Pergamon 0031-9422(95)00263-4

Phytochemisiry, Vol. 40, No. 1. pp. 23 27, 1995
Copyright ¢ 1995 Elsevier Science Ltd
Printed in Greal Britain. All rights reserved
0031 9422/95 $9.50 + 0.00

EPICUTICULAR WAXES OF SALIX SPECIES IN RELATION TO THEIR
OVERWINTERING SURVIVAL AND BIOMASS PRODUCTIVITY

TiMO HIETALA,* SIMO LLAAKSO and HEIKKI ROSENQVIST

Laboratory of Biochemistry and Microbiology. Department of Chemical Engineering, Helsinki University of Technology, SF-02150
Espoo, Finland

(Received in revised form 20 February 1995)

Key Word Index—Salix myrsinifolia; S. dasyclados; S. viminalis; Salicacae; willow; epicuticular wax;
plant surface; frost tolerance; short-rotation biomass; biomass productivity.

Abstract—The epicuticular leaf waxes of nine willow clones (one Salix myrsinifolia, four Salix dasyclados, one Salix
hybrid and three Salix viminalis clones) with different overwintering survival rates and biomass productivities were
analysed by combined gas chromatography-mass spectrometry. The waxes were composed of n-alkanes (C;—Cjy),
long-chain aliphatic esters (C3,—Csg), n-alcohols (C,9—Cjp), n-aldehydes (C,4-Cso) and saturated free fatty acids
(C16-C30)- Two types of waxes were observed. The S. viminalis clones had n-alkanes as their major wax component
and n-docosanol as their major n-alcohol, whereas the other clones contained approximately equal proportions of
n-alkanes, free fatty acids, n-alcohol and n-aldehydes and had n-hexacosanol as their major n-alcohol. The total
epicuticular leaf wax contents varied from 3 ugem™ 2 to 24.9 ugem ™2 and epicuticular n-alkane contents from
0.7 ugem ™2 to 14.8 ugem ™%, A correlation between high wax content. high n-alkane content, two overwintering

survival and high biomass productivity of the clones was observed.

INTRODUCTION

Short-rotation biomass plantations have been suggested
as an alternative for wasteland use [1]. The biomass can
be used either as an energy source or as a raw material for
chemical processes [2]. Willow is a suitable plant for
high-yield biomass plantations because of its fast growth
rate, ease of hybridization, the high frost resistance of
certain species and its ability to adapt to growing sites
that are poor in light and nutrients [1, 3]. Yields as high
as 36 tdry matter ha™ ' have been achieved by irrigation
and fertilization of willow clones [4] and even higher
yields may be postulated from the results published by
Lumme and Térmaléd [3].

International projects have been aimed at the selection
of candidates for short-rotation plantations of willow
[S]. For short-rotation plantations in northern condi-
tions willow clones need to possess both high biomass
productivity and high overwintering survival. Unfortu-
nately, willow clones that grow fast often have low over-
wintering survival. The overwintering survival of willow
clones is connected with their acclimation during the
autumn [3, 5, 6].

High n-alkane contents in the leaves of Salix clones
have been observed to correlate with poor over-winter
survival. Therefore, n-alkanes were proposed to be a pos-
sible indicator of frost tolerance in plant breeding for

*Author to whom correspondence should be addressed.

short-rotation forestry [7, 8]. As n-alkanes are common
components of epicuticular waxes and are rarely found
elsewhere, it was suggested that the correlation was con-
nected with the functions of epicuticular waxes. In order
to further elucidate the role of epicuticular waxes in frost
tolerance of willow, we have studied the epicuticular wax
composition and content of leaves of willow clones with
varying degrees of frost-tolerance and biomass produc-
tivity.

