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Abstract Ploidy levels of short-term (1 and 2 years) and

long-term (7 and 10 years) embryogenic cultures as well as

of regenerated plantlets of tamarillo were analyzed by flow

cytometry and chromosome counts. Embryogenic cultures

were induced from expanding leaves cultured in the presence

of Picloram or 2,4-dichlorophenoxyacetic acid (2,4-D) and

monthly subcultured on the same media. Embryo develop-

ment and plantlets were obtained following subculture of the

embryogenic tissue in auxin free medium containing gib-

berellic acid (GA3). Seedlings and rooted shoots from axil-

lary shoot proliferation were used as controls. The results

showed that in long-term embryogenic cultures the ability

to develop somatic embryos and plantlets was reduced.

Embryogenic tissues maintained for 10 years were mostly

aneuploids of the tetraploid (2n = 4x = 48) level whereas

those kept in culture for 7 years or less were also mostly

aneuploids but of the diploid (2n = 2x = 24) level. The

results obtained by flow cytometry were, in general, consis-

tent with those obtained by chromosome counts. The chro-

mosome alteration observed in the embryogenic tissues was

already present after 1 year of culture and increased with

culture age, hence impairing the maintenance of these tissues

for long periods without affecting chromosome stability

of the regenerated plantlets. However, the occurrence of

triploids and tetraploids as well as aneuploids can be useful

for breeding purposes. A value around 23 pg/2C was found

for the genome size of tamarillo largely exceeding the value

previously published (15.50 pg/2C).

Keywords Cyphomandra betacea �
Aneuploids � Mixoploids � Nuclear DNA content �
Somatic embryogenesis

Abbreviations

2,4-D 2,4-Dichlorophenoxyacetic acid

DAPI 40,6-Diamidino-2-phenylindole

CV Coefficient of variation

DI DNA index

FCM Flow cytometry

FL Fluorescence integral

FS Forward scatter

GA3 Gibberellic acid

PI Propidium iodide

SS Side scatter

Introduction

Cyphomandra betacea (Cav.) Sendt. (syn. Solanum beta-

ceum), commonly known as tamarillo (Solanaceae family),

is a fruit tree crop (Bois 1927; Correia and Canhoto 2012)

native to the Andean regions of South America (Bois 1927;

Fouque 1973). Over the years its economic exploitation has

increased due to a renewed interest in the consumption of

exotic fruits in some markets (Correia and Canhoto 2012).

Tamarillo fruits are rich in vitamins C and E as well as in

provitamin A (McCane and Widdowson 1992). High levels

of potassium and iron (McCane and Widdowson 1992),
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anthocyanins (Hurtado et al. 2009) and other phenolics

showing antioxidant properties have also been found (Kou

et al. 2008).

Tamarillo has a diploid (2n = 2x = 24) set of chro-

mosomes. However, spontaneous triploids, tetraploids and

even aneuploids, have been reported (Standring et al. 1990;

Pringle and Murray 1992). The nuclear DNA content

(2C = 15.50 pg) was first assessed by Pringle and Murray

(1991) using flow cytometry.

C. betacea can be propagated by seeds or through con-

ventional macropropagation techniques such as grafting or

cuttings (Slack 1976; Correia and Canhoto 2012). In vitro

protocols have also been applied, including axillary shoot

proliferation (Obando and Jordan 2001), organogenesis

(Atkinson and Gardner 1993) and somatic embryogenesis

(Guimarães et al. 1988; Lopes et al. 2000; Canhoto et al.

2005; Correia et al. 2011, 2012). Somatic embryogenesis has

proved to be particularly interesting since high rates of

somatic embryo induction and plant conversion can be

achieved (Correia et al. 2012) both from juvenile and adult

selected trees (Correia and Canhoto 2012).

In tamarillo, somatic embryos are formed in a common

two step process (von Arnold 2008; Rose et al. 2010; Yang

and Zhang 2010). Thus, embryogenic tissues formed in

young leaves cultured on media containing the auxin 2,4-

dichlorophenoxyacetic acid (2,4-D) or Picloram develop

into somatic embryos when the embryogenic tissues are

transferred to an auxin free medium (Correia et al. 2012).

On these conditions, the proliferating proembryogenic

masses formed in the presence of the auxin initiate an

organized pattern of development following the classical

globular, heart-shaped, torpedo and cotyledonary stages of

embryogenesis.

