ ȱ ȱǯȱ ȱ ȱ ȱ ȱ ȱ  ȱ
ŗŗŜǰȱŗśŝȬŗŜŜǯȱ
ǰȱǯǰȱǰȱ ǯǰȱ ǰȱǯǰȱŗşŞŝǯȱȱȱ¢ǯȱȱȱ
ȱ¢ȱ¢ȱŘǰȱřŝȬśŘǯȱ
ǰȱ ǯȱǯǰȱǰȱǯȱ ǯǰȱǰȱǯȱǯǰȱŘŖŗŘǯȱŗŘśȱ¢ȱ Ǳȱȱȱȱȱȱ
ȱ¡ȱ¢ǯȱ ȱȱȱ ȱȱ ȱŗŗŞǰȱŗȬŗŗǯȱ
ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ ǰȱ ǯǰȱ ǰȱ ǯǰȱ ȇ¢ǰȱ ǯȱ ǯǰȱ ǰȱ ǯȱ ǯǰȱ
ŘŖŗŗǯȱ ȱȱȱȱ ȱ¡ȱ¢ȱȱȱ ȱȱȱȱ
ȱȱǯȱ ȱ ȱȱȱȱŗŘǰȱŜŖŞşȬŜŗŖřǯȱ
ȱ
ȱ

śŜȱ



WĂƉĞƌ/
YƵĂůŝƚǇŽĨWŝůƐŶĞƌDĂůƚĂŶĚZŽĂƐƚĞĚDĂůƚĚƵƌŝŶŐ^ƚŽƌĂŐĞ


^ŝŐŶĞ,ŽĨĨ͕DĂƌŝĂŶŶĞE͘>ƵŶĚDŝŬĂĞů͘WĞƚĞƌƐĞŶ͕ŝƌƚŚĞD͘:ĞƐƉĞƌƐĞŶĂŶĚ
DŽŐĞŶƐ>͘ŶĚĞƌƐĞŶ


:ŽƵƌŶĂůŽĨƚŚĞ/ŶƐƚŝƚƵƚĞŽĨƌĞǁŝŶŐ;ƐƵďŵŝƚƚĞĚ^ĞƉƚĞŵďĞƌϭϵ͘ϮϬϭϯͿ͘


YƵĂůŝƚǇŽĨWŝůƐŶĞƌDĂůƚĂŶĚZŽĂƐƚĞĚDĂůƚĚƵƌŝŶŐ^ƚŽƌĂŐĞ
^ŝŐŶĞ,ŽĨĨϭΎ͕DĂƌŝĂŶŶĞE͘>ƵŶĚϭ͕Ϯ͕DŝŬĂĞů͘WĞƚĞƌƐĞŶϭ͕ŝƌƚŚĞD͘:ĞƐƉĞƌƐĞŶϭĂŶĚDŽŐĞŶƐ>͘
ŶĚĞƌƐĞŶϭ
ϭ

ĞƉĂƌƚŵĞŶƚŽĨ&ŽŽĚ^ĐŝĞŶĐĞ͕hŶŝǀĞƌƐŝƚǇŽĨŽƉĞŶŚĂŐĞŶ͕ZŽůŝŐŚĞĚƐǀĞũϯϬ͕<Ͳϭϵϱϴ&ƌĞĚĞƌŝŬƐďĞƌŐ͕
ĞŶŵĂƌŬ
Ϯ

EŽǀŽǌǇŵĞƐͬ^͕<ƌŽŐƐŚƆũǀĞũϯϲ͕<ͲϮϴϴϬĂŐƐǀčƌĚ͕ĞŶŵĂƌŬ


ďƐƚƌĂĐƚ
DĂůƚ ŝƐ ƵƐƵĂůůǇ ĞǆƉĞĐƚĞĚ ƚŽ ďĞ ƐƚĂďůĞ ĚƵƌŝŶŐ ϭϮ ŵŽŶƚŚƐ ŽĨ ƐƚŽƌĂŐĞ͘ ,ŽǁĞǀĞƌ͕ ŝŶ ƉƌĂĐƚŝĐĞ ŵĂŶǇ ďƌĞǁĞƌƐ
ŶŽƚŝĐĞĐŚĂŶŐĞƐŝŶŵĂůƚĂƌŽŵĂĚƵƌŝŶŐƐƚŽƌĂŐĞ͘dŚĞŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚŝĞƐŽĨƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚǁĞƌĞ
ĞǀĂůƵĂƚĞĚĚƵƌŝŶŐĂϭϮŵŽŶƚŚƐƚŽƌĂŐĞĂƚĚŝĨĨĞƌĞŶƚƚĞŵƉĞƌĂƚƵƌĞƐ;ϭϬΣĂŶĚϮϬΣͿĂŶĚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐ;Ϭ͘Ϯϯϭ
ĂŶĚϬ͘ϰϯϮͿĂƐƚŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚŝŶŵĂůƚŬĞƌŶĞůƐŵĞĂƐƵƌĞĚďǇĞůĞĐƚƌŽŶƐƉŝŶƌĞƐŽŶĂŶĐĞƐƉĞĐƚƌŽƐĐŽƉǇĂŶĚ
ƚŚĞ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞ ŽĨ ƚŚĞ ƌĞƐƵůƚŝŶŐ ƐǁĞĞƚ ǁŽƌƚƐ ŵĞĂƐƵƌĞĚ ďǇ ŚĞĂĚ ƐƉĂĐĞ ĂŶĂůǇƐŝƐ ĨŽůůŽǁĞĚ ďǇ 'ͲD^
ĂŶĂůǇƐŝƐ͘dŚĞƐƚŽƌĂŐĞŽĨŵĂůƚƌĞƐƵůƚĞĚŝŶŽǆŝĚĂƚŝǀĞƌĞĂĐƚŝŽŶƐĂŶĚĂůĂƌŐĞĐŚĂŶŐĞŽĨƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨƚŚĞ
ƌĞƐƵůƚŝŶŐ ǁŽƌƚƐ͘ ZŽĂƐƚĞĚ ŵĂůƚ ǁĂƐ ŵƵĐŚ ŵŽƌĞ ƵŶƐƚĂďůĞ ƚŚĂŶ ƉŝůƐŶĞƌ ŵĂůƚ ŝůůƵƐƚƌĂƚĞĚ ďǇ Ă ŚŝŐŚĞƌ ŝŶŝƚŝĂů
ƌĂĚŝĐĂů ŝŶƚĞŶƐŝƚǇ͕ ůĂƌŐĞƌ ƌĂĚŝĐĂů ĚĞĐĂǇ ĚƵƌŝŶŐ ƐƚŽƌĂŐĞ͕ Ă ůĂƌŐĞƌ ĐŚĂŶŐĞ ŝŶ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞ ŽĨ ƚŚĞ ǁŽƌƚ ǁŝƚŚ
ŝŶĐƌĞĂƐĞĚĂŵŽƵŶƚƐŽĨůŝƉŝĚŽǆŝĚĂƚŝŽŶƉƌŽĚƵĐƚƐ͘&Žƌ ďŽƚŚƌŽĂƐƚĞĚŵĂůƚĂŶĚƉŝůƐŶĞƌŵĂůƚ͕ŐŽŽĚĐŽƌƌĞůĂƚŝŽŶƐ
ǁĞƌĞĨŽƵŶĚďĞƚǁĞĞŶƌĂĚŝĐĂůĚĞĐĂǇĂŶĚĐŚĂŶŐĞŝŶǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨƚŚĞǁŽƌƚ͕ǁŚĞƌĞŚŝŐŚƚĞŵƉĞƌĂƚƵƌĞĂŶĚ
ŚŝŐŚǁĂƚĞƌĂĐƚŝǀŝƚǇƌĞƐƵůƚĞĚŝŶƚŚĞůĂƌŐĞƐƚĐŚĂŶŐĞƐ͘ƵƌŝŶŐƚŚĞϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞƚŚĞƐƵŐĂƌĞǆƚƌĂĐƚŽĨƚŚĞ
ǁŽƌƚŵĂĚĞĨƌŽŵƚŚĞŵĂůƚƐƌĞŵĂŝŶĞĚĐŽŶƐƚĂŶƚĂŶĚǁĞƌĞŶŽƚĂĨĨĞĐƚĞĚďǇƚŚĞĐŚĞŵŝĐĂůĐŚĂŶŐĞƐ͘dŚŝƐƐƚƵĚǇ
ƐƵŐŐĞƐƚƐƚŚĂƚĐŚĞŵŝĐĂůĐŚĂŶŐĞƐŽĐĐƵƌƌŝŶŐŝŶŵĂůƚƐĚƵƌŝŶŐůĞƐƐƚŚĂŶϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞŵĂǇƉŽƚĞŶƚŝĂůůǇ
ĂĨĨĞĐƚƚŚĞĂƌŽŵĂŽĨďĞĞƌ͕ĂŶĚƚŚĂƚǁĂƚĞƌĂĐƚŝǀŝƚǇĂŶĚƐƚŽƌĂŐĞƚĞŵƉĞƌĂƚƵƌĞďŽƚŚƐŚŽƵůĚďĞŬĞƉƚůŽǁŝŶŽƌĚĞƌ
ƚŽŵĂŝŶƚĂŝŶĂŚŝŐŚŵĂůƚƋƵĂůŝƚǇ͘

<ĞǇǁŽƌƚƐ͗DĂůƚ͕ǀŽůĂƚŝůĞƐ͕ƐƚŽƌĂŐĞƐƚĂďŝůŝƚǇ͕ƌĂĚŝĐĂůƐ͕ŽǆŝĚĂƚŝŽŶ͕ĞůĞĐƚƌŽŶƐƉŝŶƌĞƐŽŶĂŶĐĞ
ΎŽƌƌĞƐƉŽŶĚŝŶŐĂƵƚŚŽƌ


ϭ


/ŶƚƌŽĚƵĐƚŝŽŶ
ĞĞƌƋƵĂůŝƚǇŝƐŚŝŐŚůǇŝŶĨůƵĞŶĐĞĚďǇŵĂůƚƋƵĂůŝƚǇ;ϭ͕ϮͿ͘/ƚŝƐŐĞŶĞƌĂůůǇĂĐĐĞƉƚĞĚƚŚĂƚŵĂůƚŚĂƐŐŽŽĚƐƚŽƌĂŐĞ
ƐƚĂďŝůŝƚǇ ǁŚĞŶ ŬĞƉƚ ŝŶ Ă ĚƌǇ ĞŶǀŝƌŽŶŵĞŶƚ ĂŶĚ ŵŽƐƚ ŵĂůƚƐ ĂƌĞ ĂĐĐĞƉƚĞĚ ƚŽ ŚĂǀĞ Ă ƐƚŽƌĂŐĞ ƐƚĂďŝůŝƚǇ ŽĨ ϭϮ
ŵŽŶƚŚƐ͘/ŶƉƌĂĐƚŝĐĞŚŽǁĞǀĞƌ͕ŵĂŶǇďƌĞǁĞƌƐŶŽƚŝĐĞĐŚĂŶŐĞƐŝŶŵĂůƚĂƌŽŵĂĚƵƌŝŶŐƐƚŽƌĂŐĞ͕ďƵƚŽŶůǇǀĞƌǇĨĞǁ
ƐĐŝĞŶƚŝĨŝĐƐƚƵĚŝĞƐŚĂǀĞĞǆĂŵŝŶĞĚƚŚĞĨůĂǀŽƵƌĂŶĚŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚŝĞƐŽĨŵĂůƚĚƵƌŝŶŐƐƚŽƌĂŐĞ͘dŚĞĞĨĨĞĐƚŽĨ
ƐƚŽƌĂŐĞŽŶŵĂůƚƐŚĂƐďĞĞŶŝŶǀĞƐƚŝŐĂƚĞĚŝŶƌĞůĂƚŝŽŶ ƚŽǁŽƌƚĨŝůƚƌĂƚŝŽŶƌĂƚĞƐ;ϯͿǁŚĞƌĞůŽŶŐĞƌƐƚŽƌĂŐĞƚŝŵĞƐ
ǁĞƌĞĨŽƵŶĚƚŽŚĂǀĞĂƉŽƐŝƚŝǀĞĞĨĨĞĐƚ͕ŵŽƐƚůŝŬĞůǇĞǆƉůĂŝŶĞĚďǇƚŚĞĚĞĐĂǇŽĨĂƚŚŝŽůŽǆŝĚŝǌŝŶŐĞŶǌǇŵĞ;ϰͲϲͿ͘
>ŝƉŝĚ ŽǆŝĚĂƚŝŽŶ ŝƐ Ă ŬŶŽǁŶ ĐĂƵƐĞ ŽĨ ŽĨĨ ĨůĂǀŽƵƌƐ ŝŶ ďĞĞƌ ;ϭͿ ĂŶĚ ƚŚĞ ůĞǀĞůƐ ŽĨ ƚŚĞ ůŝƉŝĚ ŽǆŝĚŝǌŝŶŐ ĞŶǌǇŵĞ
ůŝƉŽǆǇŐĞŶĂƐĞ;>KyͿ͕ŚĂƐďĞĞŶƐƚƵĚŝĞĚĚƵƌŝŶŐŵĂůƚƐƚŽƌĂŐĞ;ϳͿ͘^ĞůĞĐƚĞĚǀŽůĂƚŝůĞƐǁĞƌĞƐƚƵĚŝĞĚŝŶƌĞůĂƚŝŽŶƚŽ
ƐƚŽƌĂŐĞ ĂŶĚ ŝƚ ǁĂƐ ŽďƐĞƌǀĞĚ ƚŚĂƚ ^ƚƌĞĐŬĞƌ ĂůĚĞŚǇĚĞƐ ĂŶĚ EͲŚĞƚĞƌŽĐǇĐůŝĐ ĐŽŵƉŽƵŶĚƐ ŝŶĐƌĞĂƐĞĚ ƐůŝŐŚƚůǇ ŝŶ
ĐŽŶĐĞŶƚƌĂƚŝŽŶǁŝƚŚŝŶƚŚĞĨŝƌƐƚĨĞǁŵŽŶƚŚƐĂŶĚƚŚĞŶĚĞĐƌĞĂƐĞĚƚŽĐŽŶĐĞŶƚƌĂƚŝŽŶƐďĞůŽǁƚŚĞŝŶŝƚŝĂůĐŽŶƚĞŶƚ͕
ĂŶĚ ŝŶƚĞƌĞƐƚŝŶŐůǇ ƐŝŵŝůĂƌ ǀĂƌŝĂƚŝŽŶƐ ŝŶ ŵĂůƚ ĂŶĚ ďĞĞƌ ĂƌŽŵĂƐ ǁĞƌĞ ŝĚĞŶƚŝĨŝĞĚ ;ϮͿ͘ /Ŷ Ă ƌĞĐĞŶƚ ƐƚƵĚǇ ŝƚ ǁĂƐ
ĨŽƵŶĚƚŚĂƚƐǁĞĞƚǁŽƌƚƐŵĂĚĞĨƌŽŵƌŽĂƐƚĞĚŵĂůƚƐǁŝƚŚĐŽůŽƵƌƐĂďŽǀĞϯϯƵŶŝƚƐǁĞƌĞǀĞƌǇƐƵƐĐĞƉƚŝďůĞƚŽ
ĂůŽƐƐŽĨǀŽůĂƚŝůĞƐǁŚĞŶĞǆƉŽƐĞĚƚŽŵŝůĚŚĞĂƚŝŶŐ͕ǁŚĞƌĞĂƐƚŚĞƉƌŽĨŝůĞŽĨǀŽůĂƚŝůĞĐŽŵƉŽƵŶĚƐŽĨǁŽƌƚŵĂĚĞ
ĨƌŽŵƉŝůƐŶĞƌŵĂůƚǁĂƐŶŽƚĂĨĨĞĐƚĞĚďǇƚŚĞŚĞĂƚŝŶŐ;ϲͿ͘
tĂƚĞƌ ĂĐƚŝǀŝƚǇ ;ĂǁͿ ŝƐ Ă ŵĂũŽƌ ĨĂĐƚŽƌ ŝŶĨůƵĞŶĐŝŶŐ ƐƚŽƌĂŐĞ ƐƚĂďŝůŝƚǇ ŽĨ ĨŽŽĚ ƉƌŽĚƵĐƚƐ͘  ŚŝŐŚ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ
ƌĞƐƵůƚƐŝŶĂŚŝŐŚĞƌŵŽďŝůŝƚǇŽĨƌĞĂĐƚŝǀĞĐŽŵƉŽƵŶĚƐǁŝƚŚŝŶƚŚĞƉƌŽĚƵĐƚĂŶĚƚŚĞƌĞďǇƚŚĞƉŽƐƐŝďŝůŝƚǇŽĨŵŽƌĞ
ĚĂŵĂŐŝŶŐƌĞĂĐƚŝŽŶƐƚĂŬŝŶŐƉůĂĐĞ͘tĂƚĞƌĂĐƚŝǀŝƚǇŝƐĚŝƌĞĐƚůǇƌĞůĂƚĞĚƚŽƚŚĞĞƋƵŝůŝďƌŝƵŵƌĞůĂƚŝǀĞŚƵŵŝĚŝƚǇ;Z,Ϳ
ĂƚĂĐĞƌƚĂŝŶƚĞŵƉĞƌĂƚƵƌĞĨŽůůŽǁŝŶŐƚŚĞĞƋƵĂƚŝŽŶϭ͗
ĂǁсWͬWϬсZ,ͬϭϬϬ





ϭ

tŚĞƌĞ W ŝƐ ƚŚĞ ƉĂƌƚŝĂů ǀĂƉŽƵƌ ƉƌĞƐƐƵƌĞ ŽĨ ŵŽŝƐƚƵƌĞ ĂŶĚ WϬ ŝƐ ƐĂƚƵƌĂƚŝŽŶ ǀĂƉŽƵƌ ƉƌĞƐƐƵƌĞ ŽĨ ƉƵƌĞ ǁĂƚĞƌ͘
tĂƚĞƌĂĐƚŝǀŝƚǇŚĂƐďĞĞŶĨŽƵŶĚƚŽŚĂǀĞĂƐŝŐŶŝĨŝĐĂŶƚŝŶĨůƵĞŶĐĞŽŶƌĂĚŝĐĂůĐŽŶƚĞŶƚŝŶĚƌǇƉƌŽĚƵĐƚƐ;ϴ͕ϵͿĂŶĚ
ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ŝƐ ƚŚĞƌĞĨŽƌĞ ůŝŬĞůǇ ĂůƐŽ ƚŽ ŝŶĨůƵĞŶĐĞ ƌĂĚŝĐĂů ĐŽŶƚĞŶƚ ŝŶ ŵĂůƚ͘ dŚĞ ůĞǀĞůƐ ŽĨ ƌĂĚŝĐĂůƐ ŝŶ ŵĂůƚ
ŬĞƌŶĞůƐ ŚĂǀĞ ƉƌĞǀŝŽƵƐůǇ ďĞĞŶ ĚĞƚĞƌŵŝŶĞĚ ďǇ ĚŝƌĞĐƚ ŵĞĂƐƵƌĞŵĞŶƚ ƵƐŝŶŐ ĞůĞĐƚƌŽŶ ƐƉŝŶ ƌĞƐŽŶĂŶĐĞ ;^ZͿ
ƐƉĞĐƚƌŽƐĐŽƉǇ;ϭϬͲϭϮͿ͘
dŚĞƉƵƌƉŽƐĞŽĨƚŚĞĐƵƌƌĞŶƚƐƚƵĚǇǁĂƐƚŽŐĂŝŶĂŶƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨĐŚĞŵŝĐĂůĐŚĂŶŐĞƐĂŶĚŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚǇ
ŽĨƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚĚƵƌŝŶŐƐƚŽƌĂŐĞ͘ůƐŽƚŚĞŝŶĨůƵĞŶĐĞŽĨƚĞŵƉĞƌĂƚƵƌĞ;ϭϬΣĂŶĚϮϬΣͿĂŶĚ
ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ;Ϭ͘Ϯϯϭ ĂŶĚ Ϭ͘ϰϯϮ ďĞŝŶŐ ĞƋƵĂů ƚŽ Ϯϯ͘ϭ ĂŶĚ ϰϯ͘Ϯ й Z,Ϳ ŚĂƐ ďĞĞŶ ƚĞƐƚĞĚ͘ dŚĞ ŽďƐĞƌǀĂƚŝŽŶƐ
ǁĞƌĞĐŽŵƉĂƌĞĚƚŽƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚƉƌŽĚƵĐĞĚĨƌŽŵŵĂůƚĂĨƚĞƌϬ͕ϲĂŶĚϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞ͘dŚĞ
ƐƚƵĚǇŚĂƐďĞĞŶďĂƐĞĚŽŶƉŝůƐŶĞƌĂŶĚƌŽĂƐƚĞĚŵĂůƚƐĚĞƌŝǀĞĚĨƌŽŵƚŚĞƐĂŵĞďĂƚĐŚŽĨŵĂůƚ͕ĂŶĚĂůůǀĂƌŝĂƚŝŽŶƐ
ďĞƚǁĞĞŶƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚĐĂŶďĞĂƐĐƌŝďĞĚƚŽƚŚĞĚŝĨĨĞƌĞŶĐĞƐŝŶƌŽĂƐƚŝŶŐ͘ĚĞƚĂŝůĞĚƐƚƵĚǇŽĨ

Ϯ


ƚŚĞŝŶĨůƵĞŶĐĞŽĨǁĂƚĞƌĂĐƚŝǀŝƚǇŽŶƌĂĚŝĐĂůĨŽƌŵĂƚŝŽŶǁĂƐĂůƐŽĐĂƌƌŝĞĚŽƵƚŽŶƉŝůƐŶĞƌŵĂůƚĂƚϮϬΣƵƐŝŶŐĂ
ƌĂŶŐĞŽĨǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐďĞƚǁĞĞŶϬ͘ϭϭϯĂŶĚϬ͘ϵϭϬ͘


DĂƚĞƌŝĂůƐΘDĞƚŚŽĚƐ
DĂůƚ
&ƌĞƐŚƉĂůĞĂůĞŵĂůƚ;ƚǁŽͲƌŽǁƐƉƌŝŶŐďĂƌůĞǇ;,ŽƌĚĞƵŵǀƵůŐĂƌĞͿŚĂƌǀĞƐƚϮϬϭϬͿǁĂƐŬŝŶĚůǇƉƌŽǀŝĚĞĚďǇĂŶŝƐŚ
DĂůƚŝŶŐ'ƌŽƵƉ͕sŽƌĚŝŶŐďŽƌŐ͕ĞŶŵĂƌŬ͘
ZŽĂƐƚŝŶŐ
WŝůƐŶĞƌŵĂůƚǁĂƐƌŽĂƐƚĞĚďǇĚŝƐƚƌŝďƵƚŝŶŐŝƚŝŶĂƐŝŶŐůĞůĂǇĞƌŽŶĂĐůŽƚŚŽŶĂďĂŬŝŶŐƉůĂƚĞĂŶĚŚĞĂƚŝŶŐŝƚŝŶĂŶ
ŽǀĞŶĂƚϭϵϬȗĨŽƌϱϬŵŝŶƵƚĞƐ͘
^ƚŽƌĂŐĞŽĨƉŝůƐŶĞƌŵĂůƚĂƚϭϬĚŝĨĨĞƌĞŶƚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐ
ƉƉƌŽǆŝŵĂƚĞůǇ ϱϬ Ő ŽĨ ĨƌĞƐŚ ƉŝůƐŶĞƌ ŵĂůƚ ǁĂƐ ƉůĂĐĞĚ ŝŶ ϭϬ ĐŽŶƚĂŝŶĞƌƐ ǁŚĞƌĞ ƚŚĞ ǁĂƚĞƌ ĂĐƚŝǀŝƚŝĞƐ ǁĞƌĞ
ĂĚũƵƐƚĞĚ ǁŝƚŚ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ƐĂƚƵƌĂƚĞĚ ĂƋƵĞŽƵƐ ƐĂůƚ ƐŽůƵƚŝŽŶƐ͗  >ŝƚŚŝƵŵ ĐŚůŽƌŝĚĞ ;Ăǁ Ϭ͘ϭϭϯͿ͕ ƉŽƚĂƐƐŝƵŵ
ĂĐĞƚĂƚĞ ;ĂǁсϬ͘ϮϯϭͿ͕ ŵĂŐŶĞƐŝƵŵ ĐŚůŽƌŝĚĞ ;ĂǁсϬ͘ϯϯϭͿ͕ ƉŽƚĂƐƐŝƵŵ ĐĂƌďŽŶĂƚĞ ;ĂǁсϬ͘ϰϯϮͿ͕ ŵĂŐŶĞƐŝƵŵ ŶŝƚƌĂƚĞ
;ĂǁсϬ͘ϱϮϵͿ͕ ƐŽĚŝƵŵ ŶŝƚƌĂƚĞ ;ĂǁсϬ͘ϲϵϯͿ͕ ƐŽĚŝƵŵ ĐŚůŽƌŝĚĞ ;ĂǁсϬ͘ϳϱϲͿ͕ ĂŵŵŽŶŝƵŵ ƐƵůĨĂƚĞ ;ĂǁсϬ͘ϴϭϳͿ͕
ƉŽƚĂƐƐŝƵŵĐŚůŽƌŝĚĞ;ĂǁсϬ͘ϴϱϵͿĂŶĚďĂƌŝƵŵĐŚůŽƌŝĚĞ;ĂǁсϬ͘ϵϭϬͿ;ϭϯͿ͘dŚĞŵĂůƚǁĂƐƐƚŽƌĞĚŝŶĂƚŚĞƌŵŽƐƚĂƚƚĞĚ
ĐĂďŝŶĞƚĂƚϮϬΣ͘
^ƚŽƌĂŐĞŽĨƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚ
WŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚǁĞƌĞƐƚŽƌĞĚŝŶƚŚĞĚĂƌŬĂƚϭϬΣŽƌϮϬΣĂƚĂǁĂƚĞƌĂĐƚŝǀŝƚǇ;ĂǁͿŽĨϬ͘ϮϯϭŽƌ
Ϭ͘ϰϯϮ ;dĂďůĞ ϭͿ͘ dŚĞ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ŽĨ ƚŚĞ ŵĂůƚ ǁĂƐ ĂĚũƵƐƚĞĚ ǁŝƚŚ ƐĂƚƵƌĂƚĞĚ ƐĂůƚ ƐŽůƵƚŝŽŶƐ ŽĨ ƉŽƚĂƐƐŝƵŵ
ĂĐĞƚĂƚĞ;ĂǁсϬ͘ϮϯϭͿĂŶĚƉŽƚĂƐƐŝƵŵĐĂƌďŽŶĂƚĞ;ĂǁсϬ͘ϰϯϮͿ͘tĂƚĞƌĂĐƚŝǀŝƚǇŵĂǇďĞŝŶĨůƵĞŶĐĞĚďǇƚĞŵƉĞƌĂƚƵƌĞ͕
ŚŽǁĞǀĞƌ͕ŶŽƐŝŐŶŝĨŝĐĂŶƚĚŝĨĨĞƌĞŶĐĞǁĂƐĨŽƵŶĚďĞƚǁĞĞŶϭϬΣĂŶĚϮϬΣĨŽƌƚŚĞƐĞƚǁŽƐĂůƚƐ;ϭϯͿ͘




ϯ


ůĞĐƚƌŽŶ^ƉŝŶZĞƐŽŶĂŶĐĞ;^ZͿ^ƉĞĐƚƌŽƐĐŽƉǇ
^ĂŵƉůĞƐ ǁĞƌĞ ƚĂŬĞŶ ĨƌŽŵ ďŽƚŚ ĞǆƉĞƌŝŵĞŶƚƐ ĨŽƌ ^Z ƐƉĞĐƚƌŽƐĐŽƉǇ ĂŶĂůǇƐŝƐ ƚŚƌŽƵŐŚŽƵƚ ƚŚĞ ϭϮ ŵŽŶƚŚƐ
ƐƚŽƌĂŐĞ͘ ZĂĚŝĐĂů ŝŶƚĞŶƐŝƚŝĞƐ ǁĞƌĞ ŵĞĂƐƵƌĞĚ ĚŝƌĞĐƚůǇ ŽŶ ƚŚĞ ŵĂůƚ ŬĞƌŶĞůƐ ĂŶĚ ƚŚĞ ŵĞƚŚŽĚ ǁĂƐ ĚĞǀĞůŽƉĞĚ
ǁŝƚŚŝŶƐƉŝƌĂƚŝŽŶĨƌŽŵŽƌƚĞƐĞƚĂů;ϭϬͿ͕<ĂŶĞĚĂĞƚĂů͘;ϭϭͿĂŶĚdŽŬĂŝĞƚĂů;ϭϮͿ͘dŚĞŵĂůƚŬĞƌŶĞůǁĂƐƉůĂĐĞĚŝŶ
ƚŚĞ ĐĞŶƚĞƌ ŽĨ ƚŚĞ ĐĂǀŝƚǇ ƵƐŝŶŐ Ă ĐǇůŝŶĚƌŝĐĂů ƚŚŝŶͲǁĂůůĞĚ ϳϬϮͲWYͲϳ ĐůĞĂƌͲĨƵƐĞĚ ƋƵĂƌƚǌ ;&YͿ ƚƵďĞ ;tŝůŵĂĚ
'ůĂƐƐŽŵƉĂŶǇ/ŶĐ͕͘EƵĞŶĂ͕E:Ϳ͘dŚĞǁĞŝŐŚƚŽĨĞĂĐŚŬĞƌŶĞůǁĂƐŵĞĂƐƵƌĞĚďĞĨŽƌĞ^ZĂŶĂůǇƐŝƐĂŶĚƚŚĞƉĞĂŬ
ƚŽƉĞĂŬŚĞŝŐŚƚŽĨƚŚĞƌĞƐƵůƚŝŶŐ^ZƐŝŐŶĂůǁĂƐĚŝǀŝĚĞĚďǇƚŚĞǁĞŝŐŚƚŽĨƚŚĞŬĞƌŶĞů͘ĂĐŚƌĞƐƵůƚĐŽŶƐŝƐƚƐŽĨĂŶ
ĂǀĞƌĂŐĞŽĨϭϬŵĞĂƐƵƌĞŵĞŶƚƐ͘^ZƐƉĞĐƚƌĂǁĞƌĞƌĞĐŽƌĚĞĚĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞǁŝƚŚĂDŝŶŝƐĐŽƉĞD^ϮϬϬyͲ
ďĂŶĚ ƐƉĞĐƚƌŽŵĞƚĞƌ ;DĂŐŶĞƚƚĞĐŚ͕ ĞƌůŝŶ͕ 'ĞƌŵĂŶǇͿ ƵƐŝŶŐ ƚŚĞ ƐĞƚƚŝŶŐƐ͗ DŝĐƌŽǁĂǀĞ ƉŽǁĞƌ͕ ϭϬ ŵt͖ ƐǁĞĞƉ
ǁŝĚƚŚ͕ϳϯ͘ϴ'͕ƐǁĞĞƉƚŝŵĞϯϬƐ͖ŶƵŵďĞƌŽĨƉĂƐƐĞƐ͕Ϯ͖ŵŽĚƵůĂƚŝŽŶ͕ϮϬϬϬŵ'͖ĂŶĚŵŝĐƌŽǁĂǀĞĂƚƚĞŶƵĂƚŝŽŶ͕ϭϬ
ŵt͘WŝůƐŶĞƌŵĂůƚǁĂƐƌĞĐŽƌĚĞĚĂƚŐĂŝŶϳϬϬĂŶĚƌŽĂƐƚĞĚŵĂůƚǁĂƐƌĞĐŽƌĚĞĚĂƚŐĂŝŶϭϬϬ͘
DĂƐŚŝŶŐ
DĂƐŚŝŶŐƐŽĨƚŚĞŵĂůƚƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚĂĨƚĞƌϬ͕ϲĂŶĚϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞĂĐĐŽƌĚŝŶŐƚŽŶĂůǇƚŝĐĂϰ͘ϱ͘ϭ
͞ǆƚƌĂĐƚ ŽĨ DĂůƚ͗ ŽŶŐƌĞƐƐ DĂƐŚ͟ ;ϭϰͿ͕ ǁŝƚŚ ƚŚĞ ŵŽĚŝĨŝĐĂƚŝŽŶƐ ĚĞƐĐƌŝďĞĚ ďǇ &ƌĞĚĞƌŝŬƐĞŶ Ğƚ Ăů͘ ;ϭϱͿ͘ dŚĞ
ĐŽůŽƵƌ ŽĨ ƚŚĞ ĨƌĞƐŚ ǁŽƌƚƐ ǁĂƐ ŵĞĂƐƵƌĞĚ ƐƉĞĐƚƌŽƉŚŽƚŽŵĞƚƌŝĐĂůůǇ ĂĐĐŽƌĚŝŶŐ ƚŽ ŶĂůǇƚŝĐĂ  ϴ͘ϯ ͞ŽůŽƵƌ͟
;ϭϰͿ ĂŶĚ ƐƵŐĂƌ ĐŽŶƚĞŶƚ ǁĂƐ ĚĞƚĞƌŵŝŶĞĚ ŝŶ ȗƌŝǆ ǀĂůƵĞƐ͕ ƵƐŝŶŐ Ă ƌĞĨƌĂĐƚŽŵĞƚĞƌ ;ŶĂůǇƚŝĐ :ĞŶĂ͕ :ĞŶĂ͕
'ĞƌŵĂŶǇͿ͘tŽƌƚ ĨŝůƚƌĂƚŝŽŶƚŝŵĞ ǁĂƐ ŶŽƚĞĚ ĂƐƚŚĞƚŝŵĞ ǁŚĞƌĞ ŶŽŵŽƌĞ ůŝƋƵŝĚ ĂƉƉĞĂƌĞĚŽŶ ƚŚĞ ƚŽƉŽĨƚŚĞ
ĨŝůƚĞƌĐĂŬĞ͕ĂŶĚƚŚĞĞǆƚƌĂĐƚǇŝĞůĚǁĂƐŵĞĂƐƵƌĞĚϰϱŵŝŶĂĨƚĞƌĨŝůƚƌĂƚŝŽŶƐƚĂƌƚ͘dŚĞǁŽƌƚƐǁĞƌĞƐƚŽƌĞĚĂƚͲϮϬȗ
ĂŶĚƚŚĂǁĞĚďĞĨŽƌĞǀŽůĂƚŝůĞĂŶĂůǇƐŝƐ͘
sŽůĂƚŝůĞƐ
ǇŶĂŵŝĐŚĞĂĚƐƉĂĐĞĂŶĂůǇƐŝƐǁĂƐĐĂƌƌŝĞĚŽƵƚŝŶƚƌŝƉůŝĐĂƚĞƵƐŝŶŐϱŵůǁŽƌƚĂŶĚϬ͘Ϯϱŵ>ϰͲŵĞƚŚǇůͲϭͲƉĞŶƚĂŶŽů
;ϱŵŐͬ>ͿĂĚĚĞĚĂƐŝŶƚĞƌŶĂůƐƚĂŶĚĂƌĚ͘dŚĞǀŽůĂƚŝůĞĐŽŵƉŽƵŶĚƐǁĞƌĞĐŽůůĞĐƚĞĚŽŶĂdĞŶĂǆͲdƚƌĂƉ;ƵĐŚĞŵ
ďǀ͕ ƉĞůĚŽŽƌŶ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ͘ dŚĞ ƚƌĂƉ ĐŽŶƚĂŝŶĞĚ ϮϱϬ ŵŐ ŽĨ dĞŶĂǆͲd ǁŝƚŚ ŵĞƐŚ ƐŝǌĞ ϲϬͬϴϬ ĂŶĚ Ă
ĚĞŶƐŝƚǇŽĨϬ͘ϯϳŐŵ>Ͳϭ;ƵĐŚĞŵďǀ͕ƉĞůĚŽŽƌŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘dŚĞƐĂŵƉůĞƐǁĞƌĞĞƋƵŝůŝďƌĂƚĞĚƚŽϯϬцϭΣ
ĨŽƌϱŵŝŶŝŶĂĐŝƌĐƵůĂƚŝŶŐǁĂƚĞƌďĂƚŚĂŶĚƚŚĞŶƉƵƌŐĞĚǁŝƚŚŶŝƚƌŽŐĞŶ;ϮϬϬŵ>ŵŝŶͲϭͿĨŽƌϯϬŵŝŶ͘ŶĂůǇƐŝƐǁĂƐ
ĐĂƌƌŝĞĚŽƵƚŝŶƚƌŝƉůŝĐĂƚĞ͘
dŚĞƚƌĂƉƉĞĚǀŽůĂƚŝůĞƐǁĞƌĞĚĞƐŽƌďĞĚƵƐŝŶŐĂŶĂƵƚŽŵĂƚŝĐƚŚĞƌŵĂůĚĞƐŽƌƉƚŝŽŶƵŶŝƚ;dϰϬϬ͕WĞƌŬŝŶůŵĞƌ͕
EŽƌǁĂůŬ͕h^Ϳ͘WƌŝŵĂƌǇĚĞƐŽƌƉƚŝŽŶǁĂƐĐĂƌƌŝĞĚŽƵƚďǇŚĞĂƚŝŶŐƚŚĞƚƌĂƉƚŽϮϱϬΣǁŝƚŚĂĨůŽǁ;ϲϬŵ>ŵŝŶͲϭͿŽĨ
ĐĂƌƌŝĞƌŐĂƐ;,ϮͿĨŽƌϭϱ͘ϬŵŝŶ͘dŚĞƐƚƌŝƉƉĞĚǀŽůĂƚŝůĞƐǁĞƌĞƚƌĂƉƉĞĚŽŶĂdĞŶĂǆdĐŽůĚƚƌĂƉ;ϯϬŵŐŚĞůĚĂƚ
ϱΣͿ͕ ǁŚŝĐŚ ǁĂƐ ƐƵďƐĞƋƵĞŶƚůǇ ŚĞĂƚĞĚ Ăƚ ϯϬϬΣ ĨŽƌ ϰ ŵŝŶ ;ƐĞĐŽŶĚĂƌǇ ĚĞƐŽƌƉƚŝŽŶ͕ ŽƵƚůĞƚ ƐƉůŝƚ ϭ͗ϭϬͿ͘ dŚŝƐ
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ĂůůŽǁĞĚ ĨŽƌ ƌĂƉŝĚ ƚƌĂŶƐĨĞƌ ŽĨ ǀŽůĂƚŝůĞƐ ƚŽ Ă ŐĂƐ ĐŚƌŽŵĂƚŽŐƌĂƉŚͲŵĂƐƐ ƐƉĞĐƚƌŽŵĞƚĞƌ ;'ͲD^͕ ϳϴϵϬ 'Ͳ
ƐǇƐƚĞŵ ŝŶƚĞƌĨĂĐĞĚ ǁŝƚŚ Ă ϱϵϳϱ s> D^ ǁŝƚŚ dƌŝƉůĞͲǆŝƐ ĚĞƚĞĐƚŽƌ ĨƌŽŵ ŐŝůĞŶƚ dĞĐŚŶŽůŽŐŝĞƐ͕ WĂůŽ ůƚŽ͕
ĂůŝĨŽƌŶŝĂͿ ƚŚƌŽƵŐŚ Ă ŚĞĂƚĞĚ ;ϮϮϱΣͿ ƚƌĂŶƐĨĞƌ ůŝŶĞ͘ ^ĞƉĂƌĂƚŝŽŶ ŽĨ ǀŽůĂƚŝůĞƐ ǁĂƐ ĐĂƌƌŝĞĚ ŽƵƚ ŽŶ Ă ͲtĂǆ
ĐĂƉŝůůĂƌǇĐŽůƵŵŶϯϬŵůŽŶŐǆϬ͘ϮϱŵŵŝŶƚĞƌŶĂůĚŝĂŵĞƚĞƌ͕Ϭ͘ϱђŵĨŝůŵƚŚŝĐŬŶĞƐƐ͘dŚĞĐŽůƵŵŶƉƌĞƐƐƵƌĞǁĂƐ
ŚĞůĚ ĐŽŶƐƚĂŶƚ ĂƚϮ͘ϰ ƉƐŝ ƌĞƐƵůƚŝŶŐ ŝŶ ĂŶ ŝŶŝƚŝĂů ĨůŽǁ ƌĂƚĞ ŽĨ ĂƉƉƌŽǆŝŵĂƚĞůǇ ϭ͘Ϯŵ> ŵŝŶͲϭ ƵƐŝŶŐ ŚǇĚƌŽŐĞŶ ĂƐ
ĐĂƌƌŝĞƌŐĂƐ͘dŚĞĐŽůƵŵŶƚĞŵƉĞƌĂƚƵƌĞƉƌŽŐƌĂŵŵĞǁĂƐ͗ϭϬŵŝŶĂƚϰϬΣ͕ĨƌŽŵϰϬΣƚŽϮϰϬΣĂƚϴΣŵŝŶͲϭ͕ĂŶĚ
ĨŝŶĂůůǇ ϱ ŵŝŶ Ăƚ ϮϰϬΣ͘ dŚĞ ŵĂƐƐ ƐƉĞĐƚƌŽŵĞƚĞƌ ǁĂƐ ŽƉĞƌĂƚŝŶŐ ŝŶ ƚŚĞ ĞůĞĐƚƌŽŶ ŝŽŶŝƐĂƚŝŽŶ ŵŽĚĞ Ăƚ ϳϬ Ğs͘
DĂƐƐͲƚŽͲĐŚĂƌŐĞ ƌĂƚŝŽƐ ďĞƚǁĞĞŶ ϭϱ ĂŶĚ ϯϬϬ ǁĞƌĞ ƐĐĂŶŶĞĚ͘ sŽůĂƚŝůĞ ĐŽŵƉŽƵŶĚƐ ǁĞƌĞ ŝĚĞŶƚŝĨŝĞĚ ďǇ
ƉƌŽďĂďŝůŝƚǇ ďĂƐĞĚ ŵĂƚĐŚŝŶŐ ŽĨ ƚŚĞŝƌ ŵĂƐƐ ƐƉĞĐƚƌĂ ǁŝƚŚ ƚŚŽƐĞ ŽĨ Ă ĐŽŵŵĞƌĐŝĂů ĚĂƚĂďĂƐĞ ;tŝůĞǇϮϳϱ͘>͕ ,W
ƉƌŽĚƵĐƚ ŶŽ͘ 'ϭϬϯϱͿ͘ dŚĞ ƐŽĨƚǁĂƌĞ ƉƌŽŐƌĂŵ͕ D^ ŚĞŵƐƚĂƚŝŽŶ ;sĞƌƐŝŽŶ ͘ϬϮ͘ϬϬ͕ ŐŝůĞŶƚ dĞĐŚŶŽůŽŐŝĞƐ͕
WĂůŽůƚŽ͕ĂůŝĨŽƌŶŝĂͿ͕ǁĂƐƵƐĞĚĨŽƌĚĂƚĂĂŶĂůǇƐŝƐ͘ZĞůĂƚŝǀĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐĂƌĞƉƌĞƐĞŶƚĞĚĂƐĂƌĞĂƐďĂƐĞĚŽŶ
ƐŝŶŐůĞŝŽŶƐĚŝǀŝĚĞĚďǇƚŚĞƉĞĂŬĂƌĞĂŽĨŝŶƚĞƌŶĂůƐƚĂŶĚĂƌĚ͘
DƵůƚŝǀĂƌŝĂƚĞĚĂƚĂĂŶĂůǇƐŝƐ
DƵůƚŝǀĂƌŝĂƚĞĚĂƚĂĂŶĂůǇƐŝƐǁĂƐĂƉƉůŝĞĚƚŽƚŚĞƌĞůĂƚŝǀĞĂƌĞĂƐŽĨƚŚĞŝĚĞŶƚŝĨŝĞĚǀŽůĂƚŝůĞƐĂŶĂůǇǌĞĚďǇ'ͲD^ƚŽ
ǀŝƐƵĂůŝǌĞ ƚŚĞ ŝŶĨůƵĞŶĐĞ ĨƌŽŵ ƐƚŽƌĂŐĞ͕ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ƵƐŝŶŐ WƌŝŶĐŝƉĂů ŽŵƉŽŶĞŶƚ ŶĂůǇƐŝƐ
;WͿ ĂŶĚ WĂƌƚŝĂů >ĞĂƐƚ ^ƋƵĂƌĞƐͲĞƐĐƌŝŵŝŶĂŶƚ ŶĂůǇƐŝƐ ;W>^ͲͿ ƌĞŐƌĞƐƐŝŽŶ ĂŶĂůǇƐŝƐ͘ DƵůƚŝǀĂƌŝĂƚĞ ĚĂƚĂ
ĂŶĂůǇƐŝƐ ǁĂƐ ƉĞƌĨŽƌŵĞĚ ƵƐŝŶŐ >ĂƚĞŶƚŝǆ ƐŽĨƚǁĂƌĞ ;>ĂƚĞŶƚŝydD Ϯ͘Ϭ͕ >ĂƚĞŶƚϱ͕ ŽƉĞŶŚĂŐĞŶ͕ ĞŶŵĂƌŬ͕
ǁǁǁ͘ůĂƚĞŶƚŝǆ͘ĐŽŵͿ͘ŶĂůǇƐĞƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚŽŶƚŚĞƌĞůĂƚŝǀĞƉĞĂŬĂƌĞĂƐĂŶĚĚĂƚĂǁĂƐĂƵƚŽƐĐĂůĞĚĂŶĚĨƵůůǇ
ĐƌŽƐƐǀĂůŝĚĂƚĞĚ͘
^ƚĂƚŝƐƚŝĐĂůĚĂƚĂĂŶĂůǇƐŝƐ
^ƚĂƚŝƐƚŝĐĂůĂŶĂůǇƐŝƐǁĂƐĐĂƌƌŝĞĚŽƵƚĂƐŽŶĞͲǁĂǇEKsƵƐŝŶŐƚŚĞƐŽĨƚǁĂƌĞ^^ũŵƉϵ͕^^/ŶƐƚŝƚƵƚĞ͕/ŶĐ͕͘h^͘
^ƚŽƌĂŐĞ ĂǇ ĂŶĚ ^ĂŵƉůĞ ǁĞƌĞ ŝŶĐůƵĚĞĚ ĂƐ ĨŝǆĞĚ ĞĨĨĞĐƚƐ͘ dŚĞ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ƌĂĚŝĐĂů ŝŶƚĞŶƐŝƚŝĞƐ ďĞƚǁĞĞŶ
dƌĞĂƚŵĞŶƚƐ;ƚĞŵƉĞƌĂƚƵƌĞĂŶĚǁĂƚĞƌĂĐƚŝǀŝƚǇͿǁĞƌĞĞǀĂůƵĂƚĞĚďǇŝŶĐůƵĚŝŶŐƚŚĞǀĞƌĂŐĞƌĂĚŝĐĂůŝŶƚĞŶƐŝƚǇŽĨ
ƚŚĞŵĂůƚĂŶĚdƌĞĂƚŵĞŶƚĂƐĨŝǆĞĚĞĨĨĞĐƚƐĂŶĚ^ƚŽƌĂŐĞĂǇĂƐƌĂŶĚŽŵĞĨĨĞĐƚ͘




