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Abstract The efficiency of in vitro polyploidization

depends on several variables associated to the plant,

the antimicrotubule agent and the interactions between

them. In the present work, we have used response-

surface methodology to determine the best operating

conditions for plant recovery in polyploidization

assays for shoot apices and somatic embryos of two

seedless grape cultivars, employing colchicine and

oryzalin. Explant type, tubulin-interfering compound

and concentration were the critical factors determining

plant recovery. Linear reduction in viable plant

regeneration via organogenesis and somatic embryo-

genesis was obtained by increasing oryzalin concen-

trations and treatment time, whereas the effects of

colchicine were better described by a quadratic design

for both explants types. The conditions promoting

higher rates of plant recovery were used in chromo-

some doubling experiments with oryzalin and colchi-

cine for shoot apices and somatic embryos of

‘Crimson seedless’ and ‘BRS Clara’. The established

protocols allowed the recovery of non-chimerical

autotetraploid plants at rates higher than 30 % for both

cultivars. Stomata size parameters statistically corre-

late to the ploidy level of the regenerants and were

effective for preliminary polyploidy screening. Auto-

tetraploid lines of seedless grapes were incorporated

into the Vitis germplasm bank for further agronomical

evaluations. To our knowledge, this is the first report

of in vitro oryzalin induced polyploidization of

grapevine and of the use of mathematical modeling

to optimize chromosome doubling in plants.

Keywords Colchicine � Organogenesis �
Oryzalin � Polyploidy � Seedless grape � Somatic

embryogenesis

Introduction

Worldwide there is a growing demand for quality

seedless grapes, which drives breeding programs to

develop novel cultivars exhibiting the trait. Seedless-

ness in grapevine is mainly due to stenospermocarpy, a

genetically controlled arrest of embryo development

after fertilization (Bergamini et al. 2013; Stout 1936).
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Impaired embryo development in stenospermocarpic

grapes reduces hormone biosynthesis and signaling

leading to reduced berry growth and interfering with

ripening (López-Miranda et al. 2011; Nitsch et al.

1960; Sweetman et al. 2012). Thus, several cultural

practices and exogenous growth regulators applica-

tions are required for seedless berries to achieve the

desired sensorial features, including size, color and

cluster aspect (Dokoozlian et al. 1995). These prac-

tices greatly increase production costs and exogenous

application of plant growth regulators may lead to

severe hormonal imbalance in other plant organs or

neighboring plants due to pleiotropic effects, as well

as raise safety environmental and consumers concerns

(Arora et al. 2009; Sharma and Awasthi 2003; Xue

et al. 2011).

Since the 1910s, grapevine plants with spontaneous

alterations in somatic cell ploidy have been selected

and vegetatively propagated to give rise to homoge-

neous polyploids due to their vigorous growth habit

and larger berries (Olmo 1952). Most recently, whole

genome studies have demonstrated the role of poly-

ploidy in increasing plant phenotypic plasticity in

adaptation traits, such as water stress tolerance,

flowering time and organ size (Doyle et al. 2008;

Chen 2010).

In vitro treatment of plant material with polyploidy-

inducing agents provides higher rates of chromosome

doubling in wide range of species (Yang et al. 2006;

Cai and Kang 2011; Dhooghe et al. 2011). Several

compounds interfere with cell cycle progression,

mainly by affecting polymerization and depolymer-

ization of tubulin, the main component of microtu-

bules that constitute the mitotic spindle apparatus, and

have been used to artificially induce chromosome

duplication in plants (Kasha 2005; Dhooghe et al.

2011). The most widely used polyploidization com-

pound in plants is colchicine, an alkaloid isolated from

Colchicum autumnale, that binds tubulin impairing its

polymerization or, at high concentrations, promoting

microtubule depolymerization (Caperta et al. 2006).

Recently, novel compounds, such as herbicides from

the dinitroaniline and benzamide classes (trifluralin,

oryzalin and pronamide), atoxic alkaloids (caffeine)

and benzofurans (griseofulvin), with higher affinity

for plant tubulins and less toxic to mammals are being

used (Häntzschel and Weber 2010). Currently, there

are no reports on the effects of oryzalin in chromo-

some doubling in Vitis species, since colchicine has

been the solely agent tested (Dhooghe et al. 2011;

Notsuka et al. 2000; Yang et al. 2006).

In the current work, we have employed mathemat-

ical modeling by response surface methodology to

improve plant recovery after colchicine and oryzalin

treatment for in vitro alteration of grapevine chromo-

some number, using two distinct regeneration sys-

tems; multibrotation of shoot apices and somatic

embryogenesis. The developed protocols were effec-

tive to produce autopolyploid plants in two important

seedless grape cultivars; ‘Crimson seedless’ and ‘BRS

Clara’ at high frequencies.

