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Abstract
An efficient in vitro plant regeneration method through somatic embryogenesis has been established in Haworthia retusa.
Somatic embryos were induced from leaf explants on Murashige and Skoog (MS) medium supplemented with different con-
centrations of 2,4-dichlorophenoxyacetic acid (2,4-D), indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), and α-
naphthaleneacetic acid (NAA) either alone or in combination with 4 μM thidiazuron (TDZ). Of the four auxins studied, IBA
was found to be the most promising in terms of somatic embryo induction, followed in decreasing frequency by 2,4-D, IAA, and
NAA. The highest somatic embryo induction (60.7%), with a mean of 20.7 embryos per leaf explant, was observed on MS
medium amended with 20 μM IBA. The inclusion of 4 μM TDZ to the auxin-containing medium significantly (p < 0.0001)
increased the somatic embryo induction frequency as well as the number of somatic embryos. The best combination for somatic
embryogenesis was IBA + TDZ. The highest incidence of somatic embryo induction (100%), with a mean of 55.8 somatic
embryos, was obtained on a culture medium containing 16 μM IBA + 4 μM TDZ. Somatic embryos germinated best on MS
medium supplemented with 2 μM gibberellic acid. Morphological variations were observed among the regenerated plantlets.
Well-developed plantlets obtained from germination media were acclimatized in the greenhouse.
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Introduction

The genusHaworthia (Asphodelaceae) includes approximate-
ly 151 species of desert succulents native to Southern Africa
that are widely grown as ornamental plants. Haworthia retusa
Duval is known as the star cactus and is endemic to
Riversdale, Western Cape, South Africa. It is widely cultivat-
ed both indoors and outdoors for its attractive foliage and low
maintenance. H. retusa is propagated through offshoots and
seeds. In general, it is a tedious process to reproduce such
slow-growing plants asexually because they produce only a
few branches. On the other hand, H. retusa plants of the same
genotype from the same location cannot be crossed to produce
seeds because all Haworthia species are self-sterile (Rogers

1993a). Thus, an efficient alternative method for the large-
scale propagation ofH. retusa is required to meet the growing
market demand for this species. In vitro propagation has be-
come an attractive biotechnique for the mass production of
various ornamentals (Hatzilazarou et al. 2017; Kim et al.
2017a;Wang et al. 2017), with the added advantage that plant-
lets can be produced on a large scale throughout the year
within a short period.

In vitro plantlet regeneration methods for Haworthia
species have been developed using different explants, such
as gynoecia, inflorescences, flower buds, floral scapes, and
leaves (Wessels et al. 1976; Ogihara and Tsunewaki 1978;
Pandey et al. 1979; Beyl and Sharma 1983; Standifer et al.
1984; Sun et al. 1987; Rogers 1993a, b; Richwine et al.
1995; Mycock et al. 1997; Liu et al. 2017; Kim et al.
2017b). The composition of the growth medium and of the
various plant growth regulators (PGRs) supplemented to the
medium, as well as the levels of the PGRs, can influence the
morphogenetic response (callus induction, shoot regenera-
tion, or somatic embryogenesis) of explants from various
Haworthia species. Kaul and Sabharwal (1972) reported
that the addition of coconut milk was required for callus
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induction and shoot differentiation from inflorescence ex-
plants of Haworthia variegata , H. chloracantha ,
H. truncata x H. setata, H. atrofusca, H. angustifolia var.
albensis, H. maughanii, H. turgida var. pallidifolia, and
H. retusa cultured on White basal medium without or with
benzyladenine (BA), kinetin (KN) + indole-3-acetic acid
(IAA), and KN + α-naphthaleneacetic acid (NAA).
However, Kaul and Sabharwal (1975) subsequently report-
ed that the inclusion of inositol and a high concentration of
nitrate are required for shoot differentiation from callus de-
rived from inflorescence axes of Haworthia species cul-
tured onWhite basal medium (. Wessels et al. (1976) report-
ed callus initiation and subsequent shoot and root differen-
tiation from leaf explants of Haworthia planifolia cultured
on Linsmaier and Skoog medium containing 2.0 g l−1 poly-
vinylpyrrolidone and 4.0 mg l−1 kinetin.

