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Abstract

Immature mulberry leaves isolated from winter buds were cultured on MS media7) differing
in the nitrogen source, sugar(s) or pH, or containing various kinds and concentrations of plant
hormones, antibiotics or a herbicide. The ratio of the concentration of nitrate ion to that of
ammonium ion remarkably affected the frequency of adventitious bud formation (FABF) and
ratios in the ranges of 1:1 and 3:1 were optimum. The most suitable sugars for adventitious
bud formation were sucrose, glucose and fructose among the tested sugars. The highest
FABF was usually observed in the medium containing 1 pM thidiazuron and the addition of 1
uM abscisic acid further enhanced FABF. Changes of pH and addition of other plant
hormones did not produce better results than in the control. Kanamycin, geneticin, hygromy-
cin and bialaphos suppressed adventitious bud formation, showing that the antibiotics and the
herbicide may be effective for the selection of transgenic plantlets of mulberry.
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Introduction

Stable regeneration systems of crops are impor-
tant lor the application of more advanced tech-
niques, i.e. genetic transformation by introduction
of foreign gene(s). First successful adventitious
bud formation of mulberry was reported by Oka
and Ohyama'"
tious buds on leaves removed from shoots cul-
tured in vitro. On the basis of the first report, a
more convenient single-step adventitious bud induc-
tion method was developed, whereby adventitious
buds were formed on cultured immature leaves
isolated from winter buds of field-grown mulberry'™,
It is also possible (o induce adventitious buds by
culturing immature leaves isolated from lateral buds
(unpublished data).

Presently, immature leaves inside of winter
buds or in lateral buds are the most suitable
materials for use for plant regeneration through
tissue culture of mulberry for 2 reasons. First,
stable regeneration of plantlets was observed only
when 2 materials, i.c. immature leaves and leaves
of cultured shoots were used. Adventitious bud for-
mation on cultured immature leaves™ > 17 and

. who were able to induce adventi-

leaves of cultured shoots'" of mulberry was
reported for many cultivars by a large number of
researchers. Second, a large number of materials
can be collected easily from the field. Preparation
of the leaves of cultured shoots requires previous
shoot culture, which is laborious and takes time as
in the case of the culture of leaves [rom cultured
shoots. In the case of immature leaves inside of
terminal buds, the number of explants is limited.
Only several dozens of terminal buds can be
obtained from a mulberry tree grown in the field,
whereas several hundreds of winter or lateral
buds can be obtained from the same tree'”.

This method can be applied to a limited num-
ber of mulberry cultivars (unpublished data).
Although there are several reports on the improve-
ment of this culture system™'™, optimum culture
conditions, especially medium conditions, have
not been fully elucidated. In this report, we stud-
ied the optimum medium conditions for adventi-
tious bud formation using immature leaves isolated
from winter buds. Furthermore, we examined the
suppressive effect of antibiotics and ol a herbicide
on adventitious bud formation to identify suitable
one(s) for selection of transformed plants.
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Materials and methods

1) Plant materials

Winter buds of mulberry (Morus spp. ¢v. Shin-
ichinose, Hayatesakari, Kokuso 21, Unryu,
Kyukyokusou, Kibajumonji, Garyu, Shidareguwa,
Jikunashi, Ryomensou, Shinjiro, Keikansou and
Turugisansou) grown in the field were used in this
study.

2) Medium
(1) Effect of nitrogen sources™

MS medium® containing 3% fructose, 5 yM 6-
benzylaminopurine (BAP) and 1% agar, and BS
medium® containing 2% fructose, and 5 uM BAP
and 1% agar were used as basal media. The
media were modified by the addition of various con-

Table 1.
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centrations of nitrate ion and ammonium ion (Table
1). The media were adjusted to pH 5.8 and then
autoclaved for 15 min before use.

(2) Effect of sugar(s)

MS medium containing 10 yM BAP and 1% agar
was used as basal medium. Eight kinds of sugars
were lested al various concentrations alone or in
combination (Tables 2, 3). The sugar(s) were added
into the basal medium before or after 10 min of
autoclaving (Tables 2, 3). In the latter case, a
concentrated solution of sugar was added into the
autoclaved medium. The medium was adjusted (o
pH 6.0 before autoclaving.