Material and methods

Plant material

Two diploid seedless grapevine (Vitis sp.) cultivars

(2n = 2x = 38) were employed in chromosome dou-

bling experiments; ‘Crimson seedless’ and ‘BRS

Clara’. ‘Crimson seedless’ is an important commercial

variety of table grape, developed by the Agriculture

Research Service of the United States Department of

Agriculture (ARS/USDA, Fresno, California) (Ramming

et al. 1995) and ‘BRS Clara’, developed by the grapevine

breeding program at Embrapa, is a highly productive

cultivar adapted to tropical and subtropical conditions

(Camargo et al. 2003). Shoots and immature flowers for

explanting were obtained from greenhouse cultivated

branch segments (approximately 20 cm in length, with

three to four lateral meristems), grown at 25 ± 3 �C,

natural light and 70 % relative humidity, in 2 L plastic

bags containing a 1:1:1 mixture of autoclaved soil:

horticulture substrate: vermiculite.

Shoot apices

Young shoots from greenhouse cultivated stakes were

excised and the leaves, removed. Subsequently, explants

were surface disinfected in 70 % (v/v) ethanol for 60 s,

followed by immersion in 1.0 % (v/v) sodium hypo-

chloride supplemented with 0.02 % (v/v) lL of Tween

20 for 20 min, and five washes with excess of autoclaved

distilled water. Individual stem segments containing a

single lateral meristem were inoculated basipetally in test

tubes containing 15 mL of Galzy medium (Galzy 1964)

supplemented with 2.5 % (w/v) of activated charcoal and

cultivated under 16 h photoperiod, provided by
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75 mmol m-2 s-1 white LED sources and 23 ± 2 �C.

Rooted plantlets were propagated to Galzy medium and

shoot apices were dissected, under stereomicroscope in

aseptic conditions, from four-week old plants to produce

the explants for polyploidy-inducing experiments.

Somatic embryogenesis

Immature flowers were detached from the clusters and

surface disinfected as described previously for the

shoot explants. Whole flowers were dissected under

stereomicroscope in aseptic conditions and inoculated,

with the peduncle side down, on somatic embryogen-

esis induction medium PIV (Franks et al. 1998;

Gribaudo et al. 2004). Explants were transferred to

fresh medium at four to six weeks intervals. Approx-

imately eight weeks after inoculation, embryogenic

calli were transferred to embryo proliferation medium

GS1CA (Franks et al. 1998). Cotyledonary stage

embryos were detached from calli and employed for

antimitotic agent treatment.

Treatment with antimitotic agents colchicine

and oryzalin

Somatic embryos and shoot apices were submitted to

five independent factorial experiments with antimitotic

agent, consisting of the following concentrations: 0, 20,

100, 250 and 1,250 lM for colchicine and 0, 20, 40, 60

and 80 lM for oryzalin, combined with 0, 12, 24, 36

and 48 h incubation times, in the dark at 18 ± 2 �C,

with shaking at 75 rpm. Shoot apices were incubated in

liquid C2D4B medium (Dutt et al. 2008) and somatic

embryos, in liquid GS1CA (Franks et al. 1998)

supplemented with the tested concentrations of the

antimitotic agents. Five replicates consisting of approx-

imately 20 explants were used per individual experi-

ment. After the treatment, the explants were thoroughly

washed with fresh liquid medium and transferred to

Petri dishes containing C2D4B or GS1CA media

solidified with 7 % (w/v) agar for shoot apices or

somatic embryos, respectively. Regenerants were indi-

vidualized and transferred to tubes containing Galzy

medium for rooting and subsequent ploidy analyses.

Ploidy determination

The ploidy level of the regenerants was initially

investigated by morphological analysis of mesophyll

epidermal structures under light microscopy. Five

independent microscopic fields were digitally photo-

graphed at 4009 magnification and analyzed for

stomata density, guard cell length and width using

ImageJ (Schneider et al. 2012).

Root tips were excised from in vitro plants,

overnight incubated in 0.01 % (w/v) colchicine at

18 �C and fixed with 1:3 acetic acid: ethanol for one

week at room temperature. Fixed roots were treated

with an enzyme mixture, consisting of 2 % (w/v)

cellulase and 2 % (w/v) pectinase, for 1 h at room

temperature and squashed with a cover slip in 45 %

acetic carmine prior to microscopic analysis at 1,0009

magnification. Five microscopic fields from three

independent root tips were digitally photographed for

chromosome counting. Representative metaphasic

cell nuclei are shown.

