
157

INTRODUCTION

Tropical and subtropical plants (e.g. soybean, mung-
bean, etc.) exhibit marked physiological and bio-
chemical disfunctions when exposed to temperatures
below 10ÆC. Some effects induced by chilling are
mediated by active oxygen species (AOS) (Wingsle
et al., 1999), because, in spite of their toxicity, AOS
also trigger stress tolerance (Dat et al., 2000). Plants
protect themselves against AOS by activating enzy-
matic (peroxidases, superoxide dismutases, cata-
lases) and non-enzymatic antioxidants (proline, glu-

tathione, ascorbate, as well as phenolic compounds
such as derivatives of hydroxycinnamic acids and
flavonoids) (Wingsle et al., 1999). 

Phenolic compounds derived from trans-cin-
namic acid are produced by deamination of L-
phenylalanine which is catalysed by the enzyme L-
phenylalanine ammonia-lyase (PAL, EC 4.1.3.5).
Therefore, changes in PAL activity are significant in
modulating phenolic compound biosynthesis in
plants. Expression of PAL genes is regulated by a di-
verse array of environmental factors (such as low
temperature, UV radiation and pathogens) and is al-
so dependend upon the developmental stage of the
plant (Christie et al., 1994; Sarma et al., 1998). Many
studies have focused on the biological activities of
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the phenolic compounds as potent antioxidants
(Rice-Evans et al., 1995). The antioxidant activity is
mainly due to redox properties, which allow pheno-
lic compounds to operate as reducing agents, hydro-
gen donors and singlet oxygen quenchers (Rice-
Evans et al., 1995; Catherine et al., 1996). Phenolic
compounds are present in plants as constitutive de-
fensive components, but they can also accumulate in
response to various stresses (Dixon & Paiva, 1995;
Janas et al., 2002). Moreover, their high content
seems to play an essential role in plant protection
against low temperatures (Dixon & Paiva, 1995). 

Although the subcellular sites of phenolic com-
pound biosynthesis are still a matter of debate they
have been observed in the cytoplasm and the nucle-
us (Wronka et al., 1995), the endoplasmic reticulum
(ER) and the cytoplasmic space between cell wall
and plasmalemma (Kuraś et al., 1999), but mostly in
the vacuoles (Mackenbrok et al., 1992). 

The present study was undertaken to determine
the effect of chilling stress on PAL activity and the
products of the stress (content of phenolic com-
pounds and their intracellular localization).

MATERIALS AND METHODS

Soybean seeds [Glycine max (L.) Merr.] var. Aldana
obtained from the Institute of Breeding and Accli-
matisation of Plants (Radzików, Poland), were used
in the experiment. After surface sterilization with a
fungicide (Thiuram, Organica-Sarzyna, Poland)
seeds were placed in plastic boxes filled with cotton
wool wetted with distilled water. When 3-days-old
seedlings of uniform length appeared, they were
cold-stressed by moving the boxes to a growth cham-
ber at 5ÆC, in the darkness for 1-4 days. Seedlings
growing at 25ÆC were used as a control. 

Extraction and assay of PAL activity in the roots
were performed as described by Janas et al. (2000).
The protein content in the PAL extracts was deter-
mined according to the Bradford (1976) method, us-
ing bovine serum albumin as a standard.

Soluble phenolic compounds were extracted from
the roots with ethanol and were assessed by applying
the colorimetric method of Singelton & Rossi
(1965). Concentration of phenolic compounds was
determined by using chlorogenic acid as a standard.

Isoflavonoids were obtained from a methanol ex-
tract of lyophilized roots. The extracts were filtered,
reduced in volume by rotary evaporation to the wa-
ter phase and purified on a C18 column Bakerbond

spe Octadecyl (BAKER spe-12G, bed 500 mg).
Isoflavonoids were analyzed by High Pressure Liquid
Chromatography (HPLC) using a Hewlett-Packard
Liquid Chromatograph HP 1100 with a Lichrosorb
RP-18 column (4.6 mm × 250 mm) 10 Ìm C18 re-
verse phase packing (Altech Associates, Deerfield
IL), as described by Graham (1991). The elution pro-
tocol was carried out at a flow rate of 1.5 ml min-1 us-
ing a linear gradient of 5-50% of acetonitrile in wa-
ter. HPLC grade water was adjusted to pH=3 with
trichloroacetic acid (TCA). Spectrometric detection
was at 248 nm. Pure synthetic isoflavonoids (genis-
tein, daidzein and genistin) were used as a standard. 

