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Przemysław Gąsiorek • Magdalena Meus •

Katarzyna Nowak • Małgorzata D. Gaj

Received: 12 February 2013 / Accepted: 24 April 2013 / Published online: 31 May 2013

� The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract The LEAFY COTYLEDON2 (LEC2) transcrip-

tion factor with a plant-specific B3 domain plays a central

role in zygotic and somatic embryogenesis (SE). LEC2

overexpression induced in planta leads to spontaneous

somatic embryo formation, but impairs the embryogenic

response of explants cultured in vitro under auxin treat-

ment. The auxin-related functions of LEC2 appear during

SE induction, and the aim of the present study was to gain

further insights into this phenomenon. To this end, the

effect of LEC2 overexpression on the morphogenic

responses of Arabidopsis explants cultured in vitro under

different auxin treatments was evaluated. The expression

profiles of the auxin biosynthesis genes were analysed in

embryogenic cultures with respect to LEC2 activity. The

results showed that LEC2 overexpression severely modifies

the requirement of cultured explants for an exogenous

auxin concentration at a level that is effective in SE

induction and suggested an increase in the auxin content in

35S::LEC2-GR transgenic explants. The assumption of an

LEC2 promoted increase in endogenous auxin in cultured

explants was further supported by the expression profiling

of the genes involved in auxin biosynthesis. The analysis

indicated that YUCCAs and TAA1, working in the IPA-

YUC auxin biosynthesis pathway, are associated with SE

induction, and that the expression of three YUCCA genes

(YUC1, YUC4 and YUC10) is associated with LEC2

activity. The results also suggest that the IAOx-mediated

auxin biosynthesis pathway involving ATR1/MYB34 and

CYP79B2 does not seem to be involved in SE induction.

We conclude that de novo auxin production via the tryp-

tophan-dependent IPA-YUC auxin biosynthesis pathway is

implicated in SE induction, and that LEC2 plays a key role

in this mechanism.
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Abbreviations

2,4-D 2,4-Dichlorophenoxyacetic acid

2iP 6-(a,a-Dimethylallylamino)-purine

BAP 6-Benzylaminopurine

CIM Callus induction medium

DAG Days after germination

E5 Embryogenesis induction medium with auxin

E0 Auxin-free induction medium

IAA Indole-3-acetic acid

IZE Immature zygotic embryo

LEC2 LEAFY COTYLEDON2

NAA 1-Naphthaleneacetic acid

ORG Shoot organogenesis

SE Somatic embryogenesis

SIM Shoot induction medium

Introduction

Unlike the spectacular progress that have been made in

identifying the key genetic factors that control the repro-

gramming of somatic cells in animals (Wang et al. 2011),

the molecular mechanisms involved in the determination of
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plant tissue developmental plasticity are poorly understood.

Only recently, the molecular events governing embryo-

genic induction in somatic plant cells begun to be decoded,

and with the use of global transcriptome analysis many

genes have been shown to be involved in the somatic

embryogenesis (SE) that is induced in different plant spe-

cies (Thibaud-Nissen et al. 2003; Sharma et al. 2008; Imin

et al. 2008; Lucau-Danila et al. 2010). However, very few

genes have been experimentally confirmed to be SE-spe-

cific and even fewer have been elucidated in terms of their

mechanism of action during SE induction. Most of the

genes to date have been recognised as SE-promoting

encode transcription factors, including BABY BOOM

(BBM, Boutilier et al. 2002), WUSCHEL (WUS, Zuo et al.

2002), AGAMOUS-LIKE15 (AGL15, Harding et al. 2003),

LEAFY COTYLEDON (LEC, Gaj et al. 2005), AtMYB115,

AtMYB118 (Wang et al. 2009) and EMBRYO MAKER

(Tsuwamoto et al. 2010).

The LEC2 of the LEC group of genes encodes a tran-

scription factor with a plant-specific B3 DNA binding

motif and plays a master regulatory function in Arabidopsis

embryo and seed development (Braybrook and Harada

2008). Loss-of-function mutations in LEC2 lead to pleio-

tropic effects, including the formation of leafy cotyledons,

i.e. cotyledons with trichomes on the adaxial surface,

defects in suspensor morphology during early embryo-

genesis and desiccation-intolerant seeds that have to be

rescued before seed maturation (Meinke et al. 1994). LEC2

directly triggers the expression of seed-specific genes

(Santos-Mendoza et al. 2005) and controls oil and protein

metabolism in maturing seeds (Kroj et al. 2003; Baud et al.

2007). Recent analysis has indicated that LEC2 may also

be involved in carbon partitioning toward different storage

compounds, such as oil, proteins, and carbohydrates

(Angeles-Núnez and Tiessen 2011). LEC2 is expressed in

zygotic embryos between 4 and 14 days after pollination in

a developmentally regulated pattern (Stone et al. 2001;

Kroj et al. 2003), and different genetic factors repress its

expression in post-embryogenic tissue, including PICKLE

(PKL), a chromatin remodeler (Ogas et al. 1999) and fer-

tilisation-independent endosperm (FIE), the Arabidopsis

homolog of the PRC2 complex (Bouyer et al. 2011).

In addition to the versatile regulatory functions of LEC2

in zygotic embryogenesis and seed development, the gene

has been implicated in promoting the embryogenic

response of somatic tissue. It was reported that overex-

pression of LEC2 triggers spontaneous somatic embryo

formation in plants (Stone et al. 2001), while a mutation in

this gene impairs the embryogenic response of explants

cultured in vitro (Gaj et al. 2005).

Considering auxin as a key factor triggering SE induc-

tion in Arabidopsis and other plants (Gaj 2004), an auxin-

related mechanism was proposed as the most likely process

involved in the LEC2-mediated control of embryogenic

response in Arabidopsis tissue (Stone et al. 2008). In line

with this idea, auxin response INDOLE-3-ACETIC ACID

INDUCIBLE30 (IAA30) and auxin biosynthesis YUCCA2

(YUC2) and YUCCA4 (YUC4) were associated with the

LEC2-controlled genes (Braybrook et al. 2006; Stone et al.

