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Introduction

Somatic embryogenesis (SE) is a powerful tool for basic studies 
of the embryogenic process. In addition, when this process is used 
in combination with cellular and molecular techniques, as well 
as traditional agricultural techniques, it provides an important 
mechanism for clonal propagation of crops.

Most of the SE process requires the presence, either before 
or during the embryogenic process, of at least one auxin. 
Auxins play an important role during the induction of SE; this 
is true not just for exogenous auxins, but also for endogenous 
ones.1 The endogenous auxins appear to be essential, since the 
use of antiauxins such as p–chlorophenoxyisobutyric acid and 
inhibitors of their transport during SE induction can produce 
abnormal embryos.2,3 The rapid SE induction in Medicago 
falcata is correlated with high indole–3–acetic acid (IAA) and 
low abscisic acid levels in the initial explants.4 The addition of 
exogenous auxins stimulates the accumulation of endogenous 
IAA in Daucus carota.1 During the indirect or direct SE of Acca 
sellowiana, a short transient pulse of IAA is observed during the 
third day of culture.5 In Dactylis glomerata, the SE response is 
correlated with the endogenous auxin content.6 It appears that the 
increase of endogenous IAA is essential and is closely associated 
with the mechanism of SE induction.

The increase in the content of endogenous auxins in response 
to an exogenous auxin was discovered by Andreae and Good.7 
The treatment of excised Pisum sativum roots with IAA produces 
a small increase in the internal pool of IAA, as well as in the 
concentration of the conjugated N-(indolyl-3-acetyl)-D/l-aspartic 
acid (IAA-Asp).8 IAA-Asp has also been found in elongating 
segments of Phaseolus vulgaris incubated with IAA under light.8 
It is not only IAA that produces an increase in auxin conjugates: 
it has been found that the incubation of P. sativum epicotyls with 
the synthetic auxin 1-naphthaleneacetic acid (NAA) produces 
an increase in the naphthyl acetyl aspartic acid.9 Despite the 
requirement for exogenous auxin supplementation for sustained 
growth, cultured plant cells produce substantial amounts of 
endogenous IAA.2,10 However, 2,4-dichlorophenoxyacetic acid 
(2,4-D) and NAA have minor effects on endogenous IAA 
concentrations in D. carota suspension cultures; NAA was found 
mostly in the conjugated form.11

Different tissues of D. carota, such as the petiole and 
hypocotyls, as well as the proliferation of suspension cultures, 
require exposure from one to several days to 2,4-D in order to 
induce SE.1,2,12 The addition of 2,4-D and the auxin inhibitor 
p–chlorophenoxyisobutyric acid modify the endogenous level of 
IAA and the anatomical composition of early somatic embryos 
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most of the somatic embryogenesis (SE) process requires the presence, either before or during the embryogenic 
process, of at least one exogenous auxin. this exogenous auxin induces the presence of endogenous auxins, which 
appears to be essential for SE induction. We found that during the preincubation period of SE in Coffea canephora, 
there is an important increase in both free and conjugated indole-3-acetic acid (iaa), as well as indole-3-butyric acid. 
this increase is accompanied by an increase in the expression of YUCCA (CcYUC), TRYPTOPHAN AMINOTRANSFERASE 
OF ARABIDOPSIS 1 (CcTAA1), and GRETCHEN HAGEN 3 (GH3) genes. on the other hand, most of the iaa compounds 
decreased during the induction of SE. the results presented in this research suggest that a balance between free iaa 
and its amide conjugates is necessary to allow the expression of SE-related genes.
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of Abies alba (European silver fir).13 Other plants, such as Coffea 
canephora,14 Medicago spp.,15,16 and Manihot esculenta Crantz17 also 
require the addition of an auxin to induce SE.

The increase in IAA conjugates is related to the presence of 
enzymes with acyl-amidosynthetase activity; they are codified by 
genes belonging to the GRETCHEN HAGEN 3 (GH3) family.18,19 
This family was originally identified in Glycine max as responsive 
to the presence of auxins,20 and since then, these genes have been 
identified in different plant species.21 The numbers of members 
differ between species, from 19 for Arabidopsis thaliana18 to 6 
for Carica papaya.21 This family has been divided into 3 groups, 
according to the substrate that is used by the enzyme.22,23 Group I 
belongs to genes that code for enzymes that use jasmonic acid as the 
substrate, Group II comprises enzymes active on IAA, and Group 
III corresponds to enzymes active on neither of these compounds.

The first report on SE in C. canephora was published by 
Startsky24 and in C. arabica by Sondal and Sharp.25 Thereafter, 
several protocols have been described. These can be one step26,27 
or a sequential series of steps on different culture media.25,28,29 The 
induction of SE has been achieved using explants such as plagiotropic 
and orthotropic buds,24 leaf explants,25,30 integument,31 and anthers 
and perisperm.32,33 However, the use of leaf tissue explants is the 
most common, due to the large number of explants achievable and 
this tissue’s availability throughout the year. Nevertheless, the time 
required for SE induction from different Coffea species, described 
in the first protocol, takes between 8 mo and a year.

