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Abstract Acca sellowiana is a native species to the

southern region of Brazil, with secondary dispersion in

Uruguay northeast. The potentially economic interest

of this species motivated many fundamental and

applied researches, such as micropropagation proto-

cols development, including somatic embryogenesis

(SE). Previous studies have reported the high fre-

quency of off-type somatic embryos in A. sellowiana

SE and low conversion efficiency, possibly due to this

high off-type somatic embryos formation. In this

sense, this study was aimed to evaluate the effect of

2,4-dichlorophenoxyacetic acid (2,4-D) in the induc-

tion and development of somatic embryos in direct and

indirect SE through cytogenetic and DNA methylation

analysis. The results of the present work reinforces the

previous findings that 2,4-D plays a key role in the SE

induction in A. sellowiana. However, the continuous

presence of this auxin in the culture medium enhances

the rate of off-type somatic embryos. This auxin also

apparently affects the cells and chromosomes size in

normal and off-type somatic embryos and DNA

methylation patterns of the analyzed samples. These

findings may indicate that the off-type somatic

embryos formation may be related to genetic and/or

epigenetic changes caused by long-term cultivation in

A. sellowiana. The intermediate phase of callus also

indicated increased formation of off-types, corrobo-

rating other studies that showed that indirect SE could

cause increased formation of anomalies in regenerated

plantlets.
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1 Introduction

Acca sellowiana (O. Berg) Burret (Myrtaceae), known

as feijoa or pineapple guava, is a native species to the

southern region of Brazil, with secondary dispersion in

Uruguay northeast (Guerra et al. 2013). This species is

cultivated in several countries (e.g. Brazil, New

Zealand and Colombia), and its unique flavor makes

it a potentially attractive fruit crop for small farmers

(Santos et al. 2009). Somatic embryogenesis (SE) in

this species was firstly reported by Cruz et al. (1990),

and from this, many biochemical and histological

studies were performed (Canhoto and Cruz 1996;

Canhoto et al. 1996; Fraga et al. 2002, 2013). SE is
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University of Ceará, Pici Campus, Fortaleza,

CE 60455-760, Brazil

123

Theor. Exp. Plant Physiol. (2014) 26:217–224

DOI 10.1007/s40626-014-0020-4



defined as a morphogenetic route in which a bipolar

structure, resembling a zygotic embryo, develops from

a non-zygotic cell without vascular connection with

the original tissue (Karami et al. 2009).

Previous studies have reported the high frequency

of off-type somatic embryos in A. sellowiana SE (Cruz

et al. 1990, Canhoto and Cruz 1996, Cangahuala-

Inocente et al. 2004; Pescador et al. 2008; Fraga et al.

2013). Furthermore, epigenetic changes during

embryonic development have been described for this

species, affecting global DNA methylation dynamics

during somatic embryo and plantlet formation (Fraga

et al. 2002).

In SE, progressive loss of embryogenic competence

during prolonged callus culture may be related to

changes in DNA methylation patterns (Noceda et al.

2009). DNA methylation refers to post-synthesis

deoxycytosines methylation in the 5’ position of the

pyrimidine ring of cytosine, forming methyldeoxycy-

tosine. This modification can occur in any sequence

context in plant DNA, but the methylation patterns

transmission can only occur in symmetrical CG

sequences, CHG or CHH, where H can be any

deoxynucleotide (Finnegan 2010).

Plant development, in vivo or in vitro, is partly

controlled by DNA methylation and demethylation

capacity, which is regulated by endogenous and

exogenous signals (Finnegan 2010). The strict control

of gene expression is essential for the normal devel-

opment of all the organisms and the DNA methylation

plays an essential role in regulating plant development

(Noceda et al. 2009). In this sense, this study was

aimed to evaluate the effect of 2,4-dichlorophenoxy-

acetic acid (2,4-D) in the induction and development

of somatic embryos in direct and indirect SE through

cytogenetic and DNA methylation analysis.

2 Materials and methods

2.1 Embryo germination and somatic

embryogenesis induction

Fruits of A. sellowiana were collected 120 days after

pollination at the germplasm collection of the

Research and Extension Agency of Santa Catarina

State (EPAGRI), São Joaquim, Brazil (latitude

28�1703900, longitude 49�5505600, altitude 1,415 m).

