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Abstract—Various parts of some 30 Salix species were screened for 14 simple phenolic glucosides and salicylacohol.
Species-specific qualitative and quantitative variation of phenolic glucosides in willow species was considerable and
dependent on the part of the plant examined. Generally, there was greater diversity in glucoside composition and a
higher total amount of glucosides in the twigs than in the leaves and buds. The traditional classification turned out to
be inconsistent with a classification based on phenolic glucosides only. However, simple phenolic glucosides can be
used for the recognition of exomorphologically similar species and hybrid forms.

INTRODUCTION

In Finland, the genus Salix comprises 24 native species,
numerous hybrids and several introduced species.
S. phylicifolia, S. caprea, S. myrsinifolia and S. pentandra are
the most widespread species, and can be found all over
Finland. Eleven willow species are only found in the
north. Among these S. pyrolifolia, S. polaris and
S. arbuscula are very rare and are protected species [1].
The S. repens group [2], containing S. repens, S. arenaria
and S. rosmarinifolia, is mainly southern and coastal,
having a scattered occurrence in the north of Finland
[1].

Willows are very variable in growth form and are
found in extremely diverse habitats. The smallest pros-
trate dwarf species have a height of a few centimeters (e.g.
S. herbacea) while some species may reach the height of
more than 10m (S. pentandra). However, most of the
Finnish willows are tall shrubs or small trees.

Species identification in the genus Salix is often prob-
lematic owing to exomorphic plasticity and ready hybrid-
ization. The hybrid forms are usually fertile so that
introgression and hybrids which may carry more than
two species traits are possible [3]. In some localities
hybrid forms grow more abundantly than original (pure)
species. It has been proposed that the phenolic glucosides,
which are the dominant secondary metabolite group in
Salix species, can be used as taxonomic indicators of
morphologically variable willow species [4,5]. Until
now, however, phenolics have been screened only in a few
species of northern willows [5-7]. In this study the
distribution of phenolics was investigated in other willow
species, indigenous to Finland or introduced and culti-
vated in Finland. The variation of simple phenolic gluco-
sides was studied in current growth twigs, mature leaves,
leaf buds and flower buds. In some willows the geographi-
cal within-species variation of phenolics was compared.
Chemotaxonomic and evolutionary implications of the
variation in secondary phenolics in closely related species
and in the phylogenetically different-aged species groups
is briefly discussed.

RESULTS AND DISCUSSION

The simple phenolic glucoside content of mature
leaves, current growth twigs, leaf buds and flower buds
are shown in Tables 1-6. The amount and composition of
phenolic glucosides in each willow tissue was moderately
species-specific. The glucoside composition and the total
amount varied greatly within willow species. Salicin, the
characteristic glucoside for the whole genus of Salix, was
always present but mainly as a minor component, while
salicortin was the most abundant salicylate in all tissues
of most willow species. Only S. triandra did not contain
salicortin. Fragilin, the third common salicylate, was
frequently present as a trace component. The most rare
glucosides in willows are salidroside and arbutin. The
former was the characteristic component of S. triandra,
found in quantity also in S. xerophila, S. starkeana and
S. lapponum. Arbutin was only detected in S. myrtilloides,
being one of the main glucosides in this low-glucoside
species. 2'-0-acetylsalicortin was found in afew species
and is the characteristic component for all tissues of
S. pentandra and S. fragilis. It was also found in flower
buds, leaf buds (Tables 5 and 6) and in the twigs of S.
myrsinifolia [8] but was absent from mature leaves [5].
2’-0-acetylsalicortin accompanied with salicortin was
also one of the prominent glucosides in the twigs of S.
aurita and S. cinerea (Joensuu chemotypes) (Table 4).
Triandrin was most frequently present in twigs, leaf buds
and flower buds but it was also found sporadically in
leaves. Similarly, picein may be regarded as a twig
glucoside but also occurs in the buds of some species.
Salireposide was restricted to twigs. An appreciable
amount of tremulacin, accompanied with a low content of
tremuloidin, was especially common in tissues of the S.
repens group. It was also a very abundant glucoside in the
leaf buds (Table 5) and leaves of S. myrsinites [7] and in
the leaves [8] and twigs (Table 2) [4] of S. purpurea.
Purpurein was present in the twigs and buds but was
absent in the leaf blades [8] of S. purpurea. Salicylalcohol,
populin and 3’-O-acetylsalicortin were not detected in
any of willow extracts screened.