In order to localize the phenolic compounds at
the cellular level, 24h-chilled roots as well as control
roots were fixed at 0-4ÆC for 24 h with 2.5% glutaral-
dehyde in 0.1 M cacodylate buffer, pH=7.2, with
0.1% caffeine addition and subsequently washed in
the same buffer (Mueller & Greenwood, 1978).
Roots fixed without caffeine were used as an addi-
tional control. After postfixation with 2% OsO4 and
dehydration in an ethanol series, root tips were em-
bedded in an Epon-Spurr mixture. Ultrathin sections
were cut on Reichert type ultramicrotome and
stained with uranyl acetate and lead citrate (Reynolds,
1963). Observations were made on a JEOL 1010
transmission electron microscope at 80 kV. 

The number of cells with deposit of electron-
dense material as well as deposit intracellular local-
ization were determined on 50 microphotographs
from each experimental series, enlarged by × 22000.

Results of PAL activity, soluble phenolic com-
pounds and isoflavonoid levels are the means of 9
replicates in 3 independent experiments. The signif-
icance of differences between mean values was de-
termined by the Cochran-Cox test.

RESULTS

Changes of PAL activity in soybean roots are shown
in Fig. 1. Whereas in the control roots PAL activity
become diminished with time of culture, in the cold
treated ones it gradually increased reaching the
highest value on 4th day of chilling (p<0.05) (Fig. 1).

In comparison to the roots grown for 4 days at
25ÆC, a marked increase in the content of soluble
phenolic compounds appeared in the 24h-chilled
roots (p<0.05), but on the next days of stress, their
content subsequently diminished although it was
still higher than that in the control material (Fig. 2). 

Changes in the contents of isoflavonoids in the
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control and chill-treated roots are shown in Fig. 3.
Their content rose in the roots 24 h after transfer of
the seedlings from 25ÆC to 5ÆC and then dropped
during the following days of chilling. The levels of
daidzein, genistein and genistin increased by about
100% (p<0.025), 60% (p<0.025), 35% (p<0.05),
respectively in the roots after 24 h of low tempera-
ture treatment in comparison to the control (Fig. 3).

Ultrastructural investigation revealed the pres-
ence of phenolic compounds in the cytoplasm and
vacuoles of the control and cold-treated root meris-
tem of the cells (fixed with and without caffeine)

(Figs 4-11). Sporadically, these compounds were ob-
served also within the cell walls in the vicinity of in-
tercellular spaces (Fig. 11).

In the cytoplasm, numerous deposits of electron-
dense material regular in shape and ranging in size
from 0.01 to 0.02 Ìm, were randomly dispersed in the
vicinity of vacuoles and cell walls (Figs 4-5). Occa-
sionally, aggregates of these deposits were observed
in the cytoplasm near the tonoplast (Fig. 5). 

In the vacuoles, two types of deposits were iden-
tified. The deposite of the first type were single and
large (0.3 to 2.3 Ìm), globular or lens-shaped (Fig.
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FIG. 1. Changes in PAL activity in soybean roots grown at
25ÆC (C) and 5ÆC (CH), respectively. Data are mean±SD
(n=9), differences between initial and final value are sig-
nificant at p<0.005 (*) and p<0.025 (**), respectively.

FIG. 2. Changes in soluble phenolic compounds in soybean
roots grown at 25ÆC (C) and 5ÆC (CH), respectively. Data
are mean±SD (n=9), differences between initial and fi-
nal value are significant at p<0.005 (*).

FIG. 3. Changes in isoflavonoid contents of soybean roots grown at 25ÆC (C) and 5ÆC (CH), respectively. Data are
mean±SD (n=9), differences between initial and final value are significant at p<0.005 (*) and p<0.025 (**), respectively.
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FIG. 4. Numerous small deposits of electron-dense material (arrow) dispersed in the cytoplasm of control
root meristem cells fixed with caffeine (×22000).