Data analysis

The experiments were carried out in a factorial design,

consisting of two qualitative variables: cultivars and

explants type, combined with two quantitative ones:

antimitotic agents colchicine (range 0–1,250 lM) and

oryzalin (range 0–80 lM) and treatment times (range

0–48 h). Three independent experiments with 20

explants per treatment were performed. The statistical

significance was analyzed by ANOVA and mean

comparison tests (t test and Tukey’s Honestly Signif-

icant Difference–HSD). Response surface methodol-

ogy (RSM) was based on a five-level two variable

Central Composite Design (CCD) employing the RSM

package (Lenth 2009) of the R software (R Core Team

2012). Mathematical and statistical techniques are

used in RSM to determine the functional relationship

between a response of interest and a number of

associated variables through experimental methods

(Lenth 2009). Different levels of the operating condi-

tions comprise the experimental factors that may be

categorical (qualitative) or quantitative. The used

design (CCD) is an experimental design used in RSM

to build a second order (quadratic) model for the

response variable without the need of a complete

three-level factorial experiment. It is possible due to

sequential augmentation of experimental blocks when

higher order fitting is needed. The canonical analysis

of second order response surfaces can be represented

as contour plots, in which the contour lines, repre-

senting the levels of the response, are overlaid on heat
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maps that indicate direction of the response as a

function of the investigated variables.

Results

Effect of the cultivar and explants type

Initially, we have surveyed the effects of the categor-

ical variables (explants type and cultivar) on plant

recovery after antimitotic agent treatment. The statis-

tical significance of the tested factors is summarized in

Table S1. Effective regeneration via shoot apices

organogenesis (SAM) and somatic embryogenesis

(SE) was obtained for ‘BRS Clara’ and ‘Crimson

Seedless’ (Fig. 1). The average number of recovered

plants was not significantly different between the

cultivars for regeneration via SE (4.17 ± 4.33 and

4.22 ± 5.89, respectively) and SAM (11.55 ± 10.04

and 9.56 ± 9.04, respectively), by Tukey HSD test. In

contrast, the regeneration system had a significant

impact on plant recovery for both tested cultivars;

higher rates of shoot formation were achieved by

organogenesis induction of shoot apices (Figs. 1, 2).

Effect of the antimitotic agent and treatment time

on plant regeneration

The combined effects of antimitotic agents, their

concentration and treatment time on SE and SAM

regeneration systems were analyzed by the response-

surface methodology (RSM). The cultivar effect was

not statistically significant (Fig. 2; Tables S1, S2),

thus, data from ‘BRS Clara’ and ‘Crimson Seedless’

were pooled for RSM analyses. Colchicine concen-

trations and treatment time were based on previous

reports by Notsuka et al. (2000) and Yang et al. (2006).

The use of oryzalin for chromosome doubling has not

Fig. 1 Effect of antimicrotubule agent treatment on plant

regeneration from shoot apices (SAM) and somatic embryos

(SE) of seedless grape cultivars ‘BRS Clara’ and ‘Crimson

Seedless’. Vertically aligned data correspond to 0, 24 and 48 h

treatment duration from three independent experiments, each

consisting of 60 explants
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been previously reported for grapevine, so we have

tested the concentrations and incubation times com-

monly employed for polyploidization in plants

(review in (Dhooghe et al. 2011)).

Treatment with colchicine and oryzalin had a

drastic negative effect on plant recovery by SE and

SAM, even at lower concentrations and shorter

exposure times (Figs. 3, 4; Table S2). Colchicine

effects were best described by a second order

(quadratic) design with response maxima ranging

from 720 to 760 lM of colchicine, for SE and SAM,

throughout the treatment duration (Fig. 4; Table S2).

The estimated stationary points for colchicine con-

centration and treatment time for SE and SAM are

within the experimental values, suggesting that the

response surface is a precise representation of the

biological phenomenon (Table S2). The negative

eigenvalues also indicate that the stationary points

are close to the design center and the operation

conditions are near optimum for plant regeneration

(Table S2). A 200 re-fit bootstrap analysis of the

experiment residuals also demonstrate the accuracy of

the stationary points estimation (Fig. S1).

In contrast, the best model describing the plant

regeneration response to oryzalin is a first order

(linear) design, with the steepest ascent corresponding

to increments of -19.18 lM oryzalin for SE, and

-17.78 lM for SAM and (Fig. 4; Table S2). Thus, the

reduction in plant regeneration is linearly correlated to

oryzalin concentration and exposure time, and the

direction of the steepest ascent indicates that increas-

ing oryzalin concentrations has greater effect on plant

regeneration than extending treatment time (Fig. 4;

Table S2).

