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Abstract—Changes in nutrient medium formulation in terms of major salt concentration or N source sig-
nificantly modified cardenolide production by Digitalis obscura (genotype T4) shoot-tip cultures. A positive
correlation between morphogenetic responses, culture growth, and proliferative capacity on one side and
metabolite biosynthesis on the other cannot be established. The final stages of microprogation, rooting, and

acclimatization of D. obscura were improved by using paclobutrazol. © 1997 Elsevier Science Ltd

INTRODUCTION

Information concerning the factors regulating sec-
ondary metabolism is as important as the selection of
high-producing lines in increasing the production of
secondary metabolites [1]. In this respect. we have
recently determined the influence of different media
components on the establishment, maintenance, and
cardenolide production by stable Digitalis obscura
(genotype T4) shoot-tip cultures [2-4].

In this paper. we present additional information for
this in vitro system with regard to the influence of
changes in the major salt strength and the N source
of the nutrient media on both morphogenesis and
productivity. The beneficial effect of the growth
retardant paclobutrazol on rooting of the micro-
propagated shoots and plantlet acclimatization after
transplantation to soil is also described.

RESULTS AND DISCUSSION

Effect of changes in the concentration of macronutrients

The effects of varying the concentrations of MS
major salts (BM, 1/2 BM, 1/4 BM) on growth and
productivity of D. obscura shoot-tip cultures are sum-

*Part 2 in the series ‘Digitalis obscura cardenolides’. For
Part 1 see ref. [4].
+ Author to whom correspondence should be addressed.

marized in Table 1. As macronutrient concentration
decreased so did the proliferation rates and the fresh
weight and length of the developed shoots. This effect
was most marked with 1/4 BM, especially with regard
to the final sizes of the shoots. Both 1/2 BM and
1/4 BM significantly inhibited shoot development but
only this latter medium provoked significant
reductions of fresh weight and proliferation rates in
relation to BM. Our results agree with those obtained
for hypocotyl cultures of D. obscura 5], although these
juvenile explants seem to be less sensitive than shoot
tips to changes in the major salt formulation.

By contrast, it is known that nutrient media with
high salt concentrations are deleterious for some par-
ticular genotypes [6] or tissues [7], and other workers
have reported best results on different species when

Table 1. Effect of macronutrient concentration on plant
regeneration and plantlet growth in shoot-tip cultures of D.

obscura (T4)
No. shoots/  Fr. wt Shoot length
explant*® (g/explant)* (mm)t
BM 19.8b 0.88b 15.4+09
1,2 BM 17.5 ab 0.69 ab 13.7+04
1/4 BM 13.8a 0.42a 120+04

* For each column, values followed by the same letter are
not significantly different according to Tukey's test
(P = 0.05).

+ Values are combined means (+SD) from three inde-
pendent experiments.
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the strength of the basal medium was reduced or when
formulations with low salt concentrations were used
[8-10].

With regards to other Digitalis species, original and
modified MS formulations have been usually employed
in different in vitro systems and species of this genus
[11-17], but it is not possible to make comparisons
with out results because such studies do not provide
data concerning the possible effect of macronutrient
concentration on culture growth and productivity.

In order to study the influence of changes in the
concentration of major salts on D. obscura car-
denolide production, these secondary metabolites
were measured in shoots after four months of culture
(Table 2). The results showed an increased cardenolide
accumulation in the shoots grown in media with
reduced levels of macronutrients. This effect was
especially significant in 1/2 BM cultures where the
shoots had double the cardenolide content of those
grown in BM. These differences are due mainly to
the higher content in lanatoside A, since the rest of
glycosides and genins showed little change (Table 2).

These data suggest that the productivity of D.
obscura cultures could be increased by reducing min-
eral salt strength in the nutrient medium, which is in
agreement with similar results reported on different in
vitro systems where secondary metabolite accumu-
lation improved upon transference of the regenerants
to media with lower salt concentrations [18, 19].

It is known that in some species (e.g. Catharanthus
roseus, Lithospermum erythrorhizon, Coleus blumei
and Thuja occidentalis) it has not been possible to
define an optimum nutrient medium for both growth
and productivity, and this necessitates changing the
medium formulation at the end of the growth phase
[18, 20]. According to our results, this approach could
also be applied to D. obscura shoot-tip cultures since
BM, which is the optimum medium for growth and
shoot multiplication, limited cardenolide production
which was, however, significantly improved by 1/2
BM.
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Effect of changes in the source of nitrogen

In a previous study [21], we investigated the influ-
ence of NH; and NOj on shoot-tip cultures estab-
lished from different D. obscura genotypes. The results
did not show genotype-dependent responses and dem-
onstrated that when NOj was used as the sole nitro-
gen source it did not support satisfactory growth and
a small amount of NHZ was essential for good pro-
liferation and development.

