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Anatomical and Physiological Effects of Phytohormones
on Adventitious Roots Development in Larix kaempferi x L. olgensis
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Abstract

Adventitious root development is crucial for cutting
propagation in hybrid larch. In the present study, semi-
lignified cuttings of Larix kaempferi X L. olgensis clones
were used to study the morphological and anatomical
changes during the different development stages and
compare the changes in contents of endogenous phyto-
hormone in two clones with evidently different rooting
capacity (25-5 and 23-12), and the effects of exogenous
Indole-3-Butyric Acid (IBA) on phytohormone content of
a very low native rooting capacity clone (8-9) during the
development of adventitious roots. The results showed
that the development of adventitious root in semi-ligni-
fied cuttings involves three key stages: root cell dediffer-
entiation and division (14-18 DAC); meristem formation
and development (25-35 DAC); root formation and elon-
gation (50-55 DAC). The endogenous phytohormones
play a key role during adventitious root development.
For 25-5 and 23-12, the level of endogenous phytohor-
mones, especially the ABA content, has an important
effect on rooting capacity. For the effects of IBA on 8-9,
except lower ABA content, the temporary peak of IAA on
the 1 DAC was important for initiating the rooting
process. The ratio of (IAA + GA, + ZR)/ABA can be used
as an indicator of rooting capacity. The anatomical and
physiological data described here for semi-lignified cut-
tings of L. kaempferi X L. olgensis clones improves our
knowledge of adventitious roots development. Our study
will also benefit future research on examining the mole-
cular mechanisms of the adventitious roots development
in hybrid larch.

Key words: anatomy, IBA, phytohormone ratio, adventitious
roots, rooting capacity, Larix kaempferi X L. olgensis.

Introduction

The worldwide use of rooted stem cutting is becoming
increasingly common in operational plantations to
deploy superior genotypes (RITCHIE, 1991). In addition to
their fast juvenile growth, larches are much appreciated
for afforestation or reforestation for their high quality
timber, their wind firmness, their susceptibility to only a
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limited number of pests and their amenity (PAQUES,
2004). Among larches, hybrids of L. kaempferi X L.
olgensis, seem likely to play an important role in the
mountainous regions of the Northeastern China (SUN et
al., 2008; ZHANG et al., 2005). However, before large-
scale rooted stem cuttings enhanced productivity of the
superior genotypes and increased economic benefits,
research on how to produce plenty of cuttings with good
adventitious roots is needed.

Anatomical and physiological changes are two aspects
for studying the adventitious root development. The
anatomical changes have been examined in many
plants. SOUKUP et al. (2005) analyzed the anatomical
structure and development of adventitious roots in the
basal Acorus calamus, to determine what extent those
features are related to phylogenetic position. HATZI-
LAZAROU et al. (2006) found the origin of the adventitious
roots of gardenia microshoots was located in the cambial
ring. NAJA et al. (2008) studied the anatomical and bio-
chemical changes during adventitious rooting of apple
rootstocks MM 106 cultured in vitro. VILLORDON et al.
(2009) observed the adventitious root development, and
suggested the initial stages of adventitious root develop-
ment are critical in determining storage root set in
sweetpotato. ISMAIL et al. (2011) proved that the pro-
duced roots are initiated as the adventitious lateral root
with tri-arch xylem strands as compared with the penta-
arch of the primary roots of the intact faba bean
seedling. MILLAN-OROzZCO et al. (2011) observed the
process of adventitious root formation with the eigth-
week-old shoots of Cedrela odorata. The above studies
showed that clarifying the process of adventitious root
development is necessary for further research Adventi-
tious root development is a complex process and regulat-
ed by several phytohormones (ALONI et al., 2006;
STEPANOVA et al., 2007; WOODWARD and BARTEL, 2005),
and most of researches focus on in vitro regeneration,
such as loblolly pine (TaNG and Guo, 2001), neem
(CHATURVEDI et al., 2004), sweet cherry (RUzIC and
VuJovic, 2008), plantain (BuaH et al., 2010), and boscia
senegalensis (DAFFALLA et al., 2011). OwaIs (2010) evalu-
ated the Indole-3-Butyric Acid (IBA) treatments on five
pomegranate varieties propagation by stem cuttings.
Although it has been known that auxin is essential for
adventitious root formation, little research is available
on the development of adventitious roots in hybrid
larch. This study was intended to understand the physi-
ological mechanisms of the development of adventitious
roots in L. kaempferi X L. olgensis. We studied the mor-
phological and anatomical changes during the different
development stages and compared the changes in con-
tents of endogenous phytohormone in two clones with
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evidently different rooting capacity, and the effects of
exogenous IBA on phytohormone contents of a very low
native rooting capacity clone during the development of
adventitious roots.