Seeds were extracted and subjected to disinfestation

procedures with 70 % ethanol for 3 min, followed by

1.5 % sodium hypochloride solution for 30 min (Dal

Vesco and Guerra 2001). Then, seeds were washed

three times in distilled and autoclaved water and

individually inoculated in test tubes (25 9 150 mm)

containing 20 ml culture medium containing LPm

basal salts (von Arnold and Eriksson 1981), supple-

mented with 30 g l-1 sucrose, 4 mM glutamine,

Morel vitamins (Morel and Wetmore 1951) and

7 g l-1 agar. Culture medium pH was adjusted to 5.8

prior to autoclaving for 15 min at 131 Pa and 121 �C.

For embryo germination, test tubes were main-

tained in a growth room at 24 ± 2 �C and 16 h d-1

photoperiod, at a photosynthetic photon flux density

(FFFD) of 40–50 lmol m-2 s-1 provided by fluores-

cent lamps. At day 15 of culture, seedlings root tips

and leaves were collected for cytogenetic and DNA

methylation analysis.

For direct somatic embryogenesis (DSE) and

indirect somatic embryogenesis (ISE) induction,

Fig. 1 Morphological features of cotyledonary-staged somatic

embryos of Acca sellowiana. a Normal phenotype somatic

embryo; b off-type somatic embryo showing fused cotyledons;

c off-type somatic embryo showing more than two cotyledons;

d off-type somatic embryo showing only one cotyledon. The

arrows indicate the cotyledon structure
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zygotic embryos were excised from the aseptic seeds

and inoculated in test tubes (25 9 150 mm) with

20 ml of the same culture medium above described

plus 20 lM 2,4-D. Culture medium pH was adjusted

to 5.8 prior to autoclaving for 15 min at 131 Pa and

121 �C. Test tubes were maintained in the darkness at

24 ± 2 �C. For DSE induction, cultures were main-

tained in this culture medium for 15 days, and then

subcultured to 2,4-D-free culture medium. After

70 days, normal and off-type somatic embryos

(Fig. 1) were collected for cytogenetic and DNA

methylation analysis. It was considered as off-type

somatic embryos those that showed only one cotyle-

don, fused cotyledons or three cotyledons.

2.2 Cytogenetic analysis

Samples were submitted to a pre-treatment with 2 mM

8-hydroxyquinoline for 24 h at 8 �C, and fixed in

Farmer’s solution (ethanol–acetic acid, 3:1 v/v),

stored in 70 % ethanol and frozen until slide prepa-

ration. Subsequently, samples were hydrolyzed in 1 N

HCl for 12 min at 60 �C and the squashes were made

(Guerra 1988). The slides were examined by light

microscopy and cells with a conspicuous chromosome

condensation and spreading were photographed with

BX60 Olympus� photomicroscope. For the karyolog-

ical analysis, each metaphase was analyzed with

MicroMeasure 3.3.

2.3 DNA methylation analysis

DNA was extracted from zygotic embryos, seedlings

leaves, normal and off-type somatic embryos from

DSE and ISE. Samples were macerated with liquid

nitrogen in 160 ll of Lys buffer (0.1 M Tris–HCl pH

7.5, 0.05 M EDTA pH 8.0) and 20 ll of 10 % SDS

and incubated at 60 �C for 1 h. Subsequently, 30 ll of

chloroform were added and microtubes were centri-

fuged at 13,0009g for 7 min. The supernatant was

collected and 87 ll of ammonium acetate ?420 ll de

ethanol 96 % were added. Then, microtubes were

incubated at -20 �C overnight. After, it was centri-

fuged at 13,0009g for 15 min and the pellet was

washed with 70 % ethanol. The pellet was suspended

in 20 ll of ultrapure and autoclaved water.

DNA methylation was evaluated by coupling of

restriction enzyme and aleatory amplification (CRED-

RA) method, according to Tani et al. (2005). Isolated

DNA was treated with Hpa II (Fermentas) according

to manufacturer’s instruction. Following total diges-

tion, fragments were amplified by PCR reaction using

six arbitrary 10-mer primers: 5́-GACTGCACAC-3́

(OPL-04), 5́-AGGCGGGAAC-3́(OPL-O7), 5́-AC-

GATGAGCC-3́ (OPL-11), 5́-ACCGCCTGCT-3́

(OPL-13), 5́-AGGCCGGTCA-3́ (OPBB-09), and 5́-

CAACCGGTCT 3́ (OPBB-18) (Operon Technolo-

gies, California, USA). The reactions consisted of

4 ng DNA, 3 ll dNTP, 0.75 ll MgCl2, 0.4 ll Taq

DNA polymerase, and 0.75 ll primer. The PCR

conditions were 40 cycles of 1 min at 94 �C, one

minute at 35 �C, and two minutes at 72 �C. PCR

products were submitted to agarose gel (1 %) stained

with ethidium bromide.