ϱ


ZĞƐƵůƚƐ
^ƚŽƌĂŐĞŽĨƉŝůƐŶĞƌŵĂůƚĂƚĚŝĨĨĞƌĞŶƚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐ
dĞŵƉĞƌĂƚƵƌĞĂŶĚǁĂƚĞƌĂĐƚŝǀŝƚǇŚĂǀĞĂůĂƌŐĞŝŶĨůƵĞŶĐĞŽŶƚŚĞƐƚŽƌĂŐĞƐƚĂďŝůŝƚǇŽĨĨŽŽĚƐĂŶĚƚŚĞĞĨĨĞĐƚƐŽĨ
ƚŚĞƐĞ ĨĂĐƚŽƌƐ ǁĞƌĞ ŝŶǀĞƐƚŝŐĂƚĞĚ ĚƵƌŝŶŐ ŵĂůƚ ƐƚŽƌĂŐĞ͘ Ŷ ŝŶŝƚŝĂů ƐƚƵĚǇ ǁĂƐ ƐĞƚ ƵƉ ǁŚĞƌĞ ƉŝůƐŶĞƌ ŵĂůƚ ǁĂƐ
ƐƚŽƌĞĚĂƚϮϬΣŝŶĐůŽƐĞĚďŽǆĞƐǁŝƚŚĂƚŵŽƐƉŚĞƌĞƐǁŚĞƌĞƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐǁĞƌĞŬĞƉƚĨŝǆĞĚĂƚϭϬĚŝĨĨĞƌĞŶƚ
ůĞǀĞůƐĨƌŽŵϬ͘ϭϭϯƚŽϬ͘ϵϭϬ͘
ZĂĚŝĐĂů ŝŶƚĞŶƐŝƚǇ ǁĂƐ ŵĞĂƐƵƌĞĚ ĚŝƌĞĐƚůǇ ŽŶ ƚŚĞ ŵĂůƚ ŬĞƌŶĞůƐ ƵƐŝŶŐ ĞůĞĐƚƌŽŶ ƐƉŝŶ ƌĞƐŽŶĂŶĐĞ ;^ZͿ
ƐƉĞĐƚƌŽƐĐŽƉǇĚƵƌŝŶŐƚŚĞƐƚŽƌĂŐĞ͘ĂĐŚƌĞƐƵůƚŝƐďĂƐĞĚŽŶĂŶĂǀĞƌĂŐĞŽĨƚŚĞƉĞĂŬƚŽƉĞĂŬŚĞŝŐŚƚŽĨƚŚĞ^Z
ƐƉĞĐƚƌƵŵŽĨϭϬŵĂůƚŬĞƌŶĞůƐĚŝǀŝĚĞĚďǇƚŚĞǁĞŝŐŚƚŽĨĞĂĐŚŬĞƌŶĞů;&ŝŐƵƌĞϭ͕ƉŝůƐŶĞƌŵĂůƚͿ͘

Radical Intensity

Roasted Malt

Pilsner Malt

Magnetic Field (Gaus)



&ŝŐƵƌĞϭ͗^ZƐƉĞĐƚƌƵŵŽĨƌŽĂƐƚĞĚŵĂůƚĂŶĚƉŝůƐŶĞƌŵĂůƚ͘dŚĞƉĞĂŬƚŽƉĞĂŬŚĞŝŐŚƚŝƐƵƐĞĚĂƐĂŵĞĂƐƵƌĞŽĨƌĂĚŝĐĂůĐŽŶƚĞŶƚ͘

ĨƚĞƌ ŽŶĞ ŵŽŶƚŚ ŽĨ ƐƚŽƌĂŐĞ ǀŝƐƵĂů ŵŽůĚ ĂƉƉĞĂƌĞĚ ŽŶ ŵĂůƚ ƐƚŽƌĞĚ Ăƚ ƚŚĞ ŚŝŐŚ ǁĂƚĞƌ ĂĐƚŝǀŝƚŝĞƐ͕ Ϭ͘ϴϭϳ ĂŶĚ
Ϭ͘ϵϭϬ͘ĨƚĞƌƚǁŽŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞŵŽůĚĂƉƉĞĂƌĞĚĂůƐŽŽŶŵĂůƚƐƚŽƌĞĚĂƚĂǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨϬ͘ϳϱϲ͕ĂŶĚ
ĂĨƚĞƌƚŚƌĞĞŵŽŶƚŚƐŽŶŵĂůƚƐƚŽƌĞĚĂƚĂǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨϬ͘ϲϵϯĂƐǁĞůů͘DĂůƚƐĂŵƉůĞƐǁĞƌĞĞǆĐůƵĚĞĚĨƌŽŵ
ƚŚĞƐƚƵĚǇĂĨƚĞƌǀŝƐŝďůĞŵŽůĚĨŽƌŵĂƚŝŽŶĂƉƉĞĂƌĞĚ͘DĂůƚǁŝƚŚĂǁĂƚĞƌĂĐƚŝǀŝƚǇĂƚϬ͘ϱϮϵĂŶĚďĞůŽǁƌĞŵĂŝŶĞĚ
ƵŶŝŶĨĞĐƚĞĚďǇŵŽůĚƚŚƌŽƵŐŚŽƵƚƚŚĞϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞŝŶĂŐƌĞĞŵĞŶƚǁŝƚŚƉƌĞǀŝŽƵƐĨŝŶĚŝŶŐƐ;ϭϲ͕ϭϳͿ͘dŚĞ
ŝŶŝƚŝĂůǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨƚŚĞŵĂůƚŬĞƌŶĞůƐǁĂƐůŽǁ;ŽŶĂǀĞƌĂŐĞϬ͘ϭϱͿ͘dŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚĚĞĐƌĞĂƐĞĚŝŶƚŚĞ
ŵĂůƚƐĂŵƉůĞƐĂŶĚĞǀĞŶƚƵĂůůǇƐƚĂďŝůŝǌĞĚĂƚĚŝĨĨĞƌĞŶƚůĞǀĞůƐĚƵƌŝŶŐƚŚĞƐƚŽƌĂŐĞ;&ŝŐƵƌĞϮ͕Ϳ͘dŚĞĚĞĐƌĞĂƐĞŝŶ
ƌĂĚŝĐĂůĐŽŶƚĞŶƚƐĚƵƌŝŶŐƚŚĞĨŝƌƐƚŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞŝƐŵŽƐƚůŝŬĞůǇĐĂƵƐĞĚďǇŝŶĐƌĞĂƐĞĚŵŽďŝůŝƚǇŽĨƚŚĞŬĞƌŶĞů
ĐŽŵƉŽŶĞŶƚƐƚŚƵƐĂůůŽǁŝŶŐĐŚĞŵŝĐĂůƌĞĂĐƚŝŽŶƐƚŽƚĂŬĞƉůĂĐĞ͘ZĂĚŝĐĂůƐŽďƐĞƌǀĞĚŝŶƚŚĞŵĂůƚŬĞƌŶĞůƐĂƌĞǀĞƌǇ
ůŝŬĞůǇŚŝŐŚůǇƌĞĂĐƚŝǀĞ͕ďƵƚƚŚĞĞŶƚƌĂƉŵĞŶƚŝŶƚŚĞƉŚǇƐŝĐĂůůǇůŽĐŬĞĚŵĂƚƌŝǆŽĨƚŚĞĚƌǇŬĞƌŶĞůƐƉƌĞǀĞŶƚ ƚŚĞŝƌ
ĚĞĐĂǇ͘dŚĞŝŶĐƌĞĂƐĞĚŵŽďŝůŝƚǇŝŶƚŚĞŵĂůƚŬĞƌŶĞůƐĚƵĞƚŽƚŚĞŚŝŐŚĞƌǁĂƚĞƌĂĐƚŝǀŝƚǇĞŶĂďůĞƐƚŚĞƌĂĚŝĐĂůƐƚŽ
ƌĞĂĐƚĂŶĚƚŚĞŝƌŝŶĐƌĞĂƐĞĚĂĐƚŝǀŝƚǇĐĂŶďĞĚĞƚĞĐƚĞĚĂƐĂƌĂĚŝĐĂůĚĞĐĂǇĂƐŽďƐĞƌǀĞĚďǇ^ZƐƉĞĐƚƌŽƐĐŽƉǇ͘

ϲ


ĚƌŽƉŝŶƌĂĚŝĐĂůĐŽŶƚĞŶƚŝŶŵĂůƚŬĞƌŶĞůƐŝƐƚŚĞƌĞĨŽƌĞĂƐŝŐŶŽĨŚŝŐŚĞƌĐŽŵƉŽŶĞŶƚŵŽďŝůŝƚǇĂŶĚƚŚĞƌĞĨŽƌĞĂůƐŽ
ƚŚĞ ƉŽƐƐŝďŝůŝƚǇ ŽĨ ĚĞĐƌĞĂƐĞĚ ŽǆŝĚĂƚŝǀĞ ƐƚĂďŝůŝƚǇ͘ ĨƚĞƌ ϰͲϲ ŵŽŶƚŚƐ ŽĨ ƐƚŽƌĂŐĞ ƚŚĞ ƌĂĚŝĐĂů ŝŶƚĞŶƐŝƚŝĞƐ ŽĨ ƚŚĞ
ŵĂůƚŬĞƌŶĞůƐŚĂĚƐƚĂďŝůŝǌĞĚĂƚůŽǁĞƌůĞǀĞůƐ͕ǁŚŝĐŚƌĞĨůĞĐƚĂƐƚĞĂĚǇƐƚĂƚĞůĞǀĞůďĞƚǁĞĞŶĨŽƌŵĂƚŝŽŶĂŶĚĚĞĐĂǇ
;&ŝŐƵƌĞϮ͕Ϳ͘ĨƚĞƌϰŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞƐƚƌŽŶŐůŝŶĞĂƌĐŽƌƌĞůĂƚŝŽŶƐǁĞƌĞĨŽƵŶĚďĞƚǁĞĞŶƚŚĞƐƚĂďŝůŝǌĞĚƌĂĚŝĐĂů
ŝŶƚĞŶƐŝƚŝĞƐĂŶĚƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐǁŚĞƌĞĂŚŝŐŚǁĂƚĞƌĂĐƚŝǀŝƚǇƌĞƐƵůƚĞĚŝŶĂůŽǁƌĂĚŝĐĂůĐŽŶƚĞŶƚ;&ŝŐƵƌĞϮ͕
Ϳ͘
aw0.113
aw0.231
aw0.331

(A)

600000

aw0.432
aw0.529

Radical Intensity

aw0.693
aw0.756

500000
400000
300000
200000
100000
0
0

Radical Intensity

600000

2

4

6

8

10

12

Time (months)

(B)

500000
400000

R2=0.95

300000
200000
100000
0
0,0

0,1

0,2

0,3

0,4

Water activity (aw)

0,5

0,6



&ŝŐƵƌĞ Ϯ͗ ;Ϳ ƌĂĚŝĐĂů ŝŶƚĞŶƐŝƚǇ ŽĨ ƉŝůƐŶĞƌ ŵĂůƚ ƐƚŽƌĞĚ ĨŽƌ ϭϮ ŵŽŶƚŚƐ Ăƚ ϮϬ Σ Ăƚ ĚŝĨĨĞƌĞŶƚ ǁĂƚĞƌ ĂĐƚŝǀŝƚŝĞƐ ;ĂǁͿ͘ ;Ϳ ŽƌƌĞůĂƚŝŽŶ
ďĞƚǁĞĞŶƌĂĚŝĐĂůŝŶƚĞŶƐŝƚǇĂŶĚǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨƉŝůƐŶĞƌŵĂůƚƐƚŽƌĞĚĨŽƌϴŵŽŶƚŚƐĂƚĚŝĨĨĞƌĞŶƚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐ͘

^ƚŽƌĂŐĞŽĨƉŝůƐŶĞƌĂŶĚƌŽĂƐƚĞĚŵĂůƚƐ
/ŶĂƐĞƉĂƌĂƚĞƐƚŽƌĂŐĞĞǆƉĞƌŝŵĞŶƚĂƉŝůƐŶĞƌŵĂůƚĂŶĚĂƌŽĂƐƚĞĚŵĂůƚǁĞƌĞƐƚŽƌĞĚĨŽƌϭϮŵŽŶƚŚƐĂƚϭϬΣŽƌ
ϮϬΣĂŶĚĂƚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐŽĨϬ͘ϮϯϭŽƌϬ͘ϰϯϮƌĞƐƵůƚŝŶŐŝŶĨŽƵƌĚŝĨĨĞƌĞŶƚƐƚŽƌĂŐĞĐŽŶĚŝƚŝŽŶƐ͘dŚĞƌŽĂƐƚĞĚ
ŵĂůƚǁĂƐƉƌŽĚƵĐĞĚĨƌŽŵƚŚĞƉŝůƐŶĞƌŵĂůƚďǇŚĞĂƚŝŶŐϭϵϬΣĨŽƌϱϬŵŝŶƌĞƐƵůƚŝŶŐŝŶĂĐŽůŽƌŽĨϭϭϰ͘dŚĞ
ƚǁŽŵĂůƚƐǁĞƌĞƚŚĞƌĞĨŽƌĞŝĚĞŶƚŝĐĂůĞǆĐĞƉƚĨŽƌƚŚĞƌŽĂƐƚŝŶŐ͘/ŶƚŚŝƐǁĂǇĚŝĨĨĞƌĞŶĐĞƐĚƵĞƚŽĚŝĨĨĞƌĞŶƚŐƌŽǁƚŚ͕
ŚĂƌǀĞƐƚŝŶŐ͕ ĂŶĚŵĂůƚŝŶŐ ĐŽŶĚŝƚŝŽŶƐ ǁĞƌĞ ĞůŝŵŝŶĂƚĞĚ͘ dŚĞ ƉŝůƐŶĞƌŵĂůƚǁĂƐ ĨƌĞƐŚůǇ ŬŝůŶĞĚ ĂŶĚ ƚŚĞ ƌŽĂƐƚŝŶŐ
ǁĂƐ ĐĂƌƌŝĞĚ ŽƵƚ ƚŚĞ ĚĂǇ ďĞĨŽƌĞ ŝŶŝƚŝĂƚŝŽŶ ŽĨ ƚŚĞ ƐƚŽƌĂŐĞ ĞǆƉĞƌŝŵĞŶƚ͘ WŝůƐŶĞƌ ŵĂůƚ ŚĂĚ ŝŶŝƚŝĂůůǇ Ă ƌĂĚŝĐĂů
ŝŶƚĞŶƐŝƚǇŽĨϯ͘ϵǆϭϬϱĂŶĚƌŽĂƐƚĞĚŵĂůƚĂƌĂĚŝĐĂůŝŶƚĞŶƐŝƚǇŽĨϭ͘ϵǆϭϬϲ͘dŚĞƌĂĚŝĐĂůƐŝŐŶĂůĨƌŽŵƌŽĂƐƚĞĚŵĂůƚ

ϳ


ǁĂƐĂƉƉƌŽǆŝŵĂƚĞůǇϳƚŝŵĞƐůĂƌŐĞƌƚŚĂŶƚŚĞƐŝŐŶĂůĨƌŽŵƉŝůƐŶĞƌŵĂůƚ͕ĚĞŵŽŶƐƚƌĂƚŝŶŐƚŚĞŚŝŐŚůĞǀĞůŽĨƌĂĚŝĐĂůƐ
ŐĞŶĞƌĂƚĞĚĂŶĚƚƌĂƉƉĞĚĚƵƌŝŶŐƚŚĞƌŽĂƐƚŝŶŐŝŶƚŚĞƌŽĂƐƚĞĚŵĂůƚ;ϭϴͿ;&ŝŐƵƌĞϭͿ͘ĨƚĞƌϭŵŽŶƚŚŽĨƐƚŽƌĂŐĞƚŚĞ
ƌĂĚŝĐĂůĐŽŶƚĞŶƚŽĨƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚǁĂƐůŽǁĞƌĚƵĞƚŽƚŚĞĂĚũƵƐƚŵĞŶƚŽĨǁĂƚĞƌĂĐƚŝǀŝƚǇĐĂƵƐŝŶŐ
ŝŶĐƌĞĂƐĞĚŵŽďŝůŝƚǇĂŶĚƌĂĚŝĐĂůĚĞĐĂǇ;&ŝŐƵƌĞϯͿ͘dŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚƐŝŶďŽƚŚŵĂůƚƐǁĞƌĞĨŽƵŶĚƚŽďĞŚŝŐŚůǇ
ŝŶĨůƵĞŶĐĞĚďǇƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚǇ͕ĂŶĚŵĂůƚƐƐƚŽƌĞĚĂƚƚŚĞůŽǁǁĂƚĞƌĂĐƚŝǀŝƚǇ;Ϭ͘ϮϯϭͿŚĂĚĂƐŝŐŶŝĨŝĐĂŶƚůǇůĂƌŐĞƌ
ƌĂĚŝĐĂů ĐŽŶƚĞŶƚ ĂŶĚ Ă ƐŵĂůůĞƌ ĚĞĐĂǇ ĐŽŵƉĂƌĞĚ ƚŽ ŵĂůƚƐ ƐƚŽƌĞĚ Ăƚ ŚŝŐŚ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ;Ϭ͘ϰϯϮͿ ;&ŝŐƵƌĞ ϯͿ͘
tŚĞŶƚŚĞƐƚŽƌĂŐĞǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨƚŚĞŵĂůƚǁĂƐůŽǁ;Ϭ͘ϮϯϭͿ͕ƚŚĞƌĂĚŝĐĂůŝŶƚĞŶƐŝƚǇǁĂƐŶŽƚŝŶĨůƵĞŶĐĞĚďǇƚŚĞ
ƐƚŽƌĂŐĞƚĞŵƉĞƌĂƚƵƌĞ;ϭϬĂŶĚϮϬΣͿ͘,ŽǁĞǀĞƌ͕ǁŚĞŶƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨƚŚĞŵĂůƚǁĂƐŚŝŐŚ;Ϭ͘ϰϯϮͿ͕ƚŚĞ
ƐƚŽƌĂŐĞƚĞŵƉĞƌĂƚƵƌĞŚĂĚĂƐŝŐŶŝĨŝĐĂŶƚŝŶĨůƵĞŶĐĞŽŶƚŚĞƌĂĚŝĐĂůĨŽƌŵĂƚŝŽŶ͕ĂŶĚƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚ
ƐƚŽƌĞĚ ǁŝƚŚ Ă ŚŝŐŚ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ;Ϭ͘ϰϯϮͿ Ăƚ ϮϬ Σ ŚĂĚ Ă ƐŝŐŶŝĨŝĐĂŶƚůǇ ůĂƌŐĞƌ ƌĂĚŝĐĂů ĚĞĐĂǇ ĐŽŵƉĂƌĞĚ ƚŽ
ƐƚŽƌĂŐĞĂƚϭϬΣ͘dŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚŝŶƚŚĞƌŽĂƐƚĞĚŵĂůƚĐŚĂŶŐĞĚƚŚĞŵŽƐƚĚƵƌŝŶŐƚŚĞϭϮŵŽŶƚŚƐƚŽƌĂŐĞ͕
ĂŶĚƚŚĞŚŝŐŚƐƚŽƌĂŐĞƚĞŵƉĞƌĂƚƵƌĞĂŶĚǁĂƚĞƌĂĐƚŝǀŝƚǇ;ϮϬΣ͕Ϭ͘ϰϯϮͿĐŽŶĚŝƚŝŽŶƐƌĞƐƵůƚĞĚŝŶĂƐŝŐŶŝĨŝĐĂŶƚĚĞĐĂǇ
ŝŶƌĂĚŝĐĂůĐŽŶƚĞŶƚƚŽϲϮйŽĨƚŚĞŝŶŝƚŝĂůůĞǀĞů͘

P1 (0.231, 20C)
P2 (0.432, 20C)
P3 (0.231, 10C)
P4 (0.432, 10C)

Pilsner malt

(A)

4,5x105

Radical Intensity

4,0x105

a
a
b
c

3,5x105
3,0x105
2,5x105
2,0x105
1,5x105
1,0x105
5,0x104
0,0
0
2,5x106

2

4

6

8

Time (months)

10

R1 (0.231, 20C)
R2 (0.432, 20C)
R3 (0.231, 10C)
R4 (0.432, 10C)

Roasted Malt

(B)

12

a
a

Radical Intensity

2,0x106
1,5x106

b
c

1,0x106

5,0x105
0,0

0

2

4

6
8
Time (mounths)

10

12



&ŝŐƵƌĞ ϯ͗ ;Ϳ ƌĂĚŝĐĂů ĐŽŶƚĞŶƚ ŽĨ ƉŝůƐŶĞƌ ŵĂůƚ ƐƚŽƌĞĚ ĨŽƌ ϭϮ ŵŽŶƚŚƐ Ăƚ ϭϬ Σ ĂŶĚ ϮϬ Σ ĂŶĚ Ăƚ Ă ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ;ĂǁͿ ŽĨ Ϭ͘Ϯϯϭ Žƌ
Ϭ͘ϰϮϯͿ͘ ;Ϳ ZĂĚŝĐĂů ŝŶƚĞŶƐŝƚǇ ŽĨ ƌŽĂƐƚĞĚ ŵĂůƚ ƐƚŽƌĞĚ ĨŽƌ ϭϮ ŵŽŶƚŚƐ Ăƚ ϭϬ Σ ĂŶĚ ϮϬ Σ ĂŶĚ Ăƚ Ă ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ;ĂǁͿ ŽĨ Ϭ͘Ϯϯϭ Žƌ
Ϭ͘ϰϮϯͿ͘ ĂĐŚ ǀĂůƵĞ ŝƐ Ă ƌĞƐƵůƚ ŽĨ ĂŶ ĂǀĞƌĂŐĞ ŽĨ ϭϬ ŵĂůƚ ŬĞƌŶĞůƐ ĞĂĐŚ ĐŽƌƌĞĐƚĞĚ ĨŽƌ ƚŚĞŝƌ ǁĞŝŐŚƚ͘ >ĞƚƚĞƌƐ ;Ă͕ď͕Đ͕ĚͿ ŝŶĚŝĐĂƚĞ ƚŚĞ
ƐƚĂƚŝƐƚŝĐĂůĚŝĨĨĞƌĞŶĐĞŽĨƚŚĞĨŽƵƌƚƌĞĂƚŵĞŶƚƐƵƐŝŶŐ͞ŵŽŶƚŚ͟ĂƐĂƌĂŶĚŽŵĞĨĨĞĐƚ;ƉфϬ͘ϬϱͿ͘

ϴ


^ǁĞĞƚǁŽƌƚŵĂĚĞĨƌŽŵƐƚŽƌĞĚŵĂůƚ
^ǁĞĞƚǁŽƌƚƐǁĞƌĞŵĂĚĞĨƌŽŵĨƌĞƐŚ;ϬŵŽŶƚŚƐͿƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚĂƐǁĞůůĂƐŵĂůƚƐƐƚŽƌĞĚĨŽƌϲ
ĂŶĚ ϭϮ ŵŽŶƚŚƐ Ăƚ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ƐƚŽƌĂŐĞ ĐŽŶĚŝƚŝŽŶƐ͘ dŚĞ ƐǁĞĞƚ ǁŽƌƚƐ ǁĞƌĞ ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ ĐŽůŽƌ͕ Ɖ,͕
ĨŝůƚƌĂƚŝŽŶƚŝŵĞ͕ǁŽƌƚĞǆƚƌĂĐƚǇŝĞůĚĂĨƚĞƌϰϱŵŝŶŽĨĨŝůƚƌĂƚŝŽŶ͕ĂŶĚƐƵŐĂƌĐŽŶƚĞŶƚ;ΣƌŝǆͿ;dĂďůĞϭͿ͘
dĂďůĞϭ͗ŽůŽƌ͕ĨŝůƚƌĂƚŝŽŶƚŝŵĞ͕ĞǆƚƌĂĐƚǇŝĞůĚĂĨƚĞƌϰϱŵŝŶŽĨĨŝůƚƌĂƚŝŽŶ͕Ɖ,ĂŶĚƐƵŐĂƌĐŽŶƚĞŶƚ;ΣƌŝǆͿĚĞƚĞƌŵŝŶĞĚŽŶǁŽƌƚƉƌŽĚƵĐĞĚ
ĨƌŽŵƉŝůƐŶĞƌŵĂůƚ;Wϭ͕WϮ͕Wϯ͕WϰͿĂŶĚƌŽĂƐƚĞĚŵĂůƚ;Zϭ͕ZϮ͕Zϯ͕ZϰͿĂĨƚĞƌϬ͕ϲĂŶĚϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞĂƚϭϬΣŽƌϮϬΣĂŶĚĂƚ
ǁĂƚĞƌ ĂĐƚŝǀŝƚŝĞƐ ;ĂǁͿ ŽĨ Ϭ͘Ϯϯϭ Žƌ Ϭ͘ϰϮϯ͘ sĂůƵĞƐ ĂƌĞ ŐŝǀĞŶ ĂƐ ŵĞĂŶƐ ц ƐƚĂŶĚĂƌĚ ĚĞǀŝĂƚŝŽŶ ;ŶсϮͿ͘ >ĞƚƚĞƌƐ ŝŶĚŝĐĂƚĞ ƚŚĞ ƐƚĂƚŝƐƚŝĐĂů
ĚŝĨĨĞƌĞŶĐĞŽĨƐĂŵƉůĞƐǁŝƚŚŝŶƚŚĞƐĂŵĞƐƋƵĂƌĞ͕ĂŶĚƚŚĞůĞǀĞůƐďĞĂƌŝŶŐĚŝĨĨĞƌĞŶƚůĞƚƚĞƌƐĂƌĞƐŝŐŶŝĨŝĐĂŶƚůǇĚŝĨĨĞƌĞŶƚ;ƉфϬ͘ϬϱͿ͘






EĂŵĞ

Ăǁ

dĞŵƉΣ

Ϭ͘Ϯϯϭ

Wϭ

Ϭ͘ϰϯϮ

WϮ

Ϭ͘Ϯϯϭ

Wϯ

ϮϬ
ϭϬ

Ϭ͘ϰϯϮ

ϭϬ

Zϭ

Ϭ͘Ϯϯϭ

ϮϬ

Ϭ͘ϰϯϮ
Ϭ͘Ϯϯϭ

Zϯ

Ϭ͘ϰϯϮ

Zϰ
Ύ

ϮϬ
ϭϬ
ϭϬ

ϲŵ
ϱ͘ϲцϬ͘Ϯ 

ϱ͘ϲц
Ă
Ϭ͘ϭ


Ɖ,
ϭϮŵ

Ă

ϮϬ

Wϰ

ZϮ

ŽůŽƌ;Ϳ
Ϭŵ

Ă

ϱ͘ϰцϬ͘Ϯ 
Ă

ϱ͘ϰцϬ͘ϭ 
Ă

ϱ͘ϯцϬ͘Ϯ 

Ϭŵ

Ă

ϱ͘ϲцϬ͘Ϭ 
Ă

ϲ͘ϬϬцϬ͘Ϭϭ 

ϱ͘ϯцϬ͘Ϯ 

ϲ͘Ϭϭц
ĂďĐ
Ϭ͘Ϭϭ


Ă

ϱ͘ϴцϬ͘ϯ 

ϭϬϰ͘ϱцϱ͘ϭď ϭϬϯ͘ϳцϯ͘ϭď
ď

ď

ϭϭϰ͘ϳц ϭϬϰ͘ϬцϬ͘Ϭ  ϭϬϯ͘ϵцϭ͘ϱ  ϱ͘Ϭϯц
ϲ͘ϵĂ
Ϭ͘ϬϭĂď
ď
ď
ϭϬϰ͘ϰцϭ͘Ϯ  ϭϬϯ͘ϵцϲ͘ϴ 


ď

ď

ϭϬϬ͘ϲцϮ͘Ϯ  ϭϬϰ͘ϰцϭ͘Ϭ 

&ŝůƚƌĂƚŝŽŶdŝŵĞ;ŵŝŶͿ
ϭϮŵ

Đ

ϱ͘ϲцϬ͘ϱ 
Ă

ϲŵ

Đ

ϱ͘ϵϵцϬ͘Ϭϭ 
ďĐ

ϲ͘ϬϮцϬ͘Ϭϭ 

Ϭŵ

Ăď

ϲ͘ϬϲцϬ͘Ϭϳ 
Ăď

ϲ͘ϬϵцϬ͘Ϭϯ 

ϰ͘ϵϳцϬ͘ϬϭĚ

ϱ͘ϬϲцϬ͘ϬϮ 

ϯϰ͘ϱц ϯϵцϭϬ 
Ăď
ϲ͘ϰ 
ϰϲцϭĂď


Ă

ϯϳцϮ 

Ă

ϯϭцϭϯď

ďĐĚ

ϱ͘ϬϬцϬ͘Ϭϯ  ϯϯ͘ϱц
ϭϲ͘Ϯď
ĂďĐ
ϰ͘ϵϵцϬ͘Ϭϭ  ϱ͘ϬϮцϬ͘Ϭϭ 

ďĐĚ

ϰ͘ϵϵцϬ͘Ϭϭ 

Ăď

ϯϰцϭ 

ϲ͘ϭϱцϬ͘ϬϬ 

ĐĚ

ď

ďĐ

ϲ͘ϬϯцϬ͘Ϭϴ 

ϲ͘ϭϬцϬ͘Ϭϭ 

ϰ͘ϵϲцϬ͘Ϭϯ 

ϭϮŵ

ďĐ

Ăď

Ě

ϲŵ

ĂďĐ

ϱ͘ϬϮцϬ͘ϬϮ 

Ăď

ď

ϮϬцϭ 
ď

ϭϲцϮ 
ď

ϭϱцϭ 

ϰϵцϭϯ 
Ăď

ϰϮцϱ 
ϰϴцϵĂď
Ă

ϱϳцϭϲ 
Ύ

zŝĞůĚ;ŵ>Ϳ
Ϭŵ

ď

Ϯϲцϭϲ 
ď

ϭϵцϭ 
ď

ϭϳцϯ 

Σƌŝǆ
ϭϮŵ

Ă

Ϭŵ

ϲŵ

ϭϮŵ

ϭϯ͘ϰϲцϬ͘ϬϬ  ϭϯ͘ϰϲцϬ͘ϬϬĂďĐĚ
ϯϯϱцϭϮ  ϯϭϬцϯϭ 


Ă
Ă
ĂďĐĚ
Ě
ϯϯϮцϴ  ϯϮϮцϯ  ϭϯ͘ϰϲц ϭϯ͘ϰϲцϬ͘ϬϬ  ϭϯ͘ϰϱцϬ͘ϬϬ 
ϯϮϱ͘Ϭц
Ă
Ϭ͘ϬϬ 
Ă
ϴ͘ϱ 
ϯϮϴцϬĂ ϯϭϱцϳĂ
ϭϯ͘ϰϲцϬ͘ϬϬĂď ϭϯ͘ϰϲцϬ͘ϬϬĂďĐ


Ă
Ă
ďĐĚ
ĐĚ

ϯϯϲцϰ  ϯϬϰцϯϯ 
ϭϯ͘ϰϱцϬ͘Ϭϭ  ϭϯ͘ϰϱцϬ͘ϬϬ 

Ă

ϲϵ 

ϲŵ



ϭϵϰ͘ϱц
Ă
Ϯϭ͘ϵ 



ϮϭϱцϰĂ
Ă

ϮϮϴцϭ 
Ă

ϮϮϯцϰ 
Ă

ϮϮϯцϭ 

Ă

Ăď

ď

ϭϯ͘ϯϴцϬ͘ϬϬĂ

ϭϯ͘ϯϵцϬ͘ϬϬ 

Ăď

Ăď

ϭϯ͘ϯϴцϬ͘ϬϬ 

ď

ϭϯ͘ϯϲцϬ͘ϬϮ 

ϭϯ͘ϯϴцϬ͘ϬϬ 

Ăď

ϭϯ͘ϯϳцϬ͘Ϭϭ 

ϭϮϰцϴϲ 
Ă

Ϯϭϵцϵ 
Ă

ϮϮϲцϮ 
Ă

ϮϮϲцϮ 

ϭϯ͘ϯϴц
Ϭ͘ϬϭĂ


ϭϯ͘ϯϳцϬ͘ϬϬ 

ϭϯ͘ϯϳцϬ͘ϬϬ 

Ă

Ăď

ƐŝŶŐůĞĚĞƚĞƌŵŝŶĂƚŝŽŶĂƐĨŝůƚƌĂƚŝŽŶŽĨƚŚĞƐĞĐŽŶĚĚĞƚĞƌŵŝŶĂƚŝŽŶĐĂŵĞƚŽĂĐŽŵƉůĞƚĞƐƚŽƉ͘

&Žƌ ƚŚĞ ƌŽĂƐƚĞĚ ŵĂůƚ ƚŚĞ ǁŽƌƚ ĐŽůŽƌ ǁĂƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ĚĂƌŬĞƌ ĨŽƌ ǁŽƌƚ ƉƌŽĚƵĐĞĚ ĨƌŽŵ ƚŚĞ ĨƌĞƐŚ ŵĂůƚ ĂƐ
ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ĐŽůŽƌ ŽĨ ǁŽƌƚ ƉƌŽĚƵĐĞĚ ĨƌŽŵ ŵĂůƚ ƐƚŽƌĞĚ ĨŽƌ ϲ ŵŽŶƚŚƐ ŝŶĚĞƉĞŶĚĞŶƚ ŽĨ ƚŚĞ ƐƚŽƌĂŐĞ
ƚĞŵƉĞƌĂƚƵƌĞĂŶĚǁĂƚĞƌĂĐƚŝǀŝƚǇ͘dŚĞĐŽůŽƌŽĨƚŚĞǁŽƌƚĚŝĚŶŽƚƐŝŐŶŝĨŝĐĂŶƚůǇĐŚĂŶŐĞƵƉŽŶĨƵƌƚŚĞƌƐƚŽƌĂŐĞŽĨ
ƚŚĞ ŵĂůƚ ;ϭϮ ŵŽŶƚŚƐͿ͘  dŚĞ ĐŽůŽƌ ŽĨ ǁŽƌƚ ŵĂĚĞ ĨƌŽŵ ƉŝůƐŶĞƌ ŵĂůƚ ǁĂƐ ŶŽƚ ĂĨĨĞĐƚĞĚ ďǇ ƐƚŽƌĂŐĞ ƚŝŵĞ ĂŶĚ
ĐŽŶĚŝƚŝŽŶƐ͘dŚĞƉ,ŽĨǁŽƌƚƐǁĂƐĐŽŶƐƚĂŶƚƚŚƌŽƵŐŚŽƵƚƚŚĞĞǆƉĞƌŝŵĞŶƚ͕ĂŶĚŐĞŶĞƌĂůůǇƚŚĞƉ,ŽĨƉŝůƐŶĞƌǁŽƌƚƐ
ǁĂƐ ĂƉƉƌŽǆŝŵĂƚĞůǇ ŽŶĞ ƵŶŝƚ ŚŝŐŚĞƌ ƚŚĂŶ ŽĨ ǁŽƌƚƐ ŵĂĚĞ ĨƌŽŵ ƌŽĂƐƚĞĚ ŵĂůƚ ŝŶ ůŝŶĞ ǁŝƚŚ ƉƌĞǀŝŽƵƐ ĨŝŶĚŝŶŐƐ
;ϲ͕ϭϵͿ͘dŚĞƐƵŐĂƌĐŽŶƚĞŶƚǁĂƐĂůƐŽĐŽŶƐƚĂŶƚƚŚƌŽƵŐŚŽƵƚƚŚĞϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞĨŽƌďŽƚŚƚǇƉĞƐŽĨǁŽƌƚƐ͘
^ƵŐĂƌĐŽŶƚĞŶƚǁĂƐŐĞŶĞƌĂůůǇůŽǁĞƌĨŽƌƚŚĞĚĂƌŬǁŽƌƚƐƚŚĂŶĨŽƌƚŚĞƉŝůƐŶĞƌǁŽƌƚƐ͕ŵŽƐƚůŝŬĞůǇĞǆƉůĂŝŶĞĚďǇ
ŝŶĐƌĞĂƐĞĚĞŶǌǇŵĞŝŶĂĐƚŝǀĂƚŝŽŶĂŶĚƐƚĂƌĐŚĚĞŶĂƚƵƌĂƚŝŽŶĚƵƌŝŶŐƌŽĂƐƚŝŶŐ͘&ŝůƚƌĂƚŝŽŶƚŝŵĞŽĨǁŽƌƚŵĂĚĞĨƌŽŵ
ƉŝůƐŶĞƌŵĂůƚŚĂĚĂƚĞŶĚĞŶĐǇƚŽŝŶĐƌĞĂƐĞĚƵƌŝŶŐŵĂůƚƐƚŽƌĂŐĞǁŚĞƌĞĂƐƚŚĞĨŝůƚƌĂƚŝŽŶƚŝŵĞŽĨǁŽƌƚƐŵĂĚĞĨƌŽŵ
ƌŽĂƐƚĞĚŵĂůƚŚĂĚĂƚĞŶĚĞŶĐǇƚŽĚĞĐƌĞĂƐĞŚŽǁĞǀĞƌ͕ƚŚŝƐǁĂƐŶŽƚƐŝŐŶŝĨŝĐĂŶƚ͘KŶůǇǁŽƌƚŵĂĚĞĨƌŽŵƌŽĂƐƚĞĚ
ŵĂůƚ ƐƚŽƌĞĚ Ăƚ Ă ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ŽĨ Ϭ͘Ϯϯϭ ĂŶĚ Ăƚ ϮϬ Σ ŚĂĚ Ă ƐŝŐŶŝĨŝĐĂŶƚůǇ ŚŝŐŚĞƌ ĨŝůƚƌĂƚŝŽŶ ƚŝŵĞ ĂĨƚĞƌ ϭϮ
ŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞƚŚĂŶĂůůŽƚŚĞƌǁŽƌƚƐ͘ůůƌĞƐƵůƚƐǁĞƌĞďĂƐĞĚŽŶĂĚŽƵďůĞĚĞƚĞƌŵŝŶĂƚŝŽŶ͕ŚŽǁĞǀĞƌƚŚĞŽŶĞ
ĨŝůƚƌĂƚŝŽŶŽĨƚŚĞůĂƚƚĞƌǁŽƌƚƐĐĂŵĞƚŽĂĐŽŵƉůĞƚĞƐƚŽƉĚƵƌŝŶŐĨŝůƚƌĂƚŝŽŶ͕ĂŶĚŝƚƐĨŝůƚƌĂƚŝŽŶƚŝŵĞŝƐƚŚĞƌĞĨŽƌĞŶŽƚ
ŝŶĐůƵĚĞĚŝŶƚŚĞƚĂďůĞ͘dŚĞǀĂƌŝĂƚŝŽŶƐŽĨƚŚĞĨŝůƚƌĂƚŝŽŶƚŝŵĞƐǁĞƌĞƌĞĨůĞĐƚĞĚŝŶƚŚĞĞǆƚƌĂĐƚǇŝĞůĚƐ͕ǁŚŝĐŚƐůŝŐŚƚůǇ
ĚĞĐƌĞĂƐĞĚ ĨŽƌ ƉŝůƐŶĞƌǁŽƌƚ ĂŶĚ ŝŶĐƌĞĂƐĞĚ ĨŽƌ ƌŽĂƐƚĞĚ ǁŽƌƚ ĚƵƌŝŶŐ ƐƚŽƌĂŐĞ ǁŝƚŚƚŚĞ ŽŶůǇ ĞǆĐĞƉƚŝŽŶŽĨƚŚĞ