(3) Effect of pH

Liquid MS medium containing 10 uM BAP
and 3% fructose was used as basal medium with
a filter paper as a supporting material. Various
volumes of IN HCI or IN NaOH were added into

Effect of concentration of nitrate ion and ammonium ion on

adventitions bud formation in mulberry

Basal Contfcnlrm.im1 C()Ilcl:rlll'ﬂ!fﬂﬂ Ratio lol‘ nitrate ion Adventitious
RN of nitrate ion of.amnmmum concentration to ammonium  bud formation
{(mM) ion (mM) ion concentration (%)
Series |
MS 41) 0 1:0 0
MS 40 | 40):1 ¥
MS 40 5 8:1 13
MS 40 10 4:] 33
MS 40 20 251 80
MS 40 40 121 52
Series 2
MS 0 20 0:1 =3
MS 10 20 0.5:1 0
MS 25 20 1.25:1 74
MS 40 20 2:1 63
MS 60 20 3:1 50
Series 3
B5 25 0 1:0 2
B5 25 2 12:5:1 4
BS 25 5 531 47
BS 25 10 2541 57
BS 25 20 i.25:1 59
BS 25 40) 0.63:1 6
Series 4
MS 24 36 0.67:1 34
MS 30 30 izl 56
MS 36 24 1.5:1 54
MS 42 18 2.33:1 61
MS 48 12 4:1 34
MS 54 6 9:1 27
MS 60 0 1:0 0

Concentrations of nitrate ion and ammonium ion in original MS medium™ were 39.4 and 20.6 mM, respec-
tively, and those in original BS medium” were 24.7 and 2 mM, respectively.

a): All the leaves plated on the medium died.
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the medium before autoclaving. The medium was
autoclaved for 10 min followed by the measure-
ment ol the pH.

(4) Effect of cytokinins

MS medium containing 1% sucrose, 1% glu-
cose, 1% fructose and 1% agar was used as basal
medium. BAP, thidiazuron and kinetin were
added before autoclaving. In the cases of 2-
isopentenyladenine (2-1P) and zeatin, a concentrated
solution was added into the medium after auto-
claving.

(5) Effect of other plant hormones

MS medium containing 1% sucrose, 1% glu-
cose, 1% fructose, 1 yM thidiazuron and 1% agar
was used as basal medium. 2, 4-dichlorophenoxy-
acetic acid (2, 4-D) and naphthylacetic acid (NAA)
were added before autoclaving., In the cases of
other plant hormones, i.e, 3-indoleacetic acid (IAA),
indolebutyric acid (IBA), dicamba, gibberellin As,
abscisic acid, brassinosteroid and methyl jas-
monate, concentrated solutions were added into
the autoclaved medium.

(6) Effects of antibiotics and a herbicide'

MS medium containing 1% sucrose, 1% glu-
cose, 1% fructose, 1 uM thidiazuron and 1% agar
was used as basal medium. Antibiotics i.e.
kanamycin, geneticin and hygromycin, and a her-
bicide, i.e. bialaphos, were likewise sterilized by
filtering and added into the medium after auto-
claving.

3)  Leaf cultre

One-year-old elongated mulberry branches
were collected in winter and stored in a refrigera-
tor at 25°C. The winter buds excised [rom the
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branches were sterilized with 70% ethanol for 30
s followed by 0.5% sodium hypochlorite solution
containing 0.005% Triton X-100 for 15 min.
Then, the sterilized materials were rinsed 4 times
with sterilized distilled water. Immature leaves were
aseptically isolated from winter buds and were
placed on the medium. Culture was conducted at
27°C under 14 h light and 10 h dark conditions
for 30 days. Frequency of adventitious bud for-
mation (FABF) was calculated as the percentage
of leaves on which adventitious bud(s) were formed
to the number of leaves that survived after
culture.