Materials and Methods

Cuttings propagation and experimental design

All plant material used in this study was propagated
at Dagujia forest farm in Liaoning province in north-
eastern China (longitude of 42°2'48"N, latitude of
124°47'48"E; altitude of 225-394 m; and annual average
temperature of 5.6°C). The clonal cutting orchard of
L. kaempferi X L. olgensis was established in 2003, the
donors in this orchard, originating from cuttings, were
pruned by hedging, and maintained at 1.4 m in height
(Figure 1a).

In late June 2008, cuttings were collected from the
donor (Figure 1b). Each cutting was 15 cm long, and the
cuttings were inserted to a depth of 3 cm into a medium
of pure sand disinfected with potassium permanganate
(KMnO,). During the early rooting period, cuttings were
misted by an automatic spray watering system (Figure
1c). In late October 2008, cuttings were lifted from the
rooting bed and scored for the number of rooted cut-
tings, number of roots per cutting, and measured for the
length of the longest root of the rooted cutting.

C

Figure 1. — Schematic of the cuttage process of L. kaempferi X
L. olgensis. (a) Cutting orchard built in 2003. (b) Cuttings are
cut from the donors in late June 2008. (c) Automatic spraying
every second minute.

A completely randomized block design with 4 replica-
tions was used (100 cuttings per replication). We con-
firm that no specific permits are required for the
described field studies, the location is not privately-
owned or protected in any way, and the field studies did
not involve endangered or protected species.
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Experiment one: Observation the stages of adventitious
root development

Four to five cuttings were randomly taken from each
replication respectively on day 7, 14, 18, 25, 30, 35, 40,
45, 50, and 55 (days after cutting [DAC]; the day did
cutting was denoted as 0 DAC) as samples for morpho-
logical observation. And a 2 mm thick section was taken
from the bottom of each cutting and immediately put
into FAA fixative (5% [v/v] formaldehyde, 5% [v/v] acetic
acid, and 50 % [v/v] ethanol) to prepare paraffin sections.

Experiment two: Estimation of the effects of
phytohormone contents on rooting capacity

The clones of 25-5 (high native rooting capacity) and
23-12 (low native rooting capacity) were selected from
the same cutting orchard, and planted as described in
cutting propagation and experimental design. Four to
five cuttings from each replication were randomly col-
lected from the two clones on the 0, 14, 25 and 35 DAC
respectively, and a 5 mm thick section was taken from
the bottom of each cutting, immediately put into liquid
nitrogen, and stored at —80°C until phytohormone
extraction.

Experiment three: Estimation of the effects of IBA
on rooting capacity

The clone of 8-9 (very low native rooting capacity) was
selected from the cutting orchard. A half of the collected
cuttings were treated with an aqueous solution of
0.4 g/LL IBA and the other half with water (as control,
CK) by dipping the bottom of cuttings for 30 min respec-
tively before being planted in the rooting bed. Four to
five cuttings from each replication were randomly col-
lected from the two treatments on the 0, 1, 14, 25 and 35
DAC respectively, and a 5 mm thick section was taken
from the bottom of each cutting, immediately put into
liquid nitrogen, and stored at —80°C until phytohor-
mone extraction.

Methods

Paraffin sections

Samples (experiment one) were washed with water
repeatedly for five times and dehydrated ethanol with a
series of concentrations (70, 85, 90, and 100%) each for
2 h. Next, the samples were placed in xylene for 2 h and
then infiltrated and embedded with paraffin (treatment
with 1/2 paraffin + 1/2 xylene overnight at 38°C,
followed by pure paraffin at 60°C for 4 h, repeated three
to four times). Finally, the samples were embedded with
paraffin in kraft paper folded like a boat and cut into
10-um sections using a rotary microtome. The thin sec-
tions were stained with safranin-fast green, enveloped
in Canada gum, and imaged using an optical microscope
(Olympus BX51).