Previous reports have shown that tamarillo embryogenic

tissues can be maintained in vitro for several years on

media containing the auxins Picloram or 2,4-D without

losing the ability to originate somatic embryos (Guimarães

et al. 1996; Canhoto et al. 2005). This kind of embryogenic

system is very useful for cloning particularly among trees

which, due to their long life cycles, can only be evaluated

in field assays several years after plantation. During this

period, embryogenic tissues must keep both their ability to

develop into embryos and plantlets and the potential to

originate true-to-type plants to assure the cloning of

interesting genotypes. Examples of long-term embryogenic

cultures from which plantlets were obtained without any

evidence of variations have been reported (Motoike et al.

2001; Loureiro et al. 2005; Lopes et al. 2006). However,

works claiming the regeneration of plants showing genetic

variability as a consequence of prolonged cultures are also

common (von Aderkas et al. 2003; von Arnold 2008).

Chromosome alteration in cultures is usually harmful but,

in some cases, plants with abnormal chromosome numbers

can be useful for breeding purposes (Koornneef et al. 1989;

Kadota and Niimi 2002; Bairu et al. 2011).

Flow cytometry (FCM) is a powerful and reliable

technique which has been used for screening the DNA

content of a large number of embryogenic tissues and

in vitro propagated plants (Pinto et al. 2004; Loureiro et al.

2005; Lattoo et al. 2006; Marum et al. 2009; Ochatt et al.

2011). Complemented with more traditional techniques of

chromosome counting (e.g. Feulgen technique) it may give

important insights about the chromosome stability of plant

tissue cultures.

Over the last years we have been trying to characterize the

processes of somatic embryogenesis induction, somatic

embryo development and conversion in tamarillo (Correia

and Canhoto 2012). The main goal of this study was to

determine whether long-term embryogenic cultures of tam-

arillo maintain their potential to develop into somatic

embryos and to assess the effects of these long term cultures

on chromosome stability of embryogenic tissues and

regenerated plantlets. This type of analysis is relevant to

determine which strategy must be pursued in order to cope

with somatic embryogenesis in tamarillo breeding programs.

Materials and methods

Plant material

Seeds were collected from mature fruits of selected diploid

plants growing at the Botanic Garden of the University of

Coimbra, sterilized in a solution of calcium hypochlorite

(7 % w/v) for 15 to 20 min, and rinsed three times with

sterilized distilled water. Whole mature zygotic embryos

were isolated and cultured in test tubes containing MS

medium (Murashige and Skoog 1962) supplemented with

0.087 M sucrose and 0.6 % (w/v) agar (Panreac, Spain).

The pH was adjusted to 5.7 prior to autoclaving at 121 �C

for 20 min. Cultures were maintained in a growth chamber

at 25 �C under a 16 h daily illumination regime of

15–20 lmol m-2 s-1 of photosynthetically active radiation

provided by cool-white fluorescent lamps. The most apical

expanding leaves were cut from 3 to 4 cm plantlets and

used for the somatic embryogenesis induction assays.

Somatic embryogenesis induction

Somatic embryogenesis induction followed the protocols of

Canhoto et al. (2005) and Correia et al. (2011). Briefly,

wounded leaves were placed abaxial side down on the

induction medium (MS basal medium supplemented with

20 lM Picloram and 0.26 M sucrose, P medium). Cultures

were incubated at 25 �C, in the dark, until embryogenic

tissue formation (12 weeks, approximately). After that,
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embryogenic tissues formed by clumps of proembryogenic

masses were isolated from non-embryogenic calli and

subcultured at 4-week intervals on the same conditions.

Somatic embryo development and conversion

into plantlets

To promote somatic embryo development and further con-

version into plantlets portions of the embryogenic tissues

were transferred to MS solidified medium supplemented

with 0.087 M sucrose and 0.28 lM gibberellic acid (GA3).

Afterwards, cultures were maintained at 25 �C under a 16 h/

8 h photoperiod and a light intensity of 15–20 lmol m-2 s-1

of photosynthetically active radiation for 4 weeks. Further

plantlet development and acclimatization was conducted

according to Correia et al. (2011).