Adventitious shoots have been reported to be best obtained
from inflorescence or leaf explants of Haworthia species cul-
tured onMS (Murashige and Skoog 1962) medium containing
1.0 mg l−1 KN (Rogers 1993a), 0.5 mg l−1 BA (Rogers
1993b), or 5.4 μM zeatin riboside (Richwine et al. 1995). In
H. retusa, Liu et al. (2017) achieved the highest number of
shoots (25.7) when the leaf-derived callus was cultured onMS
medium fortified with 1.0 mg l−1 BA and 0.2 mg l−1 2,4-D,
while Kim et al. (2017b) obtained the highest number of
shoots (38.7) from leaf explants of H. retusa cultured on MS
medium fortified with 4 μM thidiazuron [1-phenyl-3-(1,2,3,-
thiadiazol-5-yl)urea (TDZ)] and 2 μM NAA. Somatic em-
bryogenesis is considered to be an important technique for
cryopreservation, mass clonal propagation, genetic manipula-
tion, and synthetic seed production. However, only two pub-
lished reports on somatic embryogenesis in Haworthia spe-
cies are currently available (Beyl and Sharma 1983; Mycock
et al. 1997). Beyl and Sharma (1983) induced the maximum
number of somatic embryos from leaf explants of H. fasciata
cultured on MS medium supplemented with 2.0 or 3.0 mg l−1

picloram + KN. However, the explants developed only a few
embryos on medium containing 2,4-D + KN. In contrast, so-
matic embryos were significantly induced from leaf explants
of H. limifolia cultured on MS medium supplemented with
2.0 mg l−1 2,4-D as compared to picloram (Mycock et al.
1997). Thus, the requirement of PGRs for somatic embryo
induction in Haworthia varies according to species. To date,
in vitro regeneration ofH. retusa through somatic embryogen-
esis has not been documented. The aim of this study was to
establish a consistent system for the regeneration of plantlets
via somatic embryogenesis from H. retusa leaf explants.

Materials and methods

Leaves of H. retusa collected from 3-year-old greenhouse-
grown plants were thoroughly washed under running water

and rinsed with sterile distilled water. The leaves were surface
sterilized with 70% (v/v) ethanol for 60 s, followed by 2.0%
(v/v) sodium hypochlorite containing a few drops of Tween 20
for 10 min, then rinsed by five washes with sterile distilled
water, and finally blotted dry using sterile filter paper to re-
move any traces of water. The cut ends were exposed to ster-
ilants, and the tip of each leaf was removed with a surgical
blade and cultured on MS medium supplemented with 0, 4, 8,
12, 16, or 20 μM 2,4-D, IAA, indole-3-butyric acid (IBA),
and NAA either alone or in combination with 4 μM TDZ for
somatic embryo induction. The experiment was conducted in
triplicate with 25 explants included in each treatment. The
frequency of somatic embryo induction and the number of
somatic embryos were recorded after a culture period of
12 weeks. The somatic embryo induction percentage was cal-
culated as the number of explants with embryos divided by the
total number of explants cultured × 100.