RESULTS AND DISCUSSION

Epicuticular waxes on leaves of Salix clones

Overwintering survival of ca 300 Salix clones has pre-
viously been studied in field experiments in northern
coastal areas of Finland (65°42'N) [3]. Nine of these
clones (one S. myrsinifolia clone, four S. dasyclados
clones, one Salix hybrid clone and three S. viminalis
clones) with different overwintering survival rates and
biomass productivities were selected for wax analysis
(Table 1).

Epicuticular waxes of the Salix clones were composed
of n-alkanes (11.5-59.7% of total wax), free fatty acids
(5.8-33.8%), n-alcohols (15.2-40.8%), n-aldehydes (3.8—
25.5%) and long-chain aliphatic esters (0—17.6%) (Table
1). Three S. viminalis clones (clones nos 7-9) with low or
moderate overwintering survival had r-alkanes as the
major wax component with minor amounts of more
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Table 1. Wax composition and epicuticular wax contents on leaves of Salix clones and
their overwintering survival rates and relative productivities

Clones*

1 2 3

4 5 6 7 8 9

Wax composition (% of total)

n-Alkanes 214 183 164
n-Fatty acids 236 225 331
n-Aldehydes 141 223 154
n-Alcohols 408 354 314
Alkyl monoesters 0 1.5 36
Total wax (ugcm™3) 30 105 120
Overwintering survivalt 100 90 90
Rel. productivity} 53 137 229

1.7 321 234 535 418 594
338 267 196 58 213 12.6
255 113 126 68 59 3.8
229 226 267 180 190 152
59 158 176 62 73 12.0
160 87 135 164 157 249
70 47 80 60 18 10
153 100 198 229 — 810

*1:S. myrsinifolia clone V78, 2: S. dasyclados clone LSL-5 3: S. dasyclados x S. triandra
clone V 777; 4: S. dasyclados clone CE-78-3; 5: S. dasyclados clone P6011; Salix hybrid
clone S-81-34-3; 7: S. viminalis clone HK-82-16-26; 8: S. viminalis clone S-15111; 9: S.

viminalis clone S-HK-81-2x.

tOverwintering survival of first year’s clones 1-4, 6, 7, 9: [3] 1988; clones S, 8: [1].
tFirst year's biomass productivity of clones compared with productivity of control

clone §. dasyclados P6011 [1, 3,7, 8].
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Fig. 1. Epicuticular wax contents (ugcm ~?) on leaves of Salix
clones in relation to their overwintering survival (%). For clone
numbering and overwintering survival, see Table 1.

polar components (n-alcohols, n-aldehydes and free fatty
acids). Salix dasyclados clones (clones nos 2-5), S. myr-
sinifolia clone V 78 (clone no 1) and Salix hybrid clone
S-81-34-3 (clone no 6) had more polar wax components
than n-alkanes. Epicuticular wax contents of the clones
varied between 3 ugem ™2 and 24.9 ygem ™2 and showed
a clear correlation with low overwintering survival (Fig.
1) and high relative biomass productivity of the clones
(Fig. 2).

Long-chain aliphatic esters on the Salix leaves were
found to have chain lengths from Ci, to Cuo; Caon
C4, and C,, monoesters being the major homologues
(Table 2).

The homologue distribution and contents (ug cm ™ ?) of
n-alkanes and free fatty acids are shown in Table 3. The
n-alkanes on the Salix leaves were primarily odd-num-
bered compounds with chain lengths of 21-31 carbons.
The major n-alkane on the leaves of all the clones was
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Fig. 2. Epicuticular wax contents (ugcm~2) on leaves of Salix
clones in relation to their relative productivity. For clone num-
bering and relative productivity, see Table 1.