Short and long-term cultures

Embryogenic tissues were maintained in culture for short

(1–2 years) and long periods (7–10 years). Since 2,4-D has

also proved to be effective in the induction and maintenance

of embryogenic tissues, long-term embryogenic material

induced and maintained for 7–10 years in a medium sup-

plemented with 9 lM 2,4-D and 0.26 M sucrose (D medium)

in the same conditions as described above was also evalu-

ated. Thus, the level of ploidy was analysed in embryogenic

tissues maintained for 1, 2, 7 and 10 years in P medium (P1,

P2, P7 and P10 cultures, respectively) and for 7 and 10 years

in D medium (D7 and D10 cultures, respectively). Seedlings

growing in MS basal medium and axillary shoots prolifer-

ating in the same conditions were used as controls. Five

randomly selected portions of embryogenic tissues growing

in the presence of 2,4-D or Picloram for different periods of

time were used for FCM analysis. Whenever possible

somatic embryo derived plantlets were obtained from these

embryogenic samples. The set of an analysed embryogenic

tissue and the respective plantlets, when applicable, was

named ‘‘series’’. A total of 30 series was analysed corre-

sponding to 6 (P and D media) embryogenic cultures 9 5

representative samples.

Flow cytometry analysis

For FCM analysis of the embryogenic tissues and plantlets of

somatic embryo origin the protocol of Galbraith et al. (1983)

was followed. In brief, nuclear suspensions were obtained by

chopping either embryogenic or leaf tissue (20 mg) with

20 mg of leaf tissue from tamarillo seedlings of known

ploidy (control diploid standard) and with 50 mg of Pisum

sativum cv. Ctirad (additional reference standard,

2C = 9.09 pg DNA; Doležel et al. 1992) in a Petri dish

containing 1 ml of Tris.MgCl2 buffer (Pfosser et al. 1995).

The sample was filtered through a 50 lm nylon filter and

50 lg ml-1 of propidium iodide (PI, Fluka) and 50 lg ml-1

of RNase (Sigma) were added. After incubation in ice for

5 min, samples were analysed in a Beckman-Coulter Epics-

XL (Coulter Electronics, Hialeah, Florida, USA) flow

cytometer. Prior to analysis, the instrument was checked for

linearity with fluorescent beads (Beckman Coulter).

Data were collected in the form of four graphics: for-

ward scatter (FS) versus side scatter (SS) cytogram, both in

logarithmic (log) scale; fluorescence integral (FL) histo-

gram; FL versus time cytogram; and FL pulse integral

versus FL pulse height cytogram. In the last cytogram an

‘‘interest zone’’ was defined to discriminate doublets, par-

tial nuclei, nuclei with associated cytoplasm and other

debris (Brown et al. 1991). Approximately 10,000 nuclei

were analysed per sample.

Usually, the use of one internal reference standard is

sufficient per sample. However, when the occurrence of

aneuploidy is expected, to improve the sensitivity of the

assay it is suggested to use a second reference point

(usually a plant of the same species with known chromo-

some number) (Vindeløv et al. 1983; Pfosser et al. 1995).

Therefore, the ploidy level of each sample was given as a

relative DNA index to Pisum sativum (DI, ratio between

the sample G0/G1 peak mean and that of Pisum sativum)

and for further confirmation of the ploidy level the ratio

between the G0/G1 peak of our sample and that of the

control diploid standard was used.

The holoploid genome size in pg (C, complete genome

size, sensu; Greilhuber et al. 2005) of this species was

estimated using tamarillo plantlets from two trees (one

producing yellow fruits and the other red fruits) by multi-

plying the DI by 9.09 pg (the genome size of the reference

standard, Pisum sativum). Conversion of mass values into

base-pair numbers was done according to the factor

1 pg = 978 Mbp (Doležel et al. 2003). Differences in

genome size were assessed by a t test (SigmaStat for

Windows version 3.01 SPSS Inc., USA).

Chromosome counts

The number of chromosomes of embryogenic tissues and

somatic-embryo derived plantlets was determined after

treatment of embryogenic tissues and root tips with 0.05 %

(w/v) colchicine (Sigma) for 2–2.5 h at 25 �C, in the dark.

The treated samples were then fixed in 3:1 (v/v) ethanol/

acetic acid for approximately 4 h at room temperature. The

Feulgen technique (Darlington and La Cour 1976) was then

applied. Accordingly, samples were hydrolyzed in 1 N HCl

at 60 �C for 6 min in a water bath, transferred to distilled

water at room temperature for 5 min, stained in Schiff

reagent for 1–3 h in the dark and squashed in 45 % acetic

acid. Slides were observed using a Nikon Eclipse E400
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microscope and images registered with a Nikon Digital

Sight DS-U1 camera using the Act-2U software.