Globular embryos (8 weeks old) obtained from the in-
duction medium containing 16 μM IBA and 4 μM TDZ
were cultured on MS medium supplemented with 0, 1, 2,
4, or 8 μM gibberellic acid (GA3) for maturation and ger-
mination. The experiment was conducted in triplicate, with
50 embryos included in each treatment. The frequency of
embryo germination was recorded after a culture period of
5 weeks. Embryo germination percentage was calculated as
the (number of germinated somatic embryos/total number
of somatic embryos) × 100. Only embryos showing both
elongation of the root and development of a green shoot
were considered to have germinated. The globular embryos
obtained from the induction medium containing 16 μM 2,4-
D + 4 μM TDZ, 16 μM IAA + 4 μM TDZ, 16 μM IBA +
4 μMTDZ, and 16 μMNAA + 4 μMTDZ were cultured on
MSmedium supplemented with 2 μMGA3 for plantlet con-
version. The experiment was conducted in triplicate, with
100 embryos included in each treatment. The embryo-
derived plantlets were then transferred to MS basal medium
devoid of PGRs for further growth and development.
Morphological changes in regenerated plantlets were re-
corded after 8 weeks. Pale-green, red/green, and yellow-
striped leaf explants were isolated from the embryo-
derived plantlets cultured on MS medium containing
4 μM TDZ + 2 μM NAA for adventitious shoot induction.
The experiment was conducted in triplicate, with 15 ex-
plants included in each treatment. The frequency of
somaclonal variation (SV) was recorded after a culture pe-
riod of 12 weeks. The well-developed 8-week-old plantlets
(obtained from somatic embryos) were washed gently with
tap water, dried under a low light intensity condition (pho-
tosynthetic photon flux density [PPFD] 15 μmol m−2 s−1)
for 2 weeks, transplanted into plastic trays containing a lay-
er (2 cm) of orchid stone (Dxnon, Japan) (bottom layer) and
filled with a mixture of river sand, peat, and perlite (2:1:1),
and maintained in the greenhouse under 60% shading at 22
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± 3 °C. The top of the growth medium was sprayed with
water at 7-day intervals, and the plant survival rate was
recorded after 6 weeks. For each treatment, 100 plantlets
were used, and the experiment was repeated three times.

The medium consisted of MS nutrients and vitamins
amended with 3% (w/v) sucrose and 0.8% (w/v) plant agar
(Duchefa Biochemie, Haarlem, The Netherlands). Plant hor-
mones (GA3 and TDZ) were filter sterilized and added to the
autoclaved medium. Auxins were added to MS medium before
pH adjustment (5.8) and sterilization (121 °C; 1.06 kg/cm2;
20 min). The cultures were incubated at 25 ± 2 °C under a
16-h photoperiod with light provided by cool white fluorescent
lamps (40W tubes; Philips N.V., Amsterdam, TheNetherlands)
at a PPFD of 45 μmol m−2 s−1. The experimental results were
subjected to analysis of variance (ANOVA) using a SAS soft-
ware program (Release 9.2; SAS Institute, Cary, NC, USA) and
expressed as the mean ± standard error. The differences be-
tween the mean values were assessed by Duncan’s multiple
range test, with significance set at p < 0.05. The percentage
values were transformed using arcsine square root (√P) to nor-
malize error distribution prior to ANOVA.

Results

Leaf explants failed to produce somatic embryos on MS
basal medium without PGR supplementation (control).
Globular embryos were observed from the explants grown
on medium containing auxin within 5 weeks of culture

(Fig. 1a). Embryos at the scutellar and coleoptilar stages
were observed after 12 weeks of culture (Fig. 1b, c).
However, somatic embryos did not develop when leaf seg-
ments were cultured on media containing low concentra-
tions of auxin (4 or 8 μM). The frequency of somatic em-
bryo induction and number of embryos initiated per leaf
explant were significantly (p < 0.0001) affected by auxin
type and concentration and the interactions between auxins
(Table 1). Leaf segments did not develop somatic embryos
when cultured in MS medium supplemented with 2,4-D
(4 μM), but somatic embyros were produced from leaf seg-
ments cultured in medium containing 8–20 μM 2,4-D. Both
the frequency of somatic embryo induction and number of
somatic embryos per leaf segment improved as the level of
2,4-D in MS medium increased from 8 to 16 μM, and then
dropped with further increases in the 2,4-D level. The max-
imum frequency of somatic embryo induction (58.8%), with
a mean of 12.8 embryos per leaf segment, was observed on
MS medium containing 16 μM 2,4-D (Table 1). The ex-
plants did not develop somatic embryos when cultured on
MS medium supplemented with 4 or 8 μM IAA, whereas
somatic embryos were produced from explants cultured on
MS medium containing high levels (12–20 μM) of IAA.
The frequency of somatic embryo induction and the mean
number of somatic embryos per leaf explant increased with
increasing IAA level in the MS medium from 12 to 20 μM.
The maximum frequency of somatic embryo induction
(48.7%), with a mean of 7.2 embryos per explant, was ob-
served on culture medium containing 20 μM IAA (Table 1).