3 Results

3.1 Seed germination and somatic embryogenesis

We achieved 100 % of germination with seeds

inoculated in LPm culture medium after 15 days

(Fig. 2 a–f). The initial radicle emission occurred at

day 3 after inoculation (Fig. 2b), at day 9 the shoots

emerged (Fig. 2d), and at day 15 the first true leaves

were formed (Fig. 2f).

After 47 days of inoculation, somatic embryos

induction was observed in both morphogenetic routes,

DSE and ISE. In DSE and ISE it was obtained 72 and

43 % of SE induction, respectively. In both of the

morphogenetic routes, direct and indirect, it was

observed the formation of normal and off-type

embryos. The abnormalities were associated to fused

somatic embryos, and somatic embryos with one or

three cotyledons, as previously described by Pescador

et al. (2008, 2012). In the DSE, 54 % of the somatic

embryos were off-type; while in the ISE, we observed

78 % of off-type embryos (Table 1). The abnormal-

ities observed in the DSE were the presence of somatic

embryos with only one cotyledon (55 %); fused

cotyledons (15 %), presence of three cotyledons

(30 %) (Table 2). For the ISE, 42 % of 1 cotyledon

somatic embryos; 41 % three cotyledons somatic

embryos; and 17 % of fused cotyledons (Table 2). In

both regenerative routes the off-type somatic embryos

were not able to convert into plantlets.
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3.2 Karyotype analysis and DNA methylation

All samples evaluated presented the same diploid

chromosome number (2n = 22). It was observed ca. 20

metaphase cells in each sample (root apex, normal and

off-type somatic embryos derived from ISE) (Fig. 3).

In the root apex cells, the ratio between long arm

(LA) and short arm (SA) length was 1.51 lm, and

chromosome size 1.85 lm (Table 3). In the normal

somatic embryos, the ratio LA/SA was 1.31 lm, and the

mean length of chromosomes 0.96 lm (Table 3). In the

off-type somatic embryos, LA/SA was 1.30 lm, and the

mean length of chromosomes 1.23 lm (Table 3). The

lowest chromosome mean size was observed in the cells

of normal somatic embryos resulting from 2,4-D

treatment, and the larger one the root apex cells.

In DNA methylation analysis, it was not observed

fragment amplification in plantlets and zygotic

embryos, independently of the primer used (Table 4).

However, many primers amplified in the different

representative samples of calli, normal somatic

embryos and off-type somatic embryos with one and

three cotyledon, and fused cotyledons in both direct

and indirect somatic embryogenesis (Table 4 and

Fig. 4).

Fig. 2 Germination of Acca sellowiana seeds in different days in culture. a day 0; b day 3; c day 6; d day 9; e day 12; f day 15

Table 1 Frequency of normal and off-type somatic embryos

in two different morphogenetic routes, direct (DSE) and indi-

rect somatic embryogenesis (ISE)

Somatic embryos Morphogenetic route

DSE (%) ISE (%)

Off-type 54 78

Normal 46 22

Frequencies among DSE and ISE are significant different by

Chi square test of independence (P \ 0.01; n = 400)

Table 2 Frequency of formation of off-type somatic embryos

with fused cotyledons, one cotyledon or three cotyledons in

both studied morphogenetic routes, direct (DSE) and indirect

somatic embryogenesis (ISE)

Abnormalities Morphogenetic route

DSE (%) ISE (%)

Fused cotyledon 15 17

1 cotyledon 55 42

3 cotyledons 30 41

Frequencies among DSE and ISE are significant different by

Chi square test of independence (P \ 0.01; n = 400)
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4 Discussion

4.1 Somatic embryogenesis

The SE induction rate achieved in the present work is

in accordance with the results obtained by Pescador

et al. (2008) and different from Cangahuala-Inocente

et al. (2009), which obtained 100 % of A. sellowiana

SE induction. The differences on the induction rate

between these different works may be due to the

different genotypes employed, as evidenced by Fraga

et al. (2002) that observed different SE induction rates

in the two A. sellowiana accession tested.