As controls, the number of chromosomes was counted in

roots (at least 1 cm length) of in vitro growing seedlings

germinated in MS medium and in rooted shoots obtained

from axillary shoot proliferation (Correia et al. 2011).

Results

Embryogenic cultures and plantlet formation

Embryogenic cultures of C. betacea were kept in P or D

medium for up to 10 years and after the 1st, 2nd, 7th and

10th year (7 and 10 years in the case of D medium) were

morphologically characterized and tested on their ability to

develop into somatic embryos and plantlets (Table 1).

During the first 2 years (short-term cultures), embryo-

genic cultures were characterized by the proliferation of

whitish proembryogenic masses (Fig. 1a) assembled in

compact clusters of small, cytoplasm-rich cells. Embryo-

genic cultures maintained for longer periods (long-term

cultures) in P or D medium showed some morphological and

cytological changes namely a yellowish translucent aspect

(Fig. 1b) and the presence of highly vacuolated cells. When

embryogenic tissues from short-term embryogenic cultures

were transferred to an auxin-free medium, but GA3-added,

somatic embryos at different developmental stages were

observed (Fig. 1c) from all the randomly chosen samples of

those cultures. These embryos further developed into

plantlets (Fig. 1d). More than 80 % of the somatic embryo

derived plantlets presented a normal phenotype (straight

stem with fully expanded leaves, Fig. 1e). However, about

15 % of the plantlets from 1-year-old and 2-years-old cul-

tures displayed abnormal phenotypes characterized by a

twisted stem with thick small leaves and reduced growth

(Fig. 1f).

Attempts to promote somatic embryo development and

plantlet formation from long-term cultures showed that

they have lost most of its potential with only a few embryos

arising from them. Moreover, the few plantlets obtained

from these embryos showed quite aberrant phenotypes and

potted plants could not be obtained.

Flow cytometry analysis

The DNA content of the embryogenic tissues and plantlets

originated from cultures induced and maintained in P medium

showed a wide range of variation among samples (Table 2). In

the P series, only 3 out of 20 analysed embryogenic tissues

were diploid (3, 4 and 5 of P1; DI = 2.54 ± 0.024; Table 2).

In all the other cases aneuploid tissues were found. Illustrative

histograms of a diploid plantlet and of the most common

aneuploid situations are given in Fig. 2. Only one case of full

duplication of the genome (tetraploidy) was detected in a

plantlet regenerated from short-term cultures (DI = 5.09; P2,

series 5). However, the tissue that originated the tetraploid

plantlet was found to be aneuploid (diploid with gain of a few

chromosomes).

The occurrence of aneuploidy appeared to be age-related

since diploid tissues and/or plantlets were only observed in

short-term cultures. Different kinds of aneuploidy were

detected (Table 2) such as: (1) diploids with gain of 1-3

chromosomes (DI = 2.67 ± 0.048; in series 1 of P1, 1

plantlet and 4 embryogenic tissues of P2 and in all series of

P7); (2) triploids with loss of 2–3 chromosomes (DI = 3.44;

in series 2 of P1); (3) tetraploids with loss of a 1–4 chro-

mosomes (DI = 4.90; in series 2 of P2) and (4) tetraploids

with loss of 5–7 chromosomes (DI = 4.45 ± 0.034; in all

P10 series, Fig. 3). With the exception of three series of P2

cultures, all the regenerated plantlets presented the same

ploidy level of the tissues of origin. In the referred excep-

tions, the originated plantlets were diploid (in two cases) or

tetraploid (one case) in spite of being originated from

aneuploid tissues.