Fig. 1 Somatic embryogenesis in Haworthia retusa. a Induction of
globular embryo on Murashige and Skoog (MS) medium supplemented
with 16 μM indole-3-butyric acid (IBA) after 5 weeks, b induction of
scutellar and coleoptilar embryos on MS medium supplemented with
16 μM IBA after 12 weeks, c formation of coleoptilar embryo on MS
medium supplemented with 16 μM IBA after 12 weeks, d induction of

somatic embryos on MS medium supplemented with with 16 μM IBA +
4 μM thidiazuron (TDZ) after 8 weeks, e–g different stages of embryo
germination on MS medium supplemented with 2 μM gibberellic acid
(GA3), h embryo-derived plantlets grown onMSmedium devoid of plant
growth regulators (PGRs) after 8 weeks. Scale bar: 2 cm
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Leaf segments failed to produce somatic embryos when
cultured on MS medium containing a low level of IBA
(4 μM), but somatic embryos were produced when leaf seg-
ments were cultured on MS medium containing high concen-
trations of IBA (8–20 μM). The frequency of somatic embryo
induction and the average number of somatic embryos per leaf
explant improved as the level of IBA inMSmedium increased
from 8 to 20 μM. The highest frequency of somatic embryo
induction (60.7%), with a mean of 20.7 embryos per explant,
was observed on MS medium containing 20 μM IBA
(Table 1). Leaf segments cultured on MS medium supple-
mented with a lower concentration of NAA (4 μM) did not
develop somatic embryos, but somatic embryos were

produced from leaf segments cultured in medium containing
high concentrations of NAA (8–20 μM). The frequency of
somatic embryo induction improved as the level of NAA in
MS medium increased from 8 to 16 μM, and then dropped
with a further increase in NAA level. However, a maximum of
9.3 somatic embryos per explant was observed on MS medi-
um containing 12 μMNAA (Table 1). Based on these results,
among the auxins studied, IBAwas optimized for ideal induc-
tion of somatic embryos from leaf explants of H. retusa
followed by 2,4-D, IAA, and NAA.

The addition of 4 μM TDZ to the culture medium in com-
bination with auxin significantly improved the number of ex-
plants forming somatic embryos and the number of somatic
embryos induced per leaf segment (Table 2). The inclusion of
TDZ toMSmedium containing lower concentrations of auxin
also promoted somatic embryo induction. The frequency of

Table 1 Effect of auxins on somatic embryo induction from leaf
explants of Haworthia retusa

Auxin Concentration
(μM)

Somatic
embryo
induction (%)

Somatic
embryos
/explant

No auxin
(control)