2115



R. JuLKUNEN-THTTO

2116

UILIOA|BS|A1208-()-, = ()] [UDEAWAN

(06T°0) 100'I€ 0
(STUOMPRE'T 0
(R€00) £8¢] 0
(LTTO) 661 0
(860) 10TY1 0
(6510} 8P9°S 0
(o0 TLLT 0
(8£°0) v'901 0
€D 9Tl 0
6 S 49111 0
(LS0YSL'Ey 0
(S6T 0 €88 0
(T10°0) L6v0 0
(LO1°0) £5%' 0
(SS10) 6581 0
§60°0) LEOT 0
(PLOO) SLYL $0T9
(§£0°0) S09+ 108°C
I 01

‘(1w A1p 38w sung opdwmsgns 7 0] ¢ JO SUBIW DY) IR SYNSOY,
("a's) sopi1sodn3 [r101 = ||

‘dds araoeorjeg jJo soara] aew oY) ui sapisoond oroudy [ Qe

1780 £9L°0 0 0

0 (a7 0 0 0

0 LTPG 0 0 0

0 1L1C 0 t$8°0 0

0 Yrist 0 0 0

0 oLt 0 0 0

0 w@ee 0 0 0
Pivil 6C1'88 s 8ECO 0
1R9'LI £97L6 0 0 0
<081 PORIY Ve 0 0
0 1299y 0 0 0

\ 98t 0 0 0

0 0 0 0 0

0 SZ80 0 Fico €10

0 ¥85°0 0 16t0 oro

0 8560 0 18¢°0 PeCo

0 L6E0 0 0 0

0 Lo 0 0 0

6 8 L 9 S

4]
0
0
1€L°0

LIPUBLL = § S3PISCIPIRS = ¢ UrddId = p uiidndy = ¢ 'unnqie = 7 Uojes = |

8REO
8¢0
v81°0
0¢T0
98¢0
8610
SEP0
it
[430)
6850

0
£
¢IT0
191°0
Pico
9610
8PLO
16C°0

0 1§29 ITITRYIEN
0 6570 sunjod -
0 Lo avaIngiay g
0 P6L°0 DAL S
0 68L°0 saprouydop S
0 01L°0 vijofunop g
0 S10°¢ sopvsop g
0 0Lt DLDUAID
0 08L°¢ suadat °§
0 0sy'L PIRISNGD S
0 08 SPaIoY S
0 LOL0 ponpif g
y8CO oL saprojaiu -
0 0800 pjofijoidd g
0 897°0 npydosax g
0 80£°0 DUDIYDIS *§
U §TS0 napuvuad °§
0 2080 siyboaf s
4 I sapadg




2117

‘(1m AIp §/3w) suni sopdwesqns / 01 ¢ JO SUBIW 3Y) 1B SINSAI 9Y ],
(*a's) sapIsoon|d [R10] = ¢ [ ‘UDB[NWAI) =
71 ‘waindind = [ | ‘un100i[ws|A1908-0-,7 = (| op1sodailfes = ¢ ‘UNIOdI[ES = § ‘UIPIOJNIUAI] = / ‘ULIPURLI] = ‘3PISOIPYTS =G ‘U0Id = wiidel) = ¢ ‘unngie=_g ‘umnijeg=|