In both morphogenetic routes (DSE, ISE) it was

observed the development of normal and off-type

somatic embryos, mainly fused cotyledons somatic

embryos. Pescador et al. (2008) observed the occur-

rence of 76.3 % of off-type somatic embryos in A.

sellowiana, most of them also with fused cotyledons.

In addition, only 10 % of somatic embryos could be

converted into plantlets (Pescador et al. 2008).

The increased occurrence of off-type somatic

embryos during ISE obtained in this study (78 %)

compared to DSE (54 %) may indicate that the

intermediate phase of callus can lead a higher

formation of morphological abnormalities and prob-

lems in conversion into plantlets. In vitro propagated

plants often exhibited some level of variation, termed

somaclonal variation, which has been defined as a

phenotypic variation, either genetic or epigenetic in

Table 3 Mean values of total chromosome length and ratio

between arm sizes (LA/AS) in 3 metaphase chromosomes of

root apex cells, off-type and normal somatic embryos of A.

sellowiana

Explant Total (lm) LA/AS (lm)

Root apex cells* 1.85 ± 0.24 A 1.51 ± 0.19 A

Off-type somatic embryo 1.23 ± 0.13 B 1.30 ± 0.12 B

Normal somatic Embryo 0.96 ± 0.19 C 1.31 ± 0.08 B

Means followed by different letters differ significantly

according to SNK test at 95 % reliability. * Root Apex cells

from in vitro germinated zygotic embryo

Table 4 Normal and off-type somatic embryos from direct somatic embryogenesis (DSE) and indirect somatic embryogenesis (ISE)

accessed by CRED-RA method with six 10-mer RAPD primers

Explant OPL-4 OPL-7 OPL-11 OPL-13 OPBB-09 OPBB-18

DSE ISE DSE ISE DSE ISE DSE ISE DSE ISE DSE ISE

Normal embryo x x x x x x x x x x x x

Fused cotyledons embryo x x x x x x x x x x x

1 cotyledon embryo x x x x x x x x x

3 cotyledons embryo x x x x x x x x x x

Fig. 3 Cytogenetic analysis of normal phenotype and off-type

somatic embryos, and zygotic embryos. a Cells of in vitro

cultures derived from direct somatic embryogenesis showing

interphase nuclei (black narrows); b Cells in metaphase of off-

type somatic embryos containing only 1 cotyledon; c Cells in

metaphase of A. sellowiana zygotic embryos
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origin, displayed among somaclones (Miguel and

Marum 2011). López et al. (2010) observed that leaves

of ‘late regenerants’ exhibited significantly less

genetic and epigenetic divergence from source leaves

than those exposed to short periods of callus growth,

evidencing a progressive erosion of genetic and

epigenetic variation in callus-derived plants.

A recent work on the genotypic fidelity with several

plant species indicated that there is no clear relation-

ship between direct and indirect morphogenetic routes

with increased formation of somaclonal variants

(Bairu et al. 2011). In this sense, specific molecular

analyzes, according to the species studied, are needed

to confirm the true-to-type nature of regenerated

somatic plantlets.

4.2 Karyotype analysis and DNA methylation

patterns

In the present work, low cell division rate was

observed in cells with normal and off-type somatic

embryos, with few cells in metaphase. This is possibly

due to 2,4-D presence, especially when the DNA

methylation at cotyledonal stage was high, silencing

genes involved in the recovery and seedling

development.

Kerbauy (2004) showed that many factors influence

the expansion or cell elongation, i.g. cell type, age and

auxin presence, or water, light, temperature and

gravity. The cell expansion control is essential for

morphogenetic processes in plants. In SE, cell division

patterns that begin in the embryonic meristems are

amplified and modified by cell expansion for the

development of organs. This may also be related to the

fact that cells analyzed in this study were not in

division, because the SE cells of (Fig. 3a–b) are

smaller than those of the zygotic embryo (Fig. 3c).

In the present work, normal and off-type somatic

embryos showed the same methylation pattern. How-

ever, it was also observed that in ISE the methylation

intensity was higher than that detected in DSE.

Previous works reported the embryogenic capacity

loss in embryogenic cultures after a long period in

culture (Salajova et al. 1999; Klimaszewska et al.