ϵ


Ăď

ƌŽĂƐƚĞĚŵĂůƚƐƚŽƌĞĚĂƚůŽǁǁĂƚĞƌĂĐƚŝǀŝƚǇ;Ϭ͘ϮϯϭͿĂŶĚϮϬΣǁŚĞƌĞĂůƐŽƚŚĞĞǆƚƌĂĐƚǇŝĞůĚĚĞĐƌĞĂƐĞĚĚƵĞƚŽ
ƚŚĞƐůŽǁĨŝůƚƌĂƚŝŽŶ͘
sŽůĂƚŝůĞƐ
dŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞǁĂƐĚĞƚĞƌŵŝŶĞĚŽŶǁŽƌƚƐƉƌŽĚƵĐĞĚĨƌŽŵƉŝůƐŶĞƌŵĂůƚƐĂŶĚƌŽĂƐƚĞĚŵĂůƚƐƐƚŽƌĞĚĨŽƌϬ͕ϲ
ĂŶĚϭϮŵŽŶƚŚƐĂƚĂůůƐƚŽƌĂŐĞĐŽŶĚŝƚŝŽŶƐ͘^ŝǆƚǇͲŶŝŶĞǀŽůĂƚŝůĞĐŽŵƉŽƵŶĚƐǁĞƌĞŝĚĞŶƚŝĨŝĞĚŝŶƚŚĞǁŽƌƚǀŽůĂƚŝůĞ
ƉƌŽĨŝůĞƐ;dĂďůĞϮͿ͘ƐĞǆƉĞĐƚĞĚƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚŵĂĚĞĨƌŽŵƉŝůƐŶĞƌŵĂůƚǁĂƐǀĞƌǇĚŝĨĨĞƌĞŶƚĨƌŽŵ
ƚŚĞ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞ ŽĨ ǁŽƌƚ ŵĂĚĞ ĨƌŽŵ ƌŽĂƐƚĞĚ ŵĂůƚ͘ &ƵƌƚŚĞƌŵŽƌĞ͕ ƚŚĞ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞ ŽĨ ƌŽĂƐƚĞĚ ŵĂůƚ
ĐŚĂŶŐĞĚŵƵĐŚŵŽƌĞĚƵƌŝŶŐŵĂůƚƐƚŽƌĂŐĞƚŚĂŶƚŚĂƚŽĨƉŝůƐŶĞƌŵĂůƚ;&ŝŐƵƌĞϰͿ͘
dĂďůĞϮ͗sŽůĂƚŝůĞĐŽŵƉŽƵŶĚƐŝĚĞŶƚŝĨŝĞĚŝŶƚŚĞƐǁĞĞƚǁŽƌƚƐ͘dŚĞƚĂƌŐĞƚŝŽŶ;dŐƚͿŝƐƵƐĞĚĨŽƌŝĚĞŶƚŝĨŝĐĂƚŝŽŶĂŶĚƚŚĞŶƵŵďĞƌŽĨĞĂĐŚ
ĐŽŵƉŽƵŶĚĐŽƌƌĞƐƉŽŶĚƐƚŽƚŚĞůŽĐĂƚŝŽŶŝŶƚŚĞůŽĂĚŝŶŐƐƉůŽƚƐ;&ŝŐƵƌĞϰ͕&ŝŐƵƌĞϱͿ͘
EŽ EĂŵĞ
ϭ

dŐƚ/ŽŶ

ϮͲŵĞƚŚǇůƉƌŽƉĂŶĂů

ϳϮ

EŽ EĂŵĞ

dŐƚ/ŽŶ

dŐƚŝŽŶ

ϰϮ

ϰϳ ϭͲ;ϮͲ&ƵƌǇůͿͲϮͲƉƌŽƉĂŶŽŶĞ

ϴϭ
ϭϬϲ

Ϯ

ϮͲWƌŽƉĂŶŽŶĞ

ϱϴ

Ϯϱ ĚŝŚǇĚƌŽͲϮͲŵĞƚŚǇůͲϯ;Ϯ,ͿͲĨƵƌĂŶŽŶĞ

ϰϯ

ϰϴ ďĞŶǌĂůĚĞŚǇĚĞ

ϯ

ϮͲŵĞƚŚǇůĨƵƌĂŶ

ϴϮ

Ϯϲ ŵĞƚŚǇůͲƉǇƌĂǌŝŶĞ͕

ϵϰ

ϰϵ ϮͲĐĞƚŽǆǇŵĞƚŚǇůĨƵƌĂŶ

ϴϭ

ϰ

ϮͲďƵƚĂŶŽŶĞ

ϰϯ

Ϯϳ ϮͲŚĞǆĂŶŽŶĞ

ϰϯ

ϱϬ ϱͲŵĞƚŚǇůͲϮͲĨƵƌĂŶĐĂƌďŽǆĂůĚĞŚǇĚĞ

ϱϯ

ϱ

ϮͲŵĞƚŚǇůďƵƚĂŶĂů

ϱϳ

Ϯϴ ϭͲŚǇĚƌŽǆǇͲϮͲƉƌŽƉĂŶŽŶĞ

ϰϯ

ϱϭ ϮͲďƵƚǇůƉǇƌŝĚŝŶĞ

ϵϰ

ϲ

ϯͲŵĞƚŚǇůďƵƚĂŶĂů

ϱϴ

Ϯϵ Ϯ͕ϱͲĚŝŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϬϴ

ϱϮ ϭͲĞƚŚǇůͲϭ,ͲƉǇƌƌŽůĞͲϮͲĐĂƌďŽǆĂůĚĞŚǇĚĞ

ϭϮϯ

ϳ

Ϯ͕ϱͲĚŝŵĞƚŚǇůĨƵƌĂŶ

ϵϲ

ϯϬ Ϯ͕ϲͲĚŝŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϬϴ

ϱϯ ϱͲŵĞƚŚǇůͲϭ,ͲƉǇƌƌŽůĞͲϮͲĐĂƌďŽǆĂůĚĞŚǇĚĞ

ϭϬϵ

ϴ

ƉĞŶƚĂŶĂů

ϰϰ

ϯϭ ĞƚŚǇůͲƉǇƌĂǌŝŶĞ

ϭϬϳ

ϱϰ ϮͲŵĞƚŚǇůďĞŶǌĂůĚĞŚǇĚĞ

ϵϭ

ϵ

ŚĞǆĂŶĂů

ϱϲ

ϯϮ Ϯ͕ϯͲĚŝŵĞƚŚǇůƉǇƌĂǌŝŶĞ͕

ϭϬϴ

ϱϱ ϮͲŝƐŽĂŵǇůͲϲͲŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϬϴ

ϭϬ ϮͲŵĞƚŚǇůͲϮͲďƵƚĞŶĂů

ϴϰ

ϯϯ ϮͲĞƚŚǇůͲϲͲŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϮϭ

ϱϲ ϮͲŝƐŽƉĞŶƚǇůͲϯͲŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϬϴ

ϭϭ ϮͲŵĞƚŚǇůͲϭͲƉƌŽƉĂŶŽů

ϰϯ

ϯϰ ŶŽŶĂŶĂů

ϱϳ

ϱϳ ƉŚĞŶǇůĂĐĞƚĂůĚĞŚǇĚĞ

ϵϭ

ϭϮ ϱͲ,ǇĚƌŽǆǇͲϮͲŚĞǆĂŶŽŶĞ

ϰϯ

ϯϱ ϮͲĞƚŚǇůͲϱͲŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϮϭ

ϱϴ ϮͲĨƵƌĂŶŵĞƚŚĂŶŽů

ϵϴ

ϭϯ ϰ͕ϱͲĚŝŵĞƚŚǇůŽǆĂǌŽůĞ

ϵϳ

ϯϲ ϮͲĞƚŚǇůͲϯͲŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϮϮ

ϱϵ Ϯ͕ϱͲĚŝŵĞƚŚǇůͲϯͲ;ϯͲŵĞƚŚǇůďƵƚǇůͿƉǇƌĂǌŝŶĞ

ϭϮϮ

ϭϰ ϯͲŚĞƉƚĂŶŽŶĞ

ϱϳ

ϯϳ WƌŽƉǇůƉǇƌĂǌŝŶĞ

ϵϰ

ϲϬ EͲ;ϰͲŚǇĚƌŽǆǇƉŚĞŶǇůͿͲĂĐĞƚĂŵŝĚĞ

ϭϬϵ

ϭϱ ϮͲƉĞŶƚĞŶͲϭͲŽů

ϱϳ

ϯϴ ϯͲĨƵƌĨƵƌĂů

ϵϱ

ϲϭ ϭͲƉŚĞŶǇůͲϮͲƉƌŽƉĂŶŽŶĞ

ϰϯ

ϭϲ ĐǇĐůŽƉĞŶƚĂŶŽŶĞ

ϱϱ

ϯϵ ϱͲŵĞƚŚǇůͲϮ;ϯ,ͿͲ&ƵƌĂŶŽŶĞ

ϱϱ

ϲϮ Ϯ;ϱ,ͿͲĨƵƌĂŶŽŶĞ

ϱϱ

ϭϳ ƉǇƌŝĚŝŶĞ

ϳϵ

ϰϬ ĞƚŚĞŶǇůƉǇƌĂǌŝŶĞ

ϭϬϲ

ϲϯ ϰͲŵĞƚŚǇůͲϮͲƉƌŽƉǇůĨƵƌĂŶ

ϵϱ

ϭϴ ůŝŵŽŶĞŶĞ

ϲϴ

ϰϭ Ϯ͕ϱͲĚŝŵĞƚŚǇůͲϯͲĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϯϱ

ϲϰ ϯͲƉŚĞŶǇůͲĨƵƌĂŶ

ϭϭϱ

ϭϵ ƚƌŝŵĞƚŚǇůŽǆĂǌŽůĞ

ϭϬϭ

ϰϮ ĨƵƌĨƵƌĂů

ϯϴ

ϲϱ ϮͲŵĞƚŚǇůͲϯͲ;ĨƵƌǇůͿƉƌŽƉĞŶĂů

ϳϵ

ϮϬ ƉǇƌĂǌŝŶĞ

ϴϬ

ϰϯ ϮͲĂĐĞƚǇůͲϱͲŵĞƚŚǇůĨƵƌĂŶ

ϭϬϵ

ϲϲ ŵĞƚŚǇůƉŚĞŶǇůƉĞŶƚĞŶĂů

ϭϳϰ

Ϯϭ ϯͲŵĞƚŚǇůƉǇƌŝĚŝŶĞ

ϵϯ

ϰϰ ϱͲŵĞƚŚǇůĨƵƌĨƵƌĂů

ϭϭϬ

ϲϳ ƉŚĞŶŽů

ϵϰ

ϮϮ ϮͲƉĞŶƚǇůĨƵƌĂŶ

ϴϭ

ϰϱ ϮͲŵĞƚŚǇůͲϲͲƉƌŽƉǇůƉǇƌĂǌŝŶĞ

ϭϬϴ

ϲϴ ϱͲŵĞƚŚǇůͲϮͲƉŚĞŶǇůͲϮͲŚĞǆĞŶĂů

ϭϭϳ

Ϯϯ dŚŝĂǌŽůĞ

ϴϱ

ϰϲ ϯ͕ϱͲĚŝĞƚŚǇůͲϮͲŵĞƚŚǇůƉǇƌĂǌŝŶĞ

ϭϰϵ

ϲϵ ϭͲĨƵƌĨƵƌǇůͲϮͲĨŽƌŵǇůƉǇƌƌŽůĞ

ϴϭ



ϭϬ


EŽ EĂŵĞ

Ϯϰ ϭͲƉĞŶƚĂŶŽů


&ŝŐƵƌĞϰ͗;ͿW>^ƐĐŽƌĞƉůŽƚďĂƐĞĚŽŶƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚŵĂĚĞĨƌŽŵƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚƐƚŽƌĞĚĨŽƌϬ͕ϲĂŶĚϭϮ
ŵŽŶƚŚƐ Ăƚ ϭϬ Σ Žƌ ϮϬ Σ Ăƚ Ă ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ;ĂǁͿ ŽĨ Ϭ͘Ϯϯϭ Žƌ Ϭ͘ϰϮϯ ĂŶĚ ;Ϳ ƚŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ůŽĂĚŝŶŐƐ ƉůŽƚ͘  ĂĐŚ ǀŽůĂƚŝůĞ
ĐŽŵƉŽƵŶĚŝƐƌĞƉƌĞƐĞŶƚĞĚďǇĂŶƵŵďĞƌĐŽƌƌĞƐƉŽŶĚŝŶŐƚŽƚŚĂƚŝŶdĂďůĞϮ͘;ŶсϯͿ͘

ŶĂůǇƐŝƐŽĨƚŚĞǁŽƌƚǀŽůĂƚŝůĞƉƌŽĨŝůĞƐǁŝƚŚĂWƉƌŽǀŝĚĞĚĚĞƚĂŝůĞĚŝŶĨŽƌŵĂƚŝŽŶŽŶŚŽǁƚŚĞƉƌŽĨŝůĞƐĐŚĂŶŐĞĚ
ĚƵƌŝŶŐƐƚŽƌĂŐĞ;&ŝŐƵƌĞϱͿ͘dŚĞǁŽƌƚƐŵĂĚĞĨƌŽŵďŽƚŚƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚǁĂƐŵĂŝŶůǇŝŶĨůƵĞŶĐĞĚ
ďǇĂĚĞĐƌĞĂƐĞŽĨǀŽůĂƚŝůĞĐŽŵƉŽƵŶĚƐƚŚĞĨŝƌƐƚϲŵŽŶƚŚƐŽĨŵĂůƚƐƚŽƌĂŐĞĂŶĚďǇĨŽƌŵĂƚŝŽŶŽĨĐŽŵƉŽƵŶĚƐ
ĨƌŽŵ ϲ ƚŽ ϭϮ ŵŽŶƚŚƐ ;ĚĂƚĂ ŶŽƚ ƐŚŽǁŶͿ͘ &ƵƌƚŚĞƌŵŽƌĞ ƚŚĞ ǁŽƌƚ ĂŶĂůǇƐŝƐ ƐŚŽǁĞĚ ƚŚĂƚ ƚŚĞ ŵĂůƚ ƌĞŵĂŝŶĞĚ
ƵŶŝŶĨůƵĞŶĐĞĚ ďǇ ƐƚŽƌĂŐĞ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ǁŝƚŚŝŶ ƚŚĞ ĨŝƌƐƚ ϲ ŵŽŶƚŚƐ ŽĨ ƐƚŽƌĂŐĞ͘ ĨƚĞƌ ϭϮ
ŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞ͕ƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚŵĂĚĞĨƌŽŵďŽƚŚƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚǁĂƐŚŝŐŚůǇ
ŝŶĨůƵĞŶĐĞĚďǇƐƚŽƌĂŐĞƚĞŵƉĞƌĂƚƵƌĞ͘dŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚĨƌŽŵƉŝůƐŶĞƌŵĂůƚƐƚŽƌĞĚĂƚϮϬΣǁĂƐĂůƐŽ
ƐŝŐŶŝĨŝĐĂŶƚůǇŝŶĨůƵĞŶĐĞĚďǇƚŚĞǀĂƌŝĂƚŝŽŶŝŶǁĂƚĞƌĂĐƚŝǀŝƚǇ;&ŝŐƵƌĞϱ͕ϭ͕ϭͿ͘,ŽǁĞǀĞƌ͕ƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨ
ǁŽƌƚƐŵĂĚĞĨƌŽŵƌŽĂƐƚĞĚŵĂůƚǁĂƐƐŝŐŶŝĨŝĐĂŶƚůǇŝŶĨůƵĞŶĐĞĚďǇƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚǇǁŚĞŶƚŚĞŵĂůƚŚĂĚďĞĞŶ
ƐƚŽƌĞĚĂƚďŽƚŚϭϬΣĂŶĚϮϬΣ;&ŝŐƵƌĞϱ͕Ϯ͕ϮͿ͘




ϭϭ





&ŝŐƵƌĞϱ͗;ϭͿWƐĐŽƌĞƉůŽƚďĂƐĞĚŽŶƚŚĞƚŽƚĂůǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚƉƌŽĚƵĐĞĚĨƌŽŵƉŝůƐŶĞƌŵĂůƚƐƚŽƌĞĚĨŽƌϬ͕ϲĂŶĚϭϮŵŽŶƚŚƐ
ĂƚϭϬΣŽƌϮϬΣĂƚĂǁĂƚĞƌĂĐƚŝǀŝƚǇ;ĂǁͿŽĨϬ͘ϮϯϭŽƌϬ͘ϰϮϯĂŶĚ;ϭͿƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐůŽĂĚŝŶŐƐƉůŽƚ͘;ϮͿWƐĐŽƌĞƉůŽƚďĂƐĞĚŽŶ
ƚŚĞƚŽƚĂůǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚƉƌŽĚƵĐĞĚĨƌŽŵƌŽĂƐƚĞĚŵĂůƚƐƚŽƌĞĚĨŽƌϬ͕ϲĂŶĚϭϮŵŽŶƚŚƐĂƚϭϬΣŽƌϮϬΣĂƚĂǁĂƚĞƌĂĐƚŝǀŝƚǇ
;ĂǁͿ ŽĨ Ϭ͘Ϯϯϭ Žƌ Ϭ͘ϰϮϯ  ĂŶĚ ;ϮͿ ƚŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ůŽĂĚŝŶŐƐ ƉůŽƚ͘ ĂĐŚ ǀŽůĂƚŝůĞ ĐŽŵƉŽƵŶĚ ŝƐ ƌĞƉƌĞƐĞŶƚĞĚ ďǇ Ă ŶƵŵďĞƌ
ĐŽƌƌĞƐƉŽŶĚŝŶŐƚŽƚŚĂƚŝŶdĂďůĞϮ͘;ŶсϯͿ͘

^ƚŽƌĂŐĞƚĞŵƉĞƌĂƚƵƌĞŚĂĚĂůĂƌŐĞƌŝŵƉĂĐƚŽŶƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞĚƵƌŝŶŐŵĂůƚƐƚŽƌĂŐĞƚŚĂŶƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚǇ͘
dŽŝůůƵƐƚƌĂƚĞŚŽǁƚĞŵƉĞƌĂƚƵƌĞŝŶĨůƵĞŶĐĞĚƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞĚƵƌŝŶŐƐƚŽƌĂŐĞƚŚĞŝŵƉĂĐƚŽĨǁĂƚĞƌĂĐƚŝǀŝƚǇǁĂƐ
ŶĞŐůĞĐƚĞĚ ĂŶĚ ƚŚĞ ƌĞƐƵůƚƐ ĂǀĞƌĂŐĞĚ ;&ŝŐƵƌĞ ϲ͕ &ŝŐƵƌĞ ϳ͕ &ŝŐƵƌĞ ϴͿ͘ Ɛ ƚŚĞ ƌŽĂƐƚĞĚ ŵĂůƚ ŚĂĚ Ă ŵƵĐŚ ŵŽƌĞ
ŝŶƚĞŶƐĞǀŽůĂƚŝůĞƉƌŽĨŝůĞĐŽŵƉĂƌĞĚƚŽƉŝůƐŶĞƌŵĂůƚ͕ƚŚĞƐĞĐŽŶĚĂƌǇĂǆĞƐĂƌĞŵĂĚĞƉƌŽƉŽƌƚŝŽŶĂůƚŽƚŚĞǀŽůĂƚŝůĞ
ŝŶƚĞŶƐŝƚǇĂŶĚĚŝĨĨĞƌĞŶƚĂǆĞƐŵĂǇĂƉƉĞĂƌĨŽƌƚŚĞƐĂŵĞĐŽŵƉŽƵŶĚŽƌŝŐŝŶĂƚŝŶŐĨƌŽŵƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚ
ŵĂůƚ;&ŝŐƵƌĞϳ͕&ŝŐƵƌĞϴͿ͘ŵĂũŽƌƉĂƌƚŽĨƚŚĞĐŚĂŶŐĞŝŶǀŽůĂƚŝůĞƉƌŽĨŝůĞĚƵƌŝŶŐƐƚŽƌĂŐĞŝƐĞǆƉůĂŝŶĞĚďǇĂůŽƐƐ
ŝŶ ǀŽůĂƚŝůĞ ĐŽŵƉŽƵŶĚƐ ĞǆĞŵƉůŝĨŝĞĚ ĨŽƌ ĨƵƌĂŶŵĞƚŚĂŶŽů ŝŶ ǁŽƌƚ ĨƌŽŵ ƉŝůƐŶĞƌ ŵĂůƚ ;&ŝŐƵƌĞ ϲ͕ Ϳ ĂŶĚ ϯͲ
ŚĞƉƚĂŶŽŶĞ ŝŶ ǁŽƌƚ ĨƌŽŵ ƌŽĂƐƚĞĚ ŵĂůƚ ;&ŝŐƵƌĞ ϲ͕ Ϳ͘ dŚĞ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞ ŽĨ ƉŝůƐŶĞƌ ŵĂůƚ ŝƐ ĨƵƌƚŚĞƌŵŽƌĞ
ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ Ă ůŽƐƐ ŝŶĂůĐŽŚŽůƐ ĂŶĚƚŚĞǀŽůĂƚŝůĞ ƉƌŽĨŝůĞ ŽĨ ƌŽĂƐƚĞĚ ŵĂůƚǁĂƐ ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ Ă ůŽƐƐŽĨ
ƉǇƌĂǌŝŶĞƐĂŶĚŬĞƚŽŶĞƐ͘YƵĂŶƚŝƚĂƚŝǀĞůǇŵŽƌĞǀŽůĂƚŝůĞƐǁĞƌĞůŽƐƚĨŽƌƌŽĂƐƚĞĚŵĂůƚĐŽŵƉĂƌĞĚƚŽƉŝůƐŶĞƌŵĂůƚ
ĂŶĚŐĞŶĞƌĂůůǇŵŽƌĞĐŽŵƉŽƵŶĚƐĂƌĞůŽƐƚĚƵƌŝŶŐƐƚŽƌĂŐĞĂƚϮϬΣĐŽŵƉĂƌĞĚƚŽƐƚŽƌĂŐĞĂƚϭϬΣ;&ŝŐƵƌĞϲͿ͘

ϭϮ


dŚŝƐ ůŽƐƐ ŝůůƵƐƚƌĂƚĞƐ ǁŚĂƚ ŝƐ ůŝŬĞůǇ ƚŽ ďĞ ƚŚĞ ĐĂƐĞ ĨŽƌ Ăůů ǀŽůĂƚŝůĞ ĐŽŵƉŽƵŶĚƐ ŝŶ ƚŚĞ ŵĂůƚ ĚƵƌŝŶŐ ƐƚŽƌĂŐĞ͘
dŚĞƌĞĨŽƌĞ͕ƚŚĞĐŽŵƉŽƵŶĚƐƚŚĂƚĂƌĞĨŽƌŵĞĚĚƵƌŝŶŐƐƚŽƌĂŐĞĂƌĞŵŽƐƚůŝŬĞůǇĂůƐŽƐƵďũĞĐƚƚŽĞǀĂƉŽƌĂƚŝŽŶ͘dŚĞ
ĚĞŐƌĞĞŽĨĞǀĂƉŽƌĂƚŝŽŶŽĨĞĂĐŚǀŽůĂƚŝůĞŝƐĨƵƌƚŚĞƌĐŽŵƉůŝĐĂƚĞĚďǇŝƚƐĂĨĨŝŶŝƚǇƚŽƚŚĞŵĂůƚŵĂƚƌŝǆǁŚŝĐŚŵĂǇ
ĂůƐŽďĞĂĨĨĞĐƚĞĚďǇƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚǇ͘

0,20

Pilsner malt: Furanmethanol
a

Rel. Area

0,15

(A)

a
b,c

b,c

0 months
6 months
12 months

b
c

0,10

0,05

0,00

10 °C
0,03

20 °C

Roasted malt: 3-heptanone
a
a

(B)

Rel. Area

0 months
6 months
12 months

0,02

b

b

b
c

0,01

0,00

10 °C

20 °C



&ŝŐƵƌĞϲ͗;Ϳ&ƵƌĂŶŵĞƚŚĂŶŽůĐŽŶƚĞŶƚŝŶǁŽƌƚŵĂĚĞĨƌŽŵƉŝůƐŶĞƌŵĂůƚĂŶĚ;ͿϯͲŚĞƉƚĂŶŽŶĞĐŽŶƚĞŶƚŝŶǁŽƌƚŵĂĚĞĨƌŽŵƌŽĂƐƚĞĚ
ŵĂůƚĂĨƚĞƌϬ͕ϲĂŶĚϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞ͘dŚĞƌĞůĂƚŝǀĞĂƌĞĂŽĨƚŚĞǀŽůĂƚŝůĞƐŝĚĞŶƚŝĨŝĞĚĂĨƚĞƌƐƚŽƌĂŐĞĂƚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐŽĨϬ͘ϮϯϭĂŶĚ
Ϭ͘ϰϮϯŚĂƐďĞĞŶĂǀĞƌĂŐĞĚ͘ϬŵŽŶƚŚƐ;ŶсϯͿ͕ϲĂŶĚϭϮŵŽŶƚŚƐ;ŶсϲͿ͘>ĞƚƚĞƌƐ;Ă͕ď͕Đ͕ĚͿŝŶĚŝĐĂƚĞƚŚĞƐƚĂƚŝƐƚŝĐĂůĚŝĨĨĞƌĞŶĐĞ;ƉфϬ͘ϬϱͿ͘

/ŶƐƉŝƚĞŽĨƚŚĞƌĞůĂƚŝǀĞůǇůĂƌŐĞĞǀĂƉŽƌĂƚŝŽŶ͕ĐŽŵƉŽƵŶĚƐǁĞƌĞĂůƐŽĨŽƵŶĚƚŽŝŶĐƌĞĂƐĞŝŶĐŽŶĐĞŶƚƌĂƚŝŽŶĚƵƌŝŶŐ
ƐƚŽƌĂŐĞ͘>ŝƉŝĚŽǆŝĚĂƚŝŽŶŽĐĐƵƌƌĞĚ͕ƉĂƌƚŝĐƵůĂƌůǇŝŶƚŚĞƌŽĂƐƚĞĚŵĂůƚ͕ĞǆƉƌĞƐƐĞĚďǇƚŚĞĨŽƌŵĂƚŝŽŶŽĨŶŽŶĂŶĂů͕
ŚĞǆĂŶĂůĂŶĚƉĞŶƚĂŶĂů;&ŝŐƵƌĞϳͿ͘,ĞǆĂŶĂůĂŶĚƉĞŶƚĂŶĂůůĞǀĞůƐǁĞƌĞĨŽƵŶĚƚŽŝŶĐƌĞĂƐĞŽŶůǇŝŶƌŽĂƐƚĞĚŵĂůƚ
ĂŶĚŶŽƚŝŶƉŝůƐŶĞƌŵĂůƚ͘,ŝŐŚƚĞŵƉĞƌĂƚƵƌĞŝƐŬŶŽǁŶ ƚŽŝŶĐƌĞĂƐĞůŝƉŝĚŽǆŝĚĂƚŝŽŶĂŶĚĚĞƐƉŝƚĞƚŚĞŝŶĐƌĞĂƐĞĚ
ĞǀĂƉŽƌĂƚŝŽŶ͕ ĂůƐŽ ĨŽƵŶĚ ŝŶ ƌŽĂƐƚĞĚ ŵĂůƚ͕ ƚŚĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ ŚĞǆĂŶĂů ǁĂƐ ŵŽƌĞ ƚŚĂŶ ĨŽƵƌ ƚŝŵĞƐ ŚŝŐŚĞƌ
ƚŚĂŶŝŶƉŝůƐŶĞƌŵĂůƚĂĨƚĞƌϭϮŵŽŶƚŚƐƐƚŽƌĂŐĞĂƚϮϬΣ͘/ŶƚĞƌĞƐƚŝŶŐůǇ͕ĂƐůŝŐŚƚůǇŚŝŐŚĞƌƋƵĂŶƚŝƚǇŽĨŚĞǆĂŶĂůĂŶĚ
ƉĞŶƚĂŶĂůǁĂƐĚĞƚĞĐƚĞĚŝŶƌŽĂƐƚĞĚŵĂůƚƐƚŽƌĞĚĂƚϮϬΣĂŶĚĂƚƚŚĞůŽǁǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨϬ͘ϮϯϭĐŽŵƉĂƌĞĚƚŽ
Ϭ͘ϰϯϮ͘dŚĞƌĞůĂƚŝǀĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐĨŽƌƉĞŶƚĂŶĂůǁĂƐϬ͘ϬϰϯϮцϬ͘ϬϬϯϬĂƚůŽǁǁĂƚĞƌĂĐƚŝǀŝƚǇĂŶĚϬ͘ϬϮϲϱцϬ͘ϬϬϬϯ
ĂƚŚŝŐŚǁĂƚĞƌĂĐƚŝǀŝƚǇĂŶĚƚŚĞƌĞůĂƚŝǀĞĐŽŶĐĞŶƚƌĂƚŝŽŶĨŽƌŚĞǆĂŶĂůǁĂƐϬ͘ϮϰϰϰцϬ͘ϬϬϳϴĂƚůŽǁǁĂƚĞƌĂĐƚŝǀŝƚǇ
ĂŶĚϬ͘ϭϯϬϳцϬ͘ϬϬϲϯĂƚŚŝŐŚǁĂƚĞƌĂĐƚŝǀŝƚǇ͘EŽŶĂŶĂůĐŽŶĐĞŶƚƌĂƚŝŽŶǁĂƐĨŽƵŶĚƚŽŝŶĐƌĞĂƐĞƐŝŐŶŝĨŝĐĂŶƚůǇŝŶďŽƚŚ
ƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚďƵƚǁĂƐŚŝŐŚĞƐƚŝŶƚŚĞƌŽĂƐƚĞĚŵĂůƚ͘ůƐŽ͕ŵĞƚŚǇůĨƵƌĂŶǁĂƐĨŽƌŵĞĚŝŶďŽƚŚ
ƉŝůƐŶĞƌĂŶĚƌŽĂƐƚĞĚŵĂůƚĐŽŶƚŝŶƵŽƵƐůǇĚƵƌŝŶŐƐƚŽƌĂŐĞĂŶĚŝŶƉŝůƐŶĞƌŵĂůƚĂůƐŽϮͲŵĞƚŚǇůͲϯͲĨƵƌǇůƉƌŽƉĞŶĂůĂŶĚ

ϭϯ


ƉǇƌŝĚŝŶĞǁĞƌĞĨŽƌŵĞĚĂŶĚŝŶƌŽĂƐƚĞĚŵĂůƚĂůƐŽϮ͕ϱͲĚŝŵĞƚŚǇůĨƵƌĂŶ͕ƉƌŽƉĂŶŽŶĞĂŶĚůŝŵŽŶĞŶĞǁĞƌĞĨŽƌŵĞĚ
;ĚĂƚĂŶŽƚƐŚŽǁŶͿ͘

Pilsner malt
0,050

(B)
0,24

0 months
6 months
12 months

0,035

0 months
6 months
12 months
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(C)

0,030
0 months
6 months
12 months

0,025
0,020

0,025
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a

a
b

b

b

0,010

0,16

Rel. area
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0,030

Rel. area
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(A)
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0,015
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0,28

Pentanal
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0,12

b

0,010

0,08

a

b
0,04

a
0,015

a

a

a

a

c

c
c

a

c

0,005

0,005
0,000

0,00

10 °C

0,050

0,040

(F)

0 months
6 months
12 months

a

0,025

a

a

0,015

0,16
0,12

b

b,c

0,08

b,c

0,010

c

b,c

0,04

Rel. area

b,c

Rel. area

c

Nonanal

(E)
0,020

b

0,025

b,c

20 °C

0,030
0 months
6 months
12 months

0,20

a,b

0,030

10 °C

Hexanal

0,24

a

0,035

Rel. area

(D)

0 months
6 months
12 months

20 °C

Roasted malt

0,28

Pentanal

0,045

0,020

0,000

10 °C

20 °C

b

b

0,015

c
0,010

c

0,005

0,005
0,000

0,00

10 °C

20 °C

0,000

10 °C

20 °C

10 °C

20 °C


&ŝŐƵƌĞϳ͗>ŝƉŝĚŽǆŝĚĂƚŝŽŶƉƌŽĚƵĐƚƐŝŶƐǁĞĞƚǁŽƌƚŵĂĚĞĨƌŽŵƉŝůƐŶĞƌŵĂůƚĂŶĚƌŽĂƐƚĞĚŵĂůƚĂĨƚĞƌϬ͕ϲĂŶĚϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞ͘
WĞŶƚĂŶĂů;͕Ϳ͕ŚĞǆĂŶĂů;͕ͿĂŶĚEŽŶĂŶĂů;͕&Ϳ͘dŚĞƌĞůĂƚŝǀĞĂƌĞĂŽĨƚŚĞǀŽůĂƚŝůĞƐŝĚĞŶƚŝĨŝĞĚĂĨƚĞƌƐƚŽƌĂŐĞĂƚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐŽĨ
Ϭ͘ϮϯϭĂŶĚϬ͘ϰϮϯŚĂƐďĞĞŶĂǀĞƌĂŐĞĚ͘ϬŵŽŶƚŚƐ;ŶсϯͿ͕ϲĂŶĚϭϮŵŽŶƚŚƐ;ŶсϲͿ͘>ĞƚƚĞƌƐ;Ă͕ď͕ĐͿŝŶĚŝĐĂƚĞƚŚĞƐƚĂƚŝƐƚŝĐĂůĚŝĨĨĞƌĞŶĐĞ;Ɖф
Ϭ͘ϬϱͿ͘

dŚĞ ^ƚƌĞĐŬĞƌ ĂůĚĞŚǇĚĞƐ ϮͲŵĞƚŚǇůďƵƚĂŶĂů͕ ϯͲŵĞƚŚǇůďƵƚĂŶĂů ĂŶĚ ƉŚĞŶǇůĂĐĞƚĂůĚĞŚǇĚĞ ĂƌĞ Ăůů ĐŽŵƉŽƵŶĚƐ
ĐŚĂƌĂĐƚĞƌŝƐƚŝĐĨŽƌŵĂůƚĨůĂǀŽƵƌ;Ϯ͕ϰͿĂŶĚƚŚĞǇǁĞƌĞƉƌĞƐĞŶƚŝŶƌŽĂƐƚĞĚŵĂůƚŝŶŵƵĐŚůĂƌŐĞƌƋƵĂŶƚŝƚŝĞƐƚŚĂŶŝŶ
ƉŝůƐŶĞƌŵĂůƚ;&ŝŐƵƌĞϴͿ͕ǁŚŝĐŚŝƐŶŽƚƐƵƌƉƌŝƐŝŶŐĚƵĞƚŽƚŚĞDĂŝůůĂƌĚƌĞĂĐƚŝŽŶƐƚĂŬŝŶŐƉůĂĐĞĚƵƌŝŶŐƌŽĂƐƚŝŶŐ͘ϮͲ
ŵĞƚŚǇůďƵƚĂŶĂůĂŶĚϯͲŵĞƚŚǇůďƵƚĂŶĂůƚĞŶĚƚŽĚĞĐƌĞĂƐĞŝŶĐŽŶĐĞŶƚƌĂƚŝŽŶĚƵƌŝŶŐƐƚŽƌĂŐĞƚŚŽƵŐŚƚŚŝƐǁĂƐŽŶůǇ
ƐŝŐŶŝĨŝĐĂŶƚĨŽƌƐƚŽƌĂŐĞĂƚϮϬΣ͕ǁŚĞƌĞƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐŝŶƌŽĂƐƚĞĚŵĂůƚŚĂĚĚĞĐƌĞĂƐĞĚƚŽĂƉƉƌŽǆŝŵĂƚĞůǇ
ŚĂůĨ ŽĨ ŝƚƐ ŽƌŝŐŝŶĂů ĐŽŶƚĞŶƚ ĂĨƚĞƌ ϭϮ ŵŽŶƚŚƐ͘ WŚĞŶǇůĂĐĞƚĂůĚĞŚǇĚĞ ǁĂƐ ĨŽƌŵĞĚ ĚƵƌŝŶŐ ƐƚŽƌĂŐĞ ĂŶĚ ŝƚƐ
ƉƌĞƐĞŶĐĞ ŝŶ ƉŝůƐŶĞƌ ŵĂůƚ ǁĂƐ ŚŝŐŚůǇ ŝŶĨůƵĞŶĐĞĚ ďǇ ƚĞŵƉĞƌĂƚƵƌĞ ǁŚĞƌĞ ďŽƚŚ ĞǀĂƉŽƌĂƚŝŽŶ ĂŶĚ ĨŽƌŵĂƚŝŽŶ
ƚĂŬĞƐ ƉůĂĐĞ͘ /Ŷ ƌŽĂƐƚĞĚ ŵĂůƚ͕ ƐƚŽƌĞĚ ĨŽƌ ϭϮ ŵŽŶƚŚƐ Ăƚ ϭϬ Σ͕ ƚŚĞƌĞ ǁĂƐ Ă ƚĞŶĚĞŶĐǇ ĨŽƌ Ăůů ƚŚƌĞĞ ^ƚƌĞĐŬĞƌ
ĂůĚĞŚǇĚĞƐƚŽďĞƉƌĞƐĞŶƚŝŶƐůŝŐŚƚůǇůĂƌŐĞƌĐŽŶĐĞŶƚƌĂƚŝŽŶƐǁŚĞŶƐƚŽƌĞĚĂƚĂǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨϬ͘ϰϯϮĐŽŵƉĂƌĞĚ
ƚŽϬ͘Ϯϯϭ͘/ƚǁĂƐƌĞĐĞŶƚůǇĨŽƵŶĚƚŚĂƚǁĂƚĞƌƚƌĞĂƚŵĞŶƚŽĨŵĂůƚĂŶĚŽƚŚĞƌĚƌǇƉƌŽĚƵĐƚƐƌĞƐƵůƚĞĚŝŶŝŶĐƌĞĂƐĞĚ
ĨŽƌŵĂƚŝŽŶŽĨƉŚĞŶǇůĂĐĞƚĂůĚĞŚǇĚĞĂŶĚϮͲĂŶĚϯͲŵĞƚŚǇůďƵƚĂŶĂů;ϮϬͿǁŚŝĐŚŵĂǇĞǆƉůĂŝŶƚŚĞŽďƐĞƌǀĂƚŝŽŶƐŝŶ
ƚŚĞĐƵƌƌĞŶƚƐƚƵĚǇ͘

ϭϰ


Pilsner Malt

(A)

0,07

0,07

2-methylbutanal
0 months
6 months
12 months

0,06

a

0,04

a

a,b

a

a
b

0,03

0,04

0,03

0,01

0,01

0,01

0,00

0,00

c
c

c

0,00

20 °C

10 °C

20 °C

10 °C

20 °C

Roasted Malt

(D)

(E)

2-methylbutanal

0,18

3-methylbutanal

3,0

(F)

phenylacetaldehyde

0 months
6 months
12 months

0,16

0 months
6 months
12 months

a

0 months
6 months
12 months

0,03

0,02

a

b

a,b

0,04

0,02

2,5

a

0,05

0,02

3,0

(C)

phenylacetaldehyde

0,06

c

0,05

a

10 °C

0 months
6 months
12 months

2,5

a

0,14

a

a

a
a

0,12

2,0

b

1,5

a,b
b

1,0

Rel. area

2,0

Rel. area

Rel. area

a,b,c
b,a

0,07

0 months
6 months
12 months

Rel. area

a

0,06

Rel. area

Rel. area

0,05

(B)

3-methylbutanal
a,b,c

1,5

a
0,5

0,0

0,0

0,08

b

b

0,06

1,0

0,5

0,10

a,b

a
b,c

c

0,04

c
0,02

10 °C

20 °C

0,00

10 °C

20 °C

10 °C

20 °C



&ŝŐƵƌĞ ϴ͗ ^ƚƌĞĐŬĞƌ ĂůĚĞŚǇĚĞƐ ŝŶ ƐǁĞĞƚ ǁŽƌƚ ŵĂĚĞ ĨƌŽŵ ƉŝůƐŶĞƌ ŵĂůƚ ĂŶĚ ƌŽĂƐƚĞĚ ŵĂůƚ ĂĨƚĞƌ Ϭ͕ ϲ ĂŶĚ ϭϮ ŵŽŶƚŚƐ ŽĨ ƐƚŽƌĂŐĞ͘ ϮͲ
ŵĞƚŚǇůďƵƚĂŶĂů ;͕Ϳ͕ ϯͲŵĞƚŚǇů ďƵƚĂŶĂů ;͕Ϳ ĂŶĚ ƉŚĞŶǇůĂĐĞƚĂůĚĞŚǇĚĞ ;͕&Ϳ͘ dŚĞ ƌĞůĂƚŝǀĞ ĂƌĞĂ ŽĨ ƚŚĞ ǀŽůĂƚŝůĞƐ ŝĚĞŶƚŝĨŝĞĚ ĂĨƚĞƌ
ƐƚŽƌĂŐĞĂƚǁĂƚĞƌĂĐƚŝǀŝƚŝĞƐŽĨϬ͘ϮϯϭĂŶĚϬ͘ϰϮϯŚĂƐďĞĞŶĂǀĞƌĂŐĞĚ͘ϬŵŽŶƚŚƐ;ŶсϯͿ͕ϲĂŶĚϭϮŵŽŶƚŚƐ;ŶсϲͿ͘>ĞƚƚĞƌƐ;Ă͕ď͕ĐͿŝŶĚŝĐĂƚĞ
ƚŚĞƐƚĂƚŝƐƚŝĐĂůĚŝĨĨĞƌĞŶĐĞ;ƉфϬ͘ϬϱͿ͘

ŝƐĐƵƐƐŝŽŶ
dŚĞ ƐƵŐĂƌ ĐŽŶƚĞŶƚ ŝŶ ƚŚĞ ƐǁĞĞƚ ǁŽƌƚ ǁĂƐ ĐŽŶƐƚĂŶƚ ƚŚƌŽƵŐŚŽƵƚ ŵĂůƚ ƐƚŽƌĂŐĞ ƐŚŽǁŝŶŐ ƚŚĂƚ ƚŚĞ ŵĂũŽƌ
ĐŽŵƉŽŶĞŶƚƐŝŶƚŚĞŵĂůƚĂŶĚƚŚĞƐƚĂƌĐŚĚĞŐƌĂĚŝŶŐĞŶǌǇŵĂƚŝĐĂĐƚŝǀŝƚǇǁĞƌĞŝŶƚĂĐƚ͘,ŽǁĞǀĞƌ͕ƚŚĞŵŽďŝůŝƚǇŽĨ
ĐŽŵƉŽŶĞŶƚƐŝŶƚŚĞŵĂůƚĚĞƉĞŶĚĞĚŽŶƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚǇĂŶĚƚĞŵƉĞƌĂƚƵƌĞĚƵƌŝŶŐƚŚĞƐƚŽƌĂŐĞƌĞƐƵůƚŝŶŐŝŶ
ǁŽƌƚƐĂŵƉůĞƐ͕ǁŚĞƌĞƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞƐĂŶĚĨŝůƚƌĂƚŝŽŶƌĂƚĞƐĐŚĂŶŐĞĚĚƵƌŝŶŐƚŚĞƐƚŽƌĂŐĞŽĨƚŚĞŵĂůƚ͘
dŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚŝŶƉŝůƐŶĞƌŵĂůƚǁĂƐŚŝŐŚůǇĐŽƌƌĞůĂƚĞĚǁŝƚŚǁĂƚĞƌĂĐƚŝǀŝƚǇ;ZϮсϬ͘ϵϱͿŝŶĚŝĐĂƚŝŶŐƚŚĂƚǁĂƚĞƌ
ĂĐƚŝǀŝƚǇŝƐĂŶŝŵƉŽƌƚĂŶƚĨĂĐƚŽƌĨŽƌƌĂĚŝĐĂůĚĞĐĂǇĂŶĚƌĂĚŝĐĂůƌĞĂĐƚŝǀŝƚǇŝŶŵĂůƚ͘dŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚŽĨŽƚŚĞƌ
ĚƌŝĞĚ ƉƌŽĚƵĐƚƐ ŚĂǀĞ ĂůƐŽ ďĞĞŶ ĨŽƵŶĚ ƚŽ ďĞ ŝŶĨůƵĞŶĐĞĚ ďǇ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ĂůƚŚŽƵŐŚ ǁŝƚŚ ůĞƐƐ ůŝŶĞĂƌ
ĐŽƌƌĞůĂƚŝŽŶƐ;ϵ͕ϮϭͿ͘dŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚƐŽďƐĞƌǀĞĚĚƵƌŝŶŐƚŚĞƐƚŽƌĂŐĞĞǆƉĞƌŝŵĞŶƚǁŝƚŚďŽƚŚƉŝůƐŶĞƌŵĂůƚĂŶĚ
ƌŽĂƐƚĞĚŵĂůƚǁĂƐĂůƐŽŝŶĨůƵĞŶĐĞĚďǇǁĂƚĞƌĂĐƚŝǀŝƚǇ͘ƚƚŚĞŚŝŐŚǁĂƚĞƌĂĐƚŝǀŝƚǇ;Ϭ͘ϰϯϮͿƚŚĞƐƚŽƌĂŐĞĂƚŚŝŐŚ
ƚĞŵƉĞƌĂƚƵƌĞ ;ϮϬ ΣͿ ĨƵƌƚŚĞƌ ĂĨĨĞĐƚĞĚ ƚŚĞ ƌĂĚŝĐĂů ĚĞĐĂǇ͕ ǁŚĞƌĞĂƐ Ăƚ ůŽǁ ƚŚĞ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ;Ϭ͘ϮϯϭͿ ƚŚĞ
ǀĂƌŝĂƚŝŽŶ ŝŶ ƐƚŽƌĂŐĞ ƚĞŵƉĞƌĂƚƵƌĞ ĚŝĚ ŶŽƚ ŝŶĨůƵĞŶĐĞ ƚŚĞ ƌĂĚŝĐĂů ĐŽŶƚĞŶƚ ƐŝŐŶŝĨŝĐĂŶƚůǇ͘ ZĂĚŝĐĂů ĐŽŶƚĞŶƚ ŝŶ
ƌŽĂƐƚĞĚŵĂůƚǁĂƐĂƉƉƌŽǆŝŵĂƚĞůǇϳƚŝŵĞƐůĂƌŐĞƌƚŚĂŶƚŚĞƌĂĚŝĐĂůĐŽŶƚĞŶƚŝŶƉŝůƐŶĞƌŵĂůƚ͕ĂŶĚĂůƐŽƚŚĞƌĂĚŝĐĂů
ĚĞĐĂǇǁĂƐůĂƌŐĞƌĨŽƌƌŽĂƐƚĞĚŵĂůƚ͘dŚĞƐĞƌĞƐƵůƚƐǁĞƌĞƌĞĨůĞĐƚĞĚŝŶƚŚĞǀŽůĂƚŝůĞĂŶĂůǇƐŝƐ͕ĂƐƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞ
ŽĨǁŽƌƚŵĂĚĞĨƌŽŵƌŽĂƐƚĞĚŵĂůƚĐŚĂŶŐĞĚŵŽƌĞĚƵƌŝŶŐƐƚŽƌĂŐĞƚŚĂŶƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨǁŽƌƚŵĂĚĞĨƌŽŵ
ƉŝůƐŶĞƌ ŵĂůƚ͘ &ƵƌƚŚĞƌŵŽƌĞ͕ ƚŚĞ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞƐ ŽĨ ďŽƚŚ ƚǇƉĞƐ ŽĨ ǁŽƌƚ ǁĞƌĞ ŚŝŐŚůǇ ŝŶĨůƵĞŶĐĞĚ ďǇ