0 0.0 ± 0.0 i 0.0 ± 0.0 g

2,4-D 4 0.0 ± 0.0 i 0.0 ± 0.0 g

8 16.3 ± 2.0 h 5.7 ± 2.4 e,f

12 38.0 ± 3.8 e 6.8 ± 1.5 d,e

16 58.8 ± 6.8 a,b 12.8 ± 2.5 b

20 55.5 ± 4.2 c 8.2 ± 1.3 c,d

IAA 4 0.0 ± 0.0 i 0.0 ± 0.0 g

8 0.0 ± 0.0 i 0.0 ± 0.0 g

12 22.2 ± 3.3 g 3.2 ± 1.3 f

16 41.2 ± 5.3 e 5.5 ± 1.8 e,f

20 48.7 ± 4.1 d 7.2 ± 1.7 d,e

IBA 4 0.0 ± 0.0 i 0.0 ± 0.0 g

8 21.8 ± 2.5 g 6.8 ± 1.0 d,e

12 33.5 ± 3.3 f 8.7 ± 2.7 c,d

16 54.2 ± 2.5 c 12.2 ± 1.7 b

20 60.7 ± 5.6 a 20.7 ± 3.6 a

NAA 4 0.0 ± 0.0 i 0.0 ± 0.0 g

8 14.8 ± 2.5 h 4.2 ± 1.2 f

12 24.5 ± 3.0 g 9.3 ± 2.1 c

16 31.8 ± 6.4 f 6.8 ± 1.7 d,e

20 20.8 ± 3.7 g 3.7 ± 0.8 f

F test

F value 204.5 57.91

Auxin p < 0.0001 p < 0.0001

Concentration p < 0.0001 p < 0.0001

Auxin ×
Concentration

p < 0.0001 p < 0.0001

Values are presented as the mean ± standard error (SE). Means followed
by different lowercase letters are significantly different by Duncan’s mul-
tiple range test (DMRT) at p < 0.05

2,4-D, 2,4-Dichlorophenoxyacetic acid; IAA, indole-3-acetic acid; IBA,
indole-3-butyric acid; NAA , α-naphthaleneacetic acid

Table 2 Effect of auxins + 4 μM thidiazuron in culture medium on
somatic embryo induction from leaf explants of H. retusa

Auxin Conc (μM) Somatic embryo
induction (%)

Somatic
embryos/explant

No auxin
(control)