2008). In addition, a close link between LEC2 activity and

exogenously applied auxin was indicated (Ledwoń and Gaj

2009). The gene was shown to be up-regulated in an

embryogenic culture induced in vitro on an auxin medium,

and the overexpression of LEC2 was found to compensate

for the auxin treatment as somatic embryo formation was

observed in explants cultured under auxin-free conditions

(Ledwoń and Gaj 2009). Together, these observations lead

to the hypothesis that LEC2 may influence the embryo-

genic potential of somatic tissue through the control of the

level of endogenous auxin.

In the present study, to gain insight into the auxin-

related mechanisms involved in the LEC2 control of

SE, in vitro morphogenic responses of tissues over-

expressing LEC2 were evaluated in relation to the auxin

type and concentration used in the culture medium. The

expression patterns of auxin biosynthesis genes involved

in two alternative tryptophan-dependent pathways were

profiled during SE in relation to LEC2 activity. The

results have provided further evidence that LEC2

influences the embryogenic response of cultured somatic

tissue through the activation of the YUCs (YUC1, 4 and

10) of the IPA-YUC auxin biosynthesis pathway, which

possibly results in local auxin production in somatic

tissue.

Materials and methods

Plant material

The Columbia (Col-0) genotype of Arabidopsis thaliana

(L.) Heynh., the transgenic plants overexpressing the LEC2

(35S::LEC2-GR, Col-0), and the yucca2 and yucca4

insertional mutants were used. The 35S::LEC2-GR (12/1/8)

line harboured a single copy of a transgene and displayed a

high and stable level of the LEC2 transcript under DEX

treatment (Ledwoń and Gaj 2009). Seeds of the Col-0

parental genotype and the insertional mutants, yuc2

(SALK_030199; N659779) and yuc4 (SALK_047083;

N668198), were supplied by NASC (The Nottingham

Arabidopsis Stock Centre, UK). Insertions carried by the

yuc2 and yuc4 mutants were shown to abolish the tran-

scription of the respective YUC2 and YUC4 gene (Sup-

plemental Fig. S1).
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Induction of LEC2 function in transgenic plants

In order to control the activity of the LEC2 protein, a

system of posttranslational activation was applied (Sa-

blowski and Meyerowitz 1998) in which a fusion the

LEC2-GR protein with the hormone-binding domain of the

rat glucocorticoid receptor (GR) enters the nucleus upon

induction with the mammalian steroid hormone analogue,

dexamethasone (water soluble DEX, Sigma Cat# D2915).

DEX was added to the media at a concentration of 30 lM

to activate the LEC2 protein in transgenic explants and

seedlings.

Explants for in vitro culture

Immature zygotic embryos (IZEs) in the late cotyledonary

stage of development and fragments (roots, hypocotyls,

petioles and cotyledons) of 14-day-old seedlings of the

Col-0 and 35S::LEC2-GR transgenic line were used as

explants for in vitro cultures. IZE explants were isolated

and sterilised according to a standard procedure (Gaj

2001). To produce explants from seedlings, seeds were

sterilised in a 20 % solution of commercial bleach for

20 min and then rinsed thrice in sterile water. Seeds were

then germinated on a half-concentrated MS medium (Mu-

rashige and Skoog 1962) containing 10 g L-1 sucrose and

8 g L-1 agar. Ten explants were cultured in one Petri dish,

and thirty explants, in three replicates, were analysed in

each culture combination.

Plant growth and in vitro culture conditions

Plants used for the analysis of indolic compounds and as a

source of IZE explants were grown in a mixture of soil and

vermiculite (1:1) at 22 �C under a 16-h photoperiod of

100 lM photons m-2 s-1 of white, fluorescent light. Plant

materials grown under sterile conditions were kept at 23 �C

under a 16-h photoperiod of 40 lM m-2 s-1 white, fluo-

rescent light.

Somatic embryogenesis

A standard protocol was used to induce somatic embryos

(Gaj 2001). Ten IZEs were cultured in a Petri dish (35 mm)

on a Phytagel-solidified (3.5 g L-l) induction medium

containing basal B5 micro and macro-elements (Gamborg

et al. 1968) and 20 g L-1 sucrose. A standard auxin (E5)

induction medium with 5 lM 2,4-dichlorophenoxyacetic

acid (2,4-D; Sigma) and an auxin-free (E0) medium were

used. In some experiments, modifications of the auxin

content in the induction medium were applied, including

various concentrations of 2,4-D over a range of

0.1–50 lM, and the replacement of 2,4-D with indole-3-

acetic acid (IAA) at 30, 40 and 50 lM and 1-naphthalene

acetic acid (NAA) at 5, 10, 20 lM. Explants, IZEs and

seedling fragments (hypocotyls, petioles and cotyledons)

were cultured and their embryogenic potential was evalu-

ated in respect to the auxin content in the medium and the

LEC2 expression level.

Shoot organogenesis

To induce shoot formation via organogenesis (ORG), IZEs

and roots isolated from 2-week-old seedlings were cul-

tured. Explants were incubated for 7 days in a liquid callus

induction medium (CIM), followed by a culture on solid

shoot induction media (SIM). The standard CIM medium

contained a basal composition of B5 medium (Gamborg

et al. 1968), 0.5 g L-1 MES, 20 g L-1 glucose, 2.2 lM of

2,4-D and 0.2 lM of kinetin (Feldmann and Marks 1986).