(17°0) 8909 0 0 0 0 6119 0 0 0 1E01 1290 0 €£9¢ DsMaL g

(0T'1) £p'e0! 0 0 0 0 06£16 0 0 0 L80'E £68°0 0 9608 stvjod °g

(1ze) 16911 0 0 0 0 Slosol 0 0 0 £€5°9 0 0 -65¢°S NGy °§

(§8°0)95°IS 0 0 0 0 S99°LE 0 0 0 L66'9T 0 0 8689 Do S

TTH) 0906 0 0 0 0 6EFL8 0 0 ] 0 ovy'o 0 W saprouydop g

m €1 99°6¥ 0 0 0 0 L9L€T 0 ElLl 0 SITE £TH'0 0wl Sopo]IASDp °§
“ oD v9T0l  LISTL 19501 0 IS€T  EITTL 1201 0 0 0 (454 0 £9€€ vandind °§
° (8Y'1)S6'001 €0V 0 0 S8L T9TLS o1t 0 0 8LE] 8910 0  68L0 DUDU2ID 'S
£ (¥S'0) 00601 081 0 0 05011 186'€6 9060 0 0 0£$°0 0 0 10L0 suadai °§
2 (1r9) Lyeat 0 0 0 8L 09901 ERLAH] 0 0 $9¢°[ 864°0 0 1608 pasngio °§
E (LTO) 10°€T 0 0 0 0 11801 0 wio 0 1L9°0 8790 0 PLLO sipatoq °§
8 (STO)TEIS 0 0 0 0 SLTYr 0 0 0 €611 0 0 96C¢ vonvib °g
2 (15°0) 89°01 0 0 0 0 91T 0 6T 0 106T 900 €21 0910 saprojudu '
m 6£V W 1Y 0 0 09€C 0 0L99¢ 0 0 0 090 soe1) 0 TSL vyofijodd °g
£ (€v°0) 81°0¢ 0 0 0 0 Le8€l 0 6STIL 7001 0 69t°0 0 919¢ ppydosax g
(€80 I¥'1¥ 0 0 0 0 (6T 0 1€67T  LI9O 0 L6950 0 LITY pUPIDIS °§

(oo zriz 0 0 0 1Ly'T 0 0 06£0 L6SLI 0 9Ly0 0 6810 DApuvL 'S

(6¥°0) LV'EE 0 0 0 0 T0T8C 0 s6l'l 0 0 LIV O 0 0s9¢ vqv °§

(667) 81°6S 0 0 T96Y 0 0870 0 0080 0 0 7108 0 190 vipupiuad °g

(1L 8LsY 0 0 991°C 0 0LS6C 0 IILY 0 0 L9S°0 0 WLl syiboaf °§

€1 4 11 01 6 8 L 9 S 12 £ 4 I sa1adg

‘dds awaoedi[eg Jo sSim) yimoid Jusumnd oyl ul sapisoonjd ofjousyd ‘7 s|qel



R. JULKUNEN-TUTTO

2118

(sosaypuazed ur umoys st d's 1m K1p 3/3w) sunt apduiesqns ¢ 01 ¢ Jo SUBIW Y} B SHNSIL Y|
‘pur[Buyg JO YINOS Y} U SI SUIPIBD) MY
PUB PUBIUL] JO Y1IOU YT UL 3IR N{NC) PUR OWRSHNY INNSUDOL JO JS2M WY (R ST LARE Y “PUTIUL] JO 1SR 3] UL ST ANSUI0S IPUBULY JO 4INOS dY] Uf POTEOO] ST NN

‘$op

~1S0ON{3 [B101 = [ | udRNWAN = ()] Dpisodanfus = ¢ ‘UNI0dES = § TUIPIOINWAN = / ‘ULIPUBL =9 [UBUWHA = § ‘a0 = § :p1soipres = ¢ ‘updel)= 7 ‘unieg= |

eI

6910

Ny

(€000) 691°0 0 0 0 0 0 0 0 LELA SIABYT]

(010°0) 98¢0 0 0 98¢0 0 0 0 £91°0 0 ey £TC0  SoARYT] SuapIe) may
T zres 0 0  6£598 0 0 0 99L°L 0 961°0 079y s3m | njng,
s 1pie 0 0 L61'6T 0 0 0 SOl 0 S19°0 06£°0 STIML SuapIB) May

vipup] °§
0en 0 0 aoe1) 0 0 0 0 0 0 MVEI] SIARI] owresnny

(0S0°0) 1590 0 0 $8Y°0 0 0 0 0 0 0 €910 S9AEYT] nmnoy
(08°€) 10°S01 0 0 SPS101 0 0 0 0 0 £65°0 898'T  seAwd] SUSpIBL) MY
(§9'1)99'L¢ 0 0 9€res 0 0 0 8811 0 0 [EX3) sBm] ouwresnny
aea1Los 0 0 SSL'8Y 0 0 0 1790 0 0 1€€°1 s3imL nmo
(92 86'LL 0 0 0996L 0 0 0 0 0 0 81€°¢C s3ImML SuapIRD) MIY