2009). Valledor et al. (2007) associated this embryo-

genic capacity loss with changes in somatic embryos

morphology, such as short suspensors cells or modi-

fications in cell culture, and epigenetic changes, such

as DNA methylation. Evidence that the gene expres-

sion may be linked to the embryogenic potential is

reported by Charbit et al. (2004), in which 28 cDNAs

were differently expressed between embryogenic and

non-embryogenic cultures of Hevea brasiliensis.

Comparisons between embryogenic and non-embryo-

genic cultures of Pinus sp. and angiosperms consis-

tently revealed high methylation levels in non-

embryogenic cultures (Fraga et al. 2002).

According to Gahan and George (2008), non-

embryogenic callus can be generated by components

lacking in the culture medium, particularly plant

growth regulators. One possibility is that genes

involved in the regenerative process are silenced,

resulting in the inability of embryo development. The

differentiation and dedifferentiation process are

Fig. 4 Representative agarose gel of primers OPL-4, OPL-7,

OPL-11, OPBB-09, OPBB-13, and OPBB-18 amplification. (a)
Samples from direct somatic embryogenesis (DSE), L Molecu-

lar-weight size marker, 1 Off-type embryos with fused

cotyledons (primer OPL-4), 2 Off-type embryos with 3

cotyledons (primer OPBB-09), 3 Normal embryos (primer

OPL-11), 4 Off-type embryos with 1 cotyledon (primer OPL-7),

5 Normal embryos (primer OPBB-13), 6 Normal embryos

(primer OPBB-18), 7 Normal embryos (primer OPL-7). (b)

Samples from indirect somatic embryogenesis (ISE), L Molec-

ular-weight size marker, 1 Off-type embryos with 3 cotyledons

(primer OPL-4), 2 Off-type embryos with fused cotyledons

(primer OPL-11), 3 Normal embryos (primer OPL-4), 4 Off-

type embryos with fused cotyledons (primer OPBB-18), 5 Off-

type embryos with 3 cotyledons (primer OPBB-13), 6 Off-type

embryos with 1 cotyledon (primer OPBB-18), 7 Off-type

embryos with 3 cotyledons (primer OPBB-18)
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related to the cytosine methylation and demethylation.

In carrot tissue, during exponential growth of embryo-

genic cultures, methylation increases, while it

decreases in the stationary phase. This may indicate

that in this study DNA methylation was not observed

in the majority of the callus samples because these

callus were probably in the stationary phase, after

70 days in culture medium.

Lo Schiavo et al. (1989) found a positive correla-

tion among exogenous IAA supplemented to the

culture medium and methylated cytosine in Daucus

carota cultures, with high cytosine methylation levels

during the SE induction of this species with the

presence of exogenous auxin, especially 2,4-D. It was

also observed that after the induction step, the cultures

subcultured to a 2,4-D-free culture medium presented

a decrease in methylation levels (Lo Schiavo et al.

1989). The authors suggested that the onset of somatic

embryogenesis might be a consequence of some

degree of DNA methylation, affecting the gene

expression in this step.

DNA methylation is associated to gene silencing

(Cedar and Razin 1990), and the 2,4-D has been proven

to maintain the undifferentiated state and habituation

of in vitro culture by DNA hypermethylation (von

Aderkas and Bonga 2000; Causevic et al. 2005).

Studies show that low globular stage embryos present

low levels of DNA methylation, which is dramatically

increased in the torpedo stage and seedling develop-

ment (Von Aderkas and Bonga 2000). In the present

work, the observed morphological abnormalities sup-

port the evidences that 2,4-D may affect the DNA

methylation patterns and gene silencing.

Taken together, the results of the present work

reinforces the previous findings that 2,4-D plays a key

role in the SE induction in A. sellowiana. However, the

continuous presence of this auxin in the culture

medium enhances the rate of off-type somatic

embryos. This auxin also apparently affects the cells

and chromosomes size in normal and off-type somatic

embryos and DNA methylation patterns of the

analyzed samples. These findings may indicate that

the off-type somatic embryos formation may be

related to genetic and/or epigenetic changes caused

by long-term cultivation in A. sellowiana. The inter-

mediate phase of callus also indicated increased

formation of off-types, corroborating other studies

that showed that indirect SE could cause increased

formation of anomalies in regenerated plantlets.
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