FIG. 5. Aggregates of small dark deposits in the vicinity of vacuoles (×22000).
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FIG. 6. Vacuoles with clear tonoplast and large single de-
posits of electron-dense material (first type vacuole); con-
trol material fixed without caffeine (×22000).

FIG. 7. Small deposits partly covering tonoplast (second
type vacuole); cold-treated Glycine max root meristems
fixed without caffeine (×17600).

FIG. 8. Numerous deposits almost completely covering the
tonoplast (third type vacuole); control material fixed with
caffeine (×22000). 

FIG. 9. Large dark deposits with various size partly cover-
ing the tonoplast; control material fixed with caffeine
(×17600).
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FIG. 10. Deformed vacuoles with numerous deposits of electron-dense material in cold-treated root
meristematic cells fixed with caffeine (×22000).

FIG. 11. Deposits of electron–dense material within the cell wall facing an intercellular space; con-
trol roots fixed with caffeine (×22000).



9), mostly localized adjacent to the tonoplast. The
deposites of the second type were much smaller (0.04
-0.09 Ìm) numerous, usually lamellar in shape, cov-
ering the tonoplast partly or almost completely (Figs
7-10). Under this consideration, three types of vac-
uoles were distinguished: vacuoles with clear tono-
plast and one or two large deposits of electron-
dense material (Fig. 6) and vacuoles with tonoplast
partly (Fig. 7) or almost completely (Fig. 8) covered
with numerous deposits, small and irregular in
shape. Some vacuoles of the second and third type
were significantly deformed; however their number
was higher in the chilled roots (57%) than in the con-
trols (23%) (Fig. 10).

In spite of the localization of the phenolic com-
pounds some differences between the chilled and
control material appeared. In the chilled roots fixed
without caffeine, the number of cells with the above-
mentioned deposits in the cytoplasm was dimin-
ished, while in the roots fixed with caffeine, the cells
with such deposits disappeared (Table 1). On the
other hand, the presence of caffeine in the control
roots doubled the number of cells containing phe-
nolic deposits in the cytoplasm (Table 1).

DISCUSSION

Temperature is an important environmental factor
affecting phenylpropanoid synthesis in various plants
(Dixon & Paiva, 1995). In the present study, it was
shown that the activity of PAL (the key enzyme of
phenylpropanoid synthesis), as well as the levels of
the soluble phenolic compounds increased in chill-
ing-treated roots of soybean. In contrast, in the roots
of seedlings grown in the darkness at 25ÆC, the ac-
tivity of PAL decreased. Decreased PAL activity as

well as low levels of soluble phenolic compounds at
optimum temperature and darkness, are well-estab-
lished observations (Zucker, 1965). Enhanced PAL
activity and accumulation of phenolic compounds in
response to chilling were demonstrated in various
plants (Christie et al., 1994; Solecka, 1997; Solecka et
al., 1999; Cantwell et al., 2002). PAL is turned over
rapidly at room normal temperature (Lawton et al.,
1980), but the mechanisms of PAL activation in the
cold are less known. 

HPLC analyses of roots revealed increased isofla-
vonoid contents (both aglycones-daidzein and genis-
tein, and glycosyl conjugate of genistein-genistin) af-
ter 24 h of chilling and subsequent decreased con-
tents during prolonged chilling. These results are
analogous to those presented earlier in soybean roots
(Zhang & Smith, 1996). 

The results presented in this paper suggest that
the effects of chilling on PAL activity do not coincide
with those on phenolic compound accumulation in
the roots. Thus, it is possible that these compounds
may originate from a pre-existing form, e.g. a cellu-
lar structure or conjugates which act as a reservoir of
aglycones and can be mobilized if needed (Courtois
& Guern, 1980; Janas et al., 2002; Piślewska et al.,
2002). 