The culture medium used for induction of coffee SE contains 
a mixture of auxins and cytokinins. However, SE can be induced 
using only cytokinins,26,27 because auxins have an inhibitory 
effect.34 Moreover, Hatanaka et al.35 also showed that using an 
inhibitor of ethylene synthesis (Co2+, Ag+) affected SE in coffee, 
suggesting a possible regulatory role for ethylene in SE of this 
species. Meanwhile, AgNO

3
 improves embryo production in 5 

genotypes of C. canephora, whereas high doses of it has a negative 
effect.36 Salicylic acid, at low concentrations, also has been found 
to have a positive effect on the quality and quantity of C. arabica 
embryos obtained.37 Another compound that has been found to 
improve SE response in C. canephora as well as C. arabica is the 
triacontanol (a primary alcohol of 30 carbons).38

In our laboratory, we use young leaves from in vitro-grown 
C. canephora seedlings, pre-conditioned with NAA and kinetin 
(KIN) for 2 wk. SE is induced in Yasuda’s medium supplemented 
with 6-benzyladenine (BA) 5 μM and incubated in the dark. 
We have shortened the embryogenic response time in SE of C. 
canephora to 5 wk.14 Since an exogenous auxin is not added during 
the induction of SE, this system is excellent to study the internal 
auxins during the induction of SE in C. canephora.

Materials and Methods

Plant materials and growth conditions
Plantlets of C. canephora were obtained from somatic 

embryos as previously reported14 and cultured in Murashige and 
Skoog39 (MS; PhytoTechnology Laboratories, M524) medium, 
supplemented with 29.6 μM thiamine-HCl (Sigma, T3902–
25G), 550 μM myo-inositol (Sigma, I5125–500G), 0.15 μM 

cysteine (Sigma, C-8277), 87.64 mM sucrose (Sigma, S5391) 
and 0.25% (w/v) gelrite (Sigma, G1910), pH 5.8 and cultured at 
25 ± 2 °C under a 16/8h (light/darkness) photoperiod (150 μmol 
m–2 s–1) (Fig. S1).

Somatic embryogenesis induction
After 40 wk, when the plantlets had 6 pairs of leaves, they 

were pre-conditioned for 14 d in MS medium supplemented with 
0.54 μM NAA (Sigma, N-1145) and 2.32 μM KIN (Sigma, 
K0753) under the same growth conditions described above. At 
the end of the preconditioning treatment, the leaves were cut into 
segments of 0.25 cm2, and 5 explants were incubated in liquid 
medium as previously described14 in the presence of 5 μM BA 
(PhytoTechnology Laboratories, B800) and cultured at 25 ± 2 °C 
in dark conditions at 55 rpm.

Auxins and auxin conjugates extraction
One hundred mg of plantlet tissue were collected from the 

beginning of preincubation (days 14, 9, and 4 before induction) 
to the induction day (day zero). Samples were also collected at 30 
and 60 min; and 1, 3, 5, 7, 14, and 21 d after the SE induction. 
The collected tissue was frozen and stored until its use. All the 
analyses were performed with 3 biological replicates from at least 
2 independent experiments.

The frozen tissue was ground with liquid nitrogen and mixed 
with 1 ml of acid water (pH 2.8). The mixture was transferred 
to an assay tube with an additional 1 ml of acid water. This 
mixture was agitated during 1 min, with 1 ml of a solution of 
butylated hydroxytoluene (Acros Organics, 112992500) in ethyl 
acetate (1 mg ml-1; CTR Scientific, CTR 00184). Then, 5 ml of 
ethyl acetate were added and agitated for another min. Three ml 
of the organic phase were taken and evaporated with nitrogen 
gas. The dry sample was suspended in 1 ml of the HPLC mobile 
phase system (60% acetonitrile; J. T. Baker, 9017–03: 40% water 
containing 0.5% acetic acid; CTR Scientific, 00500) and filtered 
through a Millipore filter (0.22 μM).

To determine the efficiency of the extraction of IAA and 
its conjugates, we added a known amount of the compounds 
previously listed to a tissue sample. The efficiency of extraction 
was in all cases more than 99% (data not shown).

High-Performance Liquid Chromatography (HPLC)
Twenty μl of extract, as previously described, were injected 

into an HPLC system. Compounds in the tissue extracts 
were chromatographed by isocratic elution with a f low rate 
of 0.6 ml min–1 on a 250 mm × 4.6 mm reverse phase C

18
 

column (Phenomenex). The chromatographic system (Agilent 
Technologies 1200) consisted of a quaternary system of pumps 
(Agilent Technologies G1311A) connected to an automated 
sample injector (Agilent Technologies G1329A). The injected 
samples were detected with a f luorescent detector (Agilent 
Technologies G1321A) using an emission wavelength of 280 
nm and an excitation wavelength of 340 nm.