n-heptacosane, with n-nonacosane and n-pentacosane
being present in contributable proportions. No major
differences in homologue distribution of n-alkanes were
observed between the clones. However, n-alkane contents
on the Salix leaves varied between 0.7 and 14.9 ugcm ™2
and showed a correlation with low overwintering sur-
vival (Table 3). The free fatty acids were even-numbered
compounds with 16-32 carbons. Hexacosanoic acid, tet-
racosanoic acid and octacosanoic acid were the major
free fatty acids on leaves of the clones. Triacontanoic acid
was present in very high proportions on the leaves of S.
myrsinifolia clone V78 (clone no 1). The free fatty acid
content varied from 0.71 to 5.73 ygem ™2 but did not
show any correlation with overwintering survival.
Table 4 shows contents and homologue distributions
of n-alcohols and n-aldehydes. n-Alcohols were even-
numbered (C,,-Cj;,) compounds with low amounts of
n-pentacosanol and n-heptacosanol. n-Hexacosanol was
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Table 2. Chain length distribution (%) and total amounts (ugcm™?) of long-chain
aliphatic esters

Clones*

Homologue 1 2 3 4 S 6 7 8 9
C. 0 0 0 0 0 0 0 0 7.2
Cie 0o 177 0 0 0 65 73 O 9.3
Ciy 0 135 125 240 107 147 91 123 98
Ceo 0 238 339 245 274 246 104 160 111
C,, 0 271 379 300 343 288 252 313 223
C,. 0 178 165 179 225 195 311 267 242
Cue 0 0 0 36 5.1 59 135 115 103
C.s 0 0 0 0 0 0 32 22 24
Total (ugem ™ ?) 0 015 044 096 137 238 097 1L14 299
Overwintering survival* 100 90 90 70 47 80 60 18 10

*For clone identification and overwintering survival. see Table 1.

Table 3. Homologue distribution (%) and total amounts (ug cm ~ ?) of n-alkanes and free
fatty acids on leaves of Salix clones

Clones*
Class/homologue 1 2 3 4 5 6 7 8 9
n-Alkanes
C,s 177 131 126 295 84 108 131 129 43
C,, 546 619 524 348 582 629 553 598 653
C,o 19.6 158 209 107 251 16t 236 199 259
Others 80 92 142 249 82 103 78 69 45
Total (ugcm ™ %) 07 19 20 18 28 32 88 64 148
Free fatty acids
C,o 172 3.1 9.1 24 102 0 0 0 24
C,, 41 0 64 97 162 0 0 0 142
Cs, 11.8 308 282 20 246 197 O 276 16.1
Cie 299 374 333 414 251 499 532 401 346
C,e 154 212 170 141 159 201 93 251 241
Cio 286 12 14 08 40 O 0 0 2.8
Others 83 62 47 65 41 102 374 72 36
Total (ugem ™ ?) 071 236 399 543 231 265 095 325 313
Overwintering survival* 100 90 90 70 47 80 60 18 10

*For clone identification and overwintering survival, see Table 1.

the major n-alcohol on the leaves of S. myrsinifolia clone
V78, all S. dasyclados clones and Salix hybrid clone
S-81-34-3, while n-docosanol was the major alcohol on
leaves of all S. viminalis clones. The chain length of
n-aldehydes varied between C,, and C;, Salix viminalis
clones S-HK-81-2x (clone no 9) had n-octacosanal and
n-hexacosanal as major aldehydes. n-Hexacosanal was
the major n-aldehyde on the leaves of all other Salix
clones. Neither n-alcohol nor n-aldehyde contents on the
leaves showed any correlation with overwintering sur-
vival of the clones.

According to our results, epicuticular leaf waxes of
willow clones appeared to be of two distinct types differ-
ing in two respect. The S. viminalis clones had n-alkanes

as their major wax component and n-docosanol as their
major n-alcohol, while other clones (S. myrsinifolia S.
dasyclados and Salix hybrid clone S-81-34-3) contained
less n-alkane and had n-hexacosanol as their major n-
alcohol.