ϭϱ


ƚĞŵƉĞƌĂƚƵƌĞ͕ĂŶĚƚŚƵƐĐŽƌƌĞůĂƚŝŶŐǁŝƚŚƚŚĞůĂƌŐĞƌƌĂĚŝĐĂůĚĞĐĂǇĚĞƚĞĐƚĞĚĂƚϮϬΣĂŶĚŚŝŐŚǁĂƚĞƌĂĐƚŝǀŝƚǇ
;Ϭ͘ϰϯϮͿ͘&ŽƌƚŚĞƌŽĂƐƚĞĚŵĂůƚƚŚĞƐƚŽƌĂŐĞǁĂƚĞƌĂĐƚŝǀŝƚǇŚĂĚĂƐŝŐŶŝĨŝĐĂŶƚŝŶĨůƵĞŶĐĞŽŶƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨ
ƚŚĞǁŽƌƚĂƚďŽƚŚŚŝŐŚ;ϮϬΣͿĂŶĚůŽǁ;ϭϬΣͿƐƚŽƌĂŐĞƚĞŵƉĞƌĂƚƵƌĞƐĂĨƚĞƌϭϮŵŽŶƚŚƐŽĨƐƚŽƌĂŐĞ͘&ŽƌƉŝůƐŶĞƌ
ŵĂůƚ ƚŚĞ ŝŶĨůƵĞŶĐĞŽĨ ƐƚŽƌĂŐĞ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ǁĂƐŽŶůǇ ƐŝŐŶŝĨŝĐĂŶƚ ĨŽƌ ƐƚŽƌĂŐĞ Ăƚ ŚŝŐŚ ƚĞŵƉĞƌĂƚƵƌĞ ;ϮϬ ΣͿ͘
^ŽŵĞ ŽĨ ƚŚĞ ĐŚĂŶŐĞƐ ŝŶ ƚŚĞ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞƐ ŽĨ ƚŚĞ ŵĂůƚƐ ǁĞƌĞ ĐĂƵƐĞĚ ďǇ ĞǀĂƉŽƌĂƚŝŽŶ͕ ǁŚŝĐŚ ĂƌĞ
ŝŶĚĞƉĞŶĚĞŶƚŽĨŽǆŝĚĂƚŝǀĞƌĞĂĐƚŝŽŶƐ͘,ŽǁĞǀĞƌ͕ƚŚĞŽǆŝĚĂƚŝǀĞĐŚĂŶŐĞƐĚĞƚĞĐƚĞĚďǇ^ZǁĞƌĞůĂƌŐĞĞŶŽƵŐŚƚŽ
ƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŵƉĂĐƚ ƚŚĞ ĨŽƌŵĂƚŝŽŶ ŽĨ ǀŽůĂƚŝůĞƐ ĚĞƚĞĐƚĞĚ͘ dŚĞƐĞ ƌĞƐƵůƚƐ ƐŚŽǁ ƚŚĂƚ ƚĞŵƉĞƌĂƚƵƌĞ ŝƐ ǀĞƌǇ
ŝŵƉŽƌƚĂŶƚĨŽƌďŽƚŚƚŚĞƌĂƚĞŽĨŽǆŝĚĂƚŝǀĞƌĞĂĐƚŝŽŶƐĂŶĚĞǀĂƉŽƌĂƚŝŽŶŽĨǀŽůĂƚŝůĞƐĂŶĚƚŚĂƚůŽǁǁĂƚĞƌĂĐƚŝǀŝƚǇ
;Ϭ͘ϮϯϭͿŝƐĂůŝŵŝƚŝŶŐĨĂĐƚŽƌĨŽƌŽǆŝĚĂƚŝǀĞƌĞĂĐƚŝŽŶƐ͘
ĞƚĂŝůĞĚ ƐƚƵĚŝĞƐ ŽĨ ƚŚĞ ǀŽůĂƚŝůĞ ĐŽŵƉŽƵŶĚƐ ƐŚŽǁĞĚ ƚŚĂƚ ƚŚĞ ƌĂĚŝĐĂů ĚĞĐĂǇ ǁĂƐ ŚŝŐŚůǇ ĐŽƌƌĞůĂƚĞĚ ƚŽ ƚŚĞ
ŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚǇŽĨƚŚĞŵĂůƚŝŶƚĞƌŵƐŽĨĚĞǀĞůŽƉŵĞŶƚŽĨŵŽƌĞůŝƉŝĚŽǆŝĚĂƚŝŽŶͲĚĞƌŝǀĞĚĐŽŵƉŽƵŶĚƐƐƵĐŚĂƐ
ŶŽŶĂŶĂů͕ŚĞǆĂŶĂů͕ĂŶĚƉĞŶƚĂŶĂů͘>ŝƉŝĚŽǆŝĚĂƚŝŽŶŝƐŬŶŽǁŶƚŽďĞŽŶĞŽĨƚŚĞŵĂŝŶĐŽŶƚƌŝďƵƚŽƌƐƚŽŽĨĨͲĨůĂǀŽƵƌƐ
ŝŶďĞĞƌ;ϭͿ͘/ŶƚŚĞĐƵƌƌĞŶƚƐƚƵĚǇ͕ĨŽƌŵĂƚŝŽŶŽĨƐĞĐŽŶĚĂƌǇŽǆŝĚĂƚŝŽŶƉƌŽĚƵĐƚƐĐĂƵƐĞĚďǇůŝƉŝĚŽǆŝĚĂƚŝŽŶǁĂƐ
ŶŽƚ ƐŝŐŶŝĨŝĐĂŶƚ ƵŶƚŝů ĂĨƚĞƌ ϭϮ ŵŽŶƚŚƐ ŽĨ ƐƚŽƌĂŐĞ ;&ŝŐƵƌĞ ϳͿ͘ ,ĞǆĂŶĂů ĂŶĚ ƉĞŶƚĂŶĂů ĂƌĞ ďŽƚŚ ĨŽƌŵĞĚ ĨƌŽŵ
ŽǆŝĚĂƚŝŽŶŽĨůŝŶŽůĞŝĐĂĐŝĚĂŶĚŶŽŶĂŶĂůŝƐĨŽƌŵĞĚĨƌŽŵŽǆŝĚĂƚŝŽŶŽĨŽůĞŝĐĂĐŝĚ;ϮϮͿ͘>ŝŶŽůĞŝĐĂĐŝĚŝƐƚŚĞŵŽƐƚ
ĂďƵŶĚĂŶƚĨĂƚƚǇĂĐŝĚŝŶŵĂůƚŵĂŬŝŶŐƵƉĨŽƌĂƉƉƌŽǆŝŵĂƚĞůǇϲϬйŽĨƚŚĞƚŽƚĂůůŝƉŝĚĐŽŶƚĞŶƚĨŽůůŽǁĞĚďǇŽůĞŝĐ
ĂĐŝĚŵĂŬŝŶŐƵƉĨŽƌĂƉƉƌŽǆŝŵĂƚĞůǇϭϭйĚĞƉĞŶĚŝŶŐŽŶƚŚĞďĂƌůĞǇǀĂƌŝĞƚǇ;ϮϯͿ͘dŚĞĐƵƌƌĞŶƚƐƚƵĚǇƐŚŽǁƐƚŚĂƚ
ƉĞŶƚĂŶĂů͕ ŶŽŶĂŶĂů ĂŶĚ ŚĞǆĂŶĂů ŝŶ ƚŚĞ ǁŽƌƚ ŝƐ ůŝŶŬĞĚ ƚŽ ƚŚĞ ƌŽĂƐƚŝŶŐ ŽĨ ƚŚĞ ŵĂůƚ ĂŶĚ ŝŶĐƌĞĂƐĞƐ ŝŶ
ĐŽŶĐĞŶƚƌĂƚŝŽŶĚƵƌŝŶŐƚŚĞƐƚŽƌĂŐĞŽĨƚŚĞŵĂůƚ;&ŝŐƵƌĞϳͿ͘>ŝƉŝĚŽǆŝĚĂƚŝŽŶŵĂǇďĞĐĂƵƐĞĚďǇĂĐŽŵďŝŶĂƚŝŽŶŽĨ
ƌĂĚŝĐĂů ŝŶĚƵĐĞĚ ŽǆŝĚĂƚŝŽŶĂŶĚ ůŝƉŽǆǇŐĞŶĂƐĞ;>KyͿ ŝŶĚƵĐĞĚ ŽǆŝĚĂƚŝŽŶ͕ ĂŶĚ ƚŚĞŶĂƚƵƌĂů ƐƵďƐƚƌĂƚĞ ĨŽƌ >Ky ŝƐ
ůŝŶŽůĞŝĐĂĐŝĚ;ϳͿ͘dŚĞĐŽŶƚĞŶƚŽĨ>KyŚĂƐďĞĞŶĨŽƵŶĚƚŽĚĞĐƌĞĂƐĞŝŶĂĐƚŝǀŝƚǇĚƵƌŝŶŐŵĂůƚƐƚŽƌĂŐĞ;ϳͿ͕ŚŽǁĞǀĞƌ
ŝŶƚŚĞĐƵƌƌĞŶƚƐƚƵĚǇůŝƉŝĚŽǆŝĚĂƚŝŽŶƉƌŽĚƵĐƚƐĐŽŶƚŝŶƵĞĚƚŽŝŶĐƌĞĂƐĞŝŶƚŚĞǁŽƌƚŝŶĚŝĐĂƚŝŶŐƚŚĂƚƚŚĞŵĂŝŶƉĂƌƚ
ŽĨ ƚŚĞ ůŝƉŝĚ ŽǆŝĚĂƚŝŽŶ ŝƐ ƌĂĚŝĐĂů ŝŶĚƵĐĞĚ͘ >ŝƉŝĚ ŽǆŝĚĂƚŝŽŶ ďĞĐĂŵĞ ŵŽƌĞ ƉƌŽŶŽƵŶĐĞĚ ŝŶ ƚŚĞ ǁŽƌƚƐ ĚƵƌŝŶŐ
ƐƚŽƌĂŐĞŽĨƚŚĞŵĂůƚƐĂƚϮϬΣĐŽŵƉĂƌĞĚƚŽϭϬΣŝŶĂĐĐŽƌĚĂŶĐĞǁŝƚŚĞǆŝƐƚŝŶŐŬŶŽǁůĞĚŐĞ;ϮϰͿ͘ŶŝŶƚĞƌĞƐƚŝŶŐ
ŽďƐĞƌǀĂƚŝŽŶǁĂƐƚŚĂƚĂƐůŝŐŚƚůǇŚŝŐŚĞƌƋƵĂŶƚŝƚǇŽĨŚĞǆĂŶĂůĂŶĚƉĞŶƚĂŶĂůǁĂƐĚĞƚĞĐƚĞĚŝŶǁŽƌƚĨƌŽŵƌŽĂƐƚĞĚ
ŵĂůƚƐƚŽƌĞĚĂƚƚŚĞůŽǁǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨϬ͘ϮϯϭĐŽŵƉĂƌĞĚƚŽϬ͘ϰϯϮĂƚϮϬΣ͘ ƐŵĞŶƚŝŽŶĞĚƉƌĞǀŝŽƵƐůǇƚŚŝƐ
ĐŽƵůĚ ďĞ ĐĂƵƐĞĚ ďǇ ŝŶĐƌĞĂƐĞĚ ĂĨĨŝŶŝƚǇ ƚŽǁĂƌĚƐ ƚŚĞ ŵĂůƚ ŵĂƚƌŝǆ Ăƚ ƚŚĞ ůŽǁĞƌ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ƌĞƐƵůƚŝŶŐ ŝŶ
ĚĞĐƌĞĂƐĞĚĞǀĂƉŽƌĂƚŝŽŶ͕ŚŽǁĞǀĞƌ͕ƚŚĞƌĞĂĐƚŝŽŶƌĂƚĞŵĂǇĂůƐŽďĞŝŶĨůƵĞŶĐĞĚďǇƚŚĞǁĂƚĞƌĂĐƚŝǀŝƚǇ͘/ŶĂƌĞĐĞŶƚ
ƐƚƵĚǇŽĂƚŵĞĂů͕ƉĞĂŶƵƚƐĂŶĚƉŽƌŬƐĐƌĂƚĐŚŝŶŐƐǁĞƌĞĨŽƵŶĚƚŽŚĂǀĞƐŝŐŶŝĨŝĐĂŶƚůǇŝŶĐƌĞĂƐĞĚŚĞǆĂŶĂůĨŽƌŵĂƚŝŽŶ
ĂƚĂǁĂƚĞƌĂĐƚŝǀŝƚǇŽĨϬ͘ϮϯϭĐŽŵƉĂƌĞĚƚŽϬ͘ϰϯϮ;ϵͿ͘ƐŝŵŝůĂƌƚĞŶĚĞŶĐǇǁĂƐĨŽƵŶĚĨŽƌŽǆŝĚĂƚŝŽŶŽĨĨůĂǆƐĞĞĚ
ŽŝůǁŚĞƌĞŚŝŐŚŽǆŝĚĂƚŝŽŶƌĂƚĞƐǁĞƌĞĨŽƵŶĚĂƚďŽƚŚůŽǁĂŶĚŚŝŐŚŚƵŵŝĚŝƚǇĐŽŶĚŝƚŝŽŶƐ;ϮϱͿ͘

ϭϲ


dŚĞ ĨĂĐƚ ƚŚĂƚ Ă ůĂƌŐĞ ŶƵŵďĞƌ ŽĨ ĐŽŵƉŽƵŶĚƐ͕ ŝŶĐůƵĚŝŶŐ ĐŽůŽƵƌĞĚ DĂŝůůĂƌĚ ƌĞĂĐƚŝŽŶ ĐŽŵƉŽƵŶĚƐ͕ ǁĞƌĞ ůŽƐƚ
ĚƵƌŝŶŐ ƚŚĞ ĨŝƌƐƚ ϲ ŵŽŶƚŚƐŽĨ ƐƚŽƌĂŐĞ ĐŽƌƌĞůĂƚĞĚǁŝƚŚ ƚŚĞ ĚĞĐƌĞĂƐĞ ŝŶ ǁŽƌƚĐŽůŽƌ ;dĂďůĞ ϭͿ͘ ^ŝŵŝůĂƌ ƚŽ ƚŚŝƐ͕
&ŽƌƐƚĞƌ Ğƚ Ăů͘ ;ϮͿ ĂůƐŽ ĨŽƵŶĚ Ă ĐŽƌƌĞůĂƚŝŽŶ ďĞƚǁĞĞŶ ĐŽůŽƵƌ ĂŶĚ ĨŽƌŵĂƚŝŽŶ ŽĨ ^ƚƌĞĐŬĞƌ ĂůĚĞŚǇĚĞƐ ĂŶĚ EͲ
ŚĞƚĞƌŽĐǇĐůĞƐǁŚŝĐŚǁĞƌĞĨŽƵŶĚƚŽŝŶŝƚŝĂůůǇŝŶĐƌĞĂƐĞǁŚĞƌĞĂĨƚĞƌƚŚĞǇĚĞĐƌĞĂƐĞĚƚŽĐŽŶĐĞŶƚƌĂƚŝŽŶƐďĞůŽǁƚŚĞ
ŝŶŝƚŝĂůĐŽŶƚĞŶƚ͘/ŶĂƌĞĐĞŶƚƐƚƵĚǇŽĨƐǁĞĞƚǁŽƌƚŵĂĚĞĨƌŽŵŵĂůƚǁŝƚŚĐŽůŽƵƌƐǀĂƌǇŝŶŐĨƌŽŵϴƚŽϭϬϬŝƚ
ǁĂƐĨŽƵŶĚƚŚĂƚŵĂůƚƌŽĂƐƚĞĚƚŽĂůĞǀĞůĂďŽǀĞϯϯŚĂĚĂůĂƌŐĞǀŽůĂƚŝůĞůŽƐƐǁŚĞŶŚĞĂƚĞĚƚŽϰϬΣĨŽƌϭϬ
ŚŽƵƌƐ ;ϲͿ͘ dŚŝƐ ĂŶĚ ƚŚĞ ĐƵƌƌĞŶƚ ƐƚƵĚǇ ƵŶĚĞƌůŝŶĞƐ ƚŚĞ ĨĂĐƚ ƚŚĂƚ ŵĂůƚ ƌŽĂƐƚŝŶŐ ŚĂƐ Ă ŶĞŐĂƚŝǀĞ ĞĨĨĞĐƚ ŽŶ ƚŚĞ
ŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚǇŽĨďĞĞƌĐĂƵƐĞĚďǇŝŶĐƌĞĂƐĞĚƌĂĚŝĐĂůĨŽƌŵĂƚŝŽŶ͕ŝŶĐƌĞĂƐĞĚůŝƉŝĚŽǆŝĚĂƚŝŽŶĂŶĚĂŐƌĞĂƚĞƌůŽƐƐ
ŽĨǀŽůĂƚŝůĞƐĚƵƌŝŶŐŵĂůƚƐƚŽƌĂŐĞĂƐǁĞůůĂƐŝŶƚŚĞŝŶŝƚŝĂůƐƚĂŐĞƐŽĨďƌĞǁŝŶŐ͘dŚŝƐŝƐŝŶĂŐƌĞĞŵĞŶƚǁŝƚŚŽƚŚĞƌ
ƐƚƵĚŝĞƐ ŚĂǀŝŶŐ ŝĚĞŶƚŝĨŝĞĚ Ă ĚĞĐƌĞĂƐĞ ŝŶ ŽǆŝĚĂƚŝǀĞ ƐƚĂďŝůŝƚǇ ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ďĞĞƌ ĐŽůŽƵƌ ďĂƐĞĚ ŽŶ ^Z ůĂŐ
ƉŚĂƐĞŵĞĂƐƵƌĞŵĞŶƚƐ;ϭϬ͕ϮϲͿ͘dŚŝƐƐƵŐŐĞƐƚƐƚŚĞŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚǇŽĨƌŽĂƐƚĞĚŵĂůƚƐĐĂŶďĞĐŽƌƌĞůĂƚĞĚƚŽƚŚĞ
ŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚǇŽĨƚŚĞƌĞƐƵůƚŝŶŐďĞĞƌƐ͘
dŚĞ ĐŚĂŶŐĞƐ ŽĐĐƵƌƌŝŶŐ ĚƵƌŝŶŐ ŵĂůƚ ƐƚŽƌĂŐĞ ǁĞƌĞ ĨŽƵŶĚ ƚŽ ďĞ ĐĂƵƐĞĚ ďǇ Ă ĐŽŵďŝŶĂƚŝŽŶ ŽĨ ϭͿ ĐŽŵƉŽƵŶĚ
ĨŽƌŵĂƚŝŽŶƚŚƌŽƵŐŚŽǆŝĚĂƚŝǀĞƉƌŽĐĞƐƐĞƐĂŶĚϮͿůŽƐƐŽĨǀŽůĂƚŝůĞƐƚŚƌŽƵŐŚĞǀĂƉŽƌĂƚŝŽŶ͘dŚĞǀŽůĂƚŝůĞŝŶƚĞŶƐŝƚŝĞƐ
ĂƐ ǁĞůů ĂƐ ƚŚĞ ĐŚĂŶŐĞƐ ŝŶ ǀŽůĂƚŝůĞ ƉƌŽĨŝůĞ ŽĨ ǁŽƌƚƐ ǁĞƌĞ ƌĞůĂƚŝǀĞůǇ ƐŵĂůů ĚƵƌŝŶŐ ƐƚŽƌĂŐĞ ŽĨ ƉŝůƐŶĞƌ ŵĂůƚ
ĐŽŵƉĂƌĞĚ ƚŽ ƌŽĂƐƚĞĚ ŵĂůƚ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ĐŚĂŶŐĞƐ ŽĐĐƵƌƌŝŶŐ ŝŶ ƉŝůƐŶĞƌ ŵĂůƚ ŵĂǇ ŶĞǀĞƌƚŚĞůĞƐƐ ďĞ ŵŽƌĞ
ŝŵƉŽƌƚĂŶƚ͕ĂƐƚŚŝƐŵĂůƚĂƌŽŵĂŝŶŐĞŶĞƌĂůŝƐŵŽƌĞƉƌĞĐŝƐĞĂŶĚĚĞůŝĐĂƚĞ͘dŚĞĂƌŽŵĂŽĨƌŽĂƐƚĞĚŵĂůƚŝƐƐƚƌŽŶŐĞƌ
ĂŶĚŵŽƌĞĐŽŵƉůĞǆĂŶĚǀĂƌŝĂƚŝŽŶƐŝŶǀŽůĂƚŝůĞƉƌŽĨŝůĞŵĂǇƚŽƐŽŵĞĞǆƚĞŶƚďĞŵĂƐŬĞĚďǇŝƚƐĐŽŵƉůĞǆŝƚǇ͘
ŽŶĐůƵƐŝŽŶ
dŚĞ ŵŽďŝůŝƚǇ ŽĨ ĐŽŵƉŽŶĞŶƚƐ ŝŶ ƚŚĞ ŵĂůƚ ĚĞƉĞŶĚĞĚ ŽŶ ƚŚĞ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ĂŶĚ ƚĞŵƉĞƌĂƚƵƌĞ ĚƵƌŝŶŐ ƚŚĞ
ƐƚŽƌĂŐĞƌĞƐƵůƚŝŶŐŝŶǁŽƌƚƐĂŵƉůĞƐ͕ǁŚĞƌĞƚŚĞǀŽůĂƚŝůĞƉƌŽĨŝůĞƐĂŶĚĨŝůƚƌĂƚŝŽŶƌĂƚĞƐĐŚĂŶŐĞƐĚƵƌŝŶŐƚŚĞƐƚŽƌĂŐĞ
ŽĨƚŚĞŵĂůƚ͘,ŽǁĞǀĞƌ͕ƚŚĞƐƵŐĂƌĐŽŶƚĞŶƚŝŶƚŚĞƐǁĞĞƚǁŽƌƚǁĂƐĐŽŶƐƚĂŶƚƚŚƌŽƵŐŚŽƵƚŵĂůƚƐƚŽƌĂŐĞƐŚŽǁŝŶŐ
ƚŚĂƚƚŚĞŵĂũŽƌĐŽŵƉŽŶĞŶƚƐŝŶƚŚĞŵĂůƚĂŶĚƐƚĂƌĐŚĚĞŐƌĂĚŝŶŐĞŶǌǇŵĂƚŝĐĂĐƚŝǀŝƚŝĞƐǁĞƌĞŝŶƚĂĐƚ͘
DĂůƚƌŽĂƐƚŝŶŐŚĂƐĂŶĞŐĂƚŝǀĞĞĨĨĞĐƚŽŶƚŚĞŽǆŝĚĂƚŝǀĞƐƚĂďŝůŝƚǇŽĨďĞĞƌĐĂƵƐĞĚďǇŝŶĐƌĞĂƐĞĚƌĂĚŝĐĂůĨŽƌŵĂƚŝŽŶ͕
ŝŶĐƌĞĂƐĞĚůŝƉŝĚŽǆŝĚĂƚŝŽŶĂŶĚĂŐƌĞĂƚĞƌůŽƐƐŽĨǀŽůĂƚŝůĞƐĚƵƌŝŶŐŵĂůƚƐƚŽƌĂŐĞĂƐǁĞůůĂƐŝŶƚŚĞŝŶŝƚŝĂůƐƚĂŐĞƐŽĨ
ďƌĞǁŝŶŐ͘&ŽƌďŽƚŚƌŽĂƐƚĞĚŵĂůƚĂŶĚƉŝůƐŶĞƌŵĂůƚ͕ŐŽŽĚĐŽƌƌĞůĂƚŝŽŶƐǁĞƌĞĨŽƵŶĚďĞƚǁĞĞŶƌĂĚŝĐĂůĚĞĐĂǇĂŶĚ
ĐŚĂŶŐĞŝŶǀŽůĂƚŝůĞƉƌŽĨŝůĞŽĨƚŚĞƐǁĞĞƚǁŽƌƚ͕ǁŚĞƌĞŚŝŐŚƚĞŵƉĞƌĂƚƵƌĞĂŶĚŚŝŐŚǁĂƚĞƌĂĐƚŝǀŝƚǇƌĞƐƵůƚĞĚŝŶƚŚĞ
ůĂƌŐĞƐƚĐŚĂŶŐĞƐ͘dŚŝƐƐƚƵĚǇƐƵŐŐĞƐƚƐƚŚĂƚĐŚĞŵŝĐĂůĐŚĂŶŐĞƐŽĐĐƵƌƌŝŶŐŝŶŵĂůƚƐĚƵƌŝŶŐůĞƐƐƚŚĂŶϭϮŵŽŶƚŚƐŽĨ
ƐƚŽƌĂŐĞ ŵĂǇ ƉŽƚĞŶƚŝĂůůǇ ĂĨĨĞĐƚ ƚŚĞ ĂƌŽŵĂ ŽĨ ďĞĞƌ ĂŶĚ ƚŚĂƚ ǁĂƚĞƌ ĂĐƚŝǀŝƚǇ ĂŶĚ ƐƚŽƌĂŐĞ ƚĞŵƉĞƌĂƚƵƌĞ ďŽƚŚ
ƐŚŽƵůĚďĞŬĞƉƚůŽǁŝŶŽƌĚĞƌƚŽŵĂŝŶƚĂŝŶĂŚŝŐŚŵĂůƚƋƵĂůŝƚǇ͘




ϭϳ


ZĞĨĞƌĞŶĐĞ>ŝƐƚ

 ϭ͘ sĂŶĚĞƌŚĂĞŐĞŶ͕͖͘EĞǀĞŶ͕,͖͘sĞƌĂĐŚƚĞƌƚ͕,͖͘ĞƌĚĞůŝŶĐŬǆ͕'͘;ϮϬϬϲͿdŚĞĐŚĞŵŝƐƚƌǇŽĨďĞĞƌĂŐŝŶŐͲĂ
ĐƌŝƚŝĐĂůƌĞǀŝĞǁ͘&ŽŽĚŚĞŵ͘ϵϱ;ϯͿ͕ϯϱϳͲϯϴϭ͘
 Ϯ͘ &ŽƌƐƚĞƌ͕͖͘EĂƌǌŝƐƐ͕>͖͘ĂĐŬ͕t͘;ϭϵϵϴͿ/ŶǀĞƐƚŝŐĂƚŝŽŶƐŽĨĨůĂǀŽƌĂŶĚĨůĂǀŽƌƐƚĂďŝůŝƚǇŽĨĚĂƌŬďĞĞƌƐ
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Inﬂuence of Malt Roasting on the Oxidative Stability of Sweet Wort
Signe Hoﬀ,* Marianne N. Lund, Mikael A. Petersen, Birthe M. Jespersen, and Mogens L. Andersen
Department of Food Science, University of Copenhagen, Rolighedsvej 30, DK-1958 Frederiksberg C, Denmark
ABSTRACT: Inﬂuence of malt roasting on the oxidative stability of sweet wort was evaluated based on radical intensity, volatile
proﬁle, content of transition metals (Fe and Cu) and thiols. Malt roasting had a large inﬂuence on the oxidative stability of sweet
wort. Light sweet worts were more stable with low radical intensity, low Fe content, and ability to retain volatile compounds
when heated. At mild roasting, the Fe content in the wort increased but remained close to constant with further roasting. Dark
sweet worts were less stable with high radical intensities, high Fe content, and a decreased ability to retain volatiles. Results
suggested that the Maillard reaction compounds formed during the roasting of malt are prooxidants in sweet wort. A thiolremoving capacity was observed in sweet wort, and it was gradually inhibited by malt roasting. It is possibly caused by thiol
oxidizing enzymes present in the fresh malt.
KEYWORDS: malt, sweet wort, roasting, oxidative stability, thiols, electron spin resonance spectroscopy, volatiles
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eﬀect of malt roasting on the oxidative stability of sweet wort
using a standardized roasting process. The sweet worts were
evaluated based on Fe and Cu content and thiol levels, whereas
radical intensity and volatile proﬁle were determined in both
fresh and heat treated sweet worts.

INTRODUCTION

Raw materials as well as the brewing process have a large
inﬂuence on the quality and storage stability of the resulting
beer. It has become evident that the extent of oxidation during
the initial stages of beer brewing has a major inﬂuence on the
ﬂavor stability of the ﬁnal beer.1 Cortes et al.2 found correlation
between oxidative stabilities of boiled wort and the oxidative
stabilities of the corresponding beers using electron spin
resonance (ESR) spectroscopy. In both wort3 and beer,4
transitional metals were found to have signiﬁcant eﬀects on the
oxidative stability as trace levels of Fe and Cu act as catalysts in
radical generation and oxidation reactions during beer aging.
Malt is the major constituent in beer, and malt roasting
results in diﬀerent types of beer by inﬂuencing aroma and color.
Previous malt studies have been carried out on commercial
malts introducing uncertain variations due to diﬀerent barley
varieties and production conditions.2,5 A standardized study of
the inﬂuence of roasting alone has not been carried out. The
inﬂuence of malt roasting on beer stability is preferably studied
in wort as sulﬁte produced during fermentation has an impact
on beer stability that may mask the inﬂuence of the roasting.
Thiols have recently been suggested to have an important
role in oxidative processes in beer and in beer stability6 and
were recently quantiﬁed in beer with a correlation to the
oxidative stability measured by ESR spectroscopy.7 The
signiﬁcance of thiols in wort has not been investigated, and it
remains uncertain where in the brewing process the thiols are
introduced and whether they have an inﬂuence on the oxidative
stability of sweet wort.
A correlation between radical intensity measured by ESR
spectroscopy and stale ﬂavor in beer has been found;8,9
however, the possible correlation between radical intensity and
the volatile proﬁle of wort or the oxidative changes in wort over
time have not been investigated. Some studies suggest that
Maillard reaction products produced during malt roasting have
antioxidative capacity and a positive inﬂuence on the oxidative
stability of wort and beer.5,10 However, in other studies these
compounds were found to have a negative inﬂuence on wort
and beer stability.2,4 The purpose of this study was to test the
© 2012 American Chemical Society
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MATERIALS AND METHODS

Chemicals. Anhydrous acetonitrile, glutathione, L-cysteine, 4methyl-1-pentanol, 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO),
and α-(4-pyridyl-1-oxide)-N-t-butylnitrone (POBN) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Tris(hydroxymethyl)
amino methane (tris) and ThioGlo 1 ﬂuorescent thiol reagent were
obtained from Merck (Darmstadt, Germany). Water was puriﬁed
through a Milli-Q water puriﬁcation system (Millipore, Billerica, USA).
Ethanol (96%) was obtained from Kemetyl (Køge, Denmark). 5,5Dithiobis(2-nitrobenzoic acid) (DTNB) was obtained from Fluka,
Stenheim, Germany.
Roasting. Fresh pale ale malt (two-row spring barley (Hordeum
vulgare), harvest 2009) was purchased from Weyermann, Bamberg,
Germany through Maltbazaren, Copenhagen, Denmark. The malt was
received less than ﬁve days after kilning and was roasted the following
day. Malt was roasted by distributing it in a single layer on a cloth on a
baking plate and heating it in an oven at 125 °C, 135 °C, 145 °C, 160
°C, or 190 °C for 50 min.
Mashing. Mashing was carried out on the 6 diﬀerent malts (1
nonroasted and 5 roasted) on the ﬁrst and second day after roasting,
according to Analytica EBC 4.5.1 “Extract of Malt: Congress Mash”,11
with the modiﬁcations described by Frederiksen et al.3 The 6 malts
were mashed individually and named as illustrated in Table 1. Sweet
wort was frozen at −80 °C.
Color. Sweet wort color was determined spectrophotometrically on
a Cintra 40 Spectrofotometer (GBC, Melbourne, Australia) according
to Analytica EBC 8.3 “Color”:11
C = 25· f ·A430

(1)

where C is the color in EBC units, f is the dilution factor, A430 is the
absorbance at 430 nm, and 25 is a multiplication factor.
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Thiol Levels Determined Using Ellman’s Reagent, DTNB. The
thiol level in one sweet wort sample (9.8 EBC) was determined
spectrophotometrically after derivatization by Ellman’s reagent,
DTNB. The experiment was carried out based on the method
described in Jongberg et al.,14 and a standard curve of cysteine and a
standard addition curve of cysteine and sweet wort diluted 40 times
were constructed. Analysis was carried out by mixing 250 μL of
sample, 1.00 mL of 0.25 M tris buﬀer (pH 7.5), and 250 μL of 10 mM
DTNB dissolved in 0.25 M TRIS buﬀer (pH 7.5). The mixture was
protected against light and allowed to react for exactly 30 min, and
absorbance was measured at 412 nm. Blanks without DTNB and
blanks without sample were prepared, and the blank values were
subtracted from the sample values.
Volatiles. Headspace analysis was carried out in triplicate using 5
mL of sweet wort and 1.00 mL of 4-methyl-1-pentanol (50 mg L−1) as
internal standard. The volatile compounds were collected on a TenaxTA trap (Buchem bv, Apeldoorn, The Netherlands). Samples were
equilibrated to 30 ± 1 °C in a circulating water bath and then purged
with nitrogen (75 mL·min−1) for 20 min. Separation and detection
were carried out on a gas chromatograph−mass spectrometer (GC-MS
7890A GC-system interfaced with a 5975C VL MSD with Triple-Axis
detector from Agilent Technologies, Palo Alto, California) using a
polar wax GC-column. Details on equipment and temperature
program are found in Deza-Durand and Petersen.15 Volatile
compounds were tentatively identiﬁed by probability based matching
of their mass spectra with those of a commercial database (Wiley275.L,
HP product no. G1035A). The software program, MSDChemstation
(version E.02.00, Agilent Technologies, Palo Alto, California), was
used for data analysis. Concentrations were calculated as peak area of
the volatile compound divided by the peak area of internal standard.
To increase the sensitivity for detection of (E)-2-nonenal, selected
ion monitoring (SIM) was applied using ions 55 and 83, and a
standard curve was created for quantiﬁcation. Limit of quantiﬁcation
and detection were calculated from the average signal-to-noise ratio of
two peaks from beer spiked with 0.8 μg·L−1 (E)-2-nonenal resulting in
a quantiﬁcation limit of 0.25 μg·L−1 and a detection limit of 0.07
μg·L−1 with a signal-to-noise ratio of 10 and 3, respectively.
Multivariate Data Analysis. Multivariate data analysis was
applied to GC-MS data to describe the change in volatile proﬁle of
heat treated sweet worts over 10 h using principal component analysis
(PCA) and to determine the correlation of the volatile proﬁle to EBC
color using partial least squares (PLS) regression analysis. PCA and
PLS regression analyses were performed using Latentix software
(LatentiXTM 2.0, Latent5, Copenhagen, Denmark, www.latentix.
com). Analyses were carried out on the relative areas calculated as
peak area of the volatile compound divided by the peak area of internal
standard (4-methyl-1-pentanol). Data were auto scaled and crossvalidated.

Table 1. Characteristics of the 6 Sweet Worts Applied in
This Studya
malt

roasting temp.
(°C)

1
2
3
4
5
6

125
135
145
160
190

wort pH
5.82
5.69
5.58
5.52
5.38
5.10

±
±
±
±
±
±

0.04
0.05
0.03
0.02
0.01
0.10

wort °Bx
13.460
13.462
13.462
13.460
13.425
13.380

±
±
±
±
±
±

0.000
0.001
0.002
0.006
0.000
0.004

wort color
(EBC)
8
15
33
44
68
100

±
±
±
±
±
±

1
1
2
4
2
10

a

This included the roasting temperature, at which malt was roasted for
50 min, wort pH, wort sugar content measured in degree brix (°Bx),
and wort color measured in European Brewery Convention (EBC)
color units. Averages and standard deviations are based on two
individual mashes.

Sugar Content (°Brix). °Brix values were determined using a
refractometer (Analytic Jena, Jena, Germany).
Heat Treatment of Sweet Wort. Sweet wort was thawed in a 5
°C refrigerator overnight. An aliquot of 32 mL was transferred to a 250
mL blue cap ﬂask and incubated in a 40 °C water bath. To avoid
microbial growth, 100 μL of chloramphenicol (stock 30 mg/L
ethanol) and 100 μL ampicilin (stock 100 mg/mL H2O) were added
to the sweet wort. The blue cap ﬂask was closed with a cap to avoid
evaporation, and a magnetic stirrer ensured constant stirring at 300
rpm.
Sampling for ESR measurements was carried out at 0, 1/2, 1, 2, 4, 6,
8, and 10 h. At each sampling, 6× 0.5 mL were distributed to safetylock Eppendorf tubes, and all reactions were terminated by quickfreezing the tubes in liquid nitrogen. Samples were stored at −80 °C
until analyzed.
Sampling for volatile analysis was carried out at 0 and 10 h. At
regular intervals, the lid was led to match the ESR sampling process
and to ensure that oxygen was present at all times.
Electron Spin Resonance (ESR). Ethanol and α-(4-pyridyl-1oxide)-N-t-butylnitrone (POBN) were added to sweet wort samples in
ﬁnal concentrations of 5% vol. and 40 mM, respectively, according to
the method described by Frederiksen et al.3 The sweet wort samples
were subsequently incubated at 60 °C for 90 min. ESR spectra were
recorded with a Miniscope MS 200 X-band spectrometer (Magnettech, Berlin, Germany) using 50 μL micropipets as sample cells (Brand
GMBH, Wertheim, Germany). Spectra were recorded at room
temperature using the following settings: microwave power, 10 mW;
sweep width, 49,82 G; sweep time, 30 s; steps, 4096; number of passes,
6; modulation, 100 mG; and microwave attenuation, 5 mW. The
amplitudes of the spectra were determined and are reported as the
height of the ﬁrst doublet. ESR spectra of an aqueous 2 μM 2,2,6,6tetramethylpiperidine-1-oxyl (TEMPO) solution were recorded each
day to compensate for day-to-day variation.
Transition Metals (Fe and Cu). Sweet wort samples were acid
digested in a microwave oven using the solvents and temperature
program detailed in Wyrzykowska et al. 12 The multielemental
composition of sample digests were subsequently analyzed using
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (PerkinElmer 3300, United States) with the spectrometer equipped with an
octopole reaction cell for interference removal (Agilent 7500ce,
Manchester, UK) following the instrumental settings listed in Hansen
et al.13 Samples were determined in duplicate.
Thiol Levels Determined Using Fluorescent Reagent
ThioGlo 1. Thiol levels were determined according to the standard
addition procedure described by Lund and Andersen7 based on the
thiol reacting ﬂuorescent reagent ThioGlo 1. Glutathione was replaced
with cysteine for the standard addition curve, and analyses were carried
out using microtiter plates where cysteine was added in concentrations
between 0 and 20 μM to sweet wort diluted 40 times. Each standard
addition curve was made in triplicate on each plate, and the average
represents a single analysis. For each sweet wort sample, the single
analysis was carried out in independent triplicates.

RESULTS AND DISCUSSION
Sweet Wort Characteristics. Diﬀerently roasted malts
were prepared by heating a pale ale malt for 50 min at 5
diﬀerent temperatures. Duplicate congress mashings were
carried out for each of the six malts (including the pale ale
malt), and the pH, sugar content, and color of the fresh sweet
worts were determined (Table 1). Sweet wort color was highly
correlated to malt roasting temperature (R2 = 0.99) and was
accordingly used as a marker of the roasting level. pH was
negatively correlated to sweet wort color (R2 = 0.99) in
agreement with previous ﬁndings.5 The sugar content in the
sweet worts was lower for malt roasted at the two highest
temperatures (sweet worts 5 and 6) than for the four malts
roasted at lower temperatures (sweet worts 1 to 4). This is
most likely due to increased enzyme inactivation as well as
starch denaturation. All malts were made from the same batch
of pale ale malt, and the observed diﬀerences can therefore be
directly associated with their diﬀerent levels of roasting.

