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Arbutus unedo grows spontaneously around the Mediterranean basin. The species is tolerant to drought
and has a strong regeneration capacity following fires making it interesting for Mediterranean
forestation programs. Considering the sparse information about the potential of this fruit tree to be
propagated in vitro, a project to clone selected trees based on their fruit production was initiated a few
years ago. The role of several factors on A. unedo propagation was evaluated. The results showed that

8.9 pMm kinetin gave the best results although not significantly different from those obtained with
benzyladenine or zeatin. The inclusion of thidiazuron or 1-naphthaleneacetic acid promoted callus
growth and had deleterious effects on the multiplication rate. The genotype of the donor plants is also a
factor interfering with the multiplication. The results also indicated that the conditions used for
multiplication influenced the behavior of shoots during the rooting phase.

Introduction

The genus Arbutus (Ericaceae) includes about 20 species from
which Arbutus unedo, commonly known as strawberry tree, is
the most interesting from an economic point of view. According
to Piotto et al. [1] strawberry tree seems to be native to Ireland,
southern Europe and the western Mediterranean region growing
spontaneously as a bush or small tree in several countries around
the Mediterranean basin in rocky and well-drained soils. This
species can withstand low temperatures and is drought tolerant
[1,2]. Moreover, A unedo easily regenerates after forest fires, a
characteristic which is particularly important for forestation pro-
grams in southern European countries such as Greece, Italy, Por-
tugal and Spain where fires are common during the dry season. As a
species characteristic of Mediterranean ecosystems strawberry tree
contributes to maintain the biodiversity and helps to stabilize
soils, avoiding erosion [3,4]. From an economic point of view,
strawberry tree can be considered a neglected or underutilized crop
(NUC) and has been included in the list of NUCs by the Global
Facilitation Unit for Underutilized Species [5] because it is used in
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small scale in particular areas of Mediterranean countries. In
Portugal, it grows in most of the country [2] often associated with
other trees such as cork-oaks and maritime-pines but it is in the
Algarve region and in the Center that the fruits are most popular to
make a spirit called ‘medronheira’ which is the main income for
small farmers. The fruits are usually picked up by local populations
from spontaneously growing trees (culture in orchards is unusual)
which are then abandoned in the field until the new period of fruit
collection (late fall to early winter). The mature red berries can be
eaten fresh or used to make jams. Owing to an expanded belief that
the fruits are reach in ethanol, they are consumed only in small
amounts (unedo means ‘eat only one’) and therefore are seldom
found in supermarkets. The bark has been used in tanning and the
plant has been used in folk medicine [6]. The small white flowers
take a year to ripen and, during several months, both flowers and
fruits are present making the tree an attractive ornamental. Con-
sidering the increasing importance that alternative crops are
assuming in the agricultural policy of the European Union, a
project to select, characterize and clone selected adult trees based
on their fruit production and quality was initiated by our group a
few years ago.
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The number of papers dealing with the in vitro cloning of A. unedo
is scarce and the same is true for other members of the Ericaceae
family. Members of this family that have been successfully micro-
propagated include Arbutus xalapensis [7], Kalmia latifolia (8], Oxy-
dendrum arboreum (9], Rhododendron [10,11] and several species of
the genus Vaccinium [12-14]. Previous studies on micropropagation
of strawberry tree, from juvenile material, have been reported by
Gongalves and Roseiro [15] and Mereti et al. [16,17]. More recently,
we have established a protocol for the establishment and micro-
propagation of adult trees through axillary shoot proliferation [18].
In this work it was reported that shoot apices from epicormic shoots
showed higher rates of in vitro establishment when compared with
nodal segments. From the three basal medium used in combination
with 9.0 um BA, the FS medium [19] gave the highest rates of
multiplication and the inclusion of an auxin significantly increased
root formation. Preliminary results about the induction and regen-
eration of adult plants by somatic embryogenesis in A. unedo have
been also published [20]. It is well known that several factors can
affect in vitro micropropagation [21]. Among these parameters are
the genotype of the donor plants [21,22] and the plant growth
regulators (PGRs) included in the culture media [23,24]. According
to this we decided to analyze the effect of different cytokinins and
one auxin on the propagation of A. unedo to find a suitable combi-
nation that can assure high rates of propagation. Several previously
selected genotypes were also tested to find those which are more
amenable for in vitro cloning. In long-term breeding programs these
genotypes can be used to transfer their regeneration potential to
more recalcitrant genotypes.