Shoot formation in cultures of the CIM-treated seedling

roots and IZE-derived cotyledons was induced on SIM-R

(Feldmann and Marks 1986) and SIM-C (Kraut et al. 2011)

regeneration media, respectively. The SIM-R medium was

composed of a basal B5 medium (Gamborg et al. 1968) and

supplemented with 0.5 g L-1 MES, 20 g L-1 glucose,

5 lM of 6-(a,a-dimethylallylamino)-purine (2iP) and

0.8 lM of indole-3-acetic acid (IAA), according to Feld-

mann and Marks (1986). The SIM-C medium contained

micro-elements of MS (Murashige and Skoog 1962),

macro-salts and vitamins of a B5 medium (Gamborg et al.

1968) and was supplemented with 30 g L-1 sucrose,

0.5 lM of NAA and 4.4 lM of BAP (6-benzylaminopu-

rine) (Kraut et al. 2011). Modifications of the standard CIM

and SIM media included a 109 increase of the auxin

concentration to 22 lM 2,4-D in CIM, 8 lM IAA in SIM-

R and 5 lM NAA in SIM-C.

Evaluation of the culture morphogenic capacity

The capacity for SE and ORG was evaluated in 3-week-old

cultures. Two parameters of culture morphogenic potential

were evaluated: SE/ORG efficiency as the frequency of the

explants producing somatic embryos/shoots and SE/ORG

productivity defined as the average number of somatic

embryos/shoots developed per explant.

Content of indolic compounds

A colorimetric technique that enabled the detection of

indolic compounds, including IAA, was applied (Bric et al.

1991). To verify the reliability of this technique for the

analysis of plant tissue, the tissues of Col-0 plants with

significantly different IAA levels were analysed. The

analysis involved the roots and leaves of 10 and 17 DAG

seedlings, respectively (Kowalczyk and Sandberg 2001),
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and the leaves of different ages isolated from 4-week-old

plants: young versus old rosette leaves (Graaff et al. 2003).

To evaluate the relationship between IAA content and

LEC2 activity, 4-week-old seedlings and IZE-derived

cultures of Col-0 and 35S::LEC2-GR genotypes were

analysed.

Seedlings were grown from surface-sterilised seeds (a

20 % solution of commercial bleach for 20 min) on a MS

agar basal medium (Murashige and Skoog 1962). IZE

explants were induced on an E5 medium and tissues were

sampled at the 5th and 21st days of the culture. In addition,

to the 21-day-old Col-0 cultures developing somatic

embryos, the explants that failed in SE induction and

produced a non-embryogenic callus were analysed.

Fresh tissue (10 and 100 mg from an in vitro culture and

plants/seedlings, respectively) was transferred immediately

after harvest to mortars containing 2 mL of 109 PBS and

kept at 4 �C. The material was homogenised and the

solution centrifuged (25 min; 18,0009g). 2 mL of super-

natant was mixed with 100 lL of 10 mM orthophosphoric

acid and 4 mL of Salkowski’s reagent (150 mL H2SO4;

250 mL ddH2O; 7.5 mL 0.5 M FeCl3 9 6H2O). The

absorbance of a pink colour developed after a 30-min

incubation at room temperature was read at 530 nm. The

IAA concentration was determined using a calibration

curve of pure IAA (solutions of IAA were freshly prepared

in 109 PBS), as the standard following linear regression

analysis. Each analysis was carried out in three replicates.

RNA isolation and RT-qPCR analysis

An RNAqueous Kit (Ambion) was used to isolate total

RNA from the IZE explants induced on an auxin (E5)

medium at 0, 3, 5, 10 and 15 days. Depending on the age of

the culture, from 250 (0 d) to 4 (15 d), explants were then

used for RNA isolation. The concentration and purity of

RNA was evaluated with a ND-1000 spectrophotometer

(NanoDrop). In order to control DNA contamination, the

RNAs were treated with RQ1 RNase-free DNase I (Pro-

mega) following the manufacturer’s instructions. First-

strand cDNA was produced in a 20-lL reaction volume

using the RevertAid First Strand cDNA Synthesis Kit

(Fermentas). The product of reverse transcription was

diluted with water at a 1:1 ratio, and 1 lL of this solution

was used for RT-PCR or RT-qPCR reactions. RT-qPCR

was carried out in a 10-lL reaction volume using a

LightCycler Fast- Start DNA Master SYBR Green I

(Roche).

The LightCycler 2.0 (Roche) real-time detection system

was used under the following reaction conditions: dena-

turation one repeat of 10 min at 95 �C, followed by 45

repeats of 10 s at 95 �C, 8 s at 55 �C, 12 s at 72 �C and 5 s

at 80 �C. Denaturation for melt curve analysis was

conducted at 95 �C followed by 15 s at 65 �C and 95 �C

(0.1 �C/s for fluorescence measurement).

Primary data analysis was performed using LightCycler

Software 4.0 (Roche). Relative RNA levels were calculated

and normalised to an internal control, the At4g27090 gene

encoded 60S ribosomal protein (Thellin et al. 1999). In all

of the analysed tissue samples, the control gene exhibited a

constant expression pattern with Cp = 18 ± 1.

The following primers were used for the expression

profiling of the genes analysed:

YUC1 pF CGGAACACCGTTCATGTGT pR

CCGGTGACATTTTTCAGCTC

YUC2 pF TTGTGGTTCGTGACTCGGTA pR

TTCAAGAGGGCCAAGTTTTG

YUC3 pF GATGGCCGTGTTCTTGAGAT pR

TCATGAGCCACACTCATAGC

YUC4 pF AACTCCCGTTCTTGATGTCG pR

AAAAACTATTCTCCTTAAGCCAATC

YUC5 pF TGTCCAGTCTGCTCGATACG pR

TTCTCGCCGGATTTGTACTC

YUC6 pF GGTAAAACTCCGGTTCTCGAC pR

TTGGAAATCCATCTTTCTTACTAAAC

YUC7 pF TGAAGAACACCGCAGGTAAA pR

CCAAGTCGTTTTCCTTAAGCC

YUC8 pF CGTCTCAAGCTTCACCTTCC pR

AGCCACTGGTCTCATCGAAC

YUC9 pF TGGTCGTTAGAAGCTCGGTT pR

CGGCGTCTTTCCTGTCAT

YUC10 pF TTACCGGAAAAGCTCCTGTC pR

TCACGTATTCATAGTCCTCTAACCA

YUC11 pF GAGAATGGCGAAGGTGTGAT pR

TAACACGTGCACCTGGCTAC

TAA1 pF TTCGTGGTCAATCTGGATCATGG pR

ACCACGTATCGTCACCGTACAC

CYP79B2 pF TCAAACCCACCATTAAGGAGCTTG

pR GACTCTGTCGATCTCTTCCATTGC

ATR1/MYB34 pF TAACACGTGCACCTGGCTAC pR

CAATGTGGAGGTCGGAGAAT

At4g27090 pF GTCGTTATCGTCGACGTTGTT pR

CCTCGATCAAAGCCTTCTTCT

The plant tissues for the analysis of gene expression

were produced in three biological replicates, and two

technical replicates of each repetition were carried out.

Data presentation and statistical analysis

The averages with standard deviation are presented in

Figs. 2–6. To calculate the significant differences (at

P = 0.05) between the samples compared, the Kruskal–

Wallis ANOVA rank was applied and the medians are

presented in Table 1, Fig. 7 and Fig. S2, accordingly.
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Results

LEC2 overexpression and morphogenic responses

in vitro

Somatic embryogenesis

In a previous study (Ledwoń and Gaj 2009), we found that

LEC2 overexpression induced in an IZE-culture disturbs

embryogenic response and on an E5 auxin medium that is

efficient for SE induction in WT explants, a callus is pro-

duced instead of the direct development of somatic embryos.

In addition, an auxin-free medium that is inefficient for SE

induction in a WT culture led to somatic embryo production

upon LEC2 overexpression. These observations suggested a

relation between the LEC2 expression and auxin treatment

required for IZE explants to induce SE.

To explore this hypothesis, transgenic IZE explants

(35S::LEC2-GR) were cultured in a range of 2,4-D con-

centrations, and morphological observations revealed that

depending on the LEC2 expression level (DEX-treated

versus DEX-free cultures), the explants displayed drasti-

cally different capacities for SE (Fig. 1). In the presence of

a low 2,4-D concentration (0.1–1.0 lM), explants not

treated with DEX frequently developed into seedlings

(Fig. 1a, c), while those overexpressing LEC2 produced

somatic embryos (Fig. 1b, d). A standard concentration of

2,4-D (5 lM) in the induction medium resulted in the

inhibition of embryogenic response in transgenic DEX-

treated explants and a callus was produced instead (Fig. 1f).

The responses of LEC2 overexpressing explants were

found to mimic WT explants cultured at high 2,4-D concen-

trations. A decline in the embryogenic capacity of Col-0

explants correlated with increasing 2,4-D concentrations used

in the induction medium (Fig. 2a, b). Consequently, 50 lM of

2,4-D almost totally inhibited the embryogenic response of

WT explants and efficiently promoted tissue re-differentiation

into callus, as was observed in the LEC2-overexpressing

explants cultured at a 109 lower (5 lM) 2,4-D concentration.

The explants overexpressing LEC2 showed a high capacity

for SE induction under a low (0.1 lM) 2,4-D concentration,

which was suboptimal for the WT culture (Fig. 2c, d). To

reveal whether the observed hypersensitivity of LEC2-over-

expressing cultures to auxin was specific for 2,4-D treatment,

two other auxins, IAA and NAA, were tested. In a similar way

to 2,4-D treated explants, LEC2-overexpression significantly

changed the requirements of the explants for IAA and NAA

concentrations that were efficient for SE induction (Fig. 2e, f).

IAA in concentrations of 30–50 lM was inefficient for SE

induction in the control culture (DEX-free), and a maximum

25 % of the explants developed somatic embryos. In contrast,

the DEX-treated explants displayed a high SE efficiency (over

70 %) and productivity in the presence of a lower IAA

(30 lM) concentration. Similarly, explants overexpressing

LEC2 showed an increased sensitivity to NAA, and the most

efficient concentration for SE induction in DEX-free culture,

20 lM, almost totally inhibited embryogenic response in the

LEC2-overexpressing culture and promoted callus formation.

An increased activity of, or sensitivity to, auxin in LEC2

overexpressing tissue was also implied when seedling

explants (hypocotyls, cotyledons and petioles) were cultured

in auxin and auxin-free media (Fig. 3). Regardless of the

explant type that was cultured, LEC2 overexpression pro-

moted callus formation on the auxin-free medium, and in

contrast, a significantly reduced callogenesis was observed

in the presence of auxin (Fig. 3a). In addition to callus for-

mation, the seedling explants overexpressing LEC2 cultured

on an E0 medium displayed shoot formation (Fig. 3b), and

somatic embryos were also noticed sporadically (Fig. 3c).

These results showed conclusively that LEC2 overex-

pression severely modifies the embryogenic responses of

different tissue types under auxin treatment. Regardless of

Table 1 Endogenous level of indolic compounds (lg/g of fresh tissue) in seedlings and IZE-culture of Col-0 and 35S::LEC2-GR transgenic line

with DEX-induced LEC2-overexpression

Col-0 35S::LEC2-GR - DEX 35S:LEC2-GR ? DEX

Seedlings 28 days 65.83 ± 39.58 67.92 ± 31.00 165.01 ± 58.77*

5 days 240.30 ± 23.93 228.46 ± 39.34 307.18 ± 30.67*

IZE-derived culture

21 days Col-0

Somatic embryos Callus

214.48 ± 33.00 292.59 ± 18.09*

IZE explants were cultured on auxin medium (E5)

* Values significantly different from DEX-free cultures
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the auxin and explant type, the observed responses implied

an increased sensitivity to auxin of transgenic tissue.