■
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though the storage at 40 °C had a larger inﬂuence on the ability
of dark sweet worts to generate radicals compared to light
sweet worts, they still had a high capacity for generation of
radicals after 10 h at 40 °C.
The presence of Fe and Cu may promote metal-catalyzed
oxidation and thereby aﬀect the radical formation and the
oxidative stability.4 The transition metals, Fe and Cu, were
therefore quantiﬁed in each of the six sweet worts. Malt
roasting was found to have a large inﬂuence on Fe and Cu
contents in the sweet worts but in diﬀerent ways. The Cu
concentration decreased from the lighter sweet wort 1 to the
darker sweet worts 4, 5, and 6 (Figure 2). The concentrations

Oxidative Stability of Sweet Worts. The oxidative
stability of the sweet worts was examined by incubating them
at 40 °C with access to atmospheric oxygen for 10 h and then
testing the radical forming ability of samples collected at
diﬀerent times. The ability of radical formation was examined
by quantiﬁcation of the amount of radicals measured by ESR
spectroscopy generated after heating the samples at 60 °C for
90 min with added spin trap, POBN, and 5% ethanol.4 The
amplitude of the ﬁrst doublet of each ESR spectrum recorded
during the heat treatment was used as a measure of the amount
of radicals generated (Figure 1A). The results showed that the

Figure 2. Fe and Cu content in sweet worts 1 to 6 plotted against
color (EBC). Results are shown as mean values, and standard
deviations are given as error bars (n = 2).

of Fe were generally higher, than the levels of Cu, except in
sweet wort 1, which had a considerably lower level of Fe than
the other sweet worts. Since the same pale ale malt was used for
all malt roastings, the total metal content introduced into the
mashings were the same in the six mashes. The variations
observed in Fe and Cu contents in the sweet worts caused by
the roastings must therefore be explained by diﬀerent abilities
of the malt solids to bind metals. Supporting this explanation,
Frederiksen et al.3 found that Fe and Cu added during mashing
was trapped by insoluble malt solids resulting in an only slight
increase in Fe and Cu content in the sweet wort after ﬁltration.
Roasting of the pale ale malt therefore reduces the ability of the
malt solids to bind Fe but improves the ability to bind Cu. The
fact that radical signal intensity in sweet wort increases with
increasing malt roasting temperature where as the concentration of Cu decreases and Fe remains somewhat constant
suggests that other components in the dark sweet worts also
aﬀect the oxidative stability.
Thiols in Sweet Wort. Protein-thiols have been suggested
to have antioxidative activity in beer,6 and their presence in
sweet wort was investigated for their possible inﬂuence on the
oxidative stability in the present study. Quantiﬁcation of thiols
in the sweet worts was attempted by using the standard
addition procedure described by Lund and Andersen7 and an
external standard curve procedure, both of which are based on
the thiol reacting ﬂuorescent reagent ThioGlo 1. However, the
external standard curve procedure was rejected due to the large
variation in color of the sweet wort samples resulting in
reduced excitation of ThioGlo 1 in dark samples compared to
that of the uncolored standards and thereby resulting in
inaccurate quantiﬁcation of thiols. The standard addition

Figure 1. (A) ESR spectra of POBN spin adducts formed in fresh
sweet worts 1, 4, and 6 after 90 min of incubation at 60 °C with 5%
ethanol and 40 mM POBN spin trap. (B) The time dependence of the
diﬀerent radical formation capabilities of sweet worts during
incubation at 40 °C. The capability of radical formation was evaluated
by ESR spectroscopy by heating collected samples 90 min at 60 °C
with added POBN and 5% ethanol. Results are shown as mean values,
and standard deviations are given as error bars (n = 3).

formation of radicals in dark sweet worts was higher than that
in lighter sweet worts (Figure 1B), which is consistent with
previous observations.2 The ability of radical formation
decreased in the darkest sweet worts, 5 and 6, within the ﬁrst
hour of storage at 40 °C but still had a constant and high level
during the following 9 h of incubation. The lighter sweet worts,
1, 2, 3, and 4, showed a lower but more constant decrease in
radical formation over the 10 h; however, the diﬀerence in
radical formation from 0 to 10 h of heat treatment decreased
from sweet wort 4 to sweet wort 1 where the radical formation
in sweet wort 1 was almost constant throughout the 10 h
(Figure 1B). These results show that dark sweet worts, 5 and 6,
are more oxidatively unstable than lighter sweet worts, and even
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procedure was therefore tested in order to solve this problem;
however, the sweet worts did not give rise to ﬂuorescence
emission typical for thiol-ThioGlo 1 derivatives. Upon addition
of cysteine, the ﬂuorescence emission was only observed when
cysteine was added in concentrations higher than 8 μM (Figure
3). Dilution of the sweet wort resulted in ﬂuorescence

Figure 4. Thiol determination based on derivatization with DTNB:
standard curve of cysteine and standard addition curve of sweet pilsner
wort (9.8 EBC). Results are shown as mean values, and standard
deviations are given as error bars (n = 2).

in the current study, included aerobic conditions during both
mashing and ﬁltration. Therefore, an analysis of thiol-removing
capacity in sweet wort produced on an industrial scale was also
carried out; however, the same thiol-removing capacity was
detected (data not shown). This suggests that access to oxygen
during mashing does not explain the presence of the thiolremoving capacity.
Malt roasting proved to inﬂuence the thiol-removing capacity
in sweet wort, which decreased with an increasing level of
roasting (Figure 5). Sweet wort 1 (not roasted) had thiol-

Figure 3. Thiol determination based on derivatization with the
ﬂuorescent reagent ThioGlo 1: standard addition curves of sweet
pilsner wort (6.4 EBC) with cysteine added at concentrations between
0 and 20 μM. Wort was diluted with buﬀer between 40 and 160 times
(Df 40−160). The standard curve of cysteine in buﬀer is illustrated
with a regression line (standard). Results are shown as mean values,
and standard deviations are given as error bars (n = 3).

responses, which approached the behavior of cysteine added
to a pure buﬀer solution (Figure 3). The results demonstrate
that the sweet wort contained compounds able to oxidize the
cysteine added to the sweet wort. This eﬀect will be referred to
as thiol-removing capacity. The smallest dilution factor of 40
was chosen in order to minimize background ﬂuorescence of
the sweet wort sample as previously described for beer.7
Glutathione was also oxidized when added to the sweet wort.
However, it seemed to be less sensitive to oxidation than
cysteine as a larger concentration of sweet wort was required to
inhibit the emission of ThioGlo 1 derivatives (data not shown).
Muller16 found that addition of glutathione to a 65 °C mash
under aerobic conditions resulted in an accelerated oxidation of
glutathione compared to a simulated mash carried out on a
solution of glutathione alone. The simulated mashing of
glutathione carried out under anaerobic conditions inhibited all
oxidation of glutathione. The results from the current study
strongly support the theory about constituents of malt
enhancing oxidation of not only glutathione but also cysteine.
However, in previous studies, thiols have been detected in lightcolored sweet worts.16−18 In these studies, Ellman’s reagent,
DTNB, was applied for thiol determination. To verify that the
current results were not caused by the diﬀerent choice of thiol
derivatizing agent, the standard addition procedure was tested
on a sweet wort using the DTNB method. As shown in Figure
4 the same thiol-removing capacity was detected, which
excludes that the diﬀerence in derivatization agent is the
reason for the diﬀerence in results. Stephenson et al.18 found
that the presence of oxygen had a negative inﬂuence on the
content of thiols in sweet wort based on aerobic and anaerobic
mashing trials, and Jin et al.17 detected thiols in sweet wort
produced on an industrial scale, likely to be carried out under
anaerobic conditions. The EBC congress mash method, applied

Figure 5. Thiol determination based on derivatization with the
ﬂuorescent reagent ThioGlo 1: standard addition curves of sweet wort
1 to 6 with cysteine added at concentrations between 0 and 20 μM.
Worts were diluted 40 times, and the standard curve of cysteine in
buﬀer is illustrated with a regression line (standard). Results are shown
as mean values, and standard deviations are given as error bars (n = 3).

removing capacity enabling it to consume more than 15 μM of
cysteine when diluted 40 times. A large part of the ability to
oxidize cysteine was lost when malt was slightly roasted (sweet
wort 2, malt roasted at 125 °C for 50 min). Further roasting of
the malt lowered the thiol-removing capacity in the sweet wort
until a roasting temperature of 160 °C (sweet wort 5). The
diﬀerence between roasting at 160 and 190 °C was very small
indicating that further roasting would not aﬀect the thiolremoving capacity. Bamforth et al.19 found a heat stable
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enzyme, present in fresh malt, capable of oxidizing thiol groups
(cysteine, glutathione, and dithiothreitol) resulting in disulﬁde
cross-linking. The enzyme is inactivated by autoclaving but
retained approximately 70% of its activity after heating to 70
°C. Analyses in the current study were carried out on fresh malt
with a mash out temperature of 70 °C, and according to
Bamforth et al.,19 the enzyme was therefore likely to be present
in the sweet wort. Hence, the decrease in thiol-removing
capacity from sweet wort 2 to 6 could be explained by
increasing enzyme inactivation with increasing roasting temperature. If this is the case, the large diﬀerence in thiol-removing
capacity between sweet wort 1 and 2 may reﬂect the lack of
roasting of sweet wort 1 and thereby the lack of inactivation of
the thiol oxidizing enzyme.
Also, nonenzymatic oxidation of thiols has been suggested to
occur in sweet wort,18,19 and the decrease in thiol-removing
capacity in malt roasted at temperatures above 125 °C might
also be inﬂuenced by nonenzymatic reactions. Samaras et al.20
found that the total amount of phenolic compounds in wort
decrease during the roasting of malt indicating that the phenols
are oxidized and likely to produce more quinones. Thiol
reactive quinones are typically generated through oxidation of
phenols and have been found to react with thiols in both wine21
and in myoﬁbrillar proteins22 forming thiol-quinone adducts.
However, if the quinones were to be responsible for the
removal of thiols in wort by forming thiol-quinone adducts, the
thiol-removing capacity should increase with increasing roasting
due to the formation of increased amounts of quinone; hence,
this explanation is rejected. The Maillard reaction products
formed during roasting may also be excluded as main
contributors to the thiol-removing capacity as these compounds
also increase in quantity with increasing roasting.
Volatile Compounds in Sweet Wort. Analysis of volatile
compounds was carried out on fresh sweet wort and on sweet
wort heat treated at 40 °C for 10 h. The results showed that
many volatiles in the darker worts decreased in concentration
after 10 h of heat treatment, whereas the concentration in the
light sweet worts remained constant. A gas chromatogram and
an example of the loss in volatiles are shown for sweet wort 6 in
Figure 6. PCA was performed (Figure 7), based on the 49
volatile compounds listed in Table 2. Principal component
(PC) 1 explains the variation caused by malt roasting with

Figure 7. (A) Principal component analysis (PCA) score plot of
volatile compounds in both fresh and heat treated sweet worts 1 to 6.
The dotted oval encloses both fresh sweet worts and sweet worts heat
treated at 40 °C for 10 h. The solid oval encloses fresh sweet worts.
The dashed oval encloses sweet worts heat treated at 40 °C for 10 h.
(B) Loadings plot. Each volatile compound is represented by a
number corresponding to that in Table 2. Each volatile proﬁle was
determined in triplicate.

increasing concentrations of Maillard reaction products going
from right to left. PC 2 explains the variation between heat
treated and fresh sweet worts. The PCA score plot illustrates
that sweet worts 1 and 2 were completely unaﬀected by 10 h of
heat treatment (no separation between the fresh and heat
treated sweet worts in Figure 7A). Sweet wort 3 showed a
minor loss in volatile compounds, while heat treatment of sweet
worts 4, 5, and 6 resulted in a larger loss of volatile compounds.
Approximately the same relative loss of volatile compounds
was found for sweet worts 4, 5, and 6, and the average loss of
the 10 volatile compounds showing the largest loss during heat
treatment, compared to the values in fresh sweet wort, is listed
in Table 3. This loss shows that the heat induced change of the
malt matrix during the roasting process aﬀects the ability of the
sweet worts to retain the volatile compounds when exposed to
heat and that malt roasting at temperatures between 145 and
190 °C result in the same relative loss of volatiles. Ethyldichloro acetate was added to the sweet worts before sampling
and was released from sweet worts 4, 5, and 6 to the same
degree as the volatiles from malt, showing that the malt matrix
(and the degree of roasting) changes the retentivity of volatiles
whether they come from the malt or not.
No volatile oxidation products were released after 10 h of
heat treatment of sweet wort, uninﬂuenced by the degree of
roasting. The staling compound (E)-2-nonenal, which with the

Figure 6. (A) Gas chromatogram of fresh sweet wort 6. (B) Gas
chromatogram for fresh and heat treated (10 h) sweet wort 6
presented from retention time 2.5 to 5.0 min. Numbers refer to the
compounds in Table 2. Internal standard (IS) is 4-methyl-1-pentanol.
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Table 2. Volatile Compounds in the 6 Sweet Worts (Heat Treated and Non-Heat Treated) Included in the PCA and PLS
Analysesa
no.

name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Tgt ion

2-methylpropanal
2-propanone
ethyl formate
ethyl acetate
2-butanone
2-methylbutanal
3-methylbutanal
3-methyl-2-butanone
toluene
3-methyl-pentanal
2,3-pentane-dione
dimethyldisulﬁde
hexanal
2-methyl-1-propanol
butanol
heptanal
pyrazine

43
43
31
43
43
41
41
43
91
57
43
94
56
43
56
70
80

no.

name

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Tgt ion

thiazole
2-methyltetrahydrofuran-3-one
methylpyrazine
octanal
2,6-dimethylpyrazine
ethylpyrazine
2,3-dimethylpyrazine
2-ethyl-6-methylpyrazine
nonanal
2-ethyl-3-methyl-pyrazine
dispirol-nonanone
ethyl pyrazine
3-ethyl-2,5-dimethylpyrazine
acetic acid
furfural
2-ethyl-hexanol
decanal

85
43
94
41
108
107
67
121
41
122
94
106
135
60
96
57
57

no.
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
-

name
2-acetylfuran
furfuryl acetate
2-methylpropanoic acid
5-methylfurfural
methylpyrazine
2-isoamyl-6-methylpyrazine
benzeneacetaldehyde
furfuryl alcohol
3-methylbutanoic acid
2-methylbenzaldehyde
ethylbenzaldehyde
furfuryl pyrrole
2-methyl-2,2-dimethyl-propanoic acid
benzothiazole
phenol
ethyl-dichloro acetateb

Tgt ion
95
81
43
110
94
108
91
98
60
91
133
81
71
135
94
29

a

The target ion (Tgt) is used for identiﬁcation, and the number of each compound is based on the order of the retention time on the GC
chromatogram. bNot included in the PCA model.

Table 3. Relative Loss of the 10 Volatile Compounds, for
Sweet Worts 4, 5, and 6, Showing the Largest Loss after 10 h
of Heat Treatment at 40 °C Compared to That of Fresh
Sweet Worta
no.

name
6
44
9
10
43
31
37
13
36
34

2-methylbutanal
2-methylbenzaldehyde
toluene
3-methylbutanal
3-methylbutanoic acid
acetic acid
isobutyric acid
hexanal
furfuryl acetate
decanal
ethyl-dichloro acetate

%

SD
56.2
54.2
53.2
49.6
45.4
36.9
33.6
33.2
28.7
25.7
67.3

3.3
38.7
31.2
4.5
10.2
8.6
12.3
19.9
7.8
8.2
7.6

Results are presented as an average loss in percent (%) with standard
deviations (SD). Ethyl-dichloro acetate was added to all worts before
heat treatment and was also lost during heat treatment.

Figure 8. Partial least-squares (PLS) regression analysis of the volatile
compounds in sweet worts 1 to 6 versus EBC color based on the ﬁrst 4
principal components. The coeﬃcient of correlation (r2) is 0.969, and
the root mean square error (RMSE) is 5.6 EBC units. The model is
based on the same data set used in Figure 7.

current method could be detected down to 0.07 μg·L−1, was
also not detected. Previous studies have shown that oxidation
occurs during wort boiling23,24 and that even though (E)-2nonenal is not detected in either sweet wort or boiled wort,
precursors may have been generated resulting in a release of the
staling compound during beer aging,25,26 as may also be the
case for other secondary oxidation products.
The volatile proﬁle of beer is highly inﬂuenced by the release
of volatile fermentation products. However, the volatile proﬁle
of malt27,28 is very similar to the volatile proﬁle of sweet wort
found in this study (Table 2) showing that the mashing process
does not change the volatile proﬁle of the sweet wort
signiﬁcantly from the volatile proﬁle of malt. A high correlation
between the sampled volatiles and EBC color was found (R2 =
0.97) using PLS regression analysis (Figure 8). This suggests
that the Maillard reaction products produced during malt
roasting are the main ones responsible for both color change
and the volatile proﬁle of the sweet wort in this study.

However, in a recent study color formation and ﬂavor
formation at higher EBC values were found to be nonlinear.29
Increased Roasting of Malt Results in Less Stable
Sweet Worts. This study shows that malt roasting has a larger
inﬂuence on the oxidative stability of sweet wort and that light
and dark sweet worts behave very diﬀerently. Light sweet worts
were less reactive toward oxidation with low radical intensity
and low Fe content, and showed no loss in volatiles when
stored at an elevated temperature over an extended period of
time. The dark sweet worts were found to be less stable with
high radical intensities, high Fe content, and a decreased ability
to retain volatiles. It is well known that Maillard reaction
compounds are produced during malt roasting; however,
whether they act as antioxidants5,10,20,29 or prooxidants2,4,30
have been widely discussed. These contradicting results may be
caused by the diﬀerence in methods applied. While the ESRbased experiments in the present study are based on a complete
wort system providing information about the competition
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reactions during early stages of beer brewing studied by electron spin
resonance and spin trapping. J. Agric. Food Chem. 2008, 56 (18),
8514−8520.
(4) Nøddekær, T. V.; Andersen, M. L. Eﬀects of Maillard and
caramelization products on oxidative reactions in lager beer. J. Am. Soc.
Brew. Chem. 2007, 65 (1), 15−20.
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1996, 54 (4), 198−204.
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(12) Wyrzykowska, B.; Szymczyk, K.; Ichichashi, H.; Falandysz, J.;
Skwarzec, B.; Yamasaki, S. Application of ICP sector ﬁeld MS and
principal component analysis for studying interdependences among 23
trace elements in Polish beers. J. Agric. Food Chem. 2001, 49 (7),
3425−3431.
(13) Hansen, T. H.; Laursen, K. H.; Persson, D. P.; Pedas, P.;
Husted, S.; Schjoerring, J. K. Micro-scaled high-throughput digestion
of plant tissue samples for multi-elemental analysis. Plant Methods
2009, 5, 12.
(14) Jongberg, S.; Lund, M. N.; Waterhouse, A. L.; Skibsted, L. H. 4Methylcatechol inhibits protein oxidation in meat but not disulﬁde
formation. J. Agric. Food Chem. 2011, 59 (18), 10329−10335.
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direction on aroma compounds and respiration rate of fresh-cut
iceberg lettuce (Lactuca sativa L.). Postharvest Biol. Technol. 2011, 61,
83−90.
(16) Muller, R. Use of 5,5′-dithiobis (2-nitrobenzoic acid) as a
measure of oxidation during mashing. J. Am. Soc. Brew. Chem. 1995, 53
(2), 53−58.
(17) Jin, B.; Li, L.; Liu, G. Q.; Li, B.; Zhu, Y. K.; Liao, L. N. Structural
changes of malt proteins during boiling. Molecules 2009, 14 (3), 1081−
1097.
(18) Stephenson, W. H.; Biawa, J. P.; Miracle, R. E.; Bamforth, C. W.
Laboratory-scale studies of the impact of oxygen on mashing. J. Inst.
Brew. 2003, 109 (3), 273−283.
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Ames, J. M. Antioxidant properties of kilned and roasted malts. J. Agric.
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disappearance and conversion to products of enzymic oxidation in
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Waterhouse, A. L. Thiol-quinone adduct formation in myoﬁbrillar
proteins detected by LC-MS. J. Agric. Food Chem. 2011, 59 (13),
6900−6905.

between pro- and antioxidants, antioxidant assays have typically
been based on simple model systems measuring the scavenging
activity using a semistable radical that has high reactivity toward
many types of compounds. Therefore, studies based on these
radical scavenging activity assays often result in antioxidative
activity, whereas prooxidative activities are neglected. The
present study showed that malt roasting, radical intensity, and
Fe content are closely linked suggesting that the Maillard
reaction compounds act as prooxidants in sweet wort.
Reductones are formed during the Maillard reaction and act
prooxidatively by driving the Fenton reaction as shown in
Figure 9, where Fe(III) is reduced to Fe(II) by the reductones

Figure 9. Reaction mechanism describing the prooxidative eﬀect of
reductones driving the Fenton reaction in sweet wort by reducing
Fe(III) to Fe(II) leading to the oxidation of peroxides and the
formation of reactive radical compounds.

leading to oxidation of peroxides and formation of reactive
radical compounds which may induce further oxidative damage.
This reaction could explain the decrease in oxidative stability of
sweet worts produced by highly roasted malts. Contrary to
these mechanisms, light sweet worts had a high Cu content and
high thiol-removing capacity, whereas dark sweet worts had low
Cu content and low thiol-removing capacity. Cu may also work
as a catalyst in radical generation, but in the present study, Cu
was found not to be correlated to roasting, which suggest that
Cu is of minor importance in the oxidative stability of sweet
worts. The thiol-removing capacity was gradually inhibited by
malt roasting, and this capacity may be explained by the
remaining activity of the thiol oxidizing enzyme in the light
malts, which is being heat inactivated during roasting.19 How or
if the roasting inﬂuences the thiol content is uncertain. Despite
the fact that the dark sweet worts had a high radical generation,
no oxidation products were found from the analysis of volatiles.
However, the dark sweet worts had another important
characteristic as they showed a loss of volatiles over time in
contrast to the light sweet worts. Therefore, to preserve the
volatile proﬁle of sweet wort produced from dark malts, the
storage time should be held at a minimum to prevent initiation
of oxidative reactions and to limit the loss of volatiles.

■

AUTHOR INFORMATION

Corresponding Author

*Phone +45 3533 3299. E-mail hoﬀ@life.ku.dk.
Notes

The authors declare no competing ﬁnancial interest.

■

REFERENCES

(1) Vanderhaegen, B.; Neven, H.; Verachtert, H.; Derdelinckx, G.
The chemistry of beer aging - a critical review. Food Chem. 2006, 95
(3), 357−381.
(2) Cortes, N.; Kunz, T.; Suarez, A. F.; Hughes, P.; Methner, F. J.
Development and correlation between the organic radical concentration in diﬀerent malt types and oxidative beer stability. J. Am. Soc.
Brew. Chem. 2010, 68 (2), 107−113.
5658

dx.doi.org/10.1021/jf300749r | J. Agric. Food Chem. 2012, 60, 5652−5659

Journal of Agricultural and Food Chemistry

Article

(23) Narziss, L.; Meidaner, H.; Graf, H.; Eichorn, P.; Lustig, S.
Technological approach to improve ﬂavour stability. MBBA Tech. Q.
1993, 30, 48−53.
(24) Wietstock, P.; Kunz, T.; Shellhammer, T.; Schon, T.; Methner,
F. J. Behaviour of Antioxidants Derived from Hops During Wort
Boiling. J. Inst. Brew. 2010, 116 (2), 157−166.
(25) Liegeois, C.; Meurens, N.; Badot, C.; Collin, S. Release of
deuterated (E)-2-nonenal during beer aging from labeled precursors
synthesized before boiling. J. Agric. Food Chem. 2002, 50 (26), 7634−
7638.
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ABSTRACT: Wort from the barley varieties (Hordeum vulgare) Pallas, Fero, and Archer grown on the same location were
investigated for their inﬂuence on oxidative stability and volatile proﬁle during wort processing. Barley varieties had a small
inﬂuence on radical formation, thiol-removing capacity, and volatile proﬁle. Wort boiling with and without hops had a large
inﬂuence on these same parameters. Potentially antioxidative thiols were oxidized in sweet wort, but reduction of thiols using
tris(2-carboxyethyl)phosphine hydrochloride revealed that Archer wort had a signiﬁcantly larger content of total thiols than
Pallas and Fero. Oxidized thiols resulted in gel proteins and longer ﬁltration time for Archer wort. Our study shows that wort
processing to a large extent will eliminate variations in volatile proﬁle and thiol levels in wort which otherwise might arise from
diﬀerent barley varieties.
KEYWORDS: barley variety, wort, thiols, oxidative stability, volatiles, boiling
removing capacity remains unknown but is important for
understanding of the role of thiols and how they are preserved
throughout the brewing process.
Often pilsner malt is chosen based on its malting and
brewing performance with the purpose of increasing output.
The idea of choosing a barley variety based on its contribution
to the ﬂavor proﬁle or ﬂavor stability of the ﬁnal beer has
received much less attention, and it is not clear to which extent
the barley variety can be used to inﬂuence beer ﬂavor and
oxidative stability of wort and beer.
The aim of this study was to investigate how the barley
varieties, wort boiling, and hopping inﬂuence the oxidative
stability of wort as well as the volatile proﬁle. It remains unclear
how or if it is possible to select a certain malting barley variety
that inﬂuences the oxidative stability of the ﬁnal beer. Often
such comparisons between diﬀerent raw materials are diﬃcult
to make as the growing and malting conditions are diﬃcult to
standardize. In this study three two-row barley varieties
(Hordeum vulgare) Pallas, Fero, and Archer were grown on
the same location and harvested and malted simultaneously in
order to minimize the eﬀects of diﬀerent handling.
Furthermore, in an attempt to clarify reactions of thiols during
the initial stages of the brewing process this investigation was
also carried out with the purpose of investigating how the thiolremoving capacity responded to cysteine as well as glutathione.

INTRODUCTION
Raw materials as well as oxidative reactions in the initial stages
of beer brewing can have a large inﬂuence on quality and
storage stability of the ﬁnal beer.1 Recently, a correlation was
found between the oxidative stability of boiled wort and the
oxidative stability of the corresponding beers measured by
electron spin resonance (ESR) spectroscopy, 2 underlining the
importance of wort quality in relation to beer quality. How the
barley variety inﬂuences the oxidative stability of the wort
remains uncertain; however, antioxidative potentials have been
observed to vary between diﬀerent barley varieties.3 Detailed
investigations of barley and malt in relation to beer stability is
preferably studied using wort, as the fermentation process
strongly inﬂuences the overall oxidative stability as well as the
volatile proﬁle, making it diﬃcult to isolate the eﬀects of barley
and malt.
Protein thiols have been suggested to have antioxidative
properties in beer,4,5 and thiols have been quantiﬁed in beer
exhibiting a high correlation to oxidative stability measured by
ESR spectroscopy.6 The thiols present in beer either come from
the malt and are carried through to the beer as heat-stable
proteins or smaller peptides or are produced by the yeast
during fermentation. Upon oxidation the thiols form disulﬁde
bonds which in the initial stages of brewing leads to protein
complexes, also called gel proteins. High amounts of gel
proteins in the mash have proved to result in longer ﬁltration
times,7−9 which is unwanted by the brewers. In a recent study it
was found that sweet wort contained compounds able to
oxidize cysteine when it was added to sweet wort, and this
capacity was named the thiol-removing capacity.10 It was
further found that increasing malt roasting resulted in a
decrease in the thiol-removing capacity and that pilsner malt
had a smaller thiol-removing capacity than pale ale malt. These
observations were ascribed to the presence of a thiol-oxidising
enzyme previously described by Bamforth et al.21 How wort
boiling and hopping inﬂuence on thiol content and thiol-
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METHODS

Chemicals. Acetonitrile, glutathione, 4-methyl-1-pentanol, tris (2carboxyethyl)phosphine hydrochloride (TCEP), and 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Tris(hydroxymethyl)amino methane (tris),
ThioGlo 1 ﬂuorescent thiol reagent, and triﬂuoroacetic acid (TFA,
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before the thiol−ThioGlo 1 adducts appear is deﬁned as the thiolremoving capacity.
Glutathione−ThioGlo 1 adducts exhibit a much stronger
ﬂuorescent response than cysteine−ThioGlo 1, which is seen in
Figure 2. This feature was detailed by Hoﬀ et al.14 where it was found
that thiols with a neighboring free amino group, which is the case for
cysteine, result in ThioGlo 1 adducts with reduced ﬂuorescence
intensity. This diﬀerence in ﬂuorescence intensity does not inﬂuence
the interpretation of the thiol-removing capacity nor the fact that the
thiol-removing capacity is more reactive toward cysteine than toward
glutathione.
Thiol Determination Using External Standard Curve. The
thiol-removing capacity makes it impossible to apply the standard
addition procedure for thiol quantiﬁcation in wort, so thiols can only
be quantiﬁed using an external standard curve. Consequently,
quantiﬁcation and comparison can only be carried out on light
worts of similar color and therefore with a similar matrix. A standard
curve was prepared in buﬀer between 0 and 12 μM, and sweet, boiled,
and hopped wort samples were quantiﬁed relative to this standard
curve. Samples were undiluted.
Thiol Determination after Reduction with TCEP. The external
standard curve was prepared in the range of 0−20 μM in 0.25 mM tris
buﬀer (pH = 7.5). TCEP (tris(2-carboxyethyl)phosphine hydrochloride) was added to the wort to 1.92 mM (ﬁnal concentration), and
the mixture was incubated for 5 min. Thiol concentration was
determined as described above. Any possible interaction between
TCEP and the NEM (N-ethyl maleimide) group of ThioGlo 115 was
controlled by background correction with a blank sample of ThioGlo 1
and TCEP at appropriate concentrations.
Volatile Proﬁle. Head space analysis was carried out in triplicate
using 5 mL of wort and 0.25 mL of 4-methyl-1-pentanol (5 mg L−1) as
the internal standard. Volatile compounds were collected on traps
containing 250 mg of Tenax-TA with mesh size 60/80 and a density of
0.37 g mL−1 (Buchem bv, Apeldoorn, The Netherlands). Samples
were equilibrated to 37 ± 1 °C in a circulating water bath and then
purged with nitrogen (75 mL min−1) for 30 min.
Trapped volatiles were desorbed using an automatic thermal
desorption unit (ATD 400, Perkin-Elmer, Norwalk, USA). Primary
desorption was carried out by heating the trap to 250 °C with a ﬂow
(60 mL min−1) of carrier gas (H2) for 15.0 min. The stripped volatiles
were trapped in a Tenax TA cold trap (30 mg held at 5 °C), which was
subsequently maintained at 300 °C for 4 min (secondary desorption,
outlet split 1:10). This allowed for rapid transfer of volatiles to a gas
chromatograph−mass spectrometer (GC-MS, 7890A GC system
interfaced with a 5975C VL MSD with Triple-Axis detector from
Agilent Technologies, Palo Alto, CA) through a heated (225 °C)
transfer line. Separation of volatiles was carried out on a DB-Wax
capillary column 30 m long × 0.25 mm internal diameter, 0.25 μm ﬁlm
thickness. Column pressure was held constant at 2.4 psi, resulting in an
initial ﬂow rate of approximately 1.2 mL min−1 using hydrogen as
carrier gas. The column temperature program was as follows: 10 min
at 40 °C, from 40 to 240 °C at 8 °C min−1, and ﬁnally 5 min at 240
°C. The mass spectrometer was operating in the electron ionization
mode at 70 eV. Mass-to-charge ratios between 15 and 300 were
scanned. Volatile compounds were identiﬁed by probability-based
matching of their mass spectra with those of a commercial database
(Wiley275.L, HP product no. G1035A). The software program
MSDChemstation (version E.02.00, Agilent Technologies, Palo Alto,
CA) was used for data analysis. Concentrations are presented as
relative areas calculated as peak area of the volatile compound divided
by the peak area of internal standard. One chromatogram of sweet
Fero wort (abbreviated, F1s) was removed from the data set due to
excessive amounts of water on the trap.
Multivariate Data Analysis. Multivariate data analysis was
applied to GC-MS data to evaluate the variation between the barley
varieties as well as the inﬂuence of boiling with and without hops using
principal component analysis (PCA). PCA is a multivariate projection
method designed to extract and visually display the systematic
variation in the data matrix of the volatile compounds, making it
possible to include many statistical variables at the time. The aim of

>99.8%) were obtained from Merck (Darmstadt, Germany). Bradford
Bio-Rad Protein Assay Reagent was obtained from Bio-Rad
Laboratories (Hercules, CA, USA). Bovine Serum Albumin (BSA)
standard of 2.0 mg/mL was obtained from Thermo Fisher Scientiﬁc
Inc. (Rockford, IL, USA). Megazyme assay kit for determination of βglucans was purchased from Megazyme International Ireland
(Wicklow, Ireland). Ethanol (96%) was obtained from Kemetyl
(Køge, Denmark). All chemicals were of analytical grade or highest
possible purity. Water was puriﬁed through a Milli-Q water
puriﬁcation system (Millipore, Billerica, USA).
Malt. The three two-row barley varieties (H. vulgare) Pallas, Fero,
and Archer were grown on the same location “Fuglebjerggaard” at
Zealand, Denmark and harvested in 2009. The chosen varieties are
former commercially grown varieties in Denmark and of renewed
interest today for organic farming. To be sure to overcome dormancy,
the barley was malted simultaneously in the spring of 2010 with
steeping for 2 days and 4 h at 18 °C, germination for 4 days and 18 h
at 17 °C, drying for 3 days at 15 °C, and kilning for 24 h at 85 °C. The
freshly kilned malt was stored for more than 20 days before mashing.
Mashing. Three individual mashings were carried out according to
Analytica EBC 4.5.1 “Extract of Malt: Congress Mash”11 with a few
modiﬁcations described by Frederiksen et al.12 Wort produced from
the third mashing was used for wort boiling. Filtration rate, pH, sugar
content, and color were measured on the fresh sweet wort carried out
in duplicate.
Boiling. Two 300 mL aliquots of each sweet wort were transferred
to a 500 mL conical ﬂask. To one ﬂask of each wort was added 2 g of
hops (Humulus lupulus) (First Gold, leafs, 6% AA (alpha)), and the
content of each conical ﬂask was kept boiling in a bath of rape seed oil
(140 °C) for 1 h.
Color. EBC wort color was determined spectrophotometrically with
a Cintra 40 Spectrophotometer (GBC, Melbourne, Australia)
according to Analytica EBC 8.3 “Color”11
C = 25· f · A430

(1)

where C is the color in EBC units, f is the dilution factor, A430 is the
absorbance at 430 nm, and 25 is a multiplication factor. Samples were
ﬁltered through a 0.45 μm ﬁlter prior to analysis.
Sugar Content (°Brix). Sugar content in °Brix was determined
using a refractometer (Analytic Jena, Jena, Germany).
β-Glucan Determination in Malt. β-Glucan concentrations in
malt in replicates were determined spectrophotometrically at 510 nm
after digestion with the Megazyme assay kit according to AACC 3223.13
Electron Spin Resonance (ESR) Spectroscopy. Wort samples
were thawed and ﬁltered (Mini Sart, 0.45 μm), and ethanol and α-(4pyridyl-1-oxide)-N-tert-butylnitrone (POBN) spin trap were added to
5% v/v and 40 mM, respectively. Wort was incubated for 90 min at 60
°C before ESR spectra were recorded with a Miniscope MS 200 Xband spectrometer (Magnettech, Berlin, Germany) using 50 μL
micropipets as sample cells. Spectra were recorded at room
temperature using the following settings: microwave power, 10 mW;
B0 ﬁeld, 3363 G; sweep width, 50 G; sweep time, 30 s; steps, 4096;
number of passes, 6; modulation, 1 G; attenuation, 5 mW. Amplitudes
of the spectra were measured and are reported as the height of the
second doublet. The response of the ESR equipment was tested using
an aqueous TEMPO solution (2 μM). Samples were analyzed in
triplicate.
Determination of Thiol-Removing Capacity. Thiol levels were
determined according to Lund and Andersen 20116 using both
cysteine and glutathione as standards. Brieﬂy, thiol levels in wort were
determined using the thiol-selective reagent ThioGlo 1 which yields a
ﬂuorescent adduct after reaction with a thiol group (excitation
wavelength, λex = 384 nm, emission wavelength, λem = 513 nm).
Analysis was carried out in microtiter plates after cysteine (wort
diluted 40 times) or glutathione (wort diluted 10 times) were added to
the wort at concentrations between 0 and 20 μM.
In our previous study10 we found that sweet wort contains
compounds able to oxidize cysteine and glutathione upon addition to
the sweet wort. The amount of thiols that can be added to the wort
1969
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Table 1. Characteristics of Wort Produced from Pallas, Fero, and Archer Malt
Archer
β-glucan in malt (g/100g)
ﬁltr. time (SW) (min)
°Brix (SW)
°Brix (BW)
°Brix (BHW)
pH (SW)
pH (BW)
pH (BHW)
EBC color (SW)
EBC color (BW)
EBC color (BHW)
thiols (SW)
thiols (BW)
thiols (BHW)

0.82
42
13.39
13.44
13.44
5.94
5.97
5.50
5.15
6.15
9.30
0.06
0.77
1.05

±
±
±
±
±
±
±
±
±
±
±
±
±
±

a

Fero

0.00A
5.7A
0.09A
0.02A
0.00A
0.01D
0.02C,D
0.00H
0.08E
0.10C
0.16B
0.01F
0.06D
0.01B

1.73
21.5
13.44
13.44
13.45
6.01
5.85
5.57
4.35
6.15
9.98
−0.03
1.24
0.61

±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.03B
2.1B
0.01A
0.02A
0.00A
0.00B
0.01E
0.01G
0.08F
0.08C
0.03A
0.01F
0.07A
0.0E

Pallas
1.81
16
13.45
13.45
13.45
5.98
6.08
5.66
3.91
5.53
9.25
0.01
0.91
0.74

±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.00C
2.8C
0.00A
0.00A
0.00A
0.01C
0.00A
0.01F
0.05G
0.05D
0.19B
0.04F
0.02C
0.07D

a

Sweet wort (SW), boiled wort (BW), and boiled hopped wort (BHW). Values are given as means ± standard deviations based on independent
duplicates. A, B, C, D, E, F indicate the samples statistical diﬀerence, within each type of analysis, and the levels bearing diﬀerent letters are
signiﬁcantly diﬀerent (p < 0.05).

the PCA algorithm is to determine the latent factors or principal
components (PCs) in the data set which describe most variation. On
the basis of vector algebra the algorithm calculates and compresses the
data material into scores (samples) and loadings (volatiles) for PCs
which are plotted in the score plot and loadings plot, respectively. The
position of a sample in the score plot expresses the pattern of the
volatile proﬁle, so those samples with similar scores reﬂect the same
volatile proﬁle.16 PCA was performed using Latentix software
(LatentiXTM 2.0, Latent5, Copenhagen, Denmark, www.latentix.
com). Analyses were carried out on the relative peak areas, and data
were autoscaled and cross validated.
Statistical Data Analyses. Statistical analysis was carried out as
one-way ANOVA using the software JMP 9, SAS Institute, Inc., USA.
Some day to day variance was observed from thiol quantiﬁcation, day
was included in the model as a random eﬀect, and the LSD (least
signiﬁcant diﬀerence) value was determined

■

increase in EBC color for all worts from all three barley
varieties, and at the same time the boiling also eliminated some
of the color diﬀerences between the barley varieties found in
the sweet worts. However, boiled wort from Pallas remained
signiﬁcantly lighter than the other two. The increase in EBC
color is most likely caused by heat-induced Maillard reactions,
and boiling with hops resulted in a further increase in EBC
color, eliminating the varietal diﬀerences. Filtration time varied
between the three varieties and, in particular, gave Archer a
long ﬁltration time of 42 ± 5.7 min compared to Fero and
Pallas with ﬁltration times of 21.5 ± 2.1 and 16 ± 2.8 min,
respectively. The content of β-glucan in Archer malt of 0.82 g/
100 g ± 0.00 was signiﬁcantly lower than in Fero and Pallas
with 1.73 g/100 g ± 0.03 and 1.81 g/100 g ± 0.00, respectively.
Thiol Concentrations and Thiol Removing Capacity.
Thiol Concentrations. In previous studies reduced thiols have
been detected in wort.17−19 In the current study the
nonreduced thiol content was found to be close to zero
(Table 1) and low compared to what has previously been
reported in beer.6 The fact that almost no thiols are present in
the wort is most likely explained by application of the EBC
congress mash procedure where the mash is exposed to
atmospheric air throughout the mashing process as well as
during ﬁltration. The fact that thiols previously have been
shown to be present in reduced form in wort underlines that
the EBC congress mash method is not suitable for studies of
thiols. Our observation is in agreement with the ﬁndings of
Stephenson et al.,19 who showed that aerobic EBC congress
mashing reduced thiol levels considerably compared to EBC
congress mashing performed in an anaerobic chamber. Even
though the thiol concentrations in the present study are very
low, it seems that boiling (with or without hops) actually
increase the thiol concentrations. This could be due to
unfolding of proteins during boiling, leaving the thiol groups
more susceptible to reaction with the ThioGlo 1 reagent, or
inactivation of the thiol-oxidizing enzyme.
To quantify the amount of oxidized thiols in the wort, the
disulﬁde bonds were reduced to free thiols using the reducing
agent TCEP (tris(2-carboxyethyl)phosphine). It was found that
Archer had a larger amount of reducible thiols compared to
Pallas and Fero and that boiling and hopping of the wort did
not inﬂuence the amount of reducible thiols signiﬁcantly

RESULTS

Sweet Wort Characteristics. Three barley varieties (H.
vulgare) Pallas, Fero, and Archer were chosen for analysis in this
study. Pallas is an old conventional barley variety used today in
organic farming, while Fero and Archer are former grown
varieties which also may have relevant properties in relation to
organic farming. For the current study all three barley varieties
were grown at the same location and harvested and malted
simultaneously in order to obtain malts where the diﬀerences
were primarily due to the selected variety. With this set up, it is
possible to compare the eﬀect of the variety on the inﬂuence on
volatile proﬁle and oxidative stability in the initial stages of
brewing. The malts were mashed using the EBC congress mash
procedure,11 and the sweet worts were boiled simultaneously
either with or without hops for 1 h. The extracts (°Brix) in the
three worts were very similar and not inﬂuenced by boiling and
hopping (Table 1). The barley varieties had a small but
signiﬁcant inﬂuence on sweet wort pH, and boiling resulted in a
small increase in wort pH for all varieties being signiﬁcant for
Fero and Archer. Boiling with hops resulted in a signiﬁcant
decrease in pH for the three varieties, presumably due to
introduction of alpha acids. The amount of hops applied in the
current study was overdosed in order to detect increased eﬀects
compared to commercially produced wort. Sweet wort color
was signiﬁcantly inﬂuenced by the barley variety with Archer
being the darkest at 5.15 ± 0.08 EBC and Pallas the lightest at
3.91 ± 0.05 EBC. The boiling process resulted in a signiﬁcant
1970
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(Figure 1). These results show that the amount of reducible
and potentially antioxidative thiols in wort is rather large (ca.

Figure 1. Thiol concentrations in wort samples treated with the thiol
reducing agent TCEP. Due to a day to day variation between the
measurements, LSD (least signiﬁcant diﬀerence) value is presented.
Values are given as means (n = 3), and the LSD value is presented by
an error bar. Letters indicate the statistical diﬀerence of samples, and
the levels bearing diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).