DIDISDY S

(0s0) L1112 0 0 IsTy 0 §96°¢I 0 0 61¥'1 Rladl] L8Ol pnqjed] ouresnnyj
(S1°0) 8491 0 0 LOI'9 0 yTyo 0 0 0L6't 6290 96t pnqjea nymng
(LLO) LST0S 0 0 LOLST [\] 06C¢E 0 0 990 P8Y°0 3240 sSim owesnny
(T99) €0°SL 0 0 S6£vT 0 1LE8Y 6LT0 0 0651 60£°0 9800 sam L mng,
winuoddpy 'S

(PLL)TET6 Ie6l 0 LI6TY 6L11 0 0 0 0 0 Si6'8  pnqjes] ansusof
95%) S0'99 916°1C 0 LI6TY 0 0 0 0 0 0 9177 pogjea nyng
(581 1L°96 L1T¢C 88L'8  60S'P8 0 0 0 0 0 0 00C'1 sSm] nnsul0f
(989) 88°€TI 99L°C €906 068801 0 0 0 0 0 0 626'S sgim ) nymgp
DHOfIULIDUISO °S

11 o1 6 8 L 9 S 4 ¢ [ 1 ed x20e[d

wueld saadg

“dds x1ypg ur sapisoonjd srjouayd uo aoejd Suimoid jo ope YL € QL




Phenolic constituents of Salix

2119

Table 4. The variation of phenolic glucosides in the current growth twigs and buds of Salix cinerea individuals (a—) and S. aurita
individuals obtained from different growing places

Species Plant

place* part 1 2 3 4 S 6 7 8 9

S. cinerea

Kaavi (a) Twigs 1.082 0.638 7.716 0 4.028 13.430 -10.776 0 37.67 (0.70)
Kaavi (b) Twigs 1.221 0.547 9.478 0 2.095 8.053 5.721 0 27.12 (1.38)
Kaavi (c) Twigs 1.014 0.547 6.536 0 2017 8.388 5.793 0 24.30 (1.00)
Joensuu (a) Twigs 0.946 1.086 3.785 0 3.885 10.264 18.694 4352 43.02(1.46)
Joensuu (b) Twigs 1.563 2.309 2.036 0 4.541 7.490 4.759 14.823 37.52(0.48)
Kaavi (a) Leafbud 0.116 0.347 0 trace 0 1.959 0 0 2422 (0.112)
Joensuu (a) Leafbud 0.198 0.326 0 0 0 1.083 0 0 1.607 (0.119)
Joensuu (b) Leafbud trace 0.440 0 0 0 1.364 0 0 1.804 (0.221)
Kaavi (a) Flower bud  2.746 0.405 0 0.248 trace 4.722 18.999 0 27.12 (0.46)
Joensuu (a) Flower bud  2.759 0.240 0 0 0 2.033 9.053 0 14.09 (0.47)

S. aurita

Helsinki Twigs 1.119 1.498 0.230 0 5.116 7.810 10.000 13.405 39.28 (1.14)
Joensuu Twigs 1.280 1.614 0.352 0 2034 13.087 8.431 9.177  3598(1.27)
Helsinki Leafbud 1.550 0.454 0 0.490 0 0913 0.880 0 4.287 (0.243)
Joensuu Leafbud trace 0.249 0 0 0 0479 0 0 0.727 (0.059)
Helsinki Flower bud  7.275 0.584 0 0.583 trace 2.346 3.830 0 14.62 (0.13)
Joensuu Flower bud  0.688 0.572 0 0.175 0 1.484 9.515 0 12.43 (0.56)

1 =8alicin; 2=fragilin; 3 =picein; 4=salidroside; 5=vimalin; 6=triandrin; 7=salicortin; 8=2'-O-acetylsalicortin; 9=total

glucosides.
*Helsinki is located in the south of Finland.

The results are the means of 3 to 6 subsamples runs (mg/g dry wt, s.e. is shown in parentheses).