The retention times and height peaks of IAA (Fluka, 
45533), indol-3-butyric acid (IBA; Sigma, 57310), NAA, IAA 
conjugated with glutamic acid (IAA-Glu) and IAA conjugated 
with alanine (IAA-Ala) were used to determine their presence 
in the analyzed samples. The IAA conjugates were prepared as 
described below.
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Gas Chromatography-Mass Spectrometry (GC-MS)
In order to confirm the identity of the peaks, we used a GS-MS 

system. GC-MS analysis was performed with a GC (model 
68890N, Agilent Technologies) fitted with a DB-1701 capillary 
column (30 min × 0.25-mm i.d.; J&W Scientific) coupled to a 
mass selective detector (model 5975B, Agilent Technologies). The 
GC-MS was controlled by the Chemstation software (Agilent 
version). For all the analysis, the injector temperature was 220 °C 
and the helium carrier gas was set at a flow rate of 1.5 ml min–1. 
The temperature program for the GC oven started at 150 °C with 
a 3 min hold and increased 10 °C min–1 to 280 °C with an 11 min 
hold.

The calibration curves were made for each standard, both free 
and conjugate auxins, using the peak area of each compound to 
calculate the amount of each compound in the samples.

Synthesis of auxin conjugates
Indoleacetyl-l-alanine acid
For the synthesis of IAA-Ala, 3.36 mmol (300 mg) of l-alanine 

acid, 3.7 mmol (712 mg) of p-toluenesulfonic acid (PTSA), and 
13.4 mmol (1.4 ml) of benzyl alcohol were stirred with 5.6 ml 
toluene until homogenization. The mixture was heated under 
reflux for 5 h in a nitrogen atmosphere. The solvent was evaporated 
and a mixture of cold benzene and ethyl ether (1:1) was added for 
the crystallization of the IAA-Asp. The yield of the product, the 
sulfonic salt of the l-alanine benzyl ester, was 36%.

In a round-bottomed flask were dissolved 4.3 mmol (1,500 
mg) of the sulfonic salt of the L-alaninedibenzyl ester, previously 
synthesized, and 2.85 mmol (385 mg) of hydroxybenzotriazole 
in 15 ml of dry tetrahydrofuran (THF). The flask was 
introduced into an ice bath, and 3.42 nmol (705.6 mg) of N,N ’-
dicyclohexylcarbodiimide (DCC) was added and the reaction 
proceeded during 1 h at 0 °C. The mixture was kept at 0 °C for the 
addition of 2.85 mmol (500 mg) of IAA and 4.3 mmol (0.6 ml) 
of triethanolamine (TEA); the reaction was performed for 60 min. 
Then, the temperature was allowed to rise to room temperature, 
and the mixture was stirred for 12 h. The mixture was filtered 
through a sintered-glass funnel, using ethyl acetate to wash the 
product. The solvent was removed under reduced pressure and 
then the remaining material was absorbed in silica gel and purified 
through a silica gel column using a gradient of ethyl acetate/
hexanes as eluent. The product, the IAA-Asp dibenzyl ester (772 
mg), elutes at 30% of ethyl acetate/70% hexanes. The yield of the 
product was 80%.

In a round-bottomed flask, 1.49 mmol (500 mg) of the acid 
(indole-3-acetyl)-l-alanine was dissolved in 29 ml of ethyl acetate. 
0.074 mmol (158.1 mg) of Pd/C 5% (w/v) was added, and the 
mixture was placed in a hydrogen atmosphere. The mixture was 
stirred for 5 h. The crude material was filtered through a celita bed; 
the solvent was eliminated and a solid beige compound, the IAA-
Asp (286.6 mg), was obtained with a yield of 78%. The product 
was characterized by 1H NMR and GC-MS. The characteristics 
of the compound for the 1H NMR (300 MHz, DMSO) were: δ 
10.82 (s, 1H), 8.22 (d, J = 7.1 Hz, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.29 
(d, J = 8.0 Hz, 1H), 7.16 (s, 1H), 7.09 – 6.98 (m, 1H), 6.97 – 6.87 
(m, 1H), 4.32 – 4.06 (m, 1H), 3.50 (s, 2H), 1.36 – 1.16 (m, 3H).

Indole-3-acetyl-l-glutamic acid

For the synthesis of IAA-Glu, 1.6 mmol (300 mg) of 
hydrochloride l-glutamic acid, 3.6 mmol (862 mg) of PTSA, and 
13.1 mmol (1.7 ml) of benzyl alcohol were stirred in 4 ml benzene 
until homogenization. The mixture was heated under reflux for 
5 h. The solvent was evaporated and a mixture of benzene and 
ethyl ether (1:1) was added to crystallize the IAA-Glu. The yield 
of the product, the sulfonic salt of the L-glutamic dibenzyl ester, 
was quantitative.