Phytohormone extraction and measurement

Samples (experiment two and three) were ground to
powder with an iced mortar in 10 ml 80 % (v/v) methanol
extraction buffer containing 1 mmol/L butylated hydrox-
ytoluene (BHT) as an antioxidant, and incubated at 4°C
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overnight, then centrifuged at 5000 rpm for 10 min at
4°C. The supernatants were passed through Chromosep
C18 columns (C18 Sep-Park Cartridge, Waters Corp.,
Millford, MA, USA). The phytohormone fractions eluted
from the columns were dried in a freeze dryer (Labcon-
co, England), and dissolved in 2 ml phosphate buffer
saline (PBS) containing 0.1% (v/v) Tween 20 and 0.1%
(w/v) gelatin (pH 7.5).

The contents of plant phytohormones, including
indole-3-acetic acid (IAA), gibberellin (GA,), zeatin ribo-
side (ZR) and abscisic acid (ABA) were determined with
an enzyme-linked immunosorbent assay (ELISA)
according to that described by WANG et al., (2006). The
antibodies against IAA, GA,, ZR and ABA used in
ELISA were produced at the Phytophytohormones
Research Institute, China Agricultural University,
China. Definitely the antibody against IAA is specific
exclusively for IAA and not for IBA. Phytohormone con-
tent was measured by three replications. The specificity
of the monoclonal antibody and the other possible non-
specific immunoreactive interference were checked pre-
viously and proved reliable (WANG et al., 2006; YANG et
al., 2001a).

Data collection and analysis

In late October 2008, for each individual cutting, the
following traits were investigated: length of the longest
root of the rooted cutting, number of roots per cuttnig,
and number of rooted cuttings. The rooting rate was cal-
culated by the number of the rooted cuttings and the
investigated cuttings. 30 cuttings were investigated per
block with 4 replications.
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Analyses of variance for each trait were conducted
using the General Linear Model (GLM) procedure of the
Statistical Analysis System (SAS, version 8.1, Cary,
NC). Sources of variation were considered statistically
significant when the probability of a greater calculated
F-value was less than or equal to 0.05.

Results

Morphological and anatomic observations of the
development of adventitious roots (Experiment one)

Typical morphological changes during the develop-
ment of adventitious root were shown in Figure 2. White
callus was found in the region between xylem and epi-
dermis at the base of cuttings on the 14 DAC (Figure
2a); white protrusions which will further develop into
adventitious roots were seen (Figure 2b) on the 30 DAC;
the young roots broke through the epidermis and start-
ed to elongate continuously on the 35 DAC (Figure 2c¢);
the adventitious roots stopped the elongation and start-
ed the lignification process on the 55 DAC (Figure 2d).

A series of anatomic changes were also noted during
the period from the beginning of rooting to the break-
through of epidermis by adventitious roots (Figure 3).
Stimulated by the cut wound, the cortical parenchymal
cells began to divide (Figure 3a). Subsequently, the pith
of the stem gradually expanded (Figure 3b) and the
cambial zone opposite the expanded pith became dense
cytoplasm and resumed the capacity of division on the
18 DAC, the nucleus became large and centered in the
cell, which were shown by the densely staining (Figure
3c), some of cambial cells were began to dedifferentia-

Figure 2. — Morphological development of adventitious roots from L. kaempferi X
L. olgensis cuttings. (a) Callus (14 DAC). (b) White protrusions (30 DAC). (¢) Emergence
of a young root (35 DAC). (d) Adventitious root extension growth (55 DAC). DAC abbre-
viate for days after cutting.
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tion and division. After several rounds of cell division, a
spherical shape cell mass was formed (Figure 3d) which
were the initial cells of adventitious roots, these initial
cells continued to grow to break through the phloem and
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developed into adventitious roots primordia (Figure 3e)
which further developed into visible adventitious roots
(Figure 3f). The adventitious root continued to elongate
and broke through the epidermis.