In the present experiment, BM composition was
modified using different nitrogen salts (reduced or oxi-
dized forms) to produce varying NO; /NH; ratios
(Table 3).

The use of BM-1, with a NO3/NH; balance (2/1)
similar to BM, led to a drastic reduction of growth
and proliferation rates. However, these parameters
were not significantly affected by BM-2, although this
medium, with increased NOj concentration (4/1), sig-
nificantly favoured shoot development (Table 4). Very
poor responses were obtained on the rest of media
tested, BM-3 and BM-4, which had raised NH; con-
centrations, negatively affected culture growth and
development (Table 4).

Although in some species ammonium [22, 23] or
nitrate [24. 25] have been successfully employed as
the sole nitrogen source, most cultures require the
simultaneous presence of both inorganic nitrogen
forms [18, 26].

In addition to the influence of the absolute amount
of nitrogen, it has also been reported that the
NO; /NH7 ratio may play a determinant mor-
phogenetic role, and its optimum value has to be
adjusted depending on the species, the type of explant
or the stage of culture [8, 27-29].

According to our data, BM, which contained the
original MS formulation, was the best medium overall,
but it is not possible to confirm as optimal the NO;j/
NH; ratio (2/1) for this medium. In this respect, we
point out the low response observed in cultures grown
on BM-1, which is similar to BM in the total nitrogen
level and NOj3 /NHj ratio. Since the major differences

Table 2. Influence of macronutrient concentration on cardenolide content (ug g~' dry wt) in
shoot-tip cultures of D. obscura (T4)

Cardenolide BM 1/2 BM 1/4 BM
Digitoxigenin 1042 5+2% 34 1%
Purpureaglycoside A 39+ 11 70+ 19 35+6*
Evatromonoside 119137 112438 244+ 7%
Lanatoside A 537+105 1354 + 486* 906 +203*
Digitoxigenin bis-digitoxoside 85+47 133427 33+6
Digitoxin 40+13 204 3* 46+8
Gitoxigenin 1343 34+ 7% 2549
Total 863+ 156 1728 +567* 1072 +228

Values are combined means ( + SD) from three extracts with 2 analyses each.

* Significantly different from BM.
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Table 3. Nitrogen source, CI- and Na* concentrations (mM) in different nutrient media

tested
KNO; NaNO, NH,NO, NH,Cl NO;j/NHf ClI- Na*
BM 18.8 20.6 2/1 6.0 0.2
BM-1 18.8 20.6 20.6 2/1 26.6 20.8
BM-2 18.8 29.2 12.0 4/1 18.0 29.4
BM-3 18.8 10.3 19.7 1/1 25.7 0.2
BM-4 18.8 41.2 1/2 47.2 0.2

Table 4. Effect of different nutrient media on plant regen-
eration and plantlet growth in shoot-tip cultures of D.

obscura (T4)

No. shoots/ Fr. wt Shoot length

explant* (g/explant)* (mm)¥
BM 19.8 ¢ 0.88¢ 15.440.9
BM-1 89a 0.55b 14.340.7
BM-2 15.6 bc 090 ¢ 17.14+0.6
BM-3 9.6 ab 0.33 ab 14.74+0.6
BM-4 59a 0.15a 85404

* For each column, values followed by the same letter are
not significantly different according to Tukey's test
(P =0.05).

t Values are combined means (+SD) from three inde-
pendent experiments.

between these media were higher C1~ and Na* con-
centrations in BM-1 (Table 3), it appeared that one
or both of these ions limited culture development.

Based on our previous work [21] and on the present
data (Tables 3 and 4), we suggest that sodium con-
centration did not play a decisive role in limiting the
response of D. obscura cultures, and that Cl~ was
responsible for BM-1 toxicity. Moreover, the poor
results obtained with BM-3 and BM-4 could be due
not only to their low NO; /NHJ ratios but also to the
high Cl~ level; in both media the Na* concentration
was very low (0.2 mM) and similar to that of BM
(Table 3).

NO;7/NH/ ratios greater than 2/1 were found to
increase multiplication rates in seedling explants of D.
obscura [5). The expected similar results with BM-2
(NO7/NH; 4/1) have been probably counteracted by
the toxic Cl~ level in this nutrient medium (Table 3).