In a round-bottomed flask, 0.85 mmol (427.7 mg) of the 
sulfonic salt of the L-glutamic dibenzyl ester was dissolved. This 
material was previously synthesized with 0.57 mmol (77.2 mg) of 
hydroxybenzotriazole in 3 ml of THF. The round-bottomed flask 
was introduced into an ice bath, and 0.68 nmol (141 mg) of DCC 
was added. The reaction proceeded for one hour at 0 °C. The 
mixture was kept at 0 °C for the addition of 0.57 mmol (100 mg) 
of IAA and 0.86 mmol (0.12 ml) of TEA; the reaction continued 
for 15 min, and then the temperature was raised to that of the 
environment and the mixture was stirred by 12 h. The mixture 
was filtered through a sintered-glass funnel, using ethyl acetate to 
wash the product. The organic layer was washed with HCl 10% (2 
× 10 ml), K

2
CO

3
 5% (w/v) (2 × 10 ml), and brine (3 × 10 ml). The 

organic phase was dried with anhydrous MgSO
4
 and filtered, and 

the solvent was removed under reduced pressure. The remaining 
material was adsorbed on silica gel and purified through a silica 
gel column using a gradient of ethyl acetate/hexanes as eluent. The 
yield of the product, the IAA-gludibenzyl ester, was 66%.

In a round-bottomed flask, 0.206 mmol (100 mg) of IAA-
gludibenzyl ester was dissolved in 4.1 ml of ethyl acetate. Then, 
0.0103 mmol (21.9 mg) of Pd/C 5% (w/v) was added, and the 
mixture was placed under a hydrogen atmosphere. The mixture 
was stirred for 5 h at room temperature. The product of the 
reaction was purified in a celita bed; the solvent was eliminated 
and a beige solid compound, the IAA-Glu (28.4 mg), was obtained 
with a yield of 48%. The product was characterized by 1H NMR 
and GC-MS. The characteristics of the compound for the 1H 
NMR (300 MHz, DMSO) were δ 10.82 (s, 1H), 8.23 (d, J = 7.9 
Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 7.15 (d, 
J = 1.9 Hz, 1H), 7.09 – 6.97 (m, 1H), 6.97 – 6.86 (m, 1H), 4.18 (td, 
J = 7.9, 4.8 Hz, 1H), 3.52 (s, 2H), 2.28 – 2.20 (t, 2H), 2.00 – 1.86 
(m, 2H), 1.83 – 1.69 (m, 2H).

Sequence analysis and primers design
To design the primers to amplify the biosynthesis and 

conjugation auxins of related genes in C. canephora, the selection 
of nucleotide sequences was performed using the following 
databases: TAIR, http://www.arabidopsis.org/; Sol Genomic 
Network, http://solgenomics.net/; and NCBI, http://www.ncbi.
nlm.nih.gov/. Alignment of nucleotides in multiple sequences 
was performed using the software BioEdit sequence alignment 
Editor 5.0.640 and the CLUSTAL W 1.82 software.41 The design 
of primers for GH3 genes, GH3.1, GH3.6, GH3.17, and TAA1, 
YUCCA1, and YUCCA3 was performed using Primer3Plus 
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.
cgi), and then they were analyzed using the online program Oligo 
Analyzer 3.1 (http://www.idtdna.com/analyzer/Applications/
OligoAnalyzer/Default.aspx). The primers used are aligned on 
conserved regions or domain features of the encoded proteins 
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by the above-mentioned genes. Primers generated for qPCR and 
RT-PCR are listed in Table S1.

The PCR products were cloned in the pGEM-T vector 
(Promega, USA) using competent Escherichia coli INVαDH10b 
cells according to kit instructions and sequencing. The sequences 
for GH3.1 (U625024), GH3.6 (U615082), and GH3.17 
(U613253) are in the Sol Genomics network bank. The new 
sequences reported in this research have been deposited in the 
Gen-Bank database [accession numbers KF605330 (CcYUC1), 
KF605331 (CcYUC3), and KF605332 (CcTAA1)].

RNA extraction
Total RNA was extracted from 0.1 g sample tissue (between 10 

and 12 circle explants) using the BRLTrizol reagent (Invitrogen) 
and repurified with the QiagenRNeasy Mini Kit following the 
manufacturer’s instructions. Reverse transcriptase reactions were 
performed in a 20 μl volume containing 2 μg of total RNA and 
200 units of the M-MLV Reverse Transcriptase (Invitrogen), 
following the manufacturer’s instructions. cDNA templates for 
both PCR and qRT-PCR amplification were prepared from 3 
individual samples for each condition.

qPCR analysis
Each reaction contained 50 ng of cDNA template, 10 μM of each 

primer, and 1 × EXPRESS SYBR® GreenERTMqPCRSuperMix 
Universal (11784–200-Invitrogen). Real-time PCR assays were 
performed in a StepOneTM Real-Time PCR System (Applied 
Biosystems) under the following conditions: for GH3.1 and TAA1 
94 °C for 5 min, followed by 20 cycles of 94 °C for 1 min, 51.3 °C 
for 1.30 min, 72 °C for 1 min, and a final cycle of 72 °C for 5 min; 
GH3.6, GH3.17, and YUC3 94 °C for 5 min, followed by 20 cycles 
of 94 °C for 1 min, 55.6 °C for 1.30 min, 72 °C for 1 min, and a 
final cycle of 72 °C for 5 min; ACTIN and YUC1 94 °C for 5 min, 
followed by 20 cycles of 94 °C for 1 min, 63 °C for 1.30 min, 72 °C 
for 1 min, and a final cycle of 72 °C for 5 min. Transcript levels of 
GH3.1, GH3.6, GH3.17, TAA1, YUC1, and YUC3 in the samples 
were normalized to the level of ACTIN and the data was expressed 

as the relative expression level. The specificity of the PCR product 
amplifications was determined by a melting curve analysis. Data 
obtained from real-time PCR were used to calculate the relative 
quantification of the target gene expression and compared with the 
expression of the ACTIN using the 2-ΔΔct method.42 Statistical 
analysis of the differences between the mean values was performed 
using the Tukey test, and the differences were considered to be 
significant at P < 0.05.