60−110 μM), and as the thiols most likely became oxidized due
to the aerobic mashing conditions, optimization of the mashing
process is likely to have a positive inﬂuence on prevention of
thiol oxidation. It is not certain that all thiols were on their
reduced form before mashing; however, reduced thiols have
previously been detected in wort where they were also found to
be sensitive toward oxidation.19 The fact that thiol oxidation
occurs during the mashing process therefore seems to be the
most reasonable explanation.
Sweet Archer wort had the longest ﬁltration time (Table 1)
along with the largest amount of reducible thiols (Figure 1).
Formation of gel proteins, caused by thiol oxidation and
generation of disulﬁde bonds between protein and peptide
thiols during mashing, can result in a viscous layer leading to
increased ﬁltration times.7−9 Basically all thiols were found to
be oxidized in the current study. As sweet Archer wort was
found to contain more reducible thiols, more disulﬁde bonds
are likely to have formed, possibly explaining the longer
ﬁltration time. Also, the amount of β-glucans, present in the
malt at the point of ﬁltration, is known for its negative inﬂuence
on ﬁltration time.20 However, as Archer malt had the lowest
content of β-glucan (Table 1) compared to the other malts the
possible inﬂuence of β-glucan can be neglected. Therefore,
keeping thiols in their reduced form is important for
preservation of their possible antioxidative potential as well as
to keep a short ﬁltration time, stressing the importance of
carrying out the mashing production under oxygen-controlled
conditions.
Thiol-Removing Capacity. In a recent study we found that
compounds present in sweet wort were able to oxidize cysteine,
and this ability to oxidize thiols was referred to as thiolremoving capacity.10 In the current study it was investigated
how barley varieties, wort boiling, and wort hopping inﬂuenced
the thiol-removing capacity as well as how the thiol-removing
capacity aﬀected cysteine compared to glutathione. Wort
boiling seemingly reduced the thiol-removing capacity completely when adding glutathione to the wort. However, a small
amount of thiol-removing capacity remained after boiling when
cysteine was added (Figure 2). All three barley varieties showed

Figure 2. Addition of thiols to the worts. (A) Fluorescent response
from Pallas wort (sweet, boiled, and boiled and hopped) with added
cysteine in concentrations between 0 and 20 μM. Wort was diluted 40
times. (B) Fluorescent response from Pallas wort (sweet, boiled, and
boiled and hopped) with glutathione added in concentrations between
0 and 20 μM. Wort was diluted 10 times. Values are given as means (n
= 3), and standard deviations are shown by error bars.

the same tendency (Figure 3), and results are only presented
for Pallas wort in Figure 2. Bamforth et al.21 found a heat-stable

Figure 3. Fluorescent response from Pallas, Fero, and Archer sweet
wort with glutathione added in concentrations between 0 and 20 μM.
Wort was diluted 10 times. Values are given as means (n = 3), and
standard deviations are shown by error bars.

enzyme, present in fresh malt, capable of oxidizing thiol groups
(cysteine, glutathione, and dithiothreitol), resulting in disulﬁde
cross-linking of proteins. This enzyme retained approximately
70% of its activity when heated to 70 °C, which is the mashing
oﬀ temperature in the current study. After heating at 100 °C for
30 min, approximately 40% of the thiol-oxidizing activity
1971
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remained and it was suggested that the remaining thioloxidizing activity was caused either by a very heat-stable
enzyme or by nonenzymatic oxidation.21 The results from the
current study correlate with previous ﬁndings of the thiolremoving capacity being heat sensitive.10,21 The occurrence of
both enzymatic and nonenzymatic thiol oxidation in wort was
also suggested in previous studies10,19,21 though, whether the
thiol oxidation occurring after wort boiling is explained by
enzymatic or nonenzymatic oxidation remains uncertain.
The thiol-removing capacity caused a greater loss of cysteine
than glutathione. In order to keep the results within the same
concentration range, wort was diluted 40 times when using
cysteine but only 10 times when using glutathione (Figure 2).
As thiol adducts are detected by addition of 8 μM glutathione
and addition of 16 μM cysteine a rough estimate makes the
thiol-removing capacity at least 8 times more eﬃcient toward
cysteine than toward glutathione when including the dilution
factor. In line with this, Bamforth et al.21 found that even
though glutathione displayed a much higher aﬃnity for the
enzyme than cysteine, cysteine was oxidized approximately 5
times more rapidly. The inﬂuence of barley variety was also
investigated, but no eﬀect was found on the thiol-removing
capacity (Figure 3). The same result was found using cysteine
(data not shown). The current study further showed that
addition of hops did not systematically inﬂuence detection of
thiols in the boiled wort (Table 1), and the potential
antioxidative eﬀect of the hops did not seem to inﬂuence the
thiol-removing capacity when adding either cysteine or
glutathione (Figure 2). In a previous study10 a variation in
thiol-removing capacity was found between two diﬀerent malts
(origin unknown), but in that study, barley, malting, and
storage conditions were very diﬀerent and not standardized as it
was in the current study. This indicates that malting and storage
conditions may have a larger inﬂuence on the thiol-removing
capacity than the barley variety itself. It is known that freshly
kilned malt should be stored for more than 20 days to improve
ﬁltration rates.22 Bamforth et al.21 explained this improvement
of the malt quality during storage by inactivation of the thioloxidizing enzymes, supporting that storage time and conditions
inﬂuence the thiol-removing capacity.
Radical Intensity Measured by ESR Spectroscopy. The
radical-forming ability of sweet wort, boiled wort, and hopped
wort made from Archer, Fero, and Pallas malt was determined
by electron spin resonance (ESR) spectroscopy. Quantiﬁcation
was carried out by detection of radicals generated after heating
samples at 60 °C for 90 min in the presence of the spin trap,
POBN, and 5% ethanol. The amplitude of the second doublet
of each ESR spectrum, recorded during heat treatment, was
used as a measure of the amount of radicals generated (Figure
4A). Wort boiling without hops resulted in increased radical
formation compared to sweet wort (Figure 4B), whereas radical
formation of boiled/hopped wort and sweet wort was not
statistically diﬀerent. The increase in radical intensity during
boiling and the antioxidative eﬀect of hops supports the
ﬁndings of Wietstock et al.23 The barley varieties showed small
eﬀects on radical intensity though Fero was signiﬁcantly more
sensitive to boiling than Archer and Pallas.
Volatile Proﬁles. The volatile proﬁle of sweet wort, boiled
wort, and hopped wort was determined with the purpose of
clarifying whether the barley variety or the boiling or hopping
of the corresponding worts had an inﬂuence on the volatile
proﬁle. Hops contribute with a large amount of volatiles
inﬂuencing wort aroma; however, the focus of this study

Figure 4. (A) ESR spectra of wort made from Pallas malt (sweet wort
(SW), boiled wort (BW), and hopped wort (HW)) analyzed after 90
min of incubation at 60 °C with POBN (40 mM) and ethanol (5%).
(B) Radical signal intensities measured by ESR spectroscopy of wort
produced from Pallas, Fero, and Archer malt (sweet wort (SW), boiled
wort (BW), and hopped wort (HW)). Values are given as means (n =
3). Letters indicate the statistical diﬀerence of samples, and levels
bearing diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).

concerns mainly the barley varieties, and only the fate of the
compounds present in sweet and boiled wort were investigated
and followed through to the hopped wort. Compounds coming
exclusively from the hops were not included in analysis.
Through headspace analysis 24 volatile compounds were
identiﬁed in sweet and boiled wort (Table 2), and to investigate
whether there was a diﬀerence between the volatile proﬁles of
the barley varieties along with the boiling and hopping principal
component analysis (PCA) was performed with scores and
loadings presented in Figure 5. No volatile secondary oxidation
products were detected; however, nondetectable precursors for
oxidation may have been generated, resulting in release of oﬀﬂavors during storage of a ﬁnal beer.1 From the score plot it was
found that sweet Archer wort diﬀered from sweet Pallas wort
and sweet Fero wort. After wort boiling, the diﬀerences
between Archer and Pallas were leveled out while Fero was
found to diﬀer in volatile proﬁle from the two others. Addition
of hops masked the diﬀerences between the barley varieties;
however, when excluding boiled wort from the score plot, Fero
remained diﬀerent from Pallas and Archer (data not shown),
meaning that hops did not eliminate the diﬀerences completely
as it appears in the present plot. When looking more speciﬁcally
at the volatile compounds sweet Archer wort diﬀerentiated
from sweet Fero wort and sweet Pallas wort by having a
signiﬁcantly higher concentration of 2-methyl-1-propanol,
benzaldehyde, and limonene and a tendency for a higher
concentration of phenylacetaldehyde and 2-pentanone. Furthermore, Archer had a signiﬁcantly lower concentration of
hexanal and a tendency for a lower concentration of 2-methyl1-butanol and 2-ethyl-1-hexanol compared to sweet Fero and
1972
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while introducing others unique to each barley variety, showing
that also the processing inﬂuences and changes ﬂavor
composition.
It was previously found that no volatile compounds were
evaporated from light sweet wort left at 40 °C for 10 h, whereas
volatile compounds were found to evaporate from sweet worts
made from malt roasted to more than 33 EBC.10 In the current
study boiling resulted in loss of many volatiles, even for light
worts, which is exempliﬁed in Figure 6 for the compounds
showing the largest loss: hexanal, limonene, pentanol, and
benzaldehyde. Few compounds increased in concentration
during boiling, and some were present in approximately equal
concentration before and after boiling, most likely due to
formation during boiling. Furfural, phenol, propanal, and the
Strecker aldehyde 2-methylpropanal were among the main
compounds formed during boiling (Figure 7). Wort boiling also
resulted in generation of Strecker aldehydes, and the
contribution of Strecker aldehydes from hops is very limited.
Development of 2-methylbutanal, 3-methylbutanal, and phenylacetaldehyde is shown in Figure 8. The antioxidative activities
from hops did not seem to inhibit Strecker aldehyde
production during wort boiling though; Wietstock et al.23
found hops to have an inhibiting eﬀect on generation of the
Strecker aldehydes and staling compounds, 2-methylbutanal
and 3-methylbutanal, during beer storage. Boiling with hops
resulted in increased concentrations of most compounds
present in sweet worts. Hops have a broad and complex
volatile proﬁle, and many compounds present in the wort are
also present in hops. The compounds, which in this study are
found to be unique for the malt, are isoamylalcohol,
phenylacetaldehyde, 2,5-dimethylbenzaldehyde, propanal, hexanol, and 2- and 3- methylbutanal (data not shown).

Table 2. Volatile Compounds Included in the PCA Plot
(Figure 5)a
target
ion

no.

name

target
ion

propanal
2-methylpropanal
butanal
3-methylbutanal
2-pentanone
2-methyl-butanal
2,4-dimethyl-3pentanone
hexanal

29
43
44
44
43
57
43

13
14
15
16
17
18
19

3-methyl-1-butanol
pentanol
1-hexanol
3-ethyl-cyclobutanone
furfural
2-ethyl-1-hexanol
benzaldehyde

55
42
56
41
96
57
77

56

20

43

43

21

10

2-methyl-1propanol
1-butanol

2-methylpropanoic
acid
phenylacetaldehyde

56

22

133

11
12

2-methyl-1-butanol
limonene

57
68

23
24

2,5-dimethylbenzaldehyde
3-methyl-2-hexen-1-ol
phenol

no.
1
2
3
4
5
6
7
8
9

name

91

71
94

a
Compounds are identiﬁed in sweet, boiled, and boiled and hopped
wort, though volatiles speciﬁc for the hops are not included. Target ion
(Tgt) is used for identiﬁcation, and the number of each compound
corresponds to the location in the loadings plot (Figure 5B).

Pallas wort. After boiling the volatile proﬁles had changed and
Fero diﬀerentiated from Pallas and Archer by having a
signiﬁcantly larger concentration of furfural and a tendency
for a larger concentration of phenylacetaldehyde, 2-ethylhexanol, and 1-butanol. After boiling with hops Fero remained
diﬀerent from Archer and Pallas with a signiﬁcantly larger
content of furfural and a tendency for a larger content of
phenylacetaldehyde and 1-butanol; however, again, this is not
seen in Figure 5 as the contribution from the hops mask this
tendency in the presented PCA plot. Furfural and phenylacetaldehyde are typical heat-induced compounds, and their
formation correlates with the larger increase in color detected
in boiled and hopped Fero wort compared to boiled and
hopped Archer and Pallas wort. The results of volatile analysis
show that the barley variety does inﬂuence the volatile proﬁle,
and barley may be selected with the purpose of inﬂuencing the
volatile proﬁle of the wort and possibly the ﬁnal beer.
Interestingly, boiling was found to eliminate some diﬀerences

DISCUSSION
Archer wort needed 42 ± 5.7 min of ﬁltration compared to only
21.5 ± 2.1 and 16 ± 2.8 min for Fero and Pallas. This result
could not be explained by the β-glucan determinations in malt
where Archer had the lowest content of the three malt samples.
Reduction of thiols using TCEP revealed a large diﬀerence
between the thiol content of the worts, and Archer wort had a
signiﬁcantly larger content of total thiols. All thiols were found
to be oxidized, causing generation of gel proteins7−9 and longer

■

Figure 5. (A) PCA score plot based on the volatile compounds found in sweet, boiled, and hopped Pallas, Fero, and Archer wort. Only the volatiles
also detected in sweet and boiled wort have been included for the hopped wort: sweet archer wort (A1s, A2s, A3s), boiled Archer wort (A1b, A2b,
A3b), hopped Archer wort (A1h, A2h, A3h); sweet fero (F2s, F3s), boiled fero (F1b, F2b, F3b), hopped Fero (F1h, F2h, F3h); sweet Pallas wort
(P1s, P2s, P3s), boiled Pallas wort (P1b, P2b, P3b), hopped Pallas wort (P1h, P2h, P3h). Ovals enclose the wort samples that diﬀerentiate from the
others. (B) Loadings plot where each volatile compound is represented by a number and identiﬁed in Table 2.
1973
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Figure 6. Relative concentrations of hexanal, limonene, benzaldehyde, and pentanol in sweet, boiled, and boiled and hopped Archer, Fero, and Pallas
wort. These volatiles are chosen as examples of the loss happening during wort boiling. Values are given as means (n = 3), and standard deviations
are shown by error bars. Letters indicate the statistical diﬀerence of samples, and levels bearing diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).

Figure 7. Relative concentration of furfural, 2-methyl propanal, phenol, and propanal in sweet, boiled, and boiled and hopped Archer, Fero, and
Pallas wort. These compounds show the largest increase in concentration during boiling. Values are given as means (n = 3), and standard deviations
are shown by error bars. Letters indicate the statistical diﬀerence of samples, and levels bearing diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).

prevented this increase in radical formation due presumably to
its antioxidative activity as previously described.23 Barley
varieties had little eﬀect on radical formation. Wort from the
three barley varieties also had the same thiol-removing capacity,
which was not completely eliminated after boiling. The thiolremoving capacity is not present in beer,6 and as it is still
present, to a small extent, in boiled and hopped wort, the
remaining activity must somehow become eliminated during
the fermentation process.

ﬁltration time of Archer wort. Therefore, the challenge of
keeping thiols in their reduced form during mashing and
ﬁltration is not only important to preserve the potential
antioxidative capacity of the thiols but also to keep a short
ﬁltration time. These results underline the importance of
oxygen-controlled processes. Due to the aerobic mashing and
ﬁltration all thiols were oxidized, and the diﬀerences found
between the barley varieties were leveled out. Radical formation
was also highly inﬂuenced by the processing. Boiling resulted in
a large increase in radical formation, whereas boiling with hops
1974
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Figure 8. Relative concentration of the Strecker aldehydes 2-methyl-butanal, 3-methylbutanal, and phenylacetaldehyde in sweet, boiled, and boiled
and hopped Archer, Fero, and Pallas wort. Values are given as means (n = 3), and standard deviations are shown by error bars. Letters indicate the
statistical diﬀerence of samples, and levels bearing diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).

Diﬀerences were detected in volatile proﬁle caused by the
barley variety however; the volatile proﬁles were highly
inﬂuenced by the processing where boiling caused a decrease
in many compounds due to evaporation but also an increase in
other compounds. Sweet Archer wort diﬀered from sweet Fero
and Pallas wort by having a signiﬁcantly larger concentration of
2-methyl-propanol, benzaldehyde, and limonene as well as a
signiﬁcantly lower concentration of hexanal. Fero wort diﬀered
in volatile proﬁle from Archer and Pallas wort after boiling and
was found to develop more heat-induced compounds such as
furfural and phenylacetaldehyde. This correlated with increased
radical intensity of boiled Fero wort measured by ESR
spectroscopy. Not surprisingly, boiling caused mainly an
increase in heat-induced compounds such as furfural, propanal,
phenol, and 2-methylpropanal, and the compounds found most
sensitive toward evaporation during boiling were hexanal,
limonene, pentanol, and benzaldehyde. Many volatile compounds present in malt are also present in hops. However, the
compounds which in this study were found to be unique for the
malt are isoamylalcohol, phenylacetaldehyde, 2,5-dimethylbenzaldehyde, propanal, hexanol, and 2- and 3- methylbutanal. On
the basis of this investigation of three barley varieties produced
under the same conditions we found that when selecting a
barley variety with the intension of inﬂuencing beer ﬂavor it is
important not only to evaluate the sensory properties of the
malt and the sweet wort but also to evaluate how the volatile
proﬁle is inﬂuenced by processing.
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ABSTRACT: The impacts of pasteurization of a lager beer on protein composition and the oxidative stability were studied
during storage at 22 °C for 426 days in the dark. Pasteurization clearly improved the oxidative stability of beer determined by
ESR spectroscopy, whereas it had a minor negative eﬀect on the volatile proﬁle by increasing volatile compounds that is generally
associated with heat treatment and a loss of fruity ester aroma. A faster rate of radical formation in unpasteurized beer was
consistent with a faster consumption of sulﬁte. Beer proteins in the unpasteurized beer were more degraded, most likely due to
proteolytic enzyme activity of yeast remnants and more precipitation of proteins was also observed. The diﬀerences in soluble
protein content and composition are suggested to result in diﬀerences in the contents of prooxidative metals as a consequence of
the proteins ability to bind metals. This also contributes to the diﬀerences in oxidative stabilities of the beers.
KEYWORDS: pasteurization, beer, oxidative stability, electron spin resonance spectroscopy, protein composition, LTP1, metals
study showed that increasing pasteurization intensity decreased
the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
ability of beer together with a decreased level of total
polyphenols.5 These contradictory reports show the need for
further studies on the eﬀect of pasteurization on the oxidative
stability of beer.
Sulﬁte is believed to be a primary antioxidant in beer due to
its ability to remove trace levels of H2O2 in a direct nonradical
reaction. It has been suggested that protein thiols can be
involved in the antioxidant mechanism by acting as catalysts.6,7
Brieﬂy, protein thiols are suggested to react with H2O2 forming
mixed disulﬁdes either directly or via the formation of a protein
sulfenic acid. This disulﬁde may be reduced by either sulﬁte or
other smaller reducing compounds like enzymes and regenerate
the original protein thiol, which may then again react with
another H2O2 molecule. It has been shown that the content of
thiols in beer correlate with the sulﬁte content and the oxidative
stability in beer as evaluated by forced aging combined with
electron spin resonance (ESR) detection of radicals. 8
Furthermore, lipid transfer protein 1 (LTP1), which is believed
to act as a foam stabilizer in beer, has been shown to be
important for the ﬂavor stability of aged beer determined by
sensory analysis and possesses antioxidative activity determined
by DPPH radical scavenging ability and a Saccharomyces
cerevisia-based antioxidant screening assay.9 LTP1 is stabilized
by four disulﬁde bonds in its native form (in unmalted barley)
giving a potential of eight thiol groups if the protein is fully
reduced in the beer.10
Apart from inﬂuencing the oxidative stability of beer,
pasteurization has also been shown to inﬂuence foam stability
through a modiﬁed protein content and composition.4

INTRODUCTION
Flavor stability of beer is one of the most important concerns
for the brewing industry, because ﬂavor is considered the
primary quality parameter. During beer aging, fresh ﬂavor notes
decrease while aged ﬂavor compounds are increasingly formed.
Especially, trans-2-nonenal that is considered to be responsible
for the development of cardboard-like ﬂavors formed through
oxidative reactions, has received much attention but a number
of other aged ﬂavor notes such as winery and solvent-like
ﬂavors are also formed.1 Due to the various chemical reactions
taking place in beer during storage it remains diﬃcult to
understand and control ﬂavor stability.
Pasteurization is often employed in order to obtain beer that
is stable in terms of microbiological growth and spoilage.
Pasteurization inﬂuences the oxidative stability of beer as well
as the protein solubility and composition, although the reported
eﬀects on oxidative stability depends on the type of analysis.2−5
Kaneda et al.3 showed by measuring chemiluminescence
intensity that pasteurization increases the level of oxidation in
beer. Furthermore, the radical concentration was lower in
pasteurized beer, which was suggested to be caused by uptake
of residual oxygen leading to accelerated radical reactions
during the pasteurization followed by a subsequent reduction in
the radical concentration after pasteurization. However, Pascoe
et al.2 used antioxidant assays (radical scavenging ability of 2,2′azinobis(3-ethylbenzothiazoline-6-sulfonic acid), ABTS, and
ferric-reducing antioxidant power, FRAP) to demonstrate an
increasing antioxidant capacity for fresh pasteurized beer
compared to fresh unpasteurized beer. It was suggested that
the increased antioxidant capacity was created by Maillard
reaction products (MRPs) formed by the pasteurization
treatment. Furthermore, a signiﬁcant increase in the phenolic
compound, catechin was also determined, which would also
give an antioxidant response in the assays, although the authors
did not have any explanation for the observed increased
content of catechin during pasteurization. In contrast, a recent
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days, beer samples for protein and phenol analysis were frozen
and stored at −20 °C. The unpasteurized beer contained a
small amount of precipitate, and this precipitate was not
transferred to samples that were freeze-stored. Beer samples for
sulﬁte, thiol, metal, and microbial growth analyses were kept at
5 °C until analysis.
Oxidative Stability of Beer by ESR Lag Phase
Measurements during Storage. ESR lag phase measurements were performed according to Uchida et al.11 Beer was
degassed by stirring on a magnetic stirrer for 5 min. Degassed
beer containing 30 mM PBN was heated at 60 °C in closed
Blue Cap bottles with a headspace of atmospheric air. Samples
were analyzed at given time intervals. ESR spectra were
recorded at room temperature with a JES-FR30 ESR
spectrometer (Jeol, Tachikawa, Japan) using a quartz capillary
(ID 0.75 mm) sample cell (Wilmad Glass, Buena, NJ). The
settings were as follows: microwave power, 4 mW; sweep
width, 50.0 G; sweep time, 2 min; modulation width 1.25 G;
amplitude 1000; time constant 0.3 s. All spectra consisted of
single scans. Intensities of the ESR signals were calculated
relative to an internal Mn(II) standard (set to 650) attached to
the ESR cavity to compensate for day-to-day variation. All ESR
measurements were performed in duplicate as a minimum.
Volatile Proﬁle by GC-MS during Storage. Head space
analysis was carried out in triplicate using 5 mL beer and 1.00
mL 4-methyl-1-pentanol (50 mg L−1) as internal standard. The
volatile compounds were collected on a Tenax-TA trap
(Buchem bv, Apeldoorn, The Netherlands). Samples were
equilibrated to 30 ± 1 °C in a circulating water bath and then
purged with nitrogen (75 mL·min−1) for 15 min. The trapped
volatiles were desorbed using an automatic thermal desorption
unit (ATD 400, Perkin-Elmer, Norwalk, CT) and transferred to
a gas chromatograph-mass spectrometer (GC-MS, 7890A GCsystem interfaced with a 5975C VL MSD with Triple-Axis
detector from Agilent Technologies, Palo Alto, CA). Separation
of volatiles was carried out on a DB-Wax capillary column 30 m
long × 0.25 mm internal diameter, 0.25 μm ﬁlm thickness. The
temperature program is detailed in Deza-Durand and
Petersen.12 Volatile compounds were identiﬁed by probability
based matching of their mass spectra with those of a
commercial database (Wiley275.L, HP product no. G1035A).
The software program, MSDChemstation (Version E.02.00,
Agilent Technologies, Palo Alto, CA), was used for data
analysis. Concentrations are presented as relative areas
calculated as peak area of the volatile compound divided by
the peak area of internal standard.
Detection of Yeast and Lactic Acid Bacteria after
Storage. At the end of the storage experiment beers were
analyzed for growth of yeast or lactic acid bacteria (LAB).13
Together with beers stored at 22 °C, beers stored at 5 °C were
included in the analysis in order to determine the initial level of
yeast and lactic acid bacteria in the beer since microbial growth
at 5 °C is reduced. The beers were opened under sterile
conditions. Brieﬂy, 100 mL of pasteurized beer were ﬁltered
through either 0.22 or 0.45 μm ﬁlter to detect acetic acid
bacteria and yeast, respectively, while unpasteurized beer were
serially 10-fold diluted before detection of microorganisms.
Yeast were grown on malt extract agar containing 100 mg/L
chloramphenicol and 50 mg/L chlortetracycline, to inhibit
bacterial growth, for three days at 25 °C. LAB were grown
anaerobically for three-seven days at 30 °C on MRS agar
containing 0.2% sorbic acid and 0.1% cycloheximide to

Pasteurization improved foam stability and increased the
protein content in beer, and a protein, putatively identiﬁed as
LTP1 was found to disappear in unpasteurized beer over three
months of storage. The loss of LTP1 in unpasteurized beer was
explained by proteinase A activity derived from yeast, which
were inactivated in the pasteurized beer.
The primary objective of the present study was to investigate
the relationship between the oxidative stability and protein
composition in pasteurized and unpasteurized beer during
storage for over one year at room temperature. Although it is
known that protein composition is important in relation to
colloidal stability of beer (i.e., haze and foam stability) it is
unknown to which extent the protein composition aﬀects
oxidative stability of beer. A typical lager beer was produced
and bottled, and half of the bottles were pasteurized to 20
pasteurization units (PU). The beers were stored for 426 days
at 22 °C in the dark and characterized by pH, color, oxidative
stability by ESR spectroscopy, volatile proﬁle by GC-MS,
protein content by the Bradford method, protein composition
by SDS-page and MS analysis, sulﬁte and thiol quantiﬁcation by
derivatization with ThioGlo 1 ﬂuorescent reagent followed by
separation by RP-HPLC and ﬂuorescent detection, color, metal
analysis (Fe and Cu) by ICP-MS, and total phenol content by
the Folin-Ciocalteu method.

■

MATERIALS AND METHODS

Chemicals. Acetonitrile, N-tert-butyl-α-nitrone (PBN),
glutathione (GSH), 1-octanol, 4-methyl-1-pentanol, gallic
acid, HCl, chlortretracycline, chloramphenicol, trichloroacetic
acid, and 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO) were
purchased from Sigma-Aldrich (St. Louis, MO). Tris(hydroxymethyl)amino methane (tris), ThioGlo 1 ﬂuorescent
thiol reagent, triﬂuoroacetic acid (TFA, >99.8%), FolinCiocalteu phenol reagent, sodium carbonate, sodium sulﬁte,
sorbic acid, cycloheximide, malt extract agar and MRS (de Man,
Rogosa and Sharpe) agar were obtained from Merck
(Darmstadt, Germany). NuPAGE Novex 12% bis-tris gels,
LDS sample buﬀer, MES running buﬀer, Mark 12TM unstained
standard, and Molecular Probes SYPRO ruby protein gel stain
were obtained from Invitrogen, CA. Dithiothreitol (DTT) and
acetic acid were obtained from Applichem GmbH, Darmstadt,
Germany. Iodoacetamide was from Acros Organics, Geel,
Belgium. Bradford Bio-Rad Protein Assay Reagent was obtained
from Bio-Rad Laboratories, Hercules, CA. Bovine Serum
Albumin (BSA) standard of 2.0 mg/mL was obtained from
Thermo Fisher Scientiﬁc Inc. (Rockford, IL). Ethanol (96%)
was obtained from Kemetyl (Køge, Denmark). Trypsin was
from Promega, (Madison, WI), and NH4HCO3 was from ICN
(Aurora, Ohio). All chemicals were of analytical grade or
highest possible purity. Water was puriﬁed through a Milli-Q
water puriﬁcation system (Millipore, Billerica, MA).
Brewing of Beer. A typical all-malt lager beer (alc. 5.7%)
was produced at a local microbrewery. After fermentation the
beer was ﬁltered by sheet ﬁltration. The beer was bottled into
0.5L brown bottles and closed with a crown cork. After
packaging, half of the bottles were heat treated in a tunnel
pasteurizer to 20 PU, while the other half remained
unpasteurized.
Storage of Beer. Beers were stored at 22 ± 2 °C in the
dark, and the temperature was monitored using a temperature
logger. The beers were analyzed for oxidative stability by ESR
spectroscopy and volatile proﬁle by GC-MS approximately
every 2 months during the storage period. After storage for 426
12363
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desorption ionization-time-of-ﬂight mass spectrometry
(MALDI-TOF MS). In-gel digestion was performed as
described by Jensen et al.18 Custom-made chromatographic
columns were used for desalting and concentration of the
peptide mixture prior to mass spectrometric analysis.19 The
proteins were identiﬁed with the use of a MALDI-TOF-TOF
instrument (4800 Proteomics analyzer, Applied Biosystems,
Foster City, CA). Both MS and MS/MS spectra were obtained
and the proteins were identiﬁed using the Mascot database
search program (Matrix Science, http://www.matrixscience.
com) using the NCBInr database (National Center for
Biotechnology Information, http://www.ncbi.nlm.nih.gov/).
The searches were not restricted regarding taxonomy. The
mass tolerance was limited to 70 ppm for peptide mass
ﬁngerprinting and to 0.6 Da for peptide sequence data.
Sulﬁte and Thiol Analysis. Quantiﬁcation of sulﬁte and
thiol groups was performed according to Abrahamsson et al.20
and Hoﬀ et al.21 based on derivatization of sulﬁte and thiol
groups with ThioGlo 1 ﬂuorescent reagent followed by
separation with reversed phase high performance liquid
chromatography (RP-HPLC) and ﬂuorescence detection. A
standard addition protocol was used to compensate for beer
matrix eﬀects. A stock solution of ThioGlo 1 (2.60 mM) in
anhydrous acetonitrile was prepared in the dark, and stored at 4
°C protected from light as described by Hawkins et al.22 The
solution was kept anhydrous by adding dried molecular sieves
(0.3 nm, Metrohm Ltd., Herisau, Switzerland) directly to the
stock solution. Stock solutions of sodium sulﬁte and glutathione
(GSH) were freshly prepared every day in Milli-Q water, kept
cold, and subsequently diluted to 0.5 mg/L and 4.0 μM,
respectively, in 0.25 M tris buﬀer (pH 7.50). The dilution was
performed within 30 min of using the standards to avoid air
oxidation at the elevated pH values. Beer was opened
immediately before analysis, degassed by magnetic stirring for
exactly 5 min with addition of 0.01% 1-octanol to avoid
foaming, and diluted 10 times. Samples with 0−0.125 mg/L
SO2 and 0−1.00 μM GSH each containing 20 μL degassed,
diluted beer were prepared to a total volume of 100 μL made
up with 0.25 M tris buﬀer (pH 7.50). Each sample was added
100 μL of 26 μM ThioGlo 1 (diluted just before use in 0.25 M
tris buﬀer (pH 7.50) to avoid hydrolysis) and incubated for
exactly 5 min at room temperature. The reaction was quenched
by adding 10 μL concentrated HCl, and the samples were
transferred to brown HPLC vials with 200 μL inserts and
closed. HPLC analysis was performed as previously described.20
All samples were run in duplicate as a minimum. Linear
standard addition curves from SO2 and GSH addition were
prepared from the area of the corresponding peaks for each
beer sample and used for quantiﬁcation of sulﬁte and thiols. A
blank sample of only ThioGlo 1 and buﬀer was run in parallel
on each day and subtracted from the standard addition curves
to compensate for background ﬂuorescence from ThioGlo 1.
Data Analysis. Statistical analysis was performed using SAS
9.1 package, SAS Institute, Inc., Cary. NC. Data were analyzed
by analysis of variance using proc glm. Means were used to
compare diﬀerences and LSD was applied to compare the mean
values. The signiﬁcance level was p < 0.05.

suppress yeast growth. Following incubation the number of
colony forming units (CFU) was recorded.
Color Determination. Absorbance of the wort samples was
measured at 430 nm using a Cintra 40 spectrophotometer
(GBC, Melbourne, Australia), and EBC color determined
according to Analytica EBC.14
Determination of Fe and Cu. The samples were acid
digested in a microwave oven using the solvents and
temperature program detailed in Wyrzykowska et al.15 The
multielemental composition of sample digests were subsequently analyzed using inductively coupled plasma-mass
spectrometry (ICP-MS) equipped with an octopole reaction
cell for interference removal (Agilent 7500ce, Manchester, UK)
following the instrumental settings listed in Hansen et al.16 Beer
samples were determined in duplicate.
Total Phenol Concentration by Folin-Ciocalteu. The
phenolic concentration was determined by Folin Ciocalteu’s
method as described by Singleton and Rossi 1965.17 The
thawed beer samples were diluted 10 times in Milli-Q water
and let to react with Folin-Ciocalteu phenol reagent for
maximum 8 min. Subsequently, 20% sodium carbonate was
added and the reaction mixture was incubated at room
temperature for 2 h. The phenol concentration was determined
spectrophotometrically at 765 nm on a Cintra 40 spectrophotometer against a standard curve prepared from gallic acid.
Triplicate measurements were performed on each sample. The
concentrations are given in mg gallic acid equivalents/L.
Protein Concentration by Bradford. Protein concentration of the beer samples was determined according to the
manufacturer’s procedure with a few modiﬁcations. Samples
were prepared in triplicate by mixing 20 μL thawed beer
sample, 800 μL 0.25 M tris buﬀer (pH 7.5), and 200 μL
Bradford Quick Start Reagent. The samples were incubated at
room temperature and absorbance at 595 nm was read after
exactly 15 min using microcuvettes and a Cintra 40
spectrophotometer. Protein concentration was determined
from a standard curve prepared with 0−5 μg/mL BSA (ﬁnal
concentration) where BSA standard solutions were added to
the samples instead of degassed beer sample.
SDS-Page Analysis of Beer Proteins. Samples were
analyzed by gel-electrophoresis using NuPAGE Novex 12% Bistris Gels according to the manufacturer’s instructions. Loading
samples were prepared with the same volume of each beer
sample, and 0.1 M DTT (ﬁnal concentration) was added to
reduced samples. All loading samples were heated at min. 70 °C
for 10 min before loading to the gel. Aliquots of 10 μL loading
sample containing 5 μL thawed beer were loaded to the gel, and
aliquots of 3 μL Mark 12 unstained standard were loaded to
each gel. Electrophoresis was run at 200 V for 35 min in
cassettes containing ice-cold MES running buﬀer. Following
electrophoresis the gels were ﬁxed in a solution containing 50%
ethanol and 7% acetic acid for 30 min on a rocking table, where
after the ﬁx solution was exchanged and left overnight at room
temperature. The gels were stained by the ﬂuorescent SYPRO
Ruby Protein Gel Stain overnight, washed with a solution of
10% ethanol and 7% acetic acid for 30 min and subsequently
washed twice with Milli-Q water for 5 min, and photographed
by a charge-coupled device (CCD) camera (Raytest, Camilla II,
Straubenhardt, Germany).
Identiﬁcation of Proteins from SDS-Page Analysis.
The protein bands were visualized with UV light and selected
protein bands were cut out of the gel and digested with trypsin.
The resulting peptides were analyzed with matrix assisted laser

■

RESULTS AND DISCUSSIONS

Microbial Stability of the Beers during Storage.
Pasteurized beer stored at either 5 or 22 °C contained no
growth of either yeast or lactic acid bacteria (LAB) proving that
the pasteurization employed was suﬃcient to reduce microbial
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elevation in pH results in increased formation of hydroxyl
radicals and hereby a shortened lag phase. In this study,
however, pH is 4.6 in the pasteurized beer with the longest lag
phase and the unpasteurized beer has pH 4.2, so assuming the
observed eﬀects of pasteurization were only dependent on pH,
then they should have been reversed.
The rate of radical formation after the end of the lag phase is
a measure of the radical forming potential of the beer, that is,
the eﬀect of prooxidants without the inhibiting eﬀects of
antioxidants. It is determined as the slope of the spin adduct
formation curve after the end of the lag phase. Throughout the
entire storage period the unpasteurized beers were found to
have a signiﬁcantly higher rate of radical formation than the
pasteurized beers (Figure 1B). The higher radical formation
rate in the unpasteurized beers may explain the observed faster
change of their lag phases, due to a faster exhaustion of the
initial antioxidants present in the beer. This was conﬁrmed by
measuring the levels of sulﬁte, which is believed to be the
dominating antioxidant compound in beer. The pasteurized and
unpasteurized beers originated from the same brew and they
had undergone the same treatments until the pasteurization
step, and therefore the two beers also had the same sulﬁte
content before pasteurization. Although there was no signiﬁcant
diﬀerence between ESR lag phases at day 0, the content of
sulﬁte in the unpasteurized beer was found to be slightly, but
signiﬁcantly, lower than in the pasteurized beer at day 0 (P =
0.0448). The concentrations of sulﬁte were found to change in
parallel with the ESR lag phases during the storage (Figure 2).
The rapid loss of sulﬁte in the unpasteurized beer during the
ﬁrst 63 days of storage is consistent with a fast reduction in the
ESR lag phase by approximately 50%. Furthermore, the
complete loss of sulﬁte is consistent with an almost complete
disappearance of the ESR lag phase. The correlation between
sulﬁte levels and ESR lag phases is in accordance with previous
studies,7,10,26 however in this case the observed diﬀerences in
oxidative stability of the two set of beers appear to be caused
mainly by diﬀerences in the eﬀects of the prooxidants since the
beers started out with nearly similar levels of sulﬁte.
Metal ions such as Fe and Cu are usually present in the ppb
range in beer and known to be prooxidants due to their
involvement in the Fenton reaction resulting in the formation
of hydroxyl radicals (•OH) and other reactive oxygen
species.27,28 Unexpectedly, the contents of Fe and Cu was
found to be signiﬁcantly diﬀerent in the two set of beers (Table
2). The original metal content before pasteurization was
identical in the two beers. Diﬀerent metal contents in the two
beers indicate that metals are bound diﬀerently to the beer
matrix dependent on pasteurization. The rate of radical
formation (Figure 1B) has previously been found to increase
with increasing concentration of Fe in beer,27,29 but in the
present study the pasteurized beer had a higher Fe content,
lower Cu, and a lower rate of radical formation than the
unpasteurized beer. Apparently there is no simple correlation
between the metal levels and the radical formation rate, but the
observed diﬀerences could be a result of diﬀerent degrees of
metal-binding to the beer matrix and a resulting variation in the
metals prooxidative activity.
The importance of polyphenols on the ﬂavor stability of beer
is widely discussed and the results published on the subject are
ambiguous.30 While Pascoe et al.2 found that pasteurization
increases antioxidant capacity and polyphenol levels in beer; it
has been shown that removal of protein-bound polyphenols
decreases reducing capacity but without any impact on ﬂavor

growth in the beer initially. Unpasteurized beer contained very
small amounts of yeast (0.5 CFU/ml) and LAB (5.4 CFU/ml)
after storage at 5 °C for 426 days (Table 1). A small amount of
Table 1. Colony Forming Units (CFU) for Yeast and Lactic
Acid Bacteria (LAB) of Pasteurized and Unpasteurized Beer
Stored for 426 Days (n = 2)a
colony forming units (CFU/ml)
5 °C

22 °C

beer

yeast

LAB

yeast

LAB

pasteurized
unpasteurized

0
0.5

0
5.4

0
3 × 103

0
3 × 104

a
For determination of microbial growth beers stored at both 5°C and
22°C were examined.

microbes in the unpasteurized beer is expected; even though
the beer has been sheet ﬁltered before bottling, small amounts
of yeast and LAB can pass through the ﬁlter. During storage of
unpasteurized beer at 22 °C the amount of yeast (3 × 103
CFU/ml) and LAB (3 × 104 CFU/ml) increased in the beer.
The amount of microbes found in the unpasteurized beer was
in the same range as what has previously been reported.23
However, the high amount of LAB present in the beer can
cause a sour taste due to secreted lactic acid,24 and possibly also
the observed decrease in pH from 4.6 to 4.2 as shown in Table
2.
Table 2. Analytical Data for Pasteurized and Unpasteurized
Beer Stored for 426 Days at Room Temperature in the
Darka
beer
pH
EBC color
Fe (ppb)
Cu (ppb)
phenolic compounds (mg gallic acid
equivalents/L)
protein (mg/mL)
thiol (μM)

pasteurized
4.62
8.1
46
70
55

±
±
±
±
±

0.03a
0.3NS
5a
1a
1a

0.2582 ± 0.0003a
8.66 ± 0.02NS

unpasteurized
4.19
7.6
30
79.0
59.7

±
±
±
±
±

0.08b
0.2NS
2b
0.3b
0.8b

0.12 ± 0.01b
9 ± 2NS

a

Values are given as mean values ± standard deviations of minimum
two independent determinations. Numbers within the same row
bearing diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05), NS=nonsigniﬁcant.

Eﬀect of Pasteurization on the Oxidative Stability of
Beer. Oxidative stability of the beers was evaluated by ESR lag
phase measurements, where the lag phase is deﬁned as the time
before radical formation is initiated during aerobic incubation at
60 °C with the spin trap, PBN. After production of the beers
(at storage day 0), there was no signiﬁcant diﬀerence between
pasteurized and nonpasteurized beers (P = 0.31). Both set of
beers had initial lag phases around 220 min, which indicate
beers with a good storage stability. During the storage at 22 °C
the lag phases of the unpasteurized beers decreased, and at the
end of the storage almost no lag phases were observed (Figure
1A). In contrast the pasteurized beers at day 426 had lag phases
around 140 min. Pasteurization therefore seemed to have a
signiﬁcantly positive eﬀect on the beer stability as evaluated
from the changes in ESR lag phases during the storage.
According to Kunz et al.25 the use of the PBN spin trap
increases pH in beer during ESR measurements, and the
12365
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Figure 1. Oxidative stability of pasteurized (P) and unpasteurized beer (UP) during storage at 22 °C for 426 days determined by incubation of beer
with PBN spin trap at 60 °C and measurement of radical intensity by ESR spectroscopy. (A) ESR lag phases are determined as the time until radical
formation accelerates, and (B) ESR rate of radical formation is determined as the slope of the curve obtained after radical formation has accelerated.

butanone, 4-methyl-2-pentanone, and furfural (Figure 3).
Pasteurization caused signiﬁcantly increased intensities of all
four volatile compounds compared to unpasteurized beer and
this diﬀerence increased with increasing storage time. Increase
in concentration of these four compounds in beer during
storage has previously been reported.1,33 Furfural and 3-methyl
butanal are known to be derived from the Maillard reaction.
Furfural has previously been identiﬁed as an indicator of heatinduced ﬂavor damages, but the formation of furfural is most
likely unaﬀected by oxygen and the concentrations typically
found in beer are not thought to be signiﬁcant in terms of
overall beer ﬂavor.1,33,34 3-methyl butanal, may also be
considered a suitable marker for beer oxidation but is most
likely not important for stale ﬂavor formation.1 In conclusion,
these four compounds are likely to be heat induced with their
generation initiated by the pasteurization. Their generation is
therefore likely to occur independently from other oxidative
reactions taking place in the beer. Furthermore, a slight
tendency of a smaller loss of volatile ester compounds, such as
ethyl 2-methylpropanoate, ethyl pentanoate, ethyl hexanoate,
ethyl octanoate, ethyl nonanoate and ethyl decanoate was
observed in the unpasteurized beers during storage compared
to the pasteurized beers. These compounds are often associated
with fruity ﬂavors and beer freshness. Considering the overall
volatile proﬁle of the beers, the diﬀerences between the two
beers were small, but unpasteurized beer contained slightly
more volatile ester compounds associated with a fruity
character and less compounds associated with staling suggesting
that the unpasteurized beer actually have a better sensory
quality than the pasteurized beer. These contradictious
observations may be explained by the fact that the generation
of these particular staling compounds as well as the loss in
volatile ester compounds is likely to occur independently of the
radical generation. The higher concentration of the ester
compounds in the unpasteurized beer could be due to a loss in
the pasteurized beer due to the heat treatment or increased
formation of these compounds from active yeast remnants in
the unpasteurized beer.
MRPs are formed during roasting of malt and heat
treatments during the brewing process, and have been reported
to act both as antioxidants35,36 and prooxidants37−39 in wort
and beer. The pasteurization of beer is expected to induce a
slight production of MRPs. Measuring the color of beer gives
an indication of the level of MRPs, but although a slight
increase in color of the pasteurized beer was observed, then no

Figure 2. Sulﬁte concentration in beer after 0 (black bars), 63 (dark
gray bars), and 426 (light gray) days of storage at 22 °C in the dark.
All beers were kept at 5 °C after the given days of storage at 22 °C and
analyzed after the storage period. Values are mean values of two
independent samples and standard deviations are shown as error bars.
Bars bearing diﬀerent letters are signiﬁcantly diﬀerent (P < 0.05).

stability.31 Furthermore, other studies indicate that polyphenols
may not signiﬁcantly aﬀect the formation of radicals in beer
during storage or in wort during brewing.32 In the present
study, determination of the total phenol content in the beers at
the end of the storage period showed a slightly smaller, but
signiﬁcant, level of phenols in the pasteurized beer (Table 2) in
agreement with previous ﬁndings.5 Whether the loss of
phenolic compounds is simply caused by the heat treatment,
which would possibly result in phenol polymerization and
subsequent precipitation or by a sacriﬁcial oxidation of phenols
into quinones through an oxidative mechanism cannot be
concluded. However, the overall level of oxidation is expected
to be highest in the unpasteurized beer since it showed a fast
decrease in lag phase and a high potential for radical formation,
suggesting the antioxidative eﬀect of the phenols are limited
since they were found in the highest concentration in this beer.
Volatile Compounds. The volatile proﬁles of the beers
were determined during storage from day 63 to day 426 with
identiﬁcation of 60 volatile components among which Maillard
Reaction Products (MRPs) and staling compounds were
detected. The volatile proﬁle varied between pasteurized and
unpasteurized beer, but only to a small extent. Four volatile
compounds associated with staling were found to change in
intensity during storage: 3-methyl butanal, 3-methyl-212366
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Figure 3. Relative intensities of the four volatile compounds (furfural, 3-methyl-butanal, 3-methyl-2-butanone, and 4-methyl-2-pentanone) that
diﬀered in intensity in pasteurized (P) and unpasteurized beer (UP) during storage at 22 °C for 426 days.

statistical signiﬁcant diﬀerence was found between the color of
the pasteurized and the unpasteurized beer (Table 2).
Thiols and Proteins. Thiols have been suggested to act as
antioxidants in beer and the concentration of thiols has been
found to correlate with the oxidative stability in beer as
previously described.6,8 However, in the present study no
signiﬁcant diﬀerence in thiol concentrations was observed after
storage (Table 2). In fact, the thiol concentration was relatively
low compared to the concentrations determined by Lund and
Andersen,8 which indicates that the thiols were oxidized during
storage, but whether this is due to any antioxidative mechanism
of the thiols during storage cannot be concluded based on these
results.
The content of soluble protein was considerably higher in the
pasteurized beer than in the unpasteurized beer after storage for
426 days (Table 2). This diﬀerence is probably due to (i)
protein precipitation as a small precipitate was observed after
storage at 22 °C in the unpasteurized beer, and (ii) protein
degradation due to proteolytic activity of yeast and bacteria.
The Bradford method used for protein determination only
detects peptides or proteins of at least 3 kDa so if proteins are
degraded below this limit they are not detected.40 SDS-page
analysis revealed major diﬀerences in the composition of the
soluble proteins between the pasteurized and unpasteurized
beers after storage (Figure 4), and the major diﬀerences in
protein composition were studied by MS analysis (Table 3). In
band no. 1 two proteins were identiﬁed as trypsin/amylase
inhibitor and LTP1. For reduced samples, these proteins were
found to be present in pasteurized beer but not in the
unpasteurized beer. Furthermore, several breakdown products
of protein Z (bands nos. 2, 3, and 4) were observed in the
unpasteurized beer which was consistent with a smaller

Figure 4. A representative SDS-page gel of pasteurized (P) and
unpasteurized (UP) beer samples after 426 days of storage at 22 °C in
the dark that was either reduced (R) by DTT or nonreduced (NR)
prior to electrophoresis. The numbers in bold inserted on the gel refer
to the protein band to the left of the number that was identiﬁed by MS
analysis as shown in Table 3. Mw is the molecular weight marker and
numbers (not bold) refer to the molecular weight in kDa. All lanes are
from the same SDS-page gel, but lanes with irrelevant samples have
been cut out of the ﬁgure for clarity.
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and perhaps make it less eﬀective in the Fenton reaction. The
determination of metals by ICP-MS provides a total content of
metals irrespective of protein-binding, but if proteins are
precipitated the protein-bound metals will also be precipitated
and therefore not included in the quantiﬁcation. Barley LTP
have been shown to bind Co(II) and Pb(II) but has no aﬃnity
toward Cu(II) and it is unknown to which extent it binds Fe.42
The protein identiﬁed as trypsin inhibitor cme precursor (band
no. 7) did not seem to be aﬀected by pasteurization.
Protein Composition and the Correlation to Oxidative
Stability in Beer during Storage. Pasteurization of beer was
found to improve the oxidative stability during storage at 22 °C
for over one year as determined by measuring the radical
formation by ESR spectroscopy. A faster rate of radical
formation was observed in unpasteurized beer, which is in
agreement with a faster consumption of sulﬁte. The pasteurized
beer was found to have a higher content of heat induced
volatile staling compounds as well as a slightly lower content of
volatile ester compounds. So although the pasteurized beer
clearly shows a better oxidative stability determined by ESR
spectroscopy, the pasteurization induces a slightly negative
eﬀect on the volatile proﬁle. The level of oxidative stability of
the two set of beers is suggested to be determined mainly by
diﬀerences in the prooxidative activity of the metals. The
diﬀerent metal contents in the beers indicate that metals are
bound diﬀerently to the beer matrix dependent on pasteurization since the original metal content before pasteurization were
identical in the two beers. The metal-binding beer matrix
components are suggested to be protein-derived since a large
diﬀerence in protein content and composition was observed in
the two beers. The unpasteurized beer contained more
degraded protein but also more precipitated protein, which
could explain the observed diﬀerences in metal contents. If
metals are bound to beer proteins, protein precipitation would
result in a reduction in metal content due to removal of metal
from the liquid phase as observed for Fe. Protein degradation
could on the other hand result in the release of metals due to a
decreased metal-binding capacity as observed for Cu. Hence,
proteins are suggested to contribute positively to the oxidative
stability either (i) by binding metals and hereby making them
less reactive or available as prooxidants during the Fenton
reaction or (ii) by reacting as a catalyst in the removal of H2O2
formed during oxidative reactions in beer as previously
described for LTP1.9 The mechanism of proteins during
oxidation in beer is currently being exploited further in our lab
as well as the redox status of thiols during storage and the
oxidation potential of protein-bound metals.

