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Introduction
Many years have passed since the maturation process in 

woody plants was described in all its complexity by differ-
ent authors for the first time (Fortanier and Jonkers, 1976; 
Olesen, 1978). Different authors have studied different as-
pects of the maturation process already before (Seeliger, 
1924) but the interrelations among these segments has 
been demonstrated in the eighties (Osterc, 2009). The 
today’s understanding of this process is a result of differ-
ent experiments carried out later, also explaining a very 
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wide involvement of the maturation process into the hor-
ticulture production (Dodd and Power, 1988; Spethmann, 
1997). A very important aspect in understanding the mat-
uration process is the possibility of reverting the mature 
plants into juvenile ones. In vitro propagation methods of-
fer an excellent possibility of creating physiologically juve-
nile plant material which stays genetically identical to the 
original stock plant. Therefore, in vitro methods in woody 
plants should be mostly used as the procedure of creating 
juvenile stock plant material and not so much as a method 
of directly propagating the plant material for the market. 
Based on many previous studies it is well known that ad-
ventitious root formation (ARF) is significantly easier in 
juvenile stock plant material than in a mature one (Morgan 
and Williams, 1976; Osterc et al., 2009; Osterc and Štam-
par, 2011; Plietzsch and Heiliger, 1997; Spethmann, 1997). 
However, we still do not know why these juvenile plants 
react so extremely different compared to genetically iden-
tical mature plants.

The knowledge of biochemical patterns of ARF has been 
strongly improved since the discovery of IAA as the main 
substance contributing to ARF (Went, 1934). Today we 
know that the presence of IAA is important immediately 
after removal of plant parts from the stock plant during 
the induction and initiation phase of ARF (De Klerk et al., 
1995). The IAA-profile is very similar among species dur-
ing this time. The induction phase starts with the sever-
ance point and terminates with a significant IAA-peak and 
with lower peroxidase activity, mostly 24 h after severance 
from the stock plant (Nag et al., 2001; Osterc and Štam-
par, 2011; Štefančič et al., 2007). After that, the initiation 
phase takes place and lasts until the decrease of IAA levels 
with the simultaneous increase of the peroxidase activity, 
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dole-3-acetic acid aspartate (IAA-Asp) levels in leafy 
cuttings of Prunus subhirtella ‘Autumnalis’ were 
studied in 2011. Leafy cuttings were severed from 
mature, semi-mature and juvenile stock plants on 
20th of June when a half of them were treated with 
indole-3-butyric acid (IBA) powder (0.5% IBA + 10% 
Captan on talcum basis) while the rest remained 
untreated. Auxins (IAA, IAA-Asp) were measured at 
the time of severance and after 4 hours, 1 and 2 days. 
Cuttings from juvenile stock plants rooted signifi-
cantly better (80%) than cuttings from semi-mature 
(50%) and mature stock plants (36.7%) and they de-
veloped the longest roots (5.19 cm). The IAA-profile 
in juvenile cuttings reached its maximum (peak) 4 h 
after severance, whereby the maximum value 4.27 
µg g-1 fresh weight (FW) was reached 4 h after sever-
ance when the cuttings were pre-treated with IBA. 
The IAA-profile in semi-mature cuttings reached a 
peak of 1.48 µg g-1 FW on day 1 after severance but 
only when the cuttings had been pre-treated with 
IBA. The IAA-profile in mature cuttings did not reach 
any significant peak, however the values tended 
to increase on first day after severance in cuttings 
without IBA application. The IAA-Asp accumulation 
ranged between 3.20 and 9.11 µg g-1 FW, which was 
significantly the strongest in mature cuttings one 
day after severance without IBA treatment. 
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Significance of this study
What is already known on this subject?
• It was very well known for a long period of time that 

juvenile material develops roots much easier com-
pared with mature material. 

What are the new findings?
•  The IAA-profile in cutting bases differs in cuttings 

regarding the physiological character of the origin of 
these cuttings.