The magnitude of the variation in total glucoside
amount among willow species was considerable, being 1.1
to 12.2% in twigs and 0.05 to 11.9% in leaves. The total
glucoside content in twigs was usually higher than in
mature leaves (Tables 1 and 2). The majority of Caprisalix
species (e.g. S. starkeana, S. lanata and S. pyrolifolia)
contained traces of glucosides in the leaves but moderate
amounts in the current-growth twigs. The distribution of
glucosides in the low-growth-form Chamaetia species (S.
herbacea and S. polaris) was very strongly biased towards
twigs. Seventeen out of 28 species screened in this study
were characterized by a high amount of salicin and its
derivatives in their twigs. In these species salicylates made
up more than 90% of the total glucoside amount. A
similar trend in the distribution of salicylates and non-
salicylates among willow species was also found in the
analysis of mature leaves. Salix myrtilloides and S. trian-
dra were exceptional in that they contained mainly non-
salicylate glucosides.

The glucoside content in willow parts has been re-
ported to be dependent on the physiological activity of
the tissues, showing seasonal, diurnal and intra-species
fluctuations [e.g. 4,9]. The phenotypic expression of
willow glucosides may also be influenced to a certain
extent by the growing conditions [10]. Variation in the
results may be increased by inconsistent sample pre-
handling, extraction and different analytical methods
(colour reactions, HPLC and GC) used in willow gluco-
side chemistry [8,11]. Since an individual glucoside
pattern may be affected by several factors, the com-
parison of one’s results with previous glucoside analyses
of the same species [9, 11,12] is difficult. However, the
glucoside patterns of most of the Central European

willow species are in fairly good agreement with my
results for the corresponding species in Finland. The
main glucoside is mostly the same and the total compo-
sition of glucosides differs only in the minor components,
which may be due to detection efficiency and/or invalid
interpretation. On the other hand, northern S. lapponum
and S. arbuscula twigs differ quite drastically from the
closely related Central European species S. helvetica and
S. waldsteiniana [ 3], respectively, neither of which contain
salicin and its derivatives [13, 14]. Moreover, S. hastata
obtained from Kew Gardens (U.K.), produced high con-
tents of salicylates, both in twigs and in leaves, while
Finnish S. hastata leaves (several individuals) contained
only traces of glucosides (Table 3) [7]. Although much of
the inconsistency of glucoside chemistry between north-
ern and Central European willows may be explained by
environmental, developmental and possible method-
ological dissimilarities, the unrelated patterns may also
be a consequence of the complexity of willow species
relationships and the vigorously ongoing willow speci-
ation [3].

In several species the total amount of glucosides was
higher in dormant flower buds than in leaf buds (Tables 5
and 6). An extremely high difference in glucoside concen-
tration between flower buds and leaf buds was found in §.
caprea. Generally, several species which contained a trace
amount of glucosides in the leaves (e.g. S. myrtilloides, S.
xerophila, S. starkeana, S. caprea) [5] yielded noticeably
higher contents in the buds while species with high
amounts of glucosides in the mature leaves (e.g. S. repens,
S. myrsinifolia and S. purpurea) (Table 1) [5,8] also
accumulated high or moderate amounts of glucosides in
the buds. The glucoside composition in flower buds was
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quite similar to that found in twigs of the same species.
This may be mainly explained by tissue similarities: a
considerable part of the phytomass in willow winter-
dormant inflorescences consists of receptacle tissues
which resemble the primary stem tissues. Moreover,
preliminary analyses of separate flower organs showed
that the glucoside composition of receptacles was similar
to that of the twigs, while the bracts of pistils and the
bracts of stamens were similar to the foliage leaves. On
the other hand, pistils, stamens, scales and nectar extract
did not contain glucosides in detectable amounts (un-
published results).

The existence of exceptionally high amounts of phe-
nolic glucosides in buds, especially flower buds, might
indicate their contribution to winter hardiness. At the
same time, the glucosides may partly function as carbon
storage for those willows which will start to flower before
leaf burst early in the spring. Nor should one forget the
possible role of willow phenolic glucosides in pollination
via salicylate metabolites and in plant growth regulation
by maintaining dormancy. However, one of the main
functions of the bitter-tasting simple glucosides may be to
provide the willows with resistance against pathogens
and certain generalist herbivores [16-18].