Aneuploidy was also the main condition observed in

long-term embryogenic cultures maintained on 2,4-D

(Table 3). Thus, in cultures kept for 7 years (D7), two series

Table 1 Morphological characterization of short and long-term embryogenic cultures and regenerated plantlets of Cyphomandra betacea

Series number Type of embryogenic tissue Type of cells Phenotype of plantlets

Short-term cultures

P1 Whitish proembryogenic masses Compact clusters of small, cytoplasm-rich cells Mostly normala

P2 Whitish proembryogenic masses Compact clusters of small, cytoplasm-rich cells Normal and abnormalb

Long-term cultures

P7 and D7 Yellowish translucent aspect Vacuolated cells Quite aberrantb

P10 and D10 Yellowish translucent aspect Vacuolated cells Quite aberrantb

P or D refer to the presence of Picloram or 2,4-D in the induction medium and the number (1, 2, 7 or 10) refers to the culture age in years
a Normal phenotype: straight stem with fully expanded leaves
b Abnormal phenotype: twisted stem with thick small leaves and reduced growth
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were diploid showing an increase of 1-3 chromosomes

(DI = 2.68 ± 0.035) whereas one D7 series was tetraploid

(DI = 5.04; series 4) and two other were diploid (DI =

2.52 ± 0.049; series 3 and 5). For cultures kept for 10 years

in 2,4-D (D10), tetraploidy was found in all series (Table 3)

with loss of 5-7 chromosomes (DI = 4.56 ± 0.037), a sit-

uation similar to that observed when the cultures were

maintained in Picloram (Table 2) for the same period

(DI = 4.51 ± 0.066).

Mixoploidy was found in several samples, namely in

two P (Table 2) and two D (Table 3) embryogenic cultures

and in one plantlet from P cultures (Table 2). The simul-

taneous occurrence of mixoploidy in embryogenic tissue

and in the corresponding plantlets was observed in P1

series (series 2).

The nuclear DNA content of C. betacea was estimated

using diploid seedlings germinated in vitro. The mean

coefficient of variation (CV) obtained for the DNA peaks

was very low, 2.40 and 1.68 %, for the two sets of seed-

lings tested, one from a tree producing yellow fruits and

other from a tree producing red fruits. Seedlings of both

trees presented similar mean genome size estimations:

Fig. 1 Development of somatic

embryos and conversion into

plantlets. a Embryogenic tissue

from short-term cultures;

b Embryogenic tissue from

long-term cultures; c Somatic

embryo development after

3 weeks on the development

medium; d Somatic embryo-

derived plantlets after

8–10 weeks of development;

e In vitro somatic embryo-

derived plantlet showing

a normal phenotype;

f Morphologically abnormal

somatic embryo-derived

plantlet. Bars = 0.5 cm
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23.31 ± 0.566 pg/2C (approx. 11399 Mbp; CV = 2.4 %)

for the tree producing the red fruits, and 23.53 ± 0.117 pg/

2C (approx. 11,506 Mbp; CV = 0.5 %) for the tree pro-

ducing yellow fruits. A t test revealed that the observed

differences in DNA content were not statistically signifi-

cant (P \ 0.05).

Chromosome counts

Chromosome counts were also used to assess the level of

ploidy of the embryogenic tissues and plantlets. The results

showed that this approach was much more successful with

roots than with the embryogenic tissue, since the number of

cells showing c-metaphases in this tissue was quite

reduced. In spite of this, it was possible to record the

chromosome number in both somatic embryo derived

plantlets and embryogenic tissues of some of the P1 and P2

series (short-term cultures).

In somatic embryo derived plantlets in which the ploidy

level was found to be 2n = 2x by FCM (Table 2), chromo-

some counts confirmed the results and the plantlets tested

showed the expected 24 chromosomes (Table 2, Fig. 4a).

Seedlings and rooted shoots obtained by axillary shoot pro-

liferation displayed also the diploid set of chromosomes.

In general, the data of chromosome counts matched

those of FCM. For instance, the tetraploid plant with

chromosome loss of P2 series 2 presented 42 chromo-

somes, 6 lesser than the expected number for a tetraploid

(Fig. 4b). The same was observed in embryogenic tissues

in which the aneuploid status found for most of them by

FCM was confirmed by chromosome counts (Table 2,

Fig. 4c). However, some unexpected results were also

detected: a plantlet (P2 series 1) considered aneuploid by

FCM (2C with extra chromosomes), after chromosome

counts showed to possess 44 chromosomes (4C with loss of

4 chromosomes).

Table 2 Analyses of the level of ploidy in short and long-term cultures maintained in Picloram

Series

number

Embryogenic tissue Plantlets

DI CV (%) Interpretation Mix. DI CV (%) Interpretation Mix. No. of

chrom.