Results

1) Effects of nitrogen sources™

FABF was remarkably influenced by the changes
in the concentration of nitrate ion and ammonium
ion in the medium (Table 1). Higher FABF than
50% was observed in the medium containing 40 mM
nitrate ion and 20 and 40 mM ammonium ion in
series 1, in the medium containing 25, 40 and 60
mM nitrate ion and 20 mM ammonium ion in
series 2, and in the medium containing 25 mM
nitrate ion and 10, 20 mM ammonium ion in
series 3 (Table 1). When the concentration of
total inorganic nitrogen was adjusted to 60 mM
(series 4), higher FABF than 50% was observed
in the medium containing 30-42 mM nitrate ion
(30-18 mM ammonium ion). These results indi-
cated that the ratio of the concentration of nitrate
ion to that of ammonium ion was more important
rather than the concentration of either ion. It was
reported that the optimum ratio for adventitious

Table 2. Effect of sugar kind on adventitions bud formation of mulberry

Adventitious bud formation (%)

Sugar Shin-ichinose Hayatesakari Kokusou 21

AV R AV ) AV F
Sucrose 64 52 28 31 53 54
Glucose 36 33 43 38 55 82
Fructose 63 33 30 40 70 76
Maltose ) 4 6 6 ] 7
Lactose 3 10 4 9 + 7
Galaciose 0 0 4 14 8 3
Xylose 0 19 1 19 15 24
Mannose 0 0 8 4 0 3
Sorbitol 3 3 0 0 3 6
Mannitol ] 0 ] 1] 0 0

a): Sugar was added into the medium before autoclaving.

b):
medium after autoclaving.

Concentrated sugar solution which had been sterilized by filter was added into the
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bud formation of apple was in the ranges of 10:1
and 4:1”. The most suitable ratio of the concen-
tration of nitrate ion to that of ammonium ion
was in the ranges of 1:1 and 3:1. As for the
nitrogen source composition, original MS medium
is considered to be suitable for adventitious bud
formation ol mulberry.

2) Effect of sugar(s)

Sucrose, glucose and fructose were more suit-
able for adventitious bud formation than other
sugars (Table 2). The average length of the
leaves cultured on the medium containing each
one of these 3 kinds of sugars exceeded 18 mm
(Table 3). No adventitious bud was observed in
the leaves cultured on the medium containing
mannitol (Table 2). The average length of the leaves
cultured on the medium containing mannitol was
shortest (Table 3). It appeared that there was a
positive correlation between FABF and the aver-
age length of leaves. Meanwhile, there were no
apparent differences between the average length

Table 3. Effect of sugar kind on the growth of
cultured mulberry (cv. Hayatesakari)
leaves

Average length of cultured leaves (mm)
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of leaves which formed adventitious buds and the
length of leaves which did not form them among
the leaves cultured under the same sugar condi-
tions (data not shown). These results indicate
that the sugars suitable for the growth of cultured
leaf were also suitable for adventitious bud for-
mation and that a higher frequency of adventi-
tious bud formation was not caused by more
active growth of cultured leaves. The concentra-
tions of sucrose, glucose, [ructose and mixtures
for suitable adventitious bud formation were in
the ranges of 2 and 4% (Table 4).

3) Effect of pli

FABF did not vary appreciably among the
media, excepl for the medium with the highest pH
(7.18) in which FABF was 0% (Table 5). It
seemed that adventitious bud formation of mulberry
was not appreciably affected by the pH of the
medium. Since a large amount of precipitation
was observed in the highest-pH medium, the inhi-
bition of adventitious bud formation at highest
pH was probably caused by nutrient deficiency.

Table 5. Effect of pH on adventitious bud formation
in mulberry (cv. Kokusou 21)

Sugar
A i pH of medium  Adventitious bud formation (%)

Sucrose 18.5 21.0 325 17
Glucose 217 22.8 36 20
Fructose 22.7 24.7 388 40
Maltose 5. 6.3 4.1 33
Lactose T T8 4.34 37
Galactose 11.4 12.1 4.54 33
Xylose 6.5 10.7 5.00 20
Mannose 6.7 7.3 3.57 33
Sorbitol 3.2 3.6 6.16 20
Mannitol 2.8 2.7 7.18 0

a), b): See Table 2.