Rpic

Figure 3. — Transverse sections of the stem of adventitious roots developed from L.
kaempferi X L. olgensis cuttings. (a) Anatomical structure of the stem on 7 DAC. (b) 14
DAC, showing pith expander (arrow). (¢) 18 DAC, showing early cell activation and a peri-
clinal division (arrow) in the cambial zone. (d) 256DAC, showing root primordium initial
cell formation (arrow). (e) 35 DAC, showing early root primordia pushing into the cortex
(arrow). (f) 50 DAC, showing adventitious root emergence and the root vascular system
differentiation (arrow). DAC abbreviate for days after cutting.

Abbreviations: Ar = adventitious root; Co = cortex; Ph = phloem; Pi = pith; Rp = root pri-
mordium; Rpic = root primordium initial cell; Rt = root tip; Ve = vascular cambium; Xy =

xylem.

Scale bars: 150 um in a; 200 pm in b; 55 pm in ¢; 140 ym in d; 300 um in e; and 150 ym in f.
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Table 1.
L. kaempferi X L. olgensis.

— Comparison of rooting performance
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between two clones of

Rooting rale Length of Tongest reot
Roat number per cutting
Clane (%) {cm)
23-12 36.4+19.4B 3.9£0.88 1.9+£0.48
255 86.0+0.6A 6.83+1.1A 6.2+1.2A

Note: Means + SE in a column followed by the same letter do not differ signifi-

cantly (P = 0.01).

Table 2. — Comparison of rooting performance between different treatments of

L. kaempferi X L. olgensis clone.

Rooling rale

Length of longest root

Root number per

Treatment (%) {cin) culling
CK 6.8£1.48 2.4=0.88 2.0=0.58
BA 73243 8A 5.3=03A 4.8=0.8A

Note: Means + SE in a column followed by the same letter do not differ signifi-

cantly (P = 0.01).
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Figure 4. — Changes in the phytohormone contents and ratio
during adventitious root development between two clones of
L. kaempferi X L. olgensis. ¥*: P=0.01, *: P=0.05, Bars repre-
sent = SE, DAC abbreviate for days after cutting.
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Effects of endogenous phytohormone contents on rooting
capacity (Experiment two)

The clones of 25-5 and 23-12 were obviously different
in rooting capacity (Table I). For the clone 25-5, rooting
rate, length of the longest root, and number of roots per
cutting were significantly higher than that of the clone
23-12, with an increase of 1.4, 0.7 and 2.3 times respec-
tively.

Phytohormone contents of the 2 clones were shown in
Figure 4. On the 0 DAC, the ABA content of the clone
25-5 was lower than that of the clone 23-12 while the
TAA content was slightly higher but not statistically sig-
nificant, and the GA, and ZR contents of 25-5 were sig-
nificantly higher than that of 23-12. On the 14 DAC,
compared to 23-12, the ABA and ZR contents of 25-5
were significantly reduced, whereas the contents of TAA
and GA, did not change significantly. On the 25 DAC
(meristem of adventitious roots formed), compared to
23-12, the TAA and ABA contents of 25-5 were signifi-
cantly reduced while the contents of GA, and ZR were
significantly increased. On the 35 DAC (the primordia of
adventitious roots were formed), all the four phyto-
hormones of 25-5 were significantly higher than that of
23-12. The phytohormone ratio (IAA + GA, + ZR)/ABA of
25-5, a high native rooting capacity clone, was always
significantly higher than that of 23-12, which is a low
native rooting capacity clone, especially on the 14 and
the 25 DAC, the critical time respectively for cell divi-
sion and meristem formation of adventitious roots.
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Figure 5. — Changes in the phytohormone contents and ratio
during adventitious root development between different treat-
ments of L. kaempferi X L. olgensis clone. **: P=0.01, Bars
represent + SE, DAC abbreviate for days after cutting.

Effects of exogenous IBA on phytohormone contents
and rooting capacity (Experiment three)

Rooting capacity of cuttings treated with 0.4 g/L. IBA
were significantly improved (Table 2), the rooting rate,
the length of the longest root and the number of roots
per cutting were increased 9.8, 1.2 and 1.4 times respec-
tively compared with the control.