The dioecious nature of willow plants may complicate
the investigation of the ecological importance [18] and
chemotaxonomical utilization of phenolic glucosides.
Previous results on the distribution of twig and leaf
glucosides between willow sexes do not indicate any
clear-cut trend of sex-biased abundance [4,9, 19]. On the
other hand, the staminate catkins of Central European
willow individuals have been shown to contain appreci-
ably higher amounts of glucosides than the carpel catkins
[9]. In the present study, S. caprea and S. myrsinifolia also
showed a strong difference in bud glucosides between the
sexes (Tables 5 and 6): the leaf buds and flower buds of
male individuals contained higher total amounts of glu-
cosides but the qualitative composition was identical in
both species. The individuals analysed were in a winter-
dormant phase so a substantial proportion of the gluco-
side variation between sexes may be real and not induced
by different developmental stages, as has been suggested
with respect to the Central European early spring catkins
[97].

The glucoside compositions of S. rosmarinifolia, S.
lapponum and S. aurita grown under different environ-
mental conditions and in different localities (Turku,
Helsinki, Joensuu, Kuusamo) were essentially identical
(Tables 3 and 4). The intra-species differences between
local willow stands were mostly quantitative, while quali-
tative differences, when they occurred, involved minor
components and may actually be quantitative. On the
other hand, S. cinerea individuals (in the Joensuu and in
Kaavi populations) turned out to be slightly different
chemotypes. None of the Kaavi individuals contained 2’
O-acetylsalicortin but they did contain a fairly high
amount of picein, while both Joensuu plants yielded 2'-0-
acetylsalicortin and lower amounts of picein. It is possible
that S. cinerea individuals grown in the Kaavi population
may be some kind of hybrid with other Caprisalix species
(like S. phylicifolia or S. caprea), which are very abundant
in this area. The failure of Kaavi individuals to flower,
might also suggest the incompetent genetic combination
of a hybrid origin. This chemotypic variation which is
found also in polymorphic S. phylicifolia and S. myr-
sinifolia individuals [19], may be an indication of the
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genetic instability and temporary speciation lines of these
actively evolving species [3].

The numerical classification of all Finnish willow spe-
cies based on leaf glucoside analysis, in this study and in
previous papers [5-8], forms several clusters (Fig. 1).
Eighteen of the 33 species analysed, mostly of northern
origin, belong to a group containing a low amount of
several leaf glucosides, which are mainly noun-salicylates.
The phylogenetically aged species, S. pentandra (with S.

fragilis) and §. triandra form a group of their own, in

which the predominant components are 2'-0O-acetylsali-
cortin and salidroside, respectively. The closely related
species, S. repens, S. arenaria and S. rosmarinifolia form a
group which also includes northern S. myrsinites and S.
arbuscula, with the introduced species, S. purpurea and S.
retusa. Typical of these species is a high amount of
glucosides, with the most prominent salicylate being
tremulacin. Salix myrsinifolia, together with its northern
counterpart S. horealis. forms the next group, which also
includes the introduced species, S. dasyclados and S.
daphnoides.

The clustering of willow species on the basis of the
glucoside content in their twigs showed a higher average
dissimilarity between species than on the basis of their
leaf glucosides (Fig. 2). As with the classification of leaf
glucosides S. repens, S. arenaria and S. rosmarinifolia
comprise a group which also includes northern S. arbus-
cula. This group is characterized by its high glucoside
content, with an appreciable amount of tremulacin and
salireposide. The morphologically close species S. aurita
and §. cinerea form a group with a moderate glucoside
content, especially of triandrin and 2’-O-acetylsalicortin.
Salix starkeana and its northern counterpart S. xerophila
form a group, characterized by the glucoside triandrin.
The exomorphically dissimilar species, S. caprea, S. phyli-
cifolia and S. lapponum are also connected with this
group, chiefly because of their complementary triandrin
content. S. myrtilloides, S. purpurea, S. triandra and S.
pentandra each form a group of their own, all of which
contain one¢ predominant marker glucoside: arbutin,
purpurein, salidroside and 2'-0-acetylsalicortin, respect-
ively.