What is the expected impact on horticulture?
•  Worse propagation is often not the result of an un-

suitable method but the consequence of unsuitable 
(mature) propagation material. 
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reaching a peak, mostly 72 h after severance (Nag et al., 
2001). A very quick degradation in this phase of ARF was 
also found for indole-3-butyric acid (IBA) in different plum 
cultivars (Sándor et al., 2010). The forms of IAA present in 
plants are different. IAA is rarely present in plants in free 
form but mostly in conjugate form, in dicots mainly in the 
form of amide conjugates (Woodward and Bartel, 2005). 
The type of IAA form in the plant at the time of severance 
might be very important regarding ARF. Certain IAA con-
jugates (IAA-Alanine, IAA-Leucine) have auxin activity, 
whereas others (IAA-Asp) have only low auxin activity 
(Bartel et al., 2001; Ludwig-Müller, 2011). It is known from 
our previous results that IAA-profiles in cutting bases are 
similar during ARF among different physiological levels of 
stock plants. IAA-Asp accumulation is especially strong in 
mature cuttings which tend to lower rooting success (Os-
terc and Štampar, 2011). 

In this paper, we compare the duration of the induction 
and initiation phases among stock plants of different phys-
iological levels based on the IAA-profile in leafy cuttings. 
Based on the IAA-peak we compare the transition from the 
induction to the initiation phase in cuttings derived from 
stock plants of different physiological levels. We also com-
pare the aspartate profile during this time because the 
conjugate IAA-Asp is known as the IAA-inactivation com-
pound. Additionally, we check the effectiveness of exoge-
nously supplied auxin for the ARF induction and initiation 
phase, also in the light of cutting material of different phys-
iological levels.

Materials and methods

Plant material
Ornamental cherry (Prunus subhirtella) cultivar ‘Au-

tumnalis’ leafy cuttings were harvested from different 
stock plants, distinguished by their physiological status. 
Three treatments were established: (1) mature plants, 
more than 40-year-old cherry plants; (2) semi-mature 
plants, 5-year-old plants propagated by leafy cuttings ob-
tained from mature cherry plants; and (3) juvenile plants, 
5-year-old in vitro derived plants (the rejuvenated above-
mentioned mature cherry stock plants). All plants were 
located in the experimental field of the Biotechnical Fac-
ulty in Ljubljana (Slovenia) to ensure equal environmental 
conditions. Mature stock plants were rarely pruned (only 
the dry branches), whereas semi-mature and juvenile stock 
plants were pruned every spring. Therefore, mature plants 
were up to 10 m high, semi-mature and juvenile plants were 
bushy, up to 1.5 m high. Leafy cuttings were harvested on 
20th of June 2011. The propagation material was always ad-
justed to 12 cm long leafy cuttings with apical meristems. 
On average, the cuttings had three to four fully developed 
leaves.

Cutting propagation
The cuttings were inserted in the substrate mixture of 

peat and sand (1:1). Prior to insertion, the substrate mix-
ture was fertilized with a slow-release fertilizer (2.0 g L-1 
3-4 M Osmocote® Exact 16+11+11+3 Mg+Te; Scotts Interna-
tional, Heerlen, The Netherlands), and the pH value was ad-
justed to 4.0 with dolomitic lime. The first half of cuttings 
did not receive any hormone treatment before they were 
set into the propagation bed. Another half of the cuttings 
were treated with IBA powder (0.5% IBA on talcum basis 
with 10% Captan) on their bases before inserting into the 

substrate. All experimental treatments (cuttings from ma-
ture, semi-mature and juvenile stock plant material with 
and without IBA application) were replicated 3 times with 
17 cuttings per plot (12 cuttings per plot for auxin analyses, 
5 cuttings for rooting evaluation). 