P1

1 2.67 4.23 An.—2C with chrom. gain n 2.64 2.86 An.—2C with chrom. gain n –

2 3.44 2.10 An.—3C with chrom. loss y 3.46 2.37 An.—3C with chrom. loss y –

3 2.54 2.57 2C y 2.55 1.82 2C n 24

4 2.58 1.87 2C n 2.54 2.21 2C n 24

5 2.51 2.46 2C n 2.52 2.05 2C n 24

P2

1 2.65 2.51 An.—2C with chrom. gain n 2.65 2.62 An.—2C with chrom. gain n 44

2 4.90 2.22 An.—4C with chrom. loss n 4.96 2.29 An.—4C with chrom. loss n 42

3 2.66 2.88 An.—2C with chrom. gain n 2.45 2.18 2C n 24

4 2.66 1.82 An.—2C with chrom. gain n 2.46 2.43 2C n –

5 2.67 2.60 An.—2C with chrom. gain n 5.09 2.44 4C n –

P7

1 2.82 2.00 An.—2C with chrom. gain n – – – –

2 2.69 3.20 An.—2C with chrom. gain n – – – –

3 2.66 2.86 An.—2C with chrom. gain n – – – –

4 2.65 2.30 An.—2C with chrom. gain n – – – –

5 2.66 1.56 An.—2C with chrom. gain n – – – –

P10

1 4.49 1.78 An.—4C with chrom. loss n – – – –

2 4.41 1.46 An.—4C with chrom. loss n – – – –

3 4.46 1.48 An.—4C with chrom. loss n – – – –

4 4.43 1.61 An.—4C with chrom. loss n – – – –

5 4.48 1.84 An.—4C with chrom. loss n – – – –

P refers to the presence of Picloram in the induction medium and the number (1, 2, 7 or 10) refers to the culture age in years. DI stands for DNA

index. CV of the G0/G1 peak of sample nuclei is also provided

An. aneuploid, 2C diploid, 3C triploid, 4C tetraploid, chrom. chromosomes, Mix. mixoploid: the presence of two cell lines, one diploid or

aneuploid, and one with the double amount of DNA (y, yes; n, no)
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A detailed analysis of chromosome number in short-

term cultures kept on 2,4-D medium was neither carried

out by FCM nor chromosome counts. However, chromo-

some counts in random analysed plantlets obtained from a

2-year-old embryogenic tissue indicated the presence of

aneuploids (43, 45 and 46 chromosomes) and one tetra-

ploid (Fig. 4d).

Discussion

The main objective of this work was to assess ploidy sta-

bility of embryogenic tissues of C. betacea maintained in

culture for long periods. Both techniques used (FCM and

chromosome counts) revealed the presence of abnormal

sets of chromosomes indicating that embryogenic cultures

of tamarillo are prone to chromosome alteration.

Our study revealed that 1 year of culture in the referred

conditions was sufficient to induce abnormal chromosome

numbers in some embryogenic cultures. With the extension

of the culture period, the rates of genetic variation were

much higher, with almost all series presenting modifica-

tions in chromosome number.

In short-term cultures, despite some ploidy changes in

the embryogenic tissues (aneuploidy or mixoploidy), in

three cases the regenerated plants were diploid. For series 3

of P1 the main diploid cell line prevailed over the

Fig. 2 Histograms of PI

fluorescence (in relative units)

obtained after simultaneous

analysis of nuclei isolated from

leaves of Pisum sativum cv.

Ctirad (2C = 9.09 pg DNA), as

internal reference standard

(peak 1), C. betacea seedlings

(control, peak 2) and from

different embryogenic tissues:

a P1 embryogenic tissue, series

4 (diploid, peak 2); b P7, series

1 (diploid with gain of

chromosomes, peak 3); c P1,

series 2 (triploid with loss of

chromosomes, peak 3); d P10,

series 4 (tetraploid with loss of

chromosomes, peak 3)

Fig. 3 Overlay of PI fluorescence histograms (in relative units) of

embryogenic tissue from P10 (series 4, tetraploid with loss of

chromosomes, blue line, DI = 4.43) and D7 (series 4, tetraploid, red

line, DI = 5.04). (Color figure online)
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tetraploid one in the conversion into plantlets. For series 3

and 4 of P2, regeneration of diploid plants may be justified

by the occurrence of mixture of diploid and aneuploid cells

in the embryogenic tissue in which diploids might be

undetected as they have the same fluorescence as the dip-

loid seedlings used as control. In these tissues diploid cells

may have a higher dividing capacity and stability, being

able to develop into somatic embryos. Similar results were

obtained in Dianthus callus cultures (Nontaswatsri and

Fukai 2005) and in long-term cultures of Citrus sinensis

(Hao and Deng 2002). According to the authors, plant

regeneration in long-term cultures tend to select against

cells showing abnormal sets of chromosomes, due to a

greater stability of the normal diploid karyotype.