A grouping of willow species on the basis of phenolic
glucosides does not completely coincide with the
morphological and phylogenetical classifications. The
glucoside profile of S. arbuscula, which is often difficult to
distinguish, morphologically. from S. phyiicifvlia [3] is
totally different from that of S. phylicifolia [5,8]. Also
notable is the extreme dissimilarity in leaf glucoside
chemistry between the morphologically similar S. phylici-

Jolia and S. myrsinifolia [S]. On the other hand, the twig

glucoside spectra of the specics pairs like S. repens-S.
arenaria (S. rosmarinifolia), S. xerophila-S. starkeana, S.
aurita=S. cinerea and §. polaris—-S. herbaceae strongly
support the morphological classification. Moreover, the
tissues of northern S. myrsinites [7] of the subgenus
Chamaetia and northern §. arbuscula of the subgenus
Caprisalix have the same secondary chemical profile as
southern §. repens of the subgenus Caprisalix. although
these species are morphologically quite distinct. However,
these are all low-growth-form willows. Salix triandra, S.
pentandra, S. fragilis and S. alba of the subgenus Salix and
S. reticulata of the subgenus Chamaetia are considered to
be more primitive and older species, which existed before
glaciation [20]. The twigs of S. triandra. S. pentandra and
S. reticulata differ distinctly from the common glucoside
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Fig. 1. The clustering of the Salix species based on the composition of simple phenolic glucosides in the mature
leaves (T and K refer to the growing place in Turku and Kew Gardens, respectively).
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Fig. 2. The clustering of the Salix species based on the composition of simple phenolic glucosides in the current-
growth twigs (T, O and K refer to the growing place in Turku, Oulu and Kew Gardens, respectively).

trend. All of them have the special main glucoside (sali-
droside, 2'-O-acetylsalicortin and picein, respectively),
while the twigs of S. fragilis and S. alba rank with the
common group of willows. However, on the basis of leaf
glucosides as well as on leaf exomorphic traits S. fragilis is
close to S. pentandra. Consequently, in these older wil-
lows and in some younger willow groups (S. myrsinifolia-
§. phylicifolia), the evolution rate of their chemical charac-
teristics may have been higher than the evolution rate of
their exomorphic features, so that changes in their chem-
istry occur before changes in their morphology.

Finally, in several cases the use of simple phenolic
glucosides, as a tool for the recognition of morpholog-
ically similar willow species or to distinguish between
hybrids is appropriate and useful when it is used together
with exomorphic and cytological features. On the other
hand, the traditional morphologic-taxonomic classifi-
cation of willows differs quite considerably from the
chemotaxonomical classification of willows based only

on phenolic glucosides. There are also marked variations
in the glucoside patterns of the different plant parts.

EXPERIMENTAL

Material The willow species sampled are listed in Table 7.
Twenty to 40 current growth-twigs with mature leaves exposed
to the sun and 30 to 40 winter-dormant twigs with buds were
collected and put in plastic bags from individuals or clones of
more than three-years-old. The samples were kept at 0° while
being transported to the laboratory. Immediately, after separ-
ation of the plant parts, composite samples were freshly analysed
after prehomogenization in liquid nitrogen when needed. The
rest of the material was over-dried at 45-48 °, as described in a
previous paper [21]. The twigs and mature leaf samples were
collected in August or in early September (1986 and 1987) and
the bud samples were collected in late October to January (1987
and 1988). As the growth intensity of willow species varies, no
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Table 7. The specifications of the willow species analysed in this study (a, b and c refer to different individuals)

Wild stand=1 Tissues: twigs=1;