Shoot organogenesis

Auxin, as a sole phytohormone, is used in Arabidopsis to

induce SE, while a combination of auxin and cytokinin

results in shoot organogenesis. To test whether LEC2

overexpression also modifies the morphogenic response of

tissues induced toward shoot regeneration, IZE-cotyledon

and seedling-root explants induced on a CIM medium were

transferred to cytokinin-enriched SIM media to promote

shoot organogenesis. It was observed that a 35S::LEC2-GR

transgenic root and IZE-cotyledon explants that were not

treated with DEX (-DEX) responded similarly to WT

explants (Col-0) and produced shoots on SIM-R and SIM-

C media efficiently, respectively. In contrast, transgenic

explants induced with DEX (?DEX) were found to be

totally unable to undergo shoot regeneration (Fig. 4a, b).

Responses similar to those displayed by the LEC2-over-

expressing culture were observed in the cultures of Col-0

explants induced on SIM media with a 109 elevated auxin

concentration. An increased auxin concentration, regard-

less of the explant type, resulted in a drastic reduction of

explant frequency for regenerating shoots, as well as the

average shoot number produced per explant (Fig. 4c, d).

Moreover, the transgenic explants treated with DEX and

cultured on standard media, and the WT explants induced

on media with a 109 elevated 2,4-D concentration, readily

produced a callus (Fig. 4e, f, g, h).

Indolic compound level in tissue overexpressing LEC2

The analysis of the morphogenic responses of explants

overexpressing LEC2 with respect to auxin treatment

implies an increased sensitivity to auxin of transgenic tissue.

In addition, the transgenic seedlings with DEX-induced

LEC2 overexpression were reported to display severe

Fig. 1 Morphogenic responses

of 35S::LEC2-GR IZE explants

cultured in the absence (a, c, e)

or presence (b, d, f) of DEX on

induction media supplemented

with various concentrations of

2,4-D: 0.1 (a, b), 1 (c, d) and

5 lM (e, f). Somatic embryo-

like structures on an IZE-

developed seedling (a, c);

numerous somatic embryos

(b, d, e) and a non-embryogenic

callus (f). Somatic embryo-like

structures (arrow) and somatic

embryos (arrow head) are

indicated. Scale bar 1 mm
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developmental defects, including reduced growth, swollen

cotyledons and spontaneous callus and somatic embryo

development (Stone et al. 2001; Ledwoń and Gaj 2009). In

light of all of these observations, we hypothesised that LEC2

overexpression may result in an increased content of

endogenous IAA. To test this assumption, we used a color-

imetric method based on the Salkowski reagents (Bric et al.

1991), which enable the detection of indolic compounds

correlated with IAA production and which is routinely

applied to indicate IAA production in bacteria (Ma et al.

2009; Luo et al. 2011). Our analysis proved that this method

may also be useful for a rough estimation of the IAA level in

plant tissue. Similar to other reports on IAA content in dif-

ferent tissues of Arabidopsis plants (Kowalczyk and

Sandberg 2001; Graaff et al. 2003), we found a significantly

higher content of indolic compounds in the roots rather than

in leaves of seedlings and in the younger rather than older

leaves of 4-week-old plants (Supplemental Fig. S2).

This method was then applied to study the relationship

between LEC2 expression and auxin level. An analysis of

4-week-old seedlings indicated a more than twofold increase in

the content of indolic compound in the 35S::LEC2-GR seed-

lings overexpressing LEC2 compared with the control (Col-0)

and with transgenic tissue that had not been treated with DEX

(Table 1). Indolic compounds were also evaluated in trans-

genic explants cultured for 5 days on an E5 medium. The

results showed a significantly higher (1.3-fold) level of these

substances in the transgenic cultures overexpressing LEC2.

Fig. 2 SE efficiency (a, c, e) and productivity (b, d, f) of Col-0

(a, b) and 35S::LEC2-GR (c, d, e, f) on cultures derived from IZE

explants induced under different auxin treatments: 2,4-D (a–d) or

IAA and NAA (e, f). DEX treatment (?DEX) was used to induce

LEC2 overexpression in transgenic explants. Bars represent standard

deviation (n = 9)
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Taken together, the increased level of indolic com-

pounds found in planta and in vitro in tissue overexpressing

LEC2 supports the assumption of the positive impact of

LEC2 activity on auxin production. Given that a callus is

frequently produced instead of somatic embryos on a

standard SE induction medium in response to LEC2

overexpression, we were also interested in determining

whether cultures producing a callus differ in auxin content

from those developing somatic embryos. Thus, indolic

compounds were also compared in Col-0 explants that

were efficiently producing somatic embryos and those

which failed in SE induction and produced a non-

embryogenic callus. The results showed an increased (over

35 %) content of indolic compounds in the callus tissue

compared with embryogenic cultures of the same age.

Expression of auxin biosynthesis-related genes

during SE

YUCCAs

To identify the auxin biosynthesis genes activated in an

embryogenic culture in response to LEC2, the expressions

patterns of YUCCAs, the key components of the main

tryptophan-dependent pathway of auxin synthesis in Ara-

bidopsis, were analysed in the IZE-derived embryogenic

cultures. RT-PCR analysis of all 11 members of the

YUCCA family in Arabidopsis showed transcripts of seven

YUC genes (YUC1, 3, 4, 6, 8, 9 and 10) in the embryogenic

culture (Fig. 5). The results suggested that LEC2 stimu-

lated transcription for three of them, YUC1, YUC4 and

YUC10. To quantify the expression of LEC2-controlled

YUCs, real-time qRT-PCR analysis was conducted at dif-

ferent stages (0–15 days) of the IZE-derived culture

(Fig. 6a–c). This analysis indicated that DEX treatment

resulted in the abrupt stimulation of YUC1 and YUC4 from

an early stage (3 days) of E5-induced cultures, while the

expression of YUC10 increased gradually during SE and

the gene was up-regulated over 4,000-fold in a more

advanced culture. A significant activation of YUC1, 4 and

10 in response to LEC2 overexpression was also observed

in explants cultured on an auxin-free E0 medium. In

addition, a noticeable similarity in the YUC expression

profiles observed in cultures derived on E5 and E0 media

suggests that auxin treatment is rather unlikely to directly

affect the transcription of these genes.