RT-PCR analysis
The cDNA for the RT-PCR was prepared as mentioned earlier. 

For each studied gene, the PCR reaction mixture contained 
Platinum Taq polymerase (1.25 U, Invitrogen), 10 mM dNTPs, 
and 10 μM each primer (listed in Table S1) in 25-μl volume. The 
conditions of the reaction were as follows: for GH3.1 and TAA1 
94 °C for 5 min, followed by 25 cycles of 94 °C for 1 min, 51.3 
°C for 1.30 min, 72 °C for 1 min, and a final cycle of 72 °C for 5 
min; GH3.6, GH3.17, and YUC3 94 °C for 5 min, followed by 25 
cycles of 94 °C for 1 min, 55.6 °C for 1.30 min, 72 °C for 1 min, 
and a final cycle of 72 °C for 5 min; ACTIN and YUC1 94 °C for 5 
min, followed by 25 cycles of 94 °C for 1 min, 63 °C for 1.30 min, 
72 °C for 1 min, and a final cycle of 72 °C for 5 min. The PCR 
products were electrophoresed in a 1.5% agarose gel and stained 
with GelRed (Biotium, 41003) and the images were acquired using 
the Gel Doc™ XR + System (BIO-RAD). Each RT-PCR was 
conducted with 3 biological replicates.

In order to confirm that each primer leads to the determination 
of each specific gene, we cloned the purified PCR product of each 
gene and sequenced it. The sequence for each gene matched each 
expected gene (data not shown).

Statistical analysis
The data were processed and analyzed using an analysis of 

variance (ANOVA) program. The significance grade between the 
mean values was determined using the Tukey test. Differences 
were considered to be significant at P ≤ 0.05. Data were analyzed 
by Origin 8 (Data Analysis and Graphing Software).

Results

Auxins play an important role during the induction of SE. 
This is true not only for the exogenous auxins but also for the 
endogenous auxins.1 However, information regarding the kinetics 
of the auxins and their conjugates during the induction of SE is 
very limited. The induction of SE from explants of C. canephora 
depends on the pretreatment of the plantlets with NAA and 
KIN for 14 d before the explants are placed under SE induction 
conditions.14 SE, as previously described, is very efficient (Fig. 1). 
The first globular embryogenic structures appear after 21 d in 
the induction medium. After 56 d, the number of embryogenic 
structures reached an average of 150 ± 20.

First, we established that under the HPLC running conditions, 
the retention times for the standards of IAA, IBA, and NAA were 
5.143, 6.278, and 7.51 min, respectively (Fig. S3). The retention 
times for the IAA-Glu and IAA-Asp standards were 3.909 and 
4.352 min, respectively. The minimum detected amount of free or 
conjugated auxins was 0.25 pmoles. This amount is in the range 
previously reported by Castillo et al.43 using a HPLC technique.

Figure 1. induction of the somatic embryogenesis in C. canephora. the 
SE process was induced as has been reported previously.27 Each picture 
was taken after 7, 14, 21, 35, 42, and 56 d after SE induction. Plantlets were 
cultivated in vitro in mS medium, and supplemented with 0.54 μm naa 
and 2.32 μm Kin for 2 wk before the induction of SE. after the precondi-
tioning period, the explants were incubated in liquid Yasuda medium14 
supplemented with 5 μm Ba.
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Using 100 mg of leaf 
tissue (between 10 and 12 
circle explants), the area 
under the peak (5.018 
min, IAA) was 13.92. 
Since auxins oxidize very 
rapidly, we used 1 mg 
l–1 of 2, 6-di-t-butyl-4-
methylphenol (BHT) in 
order to prevent this.44 We 
also determined that the 
amount of tissue used was 
in the range of sensitivity 
of the method. In order 
to determinate the best 
amount of material, we 
used 100, 300, and 500 
mg of foliar tissue from 
the C. canephora seedlings 
cultivated in vitro. This 
amount of tissue is in 
the range reported by 
other authors.45 The 
areas under the peak of 
each of these amounts 
were 73.35, 282.8, and 
341.73, respectively. The 
correlation coefficient 
of the graph was 0.97, 
suggesting that a positive 
correlation between the size of the sample and the amount of IAA 
exists.