Materials and methods

Establishment and propagation

The conditions for plant establishment have been described before
[18]. Briefly, branches (30—40 cm length) of adult selected plants
were collected in the field, disinfected with a fungicide (dipped in
dichlofluanid, Euparene, 120 mg1~! for 10 min) and kept in a
culture chamber covered with plastic bags to maintain a high
humidity environment that stimulate epicormic shoot develop-
ment. Shoot apices and nodal segments from these epicormic shoots
were further used to establish in vitro cultures through its culture on
amedium (AND) consisting of Anderson major salts [11], Murashige
and Skoog (MS) micronutrients [25] and organic compounds of the
FS medium [19]. Sucrose 0.087 mand 9.0 um BA were added. The pH
was adjusted to 5.7 before agar addition (7 g 1) and the media were
then autoclaved (121°C, 20 min), being these procedures similar for
all prepared culture media. Also, all the genotypes used were estab-
lished in this way. To propagate the established material, three
culture media were tested on shoot multiplication: (1) the Anderson
medium above described (AND); (2) the same medium, but with
major salts of the MS, reduced at half-strength (1/2 MS) and (3) the
same medium with the major salts of the FS medium (FS). After 12
weeks (four subcultures at 3-week intervals) of culture the multi-
plication rate was evaluated by the number of clusters formed and by
the maximum shoot length formed per test tube. For more details
see Gomes and Canhoto [18].

Effect of plant growth regulators
Shoots (12-18 mm height) of the established explants were used to
test the role of PGRs on shoot multiplication. Cultures were placed

in a culture chamber (16 h photoperiod, 40 pmol m s~ ') and test
tubes (Sigma, 25 mm x 150 mm) containing 12ml of culture
medium and covered with plastic caps were used. To test the PGRs
the FS medium described in the previous section was used and
prepared following the same procedure. The effect of four cytoki-
nins and one auxin (1-naphthalene acetic acid, NAA) on shoot
multiplication was evaluated, during four subcultures at 4-week
intervals. The experiments were carried out with the genotype AL1
derived from an adult selected tree [18] and the following assays
were performed: (1) different BA concentrations were tested (O;
2.2;4.4; 8.9; 17.8 pm); (2) the cytokinins kinetin (KIN), zeatin (Zt),
thidiazuron (TDZ) and N°-(2-isopentenyl) adenine (2i-P) were
tested and compared with BA at the same concentration
(8.9 uwMm); (3) NAA at different concentrations (0; 0.54; 1.34;
2.69 pm), was tested in combination with BA (8.9 pwm). The multi-
plication rate was evaluated by the following variables assessed per
test tube: (1) maximum shoot length (SL), (2) number of shoots
formed (SF) and (3) the number of shoots formed per test tube for
further multiplication (SNX). Other parameters assessed were
callus formation, necrosis and axillary shoot proliferation (referred
as callus, necrosis and proliferation in the results).

Effect of the genotype

To evaluate the role of the genotype on the multiplication rate, ten
selected adult genotypes were tested. FS was used as basal medium
containing 9.0 um of BA and 0.087 m sucrose. All the genotypes
were from adult trees selected according to their fruit production
and quality. These ten genotypes were obtained from three pro-
venances from center region of Portugal: Oleiros (AL2; AL3; AL4;
AL6 and AL7), Alva (IM1; IM2; IM4 and IM6) and Pi6édao (JF3). The
multiplication rate was evaluated by the same variables described
before and calculated per test tube.

Rooting and acclimatization

Shoots were rooted on a rooting induction medium containing
Knop macronutrients [26], MS micronutrients without potassium
iodide and FS organics without riboflavin. The auxin 3-indolebu-
tyric acid (IBA: 14.8; 19.7 or 24.6 pm) was added to promote root
differentiation. On a first assay the rooting potential of shoots
formed on media containing different concentrations of BA was
tested. In this case, IBA at the concentration of 24.6 um was used.
On a second set of experiments, shoots formed on media with
different cytokinins were rooted in the presence of 14.8 pwm IBA.
Finally, on a third set of experiments shoots formed on media
containing combinations of NAA and BA, or shoots from the
different genotypes analyzed were rooted on a medium containing
19.7 uM IBA. In general, root induction (RI) was carried out in dark
for seven days. However, other periods (five to ten days) of root
induction were also tested (RI-days). Following root induction
shoots were transferred to a root development medium (RD)
identical to the rooting medium but without IBA and with
1.5% charcoal. Nevertheless, other periods (22-48 days) of root
development (RD-days) were also tested. After four to five weeks on
this medium, rooted plantlets were transferred to containers (cov-
ered) and placed into the greenhouse, as described elsewhere [18].
Rooting ability was evaluated using the following parameters:
percentage of rooted shoots, number of roots formed per shoot
(NR), length of the longest root (LLR), length of the shortest root
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TABLE 1