Growth An individual = 1 Indigenous =1 Cultivated leaves =2; lower-

Species* place Clonal =2 Introduced =2 stand =2 buds = 3; leafbuds =4
Subgenus: Amerina
S. fragilis L. Joensuu 2 2 2 1,2
S. fragilis L. Joensuu 2 2 2 3.4
S. pentandra L. Joensuu 1 1 I 1,2
S. pentandra L. Kaavi 1 1 I 3,4
S. alba subsp. Kaavi 1 2 2 1,2,3,4
S. triandra L. Joensuu 2 i 2 1,2,3,4
Subgenus: Caprisalix
S. aurita L. Helsinki 1 1 2 1,3,4
S. aurita L. Joensuu 2 1 1 1,3,4
S. cinerea (a-c) L. Kaavi 1 1 1 1,3,4
S. cinerea (a-b) L. Joensuu ] 1 1 1.3.4
S, starkeana Willd. Joensuu 2 1 1 1,2,3,4
S. xerophila B. Flod. Kuusamo 2 l 1 1,2.4
S. pyrolifolia Ledeb. Oulu 1 l 2 1,2
S. myrtilloides L. Kuusamo 2 1 1 1.2.4
S. glauca L. Saariselkd 2 I { L2
S. hastata L. Kuusamo 1 1 1 12
S. hastata L. Oulu 2 1 2 1,2
S. hastata L. Kew Gardens | 2 1,2
S. lanata L. Turku ! ! 2 1.2
S. lanata L. Kew Gardens 2 2 1,2
S. lapponum L. Kuusamo 2 1 ! 1,4
S. lappomun L. Turku 1 ! 2 1.4
S. caprea (a-b) L. Kaavi 1 { 1 34
S. myrsinifolia {a-b) Salisb.

(=S. nigricans} Kaavi 1 1 i 3.4
S. borealis Fries Kilpisjarvi 2 1 2 1,2
S. arbuscula L. Kew Gardens 2 2 1,2
S. repens L. Helsinki 1 1 2 1.2.4
S. arenaria L. Helsinki 1 1 2 1,2,3,4
S. rosmarinifolia L. Joensuu 2 1 1 1,4
S. rosmarinifolia 1. Turku 2 1 1 1.4
S. purpurea L. Joensuu 2 2 2 1.3,4
S. xdasyclados Wimmer Joensuu 2 2 2 1.2.3,4
S. daphnoides Vill. Joensuu 2 2 2 1,2
S. acutifolia Willd. Oulu 2 2 2 2
Subgenus: Chamaetia
S. myrsinites L. Tervola 2 1 1 3.4
S. retic¢ulata 1. Kilpisjarvi 2 1 1 1,2
S. herbacea L. Saariselkd 2 1 1 1,2
S. polaris Wahlenb Oulu 2 1 2 1,2
S. retusa L. Oulu 2 2 2 1.2

*The classification (and nomenclature) used by Rechinger (1964) and the herbarium voucher specimens of the willow species

available at the University of Joensuu, Department of Biology.

more than 25 cm from the shoot tip of twigs were taken for
analysis. All mature and unblemished leaves, i.e. including a leaf
blade, a petiole and a leaf base were selected from each current-
growth internode. The twigs and leaves of 8. herbaceae, S. polaris,
S. reticulata, S. glauca and S. arenaria were analysed only in
oven-dried form. The tissues of all other species were screened
both from fresh and oven-dried material.

The phenolics were extracted by two separate extraction
procedures, as previously described [7.21], ie. oven-dried or

fresh samples were extracted with MeOH, C, 4-octadecyl column
purified, concd and GC-analysed as TMSi-derivatives. The
phenolics were extracted from dried material with aq. Me,CO
and EtOAc, polyamide column purified, conc. and GC-analysed
as TMSi-derivatives. This long extraction method was used
especially for the validation of quantification (impurity reduction
and salireposide calculation) and qualification (separation of
salireposide from the main glucoside fraction, because it over-
lapped with salicortin) {21]. The guantification was based on



Phenolic constituents of Salix

standard components, which were in elution order: salicin,
arbutin, fragilin, picein, salidroside, vimalin, triandrin, tremuloi-
din, populin, salicortin, salireposide, 2'-O-acetylsalicortin, 3'-O-
acetylsalicortin and purpurein. Salicylalcohol, an aglycone of
salicin, was also screened. The existence of the components was
confirmed by TLC, by glucoside hydrolysis and in a few cases by
GC-MS [22,23].

Cluster analysis was performed in order to group the willow
species (UPGMA-method with 1n-transformation [24]). In some
cases, (marked as ‘trace’ in tables) the trace was replaced by 0.01,
since the results for some willow glucosides was otherwise
unquantifiable.
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