These conclusions are supported by the results
obtained in numerous studies focused on the response
of different species to C1- and Na™ salinity. Thus,
with few exceptions there is a relatively higher uptake
of CI~ than Na™, Na* salinity is less extended than
Cl- salinity and this ion can be responsible for growth
inhibition in many species including Digitalis spp. [30,
31]. Except for halophytes, chloride levels higher than
7 mM are potentially toxic. This is not a static threshold
and can increase with high concentrations of nitrate
[32] which, reciprocally, shows a limited uptake in the
presence of high chloride concentrations [33].

Chloride toxicity has also been observed in various

in vitro systems, especially in woody plants, and nutri-
ent media with minimized Cl~ levels have been for-
mulated [34]. In this respect, in vitro morphogenic
responses of Digitalis purpurea improved when the
Cl~ concentration was reduced in the culture medium
[17].

With regard to the cardenolide content of shoots
grown on media with varying NO; /NHJ ratios, we
observed a close relationship between their pro-
ductivity and the source of nitrogen employed in the
nutrient media (Table 5). None of the modifications
tested improved on the levels obtained with the orig-
inal formulation. Thus only those shoots grown with
high levels of oxidized nitrogen (BM-1 and BM-2)
were found to contain cardenolide in amounts similar
to control cultures. The deleterious effects of the rest
of modifications on culture development made it
impossible to measure the cardenolide content (BM-
4) or provoked a highly significant reduction in pro-
ductivity (BM-3).

These results are in agreement with those previously
reported on different Digitalis cultures where high
NO;3/NHj ratios favoured cardenolide accumu-
lation. This ratio was 2/1 for D. purpurea cell cultures
[35] while in embryogenic systems of D. lanata the
optimum was 10/1 [13] or ranged between 2/1 and
30/1 depending on the maltose concentration used
[36].

This behaviour is not exclusive to Digitalis species
since, with few exceptions [37], the best yields of
numerous important secondary metabolites have been
obtained in cultures which had high NO; /NH ratios
[38-40].

Our results clearly show that relative concentrations
of NO5 or NH; not only affect culture growth and
proliferative capacity but also metabolite production.
Nevertheless, as in BM-1 cultures, these effects may
not be correlated. This has also been reported on
different species such as Lithospermum erythrorhizon
[41], Catharanthus roseus [42], and Nicotiana tabacum
and Phytolacca americana [18).

Rooting and acclimatization

Shoots were excised from proliferating cultures and
treated with TAA. After seven days, the explants were
transferred to either agar-solidified medium or to a
peat-moss—perlite mixture which included reduced
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Table 5. Cardenolide content (ug g~ ' dry wt) in shoot-tip cultures of D. obscura (T4) grown on different nutrient media

BM BM-1 BM-2 BM-3
Digitoxigenin 1042 — 3+1*
Purpureaglycoside A 59+11 62+6 25+19* 14+2*
Evatromonoside 119437 82+18 82+19 354+ 7%
Lanatoside A 5374105 626 + 50 5204133 66+ 6*
Digitoxigenin bis-digitoxoside 85+47 48+ 10 50+ 36 1341%*
Digitoxin 40+13 62+ 6* 25419 144-2*
Gitoxigenin 13+3 10+2 10+3 1549
Total 863+ 156 859+53 7394195 1524+ 7%

Values are combined means (+ SD) from three extracts with 2 analyses each.

* Significantly different from BM.

nutrients and different dosages of the growth retard-
ant paclobutrazol (PBZ).

After one month in culture, the results suggested
that the type of physical support affected both the
survival and the rooting of the explants (Table 6).
Higher rates being obtained with agar (82 and 64%,
respectively) than with peat-moss—perlite (67 and
25%). The effect of PBZ also depended on the rooting
substrate used. Thus, PBZ increased the survival of
the explants grown on agar (92-100%), but did not
improve the rooting percentage. By contrast, all dos-
ages of PBZ favoured root formation in peat-moss—
perlite cultured shoots (58-83%), and all of the
explants survived when the highest concentration (3
mg 17" was employed (Table 6). The total number
and length of roots varied with the treatment, but
neither the type of physical support nor the PBZ sig-
nificantly affected these parameters (Table 6).

After rooting, plantlets were transplanted to pots
and maintained in a greenhouse. Although the sur-
vival rates substantially decreased during the accli-
matization process, 67% of the shoots initially cul-
tured on peat-moss—perlite with 3 mg 17' PBZ
developed into plants which exhibited normal growth
ex vitro (Table 6).