Fig. 3 Morphogenic responses

of 35S::LEC2-GR seedling

explants (hypocotyls,

cotyledons and petioles) under

DEX-induced (?DEX) LEC2

overexpression on an auxin (E5)

and auxin-free (E0) medium.

Frequency of explants

developing a callus (a).

Development of shoots (b) and

somatic embryos (c) on an

auxin-free (E0) medium. Shoots

(arrows) and somatic embryos

(arrow head) are indicated. Bars

represent standard deviation

(n = 3). Scale bar 1 mm
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In total, the results show that LEC2 seems to stimu-

late expression of three YUC genes (YUC1, 4 and 10) in

IZE-cultures; however, whether this regulation is direct

or not remains unknown. As LEC2 is highly expressed

in a WT embryogenic culture (Ledwoń and Gaj 2009),

the involvement of YUC1, 4 and 10 in the auxin bio-

synthesis associated with SE induction can therefore be

assumed. Because of the notably different expression

patterns of YUC1, 4 and 10 during SE, a different

contribution of these genes for SE induction cannot be

excluded.

TAA1

In addition to the YUC genes, the expression pattern of

TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOP-

SIS1 (TAA1), which is involved in the same tryptophan-

dependent pathway of auxin synthesis, was analysed

in vitro in relation to LEC2 expression and auxin treatment

(Fig. 6d). The results indicate that the high activity of the

TAA1 gene under SE-promoting conditions (DEX-free E5)

implies the involvement of this gene in SE induction. In

contrast to YUC genes, no clear influence of LEC2 activity

Fig. 4 Shoot organogenesis capacity in cultures derived from root

and IZE-cotyledon explants of Col-0 and 35S::LEC2-GR (a, b) and

Col-0 (c, d). A standard (a, b) and 109 elevated (c, d) auxin

concentration in regeneration media was used and the frequency of

shoot-regenerating explants (a, c) and the average shoot number

regenerated by an explant (b, d) were evaluated. Inhibition of shoot

regeneration and callus formation in root (e, g) and IZE-cotyledon

(f, h) explants. DEX-treated explants of 35S::LEC2-GR were induced

under standard culture conditions (e, f) and Col-0 explants were

cultured under an elevated auxin concentration (g, h). LEC2

overexpression was induced with DEX (?DEX). Bars represent

standard deviation (n = 9). Scale bar 1 cm
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on TAA1 expression level was observed in the E5-cultured

explants, thus suggesting that the direct control of this gene

by LEC2 is rather unlikely.

CYP79B2 and ATR1/MYB34

Two other genes, CYP79B2 and ATR1/MYB34, which are

involved in the alternative IAOx-mediated tryptophan-

dependent pathway of auxin biosynthesis, were analysed in

the IZE-derived cultures in relation to the LEC2 tran-

scription level (Fig. 6e, f). In contrast to the YUC genes,

CYP79B2 and ATR1/MYB34 exhibited the highest expres-

sion in the DEX- and auxin-free cultures. Moreover, LEC2

overexpression was observed to down-regulate CYP79B2

transcription regardless of the presence/absence of auxin in

a medium. In contrast to the CYP79B2 and YUC genes

studied, ATR1/MYB34 expression in the embryogenic cul-

ture of E5-induced explants was found to be extremely low,

over 500-fold in comparison to YUC4, and no clear influ-

ence of LEC2 or auxin on the activity of this gene was

observed. Collectively, given that ATR1/MYB34 is a key

activator of IAOx-mediated pathway of auxin biosynthesis,

the involvement of this pathway in SE induction seems to

be very unlikely.

Morphogenic responses of yucca mutants

Mutants in two YUCCA genes, yuc2 and yuc4, were eval-

uated in vitro in terms of their capacity for SE and ORG.

These knock-out mutations were found to impair the

embryogenic response of IZE explants cultured on an E5

auxin medium (Fig. 7a–e). The reduced embryogenic

response of the mutants was manifested by a significantly

decreased (up to 33 %) frequency of explants producing

somatic embryos and more than a 30 % lower number of

somatic embryos produced by the mutant explant (Fig. 7a,

b). In contrast to SE, an alternative morphogenic pathway,

shoot organogenesis, was not affected in the mutant cul-

tures and all of the explants of yuc2 and yuc4 mutants

developed numerous shoots with productivity comparable

to the control (Fig. 7f–h).

Discussion

The embryogenesis-promoting activity of the LEC2 tran-

scription factor was manifested in planta and in vitro in the

vegetative tissue of Arabidopsis and somatic embryos were

formed on intact LEC2-overexpressing seedlings and IZE

explants that were cultured in vitro, respectively (Stone

et al. 2001; Ledwoń and Gaj 2009). Therefore, LEC2 was

proposed as providing an embryogenic environment in

somatic tissue via an auxin-related mechanism (Stone et al.

2008). In line with this notion, the YUCCA genes involved

in auxin biosynthesis were reported to be among LEC2

targets (Braybrook et al. 2006; Stone et al. 2008). The SE-

promoting effect of LEC2 overexpression was found to be

restricted to auxin-free conditions, as exogenously applied

auxin was shown to inhibit the embryogenesis-inductive

activity of LEC2, possibly through an increasing auxin

content or sensitivity (Ledwoń and Gaj 2009).