IBA treatment significantly impacted the content of
endogenous phytohormones in the cuttings (Figure 5).
On the 1 DAC, the ABA content of IBA-treated cuttings
decreased significantly, while the IAA content increased
significantly. The contents of all the four phytohormones
in the IBA-treated cuttings displayed a significant
decrease on the 14 DAC (the period of cell division for
adventitious roots), and a significant increase (except for
GA,) on the 25 DAC (the period of meristem formation
of adventitious roots) and 35 DAC (the period of primor-
dia formation of adventitious roots) compared with the
water-treated cuttings (control). Although the change
trend of individual phytohormone content was different
between the IBA-treated and the control cuttings during
the development of adventitious roots, the phytohor-
mone ratio (IAA + GA,; + ZR)/ABA of IBA-treated cut-
tings was always higher than control ones.

Discussion

Nature of the development of adventitious roots

Adventitious roots development is crucial for cutting
propagation in forest species (LUDWIG-MULLER et al.,
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2005). According to CAssON and LINDSEY (2003), adventi-
tious roots formed from direct organogenesis from estab-
lished cell types or from callus tissue following mechani-
cal wounding. In this study, white callus formed firstly
at the base of the cuttings, and adventitious root pri-
mordia formed from the cambial cells opposite the
expanded pith several days later, which was similar to
Pinus radiata (CAMERON and THOMSON, 1969), Pinus
taeda (Diaz-SALA et al., 1996), and Quercus (NAALAMLE
et al.,, 2008), indicating that adventitious roots of
L. kaempferi X L. olgensis were formed from callus tis-
sue following wounding by cut.

In this study, it took about 50-55 days for the cuttings
of L. kaempferi X L. olgensis to develop adventitious
roots. According to DiAz-SALA et al. (1996) and DE KLERK
et al. (1999), the development of adventitious roots can
be divided into three stages: 14-18 DAC for cell dediffer-
entiation and division, 25-35 DAC for meristem forma-
tion and development, including formation of the initial
cells and development of primordia of adventitious
roots; 50-55 DAC for adventitious root formation and
elongation. It should be noted that the cell division and
primordium formation of adventitious roots were almost
completed before 35 DAC and the period of 35-55 DAC
was mainly for the elongation of adventitious roots.
Therefore, the period of 14-35 DAC was an important
stage for studying physiological mechanisms during
adventitious root development

Relationship between the endogenous phytohormone
contents and cuttings rooting capacity

The development of adventitious roots was closely
related to the contents of endogenous phytohormones.
ABA that regulates organ shedding and maturation is
considered as an inhibitor for rooting. More recent work
with the phytohormone ABA had demonstrated its
importance in repressing lateral root development
(DEAK and MALAMY, 2005). In this study, the ABA con-
tent of the clone 25-5 on the 0 DAC was significantly
lower than that of the clone 23-12, and was always
lower at the stages of cell dedifferentiation and division,
and meristem formation of adventitious roots until the
formation of primordium. These results showed that a
lower ABA content before the formation of primordium
was favorable for rooting capacity.

TAA regulates the development of adventitious roots in
many woody species (ALONI et al.,, 2006; HAN et al.,
2009). The TAA content was higher in an easy-to-root
clone than in a difficult-to-root clone of L. leptolepis
(Koo and HyUN, 1996), and a high content of auxin at
the beginning of the rooting process was associated with
a high rooting rate (CABONI et al., 1997). So, the slightly
higher TAA content in the clone 25-5 on the 0 and 14
DAC resulted in a higher rooting capacity. However,
when the root meristem began to divide into initial cells
of adventitious roots, IAA content was reduced, and it
was lower in the clone 25-5 than 23-12, indicating that
TIAA was probably transported to elsewhere or consumed
greatly. IAA content was increased after primordium
formation, probably due to the synthesis of IAA by the
new developed adventitious roots.
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Gibberellin and Cytokinin are two kinds of phytohor-
mones related to root growth (RUZICKA et al., 2009; TANI-
MoTo, 2005), and some researches indicated that the
role of Cytokinin in promoting rooting was mainly by
promoting differentiation of root meristematic cells
(KYozuka, 2007) and subsequently regulating the size of
the root meristem (DELLO 1010 et al., 2007), this explains
why the ZR content in the clone 25-5 was the highest at
the stage of meristem formation of adventitious roots.