Table 4. Effect of concentration of sugar on adventitious bud formation in

mulberry (ev. Hayatesakari)

Concentration

Adventitious bud formation (%)

(%, wiv) Sucrose Glucose Fructose Mixture”
1 15 17 28 22
1.5 38 38 23 34
2 38 49 44 64
2.5 61 65 42 47
3 a7 73 49 67
4 43 36 50 84
5 44 60 33 40

a): Sucrose. glucose and fructose were mixed at the same concentrations.
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4)  Effect of cytokinins

So far, only BAP had been used as a cylokinin
for the induction of adventitious buds from
immature leaves of mulberry™ "7 Al the 3
adenine-type cytokinins used in this study were

Table 6. Effect of cytokinins on adventitions bud
formation in mulberry (cv. Hayatesakari)

Concentration Adventitious bud

L ytakhin (M) formation (%)

BAP 1 0
5 21

20 45

2IP 1 0
5 0

20 0

Zeatin 1 0
5 5

20 0

Kinetin | 0
5 0

20 0

Table 7. Effect of benzyladenine and thidiazuron on
adventitious bud fermation in mulberry
(cv. Hayatesakari)

Adventitious bud formation (%)

Concentration

(uM) BAP Thidiazuron
0.0 0 0
0.05 nt* 1]
0.1 nt 0
0.2 nl 13
0.5 nt 25
1.0 0 70
2.0 27 S0
5.0 22 0

10 50 nt

20 43 nt

*nol tested.

Table 8. Effect of benzyladenine and thidiazuron on
adventitious bud formation in mulberry
cultivars

Adventitious bud formation (%)

Cultivar
10 uM BAP I uM Thidiazuron
Unryu 36 34
Kyukyokusou 56 79
Kibajumonji 47 69
Garyu 53 68
Shidareguwa 9 37
Jikunasi 44 16
Ryomensou 52 24
Shinjiro 7 5
Keikansou 27 33
Turugisansou 0 11

less suitable for mulberry adventitious bud for-
mation compared with BAP (Table 6). Thidi-
azuron, which is a phenylurea compound with a
strong cytokinin-like activity*” and which induced
adventitious buds on the immature leaves isolat-
ed from apical buds of mulberry™, induced
adventitious buds on the cultured immature
leaves isolated from winter buds (Table 7). The
optimum concentration of thidiazuron which was
about 1 pM was approximately 10 times lower
than that of BA (Table 7). FABF was higher or
similar when 1 uM thidiazuron was used com-
pared with 10 yM BA in 8 of the 10 cultivars
examined, although the reverse was observed in 2
cultivars (Table 8).

5)  Effect of auxin, gibberellin A;, abscisic acid,
brassinosteroid and methyl jasmonate

The effect of auxin on FABF was not benefi-
cial (Table 9). High concentrations of auxin sup-
pressed adventitious bud formation and induced
callus, except for TAA (Tables 9, 10). Addition
of 1 pM abscisic acid promoted adventitious bud
formation (Table 11). FABF was not significant-
ly affected by gibberellin A3, brassinosteroid and
methyl jasmonate (Tables 12, 13).

6) Effect of antibiotics and a herbicide™

All the antibiotics and the herbicide used in
this study suppressed adventitious bud formation
(Table 14). It was observed that precultured
explants were more highly resistant to the antibi-
otics and the herbicide than the non-precultured
ones. However, total suppression of adventitious
bud formation was observed in the medium con-
taining the highest concentration of geneticin,
hygromycin and bialaphos even in the case of
precultured conditions.

Discussion

In a previous paper”, successful genetic trans-
formation of mulberry by Agrobacterium Ti-plasmid
was reported, but the frequency was low. One
possible modification for improving the mulberry
transformation system is to increase the selection
efficiency of the transformed organs. In this report,
investigations were carried out lo determine
whether the genes that inactivate geneticin,
hygromycin and bialaphos could be used as selec-
tion marker genes. Another possible modifica-
tion is to improve the tissue culture system. We
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Table 9. Effect of auxin on adventitious bud formation in mulberry (cv. Hayatesakari)

Concentration of auxin

Adventitious bud formation (%)

(HM) IAA IBA NAA 2.4-D Dicamba
0 (Control) 46 32 31 35 46
0.01 58 21 38 28 35
0.1 28 18 38 10 40
| 48 25 18 2.5 7.5
10 48 30 ) 2.5 0
100 54 4.2 nt# nt ni

#not tested.

Table 10. Effect of auxin on callus formation of mulberry (cv. Hayatesakari)

Concentration of

Frequency of callus formation (%)

auxin (uM) IAA IBA NAA 24-D Dicamba
) (Control) 0 0 0 0 0
0.01 0 0 0 0 ]
0.1 0 0 0 0 0
| 0 8 28 35 68
10 0 15 93 90) 70
100 z 67 nt* nt nl

#not tested.