In vitro induction of autopolyploidy in ‘Crimson

Seedless’ and ‘BRS Clara’

The conditions allowing higher rates of plant regen-

eration from SE and SAM under colchicine and

oryzalin treatments were employed for in vitro chro-

mosome doubling. A total of 59 regenerants were

analyzed from colchicine treatments, from which 22

(37.30 %) were confirmed to be polyploids (4n = 78)

(Table 1). The efficiencies of colchicine treatments for

somatic embryo polyploidization of ‘BRS Clara’ were

of 33.33 % and 41.67 % for ‘Crimson seedless’.

Diploid and aneuploid regenerants were recovered at

frequencies of 47.45 % and 10.17 %, respectively,

whereas mixoploids and visually identifiable mutants,

such as common albino, crème and fusca phenotypes

(Jürgens et al. 1991; Berenschot et al. 2008), were not

obtained (Table 1).

Sixty-eight (54.40 %) plants resulting from oryza-

lin treatment were submitted to cytological analyses,

allowing the identification of 39 (57.35 %) tetraploids

(Table 2). The frequencies of diploids (45.58 %) and

aneuploids (2.94 %) were lower than those found for

colchicine treatment (Tables 1, 2). As inferred by

RSM modeling, oryzalin is less damaging to grapevine

Fig. 2 In vitro plant regeneration via somatic embryogenesis

and organogenesis from shoot apices of ‘BRS Clara’ (a, c, e,

g) and ‘Crimson Seedless’ (b, d, f, h). a, b Embryogenic calli

(bar 0.5 mm). c, d Somatic embryo germination (bar 0.5 mm).

e, f Apices multibrotation (bar 0.5 mm). g, h Plant regeneration

(bar 0.2 mm). Magnification 960 (a, b, c, d, e, f) and 910 (g, h)
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plant regeneration and its effect increases linearly in

response to concentration, up to 100 lM (Fig. 4;

Table 2).

Genetic and morphological analyses

of the autopolyploids

Structures of the abaxial epidermis were analyzed by

light microscopy for ten randomly collected leaves

from independent regenerants of each cultivar and

light microscopy measurements of abaxial leaf epi-

dermis structures compared to the ploidy level deter-

mined by cytological analyses (Table 3). Linear

measures of stomata length and width and chloroplast

density per guard cell area were positively correlated

to chromosome number (Table 3; Fig. 5). Similarly,

stomata density per area was negatively correlated to

the ploidy level (Table 3; Fig. 5).

Autotetraploid plants of ‘BRS Clara’ and ‘Crimson

Seedless’ are morphologically similar to the original

diploids, except for shorter internodes, thicker stems

and more compact root systems, observed for in vitro

propagated plants (Fig. 6).

Discussion

In vitro polyploidy induction has been successfully

achieved for a wide range of plant species using

several explants types, including; apical and lateral

meristematic regions, callus, seeds, zygotic and

somatic embryos (Dhooghe et al. 2011). The induction

of plant morphogenesis from niches of stem cell in

meristematic regions under tissue culture conditions

favors uni- or oligocellular regeneration; thus, reduc-

ing the frequency of mixoploid chimeras, commonly

Fig. 3 Surface response contour plots of colchicine treatment

effects on grapevine plant regeneration via somatic embryo-

genesis (SE) and shoot organogenesis (SAM). Percentage of

plant recovery is represented by color scale and the contour

numbers. Contour lines represent significant points determined

by least significant difference (LSD) at P [ 0.01. Representa-

tive explants are shown for lowest and highest response curves

(right). (Color figure online)
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Fig. 4 Surface response contour plots of oryzalin treatment

effects on grapevine plant regeneration via somatic embryo-

genesis (SE) and shoot organogenesis (SAM). Percentage of

plant recovery is represented by color scale and the contour

numbers. Contour lines represent significant points determined

by least significant difference (LSD) at P [ 0.01. Representa-

tive explants are shown for lowest and highest response curves

(right). (Color figure online)

Table 1 Plant regeneration and polyploidy induction of somatic embryos and shoot apices of seedless grapes cultivars treated with

colchicine for 48 h in the dark, in liquid media, at 20 �C

Cultivar Explant type Colchicine

(lM)

Explants Regenerants Ploidy level

Treated Regenerated

(%)

Analyzed

(%)

Diploid Tetraploid Aneuploid

BRS clara Somatic

embryos

20 60 12 (20.02)b 10 (83.33) 7 3 0

80 62 5 (8.04)c 5 (100.00) 2 2 1

Shoot apices 250 60 17 (28.33)a 10 (58.82) 7 3 0

1,250 60 6 (10.00)c 6 (100.00) 2 3 1

Crimson

seedless

Somatic

embryos

20 65 9 (13.84)b 9 (100.00) 4 3 1

80 60 3 (5.03)d 3 (100.00) 1 2 0

Shoot apices 250 67 21 (31.34)a 10 (47.61) 3 3 2

1,250 60 6 (10.00)c 6 (100.00) 2 3 1

The ploidy level was determined by chromosome counting from metaphase root cells. The results represent totals from three

independent experiments. Statistical differences, calculated by Tukey Honestly Significant Difference at P [ 0.01, are represented by

lower case letters
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obtained from the polyploidization of tissues that

undergo multiple-cell regeneration (Dhooghe et al.