The experiment was set in an unheated plastic house 
equipped with a fogging system (Plantfog-Befeuchtungs- 
anlagen Nebelsysteme, Fishamend, Austria). The air tem-
peratures in the plastic house reached up to 50°C dur-
ing daytime and ranged between 18 and 20°C during the 
night. The substrate temperature (rooting zone) did not 
undergo such oscillations (between 20 and 24°C), mainly 
due to a quality fogging system. Fogging was regulated au-
tomatically (the intervals were set manually dependent on 
weather conditions) to obtain a 90–95% relative humidity. 
Fogging intervals lasted approx. 30 s, with a 60 s pause and 
were switched off during the night (7.00 pm – 7.00 am). 

The evaluation of propagation success was always per-
formed four weeks after severance. The number of success-
fully rooted leafy cuttings and the main roots were counted 
and the root bush length was measured.

Extraction and analyses of IAA and IAA-Asp
Leafy cuttings (three cuttings per treatment for each 

sampling date) for auxin analysis were collected on the 
day of severance and immediately transferred to labora-
tory facilities. All the leaves were cut off and discarded and 
only the basal parts (root emergence zone, lower 3 cm of 
the cuttings) were used for further analysis. The samples 
were washed and stored at -20°C until the analyses were 
performed.

Auxins were extracted following the methods of 
Gonçalves et al. (2008), Kovač et al. (2003) and Štefančič 
et al. (2007). Samples were ground to a fine powder us-
ing a mortar and pestle with liquid nitrogen. Each sample 
was divided into two portions, 0.15 g each, and extracted 
separately with 1 mL BHT-MeOH solution [0.5 g of BHT 
(2,6-di-tert-butyl-4-methylphenol) per 1 L solution] and 4 
mL 5 mM K-phosphate buffer, adjusted to pH 6.5. After 1 
h at 4°C, the extract was filtered and 3 mL 5 mM K-phos-
phate buffer (pH value 6.5) was added to each sample. For 
auxins purification, Strata C18-E columns (pore size 55 μm, 
retention capacity 500 mg, tube size 6 mL; Phenomenex, 
Torrance, CA, USA) were used. The complete sample ex-
tracts were first run through the column pre-conditioned 
with K-phosphate buffer (pH value 6.5) and then washed 
with 4 mL of 5 mM K-phosphate buffer (pH value 6.5). The 
eluate was acidified to pH value 2.5 with 0.5 M H3PO4, then 
transferred to a second column pre-conditioned with the 
K-phosphate buffer (pH value 2.5). The column was rinsed 
with 2 mL twice-distilled water and eluted with 2 mL of 
80% (v/v) methanol.

The concentrated eluate (1 mL) was separated by TSP 
(Thermo Separation Products) HPLC using a Chromsep 
(Varian, Palo Alto, CA, USA) column [SS 250 x 4.6 mm, Hy-
persil 5 ODS (Octa Decyl Silica)] and analysed by a fluores-
cence (Spectrasystem FL2000; SpectraPhysics, San Jose, 
CA, USA) and a UV-VIS detector (K-2500; Knauer, Berlin, 
Germany). The mobile phase consisted of solvent A (aceto-
nitrile/glacial acetic acid/twice-distilled water, 10/2/88, 
v/v) and solvent B (100% acetonitrile). The gradient was 
isocratic from 84% of solvent A and 16% of solvent B for 
the first 20 min to 95% of solvent A and 5% of solvent B 
for the rest of the 30 min method, and the flow rate was 
1 mL min-1. The excitation of the fluorescence detector 
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was set at 292 nm and emission at 360 nm. The UV-VIS 
detector was adjusted to measure absorption at 280 nm 
(Gonçalves et al., 2008). IAA and IAA-Asp were quantified 
by fluorimetry, comparing peak areas with those of corre-
sponding standards. Losses were evaluated by standards 
that had passed through the extraction and purification 
processes. Auxins were identified using a mass spectro-
meter (Thermo Scientific, LCQ Deca XP MAX) with an 
atmospheric-pressure chemical ionization (APCI) opera-
ting in the positive ion mode. The analyses were carried out 
using full scan data-dependent MSn scanning from m/z 50 
to 1,000. The injection volume was 10 μL and the flow rate 
was maintained at 1 mL min-1. The capillary temperature 
was 275°C, the sheath gas and auxiliary gas were 35 and 10 
units respectively; and the source voltage was 16 kV. Spec-
tral data were elaborated using the Excalibur software 
(Thermo Scientific). The identification of compounds was 
confirmed by comparing retention times and their spectra 
as well as by adding the standard solution to the sample 
and by fragmentation. The calculated auxin contents (IAA 
and IAA-Asp) of each sample (n=3) were the means of two 
replicate measurements.