Table 3. Identiﬁcation of Protein Bands from the SDS-Page
Gela
band
no.
1

2
3
4
5
6
7

identiﬁed protein
trypsin/amylase
inhibitor
lipid transfer
protein 1
protein Z-type
serpin
protein Z-type
serpin
protein Z-type
serpin
protein Z-type
serpin
protein Z-type
serpin
trypsin inhibitor
cme precursor

score

mass
(Da)

sequence
coverage
(%)

263

15 307

47

gi|47168353

101

10 145

38

gi|1310677

308

43 307

30

gi|1310677

542

43 307

27

gi|1310677

667

43 307

30

gi|1310677

794

43 307

38

gi|1310677

257

43 307

19

gi|1405736

137

16 341

31

accesion
number
gi|225102

a

Protein band numbers refer to the number on the SDS-page gel in
Figure 3. All proteins were derived from barley (Hordeum vulgare).

intensity of the original band of protein Z (band no. 5). This
eﬀect of heat treatment on LTP1 and protein Z is likely to be
caused by activity of proteinase A from yeast in unpasteurized
beer while proteinase A is inactivated by the pasteurization
process as previously shown by He et al.,4 and is likely to result
in degradation of trypsin/amylase inhibitor as well. The
optimum for proteinase A activity on hemoglobin has been
reported to be pH 2−4.5 and varies with the protein
substrate,41 so proteinase A activity is to be expected within
the range of the beers from the present study (Table 2).
For nonreduced samples, an additional protein band above
protein Z (band no. 6) was observed in both beers and was
identiﬁed as protein Z. Since this band could not be observed in
reduced samples, it is an oxidized form of protein Z crosslinked through disulﬁde bonding. The content of disulﬁde
cross-linked protein Z was mainly present in the pasteurized
beer which could be a result of either (i) disulﬁde bonding in
protein Z is induced by pasteurization or (ii) that disulﬁde
bonding of protein Z took place in both beers but is degraded
by proteinase A in unpasteurized beer during storage.
The major diﬀerences in protein composition observed for
pasteurized and unpasteurized beer could explain the observed
diﬀerences in oxidative stability of the beers. The presence of
LTP1 in the pasteurized beers with greater oxidative stability is
in agreement with the study of Wu et al.9 showing a stabilizing
eﬀect of LTP1 on ﬂavor in beer and a radical scavenging ability
of the protein. However, in the beers after storage LTP1 seems
to be oxidized as observed both in the SDS-page results and
since the thiol contents are the same in the two beers. Since
there is still sulﬁte present in the pasteurized beer, LTP1 should
be able to be reduced according to Rogers and Clarke,6 and
since this is not the case pasteurization may have destroyed the
functionality of LTP1. However, this is speculative since the
reducing ability of sulﬁte on the disulﬁde bonds in LTP1 is
unknown. The identiﬁed trypsin/amylase inhibitor present in
the same band as LTP1 contains 10 cysteine residues and may
therefore also potentially work as an antioxidative protein in
beer. Furthermore, proteins are known to bind metals, and
since the Fe content is higher in the pasteurized beer with
higher oxidative stability, the proteins that have not been
degraded by proteinase A in the pasteurized beer may bind Fe
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Storage stability of pasteurized non-filtered beer
Signe Hoff,1* Marianne N. Lund,1,2 Mikael A. Petersen,1 William Frank3
and Mogens L. Andersen1
The inﬂuence of pasteurization on non-ﬁltered beers was investigated during accelerated storage (40°C, 41 days). Two beers
were produced from the same hopped wort, which was fermented with two different yeast strains. Half of the bottled beers were
tunnel pasteurized resulting in four different beer samples. The pasteurization inﬂuenced the volatile proﬁle of both fresh beers,
but during storage the differences between the volatile proﬁles of pasteurized and non-pasteurized beers disappeared. During
the storage period, the pasteurized beers gave a lower rate of radical formation, as evaluated by electron spin resonance
spectroscopy, indicating a better oxidative stability. The pasteurization had no effect on the levels of the pro-oxidative metals
iron and copper. Pasteurization slightly increased the protein content of the beers. SDS–PAGE analysis showed that the two beers
had different protein proﬁles, which changed during storage; however, pasteurization of both beers did not affect their protein
proﬁles. The level of thiols were lowered in one beer and raised in the other beer by pasteurization, but during storage the levels
of thiols decreased at the same rate in all of the beers. It was concluded that pasteurization had a positive inﬂuence on the
oxidative stability of non-ﬁltered beer. Copyright © 2013 The Institute of Brewing & Distilling
Keywords: beer; pasteurization; oxidation; volatile proﬁle; radicals; storage
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Beer is pasteurized in order to keep it microbiologically stable,
and even though most breweries pasteurize their beer, a
number of breweries prefer not to use pasteurization. Many
microbrewers choose not to ﬁlter the beer, yet some prefer to
pasteurize. Therefore, research including pasteurized, nonﬁltered beer remains important. In spite of the wide application
of the pasteurization technique for microbiological reasons, the
inﬂuence of pasteurization on the chemical storage stability is
not very well described, and only a few studies have been
carried out on the subject, and with contradicting results. Cao
et al. (1) found that increasing levels of pasteurization had a negative inﬂuence on the chemical storage stability, as increasing
levels of pasteurization resulted in an increase in colour, decrease in polyphenols and bitterness during storage, as well as
an increase in staling aldehydes and a decrease in the concentration of volatile ester compounds associated with beer freshness (1). Kaneda et al. (2) studied radical generation in both
pasteurized and non-pasteurized beer using electron spin resonance (ESR) spectroscopy and chemiluminescence intensity,
and suggested that pasteurization resulted in an initiation of
radical reactions. In a recent study pasteurization of ﬁltered beer
was found to improve the oxidative stability during storage
compared with non-pasteurized beer, based on ESR spectroscopy measurements and sulphite determination (3).
The quality of wort is important in relation to the quality of the
ﬁnal beer and a correlation has been found between the oxidative stability of wort and that of beer (4). Knowledge about the
oxidative status of the original wort is therefore an important basis for understanding the complex mechanisms of beer stability.
Transition metals such as Fe and Cu have been found to have
signiﬁcant effects in both wort (5,6) and beer (7,8) on the oxidative stability, as trace levels of Fe and Cu are known to act as catalysts in radical generation and oxidation reactions during beer
aging. Beer proteins were recently found to contribute positively
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to the oxidative stability of beer, most likely caused by binding of
metals, making them less reactive or available as pro-oxidants (3).
Furthermore, protein thiols have been correlated to the oxidative
stability in beer measured by ESR (9), and the thiol-containing lipid
transfer protein 1 (LTP 1) has been found to play an important role
in beer ﬂavour stability (10). The yeast enzyme proteinase A was
found able to degrade LTP1, but was inactivated in pasteurized
beer, and therefore remains important in relation to LTP1 preservation in non-pasteurized beer (11).
The purpose of the current study was to evaluate the storage
stability of two different non-ﬁltered pasteurized and nonpasteurized beers, produced from the same wort. Both wort
and beer were evaluated based on oxidative stability determined by ESR spectroscopy, protein content, protein composition and Fe and Cu levels. The beers were furthermore
evaluated based on thiol content, sulphite content and their volatile proﬁle during storage.

Methods
Chemicals
Acetonitrile, N-tert-butyl-α-nitrone (PBN), glutathione, 1-octanol,
4-methyl-1-pentanol, HCl, Perdrogen™ 30% H2O2, α-(4-pyridyl-1oxide)-N-t-butylnitrone and 2,2,6,6-tetramethylpiperidine-1-oxy
* Correspondence to: Signe Hoff, Department of Food Science, University of
Copenhagen, Rolighedsvej 30, DK-1958 Frederiksberg C, Denmark. Email:
hoff@life.ku.dk
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were purchased from Sigma-Aldrich (St Louis, MO, USA).
Plasma Pure 67–6% (HNO3) was purchased from SCP Science
(Courtaboeuf, France). Tris(hydroxymethyl)amino methane (tris),
ThioGlo 1 ﬂuorescent thiol reagent, triﬂuoroacetic acid (>99.8%)
and sodium sulphite were obtained from Merck (Darmstadt,
Germany). NuPAGE® Novex 12% bis-tris gels, LDS sample buffer,
MES running buffer, Mark 12TM unstained standard and Molecular Probes SYPRO® Ruby Protein Gel Stain were obtained from
Invitrogen (Carlsbad, CA, USA). Dithiothreitol (DTT) was obtained
from Applichem GmbH, Darmstadt, Germany. Bradford Bio-Rad
Protein Assay Reagent was obtained from Bio-Rad Laboratories,
Hercules, CA. The bovine serum albumin (BSA) standard of
2.0 mg/mL was obtained from Thermo Fisher Scientiﬁc Inc.
(Rockford, IL, USA). Ethanol (96%) was obtained from Kemetyl
(Køge, Denmark). All chemicals were of analytical grade or
highest possible purity. Water was puriﬁed through a Milli-Q
water puriﬁcation system (Millipore, Billerica, MA, USA).
The brewing process
Wort was produced from a 100% pilsner malt and mashing was
carried out as follows: mash in was carried out at 53°C with an
increase to 62°C held for 30 min followed by an increase to 65°C
held for 40 min; thereafter the temperature was increased to
72°C and held for 15 min and mash out was carried out at 73°C.
Wort was ﬁltered and boiled for 30 min before 400 g Hallertauer
Perle hop was added. After 60 min of total boiling time another
400 g of Hallertauer Perle hop was added and, after 75 min,
300 g of Centennial hop was added and the wort was left to boil
another 15 min, resulting in a total boiling time of 90 min. Hops
were added as type 90 pellets. The wort (12.7°P) was divided into
two fermentation casks and cooled to 16°C. The two worts were
fermented for 7 days with an ale brewer’s yeast (yeasts 1 and 2)
resulting in beers 1 and 2, respectively. Both beers were bottled,
without ﬁltration, in 330 mL ﬂasks, and half of the bottles of each
beer were pasteurized to 20 pasteurization units by tunnel pasteurization by holding the beers at 70°C for 30 min.
Radical intensity measured by ESR spectroscopy
Sweet, boiled and hopped wort. ESR wort measurements
were carried out as a forced aging experiment according to
Frederiksen et al. (5) with addition of ethanol (5% w/w) and
α-(4-pyridyl-1-oxide)-N-t-butylnitrone spin trap (40 mM). Wort,
ethanol and spin trap were heated at 60°C in closed Blue Cap
bottles with a headspace of atmospheric air and samples were
analysed at given time intervals. ESR spectra were recorded at
room temperature with a JES-FR30 ESR spectrometer (Jeol,
Tachikawa, Japan) using a quartz capillary (i.d. 0.75 mm) sample
cell (Wilmad Glass, Buena, NJ, USA). The settings were as follows:
microwave power, 4 mW; sweep width, 5.0 mT; sweep time, 2
min; modulation width 0.125 mT; time constant 0.3 s. Intensities
of the ESR signals were calculated relative to an internal Mn(II)
standard (set to 650) attached to the ESR cavity to compensate
for day-to-day variation. All wort ESR measurements were
performed in duplicate.
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closed Blue Cap bottles with headspace of atmospheric air.
Samples were analysed with the same settings as listed for
the wort samples at given time intervals, with only the amplitude changed to 1000. All ESR measurements on beer were
performed in duplicate or triplicate.
Fe and Cu
A 10 mL aliquot of wort or beer sample was pre-concentrated to
dryness and acid digested using 2.5 mL plasma–pure 67–69%
nitric acid and 1.5 mL plasma–pure 15% hydrogen peroxide on
a combined microwave and pressurizing system (UltraWave system, Milestone Srl, Sorisole, Italy). After 15 min, ramping samples
were pre-pressurized to 40 bar and digested at 240°C for 10 min,
using the pressurized microwave. After digestion, samples were
diluted to an acid concentration of 3.5% using Milli-Q water.
Multielemental composition of sample digests were subsequently
analysed using inductively coupled plasma–mass spectrometry
(Agilent 7500ce, Manchester, UK) using an octopole reaction cell
for interference removal (Agilent 7500ce, Manchester, UK) following the instrumental settings listed in Hansen et al. (13) Samples
were determined in duplicate.
Colour determination
Absorbance of the wort samples was measured at 430 nm using
a Cintra 40 spectrophotometer (GBC, Melbourne, Australia), and
EBC colour was determined according to Analytica EBC 8.3 (14).
Sugar content (°P)
Original extract (wort °P) and apparent extract (beer °P) were
determined using a hydrometer.
Alcohol content
Alcohol content was determined using a Beer Analyzer, Infratec
1256, ISW 3.20 (Foss, Denmark).
Protein concentration by Bradford
Protein concentrations of beer and wort samples were determined by the Bradford method, according to the manufacturer’s
procedure, with a few modiﬁcations. Samples were prepared in
triplicate by mixing 20 μL thawed ﬁltered beer sample or 5 mL
wort sample with 1 mL Bio-Rad Protein Assay Dye Reagent
Concentrate, diluted 4 times in Milli-Q-water. The samples were
incubated at room temperature and absorbance at 595 nm was
read after exactly 15 min using microcuvettes and a Cintra 40 spectrophotometer (GBC, Melbourne, Australia). Protein concentration
was determined from a standard curve prepared with 0–5 μg/mL
BSA (ﬁnal concentration) where BSA standard solutions were
added to the samples instead of degassed beer or wort sample.
Sulphite and thiol quantiﬁcation
The method for sulphite and thiol quantiﬁcation was based on
the ﬂuorescent thiol reagent ThioGlo 1 and HPLC separation,
making it possible to differentiate between thiol-ThioGlo 1 adducts and sulphite-ThioGlo 1 adducts. Quantiﬁcation of sulphite
was performed using the standard addition procedure described
by Abrahamsson et al. (15). Thiol quantiﬁcation was carried out
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Beer. ESR beer measurements were performed according to
Uchida et al. (12) on the same equipment as described above.
Beer was degassed by stirring with 1-octanol (0.01%) on a magnetic stirrer for 5 min and ﬁltered through a funnel ﬁlter.
Degassed beer containing PBN (30 mM) was heated at 60°C in
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based on the method described by Hoff et al. (16) using a matrix
matched standard addition curve based on pasteurized beer 1.

SDS–PAGE analysis of beer proteins
Samples were analysed by gel-electrophoresis using NuPAGE®
Novex 12% Bis-tris gels, according to the manufacturer’s instructions. Loading samples were prepared with the same volume
of each beer sample. Aliquots of a 10 μL loading sample,
containing 5 μL beer, were loaded to the gel, and 0.1 M
dithiothreitol (ﬁnal concentration) was added to reduced
samples. All loading samples were heated at minimum 70°C for
10 min before loading to the gel. Aliquots of 3 μL Mark 12TM
unstained standard were loaded to each gel. Electrophoresis
was run at 200 V for 35 min in cassettes containing ice-cold
MES running buffer. Following electrophoresis the gels were
ﬁxed in a solution containing 50% ethanol and 7% acetic acid
for 30 min on a rocking table, whereafter the ﬁx solution was
exchanged and left overnight. The gels were subsequently
stained with the ﬂuorescent SYPRO® Ruby Protein Gel Stain
overnight, washed with a solution of 10% ethanol and 7% acetic
acid for 30 min and subsequently washed twice with Milli-Q
water for 5 min, and photographed by a charge-coupled device
camera (Raytest, Camilla II, Straubenhardt, Germany).

Volatile proﬁle
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Headspace analysis was carried out in triplicate, using 5 mL wort
and 0.25 mL 4-methyl-1-pentanol (5 mg/L) as internal standard.
The volatile compounds were collected on a Tenax-TA trap
(Buchem bv, Apeldoorn, The Netherlands). The trap contained
250 mg of Tenax-TA with mesh size 60/80 and a density of
0.37 g/mL (Buchem bv, Apeldoorn, The Netherlands). The samples were equilibrated to 30 ± 1°C for 5 min in a circulating water
bath and then purged with nitrogen (75 mL/min) for 15 min.
The trapped volatiles were desorbed using an automatic thermal desorption unit (ATD 400, Perkin Elmer, Norwalk, CT, USA).
Primary desorption was carried out by heating the trap to 250°
C with a ﬂow (60 mL/min) of carrier gas (H2) for 15 min. The
stripped volatiles were trapped in a Tenax TA cold trap (30 mg
held at 5°C), which was subsequently heated at 300°C for 4
min (secondary desorption, outlet split 1:10). This allowed for
rapid transfer of volatiles to a gas chromatograph–mass spectrometer (GC-MS, 7890A GC-system interfaced with a 5975C VL
MSD with Triple-Axis detector from Agilent Technologies, Palo
Alto, CA, USA) through a heated (225°C) transfer line. Separation
of volatiles was carried out on a DB-Wax capillary column 30 m
long × 0.25 mm internal diameter, 0.25 μm ﬁlm thickness. The
column pressure was held constant at 2.4 psi resulting in an initial ﬂow rate of approximately 1.2 mL/min using hydrogen as
carrier gas. The column temperature programme was: 10 min
at 40°C; from 40 to 240°C at 8°C/min; and ﬁnally 5 min at 240°
C. The mass spectrometer was operating in the electron
ionisation mode at 70 eV. Mass-to-charge ratios between 15
and 300 were scanned. Volatile compounds were identiﬁed by
probability-based matching of their mass spectra with those of
a commercial database (Wiley275.L, HP product no. G1035A).
The software program, MSDChemstation (version E.02.00,
Agilent Technologies, Palo Alto, CA, USA), was used for data
analysis. Relative concentrations are presented as areas based
on single ions divided by the peak area of the internal standard.
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Statistical data analysis
Statistical analysis was carried out as one-way ANOVA using the
software SAS Jump 9, SAS Institute, Inc., USA. Storage Day and
Beer Sample were included in the models as ﬁxed effects. Day
to day variance between different analysis days was observed
for thiol quantiﬁcation and Analysis Day was included in the
model as a random effect. Therefore the least signiﬁcant difference value was determined and is presented in Fig. 6.
Multivariate data analysis
Multivariate data analysis was applied to GC-MS data to visualize
the inﬂuence from pasteurization and storage, as well as the
difference between the two beers using principal component
analysis (PCA). PCA was performed using Latentix software
(LatentiXTM 2.0, Latent5, Copenhagen, Denmark, www.latentix.
com). Analyses were carried out on the relative peak areas and
data was auto-scaled and cross-validated.

Results
The effect of pasteurization was evaluated by following the
oxidative stability of non-ﬁltered beer during accelerated storage at 40°C for 41 days. Two beers were produced from the
same pilsner wort by fermentation with two yeast strains. Beers
were bottled, and half of the bottles of each of the two beers
were pasteurized and the other half remained non-pasteurized.
The two yeast strains were chosen based on a preliminary
unpublished study, where 20 different yeast strains were
screened for their oxidative stress tolerance by exposing them
to pro-oxidants. Yeast 1 was found to be a low oxidative stress
resistant strain and yeast 2 to be a high stress resistant strain.
The beers were brewed in a mid-sized Danish microbrewery,
reﬂecting a small-scale production site.
Wort and beer
Beer quality is strongly linked to wort quality. In the sweet wort,
boiled wort, and boiled/hopped wort, protein content and Fe
and Cu levels were determined (Table 1) and the oxidative stability of the worts was evaluated using ESR spectroscopy (Fig. 1).
The sample of boiled wort was collected after 30 min of boiling,
immediately before hops were added, and the sample of
hopped boiled wort was collected after 90 min of boiling,

Table 1. Protein, iron (Fe) and copper (Cu) content in sweet
wort (SW), boiled wort (BW) and boiled/hopped wort (BHW).
Values are given as means ± standard deviation (protein n = 3,
Fe and Cu n = 2). Letters indicate the statistical difference of
samples within the same column, and the levels bearing different letters are signiﬁcantly different (p < 0.05)
Wort
SW
BWa
BHWb
a

Protein (μg/mL)
A

252.5 ± 3.7
253.0 ± 6.0A
232.5 ± 1.9B

Fe (μg/L)

Cu (μg/L)
A

683.3 ± 9.7
725.9 ± 16.4A
314.1 ± 2.3B

265.3 ± 4.1A
261.4 ± 2.3A
101.4 ± 5.6B

Boiled for 30 min
Boiled for 30 min without hops and 60 min with hops

b
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by proteins and polyphenolic compounds originating from the
malt and the hops (19,21,22).
The wort (12.7°P), which was fermented with yeast 1, gave a
beer (beer 1) with an alcohol content of 5.9% (v/v) and an apparent extract of 1.9° P. Wort fermented with yeast 2 gave a beer
(beer 2) with an alcohol content of 3.2% v/v and an apparent extract of 6.9°P (Table 2). The beers did not contain any sulphite
immediately after bottling (Table 2). Sulphite is considered to
be the main antioxidant in beer, and the two beers were therefore expected to be very susceptible to oxidation. Oxygen is important for radical generation (23,24) and beer staling is caused
by oxidative as well as non-oxidative reactions (24,25). Both
beers were tested in a consumer survey and both scored high
in ‘likeability’ (data not shown).
Volatiles

Figure 1. Oxidative stability of wort determined by ESR spectroscopy during forced
aging by incubation at 60°C with ethanol (5%) and α-(4-pyridyl-1-oxide)-N-tbutylnitrone spin trap (40 mM). (A) ESR spectra of α-(4-pyridyl-1-oxide)-N-t-butylnitrone
spin adducts formed in sweet wort (SW) boiled wort (BW) and boiled/hopped wort
(BHW) after 90 min of incubation. (B) Radical intensity measured during incubation
based on the amplitude of the spectra exempliﬁed in (A) (n = 2).

immediately before cooling. Sweet wort was found to have the
lowest radical forming intensity compared with boiled wort
and hopped boiled wort in line with previous studies (6,17).
Boiling resulted in a large increase in radical intensity compared
with sweet wort. Further boiling with hops resulted in a rate of
radical formation similar to boiled wort. Previous studies have
shown that hops have a radical scavenging effect (17–20), which
is most likely also the case in the current study, since wort boiling is known to increase radical formation. The additional 60 min
of boiling should therefore result in an increase in radical formation (17). Boiling with hops resulted in a small decrease in protein content, as well as in a rather large decrease in Fe and Cu
levels (Table 1). This is in line with previous studies, where this
phenomenon was explained by the effective binding of metals

Analysis of volatile compounds was carried out on both fresh
and stored beer (40°C for 41 days), resulting in the identiﬁcation
of 68 volatile compounds (Table 3). To visualize the inﬂuence
from pasteurization and storage, as well as the difference between the two beers, a PCA was carried out on the volatiles from
the fresh beers (Fig. 2, 1A/B) and stored beers (Fig. 2, 2A/B). Not
surprisingly, beers 1 and 2 were very different in volatile proﬁle,
illustrated as beer 2 is located to the left and beer 1 to the right
of both PCA score plots. Pasteurization had an inﬂuence on the
volatile proﬁle of the fresh beers as these were located at the upper part of the PCA score plot and the non-pasteurized beers
located were at the lower part (Fig. 2 1A/B). Generally, the fresh
pasteurized beers were characterized by having a larger content
of compounds often associated with negative ﬂavours (24–26) in
lager beers: 2-methylbutanal, 3-methylbutanal, 4-methyl-2hexanone, ethyl methanoate, 2-methylfuran, 2,5-dimethylfuran,
2-furancarboxaldehyde, benzaldehyde, 4,1-methylethyl benzoic
acid and geranyl acetone. The fresh non-pasteurized beers had
a larger content of alcohols and volatile ester compounds associated with beer freshness: ethyl heptanoate, hexyl formate,
ethyl tridecanoate, ethyl octanoate, heptanol, ethyl nonanoate,
1-octanol, ethyl benzoate, ethyl decanoate, 2,3-dimethylpyrazine
and phenylethyl acetate and ethyl phenylacetate. Esters are important for a beer’s volatile proﬁle and their degradation during
storage has been found to be responsible for reduced fruit ﬂavour (24,27). Most esters are present in concentrations around
the threshold value and minor changes in their concentration
may have a large effect on beer ﬂavour (27). The loss of some
volatiles, along with the generation of others, indicates that
pasteurization had a negative inﬂuence on the volatile proﬁle

Table 2. Beers 1 and 2 produced from the same pilsner wort with the yeast strains 1 and 2 were pasteurized (P) or remained nonpasteurized (NP). Alcohol content (Alc.%) and sugar content (°P) were determined for the fresh beers, and EBC colour and pH were
determined on both fresh beer and stored beer (41 days at 40°C). Values are given as means ± standard deviation (n = 2). Letters
indicate the statistical difference of samples within the same analysis, and the levels bearing different letters are signiﬁcantly
different (p < 0.05)
Day 0
Alc.%
1P
1 NP
2P
2 NP

5.9
5.9
3.2
3.2
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1.9
1.9
6.9
6.9

SO2 (mg/L)
0.3 ± 0.1
0.1 ± 0.1
0.3 ± 0.1
0.3 ± 0.3

EBC colour
D

13.4 ± 0.0
13.5 ± 0.7D
16.5 ± 0.2C
16.1 ± 0.0C

pH

EBC colour
AB

4.4 ± 0.02
4.4 ± 0.00B
4.9 ± 0.00CD
4.8 ± 0.02D

Copyright © 2013 The Institute of Brewing & Distilling

C

16.1 ± 0.6
15.8 ± 0.3C
19.8 ± 1.5A
18.0 ± 0.3B

pH
4.4 ± 0.00A
4.4 ± 0.00AB
4.9 ± 0.01C
4.9 ± 0.01C
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Table 3. Volatile compounds identiﬁed in the beers and included in the principal component analysis in Fig. 2. The target ion was
used for quantiﬁcation of the compounds
No.

Name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

2-Propanone
2-Methylpropanal
Ethyl acetate
2-Methylbutanal
3-Methylbutanal
4-Methyl-2-hexanone
Ethyl methanoate
2-Methylfuran
3-Methyl-2-butanone
Ethanol
2,5-Dimethylfuran
Ethyl propionate
Ethyl isobutanoate
Propyl acetate
4-Methyl-2-pentanone
Isobutyl acetate
Ethyl butanoate
1-Propanol
Butyl acetate
Hexanal
2-Methyl-1-propanol
3-Methylbutyl acetate
Pentyl acetate

Target ion No.
58
72
44
57
58
29
31
82
43
29
96
57
43
43
43
43
71
31
43
56
27
55
43

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Name

Target ion No.

3-Methyl-1-butanol
2-Pentyl-furan
Ethyl hexanoate
Thiazole
1-Pentanol
Hexyl acetate
Difurfuryl ether
3-Hexenyl butanoate
Ethyl heptanoate
6-Methyl-5-hepten-2-one
Hexyl formate
4-Hydroxypyridine
Heptyl acetate
Ethyl tridecanoate
Nonanal
2,4-Hexadienal
Ethyl octanoate
Acetic acid
Heptanol
Furfural
Octyl acetate
Decanal
2-Furanylethanone

31
81
88
85
42
43
81
67
88
43
56
95
43
88
57
81
101
43
70
96
43
57
95

47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

Name

Target ion

Methoxyethane
Benzaldehyde
Ethyl nonanoate
1-Octanol
Isobutyric acid
Ethyl 9-decanoate
Phenylacetaldehyde
2-Furanmethanol
Ethyl decenoate
Ethyl benzoate
α-Humulene
Ethyl decanoate
Ethyl geranate
2,3-Dimethylpyrazine
4,1-Methylethyl benzoic acid
Ethyl phenylacetate
Phenethyl acetate
β-Damascenone
Ethyl dodecanoate
Geranyl acetone
Phenylethyl alcohol
Phenol

45
106
88
56
43
88
91
98
41
105
93
55
69
71
149
91
104
69
88
43
91
94

Figure 2. (1A) PCA score plot based on the total volatile proﬁle in fresh beers and the corresponding loadings plot (1B). (2A) PCA score plot based on the total volatile
proﬁle of stored beers (41 days at 40°C) and the corresponding loadings plot (2B). Each volatile compound is represented by a number corresponding to that in Table 3.
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of the fresh beers. Cao et al. (1) studied varying levels of pasteurization (2–14 pasteurization units) and found, similar to the
current results, that an increase in pasteurization units resulted
in increased loss of estery volatiles during storage, as well as
an increase in aldehydes and sulphur-derived compounds (1).
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However, in contradiction to the current study, these variations
were not found in the fresh beer (1), which could be explained
by lower levels of pasteurization.
Storage at 40°C for 41 days had a large inﬂuence on the volatile proﬁles of all beers and resulted in elimination of the
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differences caused by pasteurization in the fresh beers; in contrast
to the fresh beers, it was not possible to differentiate between the
volatile proﬁles of pasteurized and non-pasteurized stored beers,
but only between the two beers, beers 1 and 2 (Fig. 2).
The overall volatile staling pattern was complex and caused by
many different compounds. Selected staling markers from
different origins (25,26) identiﬁed in the current study are
shown in Fig. 3. Pasteurization resulted in increased concentrations of the Strecker degradation products 2-methylpropanal, 2methylbutanal and 3-methylbutanal. During storage, these
compounds increased even more in all beers and reached
approximately the same level, which is likely to be caused by the
elevated storage temperature. Interestingly, the staling compound

and Strecker degradation product benzaldehyde decreased in
concentration during storage and the staling compound and
Strecker degradation product phenylacetaldehyde seemed to be
uninﬂuenced by storage. The Maillard reaction product and
marker of staling, furfural, was also generated during pasteurization, but increased dramatically in concentration during storage
in all beers. The generation of furfural was previously found to be
highly inﬂuenced by beer storage temperature and was found to
be generated much faster with storage at 40°C compared with
storage at 20°C (24). In Lund et al. (3), where ﬁltered beer was
stored at 22°C for over one year, furfural also developed in pasteurized beer, but almost no furfural developed in the non-pasteurized
beer. The staling ketone β-damascenone was found to increase in
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Figure 3. Relative concentration of some staling volatiles identiﬁed in the fresh and stored beer (41 days at 40°C; n = 3). Strecker degradation products: 2-methylbutanal, 3methylbutanal, 2-methylpropanal, benzaldehyde and phenylacetaldehyde. Maillard reaction product: furfural. Ketones: β-damascenone and 4-methyl-2-pentanone. Lipid oxidation product: hexanal. Ehtyl ester: Ethyl phenylacetate. Letters indicate the samples statistical difference and the levels bearing different letters are signiﬁcantly different (p < 0.05).
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all beers, which was also the case for the ethyl ester and staling
compound ethyl phenylacetate, which actually decreased in concentration during pasteurization. The staling ketone 4-methyl-2pentanone was uninﬂuenced by storage in both pasteurized and
non-pasteurized beer, but was previously found to increase in pasteurized ﬁltered beer during storage at 22°C (3). Only a slight increase in the fatty acid oxidation product hexanal during storage
was detected and no other fatty acid oxidation products were
detected, including (E)-2-nonenal and methional; however, the
concentration of (E)-2-nonenal may have been below our detection limit. Generally, these results show an increase in many staling
compounds during storage, indicating that signiﬁcant oxidation
has taken place in the beers.
Oxidative stability of beers during storage measured by
ESR spectroscopy
The beers, stored for 41 days at 40°C, did not change in pH during
the storage period. Initially the pasteurization had no signiﬁcant effect on the colour of the beers; however, during the storage period
both beers 1 and 2 became darker, which was probably caused by
Maillard reactions owing to the high storage temperature. At the
end of the storage, the pasteurized beers tended to have a darker
colour compared with the non-pasteurized beer and this observation was signiﬁcant for beer 2 (Table 2). The darker colour was in
line with previous studies, where a linear correlation between
storage time and colour was found (1) and explained by the generation of Maillard reaction compounds and degradation of polyphenols (1,24). The oxidative stability of the beers was evaluated
by measurement of the lag phase for radical formation during aerobic forced aging using ESR spectroscopy. Usually a lag phase is
observed indicating the time before radical formation is accelerated. A lag phase was not observed for the two beers, owing to
the lack of sulphite, which is the main antioxidant in beer (8,28).
Therefore the oxidative stability of the beers was evaluated by
the rate of radical formation only. The rate of radical formation
was determined as the slope of the spin adduct formation curve,
and is a measure of the radical forming potential of the beer. The
rate of radical formation evaluates the effect of pro-oxidants without the inhibiting effect of antioxidants. All beers showed a
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Figure 4. Oxidative stability of beers 1 and 2, pasteurized (P) and non-pasteurized
(NP) measured by ESR spectroscopy during 41 days of storage at 40°C. The rate of
radical formation on each particular day was determined as the slope of the curve
obtained after radical formation had accelerated and measured during forced aging by incubation with N-tert-butyl-α-nitrone spin trap (30 mM) at 60°C.
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signiﬁcant increase in radical generation from beginning of
storage until 27 days of storage (Fig. 4). From day 27 to day 41
the radical formation levelled off and no further signiﬁcant increase was observed. Furthermore, there was a tendency for the
non-pasteurized beers to have a higher radical generation, as
was also previously observed for ﬁltered beer (3), although this
was not signiﬁcant throughout the entire storage period. In a
recent study, pasteurization was found to have a positive effect
on the oxidative stability of beer as pasteurized beers gave a longer
ESR lag phase than non-pasteurized beer during storage, as well as
a slower decrease in sulphite content and decreased rate of radical
formation (3). Results based on ESR, very similar to the current
study, where no lag phase was detected in pasteurized and nonpasteurized beer, were found by Kaneda et al. (2), also showing that
pasteurized beer had a lower content of radicals. However, in contrast to the current study, this result was suggested to be caused by
the fact that some radicals in the pasteurized beer had already
reacted during the pasteurization process, indicating that the
radical-forming potential was exhausted.
Beer 2 had a lower alcohol content than beer 1. Ethanol radicals are the main radicals detected in beer by spin trapping in
combination with ESR spectroscopy (5). An experiment with
addition of ethanol to Beer 2 was carried out conﬁrming that
the decreased ethanol content in beer 2 was not a limiting factor
for the detection of radicals (data not shown).

Thiols, Fe and Cu levels and protein content
Thiols are in general sensitive to oxidation and the concentration of thiols in beer was therefore monitored during storage.
Generally, the concentration of thiols was in the low range of
what had previously been observed in other beers (9), but this
was consistent with a corresponding low protein concentration
(Fig. 5). A signiﬁcant loss of thiols was observed in all beers during the ﬁrst 14 days of storage. However, storage from 14 to 41
days did not result in a further signiﬁcant loss of thiols (Fig. 6).
These results indicate that thiols are quickly lost at the beginning of storage, until a certain level where the loss of thiols is
slowed down. Pasteurized beer 1 had a signiﬁcantly lower
content of thiols on day 0. However, no further signiﬁcant
differences were found between the beers.

Figure 5. Protein content in fresh and stored beer (41 days at 40°C) (n = 3). Letters
indicate that the sample’s statistical difference and the levels bearing different letters are signiﬁcantly different (p < 0.05).
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Storage stability of pasteurized non-ﬁltered beer
The presence of the transition metals Fe and Cu promotes metalcatalysed oxidation and thereby affects radical formation and the
oxidative stability of wort (5) and beer (7,23,28), and these metals
were therefore quantiﬁed in the wort (Table 1) as well as in the fresh
and stored beer (Fig. 7). A large proportion of Fe and Cu was removed from the wort, by both yeast strains during fermentation,
in line with previous studies (21,29,30). Beer 1 had a signiﬁcantly
higher content of both Fe and Cu than beer 2. The variations could
be caused by the yeast, as yeast with less vital cells is ineffective in
concentrating and binding metals within the cell (29,30). Also, the
level of oxidative reactions can affect the content of Fe and Cu,
since the exposure of yeast cells to exogenous reactive oxygen species was recently shown to affect their uptake and export of metal
ions (31). The variations in Fe and Cu levels between the two beers
may therefore be a combination of differences in yeast vitality and
exposure to oxidative conditions during the fermentation.
Pasteurization seemed to have only a minor inﬂuence on soluble Fe and Cu levels, with the exception of fresh beer 2, where
the fresh pasteurized beer had a higher Fe content than the fresh
non-pasteurized beer. This difference, however, was not observed
after storage. Storage had no inﬂuence on Fe and Cu levels apart
from beer 1, where a minor but signiﬁcant decrease in Cu levels
was found in both pasteurized and non-pasteurized beer.
After fermentation the protein content in all of the beers
had decreased from 232.5 μg/mL in the hopped boiled wort
to approximately 70 μg/mL in all beers (Fig. 5). This content
of soluble protein was low for both wort and beer (32). Nonpasteurized fresh beers tend to have a slightly lower content
of soluble proteins, but there was only a signiﬁcant difference
for beer 2. In contrast to beer 1, beer 2 was also affected by
storage, where the soluble protein content decreased signiﬁcantly for both pasteurized and non-pasteurized beer.
SDS–PAGE analysis of both wort and beer samples was
performed to investigate the protein composition. The sweet
wort and boiled wort clearly showed a more diverse protein
composition compared with hopped/boiled wort and beer in
agreement with previous studies (33), where it has been found
that many of the trypsin/α-amylase inhibitors present in sweet
wort were lost during wort boiling. The loss of a number of proteins during boiling, found by SDS–PAGE analysis correlates with
the protein content observed in the current study (Table 1).
SDS–PAGE analysis also revealed a difference in protein composition between the beers, as more protein bands were visible for
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Figure 7. (A) Iron (Fe) content in fresh and stored beer (41 days at 40°C). (B) Copper (Cu) content in fresh beer and stored beer (41 days at 40°C). Letters indicate
the sample’s statistical difference and the levels bearing different letters are significantly different (p < 0.05).

beer 2 compared with beer 1 (Fig. 8). Storage inﬂuenced the protein composition of beer 2, resulting in the loss of a number of
protein bands and formation of a few new protein bands, while
storage only had a minor effect on protein composition of beer
1. In beer 2 protein Z (the strongest band just above the 36.5
kDa marker) is suggested to be degraded by protease activity
from the yeast as the additional bands appearing below protein
Z in the stored beers previously have been identiﬁed as protein
Z (3). The band appearing just below the 14.4 kDa marker has
previously been identiﬁed to contain trypsin/α-amylase inhibitor
and LTP1 (3), and this band was also lost during storage, which
was also likely to be due to protease activity of the yeast. Protein
Z, trypsin/α-amylase inhibitor and LTP1 degradation were
also observed in the pasteurized beer, which may be caused
by non-enzymatic protein degradation (11), or alternatively

Figure 8. A representative SDS–PAGE gel of fresh and stored (41 days at 40°C) beers
1 and 2 pasteurized (P) and non-pasteurized (NP). All samples had been reduced. Mw
is the molecular weight marker and numbers refer to the molecular weight in kDa.

Copyright © 2013 The Institute of Brewing & Distilling

wileyonlinelibrary.com/journal/jib

179

Figure 6. Thiol levels in beer 1 pasteurized (1 P) and non-pasteurized (1 NP) and beer
2 pasteurized (2 P) and non-pasteurized (2 NP) during storage for 41 days at 40°C
(n = 4). Owing to a day to day variation between the measurements, the LSD (least signiﬁcant difference) value is presented. Letters indicate the sample’s statistical difference and the levels bearing different letters are signiﬁcantly different (p < 0.05).
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because the pasteurization was not sufﬁcient to inactivate
the yeast protease. As opposed to our previous study (3), pasteurization had only a small inﬂuence on the protein composition in the present study, which may be due to several
reasons, such as a different brewhouse, different yeast strains
and different storage conditions. Based on the SDS–PAGE analysis, it appears that the protein composition of beer 2 changed
more during storage than the protein composition of beer 1.
This correlates with a decrease in protein content (Fig. 5), as well
as with a decrease in Cu content, during storage of beer 2. Pasteurization, however, did not inﬂuence the protein composition
during storage as was previously found for a ﬁltered beer (3).

Discussion
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Pasteurized non-ﬁltered beer gave a lower level of radical formation than non-pasteurized beer. Storage eliminated the initial
differences in volatile proﬁles induced by the pasteurization of
the beers. A slightly higher protein content was detected in
the pasteurized beers, but no effect on the protein composition
was found and only minor effects of pasteurization were
detected on Fe and Cu levels. This study shows that pasteurization has an overall positive inﬂuence on the oxidative stability of
non-ﬁltered beer, despite the formation of a number of Maillardrelated aroma compounds. This is in agreement with a previous
study of pasteurization of ﬁltered beer (3).
Pasteurization is likely to initiate a number of reactions in the
beers, and in the current study this was the case for generation
of both Maillard reaction products and Strecker aldehydes,
which were found in increased concentrations in the fresh pasteurized beers. However, during storage, differences in volatile
proﬁles were eliminated. This elimination of these differences
may be inﬂuenced by the elevated storage temperature (40°C)
as the small differences between ﬁltered pasteurized and nonpasteurized beer previously were found to increase during storage at 22°C (3). The difference in the results could be due to the
different storage conditions and the fact that ﬁltered beers and
another yeast strain had been used. For foods, a temperature increase in approximately 10°C often results in at least a doubling
of the rate of chemical reactions. Accelerated storage was applied in the current study to decrease storage time. However,
different reactions have different activation energies, and therefore the aging pattern of the beers at 40°C might be slightly different than when carried out at room temperature (26,34).
The current study and Lund et al. (3) show that pasteurization
limits the level of radical generation. The mechanisms behind
this effect are unknown, but it has been suggested that the difference between pasteurized and non-pasteurized beer was
mainly caused by a difference in the levels and the effects of
pro-oxidants (3). Trace levels of iron and copper have an important catalytic role as pro-oxidants in beer. The binding of metals
by proteins and polyphenolic compounds, originating from malt
and hops, can affect the levels of iron and copper (21,29,30). Not
surprisingly, a signiﬁcant difference in metal content and protein
composition was found between beers 1 and 2, as they were
produced with different yeast strains. Pasteurization did not inﬂuence the Fe and Cu levels, protein content and protein composition, in either the fresh or stored beer in this study. It was
previously found that pasteurized beer after storage (22°C for
426 days) had a protein content of approximately twice the
amount of non-pasteurized beer, along with a higher Fe content
and lower Cu (3). Generally only a minor change in protein
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content during storage was found in the present study, which
correlates with the observed minor changes of Fe and Cu levels.
However, the minor changes in protein content and composition observed in the present study, compared with our previous
study (3), could also be due to the low protein content in
the present beers, hence making differences more difﬁcult
to detect.
Thiols were oxidized during storage in all beers, suggesting
that they play an important role in the oxidative stability of beer
by consuming oxidizing species generated during storage. Pasteurization did affect the initial levels of thiols; however, the
rates of thiol oxidation were very similar in all of the beers and
were not affected by the pasteurization. The beers did not contain sulphite, and the rates of oxidation of thiols were therefore
not affected by the potential regeneration of thiols by sulphite.
Hops were found to improve the oxidative stability of the wort
when the pro-oxidative effect of boiling was considered and this
was correlated with a decrease in Fe and Cu levels. Hops are
known for their antioxidative effect in wort and the current
study suggests, in accordance with previous studies (19,21,22),
that malt proteins and hop constituents bind metals and cause
their removal from the solution through precipitation during
the brewing process. The ability to bind metals is likely to be
an important part of the antioxidative effect of hops. Large
amounts of the metals were also removed during fermentation
by both yeast strains. Interestingly the high stress resistant strain
(yeast 2) gave beers with the lowest levels of iron and copper.