Effect of different combinations of BA (experiment I), cytokinins (experiment Il), combinations of NAA and BA (experiment lll) and of the

genotype (experiment IV) on the multiplication of A. unedo

Experiment Variable Shoot length (SL mm) SNX
Experiment | BA (um) 0 um 20.11 + 7.93° 143 +0.515¢
2.2 um 2045 + 8.28° 1.49 + 0.55°
4.4 pm 16.07 + 6.39° 1.28 4 0.47°
8.9 um 19.42 + 7.46° 1.75 + 0.75°
N =843 17.8 pm 14.96 + 7.15° 1.33 + 0.69°
Experiment Il cytokinins (8.9 ywm) 2-iP 2321 +7.77° 1.20 + 041°
BA 21.44 + 5.80° 1.29 + 045
KIN 25.38 + 6.85° 1.31 +0.48°
TDZ 12.74 + 4.26° 1.01 £0.17°
N =945 7t 24.89 + 6.98° 1.28 + 0.46%°
Experiment Ill NAA + BA 8.9 um 0 pm 2531 £+ 12.0° 2.27 +£1.38%
0.54 um 19.50 + 7.45° 1.80 & 1.22°
134 pm 1591 + 7.44° 148 + 0.74°
N=1283 2,69 pm 17.34 £ 7.51¢ 143 + 0.85°
Experiment IV genotypes AL2 16.00 + 7.21% 1.71 £ 0.90%°
AL3 1572 £ 6712 1.48 + 0.67°
AL4 12,64 + 4.52° 1.48 +0.83°
AL6 11.65 =+ 5.93° 1.57 + 0.99%°
AL7 12.70 + 6.48° 1.90 + 0.73°
IM1 8.92 =+ 5.65° 0.93 £+ 0.51¢
IM2 12.88 + 4.41° 1.71 +0.98%
IM4 11.34 + 3.82°¢ 1.36 + 0.65°¢
IM6 11.28 + 435" 1.34 + 0.63°
N =560 JF3 9.85 + 5.78"¢ 1.00 =+ 0.53

Each value is the mean + SD. Multiplication was evaluated by the maximum shoot length and by the number of shoots formed per test tube for further multiplication (SNX). In each

treatment, values followed by the same letter are not significantly different, P > 0.05).

(LSR) and final shoot length (SL). When apical shoot necrosis or
callus formation at the cut end of the shoot was observed they were
also registered.

Experimental design and statistics

The multiplication experiments started with 30 shoots per treat-
ment comprising at least three replicas of 10-20 explants. Vari-
ables were recorded after each one of the four subcultures at four-
week intervals. For rooting experiments 30 shoots per treatment
were also tested. The rooting parameters were recorded after five
weeks on medium without auxin and containing charcoal during
acclimatization procedures and transference of the in vitro plants
to the greenhouse as described by Gomes and Canhoto [18]. For
statistics analysis (STATISTICA 6) complementary approaches
were tested: an ANOVA was performed, and means were compared
using the Duncan test (P < 0.05) followed by a multiple linear
regression and a principal components analysis (PCA). The quan-
titative data expressed as percentages were first submitted to
arcsine transformation and the means corrected for bias before
a new conversion of the means and standard error (s&) back into
percentages [27].

For the multiple linear regression analysis the effect of the
different variables on the multiplication rate (effect of PGRs and
genotype) was evaluated considering the number of shoots
formed per test tube for further multiplication (SNX) as variable
dependent. The results are displayed when multiple R* coeffi-
cient was higher than 0.67 (R =0.81). For the PCA all variables
were analyzed to achieve a better understanding of the interac-
tions between them and its significance level for the total
variance. The results are presented when the percentage of total

variance explained by the two factors of PCA analysis was higher
than 49%.

Results

Effect of PGRs

When different BA concentrations were tested best results were
achieved with 8.9 pwm (Table 1). When this concentration of BA was
used the number of shoots formed per test tube for further multi-
plication (SNX) was significantly higher than in the other con-
centrations tested (P < 0.05). The multiple regression analysis
(Table 2a) indicated that the dependent variable SNX increased
with the concomitant increase of the variables SL, SF and BA
(P <0.01). However, SL and SF showed a higher coefficient
(0.658 and 0.451, respectively) than BA (0.098). The multiple
regression accounts for 68.9% (R* = 0.689) of the variance of the
dependent variable (SNX). On the other hand, the variable necro-
sis and shoot proliferation gave non-statistically different
(P> 0.05) results. Callus formation was never observed during
these assays.

PCA analysis (Fig. 1) shows that the factor 1 accounts for 42% of
the total variance showing as significant variables SNX, SL-lenght,
SF-formed and shoot proliferation and displaying factor loadings
higher than 0.70. This type of analysis also indicated that the
variable necrosis affected negatively the culture propagation group
(SNX; SL; SF). As it would be expected the variables SF-formed and
shoot proliferation are closely related. Factor 2 contributes with
17.5% for the total variance being almost dependent of the vari-
able subculture. Finally, it must be signaled that the multiplica-
tion, evaluated by SNX, was not depending on the number of
subcultures showing a factor loading of —0.045.