The present study provides further evidence on the

LEC2-mediated positive control of endogenous auxin

production during SE induction. The results indicate that

LEC2 overexpression reduces the embryogenic potential of

explants cultured on auxin media, and regardless of the

auxin type, this SE inhibitory effect is related to the auxin

concentration in the medium. The negative correlation

between the exogenous auxin concentration and SE effi-

ciency observed in 35S::LEC2-GR transgenic culture

implied an increase in the auxin content following LEC2

overexpression. A similar conclusion on the positive

impact of LEC2 expression on endogenous auxin was also

deduced from the observation that shoot regeneration was

replaced by callus formation in the explants overexpressing

LEC2 that were cultured under a standard hormone treat-

ment. This callus-promoting response of transgenic

explants was found to mimic WT explants induced under

high auxin concentrations. The assumption about a positive

relation between LEC2 expression and auxin content was

further supported, and a significant increase of indolic

compounds, including IAA, was indicated in tissue over-

expressing LEC2.

Fig. 5 RT-PCR analysis of YUC transcripts in embryogenic cultures

derived from 35S::LEC2-GR IZE explants on an E5 medium. LEC2

overexpression was induced with DEX (?DEX). RNA samples for

the analysis were isolated from 0-, 5-, 15-day-old cultures in three

(1–3) independent biological replicates. Culture age/replication

number is indicated for each line. At4g27090 gene encoded 60S

ribosomal protein was used as a control for cDNA synthesis
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For that reason, we aimed to identify the auxin bio-

synthesis genes that are controlled by LEC2 during SE

induction. Three of YUC genes (YUC1, YUC4 and YUC10)

that are involved in the main tryptophan-dependent auxin

biosynthesis pathway were found to be drastically up-reg-

ulated by LEC2 in cultured explants. These YUC genes are

predicted to play essential roles in many developmental

processes including ZE (Zhao et al. 2001; Cheng et al.

2007; Zhao 2010). In addition, YUC4 was expressed in the

shoot apex and cotyledon tips of IZE (Cheng et al. 2007),

the regions with a higher LEC2 activity and auxin accu-

mulation, which are involved in the early events that are

associated with SE induction (Kurczynska et al. 2007).

Thus, it can be speculated that the activity of YUCs co-

localises with LEC2 expression and auxin accumulation;

however, this remains to be proven. Moreover, further

analyses are necessary to reveal whether YUC genes are

direct transcriptional targets of LEC2 or whether other

genetic elements are involved in this interaction.

The activation of several YUC genes, including those

found to be LEC2-controlled in the present study, was also

reported in an embryogenic callus of Arabidopsis that was

forced to develop somatic embryos via the removal of

auxin from a medium (Bai et al. 2012). Collectively, these

Fig. 6 Expression of auxin biosynthesis genes in cultures of

35S::LEC2-GR IZE explants cultured on an auxin-free (E0) and

auxin (E5) medium: a YUC1, b YUC4, c YUC10, d TAA1, e CYP79B2

and f ATR1/MYB34. LEC2 overexpression was induced with DEX

(?DEX). Bars represent standard deviation (n = 3); Relative tran-

script level was normalised to internal control (At4g27090) and

calibrated to the 0 day culture
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observations on SE induction in Arabidopsis imply that

auxin biosynthesis mediated by YUC genes is associated

with SE induction regardless of the embryogenic system.

However, due to the tissue- and developmentally regulated

expression of YUCs (Cheng et al. 2006), the specific con-

tribution of different YUC genes to SE induction in dif-

ferent embryogenic systems remains to be revealed. For

example, YUC2 expression reported in intact Arabidopsis

seedlings overexpressing LEC2 and forming somatic

embryos (Stone et al. 2008) was not found in auxin-

induced IZE explants in the present study.

The activity of the YUCs in auxin-induced explants

cultured in vitro that was observed in the present study

parallels the expectation that these genes are regulated by

environmental clues, such as hormones and stress factors

(Ye et al. 2009). Although specific cis elements related to

hormone and stress responses are present in the YUCs

promoters, the gene regulation mechanisms and the

Fig. 7 Morphogenic responses of yuc2 and yuc4 mutants. Impaired

embryogenic capacity of yuc2 and yuc4 mutants is manifested by a

reduced SE efficiency (a) and SE productivity (b) of IZE-derived

cultures induced on an E5 medium. Reduced number of somatic

embryos produced by IZE explant of yuc2 (c) and yuc4 (d) in

comparison to Col-0 (e). High capacity for shoot organogenesis of

root explants of yuc2 (f), yuc4 (g) and Col-0 (h) cultured on CIM-

SIM-R media. Bars represent standard deviation (n = 9). Scale bar

1 mm; *Values are significantly different from Col-0 culture
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operating transcription factors remain mostly undetermined

(Zhao 2010). At present, only STY/SHI genes and LEC2

have been implicated in the regulation of YUC expression,

and among them, YUC4 was postulated to be their potential

direct target (Sohlberg et al. 2006; Stone et al. 2008). The

results of the present study provide further evidence on

LEC2-controlled YUC activity and indicate that in addition

to YUC4, YUC1 and YUC10 are also possible targets of this

master regulator.

It has become widely accepted that auxin regulates

developmental processes via an auxin gradient resulting

from a local auxin biosynthesis coupled with polar auxin

transport (Kieffer et al. 2010). Auxin polar transport and a

local increase in endogenous auxin have been reported in

the embryogenic callus cells of Arabidopsis that are

undergoing embryogenic transition (Su et al. 2009; Bai

et al. 2012). The present results support these observations

and indicate that LEC2 positively controls the YUC-med-

iated auxin biosynthesis associated with SE induction.

Despite their tissue- and developmentally specific

activity, members of the YUC family display overlapping

functions (Zhao 2010). Although the inactivation of a

single YUC gene was reported as not producing any

obvious developmental defects in plants (Zhao et al. 2001),

we observed a noticeably impaired embryogenic response

of individual yuc2 and yuc4 mutants. We found that the

defective in vitro response of yucca mutants was specific

for SE, and that the mutated explants retained a high

capacity for shoot regeneration. Similarly, axr4 mutants

that were defective in auxin transport (Dharmasiri et al.