Statistical analyses
Statistical analyses were carried out with the Stat-

graphics Plus (version 4.0) programme, using analyses 
of variance (ANOVA). Statistically significant differences 
between treatments (physiological status and hormone 
treatment) were tested with the Duncan test at a 0.95 con-
fidence level.

Results

Propagation results
Independent of the hormone treatment, juvenile cut-

tings rooted with an 80% average success rate, which is 
significantly better than semi-mature cuttings, the success 
rate of which was 50%, and mature cuttings with 36.7% 
successfully rooted cuttings. They also developed signifi-
cantly longer root bushes than semi-mature and mature 
cuttings by an average of 5.19 cm (Figure 1, Table 1). Ma-
ture and juvenile cuttings showed in tendency improved 
rooting when exogenous IBA treatment of cuttings was ap-
plied before setting them into the propagation bed , while 
semi-mature cuttings tended to better rooting without the 

application of IBA (Figure 1). The IBA treatment of cuttings 
before setting cuttings into the propagation bed tended to 
improve the quality of the developed roots only in the case 
of semi-mature cuttings but generally the cuttings without 
the IBA pre-treatment developed even significantly longer 
roots than the treated ones (Table 1).

Free IAA
In cutting bases IAA concentrations reached values 

between 0.81 µg g-1 FW and 3.04 µg g-1 FW during first 48 
hours after severance. When the cuttings had not been pre-
viously treated with the IBA powder, the values in mature 
and semi-mature cuttings significantly decreased after in-
sertion in the substrate until day 2 after severance. The IAA 
values in juvenile cuttings slightly increased during 4 h af-
ter severance, while a decreasing trend was observed later. 
There were no statistic differences in the accumulated IAA 
values among the cuttings of different maturation levels. 
The significant differences were observed in the accumu-
lated IAA on different dates when no hormone treatment 
was present prior the insertion, independent on the matu-
rity level. The exogenously applied IBA before setting the 
cutting to the propagation bed affected the interval width 
of IAA concentrations in cutting bases during ARF. The IAA 
values ranged between 0.28 µg g-1 FW and 4.27 µg g-1 FW. 
The highest IAA concentration was measured in the bases 
of juvenile in vitro cuttings 4 h after severance and the 
lowest values were measured in the bases of cuttings of all 
three maturation levels 2 days after severance (Figure 2).

IAA-Aspartate
The IAA-aspartate values in the bases of cuttings 

ranged between 2.25 and 9.11 µg g-1 FW during ARF when 
the cuttings had not received any exogenous IBA treatment. 
The bases of mature cuttings contained the highest aspar-
tate values during the whole ARF period, compared with 
the values in the cuttings of semi-mature and juvenile stock 
plants. The IAA aspartate accumulation was the strongest 
in the bases of mature cuttings also when the cuttings had 
been previously exogenously treated with IBA. Average as-
partate concentrations decreased significantly in cutting 
bases during ARF, when the cuttings had been exogenously 
treated with IBA (Figure 3).

Table 1. Main root number and root bush length of leafy 
cuttings of Prunus subhirtella ‘Autumnalis’ derived from 
stock plants of different maturation level, dependent on the 
exogenously IBA treatment before setting cuttings in the 
substrate, 4 weeks after severance. Means ± standard de-
viation are shown. Different letters assign significant dif-
ferences at P≤0.05, Duncan test, NS = not significant.