884 www.elsevier.com/locate/nbt
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TABLE 2

Multiple linear regression analysis for shoot multiplication assessed by the dependent variable SNX and the following independent
variables: number of subcultures, necrosis, proliferation, number of shoots formed (SF), maximum shoot length (SL) per test tube and
callus formation

(a) Concentration of BA (um)

Regression summary for dependent variable: SNX (BA X ALl.sta) R=0.83002735, R”=0.68894540, adjusted
R? = 0.68671295, F(6,836) = 308.61, P < 0.0000, st of estimate: 0.38755

N =843 Beta st of beta B st of B t(836) P-level
Intercept 0.535401 0.321380 1.66594 0.096099

BA 0.098694 0.020224 0.049210 0.010084 4.88011 0.000001
Subculture —0.057959 0.021308 —0.036853 0.013549 —2.71998 0.006664 9]
Necrosis 0.023398 0.023701 0.078847 0.079870 0.98720 0.323832 cf,%
Proliferation —0.054316 0.033067 —0.045589 0.027754 —1.64260 0.100842 5
SF-formed 0.451097 0.032544 0.574731 0.041464 13.86112 0.000000 5
SL-length 0.658314 0.025438 0.053329 0.002061 25.87933 0.000000 §

(b) Effect of NAA addition

Regression summary for dependent variable: SNX (NAA X AL1.sta), R=0.81858498, R”=0.67008138, adjusted
R? = 0.66827006, F(7,1275) = 369.94, P < 0.0000, st of estimate: 0.70917

N =843 Beta st of beta B st of B t(1275) P-level

Intercept —18.0241 1.833841 —9.82860 0.000000
NAA 0.103040 0.018579 0.1000 0.018037 5.54603 0.000000
Subculture 0.234935 0.020942 0.2263 0.020173 11.21828 0.000000
Necrosis 0.053691 0.016623 0.5771 0.178665 3.22992 0.001270
Proliferation 0.179976 0.017694 0.2408 0.023670 10.17154 0.000000
SF-formed 0.532377 0.018045 0.6825 0.023133 29.50251 0.000000
SL-length 0.468784 0.017620 0.0547 0.002056 26.60552 0.000000
Callus 0.032754 0.021271 0.0845 0.054862 1.53985 0.123846

(c) Effect of the genotype

Regression summary for dependent variable: SNX (genotype X.sta), R=0.81891367, R*>=0.67061961, adjusted
R? = 0.66644268, F(7,552) = 160.55, P < 0.0000, st of estimate: 0.45108

N =843 Beta st of beta se of B t(552) P-level

Intercept 1.151140 0.836645 1.37590 0.169411
Genotype —0.097547 0.029674 —0.026269 0.007991 —3.28732 0.001076
Subculture 0.086869 0.030444 0.081721 0.028640 2.85338 0.004488
Necrosis 0.166336 0.030580 0.696983 0.128138 5.43931 0.000000
Proliferation 0.371883 0.027196 0.468467 0.034260 13.67405 0.000000
SF-formed 0.323954 0.029216 0.662036 0.059706 11.08832 0.000000
SL-length 0.601141 0.028436 0.072102 0.003411 21.13996 0.000000
Callus —0.017154 0.033793 —0.031296 0.061650 —0.50763 0.611912

When cytokinins were tested and compared with BA at the same
concentration, KIN was shown to be most effective (Table 1,
experiment II). In the presence of KIN shoot length reached an
average of 25.38 + 6.85 mm. However, this value was not signifi-
cantly different from the results obtained with Zt (average shoot
length of 24.89 + 6.98 mm). Furthermore, the multiplication rate
evaluated by the number of shoots formed per test tube for further
multiplication (SNX) was not significantly different on the media
containing KIN, BA or Zt (Table 1, experiment II). Both Zt and KIN
promoted shoot elongation, but BA also induced shoot prolifera-
tion (Fig. 2a—c). When TDZ was used, callus formation was often
observed (Fig. 2d and e) whereas shoot growth was inhibited
(12.74 £ 4.26 mm). Moreover, in the presence of TDZ, callus for-
mation increased with the number of subcultures while and shoot
growth was consistently impaired. For this set of experiments
multiple regression analysis is not shown because a low coefficient
(0.46 - the multiple R?) was obtained. PCA analysis (Fig. 3) shows
that in this case the multiplication (SNX; factor 1) is more corre-

lated with shoot elongation (SL) than with shoot formed (SF).
Axilary shoot proliferation and subsquently shoot development
was only observed when BA was tested (Fig. 2c). This feature is
confirmed by the low factor loading associated with the variable SF
(0.31; Fig. 3). The data also indicate that multiplication (SNX) is
also positively affected by cytotokinins whereas callus formation,
induced by TDZ, has a negative effect. Then, factor 1 of the PCA
analysis shows that cytokinins promoted (factor loadings 0.60 and
0.72) mutiplication (SNX) while inhibiting callus formation
(—0.66).