2006) were reported to be impaired in their embryogenic

response, but not in shoot regeneration via organogenesis

(Gaj et al. 2006). Collectively, the SE-specific defects of

yucca (the present study) and axr4 (Gaj et al. 2006)

mutants confirm that the synthesis and transport of auxin

play a key role in SE induction. An appropriate auxin level

and gradient seem to be more critical for triggering

embryogenic rather than organogenic development. This

notion may also explain why a limited spectrum of explants

is amenable to somatic embryo induction in contrast to

shoot regeneration in most plants (Jiménez 2005). In Ara-

bidopsis, the embryogenic capacity of somatic tissue is

restricted to one explant type, IZEs, in a strictly defined

developmental stage (Gaj 2004), and the increased LEC2

activity in IZE tissue seems to play a central role in SE

induction (Ledwoń and Gaj 2009). However, in the present

study, we found that LEC2 overexpression is not sufficient

for SE induction in explants derived from the post-

embryogenic tissue of transgenic seedlings. This observa-

tion suggests a highly tissue-specific context of the

embryogenesis-promoting activity of LEC2, and that the

relevant regulatory mechanism with its genetic components

remains to be revealed.

In addition to YUC genes, we found TAA1 to be active

during SE induction. TAA1 acts synergistically with, and

upstream to, YUCs in the IPA-YUC pathway to enhance

IAA biosynthesis in Arabidopsis (Mashiguchi et al. 2011;

Won et al. 2011). The present analysis showed that the

transcription of TAA1 does not seem to be modulated by

LEC2 in an embryogenic culture, but the influence of auxin

on gene activity and regulation cannot be excluded.

Our results suggest that in contrast to the IPA-YUC

pathway, the alternative indole-3-acetaldoxime (IAOx)

pathway of auxin biosynthesis (Mashiguchi et al. 2011) is

not involved in SE induction. The analysis of auxin-

induced explants indicated an extremely low expression of

ATR1/MYB34, the key activator in IAOx-mediated auxin

synthesis (Celenza et al. 2005). ATR1/MYB34 and

CYP79B2 of the IPA-YUC pathway have recently been

reported to be involved in auxin biosynthesis in the Ara-

bidopsis root apex, and interestingly cytokinin was found

to be a positive regulator of this pathway (Jones et al.

2010). Thus, it cannot be excluded that the IAOx pathway

of auxin synthesis may operate in plants with cytokinin-

induced SE systems, although this remains to be explored.

The present study indicates that de novo IAA biosyn-

thesis is associated with SE induction in auxin-treated IZE

explants of Arabidopsis as was earlier indicated in carrot

(Michalczuk et al. 1992), sunflower (Charriere et al. 1999)

and alfalfa (Pasternak et al. 2002). Thus, a surge in auxin

seems to be a general signal leading to embryogenic tran-

sition in the somatic cells of plants. An increase of

Fig. 8 A model for the LEC2 role in SE promotion through gene

interactions with auxin, gibberellins (GA) and ethylene. Auxin-

stimulated LEC2 (Ledwoń and Gaj 2009) up-regulates auxin biosyn-

thesis YUC genes (the present results). An increase in endogenous

IAA activates auxin-responsive SE regulatory genes and results in the

inhibition of ethylene biosynthesis and signalling (Bai et al. 2012).

LEC2 might also promote SE due to the repression of GA levels via:

(1) negative control of GA3ox2 (Curaba et al. 2004) and (2) positive

control of AGL15 (Braybrook et al. 2006). The interactions that need

verification are indicated with dashed lines
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endogenous auxin in the induction phase of SE was pos-

tulated to be triggered by 2,4-D treatment (Fehér et al.

2003), although the exact mechanism remains unknown.

Among others, it was proposed that auxin treatment may

modulate the endogenous auxin content by affecting the

activity of various IAA-related enzymes, such as IAA

oxidase and peroxidases (Machakova et al. 2008). Our

observations imply that auxin treatment can exert a SE-

promoting mechanism via the activation of transcription

factors, including LEC2, that control IAA synthesis in

cultured tissue. The present work demonstrates the acti-

vation of YUC genes and an increase of the auxin content in

response to an elevated LEC2 activity after auxin treat-

ment. Interestingly, the de novo auxin biosynthesis that is

involved in SE induction may also be triggered in response

to the removal of auxin from a medium as was recently

found in a culture of Arabidopsis callus that was forced to

develop somatic embryos on an auxin-free medium (Bai

et al. 2012). The genetic elements involved in the induction

of de novo auxin biosynthesis in different systems of SE

induction remain to be uncovered and among them, LEC2

is postulated to play an essential role in directly triggering

SE in auxin-treated explant tissue.

In conclusion, a possible model of LEC2-induced events

associated with embryogenic transition in somatic cells can

be proposed in which in addition to auxin other hormones

such as gibberellin and ethylene must also be considered

(Fig. 8). Further analysis is needed to verify the relations

that have been postulated, e.g. between LEC2 and ethylene

and to identify other up- and down-stream activated com-

ponents of the LEC2-controlled pathway that is involved in

the induction of embryogenic development in the somatic

cells of plants.
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B (2006) Hormone-response mutants of Arabidopsis thaliana

(L.) Heynh. impaired in somatic embryogenesis. Plant Growth

Regul 49:183–197

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirement of

suspension culture of soybean root cells. Exp Cell Res

50:151–158

Graaff E, Boot K, Granbom R, Sandberg G, Hooykaas PJJ (2003)

Increased endogenous auxin production in Arabidopsis thaliana

causes both earlier described and novel auxin-related pheno-

types. J Plant Growth Regul 22:240–252

Harding EW, Tang W, Nichols KW, Fernandez DE, Perry SE (2003)

Expression and maintenance of embryogenic potential is

enhanced through constitutive expression of AGAMOUS-

LIKE15. Plant Physiol 133:653–663

Imin N, Goffard N, Nizamidin M, Rolfe BG (2008) Genome-wide

transcriptional analysis of super-embryogenic Medicago trunca-

tula explant cultures. BMC Plant Biol 8:110–124
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