Our findings suggest that PBZ favoured rooting,
hardening, and acclimatization of in vitro D. obscura
regenerants. The best results were obtained when, in

addition to PBZ supplementation, mixtures of peat-
moss—perlite were used as physical support through-
out those processes.

In most species, root formation depends on auxin
treatment which is favoured by the use of media with
low levels of salts [43]; Digitalis is not an exception
[14, 44, 45]. However, the success of micropropagation
is frequently limited by transplantation shocks,
mainly desiccation and low photosynthetic efficiency,
since tissue culture plants are often structurally and
physiologically abnormal [46]. In this respect, the use
of paclobutrazol during rooting and/or hardening has
been reported to improve acclimatization of plantlets
grown in vitro: the spectrum of PBZ effects include
smaller leaves, increased epicuticular wax, shorter and
thicker roots and shoots, darker green leaves, and
slower rates of water loss associated with smaller
stomatal apertures [47-50].

EXPERIMENTAL

Plant material. Vegetative shoots were harvested
from a selected Digitalis obscura L. (genotype T4) and
the axillary buds used for in vitro culture estab-
lishment. Leaves from in vitro regenerants (shoots or
plantlets) were employed for cardenolide extraction.

In vitro culrure. Axillary-bud cultures from geno-
type T4 were established according to Gavidia er al.

Table 6. Effect of paclobutrazol and physical support on rooting of shoots grown from D. obscura (T4) shoot-tip cultures
and survival of acclimatized plants

Physical PBZ % Survival % Rooting Root length No. roots/ % Survival
support (mg 1) (1 month) (1 month) (cm) explant (ex vitro)
Agar 0 82 64 22+1.6 6+3 27

Agar 1 100 27 1.3+0.2 11+5 25

Agar 2 92 67 1.6+0.5 4+1 50

Agar 3 92 58 1.61£0.4 8+2 33
Peat-moss—perlite 0 67 25 1.3+0.5 742 15
Peat-moss—perlite 1 50 67 09+04 642 33
Peat-moss—perlite 2 67 58 1.9+0.9 9+4 33
Peat-moss—perlite 3 100 83 1.0+0.7 11+3 67

Values are combined means from two independent experiments of 12 replications each.
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[2, 3]. Shoot-tips (1 cm) isolated from proliferating
cultures and devoid of developed leaves were
employed for large scale multiplication by alternative
subculture on basal medium (BM) and on BM with 1
#M benzyladenine (BA) for 30 days each. BM con-
tained MS nutrients [51], 3% sucrose and 0.8% Difco-
Bacto agar (pH 5.7). Shoot tips from this mul-
tiplication chain were cultured on modified BM with
either MS macronutrients reduced to one-half or one-
fourth strength (1/2 BM, 1/4 BM), or with different
NO;/NH7 ratios maintaining the original nitrogen
concn (Table 3). Media were initially supplemented
with 5 uM BA (30 days), and regenerated shoots sub-
cultured on their respective modified media according
to the above multiplication chain (4 months). A total
of 24 explants in three separate experiments were cul-
tured for each nutrient medium. In all cases, cultures
were maintained in a growth chamber at 26 +2° and
a 16 hr photoperiod with light supplied by Sylvania
(GTE Gro-lux, F36W/GRO) fluorescent tubes (80
pmol m™? per sec irradiance at culture level).

Rooting and acclimatization. Rooting experiments
were carried out with shoots (3 cm long) grown from
control cultures of T4 shoot-tips. Shoots were cultured
in tubes containing 20 ml BM and 3.0 uM indoleacetic
acid (IAA). After 7 days, shoots were transferred to
tubes containing 20 ml: (a) modified BM containing
half-strength salts and vitamins, reduced sucrose
(1%), 0.8% agar, and 0, 1, 2 or 3 mg 17" of filter-
sterilized paclobutrazol (PBZ) and (b) peat-moss—per-
lite (1:1) and 10 m! of liquid modified BM including
the above dosages of PBZ. Rooted shoots were then
transferred to Phytacon vessels (Sigma) containing
peat-moss—perlite (2: 1). During the rooting and hard-
ening procedures (2 months) the cultures were main-
tained in growth chambers (60% relative humidity,
24417, 16 hr photoperiod). Finally, surviving plant-
lets were transplanted individually to 100 ml pots con-
taining a mixt. of peat-moss—perlite (3:1) and covered
with plastic bags. The plants were placed in a green-
house and acclimatized increasing aeration pro-
gressively.

Cardenolide determinations. Experimental con-
ditions employed were those described by Gavidia and
Pérez-Bermudez [4].
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