0 0.0 ± 0.0 k 0.0 ± 0.0 n

2,4-D 4 56.2 ± 3.8 g 12.7 ± 2.1 j,k

8 78.8 ± 3.8 de 21.8 ± 2.9 f,g

12 90.3 ± 4.3 b 27.7 ± 2.2 e

16 100.0 ± 0.0 a 46.5 ± 3.6 b

20 82.5 ± 5.5 d,c 35.7 ± 4.0 c

IAA 4 33.7 ± 4.0 i 5.7 ± 1.4 m

8 45.7 ± 3.1 h 8.3 ± 1.9 l,m

12 59.0 ± 3.7 g 17.8 ± 1.7 h,i

16 66.7 ± 2.2 f 23.7 ± 3.5 f

20 75.5 ± 4.8 e 14.8 ± 2.8 i,j

IBA 4 27.3 ± 4.9 j 5.2 ± 1.5 m

8 77.3 ± 4.4 e 11.0 ± 1.4 k,l

12 93.8 ± 3.8 b 31.0 ± 4.4 d

16 100.0 ± 0.0 a 55.8 ± 3.1 a

20 100.0 ± 0.0 a 47.3 ± 3.9 b

NAA 4 33.8 ± 2.8 i 8.3 ± 1.5 l,m

8 75.3 ± 6.3 e 15.3 ± 2.2 i,j

12 84.5 ± 3.1 c 23.0 ± 2.8 f

16 92.8 ± 2.3 b 31.7 ± 1.6 d

20 98.4 ± 1.3 a 19.0 ± 3.6 g,h

F test

F value 253.0 163.9

Auxin p < 0.0001 p < 0.0001

Concentration p < 0.0001 p < 0.0001

Auxin ×
Concentrati-
on

p < 0.0001 p < 0.0001

Values are presented as the mean ± SE. Means followed by different
lowercase letters are significantly different by DMRT at p < 0.05
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somatic embryo induction ranged from 56.2 to 100% when
the medium was fortified with 4–20 μM 2,4-D + 4 μM TDZ.
The highest rate of somatic embryo induction (100%), with a
mean of 46.5 somatic embryos per leaf explant, was obtained
on a culture medium containing 16 μM 2,4-D + 4 μM TDZ.
The frequency of somatic embryo induction ranged from 33.7
to 75.5% when the medium was fortified with 4–20 μM IAA
+ 4 μM TDZ. The highest rate of somatic embryo induction
(75.5%) was observed onMSmedium containing 20 μM IAA
+ 4 μMTDZ. However, a maximum of 23.7 somatic embryos
per explant was obtained on MS medium containing 16 μM
IAA + 4 μM TDZ (Table 2). The frequency of somatic em-
bryo induction ranged from 27.3 to 100% when the medium
was fortified with 4–20 μM IBA + 4 μM TDZ. The highest
incidence of somatic embryo induction (100%), with a mean
of 55.8 somatic embryos per leaf explant was obtained on a
culture medium containing 16 μM IBA + 4 μM TDZ. The
frequency of somatic embryo induction ranged from 33.8 to
98.4% when the medium was fortified with 4–20 μMNAA +
4 μM TDZ. The highest rate of somatic embryo induction
(98.4%) was observed on MS medium containing 20 μM
IAA + 4 μM TDZ. However, the maximum of 31.7 somatic
embryos per leaf explant was obtained on MS medium con-
taining 16 μM NAA + 4 μM TDZ (Table 2). Although 100%
somatic embryo induction was achieved when both auxins
(2,4-D and IBA) were supplemented to the culture medium,
statistically different results were obtained when the produc-
tion of somatic embryos/explant was considered, with 55.8
somatic embryos per explant obtained on IBA-supplemented
medium and 46.5 somatic embryos per explant obtained on
the 2,4-D-supplemented medium.

Somatic embryo maturation and instantaneous conversion
to plantlets is a phase of somatic embryogenesis that depends
solely on somatic embryo quality (Sivanesan et al. 2012). The
globular embryos (Fig. 1d) obtained from the explants

cultured on MS medium supplemented with 16 μM IBA +
4 μM TDZ were matured and germinated on MS basal medi-
umwithout or with GA3 after 5 weeks of culture. The frequen-
cy of germination was 44.8%when the embryos were cultured
on MS medium devoid of GA3. The addition of low levels of
GA3 (1 and 2 μM) to the MS medium significantly enhanced
the conversion of globular embryos (Fig. 1e–g); however, the
germination of somatic embryos was strongly inhibited in
culture medium containing a higher concentration of GA3

(8 μM), as compared with the control and other treatments.
The maximum frequency of germination (87.8%) was ob-
served on MS medium containing 2 μM GA3 (Fig. 2). The
plantlets obtained from the germinated embryos were cultured
on MS medium without GA3 for further growth and develop-
ment for 8 weeks (Fig. 1h).

A few pale-green, red/green, and variegated (yellow-
striped) plantlets were observed among the converted
plantlets (Fig. 3a–c). The incidence of these variegated
plantlets was significantly affected by the type of auxin
supplemented to the culture medium. The highest frequen-
cy of SV was observed when the somatic embryos were
obtained from medium containing 16 μM 2,4-D + 4 μM
TDZ, followed in order of decreasing frequency of SV by
16 μM IAA + 4 μM TDZ, 16 μM IBA + 4 μM TDZ, and
16 μM NAA + 4 μM TDZ (Fig. 4). Of the three variants,
more pale-green plantlets were produced than variegated
yellow-striped and red/green plantlets. The variants were
cultured on PGR-free MS medium for further growth and
development. Leaf explants isolated from each variant de-
veloped adventitious shoots on MS medium supplemented
with 4 μM TDZ + 2 μM NAA (shoot induction medium).
Green (63.2%), pale-yellow (23.2%), and variegated
yellow-striped (13.7%) adventitious shoots were obtained
when the pale-green leaf explants were cultured on shoot
induction medium (Fig. 3d). Red/green leaf explants
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cultured on shoot induction medium developed green,
pale-yellow, yellow-striped, green-striped, and purple-
striped variegated shoots (Fig. 3e) at a shoot induction
frequency of 53.3, 28.3, 11.5, 3.7, and 3.2%, respectively
(Fig. 5). Green, pale-green, and variegated yellow-striped
adventitious shoots were obtained when the yellow-
striped variegated leaf explants were cultured on shoot
induction medium (Fig. 3f), and the frequency of shoot
induction was 28, 31.2, and 40.8%, respectively (Fig. 5).
The variants were separated and subjected to multiplica-
tion for further study. Well-developed plantlets obtained
from the germination medium were acclimatized in the
greenhouse; the survival rate was 100% (Fig. 6).