Previously, we used GC-MS as described in Materials and 
Methods, in order to identify the different auxins present in the 
tissues. We identified 4 auxins and derivatives in the control tissues, 
IAA, IBA, IAA-Glu, and IAA-Ala and, as expected, NAA in the 
treated samples. It is possible that there are other auxin derivatives 
in the tissues, but they are under the detection level of the method. 
The fragmentation pattern for pure IAA, after electron impact 
ionization, was the same as that previously reported.46-48 The 
expected quinolinium ion with an m/z of 130, as well as the other 
expected fragments, were present in IAA (Fig. S4) and its IAA-Glu 
conjugate (Fig. S5).

The measurement of the auxins NAA, IAA, and IBA, found 
in the plant after incubation, yielded very interesting results 
(Fig. 2). The endogenous concentration of NAA reached 
0.359 nmoles g–1 FW after 14 d in the preconditioned culture 
medium. The IBA was present in the explants before incubation 
in the preconditioned medium (0.601 nmoles g–1 FW); this 
concentration decreased to 0.462 nmoles g–1 FW after 14 d of 
preconditioning. On the other hand, the initial IAA amount 
(0.292 nmoles g–1 FW) increased to 1.958 nmoles g–1 FW by 
the end of the preincubation period (Fig. 2). When the explants 
were transferred to the SE induction medium, all 3 free auxins 
decreased. Both NAA and IBA decreased to amounts under the 
detection limit. However, IAA decreased very sharply, to 0.303 

nmoles g–1 FW; this amount of IAA is more than 6 times less 
than at the beginning of SE induction (Fig. 2).

Most plant tissues contain auxins, mainly IAA. However, 
during the past 15 y, the body of evidence suggests that most of the 
auxins inside the tissues are conjugated.49,50

We found 2 IAA amide conjugates, IAA-Ala and IAA-Glu. The 
amount of these conjugates in the leaf tissues of C. canephora before 
pretreatment was 2.36 and 55.13 nmoles g–1 FW, respectively. 
These levels remained steady during the first 10 d of pretreatment. 
However, at the end of the incubation period (14 d), there was a 
noticeable increase in the auxins in the tissue. The total amount 
of free auxins and their conjugates reached the amount of 116.88 
nmoles g–1 FW. This is an increase of almost 50% in relation to 
the initial amount of these compounds. Meanwhile, the free auxin 
increased more than 6.5 times its initial concentration (Fig. 3). 
This amount of free IAA accounts for 1.95 nmoles g–1 FW, while 
the content of the conjugates reached 10.20 and 104.72 nmoles g–1 
FW for IAA-Ala and IAA-Glu, respectively.

The amount of the IAA and its conjugates decreased by a factor 
of 5.7 during the first 30 min of the incubation of the explants in 
the SE medium. The amount of free IAA decreased by a factor 
of 26.4, and the conjugated IAA-Ala decreased below the level 
of detection, while the IAA-Glu decreased by a factor of 5. One 
day after the induction of the SE, the amount of IAA-Glu had 
decreased to 9.126 nmoles g–1 FW and, after that, it decreased to 
undetectable levels until the end of the study (Fig. 3). The fate of 

Figure  2. Endogenous auxin content before and during the induction of somatic embryogenesis in C. canephora. 
Endogenous iaa (▲), iBa (u), naa (n) content. one hundred mg of tissue was collected from the beginning of the 
preincubation of the plantlets (days –14, –9, and –4) to the induction day (day zero). Samples were also collected 7, 14, 
and 21 d after the induction of SE. Samples were analyzed as described in materials and methods. all the analyses were 
performed with 3 biological replicates from at least 2 independent experiments. Error bars represent the standard 
error (n = 3). Different letters and symbols represent the statistical significance of mean differences between each 
determination at a given time according to the tukey test (P ≤ 0.01).
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IAA-Ala was very different. This compound 
decreased sharply during the first 30 min 
of incubation in the SE induction medium, 
and then increased during the following 
days to 9.48 nmoles g–1 FW after 21 d. The 
IAA conjugates reached a maximum of 
98.3% after the explants were put into the 
induction medium. Then, the conjugates 
decreased to 79.6% after 3 d from the 
beginning of SE induction. Twenty-one days 
after the induction of SE, just when the first 
embryogenic structures were beginning to 
appear, the total concentration of conjugates 
was back to 97% of the total auxin.

The increase in free IAA after 14 d of 
preincubation of the explants (Fig. 2) suggests 
2 possibilities: 1) that de novo synthesis of 
the compound is occurring, or 2) that the 
IAA comes from the hydrolysis of previously 
synthesized IAA conjugates. However, 
the increase in IAA-Ala suggests that the 
IAA is synthesized de novo. To explore this 
possibility, we analyzed the expression of 3 
genes involved in IAA biosynthesis.

IAA is biosynthesized through 5 different 
pathways, according to Mano.51 One is 
through the biosynthesis of indole-3-pyruvic 

acid (IPA). This reaction is catalyzed 
by the tryptophan aminotransferase 
(TAA1; TRYPTOPHAN 
AMINOTRANSFERASE of 
ARABIDOPSIS 1), and the IPA is 
then biosynthesized into IAA by 
the product of a family of genes, the 
flavinmonooxygenase-like enzymes 
(YUC).51 We used quantitative 
PCR to measure the expression 
of the TAA1, YUC1, and YUC3 
genes during the preincubation and 
induction of SE.