When the auxin NAA was included on the culture media, the
results showed that NAA was unable to improve the multiplication
rate (Table 1, experiment III). Best results (P < 0.05) were achieved
on media without NAA (25.32 + 12.44 mm SL; 2.27 + 1.38 SNX).
Moreover, NAA induced callus formation, and unorganized
growth increased in the follow-up subcultures. When NAA was
tested at concentrations higher than 1.34 pM, callus formation
completely inhibited shoot growth and multiplication.

www.elsevier.com/locate/nbt 885
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FIGURE 1

Factor 1

Evaluation of the effect of different BA concentrations on shoot multiplication by PCA analysis considering the following variables: BA concentration, number of
subcultures, necrosis, proliferation, callus formation, number of shoots formed/SF, maximum shoot length per test tube/SL, and SNX. (The variables are associated
with each factor 1 and 2, according to the coefficients ‘factor loadings, presented on the left table. The highest factor loadings are marked whether they are
correlated or are relevant to explain the total variance expressed by the factors 1 and 2).

The multiple regression analysis performed for this assay
(Table 2b) contributes to 67% (R?=0.67) of the variance of the
dependent variable (SNX). The values obtained for the variable
callus showed to be not significant (P > 0.05) while SL-length or
SF-formed exhibited the highest coefficients (0.46 and 0.53,
respectively). PCA analysis (Fig. 4) points out to a positive inter-
action between the variables multiplication (SNX), SL-length, SF-
formed and proliferation (with high factor loadings, Fig. 4, factor
1). It also confirms that callus formation increases with the
increasing number of subcultures (Fig. 4, factor 2).

Effect of the genotype
When selected adult clones were tested (Table 1, experiment IV),
ANOVA analysis showed that the genotype significantly affects the

multiplication rate (P < 0.05) both in terms of shoot length (SL)
and in terms of number of shoots (SNX) with some genotypes
sharply giving better results than others. The multiple regression
analysis of SNX (Table 2¢, R* = 0.67) showed significant differences
(P < 0.01) for all variables analyzed with the only exception being
callus formation. PCA analysis for multiplication assessment
showed a positive interaction between the variables multiplication
(SNX), SL-length, SF-formed and proliferation (Fig. 5, factor 1). The
results also demonstrated that the genotype has an important
factor loadings in terms of both multiplication (variables, which
are pointed out by factor 1 SNX, SL, SF and proliferation) and callus
formation (factor 2). Once again, PCA analysis indicates that when
genotypes display callus formation they have a tendency to
increase this feature in the next subcultures (Fig. 5).

FIGURE 2

Micropropagation of A. unedo on different culture conditions. (a) Kinetin, (b) zeatin, (c) BA and (d) and (e) TDZ. When TDZ was used callus was often formed (d)

and shoot growth inhibited (e). Marks on tubes indicate the initial shoot length.
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Factor Loadings, Factor 1 vs. Factor 2
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Factor 1

Evaluation of the effect of different cytokinins (8.9 m) on shoot multiplication by PCA analysis considering the following variables: type cytokinin, number of
subcultures, necrosis, proliferation, callus formation, number of shoots formed/SF, maximum shoot length per test tube/SL and SNX. For more details see Fig. 1.

Rooting and acclimatization

When roots formed on media containing different concentrations
of BA were induced to root on a IBA-containing medium for seven
days followed by transference to an auxin-free medium, it was
found that best frequencies of root formation were obtained with
shoots formed on a medium containing 8.9 wMm but the results were
not significantly different from those obtained with shoots grown
in other BA concentrations (Table 3). At this concentration
(8.9 uMm) shoot necrosis was never detected. When the parameter
evaluated was the number of roots per shoot the results showed

significant differences among the treatments with shoots formed
on a medium containing BA 17.8 wm giving the best results
(Table 3). However, as indicated before, this medium gave poor
results in terms of shoots for further multiplication (SNX) than the
medium with 8.9 um BA (see Table 1). The results of the PCA
analysis (Fig. 6) could explain 65.75% of total variance observed
and indicated that the number of roots (NR) is related to the LLR,
displaying a factor loading higher than 0.70. The data also clearly
show that shoot length is strongly affected by BA concentration
even after rooting had occurred. In fact, when BA was used at the