Maturation level Main root number
(n)

Length
(cm)

Mature 3.4±2.9 NS 2.87±0.74 a
Semi-mature 6.9±6.5 NS 3.16±2.06 a
Juvenile 8.2±3.7 NS 5.19±2.97 b
Hormone treatment
Not present 6.5±3.6 NS 5.33±1.56 b
Present 5.8±5.1 NS 2.14±2.28 a

Figure 1. Rooting of leafy cuttings of Prunus subhirtella ‘Au-
tumnalis’ derived from stock plants of different maturation 
levels 4 weeks after severance dependent on whether the 
exogenously IBA application of cuttings was present or not. 
Means ± standard deviation are shown. Different letters 
assign significant differences for each set of dates individu-
ally at P≤0.05, Duncan test.
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Figure 2. IAA concentrations in leafy cutting 
bases of Prunus subhirtella ‘Autumnalis’ at 
the time of severance and immediately after 
severance dependent on maturation level of 
cutting material and IBA treatment of cut-
tings before their inserting in the substrate. 
Means ± standard deviation are shown. Dif-
ferent letters assign significant differences 
for each set of dates individually at P≤0.05, 
Duncan test.

Figure 3. IAA-Asp concentrations in leafy cut-
ting bases of Prunus subhirtella ‘Autumnalis’ 
at the time of severance and immediately af-
ter severance dependent on maturation level 
of cutting material and IBA treatment of cut-
tings before their inserting in the substrate. 
Means ± standard deviation are shown. Dif-
ferent letters assign significant differences 
for each set of dates individually at P≤0.05, 
Duncan test.
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Discussion
Four hours after being inserted in the substrate, the IBA 

treated cuttings showed higher IAA values in their bases 
in juvenile and mature cuttings than the cuttings with no 
IBA treatment before being transferred in the substrate. 
This result showed that IBA metabolised very quickly in 
IAA in the cherry species ‘Autumnalis’. This conversion 
occurred during the first 4 hours after severance. Our re-
sults support some previous findings (Epstein et al., 1993; 
Ludwig-Müller, 2000) about IBA metabolisation after its 
absorption but all these findings reported that this conver-
sion lasts longer, until day 2. We succeeded to show in some 
our previous experiments with Prunus subhirtella ‘Autum-
nalis’ (Osterc and Štampar, 2011) that the conversion is 
probably faster, within day 1 after severance, as already 
mentioned for some other species (Nag et al., 2001). The 
results of the presented experiment move this level even 
further back, toward as little as 4 hours after severance. 
Surely, it has to be taken into account that this result was 
obtained in Prunus subhirtella, and that other species can 
react differently.

The conversion from IBA to IAA was especially signifi-
cant in juvenile cuttings where already 4 hours after the 
insertion of cuttings a significant IAA-peak occurred as a 
result of the conversion. Later on, on day 1 and day 2 the 
IAA values were lower. The IAA-peak after 4 hours was 
noticed in juvenile cuttings also in the case when cuttings 
did not receive any hormone pre-treatment. Based on ex-
periments of Nag et al. (2001), who linked the duration of 
the induction phase with an IAA-peak, the length of the in-
duction phase in our juvenile cuttings was very short, only 
4 hours. This early IAA increase should be optimal for the 
root induction process because juvenile cuttings showed a 
significantly better root formation compared with mature 
and semi-mature cuttings. Interestingly, there was no IAA 
increase after severance in not pre-treated semi-mature 
cuttings. In pre-treated cuttings the IAA-peak was noticed 
only on day 1. Maturation in plant material changed the 
length of the induction phase and had a negative effect on 
root formation as shown by lower rooting rates in semi-
mature cuttings. Our results support the hypothesis that it 
could be more optimal for the root induction process when 
IAA peak occurs before day 1 as previously reported (Nag 
et al., 2001; Štefančič et al., 2007). 