2011; Predieri 2001). In grapevine, the most effective

regeneration systems, based on single or a few cells,

include somatic embryogenesis (Martinelli and Gribaudo

2009) and shoot organogenesis (Dutt et al. 2008), and

both were tested as explants for in vitro chromosome

doubling.

Genotype is considered the determinant factor for

somatic embryogenesis competence induction in

grapevine (Martinelli and Gribaudo 2009), however,

no significant differences were observed in compe-

tence induction, somatic embryo production and plant

regeneration between ‘BRS Clara’ and ‘Crimson

Seedless’ in the absence of antimitotic agents. The

presence of common parentage in the genealogy of

both seedless cultivars, such as ‘Emperor’ (Ramming

et al. 1995; Camargo et al. 2003), may have contrib-

uted for the similar embryogenesis responses.

Regeneration from meristematic cells at the shoot

apex is a widespread developmental program in plants

and is less affected by genetic differences. In grape-

vine, it has been demonstrated to be effective for a

wide range of genotypes, including hybrids and Vitis

rotundifolia (Gray and Fisher 1985; Dutt et al. 2008).

The lower frequencies of plant recovery from somatic

embryos in comparison to shoot apices have been

previously reported (Dutt et al. 2008; Martinelli and

Gribaudo 2009) and are likely to be a consequence of

the complex developmental changes necessary for

embryogenesis competence induction, program estab-

lishment and plant regeneration (Marsoni et al. 2008;

Table 2 Plant regeneration and polyploidy induction of somatic embryos and shoot apices of seedless grapes cultivars treated with

oryzalin for 48 h in the dark, in liquid media, at 20 �C

Cultivar Explant type Oryzalin

(lM)

Explants Regenerants Ploidy level

Treated Regenerated

(%)

Analyzed

(%)

Diploid Tetraploid Aneuploid

BRS clara Somatic

embryos

20 60 17 (28.33)b 10 (58.80) 3 6 1

40 57 12 (12.05)b 10 (83.33) 4 6 0

Shoot apices 20 62 24 (38.07)a 10 (41.67) 7 3 0

40 60 18 (30.00)b 10 (55.56) 5 5 0

Crimson

seedless

Somatic

embryos

20 60 5 (8.33)d 5 (100.00) 2 3 0

40 60 3 (5.00)d 3 (100.00) 1 1 1

Shoot apices 20 64 28 (43.75)a 10 (35.71) 5 5 0

40 62 18 (29.03)b 10 (55.56) 4 6 0

The ploidy level was determined by chromosome counting from metaphase root cells. The results represent totals from three

independent experiments. Statistical differences, calculated by Tukey Honestly Significant Difference at P [ 0.01, are represented by

lower case letters

Table 3 Correlation coefficients between abaxial epidermis morphology and ploidy level in plants regenerated from somatic

embryos and shoot apices treated with colchicine and oryzalin

Cultivar Ploidy level Guard cell Stomata density (number per mm-2)

Length (lm) Width (lm)

BRS clara 2n 28.1 ± 0.3 19.2 ± 0.5 185.1 ± 3.3

4n 34.5 ± 0.7 25.7 ± 0.8 157.9 ± 2.5

Crimson seedless 2n 22.5 ± 0.6 18.5 ± 0.4 175.7 ± 3.6

4n 33.8 ± 0.5 24.5 ± 0.7 152.0 ± 1.8

Correlation coefficient - 0.783** 0.821** -0.650*

The results correspond to mean measurements from fifteen stomata from five microscopic fields, visualized in ten independent leaves

collected from five randomly selected wild-type (2n = 38) and polyploid (4n = 76) plants. The correlation coefficient between

tetraploidy and the mean values of guard cell and stomata parameters is shown. Statistical significance is represented by * and ** at

P \ 0.01 and P \ 0.01, respectively
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Fig. 5 Chromosome counts in root tip cells of wild-type

(2n = 2x = 38) ‘BRS Clara’ (a), and autotetraploid ‘BRS

Clara’ (2n = 4x = 76) (b), and ‘Crimson Seedless’