Although not common, the occurrence of mixoploidy in

regenerated plants may indicate that some of the somatic

embryos had a multicellular origin (the embryogenic cultures

from which they developed were also mixoploid). The pres-

ence of somatic embryos of both unicellular and multicellular

origin in the same system has been reported for several other

species such as Cocos nucifera (Chan et al. 1998), Feijoa

sellowiana (Canhoto and Cruz 1996), Hordeum vulgare

(Nonohay et al. 1999) and Santalum album and S. spicatum

(Rugkhla and Jones 1998). Also, the multicellular origin of

somatic embryos seems to occur with a higher probability in

indirect somatic embryogenesis systems, as is the case in

tamarillo, than during direct embryo formation (see Gaj 2004).

In series 5 of P2, a similar situation to the one described

above for series 3 and 4 of P2 may have occurred (a

Table 3 Analyses of the level of ploidy in long-term cultures

maintained in 2,4-D

Series number DI CV (%) Interpretation Mix.

D7

1 2.71 1.76 An. - 2C with chrom. gain n

2 2.66 3.29 An. - 2C with chrom. gain y

3 2.55 1.82 2C y

4 5.04 1.64 4C n

5 2.48 1.85 2C n

D10

1 4.59 1.71 An. - 4C with chrom. loss n

2 4.59 1.61 An. - 4C with chrom. loss n

3 4.57 2.17 An. - 4C with chrom. loss n

4 4.56 1.67 An. - 4C with chrom. loss n

5 4.50 1.52 An. - 4C with chrom. loss n

D refers to the presence of 2,4-D in the induction medium and the

number (7 or 10) refers to the culture age in years. DI stands for DNA

index. CV of the G0/G1 peak of sample nuclei is also provided

An. aneuploid, 2C diploid, 3C triploid, 4C tetraploid, chrom. chro-

mosomes, Mix. mixoploid: the presence of two cell lines, one diploid

or aneuploid, and one with the double amount of DNA (y, yes; n, no)

Fig. 4 Karyological analysis

using the Feulgen technique.

a c-Metaphase showing the

diploid set of chromosomes

(2n = 2x = 24) from a P1,

series 5, plantlet; b Cell with 42

c-metaphasic chromosomes

(aneuploid) from a P2, series 2,

plantlet; c c-Metaphase showing

26 chromosomes (aneuploid)

from an embryogenic tissue of

P2 cultures; d Cell showing a

tetraploid set of chromosomes

(2n = 4x = 48) from a plantlet

regenerated from 2-years-old

cultures in D medium.

Bars = 10 lm
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mixture of diploid and aneuploid cells in the embryogenic

tissue with diploids undetected by FCM). However, the

analysed regenerated plantlet was tetraploid. This may be

justified with the occurrence of endoreduplication (Breuer

and Sugimoto-Shirasu 2007) during culture. This expla-

nation is supported by recent works reporting an associa-

tion between endoreduplication and the differentiation of

cells and organs (Lee et al. 2009; Bourdon et al. 2011).

Moreover, endoreduplication seems to occur in response to

some types of physiological stress (Lee et al. 2009), which

can be the case of cultures maintained for several years in

media containing auxins.

Beyond the increase of cytogenetic abnormalities, a

reduction in embryogenic potential in all long-term cul-

tures was also found. Similar results were recently obtained

in Kalopanax septemlobus cultures (Park et al. 2011).

Numerical and structural chromosome variations in long-

term cultures disturb the physiological and genetic balance

of proliferating cells causing a loss of the regeneration

potential (Torrey 1967; Singh 1986). Indeed, the results of

this study are consistent with those reported by many

authors where an association between chromosome alter-

ation and a reduction in the regeneration ability of the

tissue cultures has been observed (Navok 1980; Jha and

Roy 1982; Henry et al. 1994; von Aderkas et al. 2003;

Kumar and Mathur 2004). Furthermore, in our study, the

increasing age of cultures was accompanied by abnormal

morphologies of embryos and plantlets and by difficulties

on the conversion of abnormal embryos, hence suggesting

a relation between the loss of regeneration capability and

morphological and cytogenetic abnormalities (Ochatt et al.