Discussion

Auxin supplementation is necessary for the induction of so-
matic embryos from leaf segments of H. retusa (Table 1).
Auxins are a powerful plant hormone that is indispensable
for the initiation of somatic embryo development in most
plants, including Haworthia species (Beyl and Sharma 1983;
Mycock et al. 1997). However, the ability of different types
of auxins and their optimal concentration to induce somatic
embryogenesis can vary among plants. In Haworthia species,
MS medium supplemented with 2,4-D (H. limifolia) or piclo-
ram (H. fasciata) was reported to be the best culture medium
for somatic embryo induction. Specifically, Beyl and Sharma

Fig. 3 Morphological variation of
shoots obtained from somatic
embryos and leaf explants of
H. retusa. a–c Pale-green (a), red/
green (b), and variegated (yellow-
striped) (c) plantlets developed
from somatic embryos. d
Induction of green and pale-
yellow shoots from pale-green
leaf explants cultured on MS
medium supplemented with 4 μM
TDZ + 2 μMα-naphthaleneacetic
acid (NAA), e induction of green,
yellow, and variegated shoots
from red/green leaf explants
cultured on MS medium
supplemented with 4 μM TDZ +
2 μM NAA, f induction of green,
pale-yellow, and variegated
shoots from yellow-striped leaf
explants cultured on MS medium
supplemented with 4 μM TDZ +
2 μM NAA. Scale bar: 2 cm
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DMRT at p < 0.05. 2,4-D 2,4-
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(1983) reported that in culture media supplemented with
2.0 mg l−1 picloram, 87% of the lower half of leaf explants
ofH. fasciata developed a mean of 11 somatic embryos, while
Mycock et al. (1997) reported that the addition of 2.0 mg l−1

2,4-D to the MS medium resulted in the induction of somatic
embryos in 73.3% of leaf segments of H. limifolia. In the
present study, although all tested auxins (2,4-D, IAA, IBA,
and NAA) produced somatic embryos from the leaf explants
ofH. retusa, the best somatic embryo induction (60.7%) and a
large number of somatic embryos per leaf explant (20.7) were
obtained onMSmedium supplemented with 20 μM IBA. The
induction of somatic embryos in other monocots, such as
Amorphophallus konjac, Anthurium andraeanum, Curcuma
longa, Curcuma manga, Iris sibirica, Lachenalia viridiflora,
Malaxis densiflora, and Urochloa species, has been achieved
on culture medium containing 2,4-D, IAA, IBA, NAA, 2,3,5-
triiodobenzoic acid (TIBA), dicamba, or picloram (Pinheiro
et al. 2014; Stanišić et al. 2015; Takamori et al. 2015; Kumar

et al. 2016; Mahendran and Narmatha Bai 2016; Pikulthong
et al. 2016; Zhong et al. 2017).

Cytokinins are often included in auxin-containing culture
media for enhancing somatic embryo induction in several
monocots. Beyl and Sharma (1983) observed that a combina-
tion of 2.0 mg l−1 picloram and 0.25 mg l−1 KN significantly
improve the number of somatic embryos (22) produced per
leaf segment in H. fasciata. Similarly, somatic embryos were
successfully induced on medium containing picloram and KN
inH. koelmaniorum (Mycock et al. 1997). However, informa-
tion on the influence of TDZ on somatic embryogenesis of
Haworthia species is still not available. TDZ is more efficient
than other cytokinins for inducing somatic embryos in various
monocots, such as Anoectochilus elatus (Sherif et al. 2018),
Colocasia esculenta (Verma 2017),Crocus sativus (Devi et al.
2014), Lachenalia viridiflora (Kumar et al. 2016), and
Malaxis densiflora (Mahendran and Narmatha Bai 2016).
Various combinations, such as 2,4-D + TDZ (Mahendran
and Narmatha Bai 2016; Verma 2017), NAA + TDZ (Sherif
et al. 2018), and picloram + TDZ (Devi et al. 2014; Kumar
et al. 2016), have been found to enhance somatic embryogen-
esis. In this study, the addition of TDZ auxin-containingmedia
significantly improved somatic embryo induction inH. retusa.
The best combination of PGRs that induced somatic embryo-
genesis in our study was IBA + TDZ (Table 2). Similar results
have been reported in Zingiber officinale by Lincy et al.
(2009) who observed a maximum of somatic embryos directly
induced from 30% of stem segments cultured on medium
containing 1.0 mg l−1 IBA + 0.5 mg l−1 TDZ.