(2n = 4x = 76) (c), at 91,000 magnification. Light microscopy

analysis of abaxial epidermal structures in wild-type ‘BRS

Clara’ (d), and autotetraploid ‘BRS Clara’ (e), and ‘Crimson

Seedless’ (f), at 9400 magnification

Fig. 6 In vitro grapevine wild-type and tetraploid plants of

‘BRS Clara’ and ‘Crimson Seedless’. Forty-five day old wild-

type (left) and colchicine induced polyploidy (right) ‘BRS

Clara’ (a), and wild-type (left) and oryzalin induced polyploidy

(right) ‘Crimson Seedless’ (b)
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Maillot et al. 2009; Gambino et al. 2011). In contrast,

de novo shoot organogenesis from meristematic cells

is dependent on reiterative development from axillary

meristems, a process that does not require extensive

cellular reprogramming due to the undifferentiated

nature of the stem cells (Laux et al. 1996; DuClercq

et al. 2011; Chatfield et al. 2013). Thus, the high

efficiencies of shoot production from apices for both

cultivars are a direct consequence of totipotent stem

cells in the shoot meristem.

The differential plant regeneration response

observed for colchicine and oryzalin treatments may

be a consequence of their distinct mechanisms of

action. Although both compounds interfere with the

formation of the spindle apparatus during cell divisions

via tubulin interactions, colchicine directly binds the ß-

subunit of the protein preventing its polymerization, or

at higher concentrations, promotes microtubule depo-

lymerization (Caperta et al. 2006), whereas, oryzalin

binds tubulin a subunit, via a conserved threonine

residue (Thr239), and prevents microtubule polymer-

ization (Anthony and Hussey 1999). In plants, oryzalin

has been demonstrated to affect the morphology of the

endoplasmic reticulum and Golgi apparatus by yet

unknown mechanisms (Langhans et al. 2009). Simi-

larly, pleiotroic effects of colchicine have also been

described in animal (Koch and Spitzer 1982; Alberch

and Gale 1983; Koch and Spitzer 1983; Poloz and

O’Day 2012) and plant systems (Luckett 1989; Liu

et al. 2009). Distinct biochemical properties of plant

tubulin due to transcriptional regulation of gene

families and post-transcriptional modifications have

been associated to functional specificity in plants

(Breviario et al. 2013). In grapevine, acidic isoforms of

a and b-tubulin were preferentially found in buds,

whereas more basic forms were present in structures of

reproductive origin (flowers and tendrils) and leaves

(Parrotta et al. 2010). Thus, the distinct tubulin

composition of the microtubules from somatic

embryos and shoot apices may also have contributed

to the differential sensitivity to colchicine and oryzalin.

In Arabidopsis ecotypes, the sensitivity to colchi-

cine has been demonstrated to be genetically con-

trolled, however, it remains to be demonstrated

whether it is associated to the control of uptake or

detoxification processes (Yu et al. 2009). No effect of

the genomic context was observed for the sensitivity

of ‘Crimson Seedless’ and ‘BRS Clara’ to the

employed antimicrotubule compounds.

The efficiencies of colchicine treatments for

somatic embryo polyploidization of ‘BRS Clara’ and

‘Crimson seedless’ were higher than those reported for

several grape cultivars (Notsuka et al. 2000; Motosugi

et al. 2002; Wakana et al. 2005; Yang et al., 2006;

Sarikani and Wakana 2009). In vivo colchicine

treatment of several organs of Vitis genotypes have

been reported to be even less effective in generating

autopolyploids (Dermen 1954; Kuliev 2011). In

addition to its cytotoxicity, a mutagen effect of

colchicine has been reported for some plant species

(Van Tuyl et al. 1992; Carvalho et al. 2005; Rêgo et al.

2011), although its direct action on plant DNA has

never been conclusively demonstrated. Colchicine

pleiotropic effects predicted by model fitting to higher

order designs are represented by the almost four-fold

increase in aneuploidy, in comparison to oryzalin,

especially at higher concentrations of the antimitotic

agent.

In vitro autopolyploidy induction was slightly more

effective with oryzalin for the investigated seedless

grape cultivars, as shown for other plant species (Chalak

and Legave 1996; Vainola 2000; Carvalho et al. 2005).

To our knowledge, it is the first report of in vitro

induction of autopolyploid grapevine by oryzalin.

The recovery of autopolyploid, non-chimerical

plants is dependent on the cellular lineage affected

by the antimicrotubule compound; homogeneous

polyploidy individuals are derived from the regener-

ation of a single cell or a small number of cells from

sub-epidermal layers (L2 and L3) that give rise to the

generative lineage (review in Besnard et al. 2011;