Conclusion
This study showed that pasteurization had a positive inﬂuence on
the oxidative stability of non-ﬁltered pilsner beer. Pasteurized beer
gave a lower radical formation than non-pasteurized beer and
storage eliminated the differences in volatile proﬁles induced
by pasteurization. Fresh pasteurized beer contained some
Maillard-related volatile compounds and the fresh unpasteurized
beer contained slightly more alcohols and volatile ester compounds. Slightly higher protein content was detected in the pasteurized beers, but no inﬂuence of pasteurization on the protein
composition was found. Only minor effects of pasteurization were
detected on thiol concentrations and on the concentrations of
pro-oxidative metals. The decreased oxidative stability observed
for both beers during storage correlated with the increased
amount of staling compounds, decrease in protein content, decrease in thiol levels and lack of sulphite.
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Quantiﬁcation of protein thiols using ThioGlo 1
ﬂuorescent derivatives and HPLC separation†
Signe Hoﬀ,*a Flemming H. Larsen,a Mogens L. Andersena and Marianne N. Lundab
A method for quantiﬁcation of total soluble protein-derived thiols in beer was developed based on the
formation of ﬂuorescent adducts with the maleimide compound ThioGlo 1. The problem of interference
from ﬂuorescent adducts of sulﬁte and ThioGlo 1 was solved by HPLC separation of the adducts
followed by ﬂuorescence detection. Using standard addition of GSH, a detection limit of 0.028 mM thiols
was achieved. The application and validation of the method was demonstrated for beers with diﬀerent
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color intensities, and the application range is in principle for any biological system containing thiols.
However, the quantiﬁcation of cysteine was complicated by a lower ﬂuorescence response of its
ThioGlo 1 adducts. Based on the studies of the responses of a series of cysteine-derived thiols and 1H
NMR studies of the structures of ThioGlo 1 adducts with GSH and cysteine, it was concluded that thiols
with a neighboring free amino group yield ThioGlo 1 adducts with a reduced ﬂuorescence intensity.

Introduction

The thiol group (–SH) of cysteine is easily oxidized by many
oxidants and radicals, and the rate of thiol oxidation in some
systems reaches diﬀusion controlled rates.1,2 Furthermore the
thiolate anion (RS!) is one of the strongest biological nucleophiles, and consequently, the thiol group of cysteine is one of
the most reactive functional groups in proteins.3 In cells, thiol
groups are implicated in the defense against oxidation, where
glutathione (GSH) represents the major low molecular weight
antioxidant, as well as being part of fundamental redoxsignaling systems.4,5 During oxidation of thiols, a number of
diﬀerent oxidation products can be formed such as disuldes
and oxy acids (sulfenic, sulnic, and sulfonic acids). Disuldes,
which are oen the major product, can be reduced enzymatically in cells6,7 and are involved in protein folding, regulation of
enzyme activity, redox cell signaling, and other biological and
biochemical functions.6,7 However, when the rate of oxidation
exceeds that of repair, a loss of thiols can be detected as
observed for various diseases, disorders, and cell ageing,
making thiols a quantitative marker for oxidative stress.8
Thiol oxidation has also been found to be of high relevance
in relation to food quality. For instance, the tenderness of meat
has been linked to the formation of disulde bonds in the major
myobrillar protein, myosin,9 while in bread production disulde bond formation is critical for the strength of the dough and
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its baking properties.10 In beer, the major antioxidant is
believed to be sulte, but recently, thiols have been suggested to
contribute to the antioxidant capacity in beer by removing
H2O2,11,12 and the content of thiols has been shown to be
correlated with the oxidative stability of beer.13 Hence, understanding of the thiol redox status in relation to food quality is
gaining increasing interest in order to obtain high quality food
products with good avor and texture stability.
The most commonly applied method for thiol determination
is based on Ellman's derivatizing reagent, 5,50 -dithiobis(2nitrobenzoic acid) (DTNB) with spectrophotometric detection of
the generated 5-thio-2-benzoic acid at 412 nm.14 A number of
other derivatizing agents has been used for sensitivity
improvement,15,16 but using this methodology for determination of thiols in beer is not straightforward. Some beers contain
relatively high concentrations of sulte produced by yeasts
during the fermentation process. Sulte reacts with the thiolderivatizing reagents providing similar signals to those of
thiols, and sulte therefore greatly complicates thiol determination in beer. Previously, we developed a method for thiol
determination in beer based on derivatization with ThioGlo 1, a
maleimide derivative of a naphthopyranone uorophore that
yields a uorescent adduct when reacted with thiols (Fig. 1).
Sulte gives rise to a uorescent ThioGlo 1 adduct with similar
spectral characteristics to those of the thiol–ThioGlo 1 adducts,
and the contribution to the uorescent signal from the sulte–
ThioGlo 1 adduct must be subtracted by using a separate
determination of the sulte concentration and a standard
addition curve based on sulte and ThioGlo 1.13 Recently, a
method for sulte quantication based on ThioGlo 1 derivatization was developed, where the problem of interference from
thiols was solved by HPLC-separation of the ThioGlo 1
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system was used for standard solutions and mobile phases
(Millipore Corp., Bedford, MA). Methanol (>99.9%, Merck,
Darmstadt, Germany) was of analysis grade and acetonitrile
(>99.9%, Sigma-Aldrich, St Louis, MO) was of HPLC-gradient
grade. Triuoroacetic acid (TFA, >99.8%, Merck, Darmstadt,
Germany) was of spectroscopy grade.
Beer A was an all-malt bock-type of lager beer (bottle, 7.2%
alcohol). Beer B was a brown ale (bottle, 4.7% alcohol). Both
beers were obtained from local shops.
2.2

Fig. 1 Reaction between ThioGlo 1 and thiol (R–SH) or hydrogen sulﬁte (HSO3!)
yielding a ﬂuorescent adduct.

adducts.17 In the present study the HPLC based method is
further developed to allow quantication of the level of total
soluble thiols. Cysteine was found to give lower responses than
other thiols, and the origin of this diﬀerent behavior has been
linked to the structural features of the thiol molecules. The
method is applied here and validated for beer analysis, but it
should be easily adapted to any (biological) system where thiol
quantication may be complicated by the presence of sulte.

2

Materials and methods

2.1

Reagents and chemicals

A stock solution of ThioGlo 1 (10-(2,5-dihydro-2,5-dioxo-1Hpyrrol-1-yl)-9-mehoxy-3-oxo-3H-naphthol [2,1-b]pyran-2-carboxylic acid methyl ester) (2.6 mM, Covalent Associates Inc.,
Woburn, MA) was prepared by dissolving 5.00 mg ThioGlo 1 in
5.07 mL anhydrous acetonitrile (Sigma-Aldrich, St Louis, MO).
The solution was kept anhydrous during storage by adding
dried molecular sieves (0.3 nm, Metrohm Ltd., Herisau,
Switzerland), and the solution was stored at 4 # C and protected
from light.2 A buﬀer solution (tris-buﬀer) was made with 0.25 M
tris(hydroxymethyl)aminomethane
(Merck,
Darmstadt,
Germany) and the pH was adjusted to 7.5 with hydrochloric acid
(HCl, 37%, Sigma-Aldrich, Steinheim, Germany). The tris-buﬀer
was treated with nitrogen gas to preserve it. Stock solutions of
glutathione (GSH, Sigma-Aldrich, Steinheim, Germany) and
sodium sulte (J.T. Baker, Deventer, Holland) were freshly
prepared every day in Milli-Q water, kept cold, and subsequently
diluted to 2.0 mM and 7.81 mM (0.50 mg L!1), respectively, in
0.25 M tris-buﬀer (pH 7.50). ThioGlo 1 solution was diluted
1 : 100 with tris-buﬀer to a concentration of 26 mM just prior to
use. GSH, cysteine (Merck, Darmstadt, Germany), cysteine ethyl
ester (Sigma-Aldrich, Steinheim, Germany), homocysteine
(Sigma-Aldrich, Steinheim, Germany) and N-acetyl cysteine
(Sigma-Aldrich, Steinheim, Germany) were used for calibration
curves. 1-Octanol (>99.5%, Fluka, Buchs, Switzerland) was used
as a foam controller. Milli-Q water from a Q-plus purication
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Sample derivatization for the HPLC method

The method for quantication of thiol groups in beer was based
on the recently developed method for quantication of sulte in
beer.17 Beer was opened immediately before analysis, degassed by
magnetic stirring for exactly 5 min with addition of 0.01%
1-octanol to avoid foaming, and diluted 10 times in tris-buﬀer
(pH ¼ 7.50). GSH was added as a 2.0 mM stock solution in trisbuﬀer and the total volume was adjusted to 100 mL with trisbuﬀer providing the nal added concentration in the range of 0.1
to 0.5 mM. 100 mL of 26 mM ThioGlo was added to each sample
(diluted just before use in 0.25 M tris buﬀer (pH 7.50) to avoid
hydrolysis) and incubated for exactly 5 min at room temperature.
The reaction was quenched by adding 10 mL concentrated HCl,
and the samples were transferred to brown HPLC vials with 200
mL inserts and closed. Linear standard addition calibration
curves from GSH addition were prepared from the obtained
peaks for each beer sample and used for thiol quantication. A
blank sample of only ThioGlo 1 and tris-buﬀer (pH 7.5) was run
in parallel on each day and subtracted from the standard addition curves to compensate for background uorescence from
ThioGlo 1. The nal dilution factor of beer was 1 : 105 and the
concentration of ThioGlo 1 was approximately 13 mM.
Sample derivatization concerning quantication of sulte
was carried out as described for thiol quantication using
standard addition calibration curves based on sodium sulte.17
2.3

Instrumentation and chromatographic conditions

An Agilent 1100 Series liquid chromatographic system consisting of a model G1312A binary pump, a G1379A vacuum degasser, a G1313A autosampler, a G1321A uorescence detector, and
an Agilent ChemStation data handling program (Agilent Technologies Inc., Palo Alto, CA) was used. Separation was performed on a Jupiter C18 (150 % 2.0 mm, 5 mm particle size, 300
Å pore size) column (Phenomenex, Torrance, CA). Water
(mobile phase A) and methanol (mobile phase B) were both
acidied with equal amounts of TFA (pH 2.0, 10 mM). The
gradient was held at 25% B for 8 min (isocratic), instantly
increased to 95% B and kept at 95% B for 6 min. The mobile
phase conditions were then returned to starting conditions and
re-equilibrated for 7 min resulting in a total run time of 21 min.
The injection volume was 20 mL. The ow rate was 0.5 mL
min!1, and detection was performed at an excitation wavelength of 242 nm and an emission wavelength of 492 nm. The
area of the bulk peak of co-eluting thiol-containing peptides
and proteins was used for the determination of thiols. Thiols
were quantied as GSH equivalents.
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Thiol quantication using ThioGlo 1 in a microtiter plate

Quantication of thiols using microtiter plates was carried out
according to Lund and Andersen13 by preparing two standard
addition curves based on GSH and sulte, respectively. Sulte
was quantied externally by the HPLC method described by
Abrahamsson et al.17 The contribution of sulte to the uorescence signals from the beer was subtracted based on the
amount of externally quantied sulte and the standard addition curve based on sodium-sulte. For experiments testing the
inuence of SDS on the reaction between ThioGlo 1 and thiols,
1% SDS was added to 0.25 M tris-buﬀer (pH ¼ 7.5).
2.5

Thiol quantication using Ellman's reagent, DTNB

Quantication of thiols using Ellman's reagent, DTNB, was
carried out with standard addition curves of both GSH and
sodium sulte with beer, similar to the experiments using the
microtiter plate method, however, the beer was diluted only 12
times. Based on the method described by Jongberg et al.,18 the
analysis was carried out by mixing 250 mL of sample, 1.00 mL of
0.25 M tris buﬀer (pH 7.5), and 250 mL of 10 mM DTNB dissolved in 0.25 M tris buﬀer (pH 7.5). The mixture was protected
against light and allowed to react for exactly 30 min, and
absorbance was measured at 412 nm. Blanks without DTNB and
blanks without sample were prepared, and the blank values
were subtracted from the sample values.
2.6

1

H NMR experiments

Reaction solutions of ThioGlo 1 with cysteine or GSH were
analyzed in the nal concentration of 1 mM reacting 1 : 1. NMR
measurements were performed on a Bruker Avance DRX 500
spectrometer operating at 500.13 MHz for 1H using a doubletuned BBI probe equipped for 5 mm (o.d.) sample tubes. The
spectra were recorded at 10 # C on a mixture of 495 mL sample
(made from ThioGlo 1 stock solution mixed with either cysteine
or GSH in 0.25 M tris buﬀer) and 55 mL D2O (containing 5.8 mM
TSP-d4). All spectra were recorded using a recycle delay of 5 s
(during which the water resonance was pre-saturated), an
acquisition time of 1.64 s, a spectral width of 10 kHz and 8
scans. Chemical shis were referenced to TSP-d4 at 0.0 ppm.

3

Results and discussion

3.1 HPLC separation of ThioGlo 1 adducts and thiol
quantication
ThioGlo 1 is a maleimide derivative of naphthopyranone uorophore that yields a uorescent adduct upon reaction with
thiols or sulte (Fig. 1). The HPLC separation of ThioGlo 1
adducts was based on the method for sulte quantication,
described by Abrahamsson et al.,17 resulting in baseline separation of two sulte derivatives and elution of thiol-containing
peptide- and protein-derivatives within one single peak
enabling quantication of the total amount of thiols (Fig. 2). A
matrix eﬀect for quantication of ThioGlo 1 adducts was
observed,13 and it was found to be driven by the presence of
sulte. However, the standard addition procedure, described by
eqn (1), was applied in this study for two reasons: (1) since the
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Fig. 2

Chromatogram of beer A before and after spiking with GSH.

standard addition procedure is necessary during sulte quantication, it was also applied for thiol quantication, and (2) for
quantication of thiols in beers with diﬀerent colors, an inner
lter eﬀect will cause the ThioGlo 1 adduct to be insuﬃciently
excited in dark beers compared to light beers. The standard
addition procedure can be described by eqn (1):
½X'i
Ix
¼
½S'f þ ½X'f Isþx

(1)

[X]i is the unknown initial concentration of the analyte, with the
signal intensity IX. [S]f is the known (nal) concentration of the
standard, and IS+X is the signal observed for the solution consisting of the solvent and the analyte. The diluted unknown
(nal) concentration of the analyte is [X]f. Application of the
standard addition procedure makes it possible to determine
and compare thiol contents in both light and dark samples,
which is highly relevant in beer studies. The thiol content was
quantied based on the standard addition of GSH and is
therefore expressed in terms of the equivalent GSH concentration. The beer subject to analysis was spiked with 4 diﬀerent
concentrations of GSH and each reaction was quenched with
HCl, 5 minutes aer initiation of the reaction with ThioGlo 1.
For each determination, the background signal from ThioGlo 1
and tris buﬀer (pH 7.5) was measured and subtracted (Fig. 3).
The tris-buﬀer (pH 7.5) was found to be unstable over time,
resulting in an increased background signal from the blank
sample. However, by purging the tris-buﬀer solution with
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Stock solutions of GSH and sulte were freshly prepared every
day. For each bottle, both sulte and thiols were quantied and
repeatability was determined for both sulte and thiols. The
Relative Standard Deviation (RSD) value of the thiol quantication was 9.87% and the RSD value for the sulte quantication
was 10.5% (Table 2). Abrahamsson et al.17 found that sulte could
be determined with a high precision of 2.6 RSD% using matrix
matched standard addition calibration curves. Therefore the
larger RSD value, observed in this study, is likely to be caused by a
variation in sulte content in the beers. As the sulte content
varies between the bottles, it seems likely that also the thiol
content is varying. Therefore, the repeatability determination of
the thiol content in beer A contains the variation between the
bottles, as well as the variation caused by the method.

Fig. 3 Standard addition curve of beer A spiked with 4 diﬀerent concentrations
of GSH, showing the standard addition curve with and without correction for
background from ThioGlo 1.

nitrogen gas (N2), carbon dioxide (CO2) or even atmospheric air,
the buﬀer remained stable with a low background over extended
periods. The possible interference of iron was also investigated,
but the addition of iron salts had no inuence on the buﬀer
stability and background signal.
Thiols are very sensitive to oxidation, and once the beer
bottle is opened to the air, the thiols start to oxidize at accelerated rates. Therefore, handling of the beers from the opening
of the bottle until the initiation of the reaction with ThioGlo 1
should be highly standardized, including a minimum of oxygen
exposure until the derivatisation step.
3.2

Method validation

Determination of LOD and LOQ was based on the standard
deviation of the response (n ¼ 10) and slope.19 Beer with ThioGlo 1 added but without standard was injected 10 times, and the
standard deviation of the response was based on the integrated
thiol HPLC peak, resulting in a LOD of 0.028 mM and a LOQ of
0.085 mM (Table 1). Further method validation was based on beer
from diﬀerent bottles, but from the same batch of brew. The
accuracy, expressing the degree of consistency between the
measured and the actual concentration in the sample, based on
the average recovery of the spiking with 5, 10, 20 and 25 mM of
GSH to beer was 117% for beer A and 104% for the dark colored
beer B (Table 1).
Determination of repeatability was performed on diﬀerent
days since it was not possible for practical reasons to prepare and
analyze standard addition curves for 6 beers on the same day.
Table 1 Limit of Detection (LOD) and Limit of Quantiﬁcation (LOQ) based on 10
injections and the slope and accuracy, based on the average of the addition of 5,
10, 20 and 25 mM GSH

Accuracy
LOD n ¼ 10
LOQ n ¼ 10

Beer A

Beer B

117%
0.028
0.085

104%
—
—
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3.3

Comparison of HPLC and plate methods

A method for thiol determination in beer carried out in microtiter
plates using the standard addition procedure and uorescent
detection with ThioGlo 1 was published by Lund and Andersen.13
As both sulte and thiols react with ThioGlo 1, application of this
method requires that the sulte content of the beer is known, in
order to be able to subtract the contribution from the ThioGlo–
sulte adduct to the uorescence signal. Beer A was analyzed in
triplicate using the plate method, resulting in an RSD of 28.5%
and the average thiol content close to the value detected by the
HPLC method (Table 2). The fact that the sulte content needs to
be determined separately is a major disadvantage of this method.
Furthermore, the sulte concentration in some beers is up to ca.
10 times larger than the thiol concentration, and sulte therefore
contributes greatly to the total uorescent signal. As can be seen
from Table 2, beer A had an average thiol concentration of
28.2 mM, whereas the sulte concentration was 210.6 mM
(13.5 mg L!1), i.e. 7.5 times larger. Therefore, a small relative
change in sulte content results in a large variation in the thiol
quantication and introduces an uncertainty to the result. In
addition to the potential variation in the sulte content in beers
used in the current study and the fact that the sulte is responsible for a large part of the signal, there is a larger variation in the
plate method compared to the HPLC method. However, the
result from the plate method shows relatively good compliance
with the result from the HPLC method, conrming that the thiols
all enter the detector and are not trapped in the column.
3.4

Thiol determination in beer using DTNB

The most commonly used method for thiol determination is
based on Ellman's derivatizing reagent, DTNB, with spectrophotometric detection at 412 nm of the released thiolate ion
upon reaction with thiols.14 As observed for ThioGlo 1, DTNB
Table 2 Precision of the methods for quantiﬁcation of thiols by HPLC and in
microtiter plates, and of sulﬁte determined by HPLC in beer A

Thiols, HPLC method (n ¼ 6)
Thiols, microtiter plate method (n ¼ 3)
Sulte, HPLC method (n ¼ 7)

Average (mM)

RSD (%)

28.2 ) 2.8
25.8 ) 7.4
210.6 ) 21.9

9.87
28.5
10.5

Analyst, 2013, 138, 2096–2103 | 2099

Analyst
also reacts with both sulte and thiols, and correction for the
sulte content is required in order to quantify the thiols.
Spectrophotometric detection is much less sensitive than
uorescence detection and the DTNB method has been
reported to be unreliable for concentrations below 3 mM.20 In
the present study the detection limit using ThioGlo 1 was 0.028
mM resulting in a more than 100 times increased sensitivity
compared to the DTNB method. Wright and Viola21 studied
thiol detection using both DTNB and ThioGlo 1 and demonstrated that the detection limit for the DTNB method could be
decreased to 0.3 mM by converting it to a titration method and
found a detection limit of 0.01 mM when using ThioGlo 1. In
the current study, experiments were carried out to test the
compatibility between the DTNB and the ThioGlo 1 method.
However, results from the DTNB method showed a thiol
content close to zero and with a rather large variation between
the two repetitions (see ESI†). This is most likely explained by
the fact that the contribution from the thiols is too small
compared to the contribution from sulte, the background
signal from DTNB, and the background signal from the beer.
Furthermore, quantication of thiols in dark beers may
complicate the measurement even with the standard addition
procedure due to higher background absorption from the beer.
Therefore, the DTNB method is not suitable for quantication
of thiols in beer containing sulte.
3.4.1 Inuence of SDS. The thiol determination based on
DTNB typically includes a denaturing agent such as Sodium
Dodecyl Sulfate (SDS) in the buﬀer with the purpose of
improving the accessibility of the thiols to DTNB by unfolding
the protein. The inuence of SDS was rst investigated in the
DTNB assay, where it was found to have a positive inuence on
the amount of thiols quantied in beer. But, as described in
Section 3.4 the low sensitivity of the DTNB method still resulted
in a thiol content close to the detection limit. SDS is not
compatible with the current HPLC separation, and the inuence of SDS on the ThioGlo 1 assay was therefore tested using
the microtiter plate method.13 SDS did not result in an increased
detection of thiols (Fig. 4A). In contrast, it resulted in a slight
decrease in the detected level of thiols possibly caused by the
negative inuence SDS has on the sulte standard addition
curve (Fig. 4B). The sulte standard addition curve prepared in
the presence of SDS had a very low uorescence intensity. This
may be explained by the generation of SDS-micelles that may
trap ThioGlo 1 and thereby make it unavailable for reaction with
the water-soluble sulte. The reason why SDS inuenced thiol
determination when using DTNB, and not ThioGlo 1, may also
be explained by the diﬀerence in solubilities of the derivatizing
agents. DTNB is a more hydrophilic molecule and it therefore
requires protein unfolding by denaturing agents to get access to
the more hydrophobic areas of proteins. Addition of denaturing
agents is not necessary for ThioGlo 1 due to its larger hydrophobic areas. In agreement with this observation, Wright and
Viola21 found the derivatization with ThioGlo 1 to be rapid, also
with thiols that were only partially accessible. Furthermore, due
to the boiling step in the brewing process, beer proteins are
likely to be denaturated to a certain degree22 and thiol groups in
beer are therefore likely more accessible to ThioGlo 1. Based on
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Fig. 4 Background corrected standard addition curves of beer A spiked with
GSH (A) and sulﬁte (B) with and without SDS determined by the microtiter plate
method using ThioGlo 1. Values are given as means and standard deviation is
shown by error bars (n ¼ 2).

these results it can be concluded that SDS does not have a
positive inuence on the quantication of thiols using ThioGlo 1 and most likely a negative inuence on the detection of
the sulte–ThioGlo 1 adduct. Thiol quantication using ThioGlo 1 is therefore carried out without SDS.
3.5

Fluorescence intensity of cysteine–ThioGlo 1 adducts

Attempts were also made to use cysteine instead of GSH for
constructing standard addition curves. However the slopes of
the linear standard curves were smaller when cysteine was used,
demonstrating a lower uorescence intensity of the cysteine–
ThioGlo 1 adducts (Fig. 5). The diﬀerence between the signal
intensity of GSH–ThioGlo 1 adducts and cysteine–ThioGlo 1
adducts was further examined by generating ThioGlo 1 adducts
with three structurally similar small thiol compounds (Fig. 6).
The response of N-acetyl cysteine, which has a blocked aminogroup, yielded the same slope of the standard curves made with
GSH. Homocysteine, which has a longer thiol-side chain than
cysteine, yielded a slightly lower slope than GSH, whereas
cysteine ethyl ester, which has a blocked carboxylic acid group,
gave a similar response to that of cysteine. As GSH and N-acetyl
cysteine gave the same uorescence intensity, this illustrates
that the interference is likely to be caused by the free amino
group. In the GSH molecule, the free amino group is located far
from the thiol group and does not cause a problem for the
binding to the ThioGlo 1 molecule. Furthermore, the signal
from homocysteine is closer to the signal from GSH, and the
signal from cysteine ethyl ester is the same as the signal from
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Fig. 5 Standard curves of 5 thiol compounds prepared in buﬀer (no beer
added). Values are given as means and standard deviation is shown by error bars
(n ¼ 4).
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is found as the N-terminal amino acid. Ercal et al.23 studied the
related probe ThioGlo 3 with derivatization in a 75% acetonitrile solution and found good agreement between standard
curves prepared with cysteine and GSH. Inspired by this, an
experiment using ThioGlo 1 was carried out with cysteine and
GSH where the derivatization was carried out in 100% acetonitrile. However, this did not result in better agreement between
the uorescence responses of the two thiol–ThioGlo 1 adducts,
proving that the diﬀerences are not caused by a solvent eﬀect
(data not shown).
3.5.1 Investigation of the reaction mechanisms using 1H
NMR. A more detailed study of why cysteine–ThioGlo 1 adducts
give lower uorescence intensities than GSH–ThioGlo 1 adducts
was carried out using 1H NMR. All compounds were mixed at
the same molar concentration (1 mM). Initially 1H NMR spectra
of cysteine, GSH and ThioGlo 1 were recorded individually.
Focusing on the reaction mechanisms, the aromatic and
methoxy hydrogens were of particular interest and in the 1H
NMR spectra of cysteine and GSH none of these functional
groups were present (data not shown). The reaction products
between cysteine, GSH and ThioGlo 1 were studied (1) aer the
reaction was inactivated with HCl, 5 minutes aer activation,
matching the HPLC procedure; and (2) aer the compounds
had been mixed directly in the NMR tube. The latter procedure
allowed the cysteine–ThioGlo 1 spectrum to be recorded 5 min
and 45 s aer the compounds were mixed and the GSH–ThioGlo 1 spectrum to be recorded 4 min and 45 s aer the
compounds were mixed. Recording of NMR spectra every
minute the following hour showed that the reaction was
complete aer the rst measurement. In both cases the disappearance of the resonance at 7.3 ppm demonstrates that either

Fig. 6 Molecular structure of the 5 thiol compounds used for the standard
curves presented in Fig. 5.

cysteine, explained by the fact that the amine is closer to the
thiol group in cysteine ethyl ester than in homocysteine. Based
on the molecular structure of the thiol compounds, the uorescence intensity seemed to decrease when the free amino
group was close to the thiol group. Thus proteins and peptides
are expected to give the same response as GSH, unless cysteine
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Fig. 7 Selected regions of the 1H NMR spectra of ThioGlo 1, cysteine–ThioGlo 1
adduct and GSH–ThioGlo 1 adduct with and without HCl (after 5 min). The
spectra have been normalized vertically relative to the most intense methoxy
resonance (3.82–4.20 ppm).
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Relative integrals of 1H NMR resonances from methoxy groups and selected aromatic hydrogens (8.2–8.5 ppm) in percent (%)a

Sample

Methoxy (%)

Methoxy-A
(%)

Methoxy-B
(%)

Relative ratio
of methoxy resonances (%)

Aromatic (%)
(8.2–8.5 ppm)

ThioGlo 1
Cysteine + ThioGlo 1 (quenched with HCl)
Cysteine + ThioGlo 1 (5 min 45 s aer mixing)
GSH + ThioGlo 1 (quenched with HCl)
GSH + ThioGlo 1 (4 min 45 s aer mixing)

72
75
71
70
69

37
35
30
43
n.a.

35
40
41
27
n.a.

51 : 49
46 : 54
42 : 58
61 : 39
n.a.

28
25
29
30
31

a

n.a.: not applicable.

cysteine or GSH reacts with the double bond in the maleimide
ring of ThioGlo 1 (Fig. 7).
Further analysis of the 1H NMR spectra requires assignment
of the individual resonances. Two resonances at *3.97 ppm
(denoted A) and *3.86 ppm (denoted B) in the ThioGlo 1
spectrum are assigned to the methoxy group attached to the
aromatic ring and the methoxy group attached to the carbonyl
group. The present data do not allow for a unique assignment of
the methoxy resonances, but methoxy resonances having a
chemical shi above 3.96 ppm will be categorized as A in the
following. Likewise, will methoxy resonances with a chemical
shi below 3.96 ppm be categorized as B. In Table 3 the relative
ratios of both methoxy resonances and resonances from two
aromatic protons in the spectral range 8.2–8.5 ppm are tabulated along with the relative ratios of the two types of methoxy
resonances. In unreacted ThioGlo 1, the ratio of these integrals
should be 6 : 2 (6 hydrogens from two methoxy groups versus
two aromatic hydrogens) and the two methoxy groups should be
in a 1 : 1 ratio, and that is approximately what is observed. Due
to severe line broadening in the spectrum of GSH–ThioGlo 1
without HCl, it is not possible to compare its methoxy ratios
with those of cysteine–ThioGlo 1, but the corresponding spectra
containing HCl can be compared. This comparison demonstrates that two diﬀerent reaction mechanisms are adopted. For
cysteine–ThioGlo 1 the integral of both methoxy groups is
approximately 3 times the integral of the two aromatic protons,
as expected for a complete reaction, whereas a slightly lower
ratio (*2.33) was obtained for the GSH–ThioGlo 1 adduct. In
contrast, the relative ratio of methoxy resonances was 46 : 54 for
cysteine–ThioGlo 1 and 61 : 39 for GSH–ThioGlo 1. This indicates diﬀerent reaction pathways, which is also supported by
larger line widths in the spectrum of GSH–ThioGlo 1 without
HCl, indicating a more dynamic system. Furthermore, the
spectrum of cysteine–ThioGlo 1 with HCl contains at least four
methoxy resonances, indicating at least three type A methoxy
populations of ThioGlo 1 derivatives, while the spectrum of
GSH–ThioGlo 1 with HCl contains two main resonances, indicating only two highly populated methoxy sites. These observations showing diﬀerent reaction pathways for GSH and
cysteine are likely to explain the decreased uorescence intensity observed for cysteine–ThioGlo 1 compared to the GSH–
ThioGlo 1 adduct. Sharov et al.24 investigated the reaction
between cysteine residues in the protein, calmodulin, and
ThioGlo 1 by a proteomic approach and their results show that
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up to six reaction compounds were formed by hydrolysis and an
opening of the maleimide ring occurred together with a release
of the methoxy group from ThioGlo 1, resulting in a loss of
methanol. In a study by Abrahamsson et al.,17 two sulte–ThioGlo 1 derivatives were formed by hydrolysis and an opening of
the maleimide ring occurred, which was identied by MS. The
release of methanol from ThioGlo 1 as shown by Sharov et al.24
could not be conrmed by the present study – either due to very
low abundance and/or overlap from very intense buﬀer resonances in this chemical shi region.
These results show that the decreased uorescence intensity
observed from the cysteine–ThioGlo 1 adduct, and most likely
other ThioGlo 1 adducts with thiols having an amine group very
close to the thiol group, is caused by diﬀerent reaction pathways
or reaction products than other thiol compounds. This may
result in an underestimation of the thiol content in any biological system containing free cysteine when ThioGlo 1 is used
as the derivatising agent and the standard addition curves are
based on GSH. Regarding beer, the concentration of cysteine
will vary with malt, mashing method, yeast strain and age.
However, it has been found that sweet wort, a product from the
early stage of beer brewing, did not contain any reduced
cysteine thiols as they are easily oxidized by other components
in the sweet wort.25 Some of the cysteine may be reduced during
the fermentation process and Matsui et al.26 found the amount
of free cysteine in beer to be on average 5.8 mg L!1 corresponding to 47.7 mM, of which 4.5 mM was in the reduced form.
This amount of reduced cysteine may be large enough to cause a
minor interference with the current method. To distinguish the
thiol-contribution from cysteine compared to the contribution
from other thiols chromatographic separation of cysteine–ThioGlo 1 adducts from the bulk thiol peak on the HPLC chromatogram could be a possible way.

4

Conclusion

This paper describes an HPLC method for quantication of the
total level of thiols based on reaction with ThioGlo 1 in beer
when there is interference from the presence of sulte. Both
sulte and thiols react with the ThioGlo 1 reagent, but the
present HPLC method enables separate determinations of
sulte and thiol quantication simultaneously in the same
system. Additionally the present method is 100 times more
sensitive than the commonly used DTNB based method, which
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was found to be unsuitable for quantication of thiols in beer
containing sulte. ThioGlo 1 shows high accessibility to thiols
and no protein unfolding agent such as SDS is needed. Application of the standard addition procedure makes it possible to
determine and compare the thiol content in samples with
diﬀerent color intensities, which is highly relevant when
working with diﬀerent beer types. However, a lower uorescence intensity was detected from cysteine–ThioGlo 1
adducts, most likely due to interference from the amine group
located close to the thiol group, which results in underestimation of the thiol concentration in samples containing (high
amounts of) reduced cysteine. 1H NMR studies showed that the
reaction pathway and the number of reaction products formed
between cysteine and ThioGlo 1 compared to GSH and ThioGlo 1 were diﬀerent, explaining the diﬀerent uorescence
intensities.
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■ BIOTEKNOLOGI

Protein-thioler og stabilitet af øl
Det færdige øls mikrobielle holdbarhed var tidligere en af de største
udfordringer i forbindelse med ølbrygning. I dag er de mikrobielle
udfordringer imidlertid under kontrol, og opmærksomheden er rettet
mod fremstilling af øl, der har en stabil høj kvalitet i længere tid efter
tapning.
Af Signe Hoff, Birthe M. Jespersen, Marianne
N. Lund og Mogens L. Andersen, Institut for
Fødevarevidenskab, Københavns Universitet
Tilstedeværelsen af naturlige thiolholdige proteiner i den
færdige øl kan gøre øllet mere smagsstabilt pga. den mulige
antioxidative effekt af redox-aktive thiolgrupper.
Varme, lys og ilt er alle vigtige faktorer, der fremmer oxidation og begrænser smagsstabiliteten og dermed øllets holdbarhed. Smagen af gammelt øl er kompleks, og mange forskellige
typer oxidative reaktioner kan resultere i dannelse af afsmag
(figur 1). Især lipidoxidation og dannelsen af trans-2-nonenal
er blevet gjort ansvarlig for smagen af gammelt pilsnerøl med
dens papagtige smag og lugt.
Forholdet mellem prooxidanter og antioxidanter er afgørende
for øllets smagsstabilitet.
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HSO3 + H2O2 ĺ HSO4 + H2O
-

-

(1)

Thioler antages at kunne katalysere reaktionen mellem sulfit
og hydrogenperoxid (figur 3). I stedet for sulfit er det en thiol,
der reagerer med hydrogenperoxid, hvorved der dannes en
sulfensyre under frigivelse af vand. Derefter dannes et blandet
disulfid mellem den meget reaktive sulfensyre og en anden
thiol. Til sidst reagerer sulfit med disulfidet og gendanner den
oprindelige thiol.

▼

ϰϬϮ
Prooxidanterne fremmer oxidation, mens antioxidanterne modvirker
oxidation. Når antioxidanterne er brugt op, får prooxi
danterne frit spil til at starte de oxidative kædereaktioner, der

ender
med dannelse af uønskede kemiske
smagsforbindelser.

En øget mængde af antioxidanter vil kunne modvirke disse
oxidative
processer og bevare den høje

 kvalitet i længere tid.
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Figur 1. Skitse over udviklingen af afsmag dannet under lagring
;ϵͿi
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Ved Institut for Fødevarevidenskab har vi i længere tid arbejdet
med hypotesen om, at de naturligt forekommende thioler virker
som antioxidanter i øl. Denne forskning er sket i samarbejde
med mikromalter og mikrobrygger Per Kølster (KØLSTER
 og øl), brygmester William Frank, Grauballe Bryghus
malt
samt Novozymes A/S. For rationelt at kunne udnytte thiolerne


Figur 4. Separation af
sulfit og thiol på HPLC-kolonne. ThioGlo 1
ŽŝůŝŶŐн
ŽŝůĞĚͬ &ĞƌŵĞŶͲ
ZĂǁresulterer i to sulfittoppe. Alle
binder sulfit stereoisometrisk,
hvilket
ŚŽƉƐ
ŚŽƉƉĞĚ ƚĂƚŝŽŶ
ďĞĞƌ
thioler eluerer i samme top.

ǁŽƌƚ



Danske enzymer til dansk bio-tek
Ampliqon A/S er dansk producent af DNA
polymeraser og reagenser.



Ampliqon tilbyder kvalitets enzymer og
bufferløsninger til bl.a. PCR, qPCR
og high fidelity PCR.
Kvalificerede og engagerede medarbejdere står klar
til at yde hjælp med problemløsning og udarbejdelse
af brugertilpassede enzym-mix.






Figur 3. Hypotesen hvorved thioler indgår i den antioxidative


kædereaktion med sulfit.



til at øge øllets kvalitet kræves en grundlæggende forståelse af
de mange oxidative mekanismer, der finder sted under bryggeprocessen (figur 2).
Sulfit, der bliver udskilt af gæren under fermenteringen, er
den vigtigste antioxidant i øl. Sulfit reagerer med hydrogenperoxid (reaktion 1), der er en af de vigtigste precursorer for
dannelsen af radikaler.

Som dansk producent kan Ampliqon
tilbyde danske kunder høj
kvalitet og kort leveringstid
ϭ
til attraktive priser.
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Standard

16

Fluorescence Intensity

proteiner under mæskningen medfører nedsat filtreringshastighed af urten. Nedsat filtreringshastighed er problematisk i industriel produktion af øl, og det er derfor allerede i den tidlige
brygfase vigtigt at holde thiolerne på deres reducerede form
- både for at bevare deres antioxidative effekt og for at undgå
længere filtreringshastighed. Thiolindholdet i urten er særlig
følsomt overfor tilgængeligheden af oxygen under mæskningen,
og udføres mæskningen under atmosfæriske forhold oxideres
alle thioler. Større bryggerier mæsker i lukkede systemer, mens
mæskning med adgang til atmosfærisk oxygen finder sted på
mange mikrobryggerier.
Sød urt viste sig at have en thioloxiderende effekt, som har
oprindelse i malten. Øget maltristning resulterede i et fald i
den thioloxiderende effekt i sød urt (figur 5, A), mens effekten
forsvinder under urtkogningen (figur 5, B). Det virker derfor
sandsynligt, at thioloxidationen i sød urt er forårsaget af et
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Figur 5.
A: Standard-additionskurver med cystein (0-20 µM thiol) tilsat sød
urt fremstillet af malt med stigende ristningsgrad (EBC er et farvemål, der udtrykker ristningsgraden).

B: Standard-additionskurver med cystein (0-20 µM thiol) tilsat sød,
kogt og humlet urt. Mængden af cystein, der ikke er oxideret
af den thioloxidative effekt måles som fluorescensintensitet af
cystein-ThioGlo 1 addukter. Øget maltristning fører til nedsat thioloxidation, og urtkogning eliminerer thioloxidationskapaciteten.

Metoder
Den mest anvendte metode til thiolbestemmelse er baseret på
Ellmans reagens, DTNB1 og spektrofotometrisk detektion. Den
store udfordring ved kvantificering af thioler i øl er tilstedeværelsen af sulfit. Sulfit reagerer nemlig også med DTNB og
danner den samme kromofor som thioler. Ved brug af DTNB i
øl vil man derfor få et samlet bidrag fra thioler og sulfit.
For at kunne lave en sikker kvantificering af thioler i øl har vi
udviklet en metode baseret på det fluorescerende thiolreagens
ThioGlo 1 [1,2]. ThioGlo 1 danner addukter med både thiol
og sulfit, der fluorescerer ved samme bølgelængde, men som
kan adskilles vha. HPLC-separation (figur 4). ThioGlo 1-metoden er ca. 100 gange mere følsom end DTNB-metoden. Ved
at anvende standard-additionsprincippet er det muligt at bruge
metoden til bestemmelse af thioler og sulfit i øltyper, der spænder fra meget lyse pilsnere til meget mørke portere og stouts.

Figur 6. Principal Component Analysis (PCA) af 11 lagrede øl
(B1, B3-B12), som viser, at thiolindhold, sulfitindhold og øllets
holdbarhed (lag phase), målt med electron spin resonance
(ESR) spektroskopi, er korrelerede.

enzym, der kan inaktiveres ved høj varme. På trods af denne
thioloxiderende effekt kan der stadig detekteres reducerede
thioler i sød urt. Det skyldes, at den thioloxiderende effekt
primært påvirker lavmolekylære thioler [3,4].

ϯ

Thioler igennem brygprocessen
Thiolindholdet varierer indenfor bygsorter og derfor også
indenfor malttyper. Derudover påvirker udførelsen af selve
mæskeprocessen også indholdet af de oxidationsfølsomme
thioler. Thioloxidation og dannelse af disulfidbindinger mellem
1)

5,5’-dithiobis(2-nitrobenzoic acid)
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De thioler, der findes i det færdige øl, kan være overført fra
urten, være dannet ved reduktion af disulfider under fermenteringen eller være frigivet fra gæren. Både selektion af råvare
samt minimering af ilt under brygprocessen kan være afgørende for thiolernes tilstedeværelse i øllet. Ved en screening af
12 kommercielle danske øl blev der ikke kun fundet en relativ
stor variation mellem thiolindholdene i forskellige øltyper, men
også en variation mellem forskellige batches af samme øl [5].
Samme screening viste, at thiolindholdet i øllene korrelerede
med sulfitindholdet og øllenes holdbarhed, der blev vurderet
vha. accelererede ældningsforsøg (figur 6).
Forskellig gær udskiller varierende mængde af thioler, og
positiv selektion kan potentielt være gavnligt for stabiliteten.
Under lagring falder sulfitindholdet lineært over tid i takt med,
at den forbruges som antioxidant i forebyggelse af oxidative
reaktioner [6]. Thiolindholdet derimod ser ud til kun at falde
lineært i den første del af lagringsperioden, hvorefter tabet af
thioler stagnerer [7]. Det tyder derfor på, at kun en del af thiolerne i øl er vigtige ift. øllets holdbarhed.
Den formodede antioxidative effekt af thioler er også aktuel
i andre fødevarer som f.eks. mælkeprodukter, hvor der også
forskes i thiolernes betydning. I kød har man fundet, at thioloxidation og dannelse af disulfidbindinger resulterer i at kødet
bliver sejt [8].
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Nyt om …

… Itakonsyre beskytter
hjernen

Intelligent Chemistry
Now JASCO available from Biolab A/S:
SFC/SFE & HPLC/X-LC, UV/VIS/NIR Spectrometers,
Circular Dichroism, Raman, Polarimeters, FT-IR / FT-Raman.

ϳϭϮ

Itakonsyre
(methylenbutandisyre), hvis navn er et anagram af
akonitsyre, er et industrikemikalie, der hovedsageligt anvendes i plastindustrien. Det produceres af mikrosvampe som
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Aspergillus terreus ved decarboxylering af cis-akonitsyre. Nye

undersøgelser
viser helt uventet, at itakonsyre også produceres
af mikrogliaceller
i pattedyrs hjerner. Syren virker antibakteriel

ved at blokere enzymer, der er livsvigtige for bakterier. Både
væksten
af Salmonella enterica og Mycobacterium tuberculo
sis hæmmes kraftigt af den substituerede ravsyre.
Carsten Christophersen
Immune-responsive gene 1 protein links metabolism to immunity by catalyzing
itaconic acid production. A. Michelucci et al.PNAS 2013, http://www.pnas.org/
content/early/2013/04/18/1218599110.full.pdf+html
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