Table 11. Effect of abscisic acid on adventitious bud

formation in mulberry (cv. Hayatesakari)

Table 12. Effect of Gibberellin Ai on adventitious bud

formation in mulberry (cv. Hayatesakari)

Concentration (@M)  Adventitious bud formation (%)

Concentration (#M)  Adventitious bud formation (%)

0 24
0.05 33
0.2 3s
1 53
5 35
20 20

showed that the [requency of adventitious bud
formation varied with the medium conditions, 1t
may be important to analyze the physiological and
molecular biological events that occur during the
process of adventitious bud formation.

Callus was induced most efficiently on the
medium that did not contain ammonium ion'”, on
which no adventitious buds were formed. It is inter-
esting to note that the optimum ratio of nitrate
ion to ammonium ion for callus induction of mul-
berry was different from that of adventitious bud
formation, which suggested thalt metabolic alter-
ations affect directly or indirectly adventitious bud
formation,

The kind of sugar rather than the concentra-
tion affected FABF., High FABF was observed in
the medium containing sugar(s) that promoted
vigorous growth of leaves, which indicates that meta-
bolic pathways play a role in adventitious bud lor-
malion.

0 58
0.002 58
0.01 43
0.05 53
0.2 58
I 63
3 45
20 10

Table 13. Effect of brassinosteroid and methyl
jasmonate on adventitions bud formation
in mulberry (cv. Hayatesakari)

Concentration Adventitions bud formation (%}

(uM) Brassinosteroid  Methyl jasmonalte
0 52 51
0.00001 43 nt*
0.0001 47 nt
0.001 63 68
0.01 51 57
0.1 28 53
1 15 63
10 nt 54

*nol tested.

Abscisic acid exerted a beneficial elfect on
adventitious bud formation. It is generally recog-
nized that abscisic acid promoles the expression
of genes related to the resistance to various
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Table 14, Effect of antibiotics and a herbicide on adventitious bud formation in mulberry

(cv. Hayatesakari)

Concentration

Adventitious bud formation (%)

(mg/L.) Kanamycin Genelicin Hygromycin Bialaphos
(Not precultured)
0 45 45 45 45
0.1 ni* 33 nt 38
.2 nt 42 67 48
.5 nt 25 21 32
| nt 4 21 ()
2 33 0 1] =
5 406 0 0 -
10 17 )] 0 =
20 { nt - -
50 {0 nt - nt
100 0 nt nt nt
(Precultured for 17 days)
i} 43 43 43 43
(.2 nt 50) 44 nt
0.5 nt 38 34 31
| nt 29 28 44
2 53 13 24 47
5 44 10 17 38
10 44 0 0 I8
20 Kh nt 1] 7
50 25 nt nt 0
100 h nt nt nt

*not tested.
=1 All the leaves plaied on the medium died.

stresses'. Since the culture environment is a kind
ol stress, the beneficial effect of abscisic acid on
adventitious bud formation may be related 1o
slress resistance.,

As mentioned above, various physiological reac-
tions controlled by many genes may be related to
adventitious bud formation in mulberry. Many
genes expressed during the regeneration process
have been isolated™, This information is impor-
tant to improve the tissue culture system ol mul-
berry. On the other hand, it was reported that
no adventitious buds were lormed when imma-
ture leaves of sprouting winter buds of mulberry
were cultured'. We also previously reported
that the regeneration polential of immature mul-
berry leal was lowered and was completely lost with
growth, even if the leal size was 10 times smaller
than that of the mature one'”. These observa-
tions indicate that the expression of genes related
to regeneration varics with the development of
the organ. On the other hand, adventitious buds
were formed whereas callus was scarcely [ormed
on the medium containing 10-100 uM [AA and |
uM thidiazuron in this study, although callus was

induced from cotyledon by 2-10 uM IAA and 2
uM thidiazuron in a previous study'™. These
lindings imply that the medium conditions and
the endogenous differentiation potential of
explant play a role in adventitious bud formation.
Since immature leaf is one of the few organs with
a potential for differentiation in mulberry, imma-
ture leal culture system ol mulberry should be
used to analyze processes ol regeneration.
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