The gene expression of CcTAA1 
increased during the first 10 d of 
preincubation, reached a maximum 
30 min after the transfer of the 
explants to the SE induction medium, 
and then decreased for the next 6 d. 
Seven days after the induction of SE, 
and coinciding with an increase in 
free IAA, the expression of CcTAA1 
increased to 9.5 times the initial 
level of expression (Fig. 4). After 
this increase, CcTAA1 decreased 
and stayed around the same level of 
expression that it had in the plants 
before preincubation.

Figure  3. Endogenous iaa and iaa conjugate content, before and during the induction of 
somatic embryogenesis in C. canephora. Endogenous free iaa (yellow bars), iaa-ala (blue bars), 
iaa-Glu (purple bars). one hundred mg of tissue were collected from the beginning of the pre-
incubation of the plantlets (days –14, –9, and –4) to the induction day (day zero). Samples were 
also collected 0.02, 0.041, 1, 3, 5, 7, 14, and 21 d after the induction of SE. Samples were analyzed 
as described in materials and methods. all the analyses were performed with 3 biological rep-
licates from at least 2 independent experiments. Error bars represent the standard error (n = 3). 
Different letters in the bars represent the statistical significance of mean differences between 
each determination at a given time according to the tukey test (P ≤ 0.01).

Figure 4. qPCr analysis for the expression of the genes CcTAA1 (void bars), CcYUC1 (clear blue bars), and 
CcYUC3 (green bars). one hundred mg of tissue was collected from the beginning of the preincubation of 
the plantlets (days –14, –9, and –4) to the induction day (day zero). Samples were also collected 0.02, 0.041, 1, 
3, 5, 7, 14, and 21 d after the induction of SE. Samples were analyzed as described in materials and methods. 
all the analyses were performed with 3 biological replicates from at least 2 independent experiments. Error 
bars represent the standard error (n = 3). Different letters in symbols represent the statistical significance of 
mean differences between each determination at a given time according to the tukey test (P ≤ 0.01).
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The expression of the CcYUC1 
gene increased during the 
pretreatment period, reaching a 
maximum of 56 times the initial 
level at the end of 14 d. In contrast, 
the gene CcYUC3 only doubled 
during the same period. However, 
during the induction of SE, the 
expression of the CcYUC3 gene 
increased 58-fold after 1 d in the 
SE induction medium and then 
decreased to undetectable levels 
after 14 d. On the other hand, the 
expression of the gene CcYUC1 
increased 7-fold by day 5 after the 
induction of SE, and it was still 
active, at the same level, 21 d after 
the induction (Fig. 4).

The increase in the IAA 
conjugates involves the activity of 
the products of the GH3 genes.18,19 
The gene expression of GH3.17 
increased more than 40 times at 
the end of the preincubation period 
(Fig. 5). During the first 60 min 
of the SE induction, the activity 
of these genes decreased. One 
day after the induction of SE, the 
expression of GH3.17 increased by 
a factor of 70. After this increase, GH3.17 decreased and stayed 
around the same level of expression that it had in the plants before 
preincubation. In contrast, GH3.1 increased to 15 times its initial 
amount after 3 d in the induction medium (Fig. 5) and then 
remained low until the end of the experiment. The gene GH3.6 
increased around 10 d after the induction of the SE, decreased 
during the next 11 d, and had significant increase 2 wk after the 
induction of SE (Fig. 5).

Discussion

SE is a complex biological process. It requires the interaction 
of several factors, including the level of different plant growth 
regulators and the compartmentalization of these regulators, their 
transport, and the expression of different genes. In this context, we 
have developed an efficient SE protocol for C. canephora,14 which 
enabled us to use it to study the SE process.

The induction and progression of SE in C. canephora is 
completely dependent on 2 factors and is performed in 2 phases. 
The first phase requires exogenous auxin, whereas the second phase 
does not. Furthermore, the first phase involves the preincubation of 
the plants that are the source of the explants in NAA and KIN for 
2 wk. The second phase is performed in the presence of BA during 
the induction of SE. There is no exogenous auxin requirement 
during the induction of SE. For several years, it has been known 
that the presence of an exogenous auxin can induce the endogenous 

biosynthesis of IAA.1,5,6,13 However, it is also possible that the 
exogenous auxin promotes the inhibition of IAA degradation by 
reversible conjugating reactions.52,53 Thus, the homeostasis of the 
auxins is critical for the induction of the SE process.