Epicuticular waxes on Salix leaves in relation to winter
tolerance and biomass productivity

Willows, even from southern regions, have the genetic
capacity to achieve high freezing resistance [6]. The
difference in overwintering survival of willows depends
on the progress of the hardening process. The growing
twigs are generally neither able to harden nor able to
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Table 4. Homologue distribution (%) and total amounts (ug cm ™~ 2) of n-alcohols and
n-aldehydes on leaves of Salix clones

Clones*

Class/homologue 1 2 3

4 5 6 7 8 9

n-Alcohols

C,, 109 80 159
C,, 11.3 156 148
C,e 58.7 60.3 510
C,s 152 146 71
Cyo 30 14 1.6
C,s +C,, 09 0 9.6
Total (ugem “%) 123 372 378
n-Aldehydes
C,, 115 176 189
C, 652 619 618
Ciry 235 154 77
Cyo 0 09 0
Cs +Cs,, 0 41 116
Total (ugem™%) 043 234 185
Overwintering survival* 100 90 90

252 0 257 581 524 396
138 145 87 122 106 111
466 610 510 231 207 133
9.0 151 75 66 106 115
0 1.5 08 0 26 23
49 35 62 0 30 21
367 196 361 296 292 378
159 145 108 186 139 155
66.7 610 656 574 517 336
9.0 151 104 239 249 351
0 23 0 0 0 53
83 73 132 O 94 179
410 098 171 112 091 094
70 47 80 60 18 10

*For clone identification and overwintering survival, see Table 1.

survive in freezing temperatures, even if they are exposed
to low temperatures; growth cessation is essential for the
hardening process [6]. Upon cessation of growth, willow
twigs achieve their first freezing resistance and afterwards
the resistance further increases due to low temperatures
[6]. In our study, the clones that had low overwintering
survival rates continued their growth longer, while the
clones with higher overwintering survival became dor-
mant and thus their hardening process began about 30
days earlier [3].

The high total epicuticular wax contents and high
n-alkane contents on Salix leaves showed an inverse
correlation with high overwintering survival of the clones
(Fig. 1, Table 3). On the other hand, a high epicuticular
wax content had a direct correlation with a high relative
biomass productivity of the clones (Fig. 2). This suggest
that a high epicuticular leaf wax content is beneficial to
growth but disadvantageous for cold acclimation of Salix
clones.

The functions of epicuticular waxes as components of
the cuticle include control of transpiration [9-11], reflec-
tion of light [12], control of chemical transportation
through the cuticle [9, 13] and regulation of plant surface
microflora [9]. A low leaf surface wax content with low
amounts of n-alkanes might lead to a high cuticular
transpiration, high leaf surface wettability, high leaching
of nutrients from leaf tissues during rainfall and poor
protection against plant pathogens [9, 14].

The hardening of trees during the autumn depends on
twig maturation, which includes the slow drying of twigs
[15]. Desiccation stress, especially in low temperatures,
enhances the frost hardening of plants [16]. Low epi-
cuticular wax contents on leaves of clones with high frost

tolerance may provide more efficient cuticular transpira-
tion, leading to desiccation stress and growth cessation
during early autumn. Winter tolerant clones with low
epicuticular wax contents may also be more susceptible
to pathogen attacks and leaching of nutrients from leaf
tissues than clones with low winter tolerance but high
epicuticular wax content. Any leaching and pathogen
attacks may further cause growth cessation of Salix
clones and thus enhance bud hardening. The correlation
between high epicuticular leaf wax content with high
levels of n-alkanes, high biomass productivity and low
winter tolerance of Salix clones may be attributed to the
protective action of epicuticular waxes against environ-
mental stresses. On one hand, improved stress resistance
may lead to improved productivity during the growth
season; on the other, improved stress resistance may
prevent the stress-induced growth cessation during the
autumn that is essential for winter acclimation.

Low epicuticular wax content and low epicuticular
n-alkane content may be used as a marker for winter
tolerance of willows. However, it must be kept in mind
that epicuticular waxes may undergo large changes dur-
ing the development of a plant [185, 16]. Thus, proper
timing of sampling of the plant material needs to be
determined by studying seasonal changes in the epi-
cuticular waxes from Salix leaves.