Factor Loadings, Factor 1 vs. Factor 2
Rotation: Unrotated

Factor Loadings (Unrotated) Extraction: Principal components
Extraction: Principal compon 10 1 ¥ h 1
(Marked loadings are > .7001 Subcuture
Factor Factor o8t
Variable 1 2
NAA -0.305686 000
Subculture 0202049 osf
Necrosis -0.240767
Proliferation -0.650479 -0.084097 o 04k s
SF-formed -0.646643 -0.253336 % 3
SL-length -0.618304 0456174 °
SNX -0.826147 ) 0.345363 = gak
 callus 0365334 [_0:6860
Expl.Var 2273733 1.679926 00 3 >
Prp.Totl 0.284217 0.209991 : %
02F Necrosis
o
04 i 2 i i i
-1.0 08 06 -04 02 0.0 02 0.4 06

FIGURE 4

Factor 1

Evaluation of the effect of different NAA concentration on shoot multiplication by PCA analysis considering the following variables: NAA concentration, number of
subcultures, necrosis, proliferation, callus formation, number of shoots formed/SF, maximum shoot length per test tube/SL and SNX. For more details see Fig. 1.
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FIGURE 5

Analysis of the effect of different genotype on shoot multiplication by PCA analy
necrosis, proliferation, callus formation, number of shoots formed/SF, maximum s

highest concentration, shoot length attained its lowest value after
acclimatization (Table 3). On these conditions, apical shoot necro-
sis was often observed (8.7%; P > 0.05) as well as callus formation
at the basis of the shoots. Considering these results it was decided
to reduce the level of IBA in the next rooting assays. Thus, when
shoots originated from media containing different cytokinins
were rooted the concentration of IBA used was reduced to
14.8 pM instead of the 24.6 puwm previously tested. This IBA drastic

sis considering the following variables: genotypes, number of subcultures,
hoot length per test tube/SL and SNX. For more details see Fig. 1.

reduction (maintaining the same induction period of seven days)
is probably responsible for the low root rate observed (average of
2.00 £ 4.14%). Therefore, on the following assays IBA 19.7 uM was
used. Rooting of shoots formed on a medium containing NAA
(plus BA 8.9 pm) showed no significant differences on the frequen-
cies of rooting and on the number of roots per shoot (Table 3) with
averages of 94.61% and 7.31, respectively. However, shoot length,
measured after root induction and development (five weeks), was

TABLE 3
Rooting of shoots formed in different culture conditions
Conditions of shoot formation Rooting (%) Number of roots Shoot length (mm)
BA (.m) BA 0 pm 56.7 + 40.4° 6.6 + 4.0°° 51.65 + 14.42°
BA 2.2 um 533 +23.12 6.9 + 2.5%° 4707 + 12.10°°
BA 4.4 um 533 + 37.9% 5.0+ 2.5° 43.34 +9.43%
BA 89 um 60.0 & 10.0° 57 +3.1° 40.64 + 13.56°
N =150 BA 17.8 pm 50.0 + 26.5° 87 +35° 36.77 + 18.94°
NAA + BA 8.9 um 0 pm 95.38 4+ 11.63° 7.53 4 3.55° 56.80 + 12.14°
0.54 pm 94.59 + 16.77° 7.09 + 2.80° 46.10 + 14.21°
1.34 um 80.00 + 33.47° 7.08 + 2.52° 4581 + 16.83°
N =120 2.69 pm 100.00 =+ 0.00° 7.07 + 3.09° 4424 + 10.50°
Days on RI 5 days 94.55 + 9.34° 7.60 + 3.36° 52.89 + 10.10%°
6 days 94.87 + 15.02° 6.99 & 3.04° 54.93 + 13.20°
7 days 93.33 4 18.26° 6.46 + 2.50° 4524 +17.80°
8 days 96.36 + 12.06° 7.27 £3.02° 48.93 + 13.74%°¢
9 days 86.67 + 32.66° 7.04 + 2.50° 47.96 + 14.00°¢
N =494 10 days 97.50 + 6.83° 9.04 + 3.95° 51.68 + 10.78%°
Genotype AL1 88.12 + 15.36° 8.25 + 2.89° 38.23 4+ 9.55°
AL2 89.00 + 12.72° 11,67 + 5.16™ 4169 + 5.88°
AL3 89.17 + 15.81° 15.00 + 3.16° 38.84 + 6.58°
N =120 AL4 88.17 + 16.74° 12.50 =+ 3.54%° 39,52 + 0.69°
Days on RD 22 days 89.17 + 14.21° 8.13 & 2.65° 37.15 + 8.86°
27 days 87.61 + 12.16° 7.00 + 2.74° 4184 +9.74°
N =90 48 days 8849 + 15.34° 12.14 + 4.35° 4112 + 8.62°

The following parameters were analyzed: percentage of shoot forming roots, number of roots per shoot and final shoot elongation. Values are the mean = sp. For each treatment, values

followed by the same letter are not significantly different. P > 0.05.
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FIGURE 6

Factor 1

Evaluation of the effect of BA concentration on rooting by PCA analysis considering the following variables: BA concentration, number of roots (NR), length of the
longest root (LLR), length of the shortest root (LSR) and shoot length (SL). The variables are associated with each factor 1 and 2, according to the coefficients, factor

loadings, presented on the left table. For more details see Fig. 1.

negatively influenced (P < 0.05) by the presence of NAA in the
multiplication medium (Table 3). The period of root induction
(five to ten days) had no impact on the percentage of rooted shoots
(Table 3); however, the number of roots per explant (9.04 £ 3.95)
was significantly higher when a ten-day period of exposition to
auxin was used.