Although a limited number of globular embryos ma-
tured into the scutellar and coleoptilar stages in the induc-
tion medium (Fig. 1a–c), plantlet conversion was not ob-
served. Similarly, in H. koelmaniorum, Mycock et al.
(1997) reported that somatic embryos induced on the me-
dium containing picloram + KN failed to convert into
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plantlets. These authors also reported that the somatic em-
bryoids formed in the presence of abscisic acid (ABA)
developed into plantlets on regeneration medium. As the
presence of PGRs (auxin and cytokinin) in the culture
medium often inhibit the development of somatic embry-
os, somatic embryos formed in vitro are often transferred
to PGR-free medium for maturation and germination. The
inclusion of ABA, activated charcoal, GA3, polyethylene
glycol, and sugar alcohol into the culture medium en-
hances somatic embryo maturation and germination. In
the present study, the supplementation of GA3 to the MS
basal medium significantly improved the germination of
somatic embryos. It is well known that GA3 stimulates the
formation and conversion of somatic embryos, and the
positive effect of GA3 on embryo maturation and germi-
nation has been reported in a number of plant species,
such as Colocasia esculenta (Verma 2017), Crocus vernus
(Sivanesan et al. 2012), Curcuma longa (Raju et al.
2015), and gladiolus (Mujib et al. 2017).

Phenotypic changes were observed among the embryo-
derived plantlets (Fig. 3). Explant source, genotype, composi-
tion of the growth medium, PGR supplementation, culture
age, and culture environment can influence the occurrence
of SV in plant tissue culture (Bairu et al. 2011; Sivanesan
and Jeong 2012). SV is frequently associated with gene mu-
tations, chromosome rearrangements, and changes in DNA
sequence (Bairu et al. 2011). Ogihara (1981) observed SV in
Haworthia setata plantlets developed from 2-year-old callus
cultures, noting that SV in this species is mainly due to chro-
mosome variation. SV has also been observed in somatic
embryo-derived plantlets of banana (Moradi et al. 2017), jew-
el orchid (Sherif et al. 2018),Metabriggsia ovalifolia (Ouyang
et al. 2016), and olive (Bradaï et al. 2016). In the present study,
the occurrence of SV may have been due to the presence of
both auxin and TDZ in the culture medium. Higher concen-
trations of auxin and TDZ disturb the cell cycle and DNA
synthesis (Stanišić et al. 2015; Ouyang et al. 2016). More
studies, such as biochemical, cytological, and molecular anal-
yses of phenotypic variants in H. retusa, are required for a
better understanding of the phenomena underlying the obtain-
ed results. Although the incidence of SV in embryo-derived
plantlets of H. retusa was very low, the resulting variants can
be utilized for new cultivar development.

Conclusion

For the first time, direct somatic embryogenesis was dem-
onstrated in Haworthia. The auxin IBA proved to be the
best auxin for the induction of somatic embryos from leaf
segments of H. retusa. The inclusion of TDZ to the auxin-
containing medium enhanced somatic embryo induction.
The high frequency of somatic embryo induction, plantlet

conversion, and less variation among the regenerated plant-
lets suggest that this protocol can be used for the mass prop-
agation and improvement of this ornamental plant species.
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