In our experiment the true juvenility could be ob-
served only in the case of the originally in vitro derived 
stock plants. Regarding root formation cutting stock plants 
(semi-mature cuttings) reacted similarly as mature cut-
tings, although the rooting success was higher than in 
mature cuttings but not statistically significant. A similar 
result has already been obtained also in our previous ex-
periment where the semi-mature cuttings even showed the 
lowest rooting success of all (Osterc and Štampar, 2011). An 
exogenous application of IBA tended to improve rooting in 
mature and juvenile cuttings but the difference was not sig-
nificant. This result clearly supported numerous findings 
(Osterc et al., 2009; Spethmann, 1997, 2007) that exoge-
nous auxin treatment is not obligatory for the root induc-
tion process itself. The bases of the cuttings always contain 
a specific endogenous hormone level derived from the api-
cal parts of the shoots. If the stock plants grow well, the IAA 
synthesis in shoots of these plants is optimal as well. This 
naturally originating IAA is accumulated subsequently in 
shoot bases (as a result of polar auxin transport) and this 

IAA level is normally sufficient for the root induction (Ban-
durski et al., 1995; Ford et al., 2002). Exogenous hormone 
treatment can only slightly affect the endogenous hormone 
status due to the weaker hormone absorption from cut-
tings, whose tissues are about lignifying at that time. On 
the other hand, we were able to show in some previous 
results that the absorbed auxin did not remain in cutting 
bases (root emergence zone) in its full concentration but 
that it was partly transported with the mass-flow to the 
upper cutting parts (Osterc and Spethmann, 2001; Osterc 
and Štampar, 2011). Therefore, this application should only 
affect the quality of the developed root system. In contrast, 
in our experiment the cuttings without hormone pre-treat-
ment developed more and longer roots. The fact is that the 
quality of the root system is not affected only by endoge-
nous factors (hormone level and exogenous hormone ap-
plication which effect this level) but also exogenously, by 
substrate temperature and humidity, by the transpiration 
rate of cuttings etc. (Spethmann, 1997). Unsuitable exoge-
nous factors (occasionally problems with fogging system) 
have also been the main reasons for slightly weaker results 
(root quality) in the case of hormone pre-treatment in our 
experiment. 

The IAA-Asp concentrations were significantly higher 
in the bases of mature cuttings on all analysing dates re-
gardless of the hormone pre-treatment of cuttings. This 
result also strongly supports our previous results with this 
cherry species (Osterc and Štampar, 2011). The IAA-Asp 
values in the bases of cuttings, which had been previously 
pre-treated with IBA, were at a similar level or even smaller 
than in the cuttings with no IBA pre-treatment. The natu-
rally synthesized IAA metabolised into the IAA-Asp with 
the strongest rate in mature cuttings. This means that IAA 
was strongly inactivated especially in mature cuttings and 
it could be assumed that the lowest potential for root de-
velopment in mature cuttings was in fact the result of this 
inactivation. The results with mature cuttings strongly 
support previous findings about the IAA inactivation in 
the form of IAA-Asp (Bartel et al., 2001; Osterc et al., 2009; 
Osterc and Štampar, 2011; Ludwig-Müller, 2011). The IAA-
Asp can be therefore recognised as the main compound of 
blocking the root induction process due to the inactivation 
of IAA. 

Conclusions
The results of the present experiment clearly show that 

different physiological levels of the propagating material 
changed the IAA-profile in cuttings during the root induc-
tion and initiation phase. Regarding the propagation re-
sults, the most successful in vitro derived material showed 
an extremely short induction phase, only 4 hours, while, on 
the other hand, semi-mature and mature cuttings showed 
a prolonged induction phase, until day 1 after severance. 
Less successful propagation results in mature cuttings had 
to be additionally ascribed to a strong conversion of IAA to 
IAA-Asp, a very well-known inactive form of IAA. The role 
of other possible IAA conjugates regarding rooting success 
in woody plants stays unclear. This is an open issue which 
needs to be tackled in the future.
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