Shoot genotype was another parameter tested for shoot rooting.
The data obtained indicated that the percentage of rooting as well
as shoot length was not influenced by the genotype (Table 3).
However, the number of roots per explant is genotype dependent
with the genotypes AL3, AL4 and AL2 giving the best results (15.0,
12.5 and 11.7, respectively).

When different periods of root development (RD-days: 22-48)
were tested before acclimatization, the data obtained indicated
that the same parameters were not influenced by the root devel-
opment period (Table 3). However, on RD-48, the plantlets dis-
played a number of roots (NR) significantly higher (12.14 + 4.35)
than on RD-22 or RD-27 (8.12 £ 2.65 and 7.00 £ 2.74, respec-
tively). In these assays, PCA analysis (Fig. 7) explained 57.2% of
total variance, showing that the number of roots (NR) is related to
the LLR, root development period (RD) and genotype (factor
loadings >0.70). By contrast, more extensive callus formation is
generally accompanied by a reduced root growth (LSR) and, in
some cases, a complete inhibition of the root development.

Discussion and conclusions

The results so far obtained indicate that the multiplication rate
evaluated by the number of shoots obtained per test tube that can
be used for further multiplication (SNX) is dependent on the
genotype and PGRs tested. When different BA concentrations were
used best results were achieved with 8.9 pm. Cytokinins are usually
used on the micropropagation media to stimulate axillary shoot
proliferation [22,28-30]. However, the ideal concentrations differ

from species to species and need to be established accurately to
achieve the effective rates of multiplication. Moreover, some
problems related with the use of cytokinins have been pointed
out such as callus growth, poor shoot growth and vitrification
[22,30]. In other members of the Ericaceae family, such as Rhodo-
dendron ponticum [10] and Vaccinium macrocarpon [31] cytokinins
have been also commonly included in the culture media to
promote shoot proliferation. Our data indicated that there are
differences in the effect of the different cytokinins analyzed. Thus,
it was found that KIN was most effective in promoting shoot
growth whereas TDZ, a urea-derived cytokinin, induced callus
proliferation in the explants. This situation must be avoided
because these calli can display organogenic potential leading to
the production of adventitious shoots that can exhibit some kind
of variability. Experiments performed with A. unedo and other
members of the Ericaceae family indicate that beyond cytokinins
other factors such as culture media composition and sucrose can
also influence shoot proliferation. Gongalves and Roseiro [15] and
Mereti et al. [16] showed that WPM (woody plant medium) com-
bined with BA gave the best rates of shoot proliferation. According
to Mendes (M.L.A. Mendes, Multiplicacao vegetativa in vitro de
medronheiro, Master Thesis, ISA-UTL, 1997) the Anderson med-
ium and the cytokinin 2-iP were particularly effective to propagate
adult material. In V. macrocarpon [31] the highest rates of shoot
production were obtained when nodal segments were cultured on
a medium supplemented with 12.3-24.6 um of 2-iP without auxin.
Also, in Vaccinium myrtillus and Vaccinium vitis-idaea [32] higher
rates of micropropagation were obtained when the cytokinin 2-iP
was used at concentrations of 49.2 pm and 24.6 pM, respectively.

Our results showed that the auxin NAA was unable to increase
the multiplication rate. Moreover, inclusion of the NAA in the
multiplication phase induced callus formation and this feature
increased with the number of subcultures. Some species may
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FIGURE 7

Evaluation of the effect of different genotypes on rooting by PCA analysis considering the following variables: genotype, root development period, number of
roots (NR), length of the longest root (LLR), length of the shortest root (LSR), shoot length (SL) and basal callus formation (callus). For more details see Fig. 1.

require a low concentration of auxin in combination with high
levels of cytokinin to increase shoot proliferation [30]. Neverthe-
less, this does not seem to be the case in A. unedo or in related
species as our results and those obtained in A. xalapensis [7] might
suggest. The observation that both the auxin NAA and the cyto-
kinin TDZ are able to induce callus formation in A. unedo seems to
indicate, as pointed out by other authors, that TDZ may act
through the modification of the endogenous levels of auxins
increasing the amounts of indol-3-acetic acid or other endogenous
auxin-like compounds that promote cell proliferation [33-35].
Callus formation may be interesting if they have the ability to
undergo shoot formation without loss of the genetic uniformity of
the regenerated plants. This possible alternative for plant regen-
eration in strawberry tree needs to be analyzed in more detail. For
now it was only observed that on the conditions tested shoot
formation was never recorded on these calli. In some sporadic
situations, morphologically abnormal underdeveloped leaves
were seen arising from the calli but further shoot growth was
impaired. However, this kind of observation indicates that the
calli thus obtained are able to organize meristematic regions
showing its potential for future research.