Cytological studies on normal and stressed plants
have indicated the intracellular sites of synthesis and
accumulation of phenolic compounds. As it has been
shown by Schutze & Rudeff in 1865 (in Hayat, 2000),
phenolic compounds can be visualised within the
cells due to their reaction with OsO4. Therefore, de-
posits of electron dense material in the root meris-
tematic cells of Glycine max var. Aldana most prob-
ably represent phenolic compounds.
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TABLE 1. Mean number of root meristematic cells (per section) having deposits of electron-dense material in their cyto-
plasm and frequency of vacuoles (types) per meristematic cell containing the same material 

Temp.
(ÆC) Caffeine Cytoplasm Vacuoles

Type a1 Type b2 Type c3

25 – 7.29 74.31 20.62 5.05
+ 18.18 52.19 35.68 10.60

5 – 3.14 54.95 32.36 13.35
+ 0.00 74.70 22.76 2.78

1 one-two large deposits and clean tonoplast
2 small deposits partly covering tonoplast 
3 small numerous deposits almost completely covering tonoplast



Phenolic compounds are considered to partici-
pate in plant defence against biotic and abiotic
stresses; they were found in i) Lactuca sp. in great
amounts after Bremia lactucae infection (Sedlarowa
& Lebeda, 2001), ii) cold-treated leaves of Brassica
napus (Stefanowska et al., 2002) and iii) in the chill-
ing roots of Pachyrhizus erosus (Cantwell et al., 2002).
In Glycine max var. Aldana they were observed not
only in chilled roots but also in those growing at
25ÆC. This may suggest that the increase of pheno-
lic compounds in the chilled roots is primarily due to
the increased levels of precursor compounds (Janas
et al., 2002). Similarly, phenolic compounds were de-
scribed in non-chilled root cells of B. napus (Wron-
ka et al., 1995); according to their opinion, phenolic
compounds appeared due to exposure to harsh con-
ditions of soil. It is possible that in Glycine max var.
Aldana, a plant originating from a hot oriental cli-
mate, phenolic compounds might have appeared in
the root cells as constitutive compounds during the
subsequent stages of soybean acclimation to the
lower northern European temperatures. Their pres-
ence in the roots of the non-cold stressed and more
sensitive Glycine max var. Essor (Mikiciński, per-
sonal communication) might additionally support the
above suggestion.

In the cells of both control and chilled roots of
soybean, as in other plants (Wronka et al., 1995;
Kuraś et al., 1999; Sedlarowa & Lebeda, 2001; Ste-
fanowska et al., 2002), phenolic compounds in the
form of electron-dense deposits were distributed
mostly in the vacuoles, sometimes in the cytoplasm,
and sporadically in the cell wall or its vicinity. The
appearance of electron-dense deposits in the cell
wall is not peculiar, because the amount of phenolic
acids released after alkaline treatment of cell wall
material decreased in 24 h chilling-treated roots of
soybean seedlings (Janas et al., 2000). A dramatic
modification of hemicelluloses during the first hours
of chilling was observed in winter wheat roots
(Zabotin et al., 1998). It seems that chilling results in
a decrease of cell wall polysaccharides, and pheno-
lic compounds such as phenolic acids and flavonoids
cannot form links with them, so they remain in the
soluble pool of phenolics. Contrary to B. napus,
phenolic compounds in Glycine max were never ob-
served within the nucleus (Wronka et al., 1995; Kuraś
et al., 1999). On the other hand, in the leaves of B.
napus after cold-treatment, phenolic compounds
were never observed in the vacuoles, probably due to
their leaking to the cytoplasm during the fixation

procedure (Stefanowska et al., 2002).
So far, the chemical character of phenolic com-

pounds visualized with OsO4 (Transmission Electron
Microscopy, TEM) remains unknown. Solecka et al.
(1999) and Janas et al. (2000) using HPLC analyses
have identified phenolic compounds in cold accli-
mated leaves of B. napus and soybean roots as de-
rivatives of hydroxycinnamic acids, mostly in esteri-
fied form. In the present paper we demonstrated an
increase in glycosyl conjugate of genistein-genistin in
chilling-treated roots. Estrification and glycosilation
of phenolic compounds such as flavonoids, and de-
rivatives of hydroxycinnamic acids, might allow their
transportation to the vacuoles (Dixon & Paiva, 1995)
where along with peroxidase and ascorbic acid can
function as a mechanism for AOS (e.g. H2O2) scav-
enging in plants (Takahama & Oniki, 2000). The an-
tioxidant properties of phenolic compounds (e.g.
flavonoids and hydroxycinnamic acids) are well-doc-
umented (Chu et al., 2000; Heim et al., 2002).