DuClercq et al. 2011). In vitro techniques for plant

regeneration via de novo organogenesis and somatic

embryogenesis allow antimicrotubule compounds to

access the inner cell layers of plant meristems and

impair mitotic chromosome segregation in adult stem

cells differentiating into novel organs. Thus, shoot

apices and somatic embryos are suitable explants for

ploidy level manipulations in grapevine. De novo

organogenesis from the meristematic cells at shoot

apices is advantageous, in comparison to somatic

embryogenesis, due to its relative independence on the

genotype, shorter regeneration time (Fig. S2) and

higher rates of plant regeneration. The excision of leaf

primordia and immersion in liquid medium supple-

mented with the polyploidization agent facilitates

access of the compound to inner cell layers, reducing

the frequency of ploidy chimerae.
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Several variables are involved in optimizing treat-

ment of plant material with antimicrotubule agents to

generate autopolyploids, including: explants type,

cultivar, agent and its concentration, treatment time

and regeneration pathway. Thus, extensive experi-

mentation would be required to test the variables, their

levels and interactions. Response modeling, based on

finite experimental data, is a promising tool to help the

identification of the critical factors and their influence

for several in vitro methodologies, as recently shown

for pear micropropagation (Reed et al. 2013; Wada

et al. 2013).

The measurement of abaxial leaf epidermis struc-

tures is simple, fast, non-destructive and does not

require expensive reagents or equipments. Stomata

size was demonstrated to be a suitable predictor of

genome size for induced autopolyploid grapevine, as

shown for a wide range of angiosperms submitted to

in vitro autopolyploidization (Carvalho et al. 2005;

Yang et al. 2006; Rêgo et al. 2011). Recent studies

have demonstrated that plants of wild potato species,

polyploidized by in vitro oryzalin treatment, exhibited

no consistent morphological feature, suggesting that

the observed morpho-anatomical changes are stochas-

tic (Aversano et al. 2013). Although the relationship

between genome and stomata size and its biological

significance in autopolyploids is debatable (Beaulieu

et al. 2008; Hodgson et al. 2010; Parisod et al. 2010),

the direct comparison between epidermal structures

size and DNA content is useful for in vitro induced

grapevine polyploids.

Similarly, shorter branches, larger stem diameters

and smaller roots were described for autotetraploid

plants from three Vitis rootstock cultivars, whereas, no

morphological alteration was reported for allopolyp-

loids (Motosugi et al. 2002). Berry size and sensory

and functional compound contents were also increased

in tetraploid grape cultivars, in comparison to diploid

ones (Shiraishi et al. 2012, 2010, 2008). No significant

increase in soluble solids and total sugar contents were

observed in tetraploid grape berries (Shiraishi et al.

2012), in contrast to the higher levels of soluble solids

observed for tetraploid passion fruit (Rêgo et al. 2011).

In grapevine, these traits are highly influenced by the

environment and exhibit low correlation to the geno-

type (Shiraishi et al. 2012).

In conclusion, the current work presents thorough

optimization of the factors influencing in vitro induc-

tion of autopolyploidy in seedless grapes cultivars

from shoot apices and somatic embryos, employing

antimicrotubule agents; colchicine and oryzalin. The

critical factors influencing plant regeneration were

determined by response surface modeling and the

novel insights on the effects of the compounds

interfering with tubulin metabolism were provided.

The established protocols allowed the recovery of

non-chimerical autotetraploid plants at rates higher

than 30 % for both tested cultivars. Stomata size

parameters were shown to correlate to DNA content in

the regenerants and were effective for preliminary

polyploidy screens. To our knowledge, it is the first

report of in vitro oryzalin induced polyploidization of

grapevine.
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Rêgo MM, Rêgo ER, Bruckner CH, Finger FL, Otoni WC

(2011) In vitro induction of autotetraploids from diploid

yellow passion fruit mediated by colchicine and oryzalin.

Plant Cell Tiss Organ Cult 107:451–459. doi:10.1007/

s11240-011-9995-6

Sarikani H, Wakana A (2009) Effect of ploidy on parthenocarpy in

grape cultivars. Acta Horticult 827:433–438. http://www.

actahort.org/books/827/827_74.htm. Accessed 10 May 2013

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to

ImageJ: 25 years of image analysis. Nat Methods 9:

671–675. doi:10.1038/nmeth.2089

Sharma D, Awasthi MD (2003) Behaviour of forchlorfenuron

residues in grape, soil and water. Chemosphere 50:

589–594. doi:10.1016/S0045-6535(02)00619-7

Shiraishi M, Fujishima H, Chijiwa H (2008) Tetraploid sucrose-

accumulating grapevines. Vitis 47:191–192

Shiraishi M, Fujishima H, Chijiwa H (2010) Evaluation of table

grape genetic resources for sugar, organic acid, and amino

acid composition of berries. Euphytica 174:1–13. doi:10.

1007/s10681-009-0084-4

Shiraishi M, Fujishima H, Chijiwa H, Muramoto K (2012) Esti-

mates of genotypic and yearly variations on fruit quality and

functional traits for tetraploid table grape breeding. Euphy-

tica 185:243–251. doi:10.1007/s10681-011-0562-3

Stout AB (1936) Seedlessness in grapes.Technical Bulletin, N. 238.