The four kinds of phytohormones played different
roles in regulating the development of adventitious
roots, ABA was the inhibiting phytohormone, and the
other three could promote rooting at different extents.
In order to make a comprehensive evaluation of the
contents of phytohormones, we proposed to use an
index — the ratio of (IAA + GA, + ZR)/ABA, which was
closely related to the rooting capacity, to measure the
contents of phytohormones (SUN et al., 2009). In this
study, the ratio was higher in 25-5 which is a high
native rooting capacity clone, proving that (IAA + GA, +
ZR)/ABA can be used as an indicator for rooting capacity
in practices.

Relationship between exogenous IBA and cuttings
rooting capacity

TAA was the first plant phytohormone used to stimu-
late rooting of cuttings, and ‘synthetic’ auxin IBA was
also used to promote rooting and was even more effec-
tive than TAA (ZIMMERMAN and WILCOXON, 1935). In this
study, the rooting capacity of cuttings was significantly
improved by IBA treatment, similar to the results in
tamarack (FARMER et al., 1992) and in Arabidopsis (LuD-
WIG-MULLER et al., 2005).

When exogenous auxin is applied to induce rooting,
the content of auxin usually reaches a peak some hours
or days after wounding (GASPAR et al., 1996; GATINEAU et
al., 1997). The peak of IAA content in L. kaempferi X L.
olgensis appeared on the 1 DAC, coinciding with the ini-
tiation of the rooting process. This is similar to the find-
ings in Fraxinus angustifolia (TONON et al., 2001). The
temporary increase in endogenous IAA content influ-
enced specific cells that then began to divide actively
(DE SMET et al., 2003) and induced the formation of pri-
mordium of adventitious roots (HIMANEN et al., 2002;
WELERS and JURGENS, 2004). The effect of exogenous
IBA on promoting rooting was mainly due to the ability
of regulating endogenous IAA and the influences on
other phytohormones at the same time. The ABA con-
tent was remarkably reduced, and the contents of GA,
and ZR were increased by different extents on the 1
DAC. At the next stages of root development (14 and 25
DAC), all four phytohormone contents of control cut-
tings were decreased, they might be consumed by root
cells division and root meristem formation (SUN et al.,
2009). However, the contents of phytohormones (except
GA,) were increased by IBA treatment, especially for
TAA on the 25 DAC, and this was probably resulted from
the slow release of IAA from IBA (EPSTEIN and LUDWIG-
MULLER, 1993). These results suggested that either IBA
itself was active or it modulated the activity of TAA (VAN
DER KRIEKEN et al., 1992; 1993) to induce more roots.

102

DOI:10.1515/sg-2013-0012
edited by Thinen Institute of Forest Genetics

Han et. al.-Silvae Genetica (2013) 62-3, 96-104

Many researches showed that auxin has interaction
with other phytohormones, such as gibberellin (FRIGERIO
et al.,, 2006; Fu and HARBERD, 2003) and cytokinin
(SkKooG and MILLER, 1957). We proposed the ratio of
(IAA + GA, + ZR)/ABA used as an index for measuring
the rooting capacity, and the results indicated that the
ratio was higher in IBA-treated cuttings than control
ones, and so was the rooting capacity of the cuttings.

Conclusions

Our results demonstrate that the development of
adventitious roots in semi-lignified cuttings of Larix
kaempferi X L. olgensis consists of three key stages:
14-18 DAC for cell dedifferentiation and division; 25-35
DAC for meristem formation and development; 50-55
DAC for root formation and elongation. Phytohormones
play a role at each development stages. For the clones
with evidently different rooting capacity (25-5 and
23-12), the contents of endogenous phytohormones,
especially a lower ABA content, has an important effect
on rooting capacity. For the effects of IBA treatment on
phytohormone contents of a very low native rooting
capacity clone (8-9), except lower ABA content, the tem-
porary peak of IAA content was important for the forma-
tion and development of adventitious roots. The ratio of
(IAA + GA, + ZR)/ABA was proposed as an indicator for
the rooting capacity of cuttings in practices. The
anatomical and physiological data described here for
semi-lignified cuttings of L. kaempferi X L. olgensis
improves our knowledge of adventitious roots develop-
ment and provides a basis for practical applications. Our
study will also benefit future research on examining the
molecular mechanisms of the adventitious roots develop-
ment in hybrid larch.
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