In our plant, there is an important increase of both free 
auxin and auxin amide conjugates during the preincubation 
process (Fig. 2). The increase in the concentration of NAA was 
expected, since this growth regulator is in the culture medium. 
However, the increase in the concentration of IAA and IBA was 
surprisingly high; it is possible that this increase is a consequence 
of other factors, such as biosynthesis, hydrolysis from previously 
synthesized conjugates, or transport from other tissues or organs, 
since plants closely regulate cellular levels of IAA through synthesis, 
inactivation, and transport.54 At the same time, most of the auxin 
is in the amide conjugate form and accounts for more than 99% of 
the total auxins. Similar results have been obtained for the SE of D. 
carota. The induction of SE in D. carota is performed by cultivating 
the suspension cultures in the presence of 2,4-D. Then the 2,4-D 
is eliminated and the suspension culture diluted. The D. carota 
SE is performed in the absence of any auxin in the SE induction 
medium. During the induction of SE, 94% of the auxins were 
found to be in the chemical form of esters or amide conjugates, 
and only 6% as free auxin.50 On the other hand, 2,4-D induces the 
tryptophan-dependent synthesis of IAA in D. carota suspension 
cultures during the induction of SE. In Medicago truncatula, the 
addition of 2,4-D to leaf protoplast-derived cells produces an 
increase in the IAA and IAA conjugate pools.16

Figure 5. qPCr analysis for the expression of the genes GH3.1 (gray bars), GH3.6 (hatched bars) and GH3.17 
(blue bars). one hundred mg of tissue was collected from the beginning of the preincubation of the plantlets 
(days –14, –9, and –4) to the induction day (day zero). Samples were collected also 0.02, 0.041, 1, 3, 5, 7, 14, and 
21 d after the induction of SE. Samples were analyzed as described in materials and methods. all the analyses 
were performed with 3 biological replicates from at least 2 independent experiments. Error bars represent 
the standard error (n = 3). Different letters in symbols represent the statistical significance of mean differ-
ences between each determination at a given time according to the tukey test (P ≤ 0.01).
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for regulation of its activity and stability.55 This modification is 
part of the plant’s homeostasis and it is very important to plant 
health. The IAA amino acid conjugates have biological activity 
in the cell and this activity depends on the identity of the bound 
amino acid.7,56-60 Among the different IAA-amino acid conjugates 
tested for biological activity, IAA-Ala is the most active,56 since it 
can be stored and reused later on.

The decrease in the endogenous concentration of IAA is 
essential for the development of somatic embryos. In D. carota, the 
level of IAA decreased 10-fold from that of the initial cell clusters,1 
as well as in Abies alba somatic embryos.13 It has been suggested 
that in the continuous presence of auxin, carrot cell lines are able 
to develop into the globular stage, but not beyond.61 In addition, 
recently it has been suggested that the removal of exogenous auxin 
from the medium triggers both auxin polar transport and auxin 
gradient establishment for SE induction.62,63 Our results show a 
sharp decrease in both auxins and their amide conjugates during 
the first 60 min of the induction of SE (Fig. 3). We observed 
that the first globular structures appear after the level of free 
IAA decreases to the same level found in the original plant before 
incubation (Figs. 1 and 3; 0.3 nmoles g–1 FW). These data suggest 
that the transition from an undifferentiated stage to the globular 
stage requires the expression of new genes that are synthesized only 
when endogenous auxin is removed. However, the mechanisms 
lying beneath the initiation of SE are poorly understood.

A remaining question is whether the dramatic increase in 
endogenous IAA produced by the presence of NAA is synthesized 
de novo or originates in IAA conjugates stored inside the cell. 
In this study, we showed that during the preincubation of the 
explants there was a 56-fold increase in the expression of CcYUC1 
(Fig. 4). This gene encodes a key enzyme (flavinmonooxygenase-
like enzyme) in auxin biosynthesis.51 Our results suggest that 
at least part of the increase in the IAA content could be due to 
biosynthesis. Recently, Bo et al.62 have shown that local auxin 
biosynthesis is required for SE initiation in Arabidopsis thaliana and 
is at least partially mediated by the basal level of ethylene during 
SE initiation, suggesting that the ethylene response is important 
for SE induction.

We chose to study the gene expression of 3 genes of the GH3 
family, GH3.1, GH3.6, and GH3.17, members of the group II of the 
GH3 family, which use IAA as a substrate. We noted a significant 
important increase in the transcript of GH3.17 at the end of the 

preincubation period (Fig. 5). This increment could explain the 
big boost of IAA conjugates detected at the same time (Fig. 3). 
During day 3, there is an important increase in the expression of 
GH3.1, when the rise in IAA-Ala concentration initiated.

The presence of the exogenous auxin increases both the free 
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period. At least part of the increase of the auxin content is due 
to de novo synthesis. This increment in the endogenous auxin is 
indispensable to changing the genetic program of the cells and 
preparing them for the second phase. Until now, very little was 
known about how the exogenous auxin used in the first phase 
interacts with the endogenous auxin-mediated homeostasis of the 
explant used to induce SE during the induction phase.

During the past few years, our understanding of the role of 
auxin homeostasis during the induction of SE has significantly 
improved. However, there are still many gaps in our knowledge 
of this process. It can be concluded that the induction of SE from 
explants of C. canephora depends upon both endogenous and 
exogenous auxins. Our results suggest that a balance among free 
IAA and its amide conjugates is necessary to allow the expression 
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how the homeostasis of the auxins modified the genetic program 
of the cell to produce a new plant.
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