New York State Agricultural Experiment Station, Geneva

Sweetman C, Wong DC, Ford CM, Drew DP (2012) Tran-

scriptome analysis at four developmental stages of grape
berry (Vitis vinifera cv. Shiraz) provides insights into reg-

ulated and coordinated gene expression. BMC Genomics

13:691. doi:10.1186/1471-2164-13-691

Vainola A (2000) Polyploidization and early screening of

Rhododendron hybrids. Euphytica 112:239–244. doi:10.

1023/A:1003994800440

Van Tuyl JM, Meijer B, Van Dien MP (1992) The use of oryzalin

as an alternative for colchicines in vitro chromosome dou-

bling of Lilium and Nerina. Acta Hortic 325:625–630

Wada S, Niedz RP, DeNoma J, Reed BM (2013) Mesos com-

ponents (CaCl2, MgSO4, KH2PO4) are critical for

improving pear micropropagation. In Vitro Cell Dev Biol

Plant 49:356–365. doi:10.1007/s11627-013-9508-x

Wakana A, Park SM, Hiramatsu M, Iianada N, Fukudome I,

Yasukochi K (2005) Characteristics of seedless berries of

tetraploid hybrid grapes (Vitis complex) from reciprocal

crosses between diploid ‘Muscat Bailey A’ and tetraploid

‘Red Pearl’. J Fac Agr Kyushu Uni 50:49–59

Xue J, Wang S, You X, Dong J, Han L, Liu F (2011) Multi-residue

determination of plant growth regulators in apples and

tomatoes by liquid chromatography/tandem mass spec-

trometry. Rapid Commun Mass Spectrom 25:3289–3297.

doi:10.1002/rcm.5225

Yang XM, Cao ZY, An LZ, Wang YM, Fang XW (2006) In vitro

tetraploid induction via colchicine treatment from diploid

somatic embryos in grapevine (Vitis vinifera L.). Euphytica

152:217–224. doi:10.1007/s10681-006-9203-7

Yu Z, Haage K, Streit VE, Gierl A, Torres-Ruiz RA (2009) A

large number of tetraploid Arabidopsis thaliana lines,

generated by a rapid strategy, reveal high stability of neo-

tetraploids during consecutive generations. Theor App Gen

118:1107–1119. doi:10.1007/s00122-009-0966-9

Euphytica

123

http://dx.doi.org/10.1016/j.plaphy.2009.03.016
http://dx.doi.org/10.1007/s00299-007-0438-0
http://dx.doi.org/10.1007/s00299-007-0438-0
http://dx.doi.org/10.1007/978-90-481-2305-6_17
http://dx.doi.org/10.1007/978-90-481-2305-6_17
http://dx.doi.org/10.1111/j.1469-8137.2009.03142.x
http://dx.doi.org/10.1007/s00425-009-1053-9
http://dx.doi.org/10.1007/s00425-009-1053-9
http://dx.doi.org/10.1016/j.diff.2011.12.006
http://dx.doi.org/10.1023/A:1010623203554
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.1007/s11627-013-9504-1
http://dx.doi.org/10.1007/s11627-013-9504-1
http://dx.doi.org/10.1007/s11240-011-9995-6
http://dx.doi.org/10.1007/s11240-011-9995-6
http://www.actahort.org/books/827/827_74.htm
http://www.actahort.org/books/827/827_74.htm
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1016/S0045-6535(02)00619-7
http://dx.doi.org/10.1007/s10681-009-0084-4
http://dx.doi.org/10.1007/s10681-009-0084-4
http://dx.doi.org/10.1007/s10681-011-0562-3
http://dx.doi.org/10.1186/1471-2164-13-691
http://dx.doi.org/10.1023/A:1003994800440
http://dx.doi.org/10.1023/A:1003994800440
http://dx.doi.org/10.1007/s11627-013-9508-x
http://dx.doi.org/10.1002/rcm.5225
http://dx.doi.org/10.1007/s10681-006-9203-7
http://dx.doi.org/10.1007/s00122-009-0966-9

	Improving in vitro induction of autopolyploidy in grapevine seedless cultivars
	Abstract
	Introduction
	Material and methods
	Plant material
	Shoot apices
	Somatic embryogenesis
	Treatment with antimitotic agents colchicine and oryzalin
	Ploidy determination
	Data analysis

	Results
	Effect of the cultivar and explants type
	Effect of the antimitotic agent and treatment time on plant regeneration
	In vitro induction of autopolyploidy in ‘Crimson Seedless’ and ‘BRS Clara’
	Genetic and morphological analyses of the autopolyploids

	Discussion
	References