EXPERIMENTAL

Leaves of nine Salix clones with known overwintering
survival and biomass productivity [1, 3] were used for
wax analysis: S. myrsinifolia clone V78 (100% survival), S.
dasyclados clone L78-133 (90% survival), S. dasyclados
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x 8. triandra hybrid clone V777 (90% survival), S. dasyc-
lados clone CE-78-3 (70% survival), S. dasyclados clone
P6011 (47% survival), Salix hybrid clone S-81-34-3 (80%
survival), S. viminalis clone HK-82-16-26 (60% survival),
S. viminalis clone S-15111 (18% survival) and S. viminalis
clone S-HK-81-2x (10% survival). Plants were grown in
the field at Kotkaniemi Research Station of Kemira Agro
Ltd (Vihti, Finland). Stock plants were planted in 1985
and plots were deep-ploughed, fertilized annually with
N-P-K fertiliser (16:7:13.3, 400 kgha~?!) and covered
with black plastic to reduce weeds. Leaf samples were
taken in the beginning of October suggesting that growth
had ceased and the first stage of winter hardening had
occurred before sampling,

Areas of ca 5g of willow leaves were measured by
weighing their paper copies. Leaf samples were extracted
with 70 ml of CHCl; for 45 sec. Wax extracts were dried
in vacuo and 200 ug n-hexacosane added as int. standard
into each sample. Dry extracts were redissolved in 6 ml
CHCl;. Two replicate 1 ml samples of redissolved leaf
surface extract were used for wax analyses. Samples were
analysed by GC-MS for n-alkanes, free n-aldehydes and
wax esters. After the first GC-MS analysis, samples were
silylated as described below before further GC-MS ana-
lyses for free fatty alcohols and free fatty acids.

After the first GC-MS analyses, samples were dried
under N, in GC vials. Thereafter, samples were silylated
with 300 gl silylation reagent, which was prepd just be-
fore silylation by adding 5ml of BSTFA (N,O-
bis(trimethylsilyltrifluoroacetamide) reagent into S ml of
pyridine (silylation grade). Vials were then closed and
heated to 70° for 15 min. After heating, silylation reagent
was evapd and the silylated samples dissolved in 0.6 ml
hexane for GC-MS analysis.

GC-MS analyses were performed with a mass-selective
detector. For n-alkane, wax ester, n-aldehyde and
silylated n-alcohol analyses samples were analysed by
GC-MS with and without silylation on a J&W DP 17THT
(WCOT) column with an injector temp. of 340° (1,20
split; 1 ul). The oven temp. prog. was 70-200° at
25°min~"'; 200-280° at 5°min~}!; 280° for 10 min;
280-360° at 10° min~*; and 360° for 10 min. The MS line
heater temp. was 340°. For silylated fatty acid analysis,
a HP Ultra-1 column (WCOT) was used with an inj
temp. of 310° (split ratio: 1/20; 1 ul). The heating prog.
was 70-280° at 25° min~*; 280° for 10 min; 280-310° at
10° min~!; and 310° for 10 min. EIMS 70 eV: m/z (rel.
int.): n-alkanes: [M]" (1-2), 113 (7-12), 99 (15-20), 85
(49-58), 71 (73-77), 57 (100); n-aldehydes [M-18]"
(4-12), 96 (64-68), 82 (100), 57 (10-14); silylated n-alco-

hols: [M-15]" (100), 103 (14-15), 75 (28-35), 57 (85-97);
silylated fatty acids: [M]* (6-11), [M-15]" (24-45), 132
(67-86), 117 (100), 73 (56-93); long-chain aliphatic esters
[M]~ (5-15), 257/285/313/341/369 [M + 2] of esteri-
fied fatty acid chain (30-100), 97 (43-48), 83 (43-51), 71
(46-57), 57 (81-100). Components were quantified by
comparing their total mass ion spectra to that of the int.
standard (n-hexacosane).
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