Our results also showed that the genotype is another important
factor involved on shoot proliferation of A. unedo. It is well known
that in vitro culture is highly dependent on the genotype of donor
material. In fact different types of morphogenic responses in vitro
such as somatic embryogenesis, organogenesis, shoot prolifera-
tion, rooting and microspore embryogenesis are strongly deter-
mined by the genotype of the explants [12,36,37]. This seems to
indicate that specific genetic combinations found in some geno-
types are more prone to undergo a particular type of morphogen-
esis than others. In our experiments we found that shoot
multiplication and callus formation were highly genotype-depen-
dent. Because these factors are also highly dependent on the PGRs
present in the culture media it is plausible to assume that different

genotypes possess different levels of endogenous auxins and/or
cytokinins that influence their behavior in vitro. Experiments of
somatic embryogenesis induction in this species carried out at our
lab also showed that somatic embryo formation is dependent on
the genotype (data not published). Although these results need to
be supported by a more detailed analysis they point out to a strong
variability in A. unedo genotypes in what concerns in vitro culture.
However, it should be referred that many of the published geno-
type effects may in fact result from less understood interactions
between the culture environment and the genetic background of
the explant. A genotype displaying a low multiplication rate can
be only the result of deficient culture conditions that can be
improved to achieve a better response. Further research on A.
unedo micropropagation is necessary to better understand the role
of the genotype on in vitro morphogenesis.

Rooting is a crucial step to the success of micropropagation.
Without an effective root system plant acclimatization will be
difficult and the rate of plant propagation may be severely affected
[38]. In a previous paper we established the conditions for in vitro
rooting in A. unedo [18]. In that paper the role of the multiplication
conditions on rooting was evaluated. According to the conditions
now tested it can be concluded that a ten-day period of root
induction is more suitable for A. unedo whereas plant acclimatiza-
tion should not be carried out before 35-40 days on the root
development medium. The statistic analysis performed showed that
the frequency of root formation is not affected by previous multi-
plication conditions. However, when the number of roots formed
per explant was the factor considered the results showed a strong
influence of factors such as the concentration of BA, genotype, and
the periods of root induction and development. Metaxa et al. [4]
have also found that the genotype and growth regulators are the
main factors involved on root formation in cuttings of A. unedo. The
eventual role of the genotype was already discussed and what was
stated then can also apply to the results obtained during the rooting
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phase. A remarkable result obtained in A. unedo was the observation
that shoots produced on higher cytokinin containing medium are
more amenable to root induction than shoots obtained with the
lowest concentrations of BA. A review of the literature clearly points
out to a negative effect of cytokinins on shoot rooting [30] although
a positive role has been occasionally referred [39,40]. Once again
these results may be explained by the complex interactions between
endogenous and exogenous growth regulators (mainly auxins and
cytokinins) occurring during in vitro cultures. Only a time-course
evaluation of the growth regulators present in the explants during
root morphogenesis can bring some information about these inter-
actions. However, other compounds such as ethylene and phenolics
may also be involved [24]. Finally it should be noted that the
tendency of some genotypes to produce callus at the basis of the
shoots is a major drawback for further rooting because it can avoid
the establishment of normal connections between the vascular
system of the forming roots and the shoot.

Assays of acclimatization carried out by authors working with
A. unedo showed that plantlets obtained in vitro are easily
acclimatized [15,16,18] and the same is true for other members
of the Ericaceae family, such as several Vaccinium species [41]. The
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conditions used for acclimatization in our experiments seem also
to work well allowing the regeneration of many individuals from
different genotypes which are now growing in the field.

The results so far obtained on the micropropagation of A. unedo
have established the conditions to clone selected trees and to
propagate them in large scale to be evaluated in the field for fruit
quality and productivity. Following that analysis the more indi-
cated genotypes will be produced in large scale to be distributed to
the farmers interested in this crop. This is part of our strategy for
breeding strawberry tree making it a competitive species for fruit
production. These selected clones are now being characterized by
molecular markers (microsatellites) and conserved in vitro and in
the field in a germplasm bank. These genotypes are also being
evaluated for its potential to undergo somatic embryogenesis and
the first preliminary results about somatic embryo formation in
strawberry were recently published [20].
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