In addition, caffeine added to the fixative not on-
ly prevented leaking of phenols from the vacuoles to
cytoplasm (Mueller & Greenwood, 1978) but also al-
lowed visualization of epicatechin-like phenolic com-
pounds (Mueller & Beckman, 1974; Mueller &
Greenwood, 1978). Therefore, adding of caffeine to
the fixative was expected to contribute to distin-
guishing of this particular group of phenolic com-
pounds in the soybean root cells. 

Contrary to our expectations, caffeine allowed to
observe changes in the number of cells having phe-
nolic compounds in their cytoplasm and also to dis-
tinguish specific types of vacuoles, as when com-
pared with the roots, fixed without this alkaloid. In
the control roots, an increase in cell frequency of the
cells with phenolic deposits in the cytoplasm and the
vacuoles with tonoplast partly or almost completely
covered with deposits was observed. In the chilled
roots fixed with caffeine, these deposits disappeared
from the cytoplasm but they remained in the first
type of vacuoles, i.e. with clear tonoplast and 1-2
large deposits. The observed accumulation of large
phenolic deposits in the vacuoles of chilling-treated
roots is in accordance with our earlier suggestion
about the role of these substances as antioxidants,
which together with peroxidase function as an H2O2-
scavenging mechanism (Takahama & Oniki, 2000).
Taking into consideration that caffeine stabilizes
phenolic compounds within the vacuoles (Mueller &
Greenwood, 1978) as well as it allows detecting of
epicatechin-like phenolic compounds (Mueller &
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Beckman, 1974; Mueller & Greenwood, 1978), it
cannot be excluded that some large deposits in the
vacuoles consist of this material. If the above sug-
gestion is correct, the presence of the first type of
vacuoles in a smaller number and of the other two
types in a greater number, as well as the higher fre-
quency of cells with phenolic deposits in the cyto-
plasm of the control roots after caffeine addition, re-
main obscure. Changes in the chemical character of
the phenolic compounds after cold stress can be the
only possible explanation of these observations.
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Piślewska M, Bednarek P, Stobiecki M, Zielińska M, Wo-
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Katarzyna Szafrańska et al. — Phenolic compounds level and localization in chilled roots of soybean 165



16: 144-158. 
Solecka D, 1997. Role of phenylpropanoid compounds in

plant responses to different stress factors. Acta phys-
iologie plantarum, 19: 257-268.

Solecka D, Boudet AM, Kacperska A, 1999. Phenyl-
propanoid and anthocyanin changes in low-temper-
ature treated winter oilseed rape leaves. Plant phys-
iology and biochemistry, 37: 491-496.
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Wingsle G, Karpiński S, Hällgren JE, 1999. Low temper-

ature, high light stress and antioxidant defence me-
chanisms in higher plants. Phyton, 39: 253-268.

Wronka M, Kuraś M, Tykarska T., Podstolski A, Zobel
AM, 1995. Inhibition of production of phenolic
compounds in Brassica napus 2-amino-oxyacetic
acid. Annals of botany, 75: 319-324. 

Zabotin AI, Barisheva TS, Zabotina OL, Larskaya IA, Lo-
zovaya VV, Beldman G, Voragen AGJ, 1998. Al-
terations of cell walls in winter wheat roots during
low temperature acclimation. Journal of plant phys-
iology, 152: 473-479.

Zhang F, Smith DL, 1996. Genistein accumulation in soy-
bean (Glycine max [L.] Merr.) root systems under
suboptimal root zone temperatures. Journal of ex-
perimental botany, 47: 785-792.

Zucker M, 1965. Induction of phenylalanine deaminase by
light and its relation to chlorogenic acid synthesis in
potato tuber tissue. Plant physiology, 40: 779-784.
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