2011; Konieczny et al. 2012).

One of the regenerated plantlets of P2 cultures was

diploid, however its phenotype was considered to be

abnormal (data not shown). This suggests that the mor-

phology of the in vitro plants is dependent not only on the

ploidy level but also on other factors such as epigenetics

processes or external conditions like the culture media

composition. A similar observation was made in Pinus

pinaster, where normal and abnormal phenotypes of

embryos and emblings did not present differences at the

whole genome level (Marum et al. 2009). Moreover, a

recent work (Linacero et al. 2011) suggested the existence

of a common mechanism connecting both genetic and

epigenetic variations promoted by in vitro conditions in

cultures of rye.

The composition of the culture medium is a factor that

may also influence the behaviour of in vitro cultures.

Previous works have already shown that the presence of

auxins in the culture medium, associated with extended

maintenance periods, may lead to genetic variation (von

Arnold et al. 2002; Gaj 2004). For example, sweet potato

callus grown on 2,4-D for long periods showed genetic

variations (Padmanabhan et al. 2001). Even in recent cul-

tures (4 months) changes in DNA content can appear as

found in Coffea arabica (Clarindo et al. 2012). However,

contradictory results have been also reported showing that

the presence of the 2,4-D did not affect the ploidy during

somatic embryogenesis induction (Lema-Rumińska 2011).

In tamarillo the role of the type of auxin seems not to be a

crucial factor on embryogenic tissue behaviour since no

particular differences between the DNA content of long-

term cultures maintained in 2,4-D or Picloram were found.

Our results showed that, in all but one case, the results

obtained by chromosome counts and FCM were in accor-

dance. The exception was series 1 of P2 cultures in which

FCM analysis revealed an aneuploid status for the diploid

level (diploid with a few extra chromosomes) whereas

chromosome counts indicated a tetraploid with less 4

chromosomes. A possible explanation for this discrepancy

may be the time lapse between FCM and chromosome

counts analyses (approx. 6 months), that may have origi-

nated extra variations in chromosome number.

FCM allowed the estimation of the genome size of tam-

arillo. No significant differences were detected between trees

producing red and yellow fruits, but a large difference exists

between these values and the one available in the literature

(2C = 15.50 pg/DNA; Pringle and Murray 1991). Even

though both estimations were performed by FCM, the dif-

ferences can be attributed not only to the use of a different

fluorochrome (PI in the present study and 40,6-diamidino-2-

phenylindole (DAPI) in the previous work), but especially to

a different reference standard: Pisum sativum cv. Ctirad in

our work and Pigeon erythrocytes by Pringle and Murray

(1991). The use of DAPI has long been considered inap-

propriate for genome size estimations due to its specificity to

A-T bases (Greilhuber et al. 2007), leading to biased esti-

mations of genome size. However, this effect by itself cannot

account for the huge differences detected (7.8 pg). The use of

Pigeon erythrocytes seems to be the main cause of such

differences, as the authors assumed it to contain 2 pg of DNA

(according to Rees and Jones 1972), a value that is much

lower than that available in the Animal Genome Size Data-

base (Gregory 2012) for Columba livia (Rock Pigeon, 2C

ranging from 2.92 to 3.18 pg/DNA). Whether any of these

values is considered as standard, the 2C genome size esti-

mation by Pringle and Murray (1991) will be within

22.63–24.65 pg/DNA, which is in accordance with the

estimation presented in our results.

In conclusion, this work revealed that long-term embryo-

genic cultures of tamarillo are prone to display chromosome

variation, even after 1 year in culture, and should be regularly

monitored through the use of FCM and/or chromosome

counts. Such variation, associated with a decrease on regen-

eration capacity with culture age, implies difficulties in clonal

propagation through somatic embryogenesis in long-term
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cultures of this species. In this context, alternative ways of

preserving embryogenic tissues such as cryopreservation

must be considered. However, such chromosomal alteration

and other causes of genetic variation may also be useful as

demonstrated by Bairu et al. (2011). In fact, aneuploid lines

are often used in genetic research, whereas triploid and tet-

raploid plants are interesting for breeding purposes.
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